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This study reported a novel humidity-insensitive nitrogen dioxide (NO2) gas sensor based on tin dioxide (SnO2)/reduced graphene oxide (rGO) composites through the sol-gel method. The sensor demonstrated ppb-level NO2 detection in p-type sensing behaviors (13.6% response to 750 ppb). Because of the synergistic effect on SnO2/rGO p-n heterojunction, the sensing performance was greatly enhanced compared to that of bare rGO. The limit of detection of sensors was as low as 6.7 ppb under dry air. Moreover, benefited from the formed superhydrophobic structure of the SnO2/rGO composites (contact angle: 149.0°), the humidity showed a negligible influence on the dynamic response (Sg) of the sensor to different concentration of NO2 when increasing the relative humidity (RH) from 0 to 70% at 116°C. The relative conductivity of the sensor to 83% relative humidity was 0.11%. In addition, the response ratio (Sg/SRH) between 750 ppb NO2 and 83% RH was 649.0, indicating the negligible impaction of high-level ambient humidity on the sensor. The as-fabricated humidity-insensitive gas sensor can promise NO2 detection in real-world applications such as safety alarm, chemical engineering, and so on.
Keywords: gas sensor, SnO2/rGO composites, humidity-insensitive, low temperature, nitrogen dioxide (NO2)
INTRODUCTION
Air pollution has become a pressing global issue facing the development of industry and technology. Nitrogen dioxide (NO2), as one of the most toxic air pollutants, is generated from industries and vehicle emissions, which can cause some serious environmental issues such as haze, photochemical smog, and acid rain (Mallik and Lal, 2014). United Statess Occupational Safety and Health Administration (OSHA) reported that when the concentration of NO2 is over 1 ppm, inhalation of NO2 for 15 min will cause some respiratory diseases such as asthma (Cheng, et al., 2019; Yuvaraja, et al., 2020). In the urban atmosphere, the concentration of NO2 commonly measured in the range from 20 to 100 ppb (Brunet, et al., 2008). Therefore, a NO2 sensor, which is sensitive enough to detect at least 20 ppb or ultralow concentration of NO2 (ppb level), is urgently demanded.
Up to now, metal oxide semiconductors-based NO2 sensors have been used in many applications owing to high chemical stability and low cost of sensing materials such as CuO (Bo, et al., 2020; Wang Y, et al., 2020), ZnO (Wang J, et al., 2019; Choi, et al., 2020), WO3 (Liu, et al., 2020; Wang M, et al., 2020), NiO (Wei, et al., 2019; Wilson, et al., 2020), and SnO2 (Kamble, et al., 2017; Zhong, et al., 2019). Among them, SnO2 is a typical n-type wide bandgap semiconductor (3.6 eV) that has been regarded as one of the most promising industrialized candidates for NO2 sensing due to its attractive characteristics, including controlled size, low limits of detection, and facile large-scale fabrication (Maeng, et al., 2014; Lee, et al., 2015). However, there are several shortcomings of pure SnO2-based sensors that limit their practical applications. Firstly, aggregation occurs when the size is too small during the material synthesis and the sensor fabrication processes, which decreases the surface-specific area, reduces the sensitivity of gas sensors and influences the long-term stability of the as-fabricated sensor (Li, et al., 2015; Wu, et al., 2020). Meanwhile, the SnO2-based gas sensor generally needs a high operation temperature (>200°C) to achieve high sensitivity, which causes high power consumption (Van Hieu, 2010; Guo J, et al., 2016). Nowadays, combining SnO2 with low-dimensional materials (e.g., MoS2 (Qiao, et al., 2018), carbon nanotube (Minh Nguyet, et al., 2017), metal oxide (Park, et al., 2020), graphene (Hu, et al., 2020), etc.) to form p-n heterojunction has been regarded as the prospective strategies to overcome the shortcomings of pure SnO2-based gas sensors (Yin, et al., 2014; Gui, et al., 2018). Among low-dimensional materials, owing to the low-cost, ultrahigh specific surface area, controllable bandgap and various oxygen-containing functional group (e.g., C-O, O-C=O, and O-C(O)-O), rGO is an ideal material to obtain high-performance gas sensor by decorating with metal oxides (Guo, et al., 2019; Yin, et al., 2020). Hence, constructing p-n heterojunction between rGO and SnO2 is a potential approach to enhance the sensing performance of sensors through modulating the carrier transportation due to different working functions (Neri, et al., 2013; Choi, et al., 2014; Kim, et al., 2018). For example, Zhu, et al. (2017) reported a NO2 gas sensor based on rGO/SnO2 nanocomposites, and the sensing response of sensors increased three times compared with that of sensors based on pure rGO. Meanwhile, Kim, et al. (2017) fabricated graphene-SnO2 nanocomposites (SnO2-G)-based sensors, and the sensing response of SnO2-G-based sensors toward 1 ppm NO2 is 24.7, which is around two folds higher than that of SnO2-based sensors. Similarly, Lin, et al. (2020) prepared Co3O4/N-doped rGO (N-rGO) nanocomposites-based ethanol sensors. The sensing response value of Co3O4/N-rGO-based sensors to 100 ppm ethanol at 200°C is around 20 folds higher than that of N-rGO-based sensors.
Although heterojunction enhances the gas sensing performance, the high-level nonconstant humidity will severely impact the sensing performances of these reported NO2 sensors, which is difficult to distinguish the target gas from ambient humidity and hinder the applications in the real world. For example, Wang, et al. (2018) fabricated Pd-SnO2-RGO-based NO2 sensors and showed 76% sensing response to 1 ppm NO2 gas. However, when the sensor exposed to NO2 gas with 80% RH, the sensing response declined by 20%. The limit of detection of Pd-SnO2-RGO-based NO2 sensors is 50 ppb under dry air. Similarly, Guo, et al. (2019) reported Bi@rGO/SnO2-based benzene sensors. The sensing response to 5 ppm benzene with 60% RH is three times lower than that without humidity. Degler, et al. (2018) found that the gas sensing response cannot be controlled by doping different noble metal content (Pt) on SnO2. To date, there are some strategies have been developed to address this issue, including the construction of gas preconcentration techniques and dehumidification techniques (Groves and Zellers, 2001; Peng, et al., 2008). However, these methods are costly, complex, and sacrifice the sensor’s sensitivity (Konvalina and Haick, 2012).
To solve these problems, we proposed the humidity-insensitive NO2 sensors based on SnO2/rGO p-n heterojunction, which was used to detect NO2 at low temperatures (as low as 116°C). The sensing performance of SnO2/rGO composite-based NO2 sensors was studied, and the LOD was found to be as low as 6.7 ppb, which is below the standard of United States OSHA and NO2 pollutant concentration in the urban atmosphere. Notably, the NO2 sensor showed a reliable sensing response under increasing relative humidity conditions (3–70% RH), and the resistance of the sensor almost kept constant under 83% RH, promising real-world applications.
MATERIALS AND METHODS
Materials and Synthesis of Composites
Natural graphite flake (325 meshes, 99.8%) was purchased from Sigma Aldrich; H2SO4 (AR) and KMnO4 (AR) was purchased from Shanghai Hushi Laboratorial Equipment Co., Ltd.; SnCl4.5H2O (AR) was purchased from Macklin; Epichlorohydrin (PPD) (Analytical reagent) and N, N-Dimethylformamide (DMF) (97%) were purchased from Aladdin. These reagents were used without any further purification. The micro-hotplates were purchased from Leanstar-Tech Co., Ltd. The SnO2/rGO composite was prepared through a sol-gel method. Briefly, the GO was synthesized from nature graphite powder based on modified Hummer’s method. Secondly, the SnCl4·5H2O and epichlorohydrin (PPD) were slowly added into the GO/DMF solution and stirred for a short time. The SnO2/rGO composite was formed after three days of solution exchange and dried by supercritical CO2 to carbonize at 600°C for 2 h under the Ar atmosphere. The synthesized sensing material was suspended in a dimethylformamide solution (DMF) solution. The SnO2/rGO composite was drop-coated onto the micro-hotplate to fabricate gas sensors. After that, sensors were annealed at 200°C for 20 min under Ar atmosphere protection to reduce the contacting barrier.
Characterization of Composites and Microstructures
The morphology and crystal structure of SnO2/rGO composites were analyzed by scanning electron microscopy (SEM, Hitachi-s4800), transmission electron microscopy (TEM, Tecnai G2 F20 S-Twin). The chemical composite of materials was carried out by energy dispersive spectrometry (EDS, FEI, Quanta FEG 250). The crystal lattice was analyzed by X-ray Diffraction (XRD, Bruker AXS, D8 Advance). The degree of reduction of rGO was characterized by Raman spectroscopy (Raman, Horriba-JY, LABRAM HR).
Measurements Sensing Performance of NO2 Sensors
The gas sensing performance under dry air (∼3% RH) was investigated by a designed testing system based on previous work (Liu, et al., 2019). In general, firstly, the sensor chip was connected in series with a loaded resistor, which was selected to close to sensor resistance to optimize the resolution obtained from measurements. Secondly, the specific concentration of NO2, which was implemented by dry air (80% N2 and 20% O2) and controlled by mass flow controllers (MFCs, Sevenstar CS200, China), goes through a quartz chamber (volume: 1 cm3, 200 sccm). Finally, sensor resistance was determined by the Fieldpoint analog input and output modules by continuously controlling and monitoring the voltage of the circuit (National Instruments, Austin, TX). The loaded resistor calculated by Ohm’s law was recorded in a custom LabView computer program (Supplementary Figure S1).
Measurements Sensing Performance of NO2 Sensors Under Humidity
Dynamic conductivity response to high humidity conditions (83% RH) was tested by the KNO3 saturated saline solution, added to a humidity controller (Supplementary Figure S1). Saturated saline solutions produce various saturated vapor pressures and form different relative humidity (Greenspan, 1977). One commercial high-precision temperature/humidity sensor (Sensirion Company, SHT75) was used as the reference sensor to detect real-time humidity. The static relative response to various concentrations of NO2 under 70% RH was tested in the homemade testing chamber (20 L) (Supplementary Figure S2). The specific high concentration of NO2 gas was injected into the testing chamber and diluted by the air in the testing chamber. The air humidity (∼70% RH) of the day is recorded as the ambient humidity.
RESULTS AND DISCUSSION
Material Characterizations
The crystal structure of SnO2/rGO composites was examined by XRD, as shown in Figure 1A. The positions of characteristic peaks are located at 2θ = 26.61°, 33.89°, 37.95°, 51.78°, 54.76°, 64.72°, and 65.94°, which are, respectively, collaborated with (110), (101), (200), (211), (220), (310), and (301) planes of tetragonal rutile SnO2 (JCPDS. 41–1,445). Compared with the reported XRD patterns of pristine rGO at 2θ = 24.7° and 42.8° (Wang Z, et al., 2019), SnO2/rGO composites do not show a peak assigned to rGO. The high density of SnO2 nanoparticles is uniformly decorated on the surface of the rGO, which can prevent the reassembled behavior of SnO2 and cover its XRD pattern information (Zhang, et al., 2014). Moreover, the Raman spectroscopy was employed to further study the reduced structure of the rGO in SnO2/rGO composites (Figure 1B). The peaks located at around 1,341 and 1,594 cm−1 are assigned to the typical D band and G band of rGO, respectively, (Guo D, et al., 2016). The intensity ratio of D peak to G peak (ID/IG) of SnO2/rGO (1.12) is higher than that of GO (0.81), which indicates that the oxygen functional groups (e.g., C-O, O-C=O, and O-C(O)-O) have been removed and induced defects during the synthesis process (Tuan, et al., 2018; Hu, et al., 2017; Xu, et al., 2019). The EDS analysis (Figure 1C) shows that the product contained C, O, Sn elements. The atomic ratios of Sn, O, and C are 21.13, 58.61, and 20.26%, respectively. These results indicate that no other impurities and crystals were mixed in the reaction product.
[image: Figure 1]FIGURE 1 | (A) The XRD patterns of SnO2/rGO composites; (B) the Raman spectra of SnO2/rGO composites and GO; (C) the EDS analysis of SnO2/rGO composites.
The morphology of SnO2/rGO composites was characterized via the SEM and TEM techniques and displayed in Figure 2. It can be seen from Figure 2A,B that the SnO2 nanoparticles (NPs) are uniformly and densely anchored on the surfaces of the rGO nanosheets without any agglomeration. The low-resolution TEM images in Figure 2C show the size distribution of the SnO2 NPs in the composites, around 5.5 nm with normal distribution from 4.5 to 6.5 nm (Figure 2C, inset). Moreover, the high-resolution TEM (HRTEM) image of SnO2/rGO in Figure 2D shows that the SnO2 NPs are highly crystallized with a crystalline interplanar spacing of ∼0.335 nm, which is attributed to the (110) crystal plane.
[image: Figure 2]FIGURE 2 | (A) Typical SEM images of SnO2/rGO composites; (B, C) Low magnification TEM images of SnO2/rGO composites, (c, inset) SnO2 NPs size distribution histogram; (D) the HRTEM image and corresponding crystalline interplanar of SnO2/rGO composites.
Gas Sensing Performances
The gas sensing performance of the SnO2/rGO composite-based sensors was tested. The relative responses of the sensors were defined as the relative changes of resistance in the air and those in target gases: Sg = (|Rg−Ra|/Ra)*100% for oxidizing gas or Sg = (|Ra−Rg|/Ra)*100% for reducing gas (where Ra is the sensor resistance in air and Rg is the sensor resistance in target gas). Figure 3A shows the response of these sensors to 1.5 ppm of various gases at 116°C, including ammonia (NH3), methanal (CH2O), benzene (C6H6), toluene (C7H8), carbon dioxide (CO2), and NO2. The result reveals that the as-prepared SnO2/rGO composite has high selectivity to NO2 compared with other gases. It attributed to the relatively high adsorption energy of NO2 on sensing materials among these gases (Huang, et al., 2008; Schröder, 2013; Lazar, et al., 2013; Chakradhar, et al., 2016; Zhu, et al., 2021), indicating its high selectivity to NO2 (Supplementary Table S1). To determine the optimized operating temperature, Figure 3B and Supplementary Table S1 show the response plots of SnO2/rGO composite-based NO2 sensors toward 750 ppb NO2 at the serial operation temperature from 33 to 189°C. The relative response of sensors at low temperature (e.g., 33, 63, and 116°C) have slight difference (7.80% at 33°C, 8.29% at 63°C, and 7.57% at 116°C) and then it dramatically decreased by further increasing the operation temperature (3.51% at 189°C). However, the response time (T90) and recovery time (D90) dramatically decrease along with the operating temperature increase. The T90 and D90 are, respectively, defined as the time required for a sensor to reach 90% of the stable resistance value when the test gas is turned on and off. As Figure 3C shows, the fast T90 (7 s) and D90 (31 s) of NO2 sensors to 750 ppb NO2 are obtained when the operating temperature was elevating to 189°C. Decreasing the operating temperature to 116°C, the T90 and D90 of NO2 sensors increase to 17 and 90 s, respectively, (Figure 3C; Supplementary Figure S3). When the devices worked at 63 and 33°C, the T90 and D90 have been further increased (Supplementary Figure S4; Supplementary Table S2). Because of the similar and relatively high response value at 33, 63, and 116°C, SnO2/rGO composite-based sensors are regarded as the candidate to work at room temperature. The temperature can affect the adsorption/desorption process on the sensing materials and sensor surface. The rate of adsorption/desorption increases as the temperature rose, resulting in a shorter T90 and D90 (Walker, et al., 2019). However, when the temperature arrives too high, the quantity and properties of active sites on the surface of sensing materials have been changed (Neri, et al., 2013), which causes the adsorbed oxygen species and NO2 cannot remain on the surface of sensing materials to undergo a reaction (Jinkawa, et al., 2000), resulting in a low sensing response and the drifting of baseline were observed correspondently. Therefore, taking the T90, D90, and the relative response of NO2 sensors into consideration, the optimal operating temperature was chosen to be 116°C. Figure 3D demonstrates the dynamic response of sensors to various NO2 concentrations at dry air from 50 to 1,500 ppb, indicating a broad response range. Contrastively, the sensing performances of pure rGO to 4 ppm were dramatically declined (Supplementary Figure S5), which attracted the electrons from rGO to SnO2 and enhanced sensing performance by SnO2/rGO composite-based NO2 sensors.
[image: Figure 3]FIGURE 3 | (A) The relative responses of SnO2/rGO composite-based sensors to different gases (NO2, CO2, C7H8, C6H6, CH2O, and NH3) at 116°C; (B) The response curves to 750 ppb NO2 at the increasing operating temperature of 33, 63, 116, 189°C; (C) The response curve to 750 ppb NO2 of sensors based on SnO2/rGO composites at 116°C; (D) The relative responses to different concentrations of NO2 (50–1500 ppb) under dry air.
The dynamic responses of SnO2/rGO composite-based NO2 sensors toward high humidity (around 83% RH) have been measured (Figure 4A). It can be seen that the relative conductivity of NO2 sensors shows extremely weak fluctuation (∼0.11%). Compared with other works and the commercial bare NO2 sensor (MEMS NO2 sensor, GM-102B, Zhenzhou Winsen Electronics Technology Co., Ltd.) summarized in Supplementary Table S3, as-fabricated SnO2/rGO composite-based NO2 sensors showed an extremely high response ratio (Sg/SRH = 649.0) between 750 ppb NO2 and 83% RH, which indicates that the high-level ambient humidity shows negligible impaction on the NO2 sensor. Moreover, the static sensing performance of the sensor to different concentrations of NO2 (from 200 to 1,500 ppb) under the real-world environment (70% RH) was estimated (Figure 4B). Compared with the above-obtained results under dry air, as Figure 4C showed, the two curves have similar trends and the effect of humidity on the sensor can be neglected. The humidity-insensitive property of high-performance NO2 sensors attributes to the formed superhydrophobic structure of SnO2/rGO composites, which the exhibited contact angle is 149.0° (Supplementary Figure S6). Two main factors determine the superhydrophobicity of a material surface: surface roughness and surface energy. In general, a rough surface with low surface energy leads to a hydrophobic surface (Lin, et al., 2011; Chen and Dong, 2013). The as-fabricated SnO2/rGO composites by this sol-gel method have high porosity and high surface roughness (Lin, et al., 2011). Meanwhile, the high anneal temperature (600°C) during carbonized process vastly decreases the hydrophilic oxygen-containing function groups on the rGO surface (e.g., C-O, O-C=O, and O-C(O)-O), which can decrease the surface energy of SnO2/rGO composites and form a superhydrophobic surface (Wu, et al., 2018; Xu, et al., 2019; Cao, et al., 2019). The performance of humidity insensitivity of the NO2 sensor may be weakened by working temperature (116°C) in some extent. However, the superhydrophobic structure of nanocomposites plays a vital role in the humidity insensitivity of the NO2 sensor (Phan and Chung, 2015; Wu, et al., 2018).
[image: Figure 4]FIGURE 4 | (A) The relative response of sensors in high humidity in four cycles (83% RH); (B) The relative response to different concentrations of NO2 (50–1500 ppb) under 70% RH environment at 116°C; (C) The relative response of the various NO2 concentration to ambient humidity at 116°C; (c. inset) The linear fit between the concentration of NO2 and dynamic response under dry air (blue) and 70% RH (green) at 116°C; (D) Long time stability of SnO2/rGO composite-based sensors to 800 ppb NO2 at room temperature for about 28 days; (d. inset) The repeatability of sensors to 800 ppb NO2 during the five testing cycles at 116°C.
The relative response of the sensor increased along with the increase of the concentration of the NO2 whatever under humid air or not (50–1,500 ppb under dry air and 200–1,500 ppb under 70% RH) (Figure 4C). Meanwhile, it can be observed that the relative response exhibits a rapidly increasing linear trend under the low concentration of 1,000 ppb, indicating that SnO2/rGO composite-based sensors have an excellent sensing performance for the detection of low-concentration NO2. The observed slope differences between the low concentration (below 1,000 ppb) and the high concentration (1,500 ppb) could be attributed to the degradation of electron transfer and saturation phenomenon of the SnO2/rGO composites under high NO2 concentration. The linear fit of the gas response of the sensor to the various concentration of NO2 can be represented by relative response = b Concentration + a. The inset of Figure 4C indicates that the SnO2/rGO composite-based NO2 sensors have a linear correlation (R2 > 98%). According to linear fit results, the theoretical limit of detection (LOD) of NO2 under 0 and 70% RH are calculated as 6.7 and 25 ppb based on Eq. 1, respectively, (Mateos, et al., 2019; Song, et al., 2016). Both LODs are below the threshold concentration for causing diseases and the NO2 pollutant concentration in the urban atmosphere.
[image: image]
RMSnoise is the standard deviation of the noise level. Under dry air, the RMSnoise (0.029) was obtained from 150 baseline data points before exposure to NO2 from Figure 3D. Thus, according to Figure 5A (inset), the LOD was around 6.7 ppb. Under 70% RH, the RMSnoise (0.10) was obtained from 150 data. And the calculated LOD was about 25 ppb. Figure 4D illustrated the long-time stability of SnO2/rGO composite-based sensors to 800 ppb NO2 at room temperature for 28 days. The response is maintained between 8 and 9% and the standard deviation of NO2 sensors is 0.19, which indicated its good stability of sensitivity. However, the T90 and D10 varies as a function of deterioration of time which implies the sensor (Figure 4D inset).
[image: Figure 5]FIGURE 5 | (A) Schematic bandgap structure of n-type SnO2 and p-type rGO; (B) Schematic bandgap structure of SnO2/rGO heterojunction in air and (C) in NO2; (D) Schematic of sensing mechanisms of SnO2/rGO composite-based sensors with exposure to NO2.
Sensing Mechanism
The sensing performance of SnO2/rGO composite-based sensors to NO2 shows a p-type sensing behavior indicating that the rGO dominates the conduction channel of NO2 sensors. In the vacuum state, the working functions of SnO2 (Φ(SnO2)) and rGO (Φ(rGO)) are 4.55 and 4.75 eV, respectively, (Kim, et al., 2016) (Figure 5A). As Figure 5B showed, after connection, the electrons will be transferred from SnO2 to rGO at the hetero-interface to balance the Fermi level (Ef). Because of the charge transfer, it will form a depletion layer and heterojunction potential barrier (ΔΦhetero = 0.2 eV). In the air, oxygen molecules will adsorb on the surface of SnO2/rGO composites and withdraw electrons from SnO2 to form O2− and O−. Since the diameter of SnO2 nanoparticles is comparable or less than two times the Debye length (λD ∼6 nm) of the SnO2 in the air, the SnO2 nanoparticles will almost fully deplete after adsorption of oxygen molecules (Xu, et al., 1991) (Figure 5B). Once exposed to NO2, owing to the high electron affinity of NO2 molecules, the NO2 molecules will further withdraw the electrons from oxygen ions and SnO2/rGO composites, as shown in Eqs. 2–5 and Figure 5C.
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The Fermi level of SnO2 will shift far away from the conduction band leading to the reduction of the ΔΦhetero. Meanwhile, the hole accumulation layer will form at the surface of rGO in the air and forma homojunction potential barrier (ΔΦhomo). When exposing to NO2, the NO2 molecules can directly adsorb on the surface of rGO and withdraw the electrons from rGO, which leads to an increasing in the hole concentration and reduction of the ΔΦhomo (Miller, et al., 2014). As the resistance of sensors based on heterogeneous materials is exponential with the changing of the effective potential barrier (ΔΦ, including ΔΦhetero and ΔΦhomo, according to Eq. 6 (Feng, et al., 2017; Hua, et al., 2017). Thus, due to the synergistic effect of the ΔΦhetero and ΔΦhomo, the sensing performance of SnO2/rGO composites is greatly improved compared with bare rGO (Supplementary Figure S3).
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where R0 is constant, kb is Boltzmann’s constant, T is the absolute temperature, and [image: image] is the effective potential barrier (including homojunction barrier and heterojunction barrier).
CONCLUSION
In summary, this work demonstrated the simple sol-gel method to decorate rGO nanosheet with SnO2 NPs to improve NO2 detection. Due to the synergistic effect of SnO2/rGO p-n heterojunction and rGO/rGO homojunction, the sensing performance of SnO2/rGO composites was greatly enhanced compared with that of bare rGO. A low LOD of 6.7 ppb was obtained at 116°C under dry air. Compared with the reported humidity-insensitive NO2 sensors, the designed SnO2/rGO composite-based NO2 sensor showed an extremely high response ratio (649.0) between 750 ppb NO2 and 83% RH. The superhydrophobic property of the fabricated SnO2/rGO composites contributes to the humidity insensitivity. The superhydrophobic property is caused by the high roughness and low surface energy of the SnO2/rGO composites. It is promised to use the SnO2/rGO composite-based NO2 sensors in real-world applications.
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The electrochemical exfoliation of graphite has been considered to be an effective approach for the mass production of high-quality graphene due to its easy, simple, and eco-friendly synthetic features. However, water dispersion of graphene produced in the electrochemical exfoliation method has also been a challenging issue because of the hydrophobic properties of the resulting graphene. In this study, we report the electrochemical exfoliation method of producing water-dispersible graphene that importantly contains the relatively low oxygen content of <10% without any assistant dispersing agents. Through the mild in situ sulfate functionalization of graphite under alkaline electrochemical conditions using a pH buffer, the highly water-dispersible graphene could be produced without any additional separation processes of sedimentation and/or centrifugation. We found the resulting graphene sheets to have high crystalline basal planes, lateral sizes of several μm, and a thickness of <5 nm. Furthermore, the high aqueous dispersion stability of as-prepared graphene could be demonstrated using a multi-light scattering technique, showing very little change in the optical transmittance and the terbiscan stability index over time.
Keywords: graphene, water dispersion, sulfate functionalization, electrochemical exfoliation, edge functionalization
INTRODUCTION
Graphene, atomically thin carbon layers exfoliated from graphite in which multiple layers of sp2-bonded carbon atoms are arranged in a hexagonal lattice, has been standing at the center of materials due to its great potential applications in next-generation electronic devices (Kwon et al., 2020; Alonso et al., 2018), energy conversion and storage devices (Jang et al., 2021; Tanguy et al., 2020), catalysis (Hwang et al., 2019; Lu et al., 2016), and other functional composites (Ryu et al., 2020; Wu et al., 2017) owing to its unique electrical, mechanical, optical, and chemical properties (Kwon et al., 2017; Dong et al., 2017; Kim et al., 2019). While the preparation methods of graphene such as Scotch Tape exfoliation (Novoselov et al., 2004), epitaxial growth (Yang et al., 2013), and chemical vapor deposition using gaseous precursors (Plutnar et al., 2018) could yield high-quality graphene, its commercialization has been hindered owing to the lack of cost-effective industrial-scale production methods.
Among the alternatives, wet chemical approaches that operate via chemical reduction of graphene oxide (GO) and mechanical liquid-phase exfoliation of graphite such as ultrasonication or shear mixing have opened pathways to the mass production of graphene (Chuaa et al., 2014; Paton et al., 2014). In particular, the classical and well-known wet chemical route, oxidation of graphite into GO and its concurrent reduction of GO to reduced GO (rGO), has suffered from generating a large amount of hazardous wastes and poisonous gases while leaving inevitable structural defects within the as-reduced GO (Chuaa et al., 2014). In addition, the liquid-phase mechanical exfoliation of graphite into graphene has also presented the limits of small size and low yield of thin graphene nanosheets with respect to the use of solvent- or surfactant-assisted exfoliation using expanded graphite or graphite intercalation compounds (GICs) (Lee et al., 2009; Paton et al., 2014).
Recently, the electrochemical exfoliation of graphite has drawn attention as an easy, simple, and eco-friendly method to produce high-quality graphene (Parvez et al., 2014). When a voltage is applied to a graphite electrode, few-layer graphene sheets are exfoliated from the graphite layers over successive reaction steps, including the formation of GICs, expansion of the graphite layer through gas-evolving electrolysis, and exfoliation of graphite layers in various electrolytes (Parvez et al., 2014). The electrochemical exfoliation of graphite has been performed by changing the electrolyte type to control the characteristics of the resulting graphene sheets, such as their lateral size, thickness, and electronic and chemical properties (Yang et al., 2016). For the easy applications of graphene in industrial fields, water-dispersible graphene is believed to be economically and technologically useful. The generation of a large amount of oxygen functional groups (hydroxyl and carboxyl groups) on graphene led to the water dispersion of graphene; however, such over-oxidation of graphene should involve a trade-off of losing the inherent structural, electrical, and physical properties (Wang et al., 2018; Hashimoto et al., 2019). Therefore, an effective electrochemical approach is highly required to cut across such a trade-off between the high water dispersion and the over-oxidation of graphene in the electrochemical exfoliation methods.
According to the Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, the aggregation of the aqueous dispersion is related to the combination of electrostatic repulsion and van der Waals attraction between particle and particle. In order to obtain a stable water dispersion of graphene, electrostatic repulsion should dominate over van der Waals attraction (Hierrezuelo et al., 2010). With the approach of introducing functional groups that can effectively offer surface charge to graphene sheets despite the small amount of functional groups, it is possible to increase the water dispersion stability without disturbing the inherent properties of graphene sheets.
In this work, we report the preparation of highly water-dispersible graphene through the mild in situ sulfate functionalization of graphite manipulated by controlling the reaction of persulfate (S2O82−) ions to graft sulfate (R–OSO3−) groups onto the graphene sheets during the electrochemical reactions. The as-functionalized sulfate groups on graphene are believed to induce the stable water dispersion of graphene rather than the conventional oxygen functional groups such as carboxyl and hydroxyl groups; the strongly acidic sulfate groups are expected to be fully dissociated and induce strong negative charges under all relevant solution conditions, but the carboxyl or hydroxyl groups offer negative charges at a relatively higher pH value (Behrens et al., 2001). In our electrochemical regime of mild in situ sulfate functionalization, the highly water-dispersible graphene could be prepared with a relatively lower oxygen content of <10% compared with the inevitable over-oxidization of graphene in the conventional electrochemical exfoliation process. As a consequence, the as-derived strong negative charge of sulfate-functionalized graphene could generate the water dispersion without the generally additional separation processes of sedimentation and/or centrifugation. Here, we expect that the results regarding water-dispersible graphene produced in this study may significantly contribute to providing a high-quality graphene product to the practical industrial fields.
MATERIALS AND METHODS
Materials
Ammonium persulfate (>98%), potassium hydroxide (>97%), and ammonium acetate (>97%) were purchased from Sigma-Aldrich. Graphite foil (99.8%) was purchased from Alfa-Aesar. All chemicals were used as received without any further purification.
Electrochemical Exfoliation of Graphite Foil
In a typical procedure, graphite foil was used as the anode for the electrochemical exfoliation of graphite, with Pt foil being used as the cathode. As the electrolytes for the electrochemical reaction, ammonium persulfate (as an oxidant) and ammonium acetate (as pH buffer) were dissolved in deionized water using a mechanical stirrer to obtain 0.35 and 0.5 M solutions, respectively. The pH of the solution was adjusted by adding potassium hydroxide (KOH) to prevent the solution from becoming acidic (below pH 7) during the electrochemical reaction. The electrochemical exfoliation reaction was carried out by applying a constant voltage (10 V) to the graphite-foil electrode at 25°C for 1 h. The reaction product was collected by vacuum filtration and washed several times with deionized water. The resulting wet black powder was ultrasonicated in deionized water for 30 min, and a stable graphene nanosheet dispersion was obtained without any additional sedimentation and/or centrifugation processes. The dispersion stability of the graphene nanosheet could be controlled by changing the initial pH of the electrolyte.
Measurement and Characterization
Electrochemical exfoliation was conducted by using a ZIVE MP1 electrochemical workstation (WonATech). Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images of the graphene samples were acquired using a JEOL JEM-2010 microscope at an accelerating voltage of 200 kV. Atomic force microscopy (AFM) images were obtained using an XE-100 (Park Systems) instrument. X-ray photoelectron spectroscopy (XPS) results were obtained using a Kratos AXIS Ultra DLD with an Al Kα radiation source (1,486.8 eV) in an ultrahigh vacuum chamber (7 × 10−9 Torr). The Raman spectrum of the graphene sample was measured using a UniRAM Raman microscope (Uninanotech) at room temperature and an excitation wavelength of 532 nm. The attenuated total reflection Fourier transform infrared (ATR-FTIR) spectrum of the graphene was collected using a Nicolet iS10 FT-IR spectrometer (Thermo Scientific). The sample dispersion stability was characterized using a Leanontech Turbiscan Lab Expert instrument with a near-infrared (NIR) light source (880 nm). The zeta potential was obtained by using an ELSZ-1000 (Otsuka Electronics).
RESULTS AND DISCUSSION
The persulfate anion (S2O82−), a strong oxidant (E0= 2.01 V) (Yuan et al., 2014), undergoes chemical or thermal dissociation to become an intermediate of sulfate free radicals (SO4˙−), which can be readily converted to hydroxyl free radicals (˙OH) in aqueous solution via a radical interconversion reaction. In particular, under acidic conditions, the breakdown of S2O82− can be further acid-catalyzed; as a result, most of the S2O82− converts into ˙OH (Liang et al., 2007). For this reason, the electrochemical exfoliation of graphite in a persulfate electrolyte affords only oxygen functional groups (i.e., carboxyl and hydroxyl groups) grafted on graphene, which is specifically formed by ˙OH despite the use of sulfur atom–containing oxidizing reagents. To anchor sulfate functional groups onto the graphene in the electrochemical exfoliation step, it is necessary to prevent the dissociation of persulfate ions into radical species, which can be achieved by maintaining the basicity of the solution during the electrochemical reaction. Therefore, the pH of the electrolyte employed in our study was carefully kept at a value of higher than seven during the whole electrochemical reaction. By using potassium hydroxide and a pH buffer reagent, the basic condition of the electrochemical reaction (pH value > 7) was maintained until the electrochemical reactions terminate. As a result, the highly water-dispersible graphene functionalized with the sulfate groups could be obtained in our electrochemical scheme (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic of the electrochemical exfoliation of graphite with and without pH buffer.
In the specific two-electrode system with the use of graphite foil as the anode and Pt foil as the cathode, the electrolyte solutions were first prepared by dissolving ammonium persulfate in deionized water to obtain a 0.35 M aqueous solution, and the pH value was adjusted using potassium hydroxide with ammonium acetate buffer solution (pH 11). Subsequently, a constant voltage of 10 V was applied to the graphite-foil electrode at a temperature of 25°C to prevent the thermal decomposition of persulfate ions (Liang et al., 2007). For 10 min from the beginning of applying the voltage, the current was gradually increased due to decreasing interfacial resistance between the electrode and the electrolyte by increasing the surface area of the graphite electrode, which resulted from the gas-evolved expansion of graphite. After that, as the expanded graphite electrode was eroded and exfoliated into flakes, the current was gradually decreased. The exfoliation process was almost completed with a slight change in the current at 50 min, and the reaction was terminated at 1 h (Figure 2). The as-exfoliated graphite separated in the form of a black powder was collected by vacuum filtration and repeatedly washed with deionized water to remove any residual impurities and salts. The as-collected black powder was ultrasonicated to obtain a highly concentrated aqueous graphene dispersion with a concentration of 15 mg/ml, importantly without any additional separation processes of sedimentation and/or centrifugation. It is also noted that the simple ultrasonication step could completely exfoliate the as-expanded graphite into individual graphene sheets without any dots of un-exfoliated graphite powder.
[image: Figure 2]FIGURE 2 | Current–time plot during the electrochemical exfoliation of graphite applying 10 V.
The chemical structure and bonds of water-dispersible graphene were investigated by X-ray photoelectron spectroscopy (XPS), which depicts the detailed chemical composition in the form of the peak binding energies of C 1s, O 1s, and S 2p. The sulfate-functionalized graphene could be identified as mostly consisting of sp2-type carbon as per the peak at 284.0 eV with a small amount of sp3-type, hydroxyl-type, and carboxyl-type carbon, corresponding to peaks at 284.8, 286.3, and 288.8 eV, respectively (Figure 3A) (Parvez et al., 2014). As the peak of the C–S bond (285.2 eV) (Ye et al., 2015) could not be observed, we notice that the sulfonate group (R–SO3−) has not been grafted on the surface of graphene. Instead, we could observe the chemical bonds between carbon and oxygen (533.3 eV for C–O and 531.5 eV for C=O) and between sulfur and oxygen (SO42−, 532.2 eV) (Figure 3B) (Kwan et al., 2015; Singh et al., 2018) from the O 1s peaks. Moreover, the peak corresponding to the sulfate bond (SO42−, 168.9 eV) is found in the S 2p spectra, without other peaks corresponding to the sulfonate (SO32−, 167.5 eV) bond (Figure 3C) (Massonnet et al., 2015). Based on the results of XPS analysis, the water-dispersible graphene nanosheets are signified to be sulfate-functionalized where sulfur atom–containing functional groups were introduced in the form of sulfate (R–OSO3−) instead of sulfonate (R–SO3−). Furthermore, the FT-IR spectrum of graphene collected in the ATR mode also revealed that water-dispersible graphene has various types of functional groups in the structure (Supplementary Figure S1). The distinctive peak was observed at 1,170 cm−1 and 1,060 cm−1, corresponding to the stretching vibration of the sulfate group (Guo et al., 2019), while the vibrational bands at 3,400 cm−1 and 1720 cm−1 correlate with hydroxyl and carboxyl, respectively (Aunkor et al., 2016).
[image: Figure 3]FIGURE 3 | (A) C 1s, (B) O 1s, and (C) S 2p XPS spectra of electrochemically exfoliated graphene with pH buffer. (D) C 1s, (E) O 1s, and (F) S 2p spectra of electrochemically exfoliated graphene without pH buffer.
The key role of the mild in situ sulfate functionalization of graphene employed in our study for the production of water-dispersible graphene could be confirmed in comparison to the hydrophobic graphene produced without maintaining the basic pH of the electrolyte during the electrochemical reaction. Different from the specific electrochemical reaction of water-dispersible graphene, we conducted the same electrochemical reaction without using the buffer reagent. In detail, we carried out the electrochemical reaction in the solution with the concentration of 0.35 M, adjusting the pH of the electrolyte to 11, applying the constant voltage of 10 V at a temperature of 25°C, continuing the reaction for 1 h, and only without using the buffer reagent of ammonium acetate. Without using the buffer reagent, the pH value of the electrolyte changes from 6.5–7 to 2 during the electrochemical reaction because the persulfate ions dissociate into sulfuric acid as the reaction proceeds (Liang et al., 2007). As a result, the comparison reaction condition yielded only the hydrophobic graphene sheets that could only be dispersed in organic solvents (e.g., dimethylformamide and N-methylpyrrolidone) instead of water. From the hydrophobic graphene prepared without the buffer solution, the peak C 1s positions are similar to those of the sulfated graphene sheets at 284.0, 284.8, 286.3, and 288.8 eV, corresponding to sp2-, sp3-, hydroxyl-, and carboxyl-type carbon, respectively (Figure 3D). The peaks at 533.3 and 531.5 eV correspond to C–O and C=O binding about O 1s, respectively (Figure 3E). However, no peaks are observed at 532.2 eV in the O 1s spectra and at 168.9 eV in the S 2p spectra, which, importantly, indicates the absence of sulfur-containing functional groups on the graphene sheet without the buffer solution (Figure 3F).
To confirm the effect of pH on the sulfate functionality and surface charges of graphene sheets generated during the electrochemical exfoliation process, we used XPS to analyze the sulfate-functionalized graphene obtained by changing the initial pH value to determine the degree of sulfation, according to the atomic concentration of carbon and sulfur from the peak areas of C 1s and S 2p, respectively. The zeta-potential analyzer was used to measure the surface zeta potential (ζ) in neutral deionized water (Table 1). It is noticed in Table 1 that as the initial pH value increases from 8 to 12, the carbon atomic concentration decreases from 90.17 to 89.12% and the sulfur atomic concentration increases from 0.72 to 1.60%, with the relatively low oxygen contents of <10%, respectively. In other words, as the initial pH value of the solution in the electrochemical exfoliation reaction increases, the S/C ratio increases from 0.008 to 0.018, indicating the stronger sulfate functionalization of graphene under the strong basic conditions. Moreover, the surface zeta potential increases from −25.40 mV to −34.68 mV in accordance with the increase in the initial pH value. Based on the relationship between the atomic ratios and the initial pH values of electrolytes, we may draw a conclusion that the strong sulfate functionalization of graphene corresponds to the graphene sheet with the higher surface zeta potential.
TABLE 1 | Elemental percentage, atomic ratio, and surface zeta potential of graphene sheets with different initial pH values during electrochemical exfoliation.
[image: Table 1]The microstructures of water-dispersible graphene were observed by high-resolution transmission electron microscopy (HRTEM), as shown in Figure 4. The water-dispersible graphene sheet is few-layered graphene with a lateral size of several micrometers. In addition, the selected area electron diffraction (SAED) pattern represents the high crystallinity in the basal plane of the graphene sheet, where carbon atoms array in a hexagonal lattice structure (the inset), as generally observed in the electrochemically exfoliated graphene. Such high crystallinity of water-dispersible graphene is further confirmed by observing hexagonal SAED patterns at various points on the basal plane of a single graphene sheet (Supplementary Figure S2). The typical atomic force microscopy (AFM) images shown in Figure 5 exhibit the graphene sheets with the lateral sizes ranging approximately from 1 to 5 µm (Figures 5A,B) and the thickness measurement results for 100 graphene sheets, with the average thickness of graphene sheets being <5 nm (Figure 5C).
[image: Figure 4]FIGURE 4 | (A) TEM image and SAED pattern (inset) and (B) HRTEM image of the graphene sheet prepared with pH buffer at an initial pH value of 11.
[image: Figure 5]FIGURE 5 | (A) AFM image of the graphene sheets prepared with pH buffer at an initial pH value of 11. (B) Height profile of a line scan about the black arrow in Figure 5A. (C) Histogram of thickness measurements of 100 graphene sheets.
The compositional characteristics of water-dispersible graphene were investigated by Raman spectroscopy, which is an important tool to characterize graphene materials. The Raman spectrum provides information about the surface disorder and the graphitic composition of graphene materials together with the number of the graphene layers, which was expressed in the D band, the G band, and a weak 2D band, respectively (Kudin et al., 2008). The water-dispersible graphene showed the D band at 1,340 cm−1, the G band at 1,570 cm−1, and the weak 2D band at 2,680 cm−1 (Figure 6). The intensity ratio of bands D and G (ID/IG) is used to investigate the degree of disorders in graphene. Contrary to the TEM analysis result, it shows a high ID/IG value of 1.03, similar to rGO (Aunkor et al., 2016), which is a result of numerous edge defects originating from nanocrystalline domains of water-dispersible graphene. From the Knights empirical equation expressed by La = 4.35(ID/IG)−1, the size of the sp2 carbon domains (La) in the water-dispersible graphene was found to be 4.23 nm (Tai et al., 2010).
[image: Figure 6]FIGURE 6 | Raman spectrum of the graphene sheets prepared with pH buffer at an initial pH value of 11.
The dispersion stability of water-dispersible graphene in aqueous solutions (0.01 wt%) over 3 days was quantitatively analyzed using a multi-light scattering technique (Figure 7A), in which the dispersion stability is confirmed by studying the variations in transmittance across the entire height of the sample solution (Terayama et al., 2003). As recognized from the results, the highly stable dispersion presents the constant transmittance regardless of the solution height, and there is very little change in the transmittance over time. From Figure 7A, it is noted that the transmittance of the water dispersion of graphene ranges from 17.5 to 18.5% across the entire height of the sample; moreover, the transmittance remains in the range of 18.1–19.2% even after 12 weeks. A slight increase in the transmittance over time is also observed owing to the minimized flocculation and/or coalescence of graphene. To better understand the water dispersion stability of graphene, we numerically calculated the turbiscan stability index (TSI) from the mean kinetics value of the transmittance over time. The value of the TSI was found to slightly increase from 0 to 0.4%, indicating the high water dispersion stability of graphene (Figure 7B).
[image: Figure 7]FIGURE 7 | (A) Transmittance of aqueous dispersion of water-dispersible graphene sheets as a function of the solution height at 0 and 12 weeks. (B) TSI of the dispersion over time.
CONCLUSION
In summary, we report the preparation of highly water-dispersible graphene using electrochemical exfoliation of graphite via mild in situ sulfate functionalization by controlling the reaction of S2O82− ions. Under the basic pH conditions (>pH 7) during the electrochemical exfoliation of graphite, the sulfate functionalization of graphene could be effectively induced, and as a result, the water-dispersible graphene could be prepared with high crystallinity and a relatively low oxygen content of <10% compared with graphene obtained from conventional electrochemical exfoliation. The aqueous dispersion of sulfated graphene was highly stable over a long time without any additional separation processes of sedimentation and/or centrifugation, exhibiting constant transmittance regardless of the solution height and very little change in the transmittance and the TSI. This result indicates that the sulfate functional group attached to the graphene sheet effectively stabilizes the dispersion from electrostatic repulsive forces by increasing the surface charge even when only a small amount of sulfate functional groups is present. More importantly, our study shows that a comprehensive understanding of the persulfate reaction can provide a tool to introduce sulfate functional groups in various materials and increase dispersion stability without inhibiting their original characteristics.
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Previously, we reported the aqueous electrodeposition of rare earth - iron group alloys. A key factor was the complexation of the metal ions with various coordination compounds (e.g., aminoacetic acids), without which only the ferrous metal and rare earth hydroxides/oxides are deposited. In this work, samarium cobalt (SmCo) alloys were synthesized using direct current (DC) aqueous electrodeposition. The basic electrolyte solution consisted of 1 M samarium sulfamate, 0.05 M cobalt sulfate, and 0.15 M glycine, resulting in deposits containing >30 at% Sm at 60°C with current density of 500 mA/cm2. Supporting electrolytes (i.e., ammonium salts) decreased the Sm content in the deposit. Crystallinity of deposited films altered from nanocrystalline to amorphous as the Sm content increased. Deposits with high Sm content (32 at%) became isotropic with reduction in magnetic saturation (Ms) and coercivity (Hc). A deposition mechanism involving stepwise reduction of the complexed Sm-Co ions by depositing hydrogen atoms was proposed.
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INTRODUCTION
High-performance permanent magnets such as samarium-cobalt (SmCo) and neodymium-iron-boron (NdFeB) alloys are playing an increasingly prominent role in miniaturizing electrical and electronic machines and devices. Although the rare earth-transition metals (RE-TM) alloys are substantially more expensive than the hard, magnetic ferrites, their superior magnetic properties drive the RE-TM permanent magnets’ growing usage (Strnat and Strnat, 1991). A sharp decline in their manufacturing costs would lead to an increasingly dominant position in worldwide applications of nano- and micro-scale systems.
Compared to SmCo, NdFeB permanent magnets (PM) have a higher energy product ((BH)max) and coercivity (Hc), but a lower Curie temperature (TC) and chemical stability in aggressive environments. As a result, SmCo PMs have application in high temperature and aggressive environments such as those encountered by military and aeronautical / aerospace systems (du Trémolet Lacheisserie et al., 2002). So far, fabrication of nanostructured SmCo alloys have been restricted to physico-chemical deposition methods. Therefore, development of an aqueous electrodeposition process would dramatically reduce manufacturing costs (Dini, 1993).
In a series of preliminary studies, we reported on the aqueous electrodeposition of alloys of RE mischmetals, La, Ce, Nd, Gd and Sm with the iron group metals (e.g., Ni, Co, and Fe). The key factor is the complexation of the metal ions with aminocarboxylates (Chen et al., 1996; Myung et al., 1999; Schwartz et al., 1999; Schwartz et al., 2004; Wei et al., 2006; Wei et al., 2008; Wei et al., 2009). The present work reports on the aqueous DC electrodeposition of SmCo alloys using parallel electrodes. The solution constituents and compositions as well as the deposition variables were selected as a result of preliminary parametric studies using Hull Cells (HC) (Wei et al., 2008).
EXPERIMENTAL
The electrodeposition cell consisted of two parallel electrodes (brass cathode, 2 × 2 cm, and a platinum anode, 3 × 6 cm), which were 4 cm apart. A shielding panel with a 2 cm by 2 cm window was inserted equidistant between the electrodes to provide a more uniform current distribution. A saturated calomel electrode (SCE) measured the cathode potential. A potentio/gavalno-stat (EG & G 273) served as the power source with a coulometer measuring charge (50 C). Solution volume was kept at 240 ml. The basic solution consisted of 1 M Sm sulfamate, 0.05 M Co sulfate, and 0.15 M glycine, unless otherwise noted. The plating conditions were varied within the following ranges: current density from 2 to 500 mA/cm2, temperature from 25 to 60°C, pH range from 2 to 6. The solutions were not agitated during electrodeposition.
Prior to plating, the brass cathode was mechanically cleaned by immersing in 0.1 M NaOH, rinsing with deionized (DI) water, dipping in 10 vol. % HCl (30 s) and then rinsed with DI water. The plated cathodes were rinsed and dried with nitrogen. Disk specimens (0.64 cm diameter) were fabricated for analysis and characterization.
Sm and Co contents in the deposits were determined by energy dispersive X-ray spectroscopy (EDS). Co content was measured separately by atomic absorption spectrophotometry (AAS, Perkin Elmer). Deposit structure, crystal orientation, phase identification and grain size were determined by powder X-ray diffraction (XRD). Deposit surface morphology and microstructure were observed with scanning electron microscopy (SEM). Magnetic properties were determined by a vibrating sample magnetometer (VSM, Digital Measurement Systems Model 1660) with an applied magnetic field scanning between −10 and +10 KOe. In-phase (//) and perpendicular (⊥) measurements represent the field applied to the specimen’s plane, respectively. The deposit magnetic properties were obtained from BH loops. All measurements and data reported were on deposits with metallic appearance, unless otherwise noted. CDmax is the maximum current density, beyond which deposits appeared non-metallic. Minimum duplicate runs were performed.
RESULTS AND DISCUSSION
Confirming trends of the Hull Cell (HC) studies (Wei et al., 2008), the deposit Sm content increased with increasing temperature and applied current density (Figure 1A). At 25°C, the CDmax was 50 mA/cm2 with deposit containing approximately 14.5 at% Sm (i.e., 30.2 wt%). Increased solution temperature (60°C) extended the CDmax to 500 mA/cm2, resulting in the deposit Sm content of approximately 30 at% (i.e., 55 wt%), sufficient for a series of stoichiometric SmCo intermetallic compounds (after appropriate annealing): Sm2Co17, SmCo5, SmCo7 and SmCo3. The current efficiencies (CEs) initially decreased sharply, leveling with CD exceeding 50 mA/cm2 (Figure 1B).
[image: Figure 1]FIGURE 1 | Effect of current density and solution temperature on (A) deposit samarium content and (B) current efficiency (CE).
While the cathode potential became more negative with increased CD, it was less negative with increased solution temperature (Figure 2A). The deposit Sm content increased linearly with more negative potentials, apparently independently of solution temperature (Figure 2B). However, co-deposition of SmCo initiating a potential less negative than the equilibrium potential of Sm (EoSm/Sm3+ = −2.65 vs SCE) indicated a deposition mechanism involving a potential resulting from complexation rather than direct electrodeposition from aqueous ions.
[image: Figure 2]FIGURE 2 | (A) Cathodic polarization curves in the electrodeposition of Sm-Co alloys at various current densities and solution temperature and (B) dependence of Sm content on cathodic potential.
X-ray diffraction spectra (XRD) of Figure 1 deposits indicated structures changing from crystalline to noncrystalline (amorphous) with increasing Sm content (Figure 3). The crystolites consisted of α-Co phases (hexagonal close packed (hcp)) or Sm (rhombohedral) phases were observed. Deposits formed at 25°C were essentially amorphous with low Sm(OH)3 content. Low CD (2 mA/cm2, 3 at% Sm) deposit showed strong 10.0 and 10.1 α-Co (hcp) peaks and weak (20.1), (20.2) SmCo5 and Sm2Co17 (hcp) peaks, respectively (Figure 3).
[image: Figure 3]FIGURE 3 | XRD patterns of electrodeposits obtained at different temperature (i.e., 25 and 60°C) and various CDs.
XRD spectra of 60°C electrodeposits (not shown) indicated a slight shift in the Bragg angles (α-Co 0.002 and 10.0 peaks) with increasing Sm content. Differing atomic radii of Co (1.25 Å) and Sm (1.81 Å) suggested a misfit, (RSm-RCo) = 0.45], which could result in Co lattice distortion, which tends to elongate the Co lattice while compressing it along the basic plane and likely generate residual stresses in the SmCo deposit contributing to microcracks (Figure 4).
[image: Figure 4]FIGURE 4 | Top and cross-sectional scanning electron microscopic images of Sm-Co electrdeposits at different magnification; 9.2 at% Sm, ∼ 5 μm, pH 5.7, 60°C, 100 mA/cm2.
Figure 4 shows the SEM images of SmCo alloys electrodeposited at 60°C and 100 mA/cm2, which revealed a cracked nodular surface. At higher magnification, fibrous nanorods with varying random orientation emanating from individual nodules (Figures 4B,C) were observed, as with other electrodeposited cobalt and cobalt alloys (Cavallotti et al., 1983). The estimated nodule diameters ranged approximately from 1.5 to 2.5 μm, the crack widths from 0.12 to 0.15 μm with an estimated density of approximately 1,000 cracks/cm2. The texture of the mechanically fractured sidewall was indicative of the deposit’s brittleness (Figure 4D). It is suggested that the deposit nanocrystalline or amorphous structure and columnar growth may be the result of coalescing or bundling fibers (Figure 4C). Experience with electrodeposits of chromium (Cr) and electroless nickel (Ni) indicated that fine-grained nanocrystalline or amorphous deposit surfaces generally contain nodules (Ruan and Schuh, 2008).
Figures 5, 6 show the effects of deposition variables on deposit composition and magnetic properties. Hysteresis loops indicated magnetic saturation (Ms) was easier along the in-plane direction (easy axis) than the perpendicular direction (hard axis). The in-plane and perpendicular directions approached each other as deposit Sm content increased, while Ms and Hc decreased as CD increased. At constant CD and increased solution temperature (25°C–60°C), Ms and Hc increased, reflecting changing alloy compositions and structures (Figure 5)
[image: Figure 5]FIGURE 5 | Magnetic hysteresis loops of Sm-Co deposits at 25 and 60°C, and various CDs.
[image: Figure 6]FIGURE 6 | Effect of Sm deposit content and temperature on grain size and magnetic properties.
Magnetization (Ms) decreased linearly with increased deposit Sm content (Figure 6B), similar to sputtered deposits (Cho et al., 1997). Magnetic saturation of Co (Ms = 169 emu/g) (Bozorth, 1978) is higher than Sm (Ms = 0.3 emu/g) (Adachi et al., 1994), and the decreased Ms of the alloy was the result of decreased Co content. The deposit's structure changed from crystallinity to non-crystallinity with increased Sm content (Figure 6). Deposits with low Sm contents exhibited (002) plane orientation (c-axis), resulting in anisotropy.
As the deposit structure changes from crystallinity to non-crystallinity (increased Sm content), the deposits become more isotropic (Figure 5), and Ms and Hc|| decreased. Deposits with low Sm contents exhibit 00.2 plane orientation (c-axis), resulting in anisotropy (Hc⊥ >> Hc||) (Figure 6C). Deposits with increased Sm have decreased hcp 00.2 peak intensity with decreased Hc⊥. Deposits with high Sm content (32 at%) are non-crystalline and isotropic (Hc⊥ ≈ Hc||) as shown in Figure 6C with reduced Ms (Figure 6B).
Deposit coercivities in the in-plane direction (100 Oe) varied only slightly with deposit composition, but in the perpendicular direction, higher Hc (600–800 Oe) was obtained at low Sm content, decreasing sharply with increasing deposit Sm content. We note that as-deposited room temperature sputtered stoichiometric SmCo films also exhibited low coercivities (∼100 Oe), which did not increase substantially with subsequent annealing unless deposited on a Cr underlayer, promoting nanocrystalline c-axis texture in the SmCo deposit, increasing in-plane anisotropy (Hc > 40 KOe) (Prados and Hadjipanayis, 1998; Prados and Hadjipanayis, 1999).
In-plane coercivities remained constant regardless of the deposit Sm content; coercivity in the perpendicular direction, however, decrease with increased Sm content (Figure 6C). The squareness of the deposits appeared to be reversed (Figure 6D).
Deposit particle size decreased as Sm content increased, result of increased CD and/or decreased solution temperature (Figure 6A). Cavallotti et al. reported similar results for electrodeposited Co and Co alloys (Cavallotti et al., 1983).
Figure 7A shows the dependence of Sm content on pH at various CDs (10 and 50 mA/cm2) at room temperature. Sm contents were higher than at 60°C but at the latter temperature maxima deposit Sm content were higher between pH 4 (12 at%, 100 mA/cm2) and pH 5 (28 at. %, 300 mA/cm2), respectively. Lower current densities and higher solution temperatures resulted in higher current efficiencies (CEs), but dependence on solution pH was not substantial (Figure 7B).
[image: Figure 7]FIGURE 7 | Effect of solution pH on (A) Sm deposit content and (B) current efficiency different temperature (25 and 60°C) and various CDs.
Hull cell experiments (Wei et al., 2008) showed Co and Sm(OH)3 are electrodeposited from glycene-free solution, indicating a complex was essential for deposition of SmCo alloys. At 25°C, maximum deposit Sm contents were obtained at 25 mA/cm2 (∼11 at%) and 50 mA/cm2 (∼14 at%) with glycine concentration of 0.1 and 0.15 M , respectively; below 0.1 M, non-metallic deposits were formed. Increased solution temperature (60°C) and higher CDs resulted in increased Sm contents (e.g., 300 mA/cm2, 0.1 M glycine to ∼18 at%) initially, decreasing with increased glycine concentration (>0.1 M). High deposit Sm contents were obtained with 2 to 3:1 glycine to Co ratios in the presence of excess Sm3+ (Figure 8A).
[image: Figure 8]FIGURE 8 | Effect of glycine concentration on (A) samarium deposit content and (B) current efficiency at 25 and 60°C.
Current efficiencies (CEs) of 25°C deposits increased to 15% with increased CD and glycine concentrations. At 60°C, there appeared to be no significant CE dependence, although CE increased to 30% at higher CDs (Figure 8B).
XRD spectra (not shown) indicated that 0.15 M glycine containing solutions produced nanocrystalline or amorphous deposits with a weak 11.0 Sm(OH)3 peak at 25°C but none at 60°C. This confirmed observations of the HC studies (Wei et al., 2008), i.e., glycine inhibited formation of hydroxides in agreement with Diven et al. (2003) that glycinato-Co complexes inhibit formation of Co(OH)2 in aqueous solutions. Interestingly, XRD spectra of deposits from solutions with 0.05 M or 0.5 M glycine concentrations show the presence of Sm(OH)3 and Co(OH)2 11.0 peaks, which suggested an optimum concentration of complexant: M (metal ion) ratio, minimizing or inhibiting hydroxide/oxide inclusions. At 60°C, deposits also exhibited several Co (hcp) peaks which did not appear in 25°C deposit spectra.
Figure 9 shows the effects of selected complexants (0.15 M) on the deposit Sm contents. In 25°C solutions, only the amino acids appeared to be effective complexants (Table 1), while the other tested complexants resulted in burnt or powdery deposits containing hydroxides/oxides. Increasing solution temperature to 60°C resulted in extending the CD ranges and permitted co-deposition with other amino acids and hydroxycarboxylic acids, analogous to glycine and alanine (glycolic and lactic acids) with decreased CDmax (Table 1). Substitution of other complexants for glycine indicated glycine provided higher deposit Sm contents, but polycarboxylic acids (e.g., citric acid, EDTA) presumably resulted in stronger complexes which prevented deposition of SmCo alloys. These results suggested the bond strengths and/or structures of the various (aqueous) coordination compounds and their interdependence with the deposition variables are paramount in the co-deposition of the alloys, their compositions and magnetic properties.
[image: Figure 9]FIGURE 9 | Effect of various complexes on samarium deposit content at 60°C (pH = 5.8).
TABLE 1 | Summary of CDmax and max. Sm contents obtained from solutions containing different complexers.
[image: Table 1]Supporting electrolytes (SE) are frequently added as solution components to increase solution conductivity, stabilize solution pH, and permit higher CDs, affecting deposit composition and properties. Figure 10 shows the effect of KCl, NH4Cl and NH4 sulfamate on deposit Sm content. At 25°C, KCl increased the deposit Sm content up to 18 at%, which was higher than that in the absence of supporting electrolyte (15–14 at%), while NH4Cl and NH4 sulfamate decreased the Sm content to 9.7 at% and 8.1 at%, respectively. CD increased substantially at 60°C in both the absence and presence of supporting electrolytes (Figure 10).
[image: Figure 10]FIGURE 10 | Effect of supporting electrolyte on samarium deposit content at (A) 25°C (closed pts) and (B) 60°C (open pts) [Note- draw continuous and dashed connecting line].
Ammonium compounds are widely added to plating solutions as these SE may participate in complexation of the depositing ions. Ammonium sulfamate was investigated as SE in the SmCo solutions (Figure 11). Increasing additions of NH4+ (0–1 M) decreased the deposit Sm contents from solutions at both 25°C and 60°C. This effect was more pronounced at the higher temperature: Sm deposit contents decreased from ∼32 at. % Sm (no NH4+) to ∼11 at% Sm (1 M NH4+) at 500 mA/cm2, with similar decreases at lower CDs. This might be attributed to the deprotonation of ammonium (NH4+ → NH3 + H+), which could form other competing complexes such as cobalt hexammine ion (Co(NH3)62+), favoring Co deposition. Furthermore, NH3 could modify the proposed heteronuclear-glycinato-complexes (Schwartz et al., 2004) with the inclusion of bridging NH3 ligands, which are not conductive to facilitate electron transfer in redox reactions (Taube and Gould, 1969).
[image: Figure 11]FIGURE 11 | Effect of NH4 sulfamate concentration on (A) samarium deposit content and (B) current efficiency at 25 and 60°C.
Proposed Deposition Mechanism
Coordination compounds, such as inorganic complexes (ligands)—cyanide, halide, hydroxide, and phosphate complexes—, have been employed in electroplating systems since the early 1800s and are increasingly involved in many commercial processes. Organic ligands including polycarboxylic, hydroxycarboxylic, aminocarboxylic and heterocyclic compounds are also well-known complexing agents for the electrodeposition of single metals and alloys from aqueous plating solutions. Tartrates, citrates, hydroxyacetates, hydroxypropionates and glycinates are extensively employed in electroless deposition and electrodeposition of alloys.
In addition to engineering, electronic, and magnetic applications of these electrodeposited alloys, there is increasing interest in applying compatible samarium (Torres et al., 2001; Torres et al., 2003; Kremer et al., 2005), vanadium (Tsaramyrsi et al., 2001; Kaliva et al., 2002a; Kaliva et al., 2002b), molybdenum and tungsten (Kiss et al., 1995; Zhou et al., 1999; Zhou et al., 2000; Zhang et al., 2003; Zhou et al., 2004; Kustin et al., 2007) coordination compounds in biological (physiological) systems. Citrate ions participate in essential physiological processes (e. g., Krebs cycle) and as natural chelator for various metal ions; compatible amino acid and peptide complexes may interact with bodily citrate fluids and independently have enhanced effects as active biological agents for metalloenzyme processes and oncological treatments.
Yukawa and coworkers stressed the relevance of the coordination chemistry of amino acids and peptides in understanding interaction of trace metals with enzyme and other biological systems in bioinorganic and medicinal chemistry (Komiyama et al., 2008).
Franklin considered possible effects of complexation on electrodeposition mechanisms and deposition rates including adsorption or inclusion of complexed ions or molecules, complexation resulting in catalyzing deposition rate through ion bridging or ion pairing (Franklin, 1987).
The following observations pertinent to the proposed deposition mechanism were considered: only metallic Co and Sm(OH)3 deposited from Sm-Co solutions. Complexation with glycine or other ligand is a required constituent for electrodeposition of Sm-Co alloys. The structure and geometrics of the complex, along with the deposition variables determined the deposition rates of both Co and Sm, the resultant alloy composition, grain size and other properties. The extensive industrial application of chromium plating was used for comparison (Hoare, 1989). Although the toxic Cr(VI) regularly electroplates to Cr, much less toxic Cr(III) cannot. Mandich reported that Cr(III) is a strongly hydrated ion, which precludes its electrodeposition to metallic Cr (Mandich, 1997). However, complexed with a suitable organic ligand, Cr(III) deposits to Cr (Danilov and Protsenko, 2001; Song and Chin, 2002).
Yukawa showed the versatility of glycine and other amino acids and peptides as complexing chelated molecules (Komiyama et al., 2008). The versatility of glycine is based, in part, on various protonation/deprotonation configurations. Sm glycino-complexes either as chelated monomeric Smgly3 (Figure 12) or dimeric coordinated compounds, i.e., complexes resulting in high stability constants, possibly preventing electrodeposition (Torres et al., 2001; Torres et al., 2003; Kremer et al., 2005).
[image: Figure 12]FIGURE 12 | Sm glycine chelate complexes adapted from Prados and Hadjipanayis (1999).
Zvaginsteva and Goncharov considered the polymerization of glycine as peptides (Zvaginstev and Goncharov, 1963). It is envisioned that quasi-peptides structures developed as a result of H-bonded bridges by O...H…N bonds. The presence of Co ions possibly inhibited Sm-glycine chelated complexes, resulting in catenated heteronuclear trisglycino- complexes coordinating cis oriented Co and Sm ions through the glycine carbonato- and amino- groups, respectively (Figure 13).
[image: Figure 13]FIGURE 13 | Incremental atomic H reduction of Sm-Co ions in glycine structure.
In gas phase catalysis, hydrogenation of organics usually proceeds by adsorbed hydrogen atoms on surfaces; this generally requires high temperatures and/or pressures as contrasted with aqueous phase hydrogenation (Ceyer, 2001). Further, in aqueous phase electrocatalysis, adsorbed hydrogen atoms readily reduce and hydrogenate organics and promote polymerization (Parravano, 1951; Park et al., 1985; Li et al., 2012).
H atoms generated and adsorbed at the cathode surface provided the electrons for the reduction and deposition of metal from the complex. The adsorbed hydrogen atoms reduced Sm3+ to Sm2+, modifying the complex. Continued stepwise reduction by hydrogen atoms resulted in zero-valent Co0 and Sm0 complex, which deposited on the electrode surface, resulting in an intimately mixed deposit constituting the equivalent of an alloy, SmxCoy, with variable composition, depending on deposition conditions (Figures 13, 14).
[image: Figure 14]FIGURE 14 | Proposed stepwise reduction of Sm-Co glycine complexes by H atoms.
Low CD deposition resulted in low Sm content and the presence of Co crystallites in the deposit. The reduction series of Co and Sm in the polymeric glycine- complexes and reaction flowchart (Figures 13, 14) show the suggested stepwise reduction process, culminating in the SmCo alloy.
SUMMARY
Samarium cobalt alloys were electrodeposited from aqueous solutions containing 1 M samarium sulfamate, 0.05 M cobalt sulfate, 0.15 M glycine, in presence and absence of supporting electrolytes. While they contribute to the solution stability, the supporting electrolytes used in this work decreased the Sm content in the deposit. Glycine or other coordination compounds were essential constituents in promoting co-deposition of Sm and Co; without complexing species, only Co metal and Sm hydroxide or oxide deposited. Glycine was a preferred ligand, resulting in higher deposit Sm contents while effectively inhibiting or minimizing occluded hydroxide/oxides in the deposit.
Polarization curves showed a linear dependence of deposit Sm content on cathodic potential with higher Sm content obtained at more negative potentials than the equilibrium potential of Sm, indicating complex species were involved in the co-deposition mechanism.
Increased solution temperature extended the CDmax from 50 mA/cm2 (25°C) to 500 mA/cm2 (60°C), resulting in high deposit Sm contents (32 at%), which satisfied the potential stoichiometric SmCo alloy compositions after annealing. The preferred solution pH range was between 2 and 6; pH > 6 resulted in nonmetallic deposits.
Magnetic saturation (Ms) of deposits decreased with increased Sm content, becoming isotropic with deposits containing >30 at% Sm. Electrodeposited SmCo alloys and as-sputtered SmCo5 films exhibited low coercivities (i.e., Hc of ∼100 Oe as deposited).
Crystalline deposits became noncrystalline (amorphous) with increased deposit Sm content. Lower temperature and lower CD favor noncrystalline deposits with weak Sm(OH)3 peaks; no Sm(OH)3 peaks are observed in deposits from elevated temperatures.
A deposition mechanism involving the sequential stepwise reduction of the Sm and Co ions complexed with glycine (or other compatible ligand) by atomic hydrogen deposited at the cathode surface is proposed. Without complexation, only metallic Co and non-metallic Sm hydroxide/ oxide co-deposit.
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CoPt and CoPtP thin films were synthesized using direct current (DC) aqueous electrodeposition from weak alkaline solutions. The basic plating solutions of binary CoPt thin films consisted of cobalt pyrophosphate [Co2P2O7] and chloroplatinic acid [H2PtCl6]. Various amounts of sodium hypophosphite [NaH2PO2] was added to deposit ternary CoPtP thin films. The film composition was adjusted by varying the several electrodeposition parameters including electrolyte composition, solution pH, and current density and correlated to their microstructure and magnetic property (i.e. coercivity and squareness). For the binary CoPt thin films, the maximum coercivities [in-plane coercivity (Hc,//) = ∼1,600 Oe, and perpendicular coercivity (Hc,⊥) = ∼2,500 Oe] were obtained from electrolytes containing 0.01 M H2PtCl6 + 0.04 M Co2P2O7 at current density (CD) of 7.5 mA cm−2. In the case of ternary CoPtP electrodeposits, the maximum coercivities (Hc,// = ∼2,600 Oe, and Hc,⊥ = ∼3,800 Oe) were achieved from baths containing 0.015 M H2PtCl6, 0.07 M Co2P2O7, 0.8 M NaH2PO2 at CD of 7.5 mA cm−2 and solution pH 9. It was suggested that microstructure and magnetic properties are affected not only by the type of substrate but also by chemical compositions and electrodeposition conditions.
Keywords: cobalt-platinum, cobalt-platinum-phosphide, electrodeposition, magnetic thin film, hard magnetic material
INTRODUCTION
CoPt and CoPtP alloys are promising hard magnetic materials due to their high magnetocrystalline anisotropy and magnetic saturation (Bozorth, 1963; Myung et al., 2003). Co50Pt50 alloy has tetragonal L1O ordered phase material and shows very high coercivities (>10,000 Oe) (Coffey et al., 1995). Because of their excellent hard magnetic properties, they are of interest in the areas such as magnetic sensors and magnetic microelectromechanical systems (mag-MEMS) (Myung et al., 2003; Park et al., 1995; Vieux-Rochaz et al., 2006).
CoPt thin films were mostly obtained using vacuum processes such as molecular-beam epitaxy (MBE) (Lee et al., 1991), and sputtering (Coffey et al., 1995; Carcia et al., 1993; Farrow and Marks, 1998). In these vacuum processes, CoPt was deposited as multilayered structures and followed by post thermal treatment to make ordered phases. The requirement of post thermal treatment limited the applications including mag-MEMS since most of MEMS structure cannot survive at these high temperatures (e.g., 500–700 °C). Therefore, an alternative near room temperature deposition process such as electrodeposition is needed. Electrodeposition process over vacuum processes has many benefits such as easy scale up and maintenance, lower operating temperature, low cost, the ability of tailoring microstructure and properties. Therefore, it was widely used in many research fields including thin film, nanostructures including nanocrystals, nanorod etc. (Park et al., 1995; Myung et al, 2003; Zhu et al., 2015a; Zhu et al., 2015b).
Despite the needs for integration of magnetic CoPt and CoPtP alloys by electrodeposition at near room temperature, limited works were carried out for electrodeposition baths and conditions. Tabakovic et al. and Dragos-Pinzaru et al. conducted electroanalytical study and electroplating parameters (e.g., electrodeposition time, Co2+ concentration, additive, solution pH etc.) on film composition and magnetic properties (Tabakovic et al., 2015; Tabakovic et al., 2016; Dragos-Pinzaru et al., 2017). Kim et al. also investigated magnetic properties (e.g., coercivity, magnetic moment etc.) to film thickness (Kim et al., 2013). Guillamat et al. electrodeposited CoPt thin film from deep eutectic solvent (Guillamat et al., 2012) whereas Hnida et al. electrodeposited nanowires using template directed method (Hnida et al., 2016). Eagleton et al. reported coercivity of 2,000–4,000 Oe for 50 nm–10 μm thick CoPtP films (Eagleton et al., 2005). Vieux-Rochaz et al. integrated hard magnetic CoPtP material into mag-MEMS (Vieux-Rochaz et al., 2006).
In this study, magnetic CoPt and CoPtP thin film alloys were systematically electrodeposited using the various plating solutions containing chloroplatinic acid, cobalt pyrophosphate and sodium hypophosphite. Dependence of various electrodeposition parameters including solution composition (e.g [Pt4+] [Co2+] and [H2PO2−]), solution pH, current density on current efficiency, magnetic properties, and microstructure were investigated.
EXPERIMENTAL
For binary CoPt thin films, the dependence of deposit contents, current efficiencies, and extrinsic magnetic properties (i.e., coercivity and squareness) on Co2+ ion concentration in plating baths was investigated. The bath compositions and operating conditions are listed in Table 1 (conditions for Figures 1,2). Co2+ concentration in the bath was controlled using Co-pyrophosphate solution as shown in Table 2 (conditions for Figures 1,2). After the optimum Co2+ concentration in the bath for the best coercivity (Hc,⊥ and Hc,//) of CoPt thin film was determined, the dependence of current efficiency and coercivity in CoPt thin films on concentration of Pt4+ in plating bath was studied. The bath compositions and operating conditions are listed in Table 1 (conditions for Figures 3,4). Both Co2+ and Pt4+ concentrations for the optimum coercivity of CoPt thin film were determined as 0.07 and 0.015 M, respectively and listed in Table 1 (conditions for Figures 3,5). Dependence of current efficiencies in the CoPt thin films on solution pH was also studied. Then a better bath composition and solution pH (conditions for Figures 6,7,8) was determined as shown in Table 1. The optimum current density for the best coercivity of CoPt thin film was tested using the bath compositions and conditions of Table 1 with/without NaH2PO2 concentration (as P source). Finally, the optimum electroplating conditions for the best coercivity of CoPt thin film as shown in Table 1 (conditions for Figure 9) was obtained. Magnetic properties [parallel (in-plane) and perpendicular (out-of-plane) coercivity (Hc,// and Hc,⊥), and parallel (in-plane) and perpendicular (out-of-plane) squareness (S// and S⊥)] were examined by varying the NaH2PO2 concentration from 0.01 to 0.8 M. All the CoPt and CoPtP thin films were electrodeposited on brass substrates; Pt (mesh) coated on Ti core was used as an insoluble anode. Brass substrates were used because they exhibit no magnetic property, specially coercivity and squareness, at all. Solutions were exposed to air. All the films were electrodeposited without stirring at room temperature.
TABLE 1 | Bath compositions and operating conditions (unless otherwise noted) for binary CoPt thin films (M = mol dm−3).
[image: Table 1][image: Figure 1]FIGURE 1 | Dependence of Co, Pt contents and current efficiency (CE) of CoPt thin film on Co-pyrophosphate concentration.
[image: Figure 2]FIGURE 2 | Dependence of coercivity and squareness of CoPt thin films on Co-pyrophosphate concentration (A) coercivity and (B) squareness.
TABLE 2 | Bath compositions (unless otherwise noted) for Co-pyrophosphate solution (M = mol dm−3).
[image: Table 2][image: Figure 3]FIGURE 3 | Dependence of current efficiency (CE) of CoPt thin films on H2PtCl6 concentration and solution pH.
[image: Figure 4]FIGURE 4 | Dependence of coercivity and squareness of CoPt thin films on H2PtCl6 concentration (A) coercivity and (B) squareness.
[image: Figure 5]FIGURE 5 | Dependence of coercivity and squareness of CoPt thin films and solution pH (A) coercivity and (B) squareness.
[image: Figure 6]FIGURE 6 | Dependence of current efficiency (CE) of CoPt thin films on current density (CD) (The values of CE in the red curve are similar or lower than that in Figures 1, 3).
[image: Figure 7]FIGURE 7 | Dependence of coercivity and squareness of CoPt thin films on current density (CD) (A) coercivity and (B) squareness.
[image: Figure 8]FIGURE 8 | Dependence of coercivity and squareness of CoPtP thin films on current density (CD) (A) coercivity and (B) squareness.
[image: Figure 9]FIGURE 9 | Dependence of coercivity and squareness of CoPtP thin films on NaH2PO2 concentration (A) coercivity and (B) squareness.
Deposit Co and Pt contents in CoPt and CoPtP thin films were analyzed using atomic absorption spectroscopy (AAS). P content in the CoPtP thin films could not be analyzed using both AAS and energy dispersive spectroscopy (EDS) because of interference between Pt and P elements. Magnetic properties such as coercivity (HC) and squareness (S = Mr/MS) were measured using a vibrating sample magnetometer (VSM) (Model 880, ADE technologies Inc.). Microstructures of CoPt and CoPtP thin films were examined using an X-ray diffractometer (XRD) (Model 42202, Norelco, North American Phillips Company Inc.) with Kα radiation to identify the phases. Conditions of XRD were a scanning range of 20–100° with 0.03° increments and a one second dwell time.
RESULTS AND DISCUSSION
Figure 1 shows the dependence of Co and Pt contents in electrodeposits and current efficiency (CE) on Co2+ concentrations. Deposited Co content in electrodeposits increased from 82 to 90 wt% with increasing Co2+ concentration from 0.005 to 0.1 M, while Pt content decreased from 19 to 10 wt%. Current efficiency increased from 4 to 22%. Very limited work for deposit Co content and current efficiency in CoPt alloy was reported. Dragos-Pinzaru et al. electrodeposited CoPt films from hexachloroplatinate solutions: 0.4 M H3BO3, 0.3 M NH4Cl, 0.1 M CoSO4∙7H2O, 0.00386 M H2PtCl6 with/without 3.89 mM saccharin (Dragos-Pinzaru et al., 2017). They reported deposit Co content of 28.8–66.9 wt% (56–87 at%) with the change of deposit time from 10 s to 300 s. Deposit Co content of 82–90 wt% in this study is significantly higher than that (28.8–66.9 wt%) in the article reported by Dragos-Pinzaru et al. (Dragos-Pinzaru et al., 2017). Also, they investigated the effect of deposit time on current efficiency at different pH and different Co+2 ion concentration and reported the current efficiency of 55–68% and 55–78% with the change of deposit time, respectively. They reported about 2.5–20 times higher current efficiency (55–78%) than that (4–22%) of this study. Relatively low current efficiency in this study compared to that reported by Dragos-Pinzaru et al. (Dragos-Pinzaru et al., 2017) may be attributed to the different chemical compositions. That is, the applied current in this paper was used very much in side reactions such as the evolution of hydrogen gases on cathode and oxygen gases on anode.
Figure 2 shows the dependence of hard magnetic properties (i.e., coercivity and squareness) of binary CoPt electrodeposits. The optimum Co2+ concentrations with high coercivity were observed in the range of 0.03–0.07 M. In this range of Co2+ concentrations, parallel coercivities ranged from ∼1,400 to ∼1,600 Oe whereas perpendicular coercivities ranged from ∼2,200 to ∼2,800 Oe. On the other hand, parallel and perpendicular squareness (S// and S⊥) were measured to be ranged from ∼0.2 to ∼0.5 and about 0.25, respectively. Tabakovic et al. obtained the coercivity of HC,// = 221 Oe and HC,⊥ = 254 Oe from Co80Pt20 films deposited on Cu substrate [oxidized Si wafer/Ta (5 nm)/Cu (200 nm)/CoPt (15–20 nm)] (Tabakovic et al., 2016). Also the coercivity of HC,// = 629 Oe and HC,⊥ = 1,220 Oe in Co80Pt20 films deposited on Ru substrate [oxidized Si wafer/Ta (5 nm)/Ru (200 nm)/CoPt (15–20 nm)] was reported. It is well known that perpendicular anisotropy of CoPt films obtained either by electrodeposition or vacuum deposition highly depend on the underlayer types such as Cu and Ru (Wierman et al., 2002; Pattanaik et al., 2006; Vokoun et al., 2006; Wodarz et al., 2016). Because, in this study, brass substrate was used and parallel coercivities ranged from ∼1,400 to ∼1,600 Oe and perpendicular coercivities ranged from ∼2,200 to ∼2,800 Oe were obtained, we can suggest that the type of substrate strongly affects coercivities of CoPt films.
Figure 3 shows the dependence of current efficiency on H2PtCl6 concentration and solution pH in the baths. Current efficiency decreased from 22 to 17% with increasing H2PtCl6 concentration. No work for the dependence of the change of H2PtCl6 concentration on current efficiency in CoPt alloy was reported as far as we know. Current efficiency as a function of CoSO4 concentration (0.1 and 0.25 M) in the bath for electrodeposited CoPt films was measured by Dragos-Pinzaru et al. (Dragos-Pinzaru et al., 2017). They reported that the bath with higher concentration of 0.25 M CoSO4 exhibits the current efficiency of about 61–65%, while the bath with lower concentration of 0.1 M CoSO4 shows the current efficiency of about 55–60%. The change of CoSO4 concentration in the bath resulted in the decrease of about 6% in current efficiency. However, it was reported that deposit Co content in CoPt films was almost the same as 66.9 wt% (87 at%) for both concentrations of 0.1 and 0.25 M CoSO4 in the bath. Therefore, some decrease of current efficiency from 22 to 17% with increasing H2PtCl6 concentration in this study is expected. Because the increase of Co2+ concentration in the bath (see Figure 1) from 0 to 0.1 M results in the decrease of deposit Pt content and the increase of deposit Co content in the CoPt films, we can suggest that more Co2+ concentration in the bath means more deposit Co content in CoPt films; more H2PtCl6 concentration in the bath gives more deposit Pt content in the CoPt films, resulting in the decrease of current efficiency.
The dependence of current efficiency on solution pH is also shown in Figure 3. Maximum current efficiency (∼20%) was obtained at pH 9. Dragos-Pinzaru et al. investigated the influence of solution pH (2.5 and 5.5) on the current efficiency of electrodeposited CoPt films from hexachloroplatinate solutions (Dragos-Pinzaru et al., 2017). They reported that the current efficiency in the bath with pH 2.5 and 5.5 was measured to be about 62 and 66%, respectively. We believe from Figure 1 that about three times higher current efficiency of CoPt films reported by Dragos-Pinzaru et al. (Dragos-Pinzaru et al., 2017) than that of this study may be attributed to the different chemical compositions in the baths. The change of solution pH somewhat has an influence on the current efficiency. The current efficiency highly depends on the chemical compositions in the baths rather than solution pH.
Figure 4 shows the dependence of coercivity and squareness of binary CoPt thin film alloys on H2PtCl6 concentration. This experimental work was carried out in order to find higher coercivity of CoPt films in the bath compositions and operating conditions as shown in Table 1. The optimum coercivity (HC,// = ∼1,000 Oe and HC,⊥ = ∼2,700 Oe) was obtained at 0.01 M Pt concentration, while parallel and perpendicular squarenesses were measured as ∼0.18 and ∼0.3, respectively.
Figure 5 shows the dependence of coercivity and squareness of CoPt alloys on solution pH. The optimum coercivity (HC,// = ∼1,250 Oe and HC,⊥ = ∼1,300 Oe) was obtained at solution pH 8–9. Parallel and perpendicular squarenesses at solution pH 8–9 were measured as ∼0.6 and ∼0.1, respectively. It was observed that the change of solution pH has a considerable effect on the coercivity of CoPt films.
Figure 6 exhibits the dependence of current efficiency of binary CoPt and ternary CoPtP electrodeposits on current density. The current efficiencies were slightly decreased with increasing current density for both CoPt and CoPtP electrodeposits. The addition of 0.1 M NaH2PO2 in the plating bath resulted in the slight decrease of current efficiency from 10 to 7%. Dragos-Pinzaru et al. investigated the influence of saccharin (with/without 3.89 mM) as an additive on current efficiency of CoPt films electrodeposited from hexachloroplatinate solutions (Dragos-Pinzaru et al., 2017). Higher current efficiency (78%) was observed in CoPt films electrodeposited from the bath containing no saccharin, while CoPt films electrodeposited from the bath containing 3.89 mM saccharin exhibits lower current efficiency (66%). Therefore, we can suggest that the current efficiency obtained in CoPt films electrodeposited from hexachloroplatinate solutions was influenced by the type of additive such as saccharin (Dragos-Pinzaru et al., 2017) or sodium hypophosphite (NaH2PO2) (this study). In this study, the current efficiency was measured as 22% at the most or less. Therefore, we can summarize from Figures 1, 3, 6 that current efficiency obtained in CoPt films electrodeposited from hexachloroplatinate solutions much depend on the bath compositions rather than the type of additives, solution pH, CoSO4, and H2PtCl6. That is, current efficiencies in the baths used by Dragos-Pinzaru et al. (Dragos-Pinzaru et al., 2017) were much higher than that in the baths used by this study.
Figures 7, 8 show the corresponding coercivity and squareness of binary CoPt (Figure 7; electrodeposited from the bath containing no NaH2PO2) and ternary CoPtP electrodeposits (Figure 8; electrodeposited from bath containing 0.1 M NaH2PO2). Figures 7, 8 were carried out at optimum conditions (using the conditions from Table 1; Co2+ and Pt4+ concentrations, solution pH, and current density) in order to get the best coercivity in CoPt films. In binary CoPt electrodeposits, high coercivity (HC,// = ∼1,600 Oe and HC,⊥ = ∼2,100 Oe) was obtained at the current density of 7.5 mA/cm2. On the other hand, parallel and perpendicular squarenesses at the current density of 7.5 mA/cm2 were measured as ∼0.35 and ∼0.2, respectively. There is no research work for the effect of adding sodium hypophosphite (NaH2PO2) into the baths for binary CoPt thin films. In ternary CoPtP electrodeposits of this study (Figure 8), high coercivity (HC,// = ∼3,000 Oe and HC,⊥ = ∼3,500 Oe) was obtained from 7.5 to 20 mA/cm2. Also, parallel and perpendicular squarenesses at the current density of 7.5–20 mA/cm2 were measured as ∼0.4 and 0.2–0.4, respectively.
Figure 9 shows the dependence of coercivity and squareness of CoPtP alloys on NaH2PO2 concentration in the plating baths. Parallel coercivity increased from ∼1,700 to ∼2,700 Oe with increasing NaH2PO2 concentration from 0.01 to 0.8 M, while perpendicular coercivity was maintained at the range of 3,000–3,500 Oe. Perpendicular squareness was slightly increased and parallel squareness was increased from ∼0.2 to 0.37 with increasing NaH2PO2 concentration. The addition effect of NaH2PO2 concentration in the bath for electrodeposited CoPt films was much higher in parallel coercivity than in perpendicular coercivity. Also, the similar effect both for parallel and perpendicular squarness was observed.
Figure 10 shows XRD patterns of binary CoPt and CoPtP thin film alloys with increasing NaH2PO2 concentration in the baths. For the binary CoPt thin film, it is analyzed that CoPt thin films consist of mainly amorphous crystalline and small intensity of CoPt3 (111) phases (JCPDS file #: 29–499). For the ternary CoPtP thin film, CoPtP thin films consist of both amorphous crystalline and Co2P (130) (JCPDS file #: 6–306) [or Pt5P2 ([image: image]) (JCPDS file #: 23–465)] peaks. The addition of NaH2PO2 into the baths for the binary CoPt films results in the considerable increase of intensity of Co2P (130) (JCPDS file #: 6–306) [or Pt5P2 ([image: image]) (JCPDS file #: 23–465)] peaks. Tabakovic et al. investigated the influence of different substrates (Cu and Ru) on the peaks in XRD patterns in CoPt films electrodeposited from hexachloroplatinate solutions (Tabakovic et al., 2016). Zana et al. also reported the same results of XRD using electrodeposited CoPt on Cu seed layer (Zana and Zangari, 2004). It was reported that CoPt films electrodeposited on Cu substrate [oxidized Si wafer/Ta (5 nm)/Cu (200 nm)/CoPt (15–20 nm)] consists of hcp CoPt (10.0), (00.2) and (10.1), at 41.2°, 43.4°, 46.4° 2θ values, respectively (Tabakovic et al., 2016). On the other hand, CoPt films electrodeposited on Ru substrate [oxidized Si wafer/Ta (5 nm)/Ru (200 nm)/CoPt (15–20 nm)] exhibits hcp CoPt (10.0) and (00.2) at 41.2° and 43.4° 2θ values, respectively (Tabakovic et al., 2016).
[image: Figure 10]FIGURE 10 | XRD patterns of CoPt and CoPtP thin films electrodeposited on brass substrate with the change of NaH2PO2 concentration in the plating baths; relative intensity vs NaH2PO2 concentration (S: substrate).
It was reported that Ru underlayer results in both the improvement of the microstructure [absence of hcp CoPt (00.2)] and enhancement of perpendicular anisotropy (HC,//= 629 Oe and HC,⊥ = 1,220 Oe) in CoPt films (Tabakovic et al., 2016). The same results were observed in CoPt films obtained either by vacuum deposition or electrodeposition (Tabakovic et al., 2016; Pattanaik et al., 2006; Wodarz et al., 2016; Wierman et al., 2002; Vokoun et al., 2006). Also, Dragos-Pinzaru et al. reported that very high perpendicular coercivity (HC,⊥ = 4,500–6,700 Oe) in CoPt films is attributed to both Ru substrate and thickness (10–30 nm) of CoPt film (Dragos-Pinzaru et al., 2017). They suggested that high perpendicular coercivity of Co71Pt21 film (∼15 nm thickness) deposited on Ru seed layer is resulted from the addition of saccharin in the baths, resulting in the dramatic improvement of hcp (00.2) crystal structure. However, in this study, the binary CoPt film electrodeposited on brass substrate mainly consists of nanocrystalline with only a very small intensity of CoPt3 (111) peak (JCPDS file #: 29–499). On the other hand, the ternary CoPtP film electrodeposited in the baths containing NaH2PO2 showed the dramatic improvement of Co2P (130) [or Pt5P2 ([image: image])] peaks, resulting in the increase of parallel coercivity from ∼1,700 Oe to ∼3,000 Oe and the increase of perpendicular coercivity from ∼3,200 Oe to ∼3,700 Oe. These results in this study may be attributed to the different substrate (brass) and the different bath compositions compared to previous papers reported by another researcher (Tabakovic et al., 2016; Dragos-Pinzaru et al., 2017). Some important results in CoPt/CoPtP films (for high coercivities) were tabulated in Table 3 to compare each other.
TABLE 3 | Comparison of some important results representing high coercivities in CoPt/CoPtP thin films.
[image: Table 3]In summary, it is believed that the coercivity and XRD patterns [Figures 9, 10] in this study are affected not only by the type of substrate but also by chemical composition and operating conditions in the baths for electrodeposition. Although there is neither SEM image nor optical microscope image in this study, the smooth, bright and shiny surfaces of all the CoPt and CoPtP thin films were observed.
CONCLUSION
Magnetic CoPt and CoPtP thin film alloys were fabricated by electrodeposition process from the baths containing chloroplatinic acid, cobalt pyrophosphate and sodium hypophosphite. Influence of several electrodeposition parameters such as solution compositions (e.g [Pt4+] [Co2+] and [NaH2PO2]), solution pH, current density on current efficiency, magnetic properties, and microstructure was systematically investigated. It is believed that relatively low current efficiency in this article compared to that reported by Dragos-Pinzaru et al. (Dragos-Pinzaru et al., 2017) may be attributed to the different chemical compositions because of much more current consumption in the evolution of side reactions in this study. Parallel coercivities ranged from ∼1,400 to ∼1,600 Oe and perpendicular coercivities ranging from ∼2,200 to ∼2,800 Oe for binary CoPt films in this article were obtained. It is believed that the type of substrate strongly affects coercivities of CoPt films. Also, more Co-pyrophosphate concentration in the bath results in more deposit Co content in CoPt films; more H2PtCl6 concentration in the bath more deposit Pt content. Current efficiency obtained in CoPt films electrodeposited from hexachloroplatinate solutions much depend on the bath compositions rather than the type of additives, solution pH, CoSO4, and H2PtCl6. In summary, the XRD patterns and coercivity in this study are affected by both the type of substrates and chemical composition and operating conditions in the baths for electrodeposition.
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The salt-film and water acceptor mechanisms were generally accepted mechanisms for Cu electrochemical polishing (ECP) theory. These mechanisms of Cu ECP are still controversial for a long time. Conventional and new electrochemical analysis methods were used to investigate the mechanisms and behaviors of Cu electrochemical polishing. Two cases of Cu dissolution, with and without polishing, were classified by results of linear scan voltammetry (LSV) and scanning electron microscopy (SEM). The electrochemical impedance spectroscopy (EIS) results showed the main difference in these two cases was in the low-frequency region. However, it was hard to distinguish between the salt-film and water acceptor mechanisms by conventional electrochemical analysis. A scanning electrochemical microscopy (SECM) system, a new electrochemical analysis method that measures the electrolysis currents of the water acceptors along with a set distance from the substrate, was used to investigate the Cu ECP mechanism. Accordingly, the diffusion of the water acceptors was successfully confirmed for the first time. Finally, the mechanisms of the Cu ECP are definitively described by using all analysis results.
Keywords: electropolishing, copper, water acceptor, scanning electrochemical microscopy, diffusion
INTRODUCTION
Cu electrochemical polishing (ECP) is an electrochemical process that makes a Cu surface smooth when Cu electrodes are anodically polarized in the ECP electrolytes. This Cu ECP method has several advantages, such as a solution-based process that uses simple equipment, selectivity for the conductive substrate, and causing no mechanical damages. Due to these unique properties, the Cu ECP process can be used in various applications that treat surfaces for cosmetic purposes (Du and Suni, 2004), for substrates for graphene growth (Zhang et al., 2012), for TEM and EBSD samples (Sun et al., 2005; Lapeire et al., 2013), and for Cu planarization in semiconductor interconnections (Chang et al., 2002; Chang et al., 2003; Padhi et al., 2003; Liu et al., 2005; Suni and Du, 2005; West et al., 2005; Liu et al., 2006; Liu et al., 2006). Despite the many potentials of Cu ECP, its actual mechanisms are still controversial.
The simple mechanism of Cu ECP in concentrated phosphoric acid solutions was first suggested by Jacquet’s viscous film theory (Jacquet, 1936). A bluish viscous layer forms on the Cu substrate and the thickness of this layer is different between its protrusions and valleys. This difference means that the resistances at the protrusions are different from those in the valleys, and therefore ECP occurs. This theory was challenged by Elmore’s diffusion theory (Elmore, 1939; Elmore, 1940), wherein the thicknesses of the diffusion layer of Cu ions from the Cu surface to the bulk electrolyte are different at the protrusions and in the valleys. These different diffusion layer thicknesses affect the limiting current of Cu dissolution reaction. The limiting current is higher at the protrusions, while that is lower at the valleys. Therefore, these phenomena cause the ECP. Then, in contrast to this theory, Edwards (1953) proposed acceptor diffusion theory wherein the ECP is governed by the diffusion of anionic acceptors such as (PO4)3−, (HPO4)2−, and (H2PO4)− into the Cu surface from the bulk electrolyte. The ECP rates are dependent on the diffusion of the acceptors into the Cu surface; the diffusion rate is high at the protrusions and low in the valleys.
After these mechanisms were thoroughly evaluated, the salt-film mechanism and the water acceptor mechanism came to be considered the main processes that explained the behavior of Cu ECP. Landolt. (1987) first described the salt-film mechanism, whereby salts are precipitated when the concentration of metal ions on the Cu surface produced by the dissolution reaction exceeds the solubility limit; the precipitated salt film forms on the Cu surface. Due to this salt film, metal dissolution is limited by the diffusion of metal ions from the film to the bulk electrolyte. In contrast, the water acceptor mechanism is similar to Edward’s acceptor diffusion theory except that the acceptor is water instead of anionic acceptors. And unlike in the salt-film mechanism, the most important factor for the polishing effect is not the diffusion of Cu ions into the bulk electrolyte, but, rather, the diffusion of water acceptors into the Cu surface.
Between these two mechanisms, the water acceptor mechanism has been more accepted by electrochemical impedance spectroscopy (EIS) studies (Glarum and Marshall, 1985a, Glarum and Marshall, 1985b; Vidal and West, 1995a, Vidal and West, 1995b), which indicated that the water depletion layer acts as a viscous film, so the mass transfer control reaction of the water acceptors becomes a critical factor. Wagner. (1954) mathematically analyzed an ideal Cu ECP process based on the water acceptor mechanism, and various other studies proposed mechanisms to explain Cu ECP behavior (Hoar and Rothwell, 1964; Kojima and Tobias, 1973; Pointu et al., 1981; Pointu et al., 1983a, Pointu et al., 1983b). The water acceptor mechanism has remained the most accepted based on previous studies. However, Cu ECP mechanisms are still controversial because the ECP process is complicated, which is many factors such as metal ion, anions, and acceptors affect the process. Therefore, new analyses are required for the direct explanation and confirmation of Cu ECP behavior.
Accordingly, in this paper we report on the mechanisms and behaviors of Cu ECP using the conventional electrochemical analysis methods and a new electrochemical analysis method. So, the electrochemical behaviors of Cu ECP at various ECP potentials were compared and studied. In addition to these conventional analyses, quantities of water at various distances from the Cu substrate were estimated by measuring the water electrolysis reaction currents using a scanning electrochemical microscopy (SECM) system for the direct observation and verification of Cu ECP behavior based on the water acceptor mechanism. Based on the data, we here discuss the mechanisms, behaviors, and critical factors of Cu ECP.
MATERIALS AND METHODS
We first conducted typical analysis and experiments in a 100 ml cell with a conventional three-electrode system. The three-electrode system consisted of an electrodeposited Cu substrate as the working electrode, a Pt-coated Ti plate as the counter electrode, and a saturated Ag/AgCl electrode (3M KCl saturated) as the reference electrode. For preparing the working electrodes, Ti (20 nm)/Cu (200 nm) seed layers were deposited on an Si wafer by the evaporation method, and Cu film was galvanostatically electrodeposited at −50 mA/cm2 for 300 s on Si/Ti (20 nm)/Cu (200 nm) substrates with an area of 1 × 1 cm2.
Reagent-grade chemicals were utilized for the all of the Cu electrodepositions and Cu ECP experiments. The electrolytes for Cu electrodeposition consisted of 1.0 M copper sulfate (CuSO4, 99.5%, YAKURI, Japan), 0.58 M sulfuric acid (H2SO4, 95%, Daejung Chemicals & Metals, Korea), and 1.9 mM hydrochloric acid (HCl, 35%, Daejung Chemicals & Metals, Korea) in 100 ml of 18.6 MOhm deionized water. 85% phosphoric acids (H3PO4) were utilized as electrolytes for the Cu ECP.
Conventional electrochemical analysis, deposition, and polishing were carried out using a potentiostat/galvanostat (VersaSTAT 4, AMETEK Inc., United States). For analysis of electrochemical behavior and appropriate ECP potential selection, LSV analysis was conducted at the potential range between the open circuit potential (OCP) to 2.5 V vs Ag/AgCl with a scan rate of 10 mV/s without agitation. After selection of the ECP potentials at 0.25, 0.375, 0.50, 0.90, and 1.30 V, Cu substrates were electrochemically polished at the potential of 1.3 V in 85% phosphoric acid without agitation. The surfaces of the electrochemically polished Cu substrates were observed using field emission scanning electron microscopy (FESEM; MIRA3, TESCAN Orsay Holding, a.s., Czech Republic). EIS analysis was also conducted at the selected ECP potentials with an amplitude of 10 mV in the frequency range of 50 kHz to 10 Hz so as to understand the Cu ECP behavior. EIS and SECM were performed after “preconditioning” that applying the selected potential for 60 s to the Cu substrates in phosphoric acid to establish a steady-state interface condition on the Cu substrates (Grimm et al., 1992).
To estimate the water acceptor quantities along various distances from the Cu substrate, electrolysis currents were measured with the SECM system’s electrochemical scanning probe tool. The cell configuration for this analysis is illustrated in Figure 1. The electrodes consisted of the Pt tip probe (10 μm diameter) and the Cu substrate for the working electrode, a Pt wire for the counter-electrode, and Ag/AgCl electrode (3 M KCl saturated) for the reference electrode. The Pt tip probe and the Cu substrate were arranged with each potentiostat as working electrodes. These configurations were identical with typical configuration of SECM analysis. Based on the configuration of the electrodes, the solutions and the reactions for the analysis are illustrated in Figure 2. The 85% phosphoric acid was utilized to analyze the solutions, and the process details are as follows. First, when the potential of the Cu substrate was applied to 0.25∼1.3 V, the Cu dissolution reaction occurred at the surface of the Cu substrate with these two-step reactions (Matlosz et al., 1994; Han and Fang, 2019):
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[image: Figure 1]FIGURE 1 | Scheme of cell configuration for water electrolysis current measurement using SECM system.
[image: Figure 2]FIGURE 2 | Measurement scheme of electrode reactions for water electrolysis current measurement in SECM system. The Cu ions were dissolved from Cu substrate by applied potential from 0.25 to 1.3 V. The water molecules hydrated the dissolved Cu ions. Oxygen evolution occurs on Pt tip by applied potential 3.5 V after preconditioning for 60 s. A Pt tip moved with 5 μm/s of scan speed.
After 60 s of preconditioning time, the potential of the Pt tip probe was applied to 3.5 V at the Cu substrate to achieve steady-state for the water acceptor diffusion. The oxygen evolution reaction from the decomposition of the water occurred at the surface of the Pt tip probe with following reaction:
[image: image]
These water electrolysis currents were dependent on the water acceptor quantities, and these currents were measured at various Pt tip distances from the Cu substrate. The initial tip distance from the Cu substrate was set to 1 μm to prevent direct current from passing current between the Pt tip and the Cu substrate; then the tip distance was varied from 1 μm to 1,500 μm with 5 μm/s of scan speed. All electrochemical analyses were performed at 20°C.
RESULTS AND DISCUSSION
LSV is a fundamental and powerful analysis method to study the electrochemical behavior of Cu ECP. Therefore, we first conducted LSV analysis in 85% phosphoric acid, and the resulting the voltammogram is shown in Figure 3. At the initial potential range, anodic current began to increase until 0.375 V. According to Shieh et al. (2004), these anodic current in this potential range are related to the direct dissolution of Cu, resulting in dully etched surfaces. Over 0.375 V, the anodic current was decreased to 0.50 V. This phenomenon indicates generating a passivation layer on the anodic surface. When the ECP potential was applied over 0.50 V, the current remained nearly constant up to 1.7 V. This current plateau region is generally considered the Cu ECP reaction (Jacquet, 1936; Elmore, 1939; Glarum and Marshall, 1985a; Landolt, 1987; Han and Fang, 2019). After that current plateau, the current was increased again from the potential above 1.7 V by the oxygen evolution reaction (Shieh et al., 2004), which caused severe etch pits.
[image: Figure 3]FIGURE 3 | Linear scan voltammogram of Cu substrate in 85% phosphoric acid. A sweep was done with a scan rate of 10 mV/s.
In addition to interpreting previous papers, we selected five potential points for the exact interpretation of the LSV results: 1) 0.25 V as the potential before the peak point, 2) 0.375 V as the potential at the peak point, 3) 0.50 V as the potential after the peak point, 4) 0.90 V and 5) 1.30 V as the potentials in the plateau region. Then the Cu substrates were anodically polarized at the five potential points with a charge density of 2.5 C/cm2; their top SEM images are presented in Figure 4. Compared with the SEM images of Cu substrate before polarized (Figure 4A), the Cu ECP effect was observed at all of the ECP potentials (Figures 4C–F) except at 0.25 V, where dully etched Cu was observed (Figure 4B). These results indicate that the Cu dissolution reaction on Cu substrate or interphase between the Cu substrate and the phosphoric acid began to change as the peak potential. Accordingly, we analyzed the difference in dissolution reactions or interphase conditions between the potential before the peak point and the potentials after the peak point.
[image: Figure 4]FIGURE 4 | SEM images of anodically polarized Cu substrates in 85% phosphoric acid at various potentials with a charge density of 2.5 C/cm2: (A) before polarized, (B) 0.25 V, (C) 0.375 V, (D) 0.50 V, (E) 0.90 V, and (F) 1.30 V.
Previous researchers reported the two models describing the interface condition at the Cu surface during ECP (Glarum and Marshall, 1985a, Glarum and Marshall, 1985b; Landolt, 1987; Vidal and West, 1995a, Vidal and West, 1995b). One is the salt-film model in which Cu salts are precipitated on the Cu substrate when the Cu dissolution exceeds the dissolution limit of the Cu salts. The other is the water-acceptor diffusion model in which water acceptors are diffused toward the Cu substrate. However, in both models, the ECP mechanism is still controversial. Therefore, to precisely determine the interface condition of the Cu surface during ECP, we conducted EIS analysis at the five potential points described earlier.
Figure 5 shows schematic Nyquist plots in the whole frequency range, where Rs is the solution resistance from the left intercept of the semicircle, Rp is the polarization resistance from the diameter of the semicircle, and Cdl is the double layer capacitance calculated from the relation ωmax = 1/RpCdl. ωmax represents the frequency when Zimg is at maximum value in the semicircle. In the low-frequency region, the angle of the line increased from about 45o to 90o (vertical) as the polishing potentials were increased. This result may be related to the diffusion of the water acceptor and will be discussed later. The Nyquist plots of Cu ECP in the 85% phosphoric acid according to ECP potential were obtained at two preconditioning times, 0 s and 60 s, corresponding with Figure 6A and Figure 6B, respectively.
[image: Figure 5]FIGURE 5 | Schematic Nyquist plot according to frequency region.
[image: Figure 6]FIGURE 6 | Nyquist plots of the Cu substrates at various polishing potentials in 85% phosphoric acid measured according to preconditioning time (A) 0 s and (B) 60 s. Frequencies were set on between 50 kHz and 10 Hz.
The fitting results of the Nyquist plots are summarized in Table 1. In the high-frequency region, the Rs values were almost consistent with 6.0 Ω cm2 regardless of the polishing potential and preconditioning time. These results, which is Rs not changed, were evidence of water acceptor diffusion because in the salt-film model the Rs changed with the polishing potential (Vidal and West, 1995a). However, the Rp was increased, and the Cdl was decreased as the anodic potential was increased. These changes of the Rp and Cdl with the various polishing potentials were different from the EIS results of the water-acceptor mechanism measured by Vidal and West (1995a). Our Rp and Cdl values changed when the preconditioning times were varied. These changes associated with potentials and preconditioning times can be explained by changes in both the salt-film thickness and the depletion layer thickness in the salt film model and the water acceptor model, respectively (Grimm et al., 1992).
TABLE 1 | Fitting results of the Nyquist plots according to preconditioning time and applied potentials.
[image: Table 1]The low-frequency regions of our Nyquist plots were significantly affected by the potentials and preconditioning times. When the Nyquist plots were obtained as the polishing potentials were applied without preconditioning (Figure 6A), the line in the low-frequency region started to exhibit Warburg impedance from 0.50 to 1.30 V. The angle changed to 90° in low-frequency regions when the polishing potentials exceeded 0.90 V. In the Nyquist plots obtained with the preconditioning time of 60 s (Figure 6B), Warburg impedance was observed from the peak potential, 0.375 V, as seen in Figure 3. When we compared Nyquist plots in the condition of 0.375 V between the preconditioning times of 0 s (Figure 6A) and 60 s (Figure 6B), the Cu ECP occurred when the Cu dissolution reaction was governed by a mass transfer control reaction of the water acceptors. The vertical lines were observed as the anodic potentials exceeded 0.50 V.
These results confirmed that all lines of the low-frequency region were related to the diffusion process due to Warburg impedance. Especially, the vertical lines in the low-frequency region at the high ECP potentials were related to the finite space Warburg (FSW) elements, in which the diffusion condition is a limited diffusion layer and a limited electroactive substance (Oldenburger et al., 2019). This indicated two possible diffusion conditions, one being a porous salt film and the other being a depleted water acceptor layer (Grimm et al., 1992; Matlosz et al., 1994). However, there was no explanation about the low-frequency region in previous reports by Vidal and West. (1995a), Vidal and West. (1995b), leaving it still unclear which mechanism was correct. More analysis was required to interpret these results, so we designed a new analysis method that can directly observe water acceptor diffusion.
To observe the water acceptor diffusion at various distances from the Cu substrate, we measured the water electrolysis current resulting from the oxygen evolution reaction by using the SECM system. The cell configuration of the measurement system and the scheme of the measurement method are presented in Figures 1, 2, respectively. In the three-electrode system, two working electrodes (the Pt tip and the Cu substrate) were installed in the measurement cell. At the Cu substrate, the Cu dissolution reaction occurred when the potentials were anodically applied. At the Pt tip electrode, the water acceptor quantities were estimated by using the oxygen evolution reaction, which was observed in the LSV in Figure 3 when the potentials exceeded 1.7 V. Therefore, the potential at the Pt tip electrode was set to 3.5 V for sufficient electrolysis of the rest of the water acceptors, and the oxygen evolution reaction could occur without dissolution of the Pt electrode.
First, the potential to the Cu substrate was applied for 60 s (the preconditioning described earlier). Then the potential to the Pt tip was applied and the current of the Pt tip were measured with movements from the surface of the Cu substrate to the bulk electrolyte. The two water electrolysis profiles from this experiment are presented in Figure 7. The tip current-tip distance and the IV/IOCP(Avg.)-tip distance profiles are shown in the left side and right side of Figure 7, respectively. The IV/IOCP(Avg.)-tip distance is the ratio of the tip current at applied potential “V” on the Cu substrate and the average tip current at the open circuit potential (OCP) of the Cu substrate.
[image: Figure 7]FIGURE 7 | Profiles of water electrolysis currents measured by SECM in 85% phosphoric acid (left) tip currents, and (right) IV/IOCP(AVG.) along the tip distance from the Cu substrate. IV and IOCP mean the tip currents at the applied potential “V” and OCP of the Cu substrate. The measurement system was illustrated in Figure 2.
These profiles revealed that the tip current profile varied with the potential of the Cu substrate. At the OCP of the Cu substrate, the current was almost constant, regardless of the position of the tip electrode, because the water acceptors were not consumed for the Cu dissolution reaction. As the ECP potentials on the Cu substrate were increased, the tip currents were decreased; tip currents at the Cu surface (distance between the Pt tip and the Cu substrate: 1 μm) were 590 nA, 200 nA, 72 nA, 45 nA, 23 nA, and 21 nA when the ECP potential was OCP, 0.25, 0.375, 0.50, 0.90, and 1.30 V, respectively. The tip currents increased when the Pt tip moved toward the bulk electrolyte direction at all anodic potentials. These results indicated that the quantity of the water acceptors was affected by the ECP potentials because the magnitude of the tip current is proportional to the quantities of water acceptors. Therefore, profiles were evidence of the water acceptor diffusion mechanism.
Using these water electrolysis profiles and the evidenced mechanism of water acceptor diffusion, the results of LSV and EIS can be also explained. In the LSV in Figure 3, the polishing phenomena occurred at the peak potential of 0.375 V. This LSV behavior might seem to be anodic passivation behavior, but this peak occurred due to the depletion of the water acceptors. Additionally, the polishing phenomena were observed after the potential region at which depletion and diffusion of the water acceptors occurred on the Cu surface; therefore, the diffusion of the water acceptor was closely related with the Cu polishing effects. The results of the Nyquist plots (Figure 6) can be also explained by water acceptor diffusion. In the high-frequency region, the Cdl was decreased and the Rp was increased as the ECP potential was increased, because the thickness of the diffusion layer of the water acceptor was increased as the ECP potential was increased. Therefore, the difficulty of the Cu dissolution reaction was increased due to the insufficient amount of water acceptors. The presence of the vertical line in the low-frequency region indicates that these conditions correspond with the FSW diffusion condition wherein the viscous diffusion layer and the water acceptors were matched with the limited diffusion layer and the water-limited electroactive substance, respectively. Therefore, the FSW diffusion behavior was caused by this significant and viscous diffusion layer of the water acceptors. These novel electrochemical measurements revealed the Cu ECP mechanism scheme, which is presented in Figure 8. In the initial state of Cu ECP (Figure 8A), when a potential above 0.375 V was applied to the Cu substrate, significant Cu dissolution reactions occurred in both protrusions and the valleys of Cu substrate because many water acceptors hydrated the Cu ions. However, the concentration of the water acceptors rapidly decreased on the Cu surface as the potential was applied; the water acceptors were eventually depleted by hydration for the Cu ions, and the Cu dissolution reaction was governed by a mass transfer control reaction of the water acceptors. Therefore, the water acceptors were preferentially diffused to the surface protrusions, which were more rapidly dissolved than the valleys (Figure 8B). As a result of the rapid dissolution rate at the protrusions, the Cu surface was flattened.
[image: Figure 8]FIGURE 8 | Mechanism scheme of Cu electrochemical polishing: (A) initial state, and (B) steady state.
CONCLUSION
We successfully identified the mechanism of Cu ECP using various standard electrochemical analysis methods as well as our novel electrochemical analysis method. From the LSV analysis, the Cu polishing effect was observed when the potential was higher than 0.375 V. Anodic potentials were selected for EIS and SECM analyses. The low-frequency region of the resulting Nyquist plots indicated that the diffusion of the water acceptors was related to the Cu polishing phenomena in EIS analyses. Then the profiles of water electrolysis currents and distance enabled the observation of the diffusion of water acceptors for the first time from SECM analyses. These profiles were evidence that the water acceptor mechanism is most likely to explain the polishing phenomena. Knowing the exact mechanism of Cu ECP will be helpful for new interpretations, designs, and applications of ECP.
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Nickel phosphide (Ni-P) films as a catalytic cathode for the hydrogen evolution reaction (HER) of a water splitting were fabricated by a pulse-reverse electrodeposition technique. The electrochemical behaviors for the electrodeposition of Ni-P were investigated by the characterization of peaks in a cyclic voltammogram. The composition of the electrodeposited Ni-P alloys was controlled by adjusting duty cycles of the pulse-reverse electrodeposition. The HER electrocatalytic properties of the Ni-P electrodeposits with an amorphous phase as a function of phosphorous contents existing in Ni-P were electrochemically characterized by the analysis of overpotentials, Tafel slopes, and electrochemical impedance spectrometry. Additionally, the elemental Ni-embedded crystalline Ni3P was prepared by an annealing process with the amorphous Ni69P31 electrodeposit with high contents of phosphorus. The crystalline structure with Ni inclusions in the matrix of Ni3P was formed by the precipitation of excess Ni. The electrocatalytic properties of crystalline Ni3P with elemental Ni inclusions were also investigated by electrochemical characterization.
Keywords: nickel phosphide, pulse-reverse electrodeposition, hydrogen evolution reaction, Ni precipitate, volmer-heyrovsky route
INTRODUCTION
Research on environmentally friendly renewable energy has been conducted to replace fossil fuels with limited reserves. Hydrogen energy (H2) with high gravimetric density has been researched as a candidate for an environmentally friendly sustainable energy source (Kapdan and Kargi, 2006; Nikolaidis and Poullikkas, 2017). Nowadays, hydrogen was dominantly produced by the steam reforming of natural gases with the emission of carbon dioxide as a by-product (Muradov and Veziroǧlu, 2005). Electrochemical water splitting operating in a sustainable manner, such as wind and solar power, has been applied to produce green hydrogen as a promising approach. Water splitting is a chemical reaction in which water is separated into hydrogen and oxygen by applying an electric current. The representative technologies of electrochemical water splitting can be categorized in alkaline water electrolysis (AEL), proton exchange membrane electrolysis (or polymer electrolyte membrane) (PEMEL), and solid oxide electrolysis (SOEL) (Brisse et al., 2008; Carmo et al., 2013; David et al., 2019; Shiva Kumar and Himabindu, 2019; Brauns and Turek, 2020). The water splitting reaction was typically performed in the corrosive media of an acidic or alkaline electrolyte. The fabrication of stable and efficient electrocatalysts with low overpotentials for both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in water splitting is still a challenging issue. Pt for HER and Ir/Ru oxides as commercial electrocatalytic materials have been utilized. However, the high cost of noble materials is a key limiting factor for application to a large-scale system. Non-noble materials such as metal oxides, chalcogenides, sulfides, nitrides, carbides, and phosphides have been investigated to replace precious electrocatalytic materials (Brown et al., 1984; Raj and Vasu, 1990; Liu and Rodriguez, 2005; McKone et al., 2011; Merki and Hu, 2011; Vrubel and Hu, 2012; Jiang et al., 2014; Kucernak and Sundaram, 2014; Pu et al., 2014; Pan et al., 2015a; Pan et al., 2015b; Wang et al., 2015; Chen et al., 2018; Zhao et al., 2020). Among them, nickel phosphide (Ni-P) compounds have been attracting attention as one of the promising candidates for both HER and OER electrocatalysts. The Ni-P compounds typically exist in the crystalline phases of Ni3P, Ni12P5, Ni2P, and Ni5P4. The relatively higher positive charges of Niδ+ and the stronger ensemble effect of phosphorous with increasing contents of phosphorous in Ni-P compounds have been reported to improve the catalytic activities especially for HER due to the easier desorption of H2 (Pan et al., 2015b; Menezes et al., 2017). The Ni-P electrocatalysts for water splitting have been fabricated by various approaches, such as colloidal synthesis, phosphorylation, physical vapor deposition, chemical vapor deposition, plasma spraying method, and electrodeposition (Wu and Duh, 2003; Mahalingam et al., 2007; Panneerselvam et al., 2008; Wu and Wu, 2013; Cai et al., 2015; Kornienko et al., 2017; Hasannaeimi and Mukherjee, 2019; Kim et al., 2019; Suryawanshi et al., 2020). The electrodeposition technique can be performed to deposit homogeneous Ni-P electrocatalysts in low temperature and atmospheric pressure without high-cost facilities. The contents of phosphorous in Ni-P electrodeposits have been controlled to enhance the electrocatalytic performance by adjusting electrochemical parameters such as the concentration of phosphorus acid, the applied voltage, the applied current, and deposition time (Bonino et al., 1997; Bai et al., 2003; Krolikowski et al., 2006; Mahalingam et al., 2007; Pu et al., 2014; Jiang et al., 2016; Hasannaeimi and Mukherjee, 2019). However, the phosphorous contents in Ni-P electrodeposits are difficult to increase with typical potentiostatic or galvanostatic deposition techniques, since the deposition was conducted by the indirect electrodeposition mechanism called induced co-deposition (Mahalingam et al., 2007; Hasannaeimi and Mukherjee, 2019). Compared to the potentiostatic/galvanostatic and typical pulse electrodeposition techniques with the limited phosphorous contents in Ni-P compounds, a pulse-reverse electrodeposition technique can be employed as the efficient approach to increase the contents of phosphorous in Ni-P compounds. The relative phosphorous contents in Ni-P electrocatalysts can be increased by the selective dissolution of Ni elements in an anodic reaction for the reverse pulse. Therefore, the composition of Ni-P electrocatalysts can be minutely controlled by tailoring a duty cycle of pulse-reverse electrodeposition. A few studies for Ni-P pulse-reverse electrodeposition have been reported (Wu and Wu, 2013; Wu et al., 2015; Kim et al., 2019).
In this paper, the electrochemical behavior of the Ni-P compound was analyzed by cyclic voltammetry. Ni-P compounds as a HER electrocatalyst for the water splitting were fabricated by utilizing a pulse-reverse electrodeposition technique. Compared to the typical Ni-P prepared by a potentiostatic deposition and a pulse electrodeposition, the composition of the amorphous Ni-P electrocatalysts was systematically controlled by controlling the duty cycle of applied pulses in the pulse-reverse electrodeposition. The electrocatalytic properties and the electrochemical behaviors of Ni-P compounds for HER of water splitting in acidic media were intensely investigated as a function of the tailored contents of phosphorous in NixPy by polarization curves, Tafel plots, and Nyquist plots. Additionally, the electrodeposited Ni-P electrocatalysts with an amorphous phase were annealed. The electrocatalytic properties of the crystallized Ni-P compound were systematically analyzed.
MATERIALS AND METHODS
The Ni-P films were fabricated by pulse-reversed electrodeposition at 30°C using a typical three-electrode configuration with a platinum (Pt) mesh and a saturated calomel electrode (SCE) as the counter electrode and reference electrode, respectively. Fluorine-doped tin oxide glasses (∼7 Ω/sq., Sigma-Aldrich, St. Louis, MO, USA) with an area of 25 × 25 mm were employed as the working electrode. Fluorine-doped tin oxide (FTO) glass substrates were ultrasonically cleaned with deionized water (18 MΩ-cm) and a mixture of ethanol and acetone (v/v ratio 1:1) for 20 min and then dried at 80°C for 30 min under air. The electrolyte for the Ni-P electrodeposition consisted of 0.5 M nickel(Ⅱ) acetate tetrahydrate (Sigma-Aldrich), 0.29 M phosphorous acid (Daejung Chemical, Siheung, South Korea), 0.65 M phosphoric acid (Junsei Chemical, Tokyo, Japan), and 5 wt.% N-methylformamide (NMF, Sigma-Aldrich) with a pH of 3.4. The pulse-reverse electrodeposition was performed by the periodic application of a voltage of -0.85 V (vs. SCE) for the cathodic Ni-P co-deposition reaction and a reverse voltage of -0.2 V (vs. SCE) for the anodic Ni dissolution reaction. The composition of Ni-P electrodeposits was controlled with the varied duty cycles (duty cycle = [image: image]). The numbers of periodic cycles for the fixed film thickness of about 500 nm were determined by Faraday’s law. The crystalline Ni-P catalyst was prepared by an annealing process at 500 °C in Ar(g) for 1 h with a heating rate of 5°C/min.
Material characterization was carried out with an X-ray diffractometer (XRD, D8 Advance, Bruker, Billerica, MA, USA) with Cu-Kα radiation (λ = 1.5418 nm), field-emission scanning electron microscope (FE-SEM, JSM-6700, JEOL, Tokyo, Japan), transmission electron microscope (TEM, Titan Themis Z, FEI), and energy-dispersive x-ray spectroscope (EDS) equipped with TEM and SEM. Electrochemical analysis was performed with an electrochemical workstation (PMC-1000, AMETEK, Berwyn, PA, USA). The cyclic voltammetry was measured with the scan range of -1.0–1.0 V (vs. SCE) at the scan rate of 50 mV/s in the Ni-P electrolyte. Polarization curves, Tafel plots, and Nyquist plots for the analysis of HER electrocatalytic properties were measured in the acidic solution of 0.5 M H2SO4. The linear sweep voltammetry for polarization curves and Tafel plots was swept from 0 to -0.62 V (vs. RHE) at the scan rate of 5 mV/s. Electrochemical impedance spectrometry was performed by applying a potential at -325 mV with an amplitude of 10 mV in the frequency range of 10 kHz to 1 Hz. The electrochemical capacitance surface area (ECSA) was calculated by the double-layer capacitance (Cdl) obtained from the cyclic voltammetry at scan rates from 10 to 800 mV/s in the non-Faraday region nearest to the HER-evolving potentials. Specific capacitance (Cs) was assumed to be 40 μF/cm2 (Han et al., 2019). The accelerated degradation test (ADT) was performed by sweeping for 2,500 cycles at the scan rate of 100 mV/s with the potential range of 0 to -0.62 V (vs. RHE) in the acidic solution of 0.5 M H2SO4.
RESULTS AND DISCUSSION
Phosphorous in aqueous solutions cannot be electrodeposited alone due to the high cathodic reduction potential over HER. However, the metal phosphides including the phosphorous element can be electrodeposited by the process defined as the induced co-deposition. Figure 1 shows the cyclic voltammetry behavior swept at the scan rate of 50 mV/s on an FTO substrate in the aqueous electrolyte including Ni(OCOCH3)2·4H2O, H3PO3, H3PO4, and N-CH3NHCHO. The reduction peak at approximately -0.68 V (vs. SCE) in the cathodic sweep appeared indicating the electrodeposition of Ni-P alloy. Although the mechanism of Ni-P induced co-deposition is still unclear, the electrodeposition of Ni-P has been proposed by an indirect mechanism, as described in Eqs 1–3. The formation of Ni-P is achieved by the reaction of Ni2+ ions with PH3 as an intermediate (Mahalingam et al., 2007; Hasannaeimi and Mukherjee, 2019). Two peaks for oxidation reactions were observed in the anodic scan. The first peak at about -0.08 V (vs. SCE) and the second peak at about 0.65 V (vs. SCE) indicate the oxidation of Ni and the dissolution of Ni-P, respectively (Crousier et al., 1993).
[image: image]
[image: image]
[image: image]
Based on the cyclic voltammetry study for the electrochemical behavior of Ni-P, Ni-P electrodeposits with the tailored contents of phosphorous were prepared by pulse-reverse electrodeposition with the controlled duty cycles for the cathodic reaction of the Ni-P co-deposition and the anodic reaction of the dissolution of Ni. Figures 2A–D show the morphologies of the Ni-P compounds pulse-reverse electrodeposited at the tailored duty cycles of 50%, 60%, 80%, and 100% (DC), respectively. The thickness of Ni-P electrodeposits was controlled at about 527 ± 12.2 nm, as shown in insets of Figures 2A–D. The surface morphologies of Ni-P electrodeposits display the grained structures. Image analyses of the average grain size were accomplished by a linear intercept method. The average grain size of Ni-P electrodeposits decreased with the decrease in the applied duty cycle, as shown in Figure 2E. The increased ion diffusion on a cathode at the lower duty cycle with the longer anodic reaction time can induce the frequent adsorption of ionic species. Therefore, the decrease in the duty cycle of the pulse-reverse Ni-P electrodeposition can lead to the increase in the nucleation rate and the inhibition of the grain growth (Chandrasekar and Pushpavanam, 2008; Wahyudi et al., 2019). The average grain size of Ni-P electrodeposits decreased from 401 nm for the duty cycle of 100% to 263 nm for the duty cycle of 50%. Additionally, the EDS analysis of Ni-P electrodeposited as a function of the tailored duty cycles is described in the graph of Figure 2F. The phosphorous contents in the Ni-P electrodeposit increased with the decrease in the duty cycle. Ni-P electrodeposits at the duty cycles of 100%, 80%, 60%, and 50% indicated the phosphorous contents of 24.7, 25.6, 27.0, and 30.6 at.%, respectively. The phosphorous content of 30.6% in Ni-P pulse-reverse electrodeposited at the duty cycle of 50% showed the relatively high 30.6 at.%, compared to the phosphorous contents in the Ni-P compounds prepared with conventional DC electrodeposition methods ranging from 12 to 28 at.% (Bonino et al., 1997; Bai et al., 2003; Krolikowski et al., 2006; Mahalingam et al., 2007; Hasannaeimi and Mukherjee, 2019). The increase in phosphorous contents of Ni-P prepared at the lower duty cycle of the pulse-reverse electrodeposition can be attributed to the increased Ni dissolution reaction due to the longer anodic reaction time. The dissolution of Ni in the electrodeposited Ni-P compounds can increase the relative content of phosphorous. Furthermore, the indirect phosphorous co-deposition with Ni requires the indispensable presence of nascent hydrogen to produce PH3, as described in Eqs 1–3. The increased contents of phosphorous at the lower duty cycle might be attributed to the increased H+ ions adsorbed on a cathode required for the PH3 formation, because the longer anodic reaction time can effectively remove the reduced species such as H2 from the cathode surface (Hasannaeimi and Mukherjee, 2019).
[image: Figure 1]FIGURE 1 | Cyclic voltammetry behavior for Ni-P electrodeposition.
[image: Figure 2]FIGURE 2 | Surface morphologies of Ni-P pulse-reverse electrodeposited at tailored duty cycles: (A) 100% (DC), (B) 80%, (C) 60% and (D) 50% (insets: cross-sectional views), and (E) the average grain size and (F) the phosphorous contents of the Ni-P electrodeposits as a function of duty cycles.
Figure 3 shows the XRD spectra of the pulse-reverse electrodeposited Ni-P at the tailored duty cycles. The well-developed peaks in the diffraction patterns indicate the crystal planes of SnO2 in FTO substrates. The diffraction peaks were defined as the (110), (101), (200), (211), (310), and (301) planes of SnO2 (JCPDS, no. 46-1088). The diffraction patterns of the Ni-P electrodeposits were observed as a broad peak at about 44 for the (111) plane of Ni (JCPDS, no. 87-0712). The induced co-deposited phosphorous atoms with Ni for the Ni-P electrodeposition were incorporated into the Ni lattices. Compared to the XRD patterns of the polycrystalline Ni electrodeposit with well-developed peaks, the Ni-P electrodeposits showed the amorphous phase indicating the broad peaks at about 44°. As the contents of phosphorous in Ni-P electrodeposits increase, the crystallinity of Ni-P becomes poor. Additionally, the application of a pulse to enable interference in the continuous crystal growth can aggravate the short-range ordered crystallinity. Therefore, the Ni-P electrodeposits with the induced co-deposition mechanism typically exhibited the poor crystallinity or amorphous phase. Furthermore, the increase in phosphorous contents in Ni-P with decrease in duty cycles intuitively showed the gradual diminution of the intensity for the broad amorphous peak.
[image: Figure 3]FIGURE 3 | (A) XRD patterns of the pulse-reversed electrodeposited Ni-P with tailored composition and (B) the broad peaks around 44° with amorphous phase as a function of phosphorous contents.
The electrocatalytic properties of amorphous Ni-P electrodeposits with tailored compositions were characterized as shown in Figure 4. Polarization curves were measured to characterize the overpotential for HER of amorphous Ni-P compounds in the acidic electrolyte of 0.5 M H2SO4 (Figure 4A). The electrocatalytic activity of a bare FTO substrate without Ni-P electrodeposits for HER was not observed. The overpotential of the commercial Pt/C for HER has been reported to be approximately -14 mV at -10 mA/cm2 (Kim et al., 2019). The overpotentials of Ni69P31, Ni73P27, Ni74P26, and Ni75P25 with the controlled compositions indicated -317, -375, -385, and -396 mV at -10 mA/cm2, respectively. The overpotential of amorphous Ni-P electrodeposits for HER was gradually reduced with the increase in the phosphorous contents. The enhanced electrocatalytic properties for HER might be attributed to the lower desorption energy of H2 due to the reduced negative charge on the surface of phosphorous to trap protons with increasing contents of phosphorous in Ni-P electrodeposits, as well as to the decreased active sites of Ni to reduce the H2 desorption energy (ensemble effect) (Pan et al., 2015b; Menezes et al., 2017). The kinetics of Ni-P electrodeposits for HER as a function of composition was investigated by Tafel analysis, as shown in Figure 4B. The Tafel slopes of Ni69P31, Ni73P27, Ni74P26, and Ni75P25 decreased with the increase in the contents of phosphorous, indicating 97, 107, 125, and 120 mV/dec, respectively. The mechanism for HER in acidic solutions can be described with three processes of the formation step of Hads via the adsorption of H+ (Volmer reaction), the desorption step (Heyrovsky reaction), and the combination step (Tafel reaction), as described in Eqs 4–6.(Zeng and Li, 2015). The HER in acidic solutions can be determined by two successive steps of the Volmer–Tafel route or/and the Volmer–Heyrovsky route. The Tafel slopes of Volmer reaction, Heyrovsky reaction, and Tafel reaction as the rate-determining step are 118, 39, and 29.5 mV/dec (Zeng and Li, 2015). The Tafel slope of the Pt electrocatalyst for HER has been reported to be about 30 mV/dec indicating a Volmer–Tafel route with the Tafel reaction as a rate-determining step following the fast initial Volmer reaction. The HER process of Ni-P electrocatalysts has been typically described as Volmer–Heyrovsky route with the Tafel slopes of about 40–75 mV/dec (Pu et al., 2014; Pan et al., 2015b; Zhao et al., 2020). The Tafel slopes of the amorphous Ni-P electrodeposits indicated that the rate-determining step is the Volmer reaction in the mixed kinetic mechanism. The reduction in Tafel slopes with the increase in the contents of phosphorous implied the faster adsorption of intermediate hydrogen atoms on the surface of Ni-P catalysts. Electrochemical impedance spectrometry as a further kinetic study for HER was analyzed as a function of the composition of Ni-P electrodeposits. The charge transfer resistance of the interface between the Ni-P catalyst and electrolyte was drastically reduced in Ni69P31 with the highest contents of phosphorous. The enhanced charge transfer of the Ni69P31 electrocatalyst was in agreement with the results of the analyses of overpotentials and Tafel plots (Figure 4C).
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[image: Figure 4]FIGURE 4 | Electrocatalytic properties of the amorphous Ni-P electrodeposits as a function of contents of phosphorous: (A) polarization curves, (B) Tafel plots, and (C) Nyquist plots.
The Ni-P electrodeposits had amorphous phases as shown in Figure 3. Lowering of the duty cycles in the pulse-reverse electrodeposition induced Ni-P electrodeposits to become further amorphous, aggravating the short-range ordered crystallinity due to the brief periodic deposition time and increase in phosphorous contents. The amorphous Ni69P31 electrodeposited at the duty cycle of 50% was annealed at 500°C in Ar 7(g) for 1 h. Figure 5 shows the XRD patterns of the annealed Ni69P31 electrodeposit. Compared to the XRD pattern of the bare Ni69P31 electrodeposit, the diffraction patterns of annealed Ni69P31 shows the well-developed peaks, indicating the crystallization of amorphous Ni69P31. The diffraction peaks were defined as the (301), (321), (330), (112), (420), (141), and (321) planes of Ni3P (JCPDS, no. 74-1384) and the (111) and (220) planes of Ni (JCPDS, no. 87-0712). As described in XRD analysis, the amorphous Ni69P31 electrodeposit was transformed into two crystal structures of Ni3P and Ni by the annealing process.
[image: Figure 5]FIGURE 5 | XRD patterns of the annealed Ni69P31 electrodeposit.
SEM and TEM analyses of the annealed Ni69P31 electrodeposit was conducted as shown in Figure 6. The surface morphology of the crystallized Ni69P31 electrodeposit was similar to the surface of the as-deposited amorphous Ni69P31 with the grain boundaries, as shown in Figure 6A. Corresponding with the XRD analysis, TEM images of the annealed Ni69P31 electrodeposit clearly showed the interface between the Ni precipitates and Ni3P with well-developed lattice structures. The HRTEM image revealed a crystalline structure for Ni precipitates with a lattice spacing of 0.205 nm and for Ni3P with a lattice spacing of 0.199 nm, corresponding to the (111) planes of Ni (JCPDS, no. 87-0712) and the (420) planes of Ni3P (JCPDS, no. 74-1384). The elemental precipitation of Ni in the matrix of Ni3P can be obviously confirmed from STEM and EDS elemental mapping analysis, indicating the compositional distribution of Ni3P/Ni. The excess elemental Ni over Ni3P with the stoichiometric composition in Ni69P31 might be precipitated for the annealing process.
[image: Figure 6]FIGURE 6 | Structural characterization of the crystalline Ni3P with elemental Ni inclusions prepared by annealing of amorphous Ni69P31 electrodeposit: (A) FE-SEM image (SEM scale bar and thickness display), (B) bright-field TEM image, (C) HRTEM image, (D) STEM image, and (E, F) EDS elemental mapping for Ni and phosphorous.
The electrocatalytic properties of crystalline Ni3P with elemental Ni inclusions were characterized as shown in Figure 7. The crystalline Ni3P with elemental Ni inclusions indicated the lower overpotential of -275 mV at -10 mA/cm2 for HER, compared to the HER overpotential of -317 mV in the amorphous Ni69P31 and the overpotential of -468 mV in the crystalline Ni film. The Tafel slope of the crystalline Ni3P with elemental Ni inclusions indicated 86 mV/dec which is smaller than the Tafel slope of 97 mV/dec and 133 mV/dec in the amorphous Ni69P31 and crystalline Ni film, respectively. Based on the Tafel slope of 86 mV/dec in the crystalline Ni3P with elemental Ni inclusions, the rate-determining step is still predicted to be the Volmer reaction in the Volmer–Heyrovsky route. However, the adsorption energy of intermediate hydrogen atoms on the surface of crystalline Ni3P with elemental Ni inclusions can be anticipated to be reduced, compared to the adsorption energy in the amorphous Ni69P31. The analysis of electrochemical impedance spectrometry showed the reduced charge transfer resistance of the interface between elemental Ni-embedded crystalline Ni3P and electrolyte. The electrocatalytic performance of Ni-P compounds for HER can be improved by the balanced control of the Volmer reaction for the adsorption of protons and the Heyrovsky reaction for the desorption of H2, considering the exposure of active sites with low energy barrier. The improved overpotential, Tafel slope, and charge transfer in the crystalline Ni3P with elemental Ni inclusions might be attributed to the lower desorption energy of hydrogen for Heyrovsky reaction and the lower adsorption energy for Volmer reaction. The energy for the H2 desorption (Heyrovsky reaction) in the crystalline Ni3P with Ni inclusions prepared from amorphous Ni69P31 with the highest phosphorous content was decreased by the enhanced ensemble effect. Moreover, the strong hydride formation in the Ni hollow sites of the crystallized Ni3P with Ni inclusions reduced the adsorption energy for proton adsorption reaction (Volmer reaction) called the ligand effect (Liu and Rodriguez, 2005; Chen et al., 2017). Additionally, the ECSA of the crystalline Ni3P with elemental Ni inclusions was characterized with the double-layer capacitance of the catalytic surface (McCrory et al., 2013). The double-layer capacitance (Cdl) indicated 331.48 μF/cm2, which was calculated with the non-Faradaic double-layer charging current from the cyclic voltammograms at the varied scan rates. The calculated ECSA of the crystalline Ni3P with elemental Ni inclusions was 8.29 cm2 corresponding to the ECSA of typical electrodeposited Ni film with about 8.13 cm2 (Zhou et al., 2017).
[image: Figure 7]FIGURE 7 | Electrocatalytic properties of the crystalline Ni3P with elemental Ni inclusions prepared by annealing of amorphous Ni69P31 electrodeposit: (A) polarization curves, (B) Tafel plots, (C) Nyquist plots, and (D) ECSA estimation based on the capacitive current at 250 mV (vs. RHE) (inset: cyclic voltammograms crystalline Ni3P with elemental Ni inclusions as a function of scan rate).
The ADT was performed to evaluate the stability of the crystalline Ni3P with elemental Ni inclusions for the HER electrocatalyst, as shown in Figure 8. The ADT polarization curves showed the degradation of the electrocatalytic properties with the increase in the number of cycles. The cycle-dependent overpotentials in the current density of 10 mA/cm2 indicated -262 mV at 1 cycle, -241 mV at 1,600 cycles, -287 mV at 2,000 cycles, and -455 mV at 2,500 cycles, respectively. The polarization curve of 1,600 cycles slightly deviated with the overpotential of -241 mV, compared to the initial curve of 1 cycle with the overpotential of -262 mV. The severe deviation of the polarization curve with the overpotential of -455 mV after 2,500 cycles indicated the significant loss of the electrocatalytic properties.
[image: Figure 8]FIGURE 8 | ADT of the crystalline Ni3P with elemental Ni inclusions up to 2,500 cycle.
CONCLUSION
The electrochemical behaviors for the Ni-P electrodeposition were characterized by cyclic voltammetry, indicating the Ni-P co-deposition in cathodic sweep, the oxidation of Ni, and the dissolution of Ni-P in anodic sweep. The pulse-reverse electrodeposition including the Ni-P co-deposition and the dissolution of Ni was utilized to deposit Ni-P films with tailored compositions. Ni69P31, Ni73P27, Ni74P26, and Ni75P25 electrodeposits with the amorphous phase were prepared by adjusting the duty cycles of pulse-reverse electrodeposition. The overpotentials at -10 mA/cm2 and Tafel slopes of the amorphous Ni-P electrodeposits for HER were reduced from -396 and 120 mV/dec to -317 and 97 mV/dec, as the contents of phosphorous in Ni-P increased from Ni75P25 to Ni69P31. The analysis of electrochemical impedance spectrometry also showed the reduction of charge transfer resistance of the interface between Ni-P and electrolyte with increase in the contents of phosphorous. The improvement of electrocatalytic properties in amorphous Ni-P electrodeposits with increase in the contents of phosphorous can be achieved by the reduction of the H2 desorption energy. Additionally, crystalline elemental Ni-embedded Ni3P were prepared by the annealing of the amorphous Ni69P31 electrodeposit. The electrocatalytic properties of the crystalline Ni3P with elemental Ni inclusions for HER indicated the lower overpotential of -275 mV at -10 mA/cm2, the gentler Tafel slope of 86 mV/dec, and the reduced charge transfer resistance, compared to the properties of the amorphous Ni69P31. Compared to the HER catalytic properties in the amorphous Ni69P31, the enhanced electrocatalytic properties in the crystalline Ni3P with Ni inclusions might be attributed to the lower desorption energy of hydrogen for Heyrovsky reaction and the lower adsorption energy for Volmer reaction. The improved hydrogen desorption and proton adsorption processes for HER catalytic properties can be described by an ensemble effect and a ligand effect, respectively. The crystalline Ni3P with elemental Ni inclusions demonstrated the continuous stability for HER catalytic properties up to 1,600 cycles in acidic solution.
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Thermoelectric devices based power generation and cooling systemsystem have lot of advantages over conventional refrigerator and power generators, becausebecause of solid-state devicesdevices, compact size, good scalability, nono-emissions and low maintenance requirement with long operating lifetime. However, the applications of thermoelectric devices have been limited owingowing to their low energy conversion efficiency. It has drawn tremendous attention in the field of thermoelectric materials and devices in the 21st century because of the need of sustainable energy harvesting technology and the ability to develop higher performance thermoelectric materials through nanoscale science and defect engineering. Among various fabrication methods, electrodeposition is one of the most promising synthesis methods to fabricate devices because of its ability to control morphology, composition, crystallinity, and crystal structure of materials through controlling electrodeposition parameters. Additionally, it is an additive manufacturing technique with minimum waste materials that operates at near room temperature. Furthermore, its growth rate is significantly higher (i.e., a few hundred microns per hour) than the vacuum processes, which allows device fabrication in cost effective matter. In this paper, the latest development of various electrodeposited thermoelectric materials (i.e., Te, PbTe, Bi2Te3 and their derivatives, BiSe, BiS, Sb2Te3) in different forms including thin films, nanowires, and nanocomposites were comprehensively reviewed. Additionally, their thermoelectric properties are correlated to the composition, morphology, and crystal structure.
Keywords: electrodeposition, electroplating, thermoelectrics, nanoengineering, defect engineering
OVERVIEW OF THERMOELECTRICS
Thermoelectric power generators and coolers are based on the Seebeck and the Peltier effect, respectively, where the Seebeck effect allows direct conversion of temperature gradient into electricity (Figure 1). When establishing temperature gradient at the two sides of materials, charge carriers (i.e., electronsin n-type semiconductor and holes in p-type semiconductor) would transfertransfer from hot side to cold side, which would create a voltage. voltage. The generated voltage, ΔV, is given by ΔV = S·ΔT, where S is the Seebeck coefficient and ΔT is the temperature difference. On the other hand, the Peltier effect is the generation of temperature gradient by applying electric energy. When electric energy is applied to the materials, charge carriers flow to one end of the thermoelectric materials. The charge carriers also transport energy, resulting in a temperature difference between the two ends.
[image: Figure 1]FIGURE 1 | Schematic illustration of thermoelectric effect including the Seebeck effect and Peltier effect.
In thermoelectric devices, the performance can be characterized by the dimensionless thermoelectric figure-of-merit (ZT), which is defined asas following equation:
[image: image]
where S is the Seebeck coefficient (V/K), σ is the electrical conductivity (S/m), κ is the thermal conductivity (W/mK) and T is the absolute temperature (K). (Zebarjadi et al., 2012) S2σ is defineddefined as the thermoelectric power factor (P. F.).
Additionally, the maximum energy conversion efficiency (η) of a thermoelectric device is defined as the energy produced toproduced the workwork (W) divided by the thermal energy consumed at the hot junction (Q), which is dependent on dependent onZT as well as the temperature difference of the hot and cold side (TH, TC). (Nolas et al., 2001; Snyder and Ursell, 2003; Sootsman et al., 2009; Zebarjadi et al., 2012).
[image: image]
Based on the definitions, high energy efficiency would be achieved by improving the thermoelectric power factor (S2σ) and suppressing the thermal conductivity. However, Seebeck coefficient, electrical conductivity and thermal conductivity are interdependent to each other, lead to significant difficulties to enhancing the energy efficiency (Szczech et al., 2011). For example, the Seebeck coefficient (S) is a function of the charge carrier (i.e., electrons or holes) effective mass and charge carrier concentration as shown in Eq. 3,
[image: image]
where e is the elementary carrier charge, kB is Boltzmann constant, m* is the charge carrier effective mass, h is Planck’s constant, and n is the charge carrier concentration. The electrical conductivity (σ) is proportional to the product of carrier concentration and carrier mobility represented (Eq. 4).
[image: image]
where e is the elementary charge; ne and nh are the carrier concentrations of electrons and holes, respectively; μe and μh are the carrier mobility of electrons and holes, respectively. Based on these two equations, increasing the carrier concentration enhances the electrical conductivity, but decreases the Seebeck coefficient.
The electrical conductivity (σ) and thermal conductivity (k) are also interdependent since thermal conductivity (κ) is combination of the lattice thermal conductivity (κl) and electrical thermal conductivity (κe). κe is proportional to the electrical conductivity [image: image] by Wiedemann-Franz law (Szczech et al., 2011). Thus, increasing the carrier concentration increases both electrical conductivity and thermal conductivity. Figure 2 shows the interdependency of the Seebeck coefficient, the electrical conductivity and the thermal conductivity (Snyder and Toberer, 2008; Szczech et al., 2011).
[image: Figure 2]FIGURE 2 | Interdependence of the Seebeck coefficient (S), electrical conductivity (σ), and thermal conductivity (κ) (Snyder and Toberer, 2008; Szczech et al., 2011).
In order to overcome this intrinsic demerit, numerous researchers endeavored to independently control these parameters by utilizing quantum confinement effect, phonon scattering effect, and energy filtering effect. Historical approaches to enhance the ZT have been focused on altering phonon scattering mechanism, called phonon-glass electron-crystal (PGEC), by introducing complex lattice structures such as skutterudites, superlattices, heterostructure, and nanocomposites. The enhancement of ZT in these systems was mainly achieved by reducing the thermal conductivity due to the increased phonon scattering at the interfaces. (Poudel et al., 2008). However, there is a limit for reducing the lattice thermal conductivity. Recent advancements have been achieved by incorporating metallic and/or semiconducting nanoparticles in thermoelectric matrices. (Hsu et al., 2004; Zeng et al., 2007; Zide et al., 2006). The distortions of the density of states (DOS) near Fermi level as results of carrier localization, resonant state, and carrier filtering effect fulfilled the sharp increase of the Seebeck coefficient without suppressing electrical conductivity. As shown in Figure 3, the large Seebeck coefficient can be dependent on the behavior of the scattering rates (1/τ) as a function of energy in the materials (Zebarjadi et al., 2012). The 1/τ, which is inverse function of the energy dependence of the relaxation times (τ = τ0Er), where the exponent r is called the scattering parameter. This scattering parameter, which is determined by different scatterings for example, in the case of acoustic phonon scattering, the r is -1/2, and weak impurity scattering, the r is 3/2. Therefore, an increase of the scattering parameter leads to an increase in the slope of the differential conductivity, thus also in the Seebeck coefficient.
[image: Figure 3]FIGURE 3 | Several possible behaviors of total relation rate (1/τ(E)) in a few kBT window. (Zebarjadi et al., 2012).
Recently, the energy filtering effect where the creation of band bending induced by charge transfer at the interfaces causes the energy-dependent scattering of charge carriers was used to decouple S and [image: image]. In the concrete, a barrier height (Eb) can be generated on the pathways of charge carriers by interfaces, where the charge carriers with higher energy would pass though but the charge carriers with low energy would be scattered. The carrier charge scattering, which is dependent on energy, would improve Seebeck coefficient, owing to its correlation with the energy derivative of the relaxation time at the Fermi energy;
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Where υ(E) is the velocity of average charge, N(E) is the density of states, τ(E) is the charge carrier relaxation time. Furthermore, as shown in Eq. 6, the carrier relaxation time is proportional to the barrier potential (Vb) by inversion, which means tailoring a potential barrier to an effective height can be utilized to enhancing the Seebeck coefficient. (Faleev and Léonard, 2008; Martin et al., 2009; Ko et al., 2011; Sumithra et al., 2011; Narducci et al., 2012; Zhang et al., 2012).
ELECTRODEPOSITION OF THERMOELECTRIC MATERIALS
Xiao et al. (2008) and Boulanger (2010) reviewed the advances in the electrodeposition of thermoelectric materials in 2008 and 2010, respectively, where major focus was devoted to electrochemistry of thermoelectric materials. Rostek et al. (2015) and others (Snyder et al., 2003; Wang et al., 2013; Roth et al., 2014; Shin and Oh, 2015; Uda et al., 2015; Pelz et al., 2016) reviewed the advancement of electrodeposition of Bi2(Te,Se)3 and (Bi,Sb)2Te3 thin films and electrodeposition-based processes to form TE microdevices.
Here, the latest development of various electrodeposited thermoelectric thin films and nanostructured materials (i.e., Te, PbTe, Bi2Te3, BiSe, BiS, Sb2Te3, Cu2Se, CoSb3, Ag8SnS6, and their derivatives) were comprehensively reviewed in last 10 years. Especially, their thermoelectric properties were summarized and correlated to their composition, morphology, and crystal structure (Table 1).
TABLE 1 | Correlation of material composition and microstructure with electrical and thermoelectric properties.
[image: Table 1]Electrodeposition of Tellurium
Electrodeposition of tellurium has been investigated in both acidic and alkaline media. Qiu et al. (1989) electrodeposited Te thin films with a thickness up to 4 µm on monocrystalline tellurium substrate from a TeO2-saturated aqueous solution. The thickness was relatively uniform. The needle-like surface morphology with random crystal orientation was observed when deposited on (10 [image: image] 0) surfaces. At high current densities, polycrystalline films consisting of 1 µm blades with random crystal orientation were produced (Qiu and Shih, 1989).
Suggs et al. (1991) investigate the electrochemical nucleation and growth of Te on gold (Au) (100) surface in acidic sulfate baths (i.e., 0.4 mM TeO32- in X M H2SO4). Under potentiodynamic deposition, Te initially electrodeposited under underpotential deposition (UPD). As the deposition potential becomes more cathodic, Te electrodeposits under overpotential deposition (OPD) to from three dimensional nuclei. (Suggs and Stickney, 1991).
Ikemiya et al. (1996) electrodeposited Te films on Au (100) and Au (111) from acidic sulfate solutions (0.1 mM HTeO2+ + 0.05 M H2SO4). The atomic structures and growth morphologies of the films were investigated by in situ atomic force microscopy. Accordingly, the atomic structure of the Te deposits was independent to the substrate crystal orientation, this support the conclusion that the surface diffusion process of Te adsorbed atoms is rate-limiting steps (Ikemiya et al., 1996).
Yagi et al. (1996) electrodeposited Te in acidic perchlorate solutions with 0.1 M HClO4 and 0.5 mM TeO2 using polycrystalline gold as substrate. AuAdditionally, in situ optical second harmonic (SH) generation at two different excitation wavelengths was utilized. On 1,064 nm excitation, the SH signal varied with the surface coverage of Te (Yagi et al., 1996).
Sorenson et al. synthesized tellurium atomic layers on Au (110) by electrodeposition in the acidic bath (i.e., 0.25 mM TeO2 + 20 mM H2SO4). Additionally, the phase transitions associated with those layers was investigated. The voltammetry indicates two sub-monolayer deposition features and one for bulk. The result of the slow deposition kinetics is that surfaces composed of a single atomic layer structure are not observed. (Sorenson et al., 1999; Sorenson et al., 2001)
Jiang et al. electrodeposited Te film on polyaniline-coated macroporous phenolic foam in the solution with 1 M HNO3 and 10 mM HTeO2+. The deposited film was composed of columnar structures and had a growth direction along c-axis direction (Jiang et al., 2011). The highest Seebeck coefficient achieved for the macroporous Te film is 342 μV/K at 473 K (Jiang et al., 2012).
Abad et al. (2015) electrodeposited Te films from acidic nitrate baths (e.g., 10 mM HTeO2+ and 1 M HNO3) with sodium lignosulfonate (SLS) as additives. The presence of SLS reduced the average grain size resulted in higher electrical resistivity (∼798 µΩ m) compared to Te electrodeposits (∼229 µΩ m) in the absence of SLS. The Seebeck coefficient values were about 285 µV/K for both samples which resulted in the power factor of 280 µW/(mK2) and 82 µW/(mK2) without SLS and with SLS, respectively, at room temperature (Abad et al., 2015).
Ha et al. (2000) reported the electrochemical behavior of tellurium in alkaline baths (e.g., 10 mM TeO32- in2.5 M NaOH). In this bath, Te was able to electrodeposit between -0.8 V and -0.95 V vs. Hg/HgO, but the Te morphology was porous with needle-like radial growth (Ha et al., 2000).
Sadeghi et al. (2008) electrodeposited Te using a nickel-coated copper as substrate in alkaline plating baths. The influence of current density, temperature, and pH were systematically studied. They found that the optimum conditions to electrodeposit Te was: 6 g/L (37.6 mM) TeO2, pH of 10, and DC current density of 8.55 mA/cm2 at room temperature (Sadeghi et al., 2008).
Our group also demonstrated the ability to electrodeposit thick Te films from alkaline baths (Wu et al., 2017a) where the applied potentials were optimized to electrochemically reduced TeO3−2 (aq) to Te(s) without further reduction of Te to Te22- (aq). The XRD data revealed that the preferred orientation of thick Te films altered from (001) to (101) as the applied potential varied from −0.9 V to −1.0 V. The optimum pH ranges to deposit compact thick films was between 11.3 and 12.5. Additionally, sufficient magnetic agitation is also essential to deposit compact films. The average grain size ranged from 66 to 135 nm where larger grain size resulted in lower carrier concentration (e.g., n = 7.1 × 1018 cm−3) which might be due to lower defect density. The Highest deposition rate (upto 130 µm/h) with high current efficiency (upto 85%) was achieved by adjusting deposition conditions. Additionally, galvanic displacement reaction which is another facile method to synthesize various nanostructured Te was investigated (Chang et al., 2010; Chen et al., 2010; Hangarter et al., 2010; Lee et al., 2011; Jung et al., 2012; Elazem et al., 2013; Park et al., 2013; Suh et al., 2014; Suh et al., 2017).
Electrodeposition of Lead Telluride Based Materials
PbTe is also a narrow band-gap semiconductor with Eg of 0.31 eV measured at room temperature and a rock-salt crystal structure. PbTe can be n-type or p-type as a result of departures from stoichiometry (n-type for Pb-rich PbTe, while p-type for Te-rich PbTe). (Dughaish, 2002). The state-of-the-art commercially available PbTe based thermoelectric materials have the highest ZT of ∼0.8 at ∼ 600 K, which makes the materials a good candidate for thermoelectric application in the middle-high temperature range.
The Electrodeposition of PbTe was investigated by several groups. Saloniemi et al. reported electrodeposition of Te-rich PbTe thin films in alkaline electrolytes containing TeO2, disodium salt of ethylenediaminetetraacetic acid (EDTA), and Pb(CH3COO)2ethylenediaminetetraacetic. They utilized various electrochemical analysis methods including cyclic voltammetry and quartz crystal microbalance to investigate the electrodeposition of PbTe. They observed that Te-rich PbTe deposition through UPD of Pb on Te via six electron reduction (Saloniemi et al., 1998). The reduction of the PbEDTA2- complex to Pb(0) was a two-electron reaction whereas Te deposits via a four-electron reaction. As the potential becomes more negative, the film becomes powdery and Te(0) further reduced to Te22- as the deposition potential becomes more negative (Saloniemi et al., 2000).
Miranda et al. electrodeposited polycrystalline PbTe thin films on porous silicon from alkaline solutions with EDTA as a complexing agent for Pb. They were able to deposit PbTe thin films with the average grain size of 100 nm (Miranda et al., 2004).
Qiu et al. (2005) synthesized uniform and single-crystalline PbTe nanorods with a diameter in the sub-10-nm regime at ambient conditions using sonoelectrochemical method. In the experiment, the Pb2+ and TeO32- ions concentration were fixed at 10 mM, and the solution pH was kept at approximately 8. Nitrilotriacetic acid (NTA) was used as a complex reagent. The composition of PbTe can be controlled by ratio of precusor ion/ligand concentration. When the [Pb2+]/[NTA] changed from 0.20:1 to 0.10:1 to 0.05:1, the composition of deposits changed from pure PbTe to a mixture of PbTe/Te to pure Te (Qiu et al., 2005).
Yang et al. (2008) electrodeposited PbTe nanowire arrays using template which is patterned by lithographic method. The cross-section of the synthesized PbTe nanowires is rectangular, and the width and height of the nanowires can be tuned from 60 to 400 nm and 20–100 nm, respectively. Polycrystalline PbTe with face centered cubic crystal structure and was produced by a cyclic electrodeposition-stripping method, which have grain size ranged from 10 to 20 nm. The nanowires have a length over 1 mm (Yang et al., 2008).
Erdogan et al. (2009) electrodeposited stoichiometric PbTe thin films on Au (111) substrates from alkaline baths containing EDTA, Pb2+, and TeO32- ions. They observed two dimensional nucleation and growth with the preferred orientation of (200) (Erdoğan et al., 2009).
Li et al. (2008a) electrodeposited symmetrical PbTe dendritic structures in the solution containing 10 mM Na2TeO3, 5 mM Pb(NO3)2 and 0.1 M tartaric acid. The formation of the PbTe dendritic structure is affected by the potential oscillation. The morphology of particle with dendritic structures were star-like or trigonal, and the size of the particles were varied from 100 to 500 nm. The deposited PbTe structures had a band gap energy of about 0.272 eV (Li et al., 2008a).
Additionally, many other groups reported the results of characterization of PbTe electrodeposits based on various experimental conditions which are summarized on the Table 1. (Banga et al., 2008; Diliberto et al., 2008; Jung et al., 2011; Ni et al., 2011; Frantz et al., 2015; Wu et al., 2016a; Frantz et al., 2016; Bae et al., 2017).
Electrodeposition of Bismuth Telluride (Bi2Te3) Based Materials Including BiTe, BiSbTe, BiTeSe and BiSbTeSe
Bi2Te3 with a bandgap of 0.16 eV is an excellent candidate for TE application near room temperature range (Figure 4). Electrodeposition of Bi2Te3 was investigated by various groups.
[image: Figure 4]FIGURE 4 | Thermoelectric performance (ZT) of the state-of-art commercial thermoelectric materials: (A) n-type and (B) p-type, as function of temperature (Snyder and Toberer, 2008).
Wang et al. (2008) synthesized high-density thermoelectric Bi2Te3/Sb heterostructure nanowire arrays with diameter of tens using AAO template-directed pulsed electrodeposition. The electrolyte included 12 mM TeO2, 4 mM Bi(NO3)3, 0.1 M Sb2O3, 0.5 M K2C6H5O7, 1 M C6H8O7, and 2 M HNO3. Additionally, was used as template (Wang et al., 2008).
Li et al. synthesized the hierarchical Bi2Te3 nanostructures by electrodeposition in the solution with 10 mM Na2TeO3, 5 mM Bi(NO3)3, 10 mM tartaric acid and 1 M HNO3 at room temperature (Li et al., 2008b; Li et al., 2008c).
Liu and Li (2008) reported that electrodeposited Bi2Te3 films had a preferential orientation of (110) and platelet grain morphology. The grain morphology changed from single-to multi-order platelets, and the texture decreased when the deposition potential became more negative, which was explained by considering geometrical selection growth and (1ī010) (ī 105) twinning of Bi2Te3 crystals (Liu and Li, 2008).
Glatz et al. (2008) electrodeposited Bi2+xTe3−x by combining potential controlled deposition pulses with galvanostatic-controlled resting pulses. The deposited had a uniform stoichiometry composition along the entire thickness. A deposition rates of 50 µm/h was achieved, and Layers thickness of 800 μm was obtained. The composition of Bi2+xTe3−x can be controlled by varying Bi ion concentration in the electrolyte with 80 mM HTeO2+ and 2 M HNO3. Bath n-type and p-type Bi2+xTe3−x, which is determined by Seebeck coefficients, was deposited (Glatz et al., 2008).
Lee et al. (2008) electrodeposited Bi2Te3 nanowires arrays using AAO as template by potentiostatic, galvanostatic, and pulsed method in aqueous solution at room temperature. Uniform Bi2Te3 nanowire arrays with highly oriented crystalline structure was synthesized, The bandgap of the deposited can be controlled from 0.21 to 0.29 eV by different relaxation times in the pulsed electrodeposition. The electrical resistances increased slightly with increasing temperatures, which was owing to enhanced carrier-phonon scattering. All samples showed a positive Seebeck coefficient (12–33 µV/K). (Lee et al., 2008).
Li et al. electrodeposited BixSb2-xTey in nitric acid and hydrochloric acid solutions. A composition of Bi0.5Sb1.5Te3 was gained in both acid solutions with significantly different morphology. The Bi0.47Sb1.36Te3.17 thin film prepared in the nitric acid solution has the highest Seebeck coefficient of 213 µV/K. The Bi0.22Sb1.48Te3.30 film prepared in the hydrochloric acid solution has the highest power factor of 111.5 µW/(mK2), which had an electrical resistivity of 1.27 × 10–4 Ω m and Seebeck coefficient of 119 µV/K (Li and Wang, 2009).
Diliberto et al. (2008) synthesized Bi2Te3 thin films using pulsed electrodeposition from electrolytes of 20 mM Te(IV) ion and 1 M HNO3. The Bi ion concentration was varied, where increasing Bi concentration in the electrolyte would lead to higher Bi composition. The results also indicated that pulsed electrodeposition would improve the morphology and the electrical conductivity of films compared to direct electrodeposition. The film near stoichiometry (Bi1.93Te3.07) have a Seebeck coefficient of -65 µV/K (Diliberto et al., 2008).
Zhu et al. (2008) synthesized Bi2Te3 thin sheets on Au by electrochemical atomic layer epitaxy method using Bi solution with 0.25 mM Bi(NO3)3 and 0.1 M HClO4, and Te solutions with 0.25 mM TeO2 and 0.1 M HClO4. The bandgap of the Bi2Te3 film was 0.33 eV measured by Fourier transform infrared spectroscopy. Compared to the bulk Bi2Te3 single crystal, the bandgap is blue shifted (Zhu et al., 2008).
Mavrokefalos et al. (2009) reported electrodeposition of n-type Bi2Te3 nanowires (NW). The results showed that monocrystalline NWs have higher electrical conductivity and thermal conductivity than polycrystalline NWs. Additionally, the carrier mobility of the monocrystalline NW is about 2.5 times higher than that of the polycrystalline NW, but it about 19% lower than that of bulk materials. The electron mean-free path was decreased from 61 nm for bulk materials to 40 nm for the 52 nm nanowires, which is owing to electron scattering specularity parameter by nanowire surface is 0.7. Furthermore, the thermal conductivity of the polycrystalline nanowires is lower. The ZT is about 0.1 at 400 K for both monocrystalline and polycrystalline NWs (Mavrokefalos et al., 2009).
Li et al. electrodeposited Bi0.5Sb1.5Te3 thin film from nitric acid baths. The results show that electrodeposition mechanism varied with applied potential, where at low applied potential, Te was deposited because of electrochemical reduction of HTeO2+, while at more negative applied potential the reduction reaction of Bi3+ with Te occurred with formation of Bi2Te3. Additionally, when the applied potential is negative enough, formation of Bi0.5Sb1.5Te3 compound took place (Köse et al., 2009).
Li et al. examined the electrodeposition of Bi2Te3 in a solution containing TeCl4, Bi(NO3)3 and dimethyl sulfoxide (DMSO) by combining cyclic voltammetry with electrochemical quartz crystal microbalance. The results indicated Te4+ concentrations in and applied potential had an effect on Bi2Te3 composition. Bi2Te3 was electrodeposited in applied potential between −0.2 and −0.8 V vs. Ag/AgCl with 10 mM Te4+ and 7.5 mM Bi3+. However, Te-rich Bi2Te3 were electrodeposited at applied potential between -0.2 and -0.8 V vs. Ag/AgCl in the solution with 50 mM Te4+ and 37.5 mM Bi3+ (Li, 2009).
Suresh et al. (2009) electrodeposited Bi2Te3 thin films at various pH values in HNO3 solution of Bi (NO3)3 and TeO2. The increase in pH resulted in a decrease in grain size and the film morphology transformed from dispersed nanoparticles to connected chain-like nanostructures as pH was increased. At the temperature between 300 and 425 K, the data showed a four-times increase in Seebeck coefficient between its maximum and minimum value as the solution pH changes from 1 to 3.5, which is attributed to the improved connectivity of the nanostructures at higher pH (Suresh et al., 2009).
Kim and Oh (2009) electrodeposited n-type Bi2Te3 and p-type Sb2Te3 films. The n-type Bi2Te3 had a power factor of 7.1 × 10–4 W/(K2·m) with a Seebeck coefficient of −51.6 μV/K, which was electrodeposited at applied potential of −0.05 V with 25 mM Bi ion and 25 mM Te ion. Additionally, The p-type Sb2Te3 film had a power factor of 1.7 × 10–4 W/(K2·m) with a Seebeck coefficient of 52.1 μV/K, which is deposited at applied potential of 0.02 V in the solution containing 63 mM Sb ion and 7 mM Te ion. (Kim and Oh, 2009).
Mannam et al. (2009) electrodeposited BixTey nanowires from aqueous acidic solutions containing different [Bi3+]/[HTeO2+] (20/20 and 20/10 mM) with 2.5 M HNO3. The nanowires deposited at low applied potentials had a dominant orientation of (110) according to the XRD pattern. In both electrolytes, n-type nanowires were deposited. However, p-type nanowires can be deposited only in the [Bi3+]/[HTeO2+] = 20/10 mM solution. Nanowires formed in the 20/10 mM electrolyte showed at transition from intrinsic to extrinsic. The Seebeck coefficient of -318.7 and 117 μV/K were achieved for n-type and p-type BixTey nanowires, respectively (Mannam et al., 2009).
Kuleshova et al. (2010) electrodeposited BiSbTe films in nitric acid baths. In the electrolyte, sodium ligninsulfonate was added as surfactant, which would improve uniformity of the films as well as the thermoelectric properties. Additionally, the surfactant would also affect the composition of films, where Bi0.32Sb1.33Te3 was deposited in the solution with surfactant and Bi0.35Sb1.33Te3 was deposited without surfactant in the solution with 10 mM HTeO2+, 1 mM Bi3+, 20 mM Sb3+, 1 M HNO3, 0.1 M H3Cit and 50 mM Na3Cit (Kuleshova et al., 2010).
Ma et al. (2010) electrodeposited Bi2Te3 on stainless steel, in which the reaction mechanism and the effect of deposition parameters on composition and morphology were investigated. The CV results showed that onset potential for Bi2Te3 is more positive than Bi and Te deposition. Furthermore, the Te reduction reaction is kinetically hindered with the presence of Bi ions. (Ma et al., 2010).
Kim and Oh (2010a) synthesized p-type SbxTey and n-type BixTey films by electrodeposition. The BixTey film with a thickness of 5.3 µm was electrodeposited in 1 M HNO3 solution at -0.05 V, which contained 50 mM Bi and Te ion. Moreover, the Bi/(Bi + Te) mole ratio is 0.5. The SbxTey film with a thickness of 5.2 µm was electrodeposited at 0.02 V in the electrolyte, where the total concentration of Sb and Te ion is 70 mM and Sb/(Sb + Te) mole ratio is 0.9. The BixTey and SbxTey films have an electrical conductivity of -67 and 63 µV/K(Kim and Oh, 2010a).
Lee et al. (2010) electrodeposited Bi2Te3 nanowires in AAO templates. They claimed the electrical conductivity can be improved from 0.053 to 0.169 × 106 S/m by tailoring the structural properties. Meanwhile, the Seebeck coefficient can be enhanced from 46.6 μV/K to 55 μV/K. As a result, a power factor of 476.3 μW/(K2·m) was achieved (Lee et al., 2010).
Richoux et al. (2010) synthesized p-type (Bi1-xSbx)2Te3 thermoelectric compounds by pulsed electrodeposition in the electrolyte with 1 M HClO4 and 0.1 M tartaric acid. The deposited film had a Seebeck coefficient of 150 μV/K. Additionally, pulsed electrodeposition method can be used to reduce resistivity of the films, where 200 μΩ m was achieved by pulsed electrodeposition method, compared to 5,000 μΩ m by direct-current electrodeposition method (Richoux et al., 2010).
Li et al. electrodeposited BixSb2−xTey film by potentiodynamic electrodeposition technique from mixed dimethyl sulfoxide solution containing Bi(NO3)3·5H2O, TeCl4 and SbCl3. Their results showed that electrodeposition of BixSb2−xTey can be realized in a wide range of applied potential. However, the films deposited at applied potential of -0.2 to -0.4 V achieved the highest S of 185 μV/K and the lowest electrical resistivity of 3.34 × 10–5 Ω m after annealing. Additionally, the deposited nano-crystalline Bi0.49Sb1.53Te2.98 film had a preferred orientation of (015) (Li and Wang, 2010).
Chen et al. (2010) fabricated Te-rich n-type BixTey films and nanowires array with rhombohedral structure (Figure 5) by potentiostatically electrodeposition from nitric baths. The Seebeck coefficient was about -70 µV/K at 300 K and decreased monotonically with temperature. Additionally, thermal conductivity of 0.75 W/(mK) was obtained at 300 K. Aa a result, The ZT Bi2Te3 nanowire was 0.45 at 300 K and 0.9 at 350 K for (Chen et al., 2010).
[image: Figure 5]FIGURE 5 | Scanning electron micrographs of AAO template and Bi2Te3 nanowires array: (A) AAO, (B) Top view of Bi2Te3 nanowires array, (C) Side view of Bi2Te3 nanowires array, (D) individual nanowires after dissolving AAO (Chen et al., 2010).
Frantz et al. (2010) also synthesized polycrystalline Bi2Te3 nanowires with rhombohedral phase by electrodeposition using porous polycarbonate as template. Their results showed that dimethyl sulfoxide would help to increase the filling ratio to 80%. Moreover, DMSO in the electrolyte can help to improve the electrical conductivity of the nanowires (Frantz et al., 2010).
Gan et al. (2010) investigated Nanoscale Bi-Te particles with thermoelectric properties electrodeposited on copper substrate in 2.0 M HNO3. The atomic ratio 1:1 for Bi:Te in the alloy, which is equivalent to the weight percentage of Bi:Te = 62%:38% was confirmed from the EDS data (Gan et al., 2010).
Li et al. (2010a) investigated the electrochemical behavior BixSb2-xTey in the solution consisting of 20 mM TeCl4, 20 mM Bi(NO3)3, 20 mM SbCl3, DMSO, and 0.1 mM KNO3. A smooth morphology was obtained for BixSb2-xTey films deposited at different applied potential. The resistances reduced to about 0.04 Ω by post-annealing process. Seebeck coefficient of 85 μV/K was obtained for Bi0.49Sb1.53Te2.98 film (Li et al., 2010a).
Li et al. (2010b) electrodeposited Bi2Te2.7Se0.3 nanowire arrays using AAO as template in the electrolyte composing of 2 mM TeO2, 2.5 mM Bi(NO3)3, 0.3 mM SeO2 and 0.1 M HNO3. The post-annealing process was carried out at 300°C under an argon atmosphere. The single crystalline nanowires with diameter of about 14 nm were obtained (Li et al., 2010b).
Golgovici et al. (2010) synthesized BiSbTe films by electrodeposition in choline chloride (ChCl) and malonic acid based ionic liquids with a molar ratio of 1:1. The reaction temperature was controlled between 80 and 85°C. The concentration of Bi, Sb and Te ions ranged from 1.5 to 50 mM. The CV data showed that the Te reduction reaction happened first, followed by formation of binary or ternary compounds by codeposition. Furthermore, pulsed electrodeposition technique was also used to synthesize BiSbTe films (Golgovici et al., 2010).
Rostek et al. (2011) synthesized n-type Bi2Te3 films by electrochemical deposition. The films with composition near stoichiometric was deposited in the solution containing 20 mM Te ions and 30 mM Bi ions at a current density of 3.75 mA/cm2. The Seebeck coefficient of as-deposited Bi2Te3 films is about -55 μV/K. However, after annealed at 250°C for 60 h, the Seebeck coefficient increased to -130 μV/K(Rostek et al., 2011).
Ma et al. (2011) electrodeposited thin Bi2Te3 film onto stainless steel from acidic nitrate baths. The carrier concentration of the deposited films was ten times higher than the bulk Bi2Te3, while the Seebeck coefficient and Hall mobility is lower than bulk Bi2Te3 (Ma et al., 2011).
Erdogan et al. (2009) synthesized Bi2Te3 nanofilm and nanowire by electrodeposition. The acidic electrolyte containing 1 mM TeO2 and 1 mM Bi(NO3)3 with a pH of 1.5, in which Bi2Te3 nanofilm was deposited with a preferential orientation of (015). Additionally, the alkaline electrolyte containing 2 mM Bi(NO3)3, 1 mM TeO2, and 10 mM EDTA with a pH of 9.0, in which nanowire was deposited with (110) as preferential orientation. They claimed that the EDTA in the basic solution leading to the 2D growth mechanism. Furthermore, the band gap energy of Bi2Te3 nanostructures can be tuned by size and morphology of the nanostructures, as shown in the reflection absorption Fourier transform infrared spectroscopy (Erdoan and Demir, 2011).
Li et al. (2011a) electrodeposited polycrystalline Bi2Te3 nanowire arrays using AAO templates by a pulse electrodeposition method from a electrolyte containing DMSO. The results showed that the applied potential can be used to tune the composition of the nanowires. The Bi2Te3 nanowire array have a preferential orientation of (110). Additionally, Bi2Te3/Te multilayered nanowires were electrodeposited by the same method (Li et al., 2011a).
Kose et al. (2009) electrodeposited thin Bi2Te3−ySey films in the solution containing 2 mM TeO2, 2.5 mM Bi(NO3)3, 0.3 mM SeO2 and 0.1 M HNO3 on Au (111) at room temperature. Bi2Te2.7Se0.3 films was obtained at applied potential of −0.02 V vs. Ag/AgCl (3 M NaCl), which has micron-sized granular crystallites (Köse et al., 2009).
Lim et al. (2009) synthesized BiSbTe films via electrodeposition in the electrolyte containing 0.5 mM Bi3+, 32 mM SbO+, 2 mM HTeO2+, 0.2 M citric acid, 30 mM EDTA and 1 M HNO3. A Seebeck coefficient of 71 µV/K and a power factor 1.2 × 10–4 W/(K2·m) was achieved for BiSbTe films. Additionally, the amorphous Sb2Te3 films was electrodeposited at 0.01–0.03 V in the electrolyte containing 70 mM Bi3+, 70 mM SbO+, 3.5 M perchloric acid and 0.35 M tartaric acid. A Seebeck coefficient of 250 µV/K and a power factor 57 × 10–4 W/(K2·m) was achieved for Sb2Te3 films (Lim et al., 2009).
Kim et al. (2018a) electrodeposited BixSb2-xTey films in the solution with 2.4 mM TeO2, 3.6 mM Sb2O3, 400–1,000 μM Bi(NO3)35H2O, 33 mM L-tartaric acid, and 1 M HNO3 at fixed applied potential of −0.1 V (vs. SCE). The composition of the films were controlled by [Sb]/[Bi] ratio. The results showed that the substitution of Bi with Sb would improve the mobility, while suppress the carrier concentration. The deposited Bi10Sb30Te60 film has a high Seebeck coefficient, which results in a power factor (PF) of ∼490 μW/m K2 (Kim et al., 2018a).
Ma et al. (2010) electrodeposited Bi1-xSbx and Bi2-xSbxTe3 thin films at 25°C with different morphologies, such as thin sheets, rods, dendrites, and spherical particles. The Bi1-xSbx film was deposited in the electrolyte containing 2 mM Bi(NO3)3, 1 mM SbCl3, 0.2 M C4H6O6, and 0.1 M HNO3. Additionally, The Bi2-xSbxTe3 film was deposited in the electrolyte containing 0.3 mM TeO2, 0.2 mM Bi(NO3)3, 1 mM SbCl3, 0.2 M C4H6O6, and 0.1 M HNO3. Furthermore, the results indicated that the underpotential deposition mechanism would lead to the formation of (Bi0.5Sb0.5)2Te3, however the overpotential deposition would result in the formation of Bi0.5Sb1.5Te3. Meanwhile different deposition mechanism can be triggered by applied potential (Ma et al., 2010).
Jin and Wang (2010) electrodeposited n-Type thin Bi2Te3-ySey films using Au, Bi, and Bi2Te3-ySey as substrates. The electrolyte contained 8 mM HTeO2+, 8 mM Bi3+, 1 mM H2SeO3, and 1 M HNO3. The substrates have significant effect on the morphology of films, as well as the crystal orientation. The preferred orientation of (015) with rhombohedral structure was obtained when using Bi2Te3-ySey as substrate. Additionally, the films deposited on the Bi2Te3-ySey substrate showed the highest power factor after annealing (Jin and Wang, 2010).
Golgovici et al. (2011) investigated electrodeposition of Bi2Te3, Sb2Te3, BiSb, and BiSbTe films in an aqueous solution containing 5 M NaCl and 1 M HCl or an ionic liquid with choline chloride and malonic acid mixture. The concentrations of Bi, Sb and Te ion were controlled between 10 and 90 mM. Morphology and composition of BiSbTe was modified by increasing the current pulses (Golgovici et al., 2011).
Liu et al. electrodeposited Bi2Te3 pillars using multi-channel glass molds as template. The results showed that pulsed electrodeposition method is helpful to achieve high aspect ratio filling. The n-type Bi2Te3 arrays with aspect ratio exceeding ten was obtained at a pulse circle of −0.2 V for 4 s, +0.5 V for 1 s, and 0 mV for 3 s (vs. SCE). The precursor concentration in the electrolyte includes 7.5 mM Bi3+ and 10 mM HTeO2+. Furthermore, the electrical conductivity of as-deposited Bi2Te3 pillars is the same magnitude as bulk Bi2Te3 (Liu and Li, 2011).
Li et al. (2011b) synthesized heterogeneous thermoelectric nanowire arrays of multilayer Bi2Te2Se/Te using template direction electrodeposition. The thickness of the Te section can be modulated by tailoring Te ion concentration. The diameter of the heterogeneous nanowires is from 60 to 85 nm. Additionally, the Bi2Te2Se segment can change to Bi2Se2Te by lowing the Te ion concentration to a certain level (Li et al., 2011b).
Pinisetty et al. (2011a) fabricated polycrystalline Bi2Te3 nanowires and nanotubes arrays by electrodeposition. The applied potential had effect on the composition, where both Bi-rich (p-type)and Te-rich (n-type) nanowires or nanotubes can be deposited. The lamellar thickness of bath morphologies were about 17–24 nm. The nanowires and nanotubes had a Seebeck coefficient of 11.5 and 17 μV/K, respectively, which were deposited at −0.4 V. However, when applied potential was −0.065 V, Seebeck coefficient of −48 and −63 μV/K were obtained for the nanowires and nanotubes, respectively (Pinisetty et al., 2011a).
Lim et al. (2012a) synthesized BixSb2-xTe3 films by electrodeposition in an electrolyte containing 0.8 mM TeO2, 0.2 mM Bi(NO3)3, 0.8 mM Sb2O3, 33 mM tartaric acid, and 1 M HNO3. The composition of the thin films can be controlled by applied potential, where stoichiometry can be achieved from −0.10 to −0.15 V vs. SCE. Additionally, at more negative applied potential, the thermoelectric property of BixSb2-xTe3 films was degraded, which might owing to higher defect density. The electrical and thermoelectric properties can be enhanced by annealing in reducing environment (Lim et al., 2012a).
Peranio et al. (2012) synthesized Bi2Te3 nanowires by a potential-pulsed electrodeposition using AAO as template in a solution with 15 mM HTeO2+, 10 mM Bi3+ and 1 M HNO3. The nanowires had a stoichiometric composition with diameters of 50–80 nm and a length of 56 μm. The nanowires are single-crystalline with no grain boundaries. The XRD pattern revealed that growth direction of the nanowires were (110) and (210). Additionally, the c axis of the Bi2Te3 crystal was perpendicular to nanowire axis (Peranio et al., 2012).
Frantz et al. (2012) electrodeposited bismuth telluride nanowires from an electrolyte with1.5 mM Bi3+, 15 mM HTeO2+ and DMSO using polycarbonate as template. The DMSO would shift the reduction potential to more negative side and inhibit the cation diffusion. The nanowires deposited -0.1 V vs Ag/AgCl at have a diameter of 60 nm diameter with stoichiometric composition. The crystal structure of the nanowires was polycrystalline with a preferential orientation perpendicular to the (015) planes (Frantz et al., 2012).
Ma et al. (2012a) synthesized thin Sb2Te3 and Bi2Te3 films using goldthe Au-coated silicon as substrate in an acidic bath with Bi(NO3)3·5H2O, TeO2, Sb2O3, 1 M HNO3 and 0.5 M tartaric acid at room temperature by electrochemical deposition. The as-deposited Bi2Te3 films were polycrystalline, but the Sb2Te3 films were amorphous. Additionally, the Sb2Te3 films showed both Sb2Te3 and Te phase after annealing (Ma et al., 2012a).
Zhu et al. (2008) electrodeposited p-type quaternary thin BiSbTeSe films using Au as substrate in a acidic solution with 0.5 mM Se(IV), 12 mM Te(IV), 2.5 mM Bi(III), 10 mM Sb(III), 0.67 M tartaric acid at room temperature. The thickness of the films was controlled to 8 μm. The applied potential can be used to tailoring the composition of the films. The as-deposited films were amorphous, however they changed to polycrystalline after annealing based on the XRD patterns. A maximum power factor of 620 µW/(K2·m) was achieved for the thin BiSbTeSe films after post-annealing with Seebeck coefficients of 116–133 μV/K (Zhu and Wang, 2012).
Banga et al. (2012) fabricated Bi2Te3/Bi2−xSbxTe3 heterostructure by pulsed potentiostatic electrodeposition method. The solution consisted Na2TeO3, Bi(NO3)3, Sb(III), 2 M nitric acid, and 0.3 M tartaric acid. The heterostructure had a layer periodicity in the range of 10–30 nm. The XRD data showed that the multilayer films possessed a (015) texture (Banga et al., 2012).
Zhu et al. (2008) synthesized n-type Bi2Te3-ySey films using ITO-coated glass as substrates in the acidic solution containing 10.0 mM HTeO2+, 7.5 mM Bi3+, 1.1 mM SeO32- and 0.5 M HNO3 at room temperature by pulsed electrodeposition. The smooth and compact Bi2Te3-ySey films were obtained. Increasing the cathodic current density would decrease the grain size of the films. The Bi2Te3-ySey films had a Seebeck coefficient of about -92 μV/K and electrical resistivity of about 109.4 μΩ m (Zou et al., 2012).
Naylor et al. (2012) synthesized Bi2Te3 films with stoichiometric composition Bi2Te3 in the electrolyte consisting of 10 mM Te(IV), 7.5 mM Bi(III), sodium lignosulfonate (SL) and 1 M HNO3. The sodium lignosulfonate acted as a surfactant, which would improve morphology and roughness of the Bi2Te3 films and achieve better alignment in the (110) plane. The optimal concentration of SL is from 60 to 80 mg/L at a deposition potential of -0.1 V vs SCE (Naylor et al., 2012).
Limmer et al. (2012) reported the electrodeposition of 75 nm diameter nanowire arrays with a composition of Bi2(Te0.95Se0.05)3 onto Si substrates using AAO as template in the electrolyte containing 80 mM Bi(NO3)3•5H2O, 40–80 mM TeCl4, 0.8–1.2 mM SeO2 and 0.1 M KClO4 in dimethyl sulfoxide. The nanowires are polycrystalline with grain size of 5–10 nm (Limmer et al., 2012).
Ma et al. (2012b) synthesized ternary compounds (BixSb1-x)2Te3 and Bi2(Te1-ySey)3 by electrodeposition using gold-coated silicon as substrates in the electrolyte with TeO2, Bi(NO3)3·5H2O, SbCl3 and Na2SeO3, 1 M HNO3 and 0.67 M tartaric acid at room temperature. The p-type (BixSb1-x)2Te3 films had the highest power factor obtained with composition close to Bi0.5Sb1.5Te3 deposited at a relatively large negative potential. In addition, Bi2(Te1-ySey)3 thin films showed n-type behaviors with composition close to Bi2Te2.7Se0.3 (Ma et al., 2012b).
Fu et al. (2013) fabricated Ag/Bi2Te3 multilayer nanowires by pulse electrochemical deposition using AAO as the template in the electrolyte consisted of 0.1 M HTeO2+, 75 mM Bi(NO3)3, 10 mM AgNO3, and 1 M HNO3. The deposited the Bi2Te3 had a rhombohedral lattice phase and Ag had a cubic lattice phase. The length of each layer ranged from 25 to 45 nm (Fu et al., 2013).
Nguyen et al. (2012) investigated the electrodeposition of Bi2Te3 film in the electrolyte consisting of 50 mM of 50 mM TeCl4, Bi(NO3)3, 0.5 M lithium nitrate, and ethylene glycol. The results showed that the electrochemical reduction reaction of both Bi3+ and Te4+ ions were carried out at applied potential more negative than 0.2 and 0.55 V vs. SHE, and the reaction is one step without the formation of intermediates. The Bi and Te ions had the similar diffusion coefficients and the reaction rate constants. Bi2Te3 films stoichiometric composition were deposited at current densities up to 5 A/dm2 (Nguyen et al., 2012).
Agapescu et al. (2013) electrodeposited of Bi, Te, and Bi2Te3 films in an ionic liquids consisting of 10 mM BiCl3 and TeO2, choline chloride, and oxalic acid (ChCl–OxA) at 60°C.
Kim and Oh (2013) fabricated a thermoelectric device using n-type Bi2Te3 and p-type Sb2Te3 thin films as basic element legs. The device has a cross-plane configuration with 242 pairs of legs by flip-chip bonding of top electrodes. The thickness of both Bi2Te3 and Sb2Te3 films were about 20 μm. Additionally, the n-type Bi2Te3 and p-type Sb2Te3 films showed Seebeck coefficients of -59 μV/K and 485 μV/K, respectively. Furthermore, an open-circuit voltage of 0.294 V and a maximum output power of 5.9 μW were achieved at a temperature difference of 22.3 K (Kim and Oh, 2013).
Manzano et al. (2013) electrodeposited Bi2Te3 films with preferentially oriented of (110) direction in the electrolyte containing 10 mM HTeO2+, 7.5 mM Bi3+ and 1 M HNO3 at applied potential of 0.02 V vs. Ag/AgCl on a Pt substrate. When using pulsed electrodeposition method, the results indicated that at a pulse of on-time = off-time = 0.1 s the films achieved a Seebeck coefficient of −72 μV/K and power factor of 440 μW/(K2·m), which is measured at 107°C. Additionally, when using potentiostatic method, a Seebeck coefficient of -73 μV/K at 107°C and power factor of 600 μW/(K2·m) was obtained at 107°C (Manzano et al., 2013).
Zhou et al. (2013) electrodeposited n-type phosphorus-doped Bi2Te3 films on a stainless-steel electrode in the solution containing 10 mM TeO2, 8 mM Bi(NO3)3, 4 mM H3PO4 and 1 M HNO3. The as-prepared films had the thermal conductivity of 0.47 W/(mK) and the electrical conductivity of 280 S/cm (Zhou et al., 2013).
Rashid et al. (2013) synthesized Bi2Te3 films by galvanostatic electrodeposition in a solution containing 8 mM HTeO2+, 8 mM Bi3+ and 1 M nitric acid. The results indicated that annealing process would enhance the carrier mobility while suppressing the carrier concentration. Additionally, the Seebeck coefficient can be enhanced from -57 to -169.49 µV/K and the power factor can be enhanced from 2.74 to 1737 µW/(K2·m) by post annealing process for p-type Bi2Te3 film. Moreover, the Seebeck coefficient can be improved from 28 to 112.3 µV/K and the power factor can be improved from 2.57 to 443 µW/(K2·m) by post-annealing process (Rashid et al., 2013).
Cao et al. (2013) fabricated thin Bi2Te3 films by electrodeposition in the solution with 10 mM HTeO2+, 8 mM Bi3+ and 1 M HNO3 at room temperature. The substrates used during the deposition had an epitaxial seed layer, which would help to reduce the lattice mismatch between Bi2Te3 and Silicon. Moreover, more uniform structure and better crystallinity can be achieved. Both doped and intrinsic silicon were used as substrate, while the results showed that a more compact thin Bi2Te3 film with preferential orientation of (001) was obtained for intrinsic silicon, which also showed better thermoelectric performance and smoother surface morphology. Compared to the thin film with preferential orientation of (110), the electrical conductivity is about 72% higher and the power factors is about 45% higher. Additionally, the electrical conductivity and Seebeck coefficient was suppressed by reducing the seed layer thickness from 40 to 20 nm, which can be attributed to the insufficient charge transfer during electrodeposition (Cao et al., 2013).
Wu et al. (2013) investigated the effect of chloride on the electrodeposition of Bi2Te3 films in the solution containing TeCl4, Bi(NO3)3·5H2O and ethylene glycol. The results indicated that the presence of chloride could enhance the reduction reaction rate of Te significantly, where the reaction rate with chloride in the solution is three orders of magnitude higher than the rate without chloride. Additionally, Bi2Te3 films with stoichiometric composition and smooth morphology were electrodeposited in certain potential window. A Seebeck coefficient of -120 µV/K was achieved for the Bi2Te3 films (Wu et al., 2013).
Yoo et al. (2013a) electrodeposited BixTey thin films from nitric acid baths with 2.5–10 mM Bi(NO3)3, 10 mM TeO2, and 1.5 M HNO3 using Au/Ni/Si as substrates. The films with surface morphologies of granular and needle-like structures were deposited at different Te content. Higher of Bi ions concentration in electrolytes would result in higher power factor. Additionally, the power factor was not improved significantly owing to the interdependence of the electrical conductivity and the Seebeck coefficient (Yoo et al., 2013a).
Wang et al. (2013) synthesized Bi2Te2.7Se0.3 and Bi0.5Sb1.5Te3 by electrodeposition combined with post annealing. The solution to electrodeposit n-type Bi2Te2.7Se0.3 contained 8 mM HTeO2+, 8 mM Bi3+, 1 mM H2SeO3 and 1 M HNO3, while the electrolyte to electrodeposit p-type Bi0.5Sb1.5Te3 contained 2 mM Bi3+, 10 mM HTeO2+, 100 mM Sb(III) and 1 M HNO3. The as-deposited films possess amorphous structure and can be transferred to nanocrystalline after annealing. The annealed films show a preferred orientation of (015). The maximum power output of 77 μW was achieved with open-circuit voltage of 660 mV with a temperature difference of 20 K at 25°C. Additionally, a power density of 770 μW/cm3 was obtained (Wang et al., 2013).
Rashid et al. (2013) synthesized n-type Bi2Te3 films with a prominent orientation of (110) in the acidic solution with TeO2 and Bi(NO3)3 on gold electrode. The Bi2Te3 films are nanocrystalline with grain size ranged from 21 to 45 nm. The results showed that the electrodes distance could be used to tune electrical and thermoelectric properties of the films, thus improving carrier charge mobility without varying of the Seebeck coefficient and carrier concentration. The highest power factor of 820 μW/K2·m was achieved with an electrical conductivity of 2.13 × 103 S/cm and Seebeck coefficient of -61.2 μV/K (Rashid and Chung, 2013).
Yoo et al. (2013b) synthesized BixSb2-xTe3 films use potentiostatic electrodeposition method at room temperature in an acidic electrolyte containing 0.8 mM TeO2, 0.2 mM Bi(NO3)3, 0.8 mM Sb2O3, 1 M HNO3, and 33 mM tartaric acid. When the applied potential was controlled between -0.10 and -0.15 V versus SCE, thin films with composition near stoichiometric were deposited. Additionally, reducing the applied potentials would result in suppressing the electrical and thermoelectric properties, probably owing to higher defect density (Yoo et al., 2013b).
Ng et al. (2014) fabricated the binary Bi2Te3 and ternary BiSbTe nanowires using template (AAO) directed electrodeposition method in a solution compose of 10 mM TeO2, 20 mM Bi(NO3)3·5H2O and 1 M HNO3,. The results showed that reducing the applied potentials can increase the Sb composition, while increasing the applied potentials would facilitate the formation of Bi2Te3 (Ng et al., 2014).
Zou et al. (2014) investigated electrodeposition of n-type Bi2Te3-ySey film in the solution containing 10.0 mM HTeO2+, 1.1 mM SeO32-, 7.5 mM Bi3+, and 1 M HNO3 at room temperature. The nucleation and growth mechanism were examined. The electrochemical reaction rate was controlled by diffusion and irreversible with the limiting current density of 1.78 mA/cm2. A flocculent film was deposited when the applied potential was larger than limiting current without agitation. However, Bi2Te3-ySey film with smooth morphology was deposited at 4 mA/cm2 with agitation. Bi2Te3-ySey film deposited at 1 mA/cm2 have relatively high power factor and electrical conductivity (Zou et al., 2014).
Maas et al. (2014) electrodeposited Bi2Te3 in acidic solution with 20 mM HTeO2+ and 20 mM Bi3+. The anode is Bi2Te3 as a sacrificial the source of cations. A homogeneous Bi2Te3 film with a thickness of 300 µm was deposited using Bi2Te3 as anode, while without Bi2Te3 as anode the thickness can be obtained is 10 times thinner. A power factor of 500 µW/(K2·m) was achieved (Maas et al., 2014).
Szymczak et al. (2014) electrodeposited n-type Bi2Te3 films in an ionic liquid with 1-ethyl-1-octyl-piperidinium bis(trifluoromethylsulfonyl)imide (EOPipTFSI) and 1-ethyl-1-octyl- piperidinium bromide (EOPipBr). The atomic ratio of EOPipTFSI and EOPipBr is 95:5. According to the result, this ionic liquid is stable at high cathodic applied potential, which provide a larger window to deposited Bi2Te3 compound. The morphology of the Bi2Te3 film can be tuned by precursor concentration, in which mirror-like films can be deposited with good uniformity. Additionally, an electrical resistivity of 133 µΩ m and Seebeck coefficient of -70 µV/K were achived (Szymczak et al., 2014).
Jiang et al. (2014) fabricated Bi2Te3/PEDOT:PSS/Bi2Te3 composite film by electrodeposition of Bi2Te3 onto poly (3,4-ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT:PSS) film. The solution contained TeO2, Bi(NO3)3, and 1 M HNO3. A thermal conductivity of 0.169–0.179 W/(mK) was obtained. ZT value of 1.72 × 10–2 was achieved for Bi2Te3/PEDOT:PSS/Bi2Te3 composite film with electrical conductivity of 403.5 S/cm (Jiang et al., 2014).
Caballero-Calero et al. (2014) electrodeposited Bi2Te3 films in a solution with 10 mM HTeO2+, 7.5 mM Bi3+, 1 M HNO3. The Bi2Te3 films have a preferred orientation of (110) with c-axis parallel the substrate. Additionally, the effect of sodium lignosulfonate as surfactant on morphology was examined. Seebeck coefficient was determined to be -80 ± 6 µV/K (Caballero-Calero et al., 2014).
Wu et al. (2014) electrodeposited SbBi, Sb2Te3, and BiSbTe alloys in the electrolyte containing TeCl4, SbCl3, Bi(NO3)3, and ethylene glycol. The electrochemical reaction mechanism of Sb in chloride-free ethylene glycol was investigated. The results showed that the diffusion coefficients of Sb(III), Te(IV) and Bi(III) were comparable in ethylene glycol. Additionally, the onset potential of Sb is more negative than that of Te. During the electrodeposition of BiSbTe alloys, BiTe was deposited first followed by increase of Sb composition at more negative applied potential. (Wu et al., 2014).
Patil et al. (2015) electrodeposited fern shaped Bi2Te3 thin film in the solution containing 10 mM Te(IV), 7 mM Bi(NO3)3, and 1 M HNO3.
Matsuoka et al. (2015) electrodeposited Bi2Te3/Bi2Se3 multiplayer heterostructure in two baths sequentially. The layer thickness was fixed to about 1 µm and the number of layers were varied from 2 to 10. The deposited multilayer structure is n-type with nanocrystalline. The boundaries between different layers were not clear planar. The number of the layers had a dramatic effect on the electrical conductivity, where more layers resulted in higher electrical conductivity, while Seebeck coefficient remained unchanged. The 10-layer Bi2Te3/Bi2Se3 heterostructure has a power factor of 144 µW/(K2∙m), which is about 3 times higher than that of the 2-layer heterostructure (Matsuoka et al., 2015).
Caballero-Calero et al. (2015) electrodeposited Bi2Te3-ySey films in a conventional three electrode cell in the solution containing 9 mM HTeO2+, 7.5 mM Bi3+, 1 mM H2SeO3, and 1 M HNO3. The influence of additives (i.e., sodium signosulfonate (SLS) and EDTA) in morphology, stoichiometry, structure and Seebeck coefficient was studied. The films synthesized with SLS had high crystallographic orientation and better morphology, while films deposited in the presence of EDTA had higher content of bismuth. The combination of both additives would improve the quality of stoichiometric Bi2Te2.7Se0.3 films, namely denser morphology, higher orientation and higher Seebeck coefficients (60% larger) when compared with films deposited without additives. (Caballero-Calero et al., 2015).
Zhou et al. (2015) synthesized Bi2Te3 thin films by the pulsed electrodeposition method in the solution consisting of 40 mM HTeO2+, 30 mM Bi3+ and 1.7 M HNO3. The effect of deposition parameters on the composition and microstructure was investigated. The results indicated that the stoichiometry and morphology can be improved by a large pulse off-to-on ratio with a pulsed applied potential of 0 mV vs. Ag/AgCl. Additionally, larger pulse off-to-on ratio would enhance the ZT of Bi2Te3 films owing to suppressing the thermal conductivity and improving the Seebeck coefficient. The highest ZT value was 0.16 obtained at a pulse off-to-on ratio of 50 (Zhou et al., 2015).
Li et al. (2015) reported the electrodeposition of BiSbTe nanowires in the electrolyte containing 15 mM HTeO2+, 40 mM SbO+, 2 mM Bi3+, 0.3 M tartaric acid and 1 M HNO3. Their data showed that the pulse electrodeposit method would help to improve the uniformity and crystallinity of Bi0.5Sb1.5Te3 nanowires, which resulted in higher electrical and thermal conductivity, compared to the direct current deposited nanowires. Additionally, the pulse electrodeposit method would also enhance the Seebeck coefficient of nanowires, which was attributed to a more homogeneous distribution of the elements. The highest ZT value was 1.14 at 330 K achieve by pulse-deposited Bi0.5Sb1.5Te3 nanowires (Li et al., 2015).
Song et al. (2015) synthesized thin Bi2Te3 films in a acidic bath with 7.5 mM Bi(NO3)3, 10 mM TeO2, cetyltrimethylammonium bromide (CTAB) and 1.5 M HNO3 at room temperature. CTAB acted as a surfactant. The results indicated that the presence of CTAB would help to improve the surface morphology and mechanical properties Bi2Te3 films. However, the electrical and thermoelectric properties were preserved (Song et al., 2015).
Uda et al. (2015) fabricated Bi2Te3 thermoelectric micro-device by electrodeposition in an electrolyte composing of Bi(NO3)3·5H2O, TeO2, and HNO3. The size effect of electrode was examined. The cross-section of the TE units is 50 × 50 μm2 with depth of 20 µm. Additionally, the device had a eight arrays, which composed of 110 TE units. A maximum power output of 0.96 µW was achieved with an open-circuit voltage of 17.6 mV (Uda et al., 2015).
Chang et al. (2015) examined the electrodeposition of individual n-type Bi2Te3 nanowires (NWs) using polycarbonate membranes (PCM) as templates in the solution 10 mM HTeO2+, 15 mM Bi3+, 1 M HNO3 and 50 v/v % DMSO. The electrodeposition conditions, such as the applied potential can be used to control the composition of Bi2Te3. Additionally, increase the Te composition would increase the average grain size of NWs, as well as the electrical conductivity. The maximum power factor of 195.8 µW/(mK2) was achieved at 300 K for the Te-rich NW with diameter of 162 nm (Chang et al., 2015).
Shin and Oh (2015) fabricated a thermoelectric device based on thin film by combining electrodeposition and the flip-chip process. The thermoelectric materials used in the device are the n-type Bi2Te3 and p-type Sb2Te3 thin film, which is deposited on Ti/Cu/Au substrate in the solutions with 25 mM Bi ion, 25 mM Te ion and 1 M HNO3 for Bi2Te3 and 63 mM Sb ion, 7 mM Te ion. The device with 242 pairs thermoelectric legs have a internal resistance of 21.4 Ω, which have a output voltage of 320 mV and output power of 1.1 mW at 39.7 K temperature difference. Additionally, the calculated power density of 3.84 mW/cm2 (Shin and Oh, 2015).
Abellán et al. (2015) synthesized thin Bi2Te3 films containing TeCl4, Bi(NO3)3 and dimethyl sulfoxide. Different substrates were used, such as CdTe/FTO and SnO2:F coated glasses. Additionally, the deposits films were n-type semiconductors with trigonal crystal structure and stoichiometric composition dimethyl sulfoxide (Abellán et al., 2015).
Kulsi et al. (2015) synthesized thin Bi2Te3 films with preferred crystal orientation of (018) in the solution consisting of 15 mM TeO2 and 10 mM Bi (NO3)3. The effect of different surfactant on the morphology was examined, including sodium dodecyl sulfate (SDS) and polyvinylpyrrolidone (PVP). The results indicated that improving the surface morphology would help to enhancing the carrier mobility. A ZT value of 0.28 was achieved using SDS as surfactant, which was measured at room temperature (Kulsi et al., 2015).
Şişman and Başoğlu (2016) fabricated thin Bi2Te3-ySey films by electrodeposition in the solution containing 2 mM TeO2, 2.5 mM Bi(NO3)3, SeO2 and 0.1 M HNO3 with Au as substrate. The Se composition was controlled to be 0.3 to 2.5. The results showed that replacement of Te by Se atoms would push the XRD diffraction peaks positions Bi2Te3-ySey to higher angle, which is attributed to the change of crystal lattice constant (Şişman and Başoğlu, 2016).
Lei et al. (2016a) synthesized of 600 μm-thick n-type Bi2Te3 films by pulsed and potentiostatic electrodeposition in the electrolyte consisting of 70 mM TeO2, 52.5 mM Bi3+, 2 M nitric acid and polyvinyl alcohol (PVA). The results indicated that compact and uniform Bi2Te3 films was electrodeposited which composition near stoichiometric and hexagonal crystal structure. Moreover, the film growth can reach 100 μm/h. Additionally, a Seebeck coefficient of -200 µV/K and an electrical conductivity of 400 S/cm were achieved, resulting in a power factor of 1.6 × 103 µW/(mK2) (Lei et al., 2016a).
Yang et al. (2016) electrodeposited p-type BiSbTe thin films using ITO glasses as substrate in the electrolyte composing of 2 mM TeO2, 0.5 mM Bi2O3, 3.5 M HClO4, 1 M HNO3 and 0.35 M C4H6O6. The Sb3+ concentration and current density were the variables during the electrodeposition. Thin BiSbTe films showed different morphologies, such as ball-type, mixed-type and acicular-type. The Seebeck coefficient of 32.89 μV/K was obtained (Yang et al., 2016).
Patil et al. (2016) electrodeposited thin Bi2Te3 film in a solution with 10 mM Te(IV), 7 mM Bi(NO3)3·5H2O and 1 M HNO3. The XRD pattern showed that the Bi2Te3 film was nanocrystalline with grain size of 18.08 nm and had a preferred orientation of (015) with rhombohedral crystal structure (Patil et al., 2016).
Na et al. (2016) electrodeposited n-type Bi2Te3 films in the electrolyte with 10 mM HTeO2+, 8 mM Bi3+ and 1 M HNO3 on a flexible substrate. The effect of applied potential on the crystal structure and thermoelectric properties were systematically studied. The Bi2Te3 film with preferred orientation of (110) is deposited. The highest power factor of 1,473 μW/(K2·m) was achieved for the film electrodeposited at applied potential of 0.02 V with electrical conductivity of 691 S/cm. The effect of applied potential and grain size on the electrical and thermoelectric properties were shown in Figure 6. A flexible thermoelectric device was fabricated using Bi2Te3 as n-type material and poly (3,4-ethylene dioxythiophene)s as p-type material. The generator achieved a output voltage of 5 mV and output power of 56 nW with temperature difference of 12 K (Na et al., 2016).
[image: Figure 6]FIGURE 6 | (A) Corelation of electrical conductivity (black circle), Seebeck coefficient (red circle), and power factor (blue circle) with different applied potentials (V vs Ag/AgCl) (B) Corelation of the electrical conductivity (black), Seebeck coefficient (red), and power factor (blue) with (110) crystallite size (Na et al., 2016).
Lal et al. (2017) synthesized p-type (BixSb1-x)2Te3 thin films using pulsed electrodeposition in the electrolyte consisting of 15 mM HTeO2+, 5 mM Sb2O3, 5 mM Bi(NO3)3, 0.2 M tartaric acid, sodium dodecyl sulfate (SDS) and dimethyl sulfoxide. The results indicated that the present of SDS would improve the Seebeck coefficient and power factor of the films as shown in Figure 7. (Lal et al., 2017).
[image: Figure 7]FIGURE 7 | Electrical resistivity (square), Seebeck coefficient (triangle), and power factor (circle) of annealed films deposited with different concentrations of SDS (Lal et al., 2017).
Additionally, many other groups reported the results of characterization of BiTe/Se electrodeposits based on various experimental conditions which are summarized on Table 1. (Jagadish et al., 2015; Lei et al., 2016b; Wu et al., 2016b; Hasan et al., 2016; Kulsi et al., 2016; Manzano et al., 2016; Wu et al., 2017b; Kang et al., 2017; Lal et al., 2017; Lei et al., 2017).
Electrodeposition of BixSby Based Materials
Dou et al. (2008) synthesize Bi/BiSb superlattice nanowires by template-directed electrodeposition method, in which AAO was used as template. The electrolyte for electrodeposition contains a mixture of 80 mM SbCl3, 40 mM BiCl3, 50 g/L citric acid, 40 g/L tartaric acid, 70 g/L NaCl, 100 g/L glycerol and 1.0 M HCl at pH value of 0.82 (Dou et al., 2008).
Weber et al. (2008) electrodeposited high density nanowire arrays in AAO templates from the electrolyte of 50 mM Bi3+ + 50 mM Sb3+ in dimethyl sulfoxide.
Dou et al. (2009) synthesized Bi/BiSb multilayer nanowires by pulsed electrodeposition with small bilayer thickness. The electrolyte for the deposition contained a mixture of 80 mM SbCl3, 40 mM BiCl3, 0.24 M citric acid, 0.27 M tartaric acid, 1.2 M NaCl, 0.1 M glycerol and 1.0 M HCl. Additionally, the modulating time was used to control the segment length and layer thickness of the nanowires (Dou et al., 2009).
Muller et al. (2012) synthesized Bi1−xSbx nanowires with Sb composition in the range from 0.05 to 0.40 and diameter in the range from 20 to 100 nm. The results showed that applied potential and ratio of Bi/Sb ions would influence the composition of Bi1−xSbx nanowires (Müller et al., 2012).
Limmer et al. (2015) electrodeposited BixSby in the non-aqueous baths consisting of Sb salts, Bi(NO3)3·5H2O, dimethyl sulfoxide and KClO4. The effect of different Sb salts on the crystalline quality and preferred orientations were investigated. The results showed that nanowire arrays synthesized with SbI3-based bath were polycrystalline. However, nanowire arrays synthesized with SbCl3-based bath have a trigonal orientation, and composition of these nanowires remained constant along the nanowires. Additionally, there was a composition gradient along the radius of the nanowires array, where nanowires of Bi0.75Sb0.25 were obtained in the center area and nanowires of Bi0.70Sb0.30 were obtained in the edge region (Limmer et al., 2015).
Electrodeposition of Bi2Se3 Based Materials
Xiao et al. (2009) electrodeposited thin Bi2Se3 films using Pt as substrate by atomic layer epitaxy. The electrochemical reaction mechanism of Bi and Se alone were investigated by cyclic voltammetry. The electrodeposition mechanism Bi2Se3 is underpotential deposition (UPD). The synthesized Bi2Se3 films had an orthorhombic structure with stoichiometric composition. Additionally, the bandgap of Bi2Se3 films the was 0.35 eV. (Xiao et al., 2009).
Li et al. (2010c) synthesized Bi2Se3 thin films by electrodeposition in the solution containing SeO2, Bi(NO3)3, and HNO3 using Ti and indium tin oxide-coated glass as substrates at room temperature. The results indicated that the substrate had dramatic effect on the crystal structure of Bi2Se3 thin films. Pure rhombohedral crystal structure was obtained on the indium tin oxide-coated glass substrate, while both rhombohedral and orthorhombic crystal structure was obtained on Ti (Li et al., 2010c).
Xue et al. (2014) fabricated Bi2Se3/Bi multilayered nanowire arrays by pulsed electrodeposition using AAO as template in the electrolyte with 7.5 mM H2SeO3, 25 mM Bi3+ and 7 mM HNO3. Each layer of Bi or Bi2Se3 had a thickness of about 100 nm, and the total length of the nanowire was 10 µm with a diameter of 50 nm (Xue et al., 2014).
Li et al. electrodeposited thick Bi2Se3 films using ITO-coated glass as substrate in a acidic solution containing 25 mM SeO2, 25 mM Bi(NO3)3 and 1.3 M HNO3. The results showed that the as-deposited films were p-type Bi2Se3 films. The power factors of 52.57 μW/mK2 were obtained for the as-deposited films (Xiaolong and Zhen, 2014).
Tumelero et al. (2016) electrodeposited Bi2Se3 using Si (100) substrate as substrate in the electrolyte consisting of 1.5 mM SeO2, 1 mM Bi(NO3)3 and 0.5 M nitric acid. The results indicated that Bi2Se3 with single orthorhombic phase and stoichiometric composition can be deposited by tuning the applied potential, while the potential window was narrow. Additionally, the deposited Bi2Se3 had a bandgap of 1.25 eV (Tumelero et al., 2016).
Souza et al. (2017) synthesized Bi2Se3 films by potentiostatic electrodeposition method in the electrolyte consisting of 1.5 mM SeO2, 0.5 mM Bi2O3 and 1.0 M HClO4 using silicon (100) as substrate. The deposited Bi2Se3 films is compact with uniform and smooth morphology. The as-deposited films had a dominant orthorhombic phase with mixture of rhombohedral and amorphous phases. However, pure rhombohedral structure was obtained after annealing (Souza et al., 2017).
Electrodeposition of Bi2S3 Based Materials
Jagadish et al. (2016) synthesized n-type Bi2S3 films in the solution consisting of 20.6 mM Bi(NO3)3, 0.54 M of lactic acid, 0.78 M of nitric acid and 140.8 mM Na2SO4. Virgin carbon fiber and recycled carbon fiber were used as substrates. The deposited Bi2S3 had a composition near stoichiometry. The surface morphology and the Seebeck coefficient of Bi2S3 films can be tuned by post annealing process. The Bi2S3 films had Seebeck coefficient of -16.3 and -12.4 µV/K deposited on virgin carbon fiber and recycled carbon fiber, respectively (Jagadish et al., 2016).
Electrodeposition of Sb2Te3 Based Materials
Ueda et al. (2008) synthesized Sb2Te3 alloy in the AlCl3-NaCl-KCl molten salt electrolyte containing 10 mM TeCl4 and 7 mM SbCl3, at the temperature of 423 K and applied potential of 0.85 V vs. Al/Al(III). The composition of Sb can be controlled by concentration ratio of the Sb(III) to [Sb(III) + Te(IV)]. The morphology of deposited Sb2Te3 alloy is disk-like granule, which had a size of around 10 µm (Ueda et al., 2008).
Park et al. (2009) electrodeposited thin SbxTey films and nanowires at room temperature in an acidic electrolyte. Pt/Si and Au were used as substrate. The applied voltage and film thickness had significant effect on the morphology and grain size of the SbxTey films. Amorphous SbxTey films was electrodeposited, while the films became the rhombohedral R3m structure after annealing (Park et al., 2009).
Kim and Oh (2010b) investigated the crystallization behavior of the electrodeposited Sb2Te3 film in the electrolyte containing 7 mM Te ion, 63 mM Sb ion, 3.5 M perchloric acid, 0.35 M tartaric acid. The transition crystal structure from amorphous to crystalline would influence the Seebeck coefficient. Moreover, the addition of Cu can improve the thermal stability of the Sb2Te3 film, where CuSbTe film had a crystallization temperature of 149.5°C (Kim and Oh, 2010b).
Pinisetty et al. (2011b) electrodeposited polycrystalline Sb2Te3 nanowires and nanotubes arrays in the electrolyte consisting of 0.7 mM TeO2, 1.6 mM Sb2O3, 33 or 330 mM tartaric acid, and 3 M HNO3. The nanowires and nanotube had an average lamellar thickness of 36 and 43 nm, respectively (Pinisetty et al., 2011b).
Lim et al. (2011) electrodeposited p-tyape SbxTey thin films in an acidic solutions. The effect of TeO2 concentrations was investigated. Sb2Te3 films with composition near stoichiometry was deposited with a rhombohedral structure and preferred orientation of (015). The films had a carrier concentration of 5.8 × 1018 cm−3 and mobility of 54.8 cm2/(Vs). Additionally, more negative applied potential would reduce the carrier concentration and mobility, which is possibly owing to increase in defects. A Seebeck coefficient of 118 μV/K was obtained at room temperature for the as-deposited Sb2Te3 film (Lim et al., 2011).
Qiu et al. (2011) synthesized Sb2Tex (2 < × < 6) films in the alkaline solution with TeO32-, SbO2−, diaminourea polymer and triethanolamine. The solution was pretreated by argon gas to fully deaerate, which would enhance the Seebeck coefficient of the films by reducing oxygen contamination in the deposited films. The Sb2Tex films were amorphous before annealing. A maximum power factor 1.58 mW/mK2 was achieved with a Seebeck coefficient of 532 μV/K after annealing (Qiu et al., 2011).
Schumacher et al. (2012) electrodeposited Sb2Te3 films in the electrolyte composing of 10 mM TeO2, 5.6 mM Sb2O3, 0.84 M tartaric acid and 1 M nitric acid with pH of 1. Both Au and stainless steel were used as substrates. The results showed that morphology and composition of the films could be improved by pulsed electrodeposition methods. The p-type Sb2Te3 films fabricated by pulsed electrodeposition methods achieved a power factors of about 700 μW/(mK2) at room temperature with the electrical conductivity of 280 S/cm and Seebeck coefficients of 160 μV/K. Additionally, a maximum power factors obtained is 852 μW/(mK2) after annealing (Schumacher et al., 2012).
Li et al. (2012) electrodeposited SbxTey films in a nonaqueous electrolyte containing 20 mM SbCl3, 20 mM TeCl4 and 0.1 M KNO3. The SbxTey films had a smooth morphology, which is independent of applied potential. The composition obtained nearest to stoichiometry is Sb1.87Te3.13. Additionally, all the films were p-type after annealing (Li et al., 2012).
Lim et al. (2012b) synthesized SbxTey films in the electrolyte with 2.4 mM HTeO2+, 0.8 mM SbO+, 33 mM tartaric acid, and 1 M HNO3 by electrodeposition. The thin Sb2Te3 films with composition near stoichiometry were deposited in the applied potential range of -0.15 to -0.30 V vs. SCE. The post-annealing process would reduce the FWHM of the major diffraction peaks and enhance the electrical conductivity. Additionally, the power factor was improved from 44.2 to 372.1 mW/(mK2) by annealing (Lim et al., 2012b).
Lensch-Falk et al. (2012) electrodeposited thin Sb2Te3 films in the electrolyte consisting of 7 mM sodium tellurite (IV), 16 mM antimony (III) oxide, 0.3 M tartaric acid, and 2 M nitric acid at room temperature by pulsed electrodeposition method. The results showed that the pulse duration have a significant effect on the texture and microstructure of films, where lamellar microstructure was deposited at short pulse durations, while equiaxed and randomly oriented microstructure was deposited at relative long pulse durations. Additionally, reducing pulse duration would also help to suppress the thermal conductivity of the films, where thermal conductivity of less than 2 W/(Km) was obtained (Lensch-Falk et al., 2012).
Nguyen et al. (2013) fabricated Sb, Te and SbxTey from molten salts containing acetamide - antimony chloride and tellurium chloride by electrodeposition. The Te composition of SbxTey alloy films is ranged from 20 to 81 at%, which is obtained in the electrolyte with SbCl3 up to 0.48 M and TeCl4 up to 0.12 M (Nguyen et al., 2013).
Yoo et al. (2013c) synthesized Sb2Te3 films in the solution consisting of 2.4 mM TeO2, 0.8 mM Sb2O3, 33 mM tartaric acid, and 1 M HNO3 at room temperature. Additionally, cetyltrimethylammonium bromide (CTAB) was used as surfactant to improve the surface morphology, where the effect of CTAB on the morphology of Sb2Te3 films was shown in Figure 8. Moreover, CTAB would also help to enhance the adhesion of Sb2Te3 films to substrate. Post-annealing at 200°C can improve electrical conductivity and Seebeck coefficient of the Sb2Te3 films, which was attributed to Te nanodots formation within the Sb2Te3 crystal structure. A power factor of 716.0 mW/mK2 was obtained for Sb2Te3 films with 10–20 nm Te nanodots (Yoo et al., 2013c).
[image: Figure 8]FIGURE 8 | Comparison of the top view (scale bar = 30 µm) and the cross-sectional (scale bar = 20 µm) SEM images of the Sb2Te3 films electrodeposited with and without CTAB (Yoo et al., 2013c).
Kim et al. (2015) synthesized Te-rich Sb2Te3 film in a solution with 3.6 mM Sb2O3, 2.4 mM TeO2, 33 mM L-tartaric acid, 1 M HNO3. The as deposited films were amorphous, while γ-SbTe embedded nanocrystalline Sb2Te3 film was obtained by post annealing process because of solid-state phase transition. The results indicated that γ-SbTe embedded Sb2Te3 had higher Seebeck coefficient and P.F. than single phase Sb2Te3 film. This was attributed to strong energy-dependent charge scattering, which is confirmed by UPS analysis showing 90 meV valence band difference between Sb2Te3 and γ-SbTe nanocrystalline. As a consequence, a Seebeck coefficient of 320 μV/K was obtained for γ-SbTe/Sb2Te3 nanocomposite (Kim et al., 2015).
Kim et al. (2018b) also electrodeposited Ag2Te nanoprecipitates embedded p-type Sb2Te3 films (Figure 9). The same electrolyte condition and applied potential (0.1 vs. SCE) was applied to deposit the films except adding 100 μM AgNO3 as Ag sources. The results indicated that the presence of the β-Ag2Te phase would improve the Electrical property Sb2Te3 films dramatically, which was attributed to energy-dependent charge carrier filtering effect at the β-Ag2Te/Sb2Te3 interface. Additionally, density of states effective mass (m*∼1.8 m0) increased, leading to a high power factor of 1870 mW/mK2 at 300 K without any dramatic suppression of electrical conductivity (Kim et al., 2018b).
[image: Figure 9]FIGURE 9 | Microstructure of the precipitated Ag2Te phase embedded in Sb2Te3 film. (A) HRTEM image and (B) a lattice image showing the precipitated Ag2Te nanodots within the Sb2Te3 matrix. (C) HRTEM image taken at a (Nolas et al., 2001; Snyder and Ursell, 2003; Hsu et al., 2004; Zide et al., 2006; Zeng et al., 2007; Faleev and Léonard, 2008; Poudel et al., 2008; Snyder and Toberer, 2008; Sootsman et al., 2009; Ko et al., 2011; Szczech et al., 2011; Zebarjadi et al., 2012) zone axis and (D) the corresponding FFT image (Kim et al., 2018b).
Catrangiu et al. (2016) electrodeposited Sb2Te3 film in the ionic liquid with 4–10 mM TeO2, 4–10 mM SbCl3, choline chloride and oxalic acid. The composition of the films can be controlled by precursor concentration and applied potential. The electrodeposited mechanism is that Te layer was deposited followed by the deposition of SbxTey compounds at more negative applied potential (Catrangiu et al., 2016).
Hatsuta et al. (2016) synthesized Sb2Te3 thin films in the solution consisting of 1.6 mM TeO2, 1.3 mM SbF3, and 0.39 M HCl by electrodeposition using stainless steel as substrate. The results indicated that a stoichiometric atomic composition was achieved for the as-deposited thin film. Moreover, the composition of thin film kept at stoichiometry after annealed at the temperature below 250°C. However, when the annealing temperature go up to 300°C, a portion a of alien element, including Fe, Cr, Ni, was detected in the film, which lead to lower Seebeck coefficient and higher electrical conductivity. As a consequence, a maximum power factor of 13.6 µW/(cmK2) was obtained for the Sb2Te3 film (Hatsuta et al., 2016).
Kim et al. (2016) electrodeposited thin AgSbTe2 films. The deposited amorphous Ag15Sb27Te58 film showed a Seebeck coefficient of 1,270 µV/K. The carrier concentration of about 1016 to 1019 cm−3 was obtained. For deposited nanocrystalline film, The power factors of 90–553 mW/mK2 was obtained owing to higher Hall mobility and Seebeck coefficients (Kim et al., 2016).
CONCLUSION
Electrochemical deposition is a cost effective and manufacturable synthesis method, which can be used to deposit thermoelectric materials with controlled morphology, composition and crystal structures. The electrodeposition baths including aqueous solution (e.g., acidic and alkaline solutions), ionic liquid, deep eutectic solvents solutions were used to deposit TE materials. Most of the papers investigated the electrodeposition mechanism and kinetics, and the control of morphology, composition and crystal structure of the deposits by electrodeposition parameters, such as precursor concentration, solution pH in aqueous solution, agitation, additives, temperature, applied potential/current, substrate and so on. The correlation between electrodeposition parameters and TE properties was reported, which is indirect correlation because the material properties (e.g., morphology, composition and crystal structure) are the direct effects on the TE properties. The correlation between material properties and TE properties was also discussed by various groups.
Thermoelectric micro-devices have a great potential to serve as a generator/cooler for portable electronic devices. Electrodeposition have an advantage to be utilized to fabricate TE micro-devices, attributed to its ability to deposit thick films, which can be used to fabricate cross-plane devices, with controlled morphology, composition, and crystal structure. The performance of the TE micro-devices are for now limited because of low efficiency. More researches about thermoelectric properties of electrodeposited materials and the performance of devices need to be further studied for wide applications.
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Intermetallic copper telluride thin films, which are important in a number of electronics fields, were electrodeposited using a potentiostatic method in low-pH aqueous electrolyte baths with various ion-source concentrations, and the electrical properties of the formed films were investigated after exfoliation from the substrate. The films were electrochemically analyzed by cyclic voltammetry, while surface and cross-sectional morphologies, compositional ratios, and electrical properties were analyzed by scanning electron microscopy, X-ray diffractometry, X-ray photoelectron spectroscopy, ultraviolet photoelectron spectroscopy, and Hall-effect experiments. The copper telluride thin films, which were synthesized at various potentials in each bath, exhibit different composition ratios and structures; consequently, they show a variety of electrical and thermoelectric properties, including different electrical conductivities, carrier concentrations, mobilities, and Seebeck coefficients. Among them, the thin film with a 1:1 Cu:Te ratio delivered the highest power factor due to carrier filtering at the interface between the two phases.
Keywords: copper telluride, electrodeposition, thermoelectric, compositional control, carrier filtering effect
INTRODUCTION
Copper telluride has attracted increasing attention in recent years for potential thermoelectrics, quantum dot, battery, and plasmonics applications because of its p-type semiconductor properties (Kriegel et al., 2013; Nethravathi et al., 2014; Han et al., 2014; Zhang et al., 2016). However, synthesizing intermetallic semiconductors with exact CuTe and Cu2Te stoichiometries is difficult, which is mainly due to copper vacancies; hence, copper telluride exists in a wide range of nonstoichiometric Cu2-xTe phases, including Cu1.5Te, Cu7Te5, and Cu7Te4. Hence, the characteristics of a material can potentially be controlled by adjusting the copper telluride composition and structure.
Various methods have been developed for the synthesis of copper telluride, including hydrothermal, solvothermal, ion-exchange, vacuum-deposition, and electrodeposition techniques (Zhang et al., 2006; Dhasade et al., 2012; Kriegel et al., 2013; Nethravathi et al., 2014; Bhuvaneswari et al., 2017). Hydrothermal synthesis involves the decomposition of reactants or chemical reactions between them at high temperature and high pressure in an aqueous solution, while solvothermal synthesis is similar but involves a non-aqueous solvent (Nethravathi et al., 2014). These two synthesis methods are advantageous because they lead to nanostructures with uniform crystalline phases that are not stable at their melting points; however, they require expensive autoclaves, are associated with safety issues during reaction, and observing reaction process is impossible as the reaction proceeds in a “black box.” Ion-exchange synthesis involves the exchange of ionic components (Kriegel et al., 2013) and is widely used to prepare nanostructured metal chalcogenides because their properties can be controlled through cation or anion exchange. However, it has some drawbacks, including long production times and large pH changes during reaction (Chen and Wang, 2017; Cho et al., 2019). While these methods are outstanding for the synthesis of nanostructured materials, they require the use of additional processes, such as sintering, for thermoelectric applications (Zhang et al., 2020).
Vacuum-deposition processes, which include sputtering, e-beam evaporation, and chemical vapor deposition, are used to deposit thin films at pressures below atmospheric pressure (Bhuvaneswari et al., 2017) and are advantageous because they deposit good-quality thin films. However, some processes require expensive equipment while others require long production times. In contrast, electrodeposition involves the electrochemical reduction of metal ions in solution and has benefits that include high throughput, the formation of highly pure deposited films, wide deposition areas, low operating temperatures, and relative cost effectiveness. Electrodeposition can be used to tailor the composition of the deposited material by adjusting its wide range of controllable parameters, such as the concentration of the ion source, application potential, applied current density, solution pH, additives, and the electrical wave form, which provide outstanding advantages. These electrodeposition characteristics can be used to control the composition and stoichiometry of copper telluride, which has numerous metastable states.
In this study, low-pH electrolytes were used to synthesize copper telluride thin films by electrodeposition, with the composition of the electrodeposited thin films controlled by adjusting the concentration of the ion source and the applied potential. The electrical properties of the electrodeposited intermetallic copper telluride thin films, including carrier concentration, conductivity, mobility, and thermoelectric properties, were investigated by mechanically transferring the films from the original substrate to epoxy resin.
MATERIALS AND METHODS
Electrochemical Cell for Copper Telluride Electrodeposition
The electrolyte for copper telluride electrodeposition was prepared by dissolving Cu(NO3)2·3H2O (Daejung) and TeO2 (Sigma–Aldrich) in a mixture of deionized water and nitric acid. Copper nitrate was selected as the copper salt based on a previous study on Cu2-xTe-film electrodeposition using various copper metal salts with various anions, such as sulfate, chloride, and nitrate (Zhang et al., 2011). First, 60% nitric acid (20 ml) was added to deionized water (80 ml) to form a pH 1.0 solution because TeO2 has limited solubility in highly alkaline aqueous solutions, after which Cu(NO3)2 was dissolved in the solution to a concentration of 10, 7.5, or 5 mM. Finally, TeO2 was dissolved in the solution to a concentration of 5, 7.5, or 10 mM) as the Te-ion source. The total ion concentration (Cu + Te) was 15 mM in each case.
A three-electrode system consisting of a Ag/AgCl reference electrode (Fisher Scientific, 13-620-53), a Pt plate (20 mm × 130 mm) counter electrode, and a Si/SiO2/Ti/Au wafer working electrode was used to electrodeposit CuTe. Each wafer sample was cleaved to be 12 mm × 10 mm in size. Prior to electrodeposition, cyclic voltammetry (CV) was used to understand the electrochemical reaction of Cu and Te on the Au substrate surface. A VersaSTAT MC potentiostat/galvanostat (Princeton Applied Research) was used for all electrochemical syntheses and analyses. Electrodeposition was performed at room temperature.
Characterizing the Electrodeposited Thin Films
The surface morphologies, film thicknesses, and compositions of the deposited thin films were investigated by scanning electron microscopy (SEM; TESCAN, MIRA3) augmented with energy-dispersive X-ray spectroscopy (EDS). The phase-formation behavior and crystal orientations of the films were investigated by conventional X-ray diffractometry (XRD; Rigaku D Max-2500) using Cu Kα radiation. The microstructure was elucidated by transmission electron microscopy (TEM, JEOL JEM-2010). The TEM samples were prepared with a focused ion beam (FIB, FEI, Nova Nanolab). Te binding energies were determined using X-ray photoelectron spectroscopy (XPS; Kratos AXIS-NOVA) with Monochromatic Al-Ka (1486.6 eV) photon source and ultraviolet photoelectron spectroscopy (UPS, Kratos AXIS-NOVA) with a He-I photon source (21.2 eV). The C 1s peak at 286.5 eV was used for calibration purposes. Samples were sputtered with Ar gas to remove contamination and the native oxide on the thin film prior to analysis. Films were detached from the substrate using Torr Seal epoxy (Struers, ProntoFix) to examine their electronic transport properties; therefore, the rear surface of the film was examined. The room-temperature electrical conductivity (σ), Hall mobility (µHall), and carrier concentration (nc) of each as-deposited and annealed thin film were determined using a Hall-effect measurement unit (ECOPIA, HMS-5300) in the van der Pauw configuration. Seebeck coefficients (S) were determined from plots of measured Seebeck voltages as functions of temperature difference (<3 °C) across the specimen (S = ∆V/∆T) at 27°C using an a self-made S measurement system.
Mechanical Exfoliation of Cu-Te Thin Film
The electrodeposited copper telluride thin films were mechanically exfoliated from the conducting substrate for investigating the electrical and thermoelectric properties Figures 1A–F is a scheme of the exfoliation process. Cu foil was purchased from ILJIN MATERIALS. Each Cu foil was sliced into pieces of dimensions 15 × 15 mm2 (Figure 1A). A Ti adhesive layer (20 nm) and Au seed layer (200 nm) were deposited using the E-beam evaporator after cleaning the Cu foil in 10%vol. H2SO4 to remove the native oxide layer of the Cu film (Figure 1B). Following the preparation of the substrate, Cu-Te thin films were deposited on it (Figure 1C). After rinsing and drying the sample, epoxy resin was pasted on the electrodeposited Cu-Te thin film, followed by hardening in air for 24 h (Figure 1D). Finally, the flexible Cu/Ti/Au foil substrate was exfoliated from the hardened epoxy resin on which the electrodeposited thin film was transferred (Figures 1E,F). This method enabled the exfoliation of the electrodeposited thin film from the conducting substrate without cracks on the surface, thereby allowing measurements of the electrical properties of the electrodeposited thin films. Figure 1G shows a photograph of the electrodeposited copper telluride thin film (left) and the transferred thin film on epoxy resin (right).
[image: Figure 1]FIGURE 1 | Schematic depicting mechanical exfoliation: (A) Cu foil, (B) Au seed layer obtained by e-beam evaporation, (C) Cu-Te electrodeposition, (D) pasting and drying of epoxy resin, (E) mechanical exfoliation, (F) after mechanical exfoliation, (G) photograph of electrodeposited Cu-Te thin film (left) and mechanically exfoliated film on epoxy resin (right). 
RESULTS AND DISCUSSION
Copper Telluride Electrodeposition
Figure 2A shows cyclic voltammograms of the copper telluride baths used in the electrodeposition experiments. The potential was swept in the cathodic direction from the open-circuit potential (OCP) at a scan rate of 10 mV/s between −700 and 700 mV (vs. Ag/AgCl sat.) in steps of 10 mV/s and then back to the OCP. CV revealed that the copper telluride (C1) reduction peak at around −0.1 V varies with concentration. Copper has a more noble reduction potential (E0 = 117 mV vs. Ag/AgCl sat.) than that of the Te ion (E0 = − 200 mV vs. Ag/AgCl sat.) (Rudnik and Kozłowski, 2013). However, the reduction peak shifted in the positive direction with decreasing Cu/Te bath salt ratio, which suggests that the Te underpotential deposition (UPD) reaction occurs on the Au substrate surface, as previously observed by Sorenson et al. (2001), which accelerates copper telluride deposition at a more noble potential. This result also suggests that any increase or decrease in the limiting current of the reduction peak (C1) during CV is mainly due to the concentration of Te ions near the working electrode surface.
[image: Figure 2]FIGURE 2 | (A) Cyclic voltammograms of a Au/Ti/Si substrate in Cu(NO3)2·3H2O/TeO2/HNO3 between −0.7 and 0.7 V. The inset shows the same cyclic voltammograms between −0.3 and 0.05 V (B) EDS data for thin films deposited in each bath at various potentials (−2.5, −96, and −110 mV).
Secondary peaks (C2) began to appear at approximately –600 mV when the potential was moved in the negative direction (vs. Ag/AgCl sat.), which corresponds to the formation of H2Te as given by (Kim et al., 2016)
[image: image]
Copper reduction appears to dominate after the copper telluride reduction peak (C1) in the 10 mM Cu + 5 mM Te bath, and the reduction peak corresponding to the formation of H2Te (C2) is no longer clearly observed.
Figure 2B displays the atomic ratios of copper to tellurium of deposits formed in each bath as determined by EDS. Cu2Te and CuTe stoichiometries were observed for thin films deposited in baths containing 10 mM Cu + 5 mM Te and 7.5 mM Cu + 7.5 mM Te, respectively. In contrast, the thin films deposited in the bath containing 5 mM Cu + 10 mM Te exhibited a 1:2 compositional ratio, which does not fit the stoichiometry of any intermetallic copper telluride compound; metallic Te and an intermetallic copper telluride compound possibly coexist based on this compositional ratio.
Figure 3 shows XRD patterns and SEM images of the electrodeposits formed in each bath. The reference powder diffraction files (PDFs) for copper tellurides and Te are: #00-026-1117 (Cu7Te5), #01-072-6647 (Te), #00-022-0252 (CuTe), and #00-057-0477 (Cu2Te). The XRD pattern of the thin film with Cu/Te = 0.5 is shown in Figure 3A, which reveals the presence of both Cu7Te5 and Te, and the broad diffuse peaks in the XRD spectrum suggest that the film has a nanocrystalline phase. The HR-TEM image of the thin film with Cu/Te = 0.5 (Figure 3G) is consistent with the XRD pattern of the sample. The HR-TEM image at 250kx magnification does not show clear grain boundaries, but shows various orientations of 100 nm-sized grains with different d spacings that overlap each other. Figure 3D shows the SEM image of the Cu0.5Te thin film, which exhibits a smooth and dense surface morphology, while Figure 3B shows the XRD pattern of the thin film with Cu/Te = 1, which reveals the presence of crystalline intermetallic CuTe, and small amounts of Te. Unlike the surface morphology of the Cu0.5Te thin film, which exhibits a smooth and dense surface, the surface morphology of the CuTe thin film (Figure 2E) can be described as a cluster of small nanoparticles forming the thin film with spherical micrometer-sized particles on the top, akin to the formation of other chalcogenides under low-pH conditions (Saha et al., 2020). The thin film with Cu/Te = 2 (Figure 3C) shows obvious crystallinity that corresponds to intermetallic Cu2Te; this thin film exhibits an ellipsoidal particle morphology with cracks that may result from internal tensile stresses (Figure 3F) (Eliaz et al., 2005). Materials with high carrier concentrations are generally less resistive than those with low carrier concentrations; hence, the observed cracks may adversely affect thin-film resistivity, resulting in poor thermoelectric properties.
[image: Figure 3]FIGURE 3 | XRD patterns thin films formed at Cu/Te compositional ratios of (A) 0.5 (PDF #00-026-1117: Cu7Te5, PDF #01-072-6647: Te), (B) 1 (PDF #00-022-0252: CuTe), (C) 2 (PDF #00-057-0477: Cu2Te), and SEM images [10000x, 50000x (insets)] of thin films (1 mm) at Cu/Te compositional ratios of (D) 0.5 (Cu7Te5+Te), (E) 1 (CuTe), (F) 2 (Cu2Te). (G) HR-TEM (250kx) image of thin films formed at a Cu/Te compositional ratio of 0.5.
The Te 3d XPS spectra of the thin films (Figure 4) show Te binding energies that correspond to Te4+ (576.1 eV, 3d5/2), Te0 (573.0 eV, 3d5/2), Te2− (572.6 eV, 3d5/2), consistent with TeO2, Te metal, and Te bound to Cu, respectively. The Te 3d XPS spectrum of the Cu0.5Te thin film (Figure 4A) shows high intensity Te2− 3d peaks (87.3%) and less intense Te0 3d peaks (12.7%) that corresponds to the left shoulders of the major peaks, with Te4+ 3d peaks noticeably absent. These data confirm that intermetallic Cu7Te5 and a small amount of Te metal coexist without TeO2 in the thin film. The XPS pattern of the CuTe thin film is shown in Figure 4B, in which high intensity Te2− 3d peaks (76.64%) and smaller Te0 3d (16.84%) and Te4+ 3d (6.52%) peaks are observed, which implies that the CuTe thin film contains intermetallic CuTe, Te metal, and a small amount of TeO2. Compared to the Cu0.5Te thin film, the CuTe thin film exhibits a somewhat larger Te0 peak, with a small amount of TeO2 also observed. The Te 3d XPS spectrum of the Cu2Te thin film is shown in Figure 4C. This film exhibits the largest Te4+ 3d peaks (46.76%) and the smallest Te2− 3d (41.70%) and Te0 3d (11.54%) peaks among the three thin film samples; it also shows a Cu LMM peak near 570 eV, consistent with the presence of Cu metal.
[image: Figure 4]FIGURE 4 | Te 3d XPS spectra acquired from thin films at each Cu/Te compositional ratios of (A) 0.5, (B) 1, (C) 2.
Electrical and Thermoelectrical Properties of Electrodeposited Copper Telluride Thin Films
Hall-effect measurements using the van der Pauw method were used to examine the electrical properties of the electrodeposited thin films after exfoliation. All films were deposited with the same applied charge at 5C to produce films with the same 2.5-μm thickness. However, we were unable to form a 2.5-μm-thick Cu2Te film without delaminating it from the substrate prior to exfoliation due to internal stress. Consequently, a 1-μm-thick Cu2Te sample was exfoliated from the substrate in this case. Figure 5 displays the electrical characteristics of the copper telluride thin films, including carrier concentration, conductivity, and carrier mobility. All electrodeposited copper telluride thin films exhibited relatively high carrier concentrations (1021–1023 cm−3) as p-type semiconductors, which is consistent with the carrier concentrations of other copper chalcogenides and is ascribable to copper vacancies (Dorfs et al., 2011; Luther et al., 2011; Kriegel et al., 2012). The Cu0.5Te thin film is the least conductive (20 S cm−1), which is due to electron scattering induced by the interface between the two phases and the large proportion of grain boundaries. The CuTe thin film deposited in this work exhibits the highest electrical conductivity (4,632 S cm−1) among previously reported CuTe thin films. Bhuvaneswari et al. (2017) reported electrical conductivities of 384–714 S cm−1 for 1-μm-thick CuTe thin films deposited by vacuum evaporation. The conductivity of the CuTe thin film prepared in the current work is similar to that reported previously for bulk copper telluride (4200 S cm−1) (He et al., 2015). Cu2Te thin films are poorly conductive and have low carrier mobilities compared to their carrier concentrations.As discussed above (vide supra), the low conductivity and carrier mobility is possibly attributable to cracks induced by stresses inside the thin film, as observed in the corresponding SEM image (Figure 3F).
[image: Figure 5]FIGURE 5 | Electrical properties of thin films deposited by electrodeposition as functions of the Cu/Te compositional ratio [▲ = Conductivity (S/cm), ■: Carrier concentration (cm−3), ● = mobility (cm2/V s)].
Table 1 lists the thermoelectric properties of the electrodeposited thin films and others reported in the literature (Mansour et al., 1986; Nethravathi et al., 2014; Ghosh et al., 2016; Mukherjee et al., 2019; Mukherjee et al., 2020), including Seebeck coefficients, conductivities, and calculated power factors. The electrodeposited thin films have somewhat larger Seebeck coefficient than their bulk counterparts. Previously reported copper telluride bulk and thin film samples (Mansour et al., 1986; Nethravathi et al., 2014; Ghosh et al., 2016; Mukherjee et al., 2019; Mukherjee et al., 2020) exhibited relatively low Seebeck coefficients of between 4 and 40 μV K−1. While electrodeposited Cu0.5Te showed a particularly high Seebeck coefficient (346 μV K−1), the Cu0.5Te thin film is extremely poorly electrically conductive, which results in a low power factor (2.48 μW cm−1 K−1). On the contrary, CuTe exhibited the highest power factor (7.71 μW cm−1 K−1) despite its low Seebeck coefficient, which is ascribable to its high conductivity. The CuTe thin film has a high power factor because its conductivity is of similar order to that of the bulk sample but its Seebeck coefficient is considerably higher. In contrast, the Cu2Te sample shows the lowest power factor owing to its low Seebeck coefficient and conductivity. While Seebeck coefficient and conductivity exist in a trade-off relationship, the Cu2Te sample has low values owing to its cracked surface.
TABLE 1 | Thermoelectric properties of copper tellurides determined by Hall-effect measurement (this work) and the S measurement system at room temperature.
[image: Table 1]Pisarenko plots, which show relationships between Seebeck coefficients and carrier concentrations determined through Hall-effect measurements, are shown in Figure 6. The carrier effective masses of the electrodeposited thin films were calculated assuming a simple band structure using the following electron transport relationship:
[image: image]
where S is the Seebeck coefficient, kb is Boltzmann’s constant, h is Planck’s constant, n is carrier concentration, m* is the carrier effective mass, and T is temperature.
[image: Figure 6]FIGURE 6 | Seebeck coefficients of copper telluride thin films deposited by electrodeposition and other methods as functions of carrier concentration (Pisarenko plots). Square symbols correspond to thin films prepared in this work. The solid lines are curves calculated for m* = 1, 2, 3, 4, and 10 m0.
The solid curves shown in Figure 6 correspond to m* = 1.0, 2.0, 3.0, 4.0, and 10.0 m0, and are provided for guidance. The carrier concentrations and Seebeck coefficients of literature samples provided in Table 1 are also plotted in the figure for comparison. All electrodeposited thin films show significantly high carrier effective masses compared to literature values, which is mainly due to the formation of potential wells at the interfaces between the two different phases, namely intermetallic copper telluride and tellurium metal. The potential wells of the two phases are responsible for the high Seebeck coefficients compared to those reported in the literature, despite their high carrier concentrations. This effect provides high power factors because high Seebeck coefficients are not traded off against thin film conductivity.
Figure 7A shows the potential well scheme resulting from the difference in the work function of intermetallic CuTe and that of Te metal at the interface between the two phases. As the two phases have different work functions, the potential difference creates a potential well that affects the thermoelectric properties of the thin film due to carrier filtering. There is a close relationship between the high thermoelectric performance and carrier effective mass. The carrier effective mass is proportional to the Seebeck coefficient. However, typically, a higher carrier effective mass implies a lower conductivity of the material. To achieve high-performance thermoelectrics, increasing the carrier effective mass without degrading the conductivity of the material is essential. The carrier effective mass is expressed as m* = Nv2/3mb*, where Nv includes the orbital degeneracy and mb* is the average carrier effective mass for single-band valley degeneration. Thus, the carrier effective mass can be increased by introducing a band offset in the material without lowering the conductivity of the material (Pei et al., 2011). The potential difference between the Te metal and intermetallic CuTe was determined by UPS. Figures 7B–D show UPS spectra for intermetallic Cu0.5Te, CuTe, and Cu2Te, respectively, with the work functions of the various copper tellurides calculated using the equation:
[image: image]
where Φ is the work function of the material, ν is the frequency of the He beam, and Ecutoff is the secondary electron cut-off energy of the material. The work functions of the copper tellurides were determined to be 4.60 eV (Cu0.5Te), 4.58 eV (CuTe), and 4.41 eV (Cu2Te). As the work function of Te metal is 4.73 eV (Michaelson, 1950), the potential differences between the two phases are 0.13, 0.15, and 0.32 eV, respectively. The band offset between the copper telluride and Te metal increases the Seebeck coefficient without sacrificing the conductivity of the thin film owing to carrier filtering. The CuTe thin film sample exhibits a particularly high-power factor due to Te precipitation inside the thin film, which results carrier-energy filtering.
[image: Figure 7]FIGURE 7 | (A) Potential well scheme at the interface between the intermetallic copper telluride and Te metal phases. UPS spectra acquired for calculating the work functions of: (B) Cu0.5Te, (C) CuTe, and (D) Cu2Te.
CONCLUSION
In this study, stoichiometric intermetallic copper telluride thin films were successfully electrodeposited in aqueous solutions prepared using Cu(NO3)2·3H2O, TeO2, and HNO3. CV was used to determine appropriate electrodeposition potentials in a three-electrode system, while the thin film deposited in each bath was analyzed by SEM, EDS, and XRD. The electrodeposited thin films were exfoliated from the substrate and mounted on epoxy resin, and their electrical and thermoelectrical properties were examined using Hall-effect and thermoelectric measurements. Thin films deposited in baths at different potentials showed compositions and structures that affect their electrical and thermoelectric properties. The thin film with Cu/Te = 2 contains crystalline intermetallic Cu2Te, while that with Cu/Te = 1 contains crystalline intermetallic CuTe and Te. In contrast, the thin film with Cu/Te = 0.5 exhibited a broad XRD pattern that corresponds to intermetallic Cu7Te5 and Te metal, suggestive of a nanocrystalline structure and the coexistence of Te metal. XPS also revealed the coexistence of Te metal in the film, with Te0 peaks observed for thin films with Cu/Te ratios of 1 and 0.5. In other words, the coexistence of these two phases creates a band offset that improves thermoelectric properties by increasing the Seebeck coefficient of the thin film without sacrificing its conductivity. The band offset resulted in CuTe exhibiting the highest power factor of 7.71 μW cm−1 K−1, with the potential difference between intermetallic CuTe and Te metal determined to be 0.15 eV by UPS.
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Controlling the electronic transport behavior in thermoelectric composites is one of the most promising approaches to enhance their power factor because this enables decoupling of the correlation between the electrical conductivity and Seebeck coefficient. Herein, we show that the unexpected high power factor of the Se nanowire array embedded in poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) can be achieved by controlling the interfacial band structure engineering. The electrical conductivity and Seebeck coefficient simultaneously increased, confirming that the synthesis of organic/inorganic hybrid thermoelectric materials with improved performance was possible. Our exploration can be helpful for the rational design of high-performance thermoelectric composites through interface engineering.
Keywords: thermoelectric, Se wires array, PEDOT:PSS, galvanic displacement, carrier scattering
INTRODUCTION
Considering the expansion of thermoelectric (TE) materials to future energy and electronic devices, functional aspects (e.g., flexibility, transparency, and lightweight) need to be improved to widen their applicability (William and Wong, 2009; Reuss et al., 2015; Oh et al., 2016; Varghese et al., 2016; Ou et al., 2018). Organic TE materials have the potential for application in low-temperature energy harvesting systems and wearable (or flexible) heating and cooling devices (Yue and Xu, 2012; Wang and Yu, 2019). Recently, desirable results regarding the electronic transport properties of poly(3,4-ethylenedioxythiophene) (PEDOT)-based materials (Park et al., 2012; Kang et al., 2016; Kang and Snyder, 2017), such as the high TE performance of PEDOT:poly(styrenesulfonate) (PSS) and PEDOT:poly(3,4-ethylenedioxythiophene)-tosylate), have been demonstrated by engineering the degree of conformation at the molecular level (Bubnova et al., 2011; Kim et al., 2013; Noriega et al., 2013; Cho et al., 2014). An enhanced TE figure of merit (zT = S2σT/κ, where S, σ, and κ, are the Seebeck coefficient, electrical conductivity, and total thermal conductivity at a given absolute temperature T, respectively) of 0.42 was achieved at 300 K by mixing dimethyl sulfoxide with commercial PEDOT:PSS (Kim et al., 2013)13; however, it remains unsatisfactory for commercial applications. The limited zT values in PEDOT-based organic TE materials are mainly due to their poor electronic transport properties, which results in a low power factor (σS2) despite their highly desirable low κ values (e.g., κ ∼0.2 Wm−1 K−1 for PEDOT:PSS).
A nanocomposite approach by embedding nanoscale conductive fillers into the PEDOT-based matrix has been carried out to increase the σ (Du et al., 2012; Wang et al., 2012; Coates et al., 2013; Ju and Kim, 2016); however, improving the power factor is still challenging owing to the strong correlation between σ and S. For example, graphene was introduced and a high σ was obtained because of the aligned PEDOT:PSS chains along the graphene; however, S remained at the intrinsic level (Kim et al., 2012). A hybrid of inorganic compounds with a large S and highly conductive organic materials is a potential approach for achieving the theoretical maximum power factor because the independent control of σ and S becomes possible based on the parallel and series models in the composites. Additionally, the generation of a phase boundary between the organic TE matrix and inorganic compounds can trigger the improvement in S benefitting from a carrier filtering effect. This is because S is related to the energy derivative of the electronic density-of-states (DOS) and the carrier relaxation time through the Mott relationship (See et al., 2010; Yee et al., 2013; Du et al., 2014; Peng et al., 2016). However, there has been no experimental evidence for decoupling the correlation between σ and S, even in organic TE composites with well-controlled inorganic nanophases.
In the study by Roh et al. (2017), the inorganic Ge2Sb2Te5 (GST) was arranged into a nanowire, and its performance was evaluated by fabricating a composite with PEDOT:PSS. Since this study produced aligned GST through the nanopattern printing method, the height of the GST nanowire was at the nanoscale. Nevertheless, it was confirmed that the decoupling phenomenon of this material increases the S, even though σ increases. This establishes that a well-arrayed structure can obtain an improved zT. However, its nanoscale length of the wire limits its performance improvement.
Various methods have been used to synthesize nanophase inorganic TEs, for example, methods using microwaves (Wang et al., 2017), the hydrothermal synthesis method (Li et al., 2019), and the electrochemical method (Recatala-Gomez et al., 2020). Among these methods, the galvanic displacement reaction (GDR) offers several advantages, including low synthesis cost and easy reaction conditions (Xin et al., 2021). This method is an electrochemical process driven by the redox potential difference between the sacrificial material and solution reacting ions.
In this study, a wire of length at the microscale was formed through the GDR. It is easier to control the length of the wire to increase the height of the inorganic materials via this method as compared to the nanoprinting method. In addition, a high S of ≥1,000 μV/K at room temperature is desired; therefore, the most attractive material, Se, is used (Kim et al., 2019). However, to use Se as a high-performance TE material, it is necessary to improve its σ, which can be achieved by forming a composite structure with the organic PEDOT:PSS.
MATERIALS AND METHODS
Formation of Se Wire Array
The Se wires were formed on a silicon wafer (2 × 2 cm) using GDR. The wafer used in this work was p-type, boron-doped, (100)-oriented silicon. The silicon wafer was cleaned with acetone and ethanol. The solution used for the Se deposition is a combination of two chemicals: hydrofluoric acid (HF, J.T Baker, United States) and a saturated solution of selenium oxide (SeO2, Sigma Aldrich, United States). The Se nanowire growth was processed in a Teflon vessel for 24 h at 70°C. After completion of the GDR, the synthesized Se wires were carefully rinsed several times with deionized water and ethanol. The Se wire was then dried in a desiccator for 1 day. The prepared wires were transferred to polydimethylsiloxane (PDMS, Sylgard® 184). The PDMS was prepared as a film and hardened at 25°C for 18 h. The silicon wafer on which the Se wires are grown was then placed on top of the prepared PDMS film and pressed with weak pressure. Throughout this process, Se wires were transferred to the PDMS film surface.
Formation of Se Wire and PEDOT:PSS Composition
The effect of doping ethylene glycol (EG, Samchun, Korea) on the TE properties of PEDOT:PSS was determined. According to the volume ratio, 2%, 4%, 6%, 8%, and 10% of EG was added to the PEDOT:PSS solution (CleviosTM PH1000) contained in each vial bottle. Then, the mixed solution of PEDOT:PSS/EG was applied to the Se wire array on the PDMS surface by drop-casting. The Se wire array applied with the PEDOT:PSS/EG mixed solution was dried in a vacuum oven at 40°C for 16 h. In addition, PEDOT:PSS was applied twice to increase the contact between the Se wire and PEDOT:PSS. The process of synthesizing the Se wire and the PEDOT:PSS composite is schematically illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Scheme of the synthesis of the Se wire and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) composite.
Characterization of Prepared Se Wire and PEDOT:PSS
The Se wire array grown via the GDR was observed using scanning electron microscopy (SEM, Hitachi S-4200) and scanning transmission electron microscopy energy dispersive spectroscopy (STEM-EDS, Talos F200X, FE, US) at an accelerating voltage of 200 kV (Schottky X-FEG gun) equipped with a Super-X EDS system comprising four windowless silicon drift detectors (SDDs) in the STEM mode with a probe current of ∼0.7 nA. The Se wire and composite structure were measured at 20°–65° (2θ) by X-ray diffraction (XRD, Ultima IV). The chemical state of the synthesized Se wire and the compound according to the PEDOT:PSS application was confirmed using X-ray photoelectron spectrometry (XPS, AXIS-NOVA, Kratos Inc.). To measure the work function, ultraviolet photoelectron spectroscopy (UPS, Thermo Fisher Scientific, NEXSA) was used. Conductivity of the synthesized Se wire/PEDOT:PSS composite was measured on a Keithley 2400 Electrometer using the four-point probe technique. The Seebeck coefficient was measured using Seebeck apparatus built in-house. Three samples were analyzed under each condition, and each measurement was repeated five times.
RESULTS AND DISCUSSION
Se wires were synthesized on a silicon substrate by immersing the Si substrate in a mixed solution consisting of 2 mM SeO2 and 4.5 M HF at 70°C. The mobility of GDR is caused by the difference in the redox potential between the solid material and the ionic solution used. This technology uses primitive electrochemical phenomena that form the basis of a battery (Kakati et al., 2017)30. When a silicon substrate is immersed in an acidic fluoride solution containing only [image: image], the silicon atoms on the substrate are galvanically substituted by [image: image] because of the difference in the redox potential of SiF62−/Si0 (E0 = −1.24 V vs. NHE) and HSeO3/Se (E0 = 0.74 V vs. NHE), described in the following equations (Jeong et al., 2013; Majidzade et al., 2018; Saha et al., 2020; Tran et al., 2020):
[image: image]
[image: image]
During the GDR of Si, positive and negative reactions simultaneously occur on the Si surface as charges are exchanged through the substrate. The fluorine ions in the solution corrode and dissolve the Si substrate in the form of silicon hexafluoride, preventing the formation of passive silicon oxide and helping to maintain the reaction by constantly exposing the new Si surface (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic representation of the synthesis of the Se nanowires by the galvanic displacement reaction of the Si wafer.
As shown in Figure 3, it was confirmed that the nanowires formed by the nucleation and growth mechanisms (Hwang et al., 2019). Furthermore, we were able to determine the optimum reaction time required for the growth of the Se wire through the GDR method on the Si wafer surface. Figure 3A–E demonstrates the initial process of the Se wire formation; the SEM image is shown in the top view. At the initial stage, the 3D Se nuclei were formed on the Si wafer surface (Figure 3A). The mechanism by which this nucleus grows can be described as the Volmer–Weber nucleation and growth mechanism (Choi and Choi, 2013). Initially, the size of the nucleus was 100 nm; as the GDR reaction time increased, the nuclei formed on the surface grew, transforming into an island shape. Then, the grown island-shaped Se coalesced with the adjacent island-shaped Se and completely covered the Si wafer surface in the form of a film (Figure 3E). When the Si surface was completely covered, the reaction was completed on the upper surface. Thus, the reaction between the Si wafer and HSeO3− and the growth of the Se wire required more than 6 h. To analyze the length of the Se wire grown via the GDR, a cross-section of the sample was obtained after 6 h (Figure 3F); it is apparent that the growth of the wire starts under the Se island. The Se wire grows vertically in the downward direction because a redox potential reaction occurs through Si etching by HF contained in the synthesis solution; however, the upper part of the Si wafer, where the Se thin film is formed, is not etched by HF. Nevertheless, Si is present under the Se thin film, the galvanic reaction occurs because of the etching, and the Se wire starts to grow in a vertical direction (Gadea et al., 2015). The Se wire produced by the 6-h reaction grew to a length of 2.11 μm randomly. However, after 9 h, the Se wire constantly grew in a vertical direction at a growth rate of 390 nm/h.
[image: Figure 3]FIGURE 3 | Scanning electron microscopy images of the Se nanowires synthesized by the galvanic displacement reaction at different reaction times. Top-view (A) 5 min, (B) 30 min, (C) 1 h, (D) 3 h, and (E) 6 h; cross-section (F) 6 h, (G) 9 h, (H) 12 h, and (I) 24 h.
A composite with PEDOT:PSS with high σ and low κ was fabricated to improve the TE performance of the Se wire grown by the GDR method. The structure and elemental state of the Se wire and Se wire/PEDOT:PSS were analyzed using XRD and XPS. First, the Se wires were prepared on the Si wafer surface using the GDR method. All reflections of the prepared selenium nanowires are consistent with those of selenium (JCPDS card number 06-0362) (curve a in Figure 4). In addition, the structure of the Se wire, which was transferred to the PDMS, was maintained, and the structural characteristics of the Se wire/PEDOT:PSS composite were confirmed to have similar diffraction patterns to the Se wire. This implies that the composite did not undergo phase separation or change in its crystal structure. However, the reason for the high intensity of (003) in Se/Si is that the Se/Si XRD (003) peak intensity is stronger than other results because of the Se grain size (Lu et al., 1997; Cheng and Samulski, 2003). The reason for the change in the size of the grains is outlined in Figure 3, as the Se nano wire growth direction proceeds downward. Therefore, as the initial Se growth starts from the surface, the grain size is large, hence we were able to obtain this result. In addition, X-ray penetration is difficult owing to the PEDOT:PSS applied to the Se wire surface and transferred to the PDMS.
[image: Figure 4]FIGURE 4 | X-ray diffraction pattern of the Se nanowire structure and Se nanowire:PEDOT. The structure change according to the PSS complex process is confirmed.
The location of the Se wire and PEDOT:PSS of the manufactured Se wire/composite was confirmed using STEM-EDS. Figure 5A–D shows the STEM and STEM-EDS mapping images of Si wire/PEDOT:PSS. It was revealed that the vertically aligned Se wires were covered by PEDOT:PSS. Figure 5A is a STEM image of a Se wire/PEDOT:PSS composite in which the Se wire and PEDOT:PSS are clearly distinguished. The obtained TEM image was confirmed to be consistent with the images shown in Figure 3I. To clearly distinguish the area identified in the TEM image, specific elements were identified via EDS mapping. Figure 5C coincides with the nanowire area composed of Se, and Figure 5D shows the element constituting PEDOT:PSS, which coincides with PEDOT:PSS in Figure 5A. Figure 5B corresponds with the identified Se and C via EDS mapping. Additionally, this result can be calculated as the area ratio of the Se wire and PEDOT:PSS. This confirmed that the Se wire and PEDOT:PSS area ratio was 54.57% and 45.43%, respectively. It was clarified that the Se wire surface was sufficiently coated and filled with PEDOT:PSS.
[image: Figure 5]FIGURE 5 | Transmission electron microscopy energy dispersive spectroscopy analysis of the Se nanowires:PEDOT:PSS composite coated twice with PEDOT:PSS. TEM image (A) and mapping image according to element (B) Se and C (C) Se and (D) C.
The interfacial reaction between the Se wires and PEDOT:PSS can be discussed using the XPS spectra of the Se wire/PEDOT:PSS composite according to the first and second applications of PEDOT:PSS (Figure 6). The 3d3/2 and 3d5/2 binding energies of pure Se appear at 56.3 and 55.4 eV, respectively, and the oxidized Se, Se2− (54.6 eV) or SeO2 (59.2 eV), are also observed (Jang et al., 2018). The binding energies of the synthesized Se wire are in the Se0 state because 3d3/2 and 3d5/2 are identified at 55.6 and 56.3 eV, respectively. In addition, no other binding energy was identified as PEDOT:PSS. These results confirm that no oxidation occurred upon applying PEDOT:PSS; therefore, Se remained pure.
[image: Figure 6]FIGURE 6 | X-ray photoelectron spectra of Se 3d5/2 BE and Se 3d3/2 of the Se wire:PEDOT:PSS composite.
The above results also confirmed the viability of synthesizing Se nanowires and Se wire/PEDOT:PSS composites. However, the chain structure of PEDOT:PSS is released as the EG doping content increases (Lee et al., 2016; Roh et al., 2017). This change in the PEDOT:PSS chain structure shows a difference in filling between the Se wires upon application. Therefore, the electrical properties of PEDOT:PSS can be tuned using EG.
Figure 7 shows the TE properties (S, σ, and power factor) of the Se wire/PEDOT:PSS composite with different EG doping concentrations measured at 22°C–25°C. At 0% EG, the σ was as low as 8.03 S/cm and significantly increased to 509, 581, and 597 S/cm at 2%, 4%, and 6%, respectively. Further increasing the amount of EG gradually decreased the σ to 466 S/cm (8%) and 411 S/cm (10%). The increase in σ with increasing EG content in PEDOT:PSS (Lim, 2013) has been previously reported. On the other hand, the S of the Se wire/PEDOT:PSS composite remains relatively stable between 54 and 60 μV/K. However, a slight increase is observed at higher EG content; a maximum value of 59.61 μV/K at 10% EG and a minimum of 53.86 μV/K at 4% EG is observed. Furthermore, the power factor increased with EG doping (Figure 7B). At 2% EG, it increased by 61 times compared to that at 0% EG. A maximum power factor value (203.29 μW/mK2) was observed at 6% EG for the PEDOT:PSS and Se wire because of the corresponding maximum electrical conductivity and unchanged S. Table 1 contains a summary of the properties of representative organic/inorganic composite thermoelectric. As indicated in Table 1, the prepared thermoelectric material achieves an enhancive thermoelectrical performance compared to the other samples, which is only lower than Cu2Se/PEDOT:PSS. However, the Cu2Se/PEDOT:PSS composite was synthesized through complex processes, including long chemical reaction time, hard washing, filtration process, and cold-press process sequentially.
[image: Figure 7]FIGURE 7 | (A) Seebeck coefficient and electrical conductivity, and (B) power factor of the Se wire/PEDOT:PSS composite as functions of ethylene glycol (EG) doping concentrations.
TABLE 1 | Comparison of the characteristics properties of organic/inorganic composite thermoelectric.
[image: Table 1]The effect of EG doping on the TE transport properties of the Se wire/PEDOT:PSS composite can be summarized as the following: 1) Compared to the undoped composite, at 2% EG, the σ significantly increased by more than 60 times, while the S remained the same. 2) As the amount of doped EG increased to 6%, σ and S simultaneously increased. 3) Above 6% EG, the S increased, while σ decreased.
In general, when S increases, σ tends to decrease; these characteristics can be correlated with the following equation:
[image: image]
In addition, the σ is expressed as follows:
[image: image]
where kB is the Boltzmann constant, h is the Planck constant, m* is the effective mass, and n and μ are the concentration and mobility of electrons, respectively. It can be seen that S is inversely proportional to n in Eq. 3. However, for 2%–6% EG (Figure 7A), a simultaneous increase in σ and S was observed. This may be due to the carrier energy filtering effect between the organic and inorganic TE materials. Carrier energy filtering restricts unnecessary carrier movement by removing cold carriers with low carrier energy because of the difference in work function between the organic and inorganic materials; thus, even if σ increases, S cannot decrease. To confirm the optimal EG concentration, the work function of PEDOT:PSS was analyzed using UPS.
It was confirmed that the work function of PEDOT:PSS decreased as a result of EG doping (Figure 8). Furthermore, the increase in the σ of PEDOT:PSS with increased EG doping affects the decrease in the work function.
[image: Figure 8]FIGURE 8 | Work function of the Se wire:PEDOT:PSS composite as a function of the EG doping concentration.
As an example, Figure 9 shows the band bending induced at the interface between PEDOT:PSS with 6% EG (work function ∼4.75 eV) and the Se wires, which generates a possible carrier filtering effect. The work function difference between PEDOT:PSS with 6% EG and the Se wire yields a barrier height of 0.08 eV (4.75–4.67 eV). Therefore, the barrier height of the interface with the Se wires is expected to be 0.4, 0.26, and 0.08 eV for PEDOT:PSS with 2%, 4%, and 6% EG, respectively. As a result, S can be improved despite the increase in σ because of the possible carrier energy filtering effect (Song and Cai, 2017; Hu et al., 2018; Choi et al., 2016). For higher EG doping samples, the barrier height becomes very small (∼0.05 eV) and negative (−0.02 eV), which might not successfully induce a carrier filtering effect.
[image: Figure 9]FIGURE 9 | Energy diagram of the PEDOT:PSS and Se wires/Si and energy filtering effects at PEDOT:PSS/Se wires junctions.
CONCLUSION
In this study, the electrical and TE properties were measured for a GDR-grown Se wire coated with EG-doped PEDOT:PSS. For the undoped wire, the S and σ of the Se wire/PEDOT:PSS composite were 56.81 μV/Κ and 8.082 S/cm, respectively. Increasing the EG doping concentration increased the S and σ of the prepared composites, with maximum values (58.36 μV/Κ and 596.76 S/cm, respectively) observed at 6% EG. In addition, at 6% EG, the maximum value of the power factor (203.29 μW/mK2) was obtained. Increasing the EG concentration improved the electrical conductivity because the charge path of PEDOT:PSS was controlled; as a result, an organic/inorganic composite with improved TE properties was obtained by adding a Se wire array with a high S. These results suggest a source technology that can enhance the properties of composite TE materials by controlling the structure and direction.
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Multiplexed Anodic Stripping Voltammetry Detection of Heavy Metals in Water Using Nanocomposites Modified Screen-Printed Electrodes Integrated With a 3D-Printed Flow Cell
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In this study, we present multiplexed anodic stripping voltammetry (ASV) detection of heavy metal ions (HMIs)—As(III), Cd(II), and Pb(II)—using a homemade electrochemical cell consisting of dual working, reference and counter screen-printed electrodes (SPE) on polyimide substrate integrated with a 3D-printed flow cell. Working and counter electrodes were fabricated by the screen-printing of graphite paste while the Ag/AgCl paste was screen-printed as a reference electrode (Ag/AgCl quasi-reference electrode). The working electrodes were modified with (BiO)2CO3-reduced graphene oxide (rGO)-Nafion [(BiO)2CO3-rGO-Nafion] and Fe3O4 magnetic nanoparticles (Fe3O4MNPs) decorated Au nanoparticles (AuNPs)-ionic liquid (IL) (Fe3O4-Au-IL) nanocomposites separately to enhance HMIs sensing. Electrochemical detection was achieved using square wave ASV technique. The desired structure of the flow electrochemical cell was optimized by the computational fluid dynamic (CFD). Different experimental parameters for stripping analysis of HMIs were optimized including deposition time, deposition potential and flow rate. The linear range of calibration curves with the sensing nanocomposites modified SPE for the three metal ions was from 0–50 μg/L. The limits of detection (S/N = 3) were estimated to be 2.4 μg/L for As(III), 1.2 μg/L for Pb(II) and 0.8 μg/L for Cd(II). Furthermore, the homemade flow anodic stripping sensor platform was used to detect HMIs in simulated river water with a 95–101% recovery, indicating high selectivity and accuracy and great potential for applicability even in complex matrices.
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INTRODUCTION
With the development of global industrialization, especially, in the electronic and electrical industry, increasing amounts of heavy metal ions (HMIs) are inadvertently discharged into the environment. HMIs pose a great threat to ecological and human health because of their potential for bioaccumulation and toxicity (Verma and Singh, 2005; Wuana and Okieimen, 2011; Wu et al., 2018). Among different heavy metals, Cd(Ⅱ), Pb(Ⅱ), and As(Ⅲ) are widely distributed in various environments (e.g., soil and water) with particularly high toxicity, which highlights the urgency for effective and rapid detection methods (Panov et al., 2008). Traditionally used analytical methods for the detection of HMIs include, atomic absorption spectroscopy (AAS) (Kenawy et al., 2000), atomic fluorescence spectrometry (AFS) (Wan et al., 2006), X-ray fluorescence spectrometry (XRF) (Galani-Nikolakaki et al., 2002) and inductively coupled plasma mass spectroscopy (ICP-MS) (Davis et al., 2007; Silva et al., 2009). These techniques have advantages of high sensitivity and selectivity; however, they have to be performed in a laboratory, which requires transportation of the samples to the laboratory, and use of expensive benchtop instrumentation by trained personnel. These increase the analysis costs and delay the results thereby limiting their widespread application, especially for portable and on-site detection. Additionally, these conventional instruments and techniques require time consuming intricate operating procedures and sample preconcentration steps (Bi et al., 2010).
Anodic stripping voltammetry (ASV)—an electrochemical analysis technique—is a promising method that can be used for HMIs detection with high sensitivity, selectivity and accuracy, while amenable for on-site detection and quantification when coupled to a portable potentiostat (Pandey et al., 2016). Furthermore, integrating the traditional batch mode ASV with a flow cell/system presents an attractive analytical platform for the continuous monitoring of HMIs (Becker and Locascio, 2002; Reyes et al., 2002; West et al., 2008). C. Henríquez et al. proposed an automatic multisyringe flow injection system coupled to a flow-through screen printed electrode (SPE) for the detection of Cd(Ⅱ) (Henríquez et al., 2012). Z. M. Redha et al. developed a microfluidic sensor fabricated by screen printing and injection molding for electrochemical detection of Cu(Ⅱ) and Pb(Ⅱ) (Redha et al., 2009). Sun et al. described a flow electrochemical system for the detection of Pb(Ⅱ) with a detection limit of 0.2 μg/L, showing a better sensitivity and reproducibility compared to the traditional batch mode ASV (Sun et al., 2017). However, the flow systems integrated with multiple SPEs, which can simultaneously detect Cu(Ⅱ), Pb(Ⅱ), and As(Ⅲ), need to be further developed. The combination of ASV and flow system would enable automated, on-site and near-/real-time monitoring of HMIs in water samples at low cost, which can further mitigate the spread of environmental pollution (Alpízar et al., 1997; Economou, 2010). A three-electrode system, consisting of a reference electrode (RE), a counter electrode (CE) and a working electrode (WE), is generally used for the ASV analysis, in which the WE is the most important component due to its significant influence on the detection performance as a site for electrochemical reactions. The conventional electrodes such as glassy carbon electrode and carbon paste electrode are not suitable for small-volume analysis due to their relatively large size. Thus, the development of a planar sensor device compatible with a flow cell enables ease-of-integration of the sensor into the flow injection system.
The technique of screen-printing has been considered an effective method for the fabrication of whole electrode system in a small footprint/form factor, including the counter electrodes, reference electrodes and working electrodes, with a variety of printing patterns, either consisting of individual electrodes or electrode arrays. In addition, the screen-printed electrodes (SPEs) can be fabricated at low costs with high precision, and can be easily replaced during operation. The SPEs can be fabricated on different kinds of substrate, such as glass, ceramic and flexible polymer polyimide, based on the characteristics of printing. The SPEs printed on polyimide substrates are capable of integration in a flow cell with a small volume attributed to the thin and mechanically flexible property of the substrate material. However, there are still some problems that need to be resolved when SPEs are applied in flow system (Erlenkötter et al., 2000; Leca and Blum, 2000). First, SPEs should be incorporated in a flow cell with a good adaptability and mechanical stability. Second, the sensing area on SPE should be placed strategically in the flow channel to ensure efficient electrodeposition of HMIs in the flow channel on the working electrode surface. Third, the dead volume formed in the flow cell must be eliminated by the optimization of the flow cell geometry. Fourth, reliable sealing method is required to prevent leakage between the SPE and flow cell assembly. Furthermore, the sensitivity, selectivity, and specificity of the bare SPE-based sensors need to be improved. Thus, the modification of sensing materials has been widely investigated to enhance the performance of SPE-based stripping voltammetry detection of HMIs (Chen et al., 2013; Puy-Llovera et al., 2017; Tu et al., 2018). Lately, three-dimensional (3D) printing has received a great deal of attention as one kind of rapid prototyping technology, which has been widely applied in various microscale production fields (Andrew Clayton et al., 2006; Gross et al., 2014; Kolesky et al., 2014; Murphy and Atala, 2014; Johnson et al., 2015; Ambrosi et al., 2016; Au et al., 2016). With the decreased cost of printing systems, the flow cell can be fabricated with desired shape with extraordinary freedom (Whitesides, 2006; Ge et al., 2012).
Nano-materials/composites modified electrodes for detection of heavy metals Pb(II), Cd(II), and As(III) in water by ASV in batch electrochemical cells has received a great deal of attention (Bi et al., 2010; Pandey et al., 2016; Zhao et al., 2020; Sedki et al., 2021). While highly sensitive and selective, batch cells have limitations. In this paper, we achieved multiplexed ASV detection of As(III), Cd(II), and Pb(II) using planar SPEs on polyimide substrate integrated in a 3D-printed flow cell. The employment of the disposable SPEs avoided the traditional pretreatment process frequently-used to prepare glassy carbon or carbon paste WE, but obtained a comparable sensitivity based on the modification of the nanocomposites. Compared to the batch electrochemical cells in previously published papers, including ours (Zhao et al., 2020; Sedki et al., 2021), the flow electrochemical stripping analysis reported in this study has the advantages of: automation potential, high throughput analysis of large quantities of samples, high reliability due to reduced human intervention, miniaturization potential on the size of analytical cell/device, near-/real-time detection, integration with other analytical systems and capability for the simultaneous detection of As(III), Cd(II), and Pb(II). Additionally, the flow cell geometry was optimized and finally confirmed by COMSOL Multiphysics to resolve the problems existing in the application of SPEs in flow system based on a finite element method (FEM), which is a reliable and effective approach for the computational fluid dynamic (CFD) analysis. Furthermore, the polymer ASV flow cell with desired geometry and materials was fabricated by 3D-printing. Moreover, highly flexible SPEs were prepared by screen-printing a commercial graphite ink and an Ag/AgCl ink onto polyimide substrate. The SPEs were composed of two WEs, a CE and a Ag/AgCl quasi-RE. As well, two sensing nanocomposites, i.e., (BiO)2CO3-reduced graphene oxide (rGO)-Nafion ((BiO)2CO3-rGO-Nafion) and Fe3O4 magnetic nanoparticles (Fe3O4MNPs) @Au nanoparticles (AuNPs)-ionic liquid (IL) (Fe3O4-Au-IL), with different catalytic properties were used to modify the two WEs integrated in SPE separately based on our previous works (Zhao et al., 2020; Sedki et al., 2021) with small changes to obtain a good sensitivity and selectivity, as compared with the bare SPEs. On this basis, a homemade flow system for the stripping voltammetry analysis of HMIs was developed, comprising a nanocomposites-modified SPE integrated with an 3D-printed flow cell. The proposed flow injection system exhibited satisfactory results for the detection and quantification of Pb(Ⅱ), As(Ⅲ), and Cd(Ⅱ) in simulated river water samples.
EXPERIMENTAL
Reagents and Instruments
Cd(II) and Pb(II) standard solutions were obtained from Sigma-Aldrich (USA) and diluted as required before using. Arsenic trioxide (As2O3) was purchased from Strem Chemicals, INC. (USA). An As(III) stock solution (1 mg/ml) was prepared by dissolving As2O3 in the 1.0 M aqueous NaOH. Carbon Graphite Paste (C2030519P4) was purchased from Gwent Group (UK) and Silver Silver/Chloride Ink (Electrodag 7019) was purchased from Tekra (USA). Polyimide film (5 mil) was purchased from Amazon.com (USA). Sodium acetate trihydrate was obtained from Fisher Scientific (USA) and prepared as acetate buffer solution (0.2 M) with acetic acid for the electroanalysis of As(III), Pb(II), and Cd(II). All the above chemicals and reagents were analytically pure.
Scanning electron microscopy (SEM) (NovaNanoSEM 450) was used for surface characterization of the sensing nanocomposite modified SPE. A peristaltic pump was used to construct the sequential injection system that was obtained from Rainin Instrument Co., Inc. (CA, USA). Squeegee and screen mesh were obtained from Rheeliable Screen Print Supply (CA, USA). Square wave stripping voltammetry (SWASV) was performed on a CH Instrument 760C electrochemical work station using the proposed SPEs. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were performed on the above electrochemical work station with a three-electrode system consisting of an Ag/AgCl reference electrode, a Pt wire counter electrode and a working electrode, i.e., GCE or the working electrode of SPE. The diameter of both the working electrodes was 3 mm. An optical microscope (KH-7700, Hirox, Japan) was used to characterize the thickness of the ink layers and a 3D printer Form2 (FormLabs, Somerville, MA, United States) was used to fabricate the flow cell.
Design and Preparation of SPE
To meet the requirements of simultaneous detection of Pb(II), Cd(II), and As(III), a flexible SPE configured with two WEs, one CE, and one RE was designed and fabricated. Additionally, the polyimide film was used as the substrate of the SPE. The WE and CE were made of graphite ink while Ag/AgCl ink was used for the preparation of the Ag/AgCl quasi-RE, as shown in Figure 1A. Moreover, two kind of sensing nanocomposites, i.e., (BiO)2CO3-rGO-Nafion and Fe3O4-Au-IL were drop casted on the two working electrodes, where (BiO)2CO3-rGO-Nafion was used for the detection of Pb(II) and Cd(II) and Fe3O4-Au-IL was used for the detection As(III). As shown in Figure 1B, the proposed SPE with a flexible polyimide substrate is flexible and amenable to incorporation in flow cell.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the SPE. (B) Optical images of the SPE.
The procedure of SPE fabrication based on screen-printing is shown in Supplementary Figure S1, which illustrates the printing process of graphite ink and Ag/AgCl ink. The Ag/AgCl ink and graphite ink were printed separately on the polyimide substrate by the sweeping of a rubber squeegee across the screen surface. The desirable electrodes were obtained while the squeegee swept over an area on polyimide substrate, depositing the ink onto the substrate surface. After that, the obtained SPEs were dried in the oven at 60°C for 1 h. The patterning of the desirable electrode printed on the polyimide substrate was achieved by controlling the area with holes on the screen template, i.e., electrode pattern.
Fabrication of Flow Cell
The flow cell was first designed using Autodesk Inventor (Autodesk, San Rafael, CA, United States), and 3D-printed using a Form2 printer (FormLabs, Somerville, MA, United States), as shown in Figure 5. The flow cell was fabricated via stereolithography using standard clear resin from FormLabs. After that, the prepared flow device was washed in an isopropanol sonication bath for 20 min. The device was blown dry with pressurized air and photocured for 1.5 h at 60°C under ultraviolet light. The flow cell consists of two parts, i.e., bottom part and top part, which were assembled together using screws and nuts, as shown in Supplementary Figure S2. A sealed flow channel was formed by a gasket between top part and bottom part. The inlet and outlet were installed on the top of the flow cell, and a support was designed and used as an upholder for SPE.
Synthesis and Modification of Sensing Nanocomposites
The (BiO)2CO3-rGO-Nafion and Fe3O4-Au-IL sensing nanocomposites were synthesized based on previously reported protocols (Zhao et al., 2020; Sedki et al., 2021) using the following steps.
(BiO)2CO3-rGO-Nafion sensing nanocomposite: Briefly, a 60 ml mixture of 5 mg/ml Bi(NO3)3.5H2O and 0.5 mg/ml graphene oxide (GO) was prepared to obtain the GO-Bi3+ mixed solution. Then the mixed solution was chemically reduced by adding 0.51 g NaBH4 at 60°C with continuous stirring for 2 h. The (BiO)2CO3-rGO deposit was obtained by the centrifuging of the above solution. Subsequently, the obtained deposit was washed for three times to remove the solvent residues, and then the deposit was placed in the oven at 50°C overnight to totally dry. 1 mg of obtained solid composite was added into 4 ml DMF and sonicated for 20 min. After that, 0.5 wt% Nafion solution with a volume of 800 μL was mixed with the above 4 ml (BiO)2CO3-rGO solution to get the (BiO)2CO3-rGO-Nafion suspension.
Fe3O4-Au-IL sensing nanocomposite: A 40 ml mixed solution of 0.8 mg/L FeCl3·6H2O and 0.5 mg/L FeCl2·4H2O was prepared using ethylene glycol (EG) as solvent. Next, the above solution was heated to 80°C and 0.15 ml PVA (1%) was added to the mixture. Then the pH of the solution was adjusted to 10.0 by dropwise addition of ammonium hydroxide (5% v/v). The liquid-solid separation of the obtained mixture was achieved by applying an external magnetic field, and then the separated solid composite was washed several times with DI water to remove the solvent. The resulting black product was dried at 60°C under vacuum for 24 h. The decoration of Fe3O4MNPs on AuNPs was accomplished by adding 5 mg Fe3O4 to 10 ml of 2 mg/ml HAuCl4·3H2O aqueous solution with a sonication. Then 10 ml sodium citrate (1.0%) was added to the solution of Fe3O4-Au3+ at 80°C under vigorous stirring for an hour to obtain the AuNPs-Fe3O4. After that, 100 μL 0.5% ionic liquid was mixed with the above solution to obtain the Fe3O4-Au-IL suspension.
Then 6 μL of a (BiO)2CO3-rGO-Nafion suspension and 6 μL of a Fe3O4-Au-IL suspension were modified on the two working electrodes integrated in SPE, separately, and solidified in oven at a temperature of 60°C.
Preparation of the Simulated River Water Samples
Water samples simulating the composition of river water spiked with varying concentrations of HMIs were prepared to evaluate the analytical performance of the proposed detection system. The simulated river water consisted magnesium nitrate (150 ppm), ammonium chloride (60 ppm), potassium chloride (500 ppm), sodium citrate (50 ppm) and calcium chloride (500 ppm). The concentration of total dissolved solids (TDS) was 1,260 ppm. The analyte solution consisting of simulated water and acetate buffer (2.0 M, pH 5.0) with a volume ratio of 9:1 was used for each measurement to guarantee the pH 5.0 buffer condition with 0.2 M acetate.
Analysis Procedure of the Flow Injection System
The setup of the flow injection system is illustrated in Figure 2. A peristaltic pump was used to deliver the samples mixed with acetate buffer (pH 5.0, 0.2 M) through the tube and flow cell at a flow rate of 120 μL/s. The deposition and stripping steps were carried out using an electrochemical workstation that was connected to the SPE. The injected standards used to establish calibration plots were composed of acetate buffer (0.2 M, pH 5.0) with different concentrations of Cd(Ⅱ), Pb(Ⅱ), and As(Ⅲ). The SWASV detection was carried out after the baseline signal of WEs in fluid channel has stabilized.
[image: Figure 2]FIGURE 2 | Schematic illustration of the flow injection system for the analysis of HMIs.
The flow injection analysis procedure should be consistent with the detection procedure of SWASV, which can be divided into three steps. In the first step, the water sample in the beaker was delivered to the flow cell through the channel by the pumping while applying the deposition (metal ions were electrochemically reduced to metal) potential of −1.2 V for 200 s on the Cd(Ⅱ) and Pb(Ⅱ) WE and −0.9 V for 250 s on the As(Ⅲ) WE. During step 2, the pumping was manually paused first for 10 s, and a potential scanning (frequency, 25 Hz; increment potential, 5 mV; amplitude, 25 mV) was performed on WEs in a quiescent sample solution over a range of −0.55 to 0.05 V for As(Ⅲ) and −1.25 to −0.65 V for Pb(Ⅱ) and Cd(Ⅱ). Finally, the surfaces of WEs were activated/regenerated by applying a potential of −0.4 V for Cd(Ⅱ) and Pb(Ⅱ) and +0.6 V for As(Ⅲ) to remove the residual metals (step 3), which prepared the electrodes for a new cycle of stripping voltammetry analysis. The duration of each measurement was around 334.8 s for Cd(Ⅱ) and Pb(Ⅱ) and ∼384.8 s for As(Ⅲ). All the measurements were carried out in 0.1 M acetate buffer (pH = 5.0). A single-pole double-throw switch was used to electrically isolate the specific working electrode’s electrochemical detection and quantification of the corresponding target analyte by switching the electrochemical workstation to connect with different working electrodes of SPE to achieve the detection of target HMIs serially.
CFD Simulation Based on FEM
CFD simulation based on FEM was completed based on the steps illustrated on flowchart in Figure 3 for the optimization of the desired structure of the flow electrochemical cell. In presented simulations non-compressible model of fluid was used, the fluid parameters, i.e., dynamic viscosity and density, were 0.89 cP and 1,000 kg/m3, respectively. Additionally, the boundary conditions were as follows: fluid inlet velocity equal to 0.012 m/s, fluid mass-flow equal to 400 μL/min, fluid velocity equal to 0 m/s on channel walls.
[image: Figure 3]FIGURE 3 | Flow chart of CFD numerical methodology.
RESULTS AND DISCUSSION
Optical Microscope Analysis of the Proposed SPE
The morphology of graphite layer and Ag/AgCl printed on polyimide was investigated by optical microscopy (Supplementary Figure S3). The images show the graphite ink formed a homogeneous and dense printing layer on the substrate (Supplementary Figure S3A) and Ag/AgCl layer had the grains in different sizes, which should be the AgCl and Ag, respectively, distributed uniformly on the substrate (Supplementary Figure S3B). It can be seen from the Supplementary Figures S3C,D, respectively, that the graphite layer and Ag/AgCl layer were printed stably on the polyimide substrate, and the boundary between carbon graphite layer and polyimide and the boundary between the Ag/AgCl layer and polyimide was clear and regular as well, demonstrating that the inks printed on the substrate were well distributed and controllable.
Supplementary Figure S4 shows the thickness of carbon graphite and Ag/AgCl layers printed on the polyimide substrate. The thickness of Ag/AgCl layer, used as RE, was 7.3 μm (Supplementary Figure S4A) and the thickness of carbon graphite layer, used as WE and CE, was 7.4 μm (Supplementary Figure S4B). Additionally, the carbon graphite layer printed on the Ag/AgCl layer can be seen in Supplementary Figure S4C, where Ag/AgCl layer was used as a conducting layer in this case. The results from the Supplementary Figure S4C indicated that the thickness of carbon graphite layer and Ag/AgCl layer were 7.2 and 7.3 μm, respectively, that were consistent with the results shown in Supplementary Figures S4A,B. This validated that the printing strategy used for the preparation of SPE in this study is reliable. Moreover, we investigated the thickness of graphite layer using simulation (Supplementary Figures S4D,E). The simulation of the graphite layer’s thickness was carried out using the built-in software of the optical microscope (KH-7700, 156 Hirox, Japan). As illustrated in Supplementary Figure S4E, the simulated thickness of the graphite layer was 8.473 μm, which was almost the same to the thickness determined from Supplementary Figure S4B. Additionally, the simulated results also indicated that the printing layer thickness is relatively uniform.
Characterization of Sensing Nanocomposites Modified SPE
Electron microscopy, X-Ray Diffraction and Fourier transform infra-red spectroscopy were used to ensure the synthesized (BiO)2CO3-rGO and Fe3O4-Au nanocomposites had desired morphologies/structures and chemical compositions as reported in our previously published papers (Zhao et al., 2020; Sedki et al., 2021).
The surface morphologies of bare SPE, (BiO)2CO3-rGO-Nafion-modified SPE ((BiO)2CO3-rGO-Nafion/SPE) and Fe3O4-Au-IL-modified SPE (Fe3O4-Au-IL/SPE) were further examined in this paper. To investigate the morphology of sensing nanocomposites on the WEs of SPE, SEM was performed to observe the morphological changes resulting from the modification process, as shown in Figure 4. The bare/unmodified WE of SPE displayed a sheet-like structure, where the sheets can be ascribed to the graphite layers according to the composition of carbon ink (Figure 4A). After modification of the WE with the (BiO)2CO3-rGO-Nafion nanocomposite, the electrode morphology changed drastically, as evident by the abundance of nanoparticles observed on the graphite sheets, indicating the formation and uniform distribution of bismuth nanoparticles on the electrode (Figure 4B). The graphite sheet as a substrate on the WE of SPE supply a large specific area (Zhao et al., 2017) for the modification of (BiO)2CO3-rGO-Nafion film. Similarly, the altered morphology of Fe3O4-Au-IL-modified WE of SPE can be observed in Figure 4C. Many nanoparticles were distributed on the electrode surface, which are attributed to AuNPs and Fe3O4MNPs. In addition, it can be seen from Figure 4C, inset, that the AuNP is covered with Fe3O4MNPs, which can be expected to obtain a high catalytic performance for As(Ⅲ) detection. Au and Fe3O4 NPs were identified from SEM and EDS, and EDS mapping results are shown in Supplementary Figure S5, where the color distribution of the elements elucidates their homogeneous distribution on the electrode surface. The catalytic activity of Fe3O4-Au-IL nanocomposite on the enhancement of SWASV response for As(Ⅲ) detection was investigated by our previous works (Zhao and Liu, 2019; Sedki et al., 2021).
[image: Figure 4]FIGURE 4 | SEM images of (A) bare SPE, (B) (BiO)2CO3-rGO-Nafion/SPE and (C) Fe3O4-Au-IL/SPE.
The electrochemical behavior of bare WE of SPE, different nanocomposites modified WE of SPE and bare GCE was investigated and compared by cyclic voltammetry (CV) using a platinum wire and a Ag/AgCl electrode as CE and RE, respectively (Zhao et al., 2016). Figures 5Aa,Ab show the comparison of cyclic voltammograms obtained at a SPE and at a glassy carbon electrode (GCE) in an electrolyte with 0.1 M KCl and 5 mM [Fe(CN)6]3−/4−. As illustrated, well-defined anodic and cathodic peaks corresponding to the oxidation and reduction of the [Fe(CN)6]3−/4− redox probe were obtained at bare GCE, which was larger compared with the peak currents obtained at bare SPE WE. This maybe because the multilayer graphite nanosheets hinder the electron transfer from one graphite sheet to another one and/or the binder, dispersant, and solvent used for the preparation of SPE could block the electron transfer. After the modification of Fe3O4-Au-IL nanocomposite and (BiO)2CO3-rGO-Nafion nanocomposite on the SPEs, respectively, both of the peak currents at the electrode surface decreased due to the significant negative effect of poor conductivity of Fe3O4 and Nafion on the electron transfer on the surface of SPE, which was consistent with our previous reported results (Zhao et al., 2020; Sedki et al., 2021).
[image: Figure 5]FIGURE 5 | (A) Cyclic voltammograms of (a) GCE, (b) SPE, (c) Fe3O4-Au-IL/SPE, and (d) (BiO)2CO3-rGO-Nafion/SPE. (B) Electrochemical impedance spectroscopy (EIS) of (a) GCE, (b) SPE, (c) Fe3O4-Au-IL/SPE, and (d) (BiO)2CO3-rGO-Nafion/SPE. CV and EIS were performed with a three-electrode system consists of an Ag/AgCl reference electrode, a Pt wire counter electrode and a working electrode, i.e., GCE or the working electrode of SPE. The diameter of both the working electrodes was 3 mm.
Electrochemical impedance spectroscopy (EIS) was also used to further characterize the properties of the bare SPE, Fe3O4-Au-IL/SPE and (BiO)2CO3-rGO-Nafion/SPE, in which the charge transfer resistance (Rct) at the interface of electrode/electrolyte can be qualitatively evaluated by the semicircle of Nyquist plot (Jiang et al., 2013). The EIS was carried out on the electrochemical work station with a potential and amplitude of 0.25 and 0.01 V, respectively, over a frequency range of 0.1 Hz–105 Hz. As shown in Figures 5Ba,5Bb, the semicircle diameter of bare SPE is larger than bare GCE, which indicated a large charge transfer resistance at the interface between electrode and electrolyte composed of 0.1 M KCl and 5 mM [Fe(CN)6]3−/4−. The EIS analysis of Fe3O4-Au-IL/SPE and (BiO)2CO3-rGO-Nafion/SPE can be seen in Figures 5Bc,Bd, respectively, which pointing out an increasing trend compared with bare SPE. A possible reason for this phenomenon can be ascribed to the poor electrical conductivity of Fe3O4 and Nafion. The analysis results of EIS were consistent with those of CV and our previous investigation results as well (Zhao et al., 2020; Sedki et al., 2021).
CFD Simulation of Flow Device Fabrication
The computational fluid dynamic (CFD) simulation (Malecha and Golonka, 2006; Malecha et al., 2011) was carried out to optimize the structure of the flow cell using COMSOL Multiphysics, and consequently obtain the optimum efficiency of deposition and stripping for the stripping voltammetry detection of HMIs. An incompressible 2D Navier–Stokes (NS) flow model was applied in the simulation of the flow characteristics in the flow cell. The flow along the inside wall of the flow cell was considered as a no-slip condition. Additionally, the water was used as an example of fluid for the CFD simulation with a density of 1,000 kg/m3 and a dynamic viscosity of 0.89 cP (Vasudev et al., 2013). Figure 6 shows the picture of real flow cell with specific dimension. The actual size of the desirable 3D printed flow cell was ∼1 mm high, ∼1 cm wide and ∼2.5 cm long. According to the Eqs 1, 2, the calculated value of Reynolds number (Re) of the flow cell for a velocity of 0.012 m/s was around 24.27, which indicates that flow is laminar (Re < 2200).
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where μ, u and ρ were the dynamic viscosity, velocity and density of the fluid, respectively. In addition, L is the characteristic linear dimension; Dh is the hydraulic diameter of the pipe; A is the cross-sectional area; and P is the wetted perimeter.
[image: Figure 6]FIGURE 6 | Optical images of the flow cell.
Taking the processes of electrodeposition and stripping of the HMIs and the characteristics of the fluid into account, the equations of convection-diffusion (3) and NS (4) were used here.
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where u, μ and ρ are velocity, dynamic viscosity and density of the fluid, respectively. Moreover, c and D are the concentration and diffusion coefficient of the species, respectively. Additionally, p is the pressure and f is the external force.
To begin, we investigated and optimized the effect of positioning the inlet and outlet on the top (same side) of the rectangular flow cell by the simulation of flow field at different fluid velocity, i.e. 1 μm/s, 100 μm/s and 4 mm/s, at the inlet with a no-slip boundary condition (Figure 7A). According the results of flow field simulation, small vortices were formed along with “dead zones,” i.e., regions without the distribution of flow, which can result in a negative effect on the deposition of HMs on the electrode. Moreover, when the fluid velocity increases to a high value, the samples solution will directly pass through the flow cell from inlet to outlet with a short residence time.
[image: Figure 7]FIGURE 7 | Results of CFD simulation in (A) square chamber (inlet and outlet are on the same side), (B) square chamber (inlet and outlet are on each side), and (C) elliptical chamber (inlet and outlet are on each side).
We next simulated the flow field trajectory in the flow cell with the inlet and outlet on opposite side of rectangle cell, as shown in Figure 7B. The results show that the flow field trajectories were uniformly distributed across the flow cell, but there were still some “dead zones.” Based on this simulation results, a modification for the previous design was carried out with a goal of enabling the shape of the flow cell match the observed elliptical flow field. The simulated flow field trajectories in the optimized flow cell with ellipse shape is shown in Figure 7C, which indicated that the “dead zones” was efficiently eliminated. Furthermore, a uniformly distributed flow field can be also found in the elliptic cell.
Optimization of Detection Parameters
To obtain a low detection limit and a high sensitivity, the effect of deposition potential and time on the stripping voltammetry response were examined using the flow system containing 50 μg/L As(Ⅲ) and 20 μg/L each of Pb(Ⅱ) and Cd(Ⅱ) in a wide range of parameter values. Deposition potential over a range of −0.3 V to −1.8 V was investigated, as shown in Figure 8A, where a highest stripping current can be found at the potential of −1.2 V for Pb(Ⅱ) and Cd(Ⅱ) and −0.9 V for As(Ⅲ). Therefore, deposition potentials of −0.9 V for As(Ⅲ) and −1.2 V for Cd(Ⅱ) and Pb(Ⅱ) were chosen for the following experiments.
[image: Figure 8]FIGURE 8 | Effects of the (A) deposition potential, (B) deposition time and (C) flow rate on the stripping response of As(Ⅲ), Cd(II), and Pb(II). Each data point is an average of 3 measurements from 3 electrodes and error bars represent ±1 standard deviation.
The influence of deposition time on stripping voltammetry response of different modified electrodes is presented in Figure 8B. The stripping voltammetry responses of Pb(Ⅱ) and Cd(Ⅱ) and As(Ⅲ) were slightly changed after the deposition time reached a specific value from the range of 50–500 s. Taking both the efficiency and sensitivity into account, 200 and 250 s were selected as the deposition time and used for the stripping voltammetry detection of Pb(Ⅱ)/Cd(Ⅱ) and As(Ⅲ), respectively, in subsequent experiments.
As shown in Figure 8C, the optimal value of the delivery flow rate was investigated. For the flow injection analysis of 30 μg/L each of Pb(II) and Cd(II), the stripping peak currents rapidly increased when the flow rate increased from 8 to 120 μL/s and increased slightly from 120 to 168 μL/s. However, the stripping peak currents of 20 μg/L As(Ⅲ) began to decrease when the flow rate was above 120 μL/s. In order to reduce the consumption of the reagents and the samples and increase the preconcentration efficiency, 120 μL/s was selected as the flow rate for the flow injection analysis of the three HMIs. The reasons for the decrease of the stripping current of As(Ⅲ) as the flow rate increased above 120 μL/s can be explained as follows. The effect of flow rate on the stripping currents of HMIs was determined by the compromise between the thickness of diffusion layer and the time of residence. The time of residence at a lower flow rate was longer while the diffusion layer was thicker, which lead to a decrease of the As(Ⅲ) stripping voltammetry response. However, the time of residence was too short at a higher flow rate (Kokkinos et al., 2016), although the thickness of the diffusion layer decreased.
Investigation of Electrode Precision
In order to verify the detection performance of the proposed electrodes, i.e., Fe3O4-Au-IL/SPE and (BiO)2CO3-rGO-Nafion/SPE, inter-electrode precision was investigated by the repetitive SWASV measurements of 20 μg/L Pb(II), Cd(II), and As(Ⅲ) using five different electrodes, and reproducible results can be observed with relative standard deviations (RSDs) of 4.53% for Cd(II), 5.54% for Pb(II), and 3.36% for As(Ⅲ). Additionally, intra-electrode precision of the proposed electrodes was further investigated by the five repeated SWASV measurements of 30 μg/L Pb(II), Cd(II), and As(Ⅲ) using one electrode, which the RSDs were 2.68%, 2.95%, and 2.28% for Cd(II), Pb(II), and As(Ⅲ), respectively. The proposed electrodes exhibited excellent inter-electrode and intra-electrode precision in repeated SWASV measurements of target metal ions under the optimal conditions. Moreover, the stability of the proposed electrodes was satisfying, as the stripping response of the proposed electrodes for Cd(II), Pb(II), and As (Ⅲ) hardly changed after keeping in air for 1 week, which meet the detection requirement of wastewater.
Quantitative Detection of HMIs Using the Flow System
After the optimization of the SWASV parameters and flow rate, the flow system was applied in the detection of Cd(II), Pb(II), and As(Ⅲ) in acetate buffer solution. In the case of As(Ⅲ) detection, as shown in Figure 9A, Fe3O4-Au-IL modified electrode was used as WE with a deposition potential of −0.9 V for 250 s. The concentration of As(Ⅲ) was proportional to its corresponding stripping peak current over a concentration range from 0 μg/L to 50 μg/L based on the optimal parameters obtained above, in which the correlation coefficient and equation of the linear regression were R2 = 0.99 and Peak current = 0.13*Concentration of As(Ⅲ) + 0.1, respectively, as shown in Figure 9B. The standard deviations of the slope and intercept of the linear regression equation were 0.005 and 0.133, respectively. Additionally, the limit of detection (LOD) of the Fe3O4-Au-IL modified electrode integrated in the proposed flow injection system for the stripping voltammetry analysis was 2.4 μg/L (S/N = 3). The LOD was calculated based on the equation of LOD = 3 × SD/S, in which SD is the standard deviation of blank response and S is the slope of calibration plot.
[image: Figure 9]FIGURE 9 | (A) Square wave anodic stripping voltammograms of As(Ⅲ) (0, 10, 20, 30, 40, and 50 μg/L). (B) The calibration curves for As(Ⅲ). Each data point is an average of 3 measurements from 3 electrodes and error bars represent ±1 standard deviation.
The detection performance of the proposed flow system was also verified by the analysis of Cd(II) and Pb(II) using SWASV. Figure 10A presents SWASV curves for different concentrations of Pb(II) and Cd(II) obtained at (BiO)2CO3-rGO-Nafion/SPE in acetate buffer (pH 5.0). The measurements of the SWASV were carried out using a deposition potential of −1.2 V for 200 s with a potential scanning from −1.25 V to −0.65 V in the stripping step. The stripping voltammetry responses for Pb(II) and Cd(II) showed monotonic linear relationship with increasing concentrations over a range of 0–50 μg/L, which can be seen in the calibration plots with linear regression analyses, as shown in Figures 10B,C, respectively. The regression equations were obtained as, Peak current = 0.19*Concentration of Pb(II)−0.34 (R2 = 0.97) for Pb(II); and Peak current = 0.26*Concentration of Cd(II)−0.31 for Cd(II). The standard deviations of the slope and intercept of the linear regression equations for Pb(II) and Cd(II) were 0.018 and 0.469, 0.020, and 0.473 respectively. The LODs were estimated to be 1.2 μg/L for Pb(II) and 0.8 μg/L for Cd(II), respectively. The interference of non-target ions, such as Mg2+, K+, Na+, Fe2+, Mn2+, Zn2+, Ca2+, Cu2+, Cl−, F−, NO3−, CO32−, PO42− and SO42− at 102-fold higher concentrations than As(III) and 104-fold higher concentrations than Pb(II) and Cd(II) on the stripping responses of target HMIs was investigated. The results showed that, amongst the non-target ions, there was a small interference from Zn(II) on Pb(II) and Cd(II) detection at the (BiO)2CO3-rGO-Nafion/SPE. However, the concentration of Zn(II) in most waters is at trace level, which would not make a significant influence on the stripping current of Cd and Pb (Zhao et al., 2020; Sedki et al., 2021). Additionally, the results also showed peak current decrease of ∼28.56 and ∼24.92%, respectively, for Cd(II) and Pb(II) at the (BiO)2CO3-rGO-Nafion/SPE in presence of 104 fold higher Cu(II) concentration and ∼18.95% for As(III) at the Fe3O4-Au-IL/SPE in presence of 102 fold higher concentration of Cu(II). However, this would not make a significant influence on the stripping currents of target HMIs as the concentration of Cu(II) in most waters is at trace level. Furthermore, masking agent, such as hexacyanoferrate (II), that mask copper effectively without having a detrimental effect on the responses of target HMIs can be used to block Cu(II) interference (Crowley and Cassidy, 2002; Zhao et al., 2016). Furthermore, the detection performance comparison of several different reported flow devices are shown in Table 1. According to the results presented in Table 1, the proposed 3D-printed flow cell integrated with a nanocomposites modified SPE exhibited a comparable and even lower detection limit and less deposition time. Moreover, the proposed flow system was easy to fabricate with a low cost, and finally achieved the detection of Pb(II), Cd(II), and As(III) serially.
[image: Figure 10]FIGURE 10 | (A) Square wave anodic stripping voltammograms of Cd(II) and Pb(II) (0, 10, 20, 30, 40, and 50 μg/L). The calibration curves for Pb(II) (B), and Cd(II) (C). Each data point is an average of 3 measurements from 3 electrodes and error bars represent ±1 standard deviation.
TABLE 1 | Comparison of different flow devices used in the detection of HMs.
[image: Table 1]Application to Simulated River Water Samples
The stripping voltammetry analysis of Pb(II), Cd(II), and As(Ⅲ) in simulated/synthetic water samples was performed using the proposed flow system to estimate the applicability of the proposed platform composed of a 3D printed flow cell device coupled to a flexible SPE comprising two sensing nanocomposite modified working electrodes. The procedure of simulated river water experiment can be described as follows: First, the measurement was carried out for the initial water sample, and the corresponding results were obtained, i.e., the concentrations of water samples before spiking, which are listed in the second column of Table 2. After that, the standard solutions of specific HMIs were added into the water samples, consequently, the concentrations of water samples after spiking were obtained, i.e., the concentrations of water samples after spiking, which are listed in the fourth column of Table 2. As shown in Table 2, the average recoveries of Pb(II), Cd(II), and As(Ⅲ) were calculated to be 97.55%, 97.79%, and 97.98%, respectively, demonstrating excellent accuracy and selectivity of the sensor system for the targets even in presence of very high concentration of ions such as Mg2+, K+, Na+, NH4+ Ca2+, Cl−, NO3− and citrate, and the feasibility/potential of the proposed system for environmental monitoring of Pb(II), Cd(II), and As(Ⅲ) in complex water samples.
TABLE 2 | Results of multiplexed detection of Cd(II), Pb(II), and As(Ⅲ) in simulated water samples.
[image: Table 2]CONCLUSION
In this paper, a flexible and disposable SPE for the stripping voltammetry measurement of Cd(II), Pb(II), and As(Ⅲ) coupled to a 3D-printed flow cell has been developed. The SPE integrated two different working electrodes modified by (BiO)2CO3-rGO-Nafion nanocomposite and Fe3O4-Au-IL nanocomposite for the SWASV determination of Cd(II)/Pb(II) and As(Ⅲ), respectively, which efficiently enhanced the sensitivity of the sensor. The design of the 3D printed flow cell was optimized by the CFD simulation to ensure efficient deposition of HMIs. The morphology and electrochemical property of different modified electrodes were also investigated. Additionally, experimental parameters for electrochemical detection of HMIs coupled with flow cell (e.g., flow rate, deposition period, and deposition potential) were optimized. The flow cell coupled with nanocomposite-modified multiplexed SPE provided effective and rapid detection of HMIs with low LODs and excellent recovery, which suggests a potential for future application in automated in-line detection of HMIs in the field.
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This work investigates the previously unexplored impact of tensile stress on oxygen reduction reaction (ORR) kinetics of a precipitation-hardened, stainless-steel fastener material, UNS S13800. ORR is known to drive localized and galvanic corrosion in aircraft assemblies and greater understanding of this reaction on structural alloys is important in forecasting component lifetime and service requirements. The mechano-electrochemical behavior of UNSS13800 was examined using amperometry to measure the reduction current response to tensile stress. Mechanical load cycles within the elastic regime demonstrated reversible electrochemical current shifts under chloride electrolyte droplets that exhibited a clear potential dependence. Strain ramping produced current peaks with a strain rate dependence, which was distinct from the chronoamperometric shifts during static tensile load conditions. Finally, mechanistic insight into the dynamic and static responses was obtained by deoxygenation, which demonstrated ORR contributions that were distinct from other reductive processes.
Keywords: galvanic corrosion, atmospheric corrosion, ORR, stress, strain, stainless-steel, mechano-electrochemistry
INTRODUCTION
Mechanical stress and strain effects on reaction kinetics are well recognized for noble metal electrocatalyst materials (Amakawa et al., 2013; Du et al., 2015; Yan et al., 2016). For Pt catalysts, elastic strain has been deconvoluted from ligand effects using a NiTi shape memory alloy substrate. Compressive strain resulted in a 52% enhancement of the oxygen reduction reaction (ORR) kinetic rate while tensile strain led to a 35% decrease of the rate constant. These effects were attributed to changes in the overlap of adsorbate bonding and anti-bonding states with the Pt d-band. The mechanism was argued to originate from increased (compression) or decreased (tension) adsorbate bonding strength when the surface coverage of reaction intermediates was decreased or increased, respectively. Similar work has also been shown for Pd monolayers, in which lattice mismatch with various substrates is employed to induce compressive and tensile strain, to produce a linear correlation with hydrogen desorption potentials, in agreement with d-band theory (Kibler et al., 2005). Additionally, a large area of nanoparticle ORR catalyst research is based on lattice strains that arise from size and alloying effects, providing a clear and significant correlation between reaction kinetics and strain on clean metal surfaces (Strasser et al., 2010).
In contrast to noble metals, structural alloys are microstructurally heterogeneous and covered with relatively thick surface oxides, on the order of nanometers, that consequently yield a more complex electrocatalytic response to stress. Surface oxides are essentially dielectric, or semiconducting, thin films that span a range of conductivities. They are also subject to several distinct charge transfer mechanisms that influence their response to stress (Paola, 1989; Costa et al., 2014). Further, the passive films on structural alloys are not isomorphous. They range from amorphous to polycrystalline; typically falling within a nanocrystalline regime over alloy grains and have less order over intergranular regions (Maurice and Marcus, 2018). As a result, stress has multiple mechanistic routes to impact corrosion reaction kinetics (Chen et al., 2008; Thébault et al., 2011; Wang et al., 2014; Van den Steen et al., 2016; Hangarter C. and Policastro S. A., 2017; Hangarter C. M. and Policastro S. A., 2017; Liu et al., 2017; Palani et al., 2017; Alexander et al., 2018). Strain on pristine semiconductors induces density of states shifts that have been shown to impact charge carrier mobility (Sun et al., 2007). In addition, applied strains can drive defect formation and migration within the oxide, which the point defect model (Macdonald, 2011), has suggested can affect charge transfer rates at the metal-oxide interface. The complexity of the response of the oxide to strain suggests that there are multiple mechanisms occurring within the oxide. These can be observed, not only beyond the transition between elastic and plastic deformation of the oxide, but even within the expected elastic deformation region of the stress-strain curve for the oxide.
Vignal et al. (2001) used electrochemical impedance spectroscopy (EIS) studies to demonstrate elastic stress induced increased passive film conductivity for UNS S31600. These differences were argued to arise from film micro-plasticity above 70% of the yield strength. A separate report used a redox couple, Ru(NH3)63+/2+, with a scanning electrochemical microscopy (SECM) feedback loop to quantify stress-affected charge transfer. That study examined UNS S31600 and found the heterogeneous kinetic constant decreased with applied tensile stress while the transfer coefficient remained unchanged (Sun et al., 2008). A similar SECM study on UNS S30400L yielded contradictory results with a different redox mediator, Fe(CN)63−/4−. This discrepancy was attributed to adsorption differences in the supporting electrolyte (KNO3 vs. KSO4) as well as chemical and electronic structure differences of the passive film. Qualitative agreement with the latter was observed for acid treated UNS S30200 stainless steel springs under tensile stress, but the magnitude was greater, essentially doubling the kinetic constant. Taken as a whole, these reports indicate that the kinetic responses to elastic tensile stress for austenitic stainless steels is dependent on the material, pretreatment, and electrolyte due to passive film differences. In addition, there could also be opposing stress mechanisms at play in the elastic vs. plastic regimes (Sun et al., 2007; Sun et al., 2008; Svedruzic and Gregg, 2014; Maurice and Marcus, 2018).
The impact of stress and strain on the ORR kinetics is important from a galvanic corrosion perspective because aluminum alloys are commonly used for aircraft applications due to their high strength-to-weight ratio. However, because of the difficulty posed by the non-weldability of high-strength aluminum alloys, aircraft components are typically joined with fasteners (Boyer et al., 1984). These fasteners are usually made from stainless steel or titanium alloys that are more noble than the aluminum alloys used in airframe construction. Once electrical and ionic conductivity between the dissimilar metals is in place, galvanic corrosion can occur(Matzdorf et al., 2013; Feng et al., 2014; Feng and Frankel, 2014; Hangarter C. and Policastro S. A., 2017). This galvanic process consists of the ORR on the more noble material driving corrosion of the aluminum alloy, often at an accelerated rate. Prior work has shown that the galvanic corrosion in atmospheric environments can be more complex than what occurs under immersion conditions. Atmospheric environments are characterized by discontinuous electrolytes or droplets with unique physical and chemical constraints. These distinctions include an electrolyte that varies with temperature and humidity, with chloride concentrations from deliquescence to below seawater concentrations and oxygen diffusion lengths defined by electrolyte geometry (Schindelholz and Kelly, 2012; Liu et al., 2017; Marshall et al., 2019). The complexity of a galvanic atmospheric corrosion system is such that standard accelerated tests (e.g., ASTM B117) will often fail to produce the correct corrosion mechanisms and exhibit poor correlations with corrosion rates obtained from atmospheric exposures. Addressing the challenge of atmospheric corrosion requires targeted modeling and experimental approaches that can duplicate corrosion rates and reactions observed in relevant environments.
From an atmospheric perspective, the impact of chloride concentration on native oxide film charge transfer has yet to be examined. Recent work in dilute chloride electrolytes has demonstrated that chloride ions decreased passivity due to hindered enrichment of Cr3+, Mo4+ and Mo6+ content, while increasing hydroxylation in the passive film outer layer (Wang et al., 2020). This suggests the range of chloride concentrations experienced during galvanic atmospheric corrosion likely has an impact on passive film structure and charge transport. Importantly, stress-affected charge transfer studies discussed above have been limited to austenitic stainless steels. No work to date has specifically examined stress-affected kinetics on precipitation hardened martensitic alloys, which are typically used for high strength application in the aerospace industry. Moreover, while studies with redox mediators provide insight into charge transfer behavior, their redox potential is typically more positive than that required for ORR.
This work examines the effect of stress on cathodic current rates, to include ORR, for precipitation hardened stainless steel UNS S13800 PH. Chronoamperometry was used to monitor the effect of stress profiles on ORR current in real time. A droplet electrolyte cell in an environmental chamber was utilized to attain atmospheric corrosion conditions in high chloride concentrations. Two different experimental cell configurations were used for complementary oxygenated and deoxygenated experiments that enabled further analysis of the amperometric results.
MATERIALS AND METHODS
Materials
The as-received UNS S13800 was precipitation hardened at 950°C with nominal composition indicated in Table 1. Sodium chloride (>99%), acetone (>99%) and isopropyl alcohol (>99%) (Fisher Scientific; Pittsburgh, PA, United States) were used without further purification.
TABLE 1 | Nominal composition of UNS S13800.
[image: Table 1]Sample Preparation
UNS S13800 specimens were machined from bar stock into double-notch dogbone coupons. The dimensions and static stress analysis are shown in Figures 1A,B. A refining sequence of SiC paper (220P to 4000P) was used to grind the top surface down to a final notch thickness of 60–100 µm. Coupons were subsequently polished with 3 and 1 µm aqueous diamond slurries on a microfiber polishing pad. The polished coupons were washed with ultra-sonication in acetone, isopropyl alcohol, and 18 MΩ cm water for 5 min each. Cleaned coupons were dried under flowing nitrogen gas and masked to electrochemically constrain the active area above the notch region using polyester tape with a rubber-silicone adhesive blend.
[image: Figure 1]FIGURE 1 | Schematic of the machined sample (mm) (A) and the corresponding static stress analysis (B). Schematics for the environmental chamber configuration (C) and gas flow cell (D) are shown with labeled components.
Characterization
Two different configurations were used to characterize the mechano-electrochemical behavior of UNS S13800. The first configuration is shown in Figure 1C and consisted of a compact load frame (Psylotech, Evanston, IL, United States) fixed to an aluminum breadboard inside an environmental chamber. The chamber was used to establish the temperature and relative humidity around the system. The relative humidity for a given temperature determines the partial pressure of water at that temperature, which determines the equilibrium water activity for hygroscopic salts above the efflorescence point (Shinohara et al., 2004; Van den Steen et al., 2016; Policastro et al., 2019). Relative humidity values of 95% and 80% (at 25°C) were used to maintain concentrations of approximately 0.6 and 4.6 M NaCl, respectively (Tang et al., 1986; Tang et al., 1997; Policastro et al., 2019). The coupon was mounted to the load frame with clamp grips containing garolite spacers to prevent ground loops between the load frame and the potentiostat controller. 0.6 or 4.6 M NaCl electrolyte (5–100 µl) was dispensed onto the active region of the specimen and a micromanipulator was used to position the reference and counter electrode in contact with the electrolyte. After positioning, the chamber was closed and allowed to stabilize for 30 min before initiation of the electrochemical experiments.
The second configuration (Figure 1D) was used to perform deoxygenated experiments with flowing gases without the use of a commercial environmental chamber. This setup, which employed a small plastic cell fixed to the specimen, enclosed the notch region of the specimen, but excluded the grip region. The cell was sealed to the specimen with marine epoxy (5200, 3M; St. Paul, MN, United States). Likewise, the reference and counter electrodes were fixed to the cell lid with marine epoxy. Threaded luer connectors were attached and sealed to the cell body for the gas inlet and outlet. The specimen was masked with polyester tape in the same way as the first setup. The relative humidity inside the small plastic cell was set by partitioning a fraction of the total gas flow through an aqueous bubbler to obtain both dry and saturated (100% RH) gas lines that were then recombined prior to entering the cell. The flow rate of each line was fixed with mass flow controllers to reach the specified relative humidity. Dry air and nitrogen were used as the flowing gas feed during oxygenated and deoxygenated experiments, respectively.
Both configurations used a Pt wire counter electrode and Ag/AgCl reference electrode. The reference electrode was checked against a saturated calomel electrode (SCE) prior to use and all potentials are reported against SCE (VSCE). Chronoamperometric experiments were conducted at −0.25, −0.5 and −0.8 VSCE. Mechanical load profiles conducted during chronoamperometric experiments were sequences performed with displacement control consisting of a tensile ramp, a static load, and a compressive ramp back to the pre-loaded state. Stress was measured with an inline load cell. A series of load sequences were utilized to examine strain rate effect and reproducibility.
Bulk polarization experiments were conducted in 0.6 and 4.6 M NaCl with a jacketed corrosion cell. A water circulator was used to maintain a steady temperature during experiments. Coupons were 1″ × 1″ × 1/8″ and masked to a 5/16″ diameter circle with polyester tape. A Pt mesh and SCE were used as counter and reference electrodes, respectively, with the reference electrode inside a fritted salt bridge containing saturated KCl to minimize ohmic drop. Potentiodynamic scans were performed cathodically (UNS S13800) from 0.02 VOCP to −1.2 VSCE and anodically (UNS A97075) −0.02 VOCP to −0.6 VSCE at a scan rate of 0.167 mV/s after an 18-h open circuit hold.
RESULTS
Polarization
The cathodic polarization response for UNS S13800 is overlaid with the anodic response for UNS A97075 (AA7075T6) in Figure 2. These polarization curves were performed in cylindrical-bodied corrosion test cells (BioLogic; Knoxville, TN, United States) containing 300 ml of either 0.6 or 4.6 M NaCl. These NaCl concentrations are of interest in atmospheric corrosion as they correspond to sea water and the equilibrium NaCl droplet concentrations at 25°C/80% RH, respectively (Tang et al., 1997). UNS S13800 has a well-defined OCP between 0.0 and −0.1 VSCE which is followed by the ORR activation region until approximately −0.5 VSCE, at which point the current transitions to diffusion limited ORR. In both cases onset of the hydrogen evolution reaction (HER) from water reduction occurs negative of the ORR limiting current, −1.0 VSCE in 0.6 M NaCl and −0.9 VSCE in the 4.6 M NaCl.
[image: Figure 2]FIGURE 2 | The polarization curves for UNS S13800 and UNS A97075 in (A) 0.6 and (B) 4.6 M NaCl at 25°C.
The potentials selected for the mechano-electrochemical experiments on the stainless-steel oxide were potentials at which ORR was under activation control (−0.25 VSCE), mixed control (−0.5 VSCE) and diffusion control (−0.8 VSCE). The latter is in close proximity to galvanic corrosion potentials observed from polarization experiments in Figure 2 (curve cross-over), which is the anticipated potential when UNS S13800 is coupled to UNS A97075. Anodic polarization of UNS A97075 displays rapid activation spanning over five orders of magnitude in corrosion rate in 50 and 30 mV for the dilute and concentrated NaCl solutions, respectively. The intersection of polarization curves has been used to predict both the galvanic corrosion potential and current. In Figures 2A,B the galvanic current is measured at 60 μA/cm2 and 7.4 μA/cm2 in 0.6 and 4.6 M NaCl, respectively.
The polarization curves in Figure 2 suggest UNS S13800-UNS A97075 galvanic couples in a 1:1 cathode to anode area ratio would be under cathodic control. This is due to the ORR diffusion limited behavior near the galvanic potential, which results in relative potential insensitivity of the ORR rate in contrast to the much smaller Tafel slope of UNS A97075. Additionally, the predicted galvanic corrosion rate from polarization curves in Figure 1 is ∼8.1 times larger in 0.6 M NaCl (60 μA/cm2) than 4.6 M NaCl (7.4 μA/cm2). This is in accord with the limiting diffusion current (il) equation:
[image: image]
Equation 1 indicates the limiting current density is proportional to the Faraday constant (F), the reaction equivalent (n), oxygen diffusivity ([image: image]) and oxygen concentration ([image: image]) and inversely proportional to the diffusion thickness layer (δ). The oxygen saturation concentrations for the two NaCl concentrations reside at 214 and 68 µmol O2/kg H2O for 0.6 and 4.6 M NaCl, respectively(Millero et al., 2002). The oxygen diffusivities have been reported to be 1.97 × 10−5 and 1.40 × 10−5 cm2/s for 0.6 and 4.6 M NaCl at 25°C, respectively(Mizuno and Kelly, 2013). These differences give a [image: image] ratio of 118:10, an 11 fold difference in driving force for oxygen diffusion, which is similar to the limiting current density ratio.
Chronoamperometry
Chronoamperograms for UNS S13800 were collected utilizing the experimental configuration shown in Figure 1C. Representative chronoamperograms, along with the overlaid concurrent stress profile (right ordinate), are shown in Figures 3A–C. The stress reaches values of 700–800 MPa, residing well within the elastic regime for UNS S13800 which is reported to be ∼1,450 MPa (Tyler et al., 1991). Tensile holds were examined at varied strain rates that included some combination of 0.00002, 0.0002, 0.002 and 0.02/s. The measured current transients showed an increased cathodic current during the strain ramp. The cathodic current stabilized during the tensile hold and then returned to baseline values upon release to the pre-loaded state. Additionally, cathodic and anodic current peaks demarcated initiation and termination of the response for the faster strain rates. Quantification of the current response to tension was determined by the difference in current under tension (it) and the baseline current (io) using the following equation:
[image: image]
[image: Figure 3]FIGURE 3 | Chronoamperograms (gray solid line, left ordinate) and corresponding stress profiles (red dashed line, right ordinate) for UNS S13800 with 25 μl of 4.6 M NaCl at 25°C and 80% RH for (A) −0.25 VSCE, (B) −0.50 VSCE and (C) −0.80 VSCE. Strain rates for (A–C) follow a sequence of 0.0002, 0.002 and 0.02/s. The current responses for 4.6 and 0.6 M NaCl determined from Eq. 1 are shown in (D) as a function of potential.
The current response for UNS S13800 under 0.6 and 4.6 M NaCl is shown in Figure 3B with an inset displaying it and io regions of the current response. Values for it and io were determined from the average of current values over the 5 s just prior to tensile and compressive ramping, respectively. The current response increased monotonically with more negative potentials. Measurements performed in dilute NaCl solutions displayed a larger current response when the ORR was under diffusion limited control.
Close examination of the chronoamperometry in comparison with the stress profiles (Figure 4) reveal the current peaks observed during high strain rates closely follow tension ramping and relaxation steps. The cathodic peak (Figure 4B) can be split into a cathodic (ascending) and anodic (descending) region that correspond with the transition from the strain rate maximum (red) to a declining strain rate (pink) just prior to the static hold. The response during relaxation (Figure 4C) does not exhibit a distinct correlation between current direction and strain rate changes. In contrast, the anodic peak that occurs once the strain rate changes to relaxation, rapidly rises over the course of 0.2 s to a maximum value, but then turns cathodic while the strain ramp is still at 0.002/s.
[image: Figure 4]FIGURE 4 | (A) Chronoamperogram (left ordinate) overlaid with stress profile (right ordinate) for UNS S13800 under 25 μl of 4.6 M NaCl at 25°C and 80% RH at −0.50 VSCE. The current response and stress profile to (B) tensile and (C) compressive ramping are also shown on a finer time scale. The nominal strain rate during ramping is 0.002/s.
DISCUSSION
Identifying the reaction processes affected by mechanical load profiles is important for interpretation of mechano-electrochemical responses on oxide covered structural alloys. From Figure 3 the two primary amperometric responses include a shift in the reduction current during tensile holds and current peaks during strain ramps with electrochemical polarity (cathodic and anodic) that corresponds to strain direction (tensile and compressive). Although ORR is recognized as the primary reductive reaction in oxygenated environments for potentials this work examined, additional contributions could arise from oxide dynamics or even HER. Importantly, HER is also occurring at the most negative potential examined, albeit at rates 1–2 orders of magnitude smaller than ORR based on extrapolation of the HER Tafel slope in Figure 2.
A modified experimental configuration shown in Figure 1D was implemented to switch between oxygenated (air) and deoxygenated (N2) atmospheres to better identify ORR contributions. This strategy allowed for direct comparison of amperometric baseline shifts and current peaks in oxygenated and deoxygenated environments, shown in Figure 5 for −0.25 and −0.80 VSCE, along with concurrent stress profiles (Figure 5 bottom plots). A fine scale view of the chronoamperograms at −0.25 VSCE is shown in the middle plot of Figure 5A. Comparison in these environments reveals the current response in N2 (red line) is close to the baseline during the tensile hold, while a clear shift was observed in air (gray line). The N2 ramp regions at −0.25 VSCE display current peaks that are aligned and of the same approximate magnitude as the corresponding oxygenated experiments. However, an anodic oscillation is observed following the cathodic peak at both 0.002 and 0.02/s. At the more negative potential, -0.80 VSCE, the deoxygenated environment not only suppresses ORR but an anodic current, with respect to the baseline current, is observed for each strain rate. These results, as a whole, demonstrate the current shift during tensile holds (it) is primarily attributable to ORR while the current peaks are likely a conflated response to ORR and oxide dynamics.
[image: Figure 5]FIGURE 5 | (A) Baseline subtracted chronoamperograms under 25 µl of 4.6 M NaCl in air and nitrogen atmospheres along with corresponding stress profile at (A) −0.25 VSCE and (B) −0.80 VSCE. A finer scale chronoamperogram is shown in the middle plot of (A).
Surface oxides play an important role in dictating charge transfer on corrosion resistant materials. Therefore, oxide dynamics under mechanical loads are important in understanding the amperometric behavior reported in this effort (Moffat et al., 1992). Specific oxide behavior is often quite difficult to definitively assign as this umbrella term may include changes in charge carrier concentration/mobility, oxide thickness, and electroactive adsorbed species, as shown in Figure 6. Even though these mechanisms are discussed and depicted separately in Figure 6, it is important to recognize they are not necessarily mutually exclusive.
[image: Figure 6]FIGURE 6 | Schematic of mechanisms that may impact reductive reaction rates going from an unstressed to tensile state include conductance changes from (A) oxide thinning and (B) donor concentration/mobility changes as well as rate changes from (C) ad/desorption phenomena.
The increased ORR current during tensile holds is consistent with a drop in oxide resistance. Moreover, this resistance change appears fully reversible with a return to the current baseline values after decay of the current peak. Although the reductive potentials examined in this study for galvanic relevance produce oxides with distinct behavior with respect to those typically observed in repassivation studies (Sidane et al., 2011; Nazarov et al., 2019), some efforts have looked at charge carrier density across anodic and cathodic potentials (Moffat et al., 1992; Vignal et al., 2001). Vignal et al. have considered the impact of mechanical stress on the conductivity of the oxide in the context of a bilayer oxide structure and aging. Their work showed that while acceptor density, i.e., inner p-type chromium oxide conductivity, of aged oxides is not impacted by mechanical stress, passive films formed in the presence of elastic stress exhibited a discernible increase in donor concentration with increase tensile stress. The amperometric results reported here correlate with the latter in both preparation and tension response. That is, our experiment examined polished samples without a passive film growth procedure, and their behavior correlates with higher conductance under tensile stress, manifesting as an increased ORR current.
Recent density functional theory calculation have also indicated that tensile strain on chromium oxide introduces both Cr and O vacancies (Mi et al., 2018). These vacancies were predicted to introduce energy states below the conduction band, with Cr vacancies causing a significant decrease in the band gap. These model predictions are consistent with our results that showed an increased charge transfer for ORR during applied tensile strain. Similar modeling work has also underscored the importance of vacancy formation during applied tension to reconcile theoretical and experimental fracture behavior of chromia (Li et al., 1999; Hirota et al., 2002; Pang et al., 2007; Islam et al., 2017). That being said, structural alloy surface oxides have been shown to span epitaxial crystallinity to amorphous regions as chromium content increases above 11% (Olsson and Landolt, 2003). Surface oxides have also been recently shown to demonstrate rapid surface diffusion with liquid-like behavior that brings into question passive film plasticity (Yang et al., 2018).
Additionally, a thinned oxide layer, proposed by the film rupture-repassivation model, is congruent with greater conductance during tensile stress (Song et al., 2006). In this model, thinning of the oxide is thought to occur while the oxide is undergoing elastic deformation, consistent with mechanisms of defect formation in response to strain, uptake of chloride ions and subsequent displacement of hydroxide that releases Fe3+ ions, prior to crack nucleation and growth (Marcus et al., 2008). Importantly, several efforts have shown chloride does not impact the inner passivation layers; only the iron rich outer layers produced in chloride environments (Natishan et al., 2012; Natishan, 2018; Wang et al., 2020). This view is consistent with other groups that have argued chloride adsorption occurs at defect sites, which lowers the energy barrier for oxidation producing lateral heterogeneity that manifest as morphological instabilities (Sato, 1971; Zhang et al., 2018; Ramanathan and Voorhees, 2019). While cracking has been associated with anodic repassivation current from electrolyte exposure of new metal surface area, more facile charge transfer should result from a thinner resistive inner layer. This reasoning implies a thinning mechanism would only apply to the current shift during tensile holds and excludes current peak behavior during tensile ramps.
One contention with either perspective of the resistive oxide response to tension (Figure 6A) would be the larger current response to tensile stress in the diffusion limited region (−0.8 VSCE). ORR in this potential window is considered to proceed at rates faster than transport occurs, which should not be influenced by sample stress. However, previous efforts have demonstrated hysteresis in cyclic polarization experiments with discernible current difference between −0.6 and −0.8 VSCE that were attributed to oxide reduction during the tail end of the cathodic sweep (Alexander et al., 2018).
The amperometric response during strain ramping is unique in that a reductive current peak occurs during tensile ramping with the converse being true during relaxation, despite many oxide growth, dissolution and defect/donor reactions being oxidative in nature (Seyeux et al., 2013). The current polarity and time scale is not consistent with repassivation, which should produce anodic current peaks on the order of 1–10 ms upon applied tension (Kolman and Scully, 1999). While some of this current may be a consequence of increased ORR, these peaks are clearly observed in the absence of oxygen. Integration of the peaks from the deoxygenated chronoamperogram in Figure 5A produced a charge between 5 and 7 nC for each peak. This similarity in peak charge (Coulombs) across ramp rates appears to be a capacitance shift. This is not surprising considering the potential dependent capacitance values of passive films reported previously (Jovancicevic and Bockris, 1986; Santamaria et al., 2015). This capacitance includes changes in the oxide, such as ion release, phase changes and adsorption, all of which will impact the double layer, with the former displaying potential dependence from formal passive film formation potentials to those examined in this study. Redox reactions within the passive film include reduction of Fe3+ to Fe2+ during cathodic peaks, with the reverse reaction occurring during anodic peaks. Similarly an increase in specific desorption of anionic species (e.g., OH−) from an oxide during tensile stress will give rise to a cathodic peak, with adsorption producing an anodic peak (McCafferty, 2010). The time scale for these reactions has been shown to be on the order of a minute for pH stepping experiments with iron (Jovancicevic and Bockris, 1986).
ORR on stainless steels and iron is generally recognized as proceeding with adsorption of molecular oxygen onto the surface followed by reduction steps and product dissociation (Jovancicevic and Bockris, 1986; Calvo and Schiffrin, 1988; Ng et al., 2020). ORR on oxide covered stainless steels in chloride electrolytes has been shown to follow the four electron pathway as well as a mix of two and four electron pathways (Le Bozec et al., 2001; Alexander et al., 2018). Pre-reduced stainless steels were shown to follow the four electron pathway, while polished and passivated surfaces include a mix of 2 and 4 electron pathways. Recent work has also shown that transport limitations can impact reaction pathway, shifting from the four-electron pathway to mixed response as the diffusion layer decreases (Alexander et al., 2018). These reaction pathways imply a shift in adsorbed species as well as their reactivity. The amperometric response to tension in Figure 3 may therefore reside in reaction pathway valence shifts or adsorbate shifts that increase site availability, both of which may increase ORR current.
In the context of chloride concentration effects (Figure 3D), chloride has been previously shown to decrease iron content in stainless steel passive films (Kocijan et al., 2007). Experimental data and theoretical calculations have examined ORR at both Cr2O3 and Fe2O3 rich surfaces and found ORR proceeds preferentially at Fe2O3 (Le Bozec et al., 2001; Ng et al., 2020). Hematite essentially reduces the overpotential required for ORR, with respect to chromia. Density functional theory calculations predict hydroxide-terminated hematite surfaces to exhibit the lowest ORR overpotential (Ng et al., 2020). Results for several pretreated stainless steel surfaces (i.e., polished, pre-reduced, chemically treated and electrochemically passivated) have also found that Fe2+ enrichment, by evaluation of Fe2+:Fe3+ content in the oxide, reduces the ORR overpotential (Le Bozec et al., 2001). While chloride adsorption and incorporation have not been shown to result in film thickness differences for typical marine corrosion chloride concentrations (<1 M NaCl), atmospheric studies have demonstrated thinning of the iron oxide outer layer under concentrated NaCl near the deliquescence point (Jung et al., 2012).
This suggests a possible explanation for the chloride-dependent differences plotted in Figure 3D, in which chloride tempers the amperometric response to tensile stress most significantly at −0.8 VSCE. At this potential, reduction of Fe3+ to Fe2+ is expected to be more significant and hence the effect of chloride-induced loss of reducible iron may be more pronounced. The polarization resistance values of the stabilized surface oxides in bulk solutions of 0.6 and 4.6 M NaCl were observed to be 1.6 and 5.2 MΩ, respectively. These values were determined from the linear region, OCP ±5 mV, of the polarization data plotted in Figure 2. The increase in polarization resistance with chloride concentration may arise from selective displacement of hydroxide groups and the dissolution of Fe3+ described above (Marcus et al., 2008). This conductance and overpotential relationship with chloride may be responsible for [Cl−] dependent behavior observed herein.
SUMMARY
In summary, this work has examined the role of tensile stress on oxygen reduction rates for UNS S13800 in chloride electrolytes. Deoxygenated amperometry was utilized to discern ORR contributions to current shifts during static tensile holds and dynamic current during strain ramping. The current response of the UNS S13800 to tensile stress is shown to increase at more negative potentials, with the strongest response occurring at −0.8 VSCE, a relevant potential for galvanic corrosion with aluminum alloys. This behavior was attributed to decreased oxide resistance from some combination of changes in donor concentration, oxide thinning, cracking and/or adsorption effects. The oxygen free current peaks during strain ramps were attributed to changes in specific adsorption and redox reactions with metal cations. These results highlight the importance of mechanical stress effects on corrosion reaction rates. Further distinction of the mechanism at play in this system will require examination of the surface oxide structure by spectroscopic or alternating current techniques.
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The electrodeposition of Ni-Mo-W alloys and composites with TiO2 are examined with a rotating Hull cell to better understand the influence of the particle on the deposition composition and morphology. The addition of the TiO2 particle to the electrolyte and deposit, significantly affected the deposit composition when the electrolyte temperature was 650C. Both Ni and Mo composition in the deposit was enhanced, but not due to higher reaction rates. The enhancement was a result of an apparent inhibition by the hydrogen evolving side reaction. The W partial current density was most significantly inhibited. The deposit morphology changed with the addition of TiO2 with a reduction of microcracks compared to the particle-free deposit. The results suggest that the adsorption of the hydrogen intermediate from the side reaction is influenced by the particle, hindering hydrogen desorption, and indirectly affects the partial current densities of the nickel, molybdate and tungstate ion reduction and the morphology.
Keywords: electrodeposition, Ni-Mo-W, composite, titania, Hull cell
INTRODUCTION
A challenge in alloy electrodeposition containing Mo, and/or W, is that the deposition exhibits induced codeposition behavior (Brenner, 1963; Landolt, 1994; Schwartz et al., 2004). Induced codeposition is characterized by the inability of molybdenum and tungsten ions in water to be reduced to its zero valence state unlike most transition metal ions. Interestingly, both molybdate and tungstate ions can be coaxed into reduction when codeposited with another element to form an alloy. The elements, which have the best inducing capability, are the iron-group elements: Ni, Co, and Fe. In Brenner’s review (Brenner, 1963) it was recognized that the composition of the solid state alloy was not reflective of the amount of ions in the electrolyte, suggesting a coupled reaction mechanism. Today there is not a general consensus on how these alloys codeposit and thus the control of the deposit composition and subsequent structure leading to the desired properties are still difficult to predict a priori. Combined with a second phase particle the deposit composition is even more difficult to predict and work that can contribute to this understanding is needed.
Several comprehensive reviews summarize the induced codeposition mechanism (Fukushima, et al., 1979; Eliaz and Gileadi, 2008; Landolt, 1994; Tsyntsaru et al., 2012; Allahyarzadeh, et al., 2016). In early work by Ernst et al. (1955); (Ernst and Holt, 1958), they suggested that the reduction of Mo or W ions was governed by hydrogen, on account of the observation that generally as more Mo or W is codeposited into an alloy the hydrogen side reaction tends to be higher, or in other words, the current efficiency is lower. Fukushima (Fukushima et al., 1979; Oue, et al., 2009) noted that hydrogen can be readily adsorbed onto the codeposited iron-group element and that the inducing element, such as Mo was reduced at these sites, thus, placing an emphasis on the iron-group solid state as the catalyst in reducing the inducing element (e.g., Mo) and effectively placing a theoretical upper limit for Mo (or W) codeposition in an alloy. Chassaign et al. (1989) reported that the iron-group ion was responsible for the formation of the intermediate, not the solid state. There is also a view that iron-group metal tungstate or molybdate complexes are precursors to tungsten or molybdenum alloys (Younes and Gileadi, 2002; Younes-Metzler et al., 2003) and a contrasting view that the iron-group metal induces adsorption of tungstate or molybdate intermediates at the solid state surface (Podlaha and Landolt, 1996b; Podlaha and Landolt, 1996b; Podlaha and Landolt 1997), and more recent experimental results supported the concept of the adsorbed ion-group element being the governing species to induce the reduction of Mo or W ions according to Eq. 1 through [4] (Sun, et al., 2013), using Ni as one example iron-group element, and where “L” represents a ligand, common in many plating scenarios.
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and in the same manner for tungstate reduction,
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Since the current efficiency can be manipulated to be low or high, by changing the metal ion composition and pH it was thought that the side reaction was not a controlling feature of the induced codeposition mechanism.
Electrodeposited Ni-W and Ni-Mo alloys are of interest for use as corrosion resistant coatings (Quang, et al., 1971; Raman, et al., 2007; Alimadadi et al., 2009), as magnetic materials (Gomez, et al., 2006; Ohgai, et al., 2013), as electrocatalyst for the hydrogen evolution reaction in water splitting (Fan et al., 1994; Navarroi-Flores, et al., 2005; Jamesh, 2016) and as combined wear resistant and corrosion resistant coatings (Urlberger, 1999; Slavcheva et al., 2005; Haseeb et al., 2008). Electrodeposited alloys of Ni-Mo-W may offer combined properties, and has been used as corrosion resistant electrocataysts for the hydrogen evolution reaction (Raj, 1992; Raj and Vasu, 1992; Sun et al., 2013). Cesiulis, et al., 2001 reported enhanced corrosion resistance in amorphous Ni-Mo-W ternary alloy films combined with other interesting properties such as low thermal expansion coefficients and premium hardness. Ni-Mo-W alloys are also important as in creating transition metal sulfides as catalytic precursors on hydrodesulphurization reactions of organic molecules such as tiophene, benzotiophene and dibenzotiophene (Olivas et al., 2009). In this context, the addition of Mo to Ni-W is advantageous as it promotes an amorphous structure when treated at high temperature with H2S/H2 and results in a Ni-Mo-W-S active catalyst. Composites of Ni-W and Ni-Mo can permit further tailorability of properties. For example, electrodeposited Ni-Mo-ZrO2 coatings have been reported to improve microhardness and corrosion properties of Ni-Mo alloy coatings (Laszczynska, et al., 2016) and electrodeposited Ni-W-SiC composites have been reported to enhance the corrosion resistance, hardness and wear resistance over that of Ni-W coatings (Yao et al., 2017; Singh, et al., 2016), as SiC it is known to improve properties in Ni films (Lee, et al., 2007). Titania particles have been codeposited with Ni-W coatings and both the hardness and corrosion resistance was improved by the presence of titania (Kumar, et al., 2013). Enhanced electrocatalysis of the hydrogen evolution reaction (HER) in water splitting application has been reported for Ni-W-TiO2 composite in comparison to Ni-W due to a rougher surface that was created by the addition of the TiO2 particle (Zou, et al., 2004), associated with a change in the morphology. Zhang et al. (2018) have reported an intrinsic enhancement of HER kinetics for Ni-W-TiO2 nanocomposite coatings compared to the nanoparticle-free counterparts. Few studies address the influence of the particle on the alloy composition that can have a large impact of the deposit composition. Previous work with Ni-W-TiO2 showed that the deposit tungsten content was slightly decreased with accompanying titania (Zhang and Podlaha-Murphy, 2017). Here, electrodeposited Ni-Mo-W and Ni-Mo-W-TiO2 composites are examined with a focus on addressing the role of the particle on the metal reduction rates (i.e., partial current densities) that dictate the composition.
A convenient way to assess deposit composition is with the trapezoidal Hull cell (Hull, 1939) that generates a current distribution along the working electrode surface created by cell geometric considerations, and when the current distribution is categorized as a primary current distribution, i.e., under conditions when kinetics are rapid and ohmic effects are dominate. Nobe adapted this technique to alloy electrodeposition (e.g., Wei, et al., 2008) to swiftly identify the composition and morphology of the deposit with variable current density. A rotating version of the Hull cell (RHC) provides better control of the hydrodynamic environment at the cathode surface via control of the rotation rate. Madore and Landolt, 1993 presented design conditions for obtaining a large variation in current distribution along the length of a cathode for the Ni-Cu system that mimics the distribution that is created in a conventional Hull cell. The current distribution is generated by placing the anode at either bottom or top of a rotating cylinder that is shield by a plastic tube, and open only at one end. If the anode is placed near the bottom of the cell and the insulating tube is open at the bottom then the current density is highest in this region and decreases along the cathode cylinder length. They demonstrated the deconvolution of partial current densities in a Ni-Cu alloy by mapping the current distribution to a polarization curve. The work presented here will follow this established approach and is the first demonstration of the use of the RCHC of the electrodeposition of Ni-W-Mo-TiO2 composites.
EXPERIMENTAL
Two electrode experimental set-ups were used: i. a rotating cylinder electrode (RCE) with uniform current distribution. and ii. a rotating cylindrical Hull cell (RCHC), with non-uniform distribution, as the working electrode. In both cases copper was the substrate. In the RCE configuration, copper cylindrical electrodes with a diameter of 0.6 and 1.0 cm length were used. In the RCHC configuration, the copper cylindrical rods were longer, having a length of 8 cm length. The counter electrode was a platinum coated, titanium anode. The electrolyte contained 0.15 M nickel sulfate, 0.005 M sodium molybdate, 0.375 M sodium citrate, 0.1 M sodium tungstate and 0.1 M boric acid. Different electrolyte temperatures were examined: 25°C, 45°C and 65°C. The electrolyte pH was maintained at 7 with sodium hydroxide and sulfuric acid additions. The TiO2 particle type added to the electrolyte were an anatase nanopowder, with purity of 99.7% supplied by Sigma Aldrich, with a reported diameter size lower than 25 nm. A low particle loading of 12.5 g L−1 was used so as not to significantly influence the hydrodynamics of the RCE and RCHC electrodes.
The RCHC experiments were obtained using an average current density of 66.3 mA cm−2 using a Solartron SI 1287 galvanostat for a period of 25 min at a constant rotation rate of 500 rpm. The rotation rate was controlled with a Pine Instruments modulated speed high precision rotator. The temperature was controlled using a thermostatic bath. An estimate of the local current density, i (z), along the dimensionless position, z, was determined from a primary current distribution correlation described by the following (Madore and Landolt, 1993),
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where iavg is the average applied current density. Hence the variation of the current density along the cathode length can be estimated to provide a rapid evaluation of the deposit composition and morphology as a function of current density.
A computer controlled potentiostat and impedance system (Solartron SI 1287 potentiostat coupled to Solartron Analytical 1252A frequency Response Analyzer) were used to conduct the potentiodynamic scans. Polarization curves were measured with and without titania nanoparticles on a RCE electrode at the three examined temperatures and at a constant rotation rate of 500 rpm. A saturated calomel electrode was used as the reference electrode. The polarization scans were performed by increasing the cell potential from the open circuit value until -3.0 V vs SCE and corrected for ohmic drop with impedance spectroscopy.
An X-Ray fluorescence (XRF) instrument, model Kevex Omicron, was used to analyze composition and thickness of the deposits. Thirty points were analyzed along each of the cylindrical cathodes. The TiO2 amount of the deposits was confirmed using a scanning electron microscope, model Hitachi S4800 field emission coupled to an EDAX detecting unit, which provides an order of magnitude higher precision. The thickness was confirmed gravimetrically. The partial current densities of Ni, Mo and W were calculated from the thickness and composition analysis using Faraday´s law. Scanning electron microscopy was also used to examine the morphology of characteristic deposits.
RESULTS
The polarization curves in Figure 1 show the effect of the addition of TiO2 particles on the total current density during Ni-Mo-W ternary electrodeposition at different electrolyte temperatures and at a rotation rate of 500 rpm. The total current density is inhibited when titania nanoparticles are present in the electrolyte at low current densities with the degree of change largest at 65°C and lowest at 25°C. The inhibition of the total current density increases notably with temperature. At more negative potential values than -1.3 V, -1.2 V and -1.0 V vs SCE, at 25°C, 45°C and 65°C, respectively, the total current density is not notably inhibited nor enhanced by the addition of the nanoparticles. In order to analyze which reaction causes the changes in the total current density observed in the different regions, the partial current densities were examined with the RCHC, with a forced variation in current distribution along the cathode length.
[image: Figure 1]FIGURE 1 | RCE polarization curves from the electrodeposition of a Ni-Mo-W alloy for a particle free electrolyte and in the presence of titania particles at 25°C, 45°C and 65°C.
The thickness and the composition change of the composite along the RCHC electrode length, at 25°C, 45°C and 65°C, is shown in Figure 2. The deposit thickness (Figure 2A) at 25°C and 45°C, did not change appreciably with the addition of the TiO2 particles. However, at the higher temperature, 65°C, the addition of titania particles significantly lowered the deposit thickness compared to the alloy without nanoparticles. Generally, at the high temperature of 65°C, there is a much thicker deposit compared to the lower temperatures, even with the addition of particles. The composition of nickel, (Figure 2B), molybdenum (Figure 2C), and tungsten (Figure 2D) with and without the addition of 12.5 g L−1 of TiO2 particles, show that there is a similar change in the Ni and Mo composition with current density, with a drop in composition as the current density increases and then a rise in its composition, with the tungsten exhibiting the opposite behavior. There is slightly more Ni in the deposit at the low and high current density regions at 65°C compared to 25°C and 45°C, when there is no TiO2 present in the electrolyte, however when i/iavg has a value of 1–2 (66.3–132.6 mA cm−2), the amount of Ni in the deposit is larger at the lower temperatures. The addition of the TiO2 particles only has a significant effect on the Ni deposit composition at the high temperature and at high current density. At the low current density region, there is a comparable amount of W and Mo despite having 20 times more tungstate in the electrolyte than molybdate. With a change of temperature, the composition does change when there are no particles present depending on the applied current density. In the low current density region, there is a drop in the Mo deposit content with an increase in temperature, but at 25°C, the composition reaches a peak at 38 wt% but then falls with an increase in the applied current density, while at 45°C, at high current density, the composition remains near the same 38 wt% so is higher than when the electrolyte temperature is at 25°C. A further increase in the temperature to 65°C leads to lower Mo content at all current densities. There is little difference in Mo composition when TiO2 particles are present or not at the low current density region for all temperatures. In the medium range of current density the addition of particles does not significantly affect the Mo deposition composition at 25°C and at 45°C, but slightly increases it at 65°C. The behavior of the W composition with current density rises with the applied current density with or without particles, reaches a maximum, and then falls to nearly zero, with an associated rise in Mo and Ni. A similar drop in the tungsten amount with an increase of applied current density, has been previously reported (Sun et al., 2013) in a Ni-Mo-W electrodeposit when no TiO2 particles are in the electrolyte; here the particles exaggerate this effect. The enhancement of the Ni composition with the particle addition was observed in the medium and high current density regions while the enhancement of molybdenum was observed in the low and medium current density regions. The TiO2 particle concentration in the resulting Ni-W-Mo-TiO2 composite thin films is shown in Figure 2E. The titania amount incorporated into the composite coatings (Figure 2E) decreased as temperature increased from 25°C to 65°C.
[image: Figure 2]FIGURE 2 | Deposit composition measurements on a rotating Hull cell during the electrodeposition of Ni-Mo-W with and without TiO2, at 25°C, 45°C and 65°C, (A) thickness variation (B) Ni wt%, (C) Mo wt%, (D) W wt% and (E) TiO2 wt%.
The current efficiency at 25°C, 45°C and 65°C is shown in Figure 3 and are relatively low indicating a significant hydrogen evolution side reaction. When no particles are present, the maximum current efficiencies occurred in the low current density regions and dropped as current was increased. The maximum current efficiency increased as temperature increased from 25°C to 65°C. At 65°C the current efficiency had a maximum of 25% in the low-density region without particles and decreased to a maximum of around 10% with the addition of particles.
[image: Figure 3]FIGURE 3 | Current efficiency of Ni-Mo-W electrodeposition with and without addition of titania nanoparticles at (A) 25°C, (B) 45°C and (C) 65°C.
Figure 4 shows representative SEM micrographs at three regions on the RCHC electrodeposit at low, medium and high current densities at 65°C and from the electrolytes with and without the addition of TiO2 nanoparticles. The Ni-W-Mo alloy deposit (Figure 4A,C,D) showed a smooth surface morphology with a progressive increase of micro-cracks as the current density increased. When particles were added, at the same current density regions, (Figure 4B,E,F) significantly fewer micro-scale cracks were observed but the deposit was more nodular.
[image: Figure 4]FIGURE 4 | SEM micrographs at the (A,B) low (C,D) medium and (E,F) high current density regions of RHC samples electrodeposited during 25 min at 65°C and 500 rpm (a,c,e) without and (b,d,f) with the addition of 12.5 g L−1 of titania nanoparticles.
DISCUSSION
The partial current densities of nickel, molybdenum, tungsten and the side reaction were determined to provide further insight on how the reaction rates were affected by temperature and the particle addition. The partial current densities of the metal ion reduction rates and the side reaction rate is shown in Figures 5, 6, respectively, determined using Faraday’s law from the composition and thickness along the RCHC length. Using the polarization curves in Figure 1, the x-axis scale was correlated with the applied working electrode potential.
[image: Figure 5]FIGURE 5 | The partial current densities with potential of each metal ion reduction without (left) and with (right) TiO2 particles for (A,B) Ni (C,D) Mo, and (E,F) W during the electrodeposition of Ni-Mo-W at different electrolyte temperatures.
[image: Figure 6]FIGURE 6 | The hydrogen evolution side reaction partial current densities with and without the addtion of TiO2 in the electrolyte (A) 25°C, (B) 45°C, and (C) 65°C.
An increase in the temperature shifts the metal reduction rates to less positive potentials (i.e., depolarizes the deposition). The side reaction is also depolarized with temperature. When no TiO2 particles are present, all the partial current densities of the individual metals increase with potential, when the total current density is confined to the low region and the side reaction is small. This potential dependence indicates a kinetic reaction control. The Ni and Mo partial current densities exhibit a sharp change and then remain relatively constant at 65°C, between −1 and −1.2 V vs SCE. At lower temperatures the Ni and Mo partial current densities decrease in this potential range. Only the tungsten partial current density suffers a drop at higher overpotentials, occurring when the side reaction, associated with a large increase in the slope of the hydrogen evolution reaction. To determine if the horizontal region of the Ni and Mo partial current densities at 65°C are reflective of a mass transport control region, the limiting current densities were calculated using the empirical Eisenberg equation (Eisenberg, et al., 1954).
[image: image]
where n is the number of electrons transferred, F is Faraday´s constant, Cb is the metal bulk concentration, and D is the metal diffusion coefficient. Assuming diffusion coefficients of nickel, molybdenum and tungsten to be close to 5 x 10–6 cm2 s−1, electrons transferred of 2, 6 and 6 for nickel, molybdenum and tungsten, respectively, with an estimated kinematic viscosity, v, using that of water, 0.01 cm2 s−1, an electrode rotation rate, S, of 500 rpm and cathode diameter, di 0.6 cm, the resulting limiting current density values for the individual metal ions reduction reactions are 34, 3, and 69 mA cm−2 for Ni, Mo and W, respectively. The calculated limiting current density value for molybdenun presents the same order of magnitude than that observed in Figure 5, so the molybdenum electrodeposition may be under a mass transport control at the higher total current density region, attributable to the low concentration used. In the case of nickel and tungsten, the calculated limiting current densities were one order of magnitude higher than those observed. Hence, these metals did not reach their mass transport limited current densities so kinetic effects control their deposition, even when the Ni partial current density appears horizontal.
When TiO2 particles were present, all the metal ion reduction reaction rates (i.e., partial current densities) are shifted to more negative, less noble potentials, and inhibited at 65°C. At the lower temperatures the metal reduction rates were not significantly inhibited with the addition of the TiO2. Interestingly, the side reaction rate (Figure 6) is progressively more inhibited with temperature at the low current density region. At 65°C, it is the most inhibited with added particles until −1.12 V vs SCE. At this point, the side reaction rate increases sharply with an associated inflection in the nickel and molybdenum partial current densities. The tungsten current density exhibited a maximum at -1.12 V vs SCE and dropped to zero at higher overpotentials. For the side reaction, its partial current density reached the values measured in the electrolyte without particles at potential values more negative than −1.12 V. Thus, the decrease in the composite efficiency (Figure 3) at high current density was attributed primarily with a decrease of the metal rates, not an increase in the side reaction. In the region between 1.1 V and −1.2 V vs SCE the total current density in Figure 1 decreased when particles were present due to the lowering of all the reaction rates, both the metal and the side reaction.
Correlating these features with the composition of the Ni-Mo-W alloy material electrodeposited at 65°C, (Figure 2) the maximum tungsten composition (∼40 wt%) was achieved at the lower overpotential values, i.e. when the tungsten partial current density was maximum. Then, at higher overpotentials, the deposit continued to be enriched in nickel and in molybdenum mainly due to the drop of the tungsten partial current density, since nickel and molybdenum partial current densities remained practically constant with potential. When the particles were present, interestingly, there is a current density region where the nickel and molybdenum composition in the deposit increases, with an associated decrease in tungsten wt%. This behavior is not attributed to an enhancement of the nickel and molybdenum partial current densities but in fact a decrease, with less of a relative decrease compare to tungsten partial current density.
According to the Sun-Bairchanya-Podlaha model (Sun, et al., 2013), the observed lowering of the partial current densities is consistent with a decrease of the adsorbed mixed-metal intermediates, shown in equations (1)–(4). Since there is a substantial inhibition of the tungsten at larger overpotentials, or larger applied cathodic current densities, there may be an associated decrease in the [image: image] intermediate. The large inhibition occurs at a point when the side reaction increases (compare Figure 5 and Figure 6 (c)) and that may be due to the added adsorbed hydrogen species.
The hydrogen evolution reaction on Ni-W electrodeposits is known to follow a Volmer-Heyrovsky mechanism in alkaline electrolytes (Popczyk and Losiewicz, 2015),
[image: image]
[image: image]
with expected adsorption of hydrogen, Hads, at the electrode surface. Since the drop of the tungsten partial current density coincides with the large increase in the hydrogen evolution side reaction, it may be that this adsorbed intermediate is complicit in interfering with the tungsten reduction. However, the nickel and molybdenum are affected to a lesser extent by the adsorbed hydrogen. The adsorption of all species are limited by the available surface area. The impact of the Hads has less an effect on Ni and Mo, suggesting that there is a smaller change of the adsorbed intermediates of Ni(I)ads and [image: image]. Adsorption energies are temperature dependent and thus changes in temperature are expected to alter the fractional coverage of the intermediates. Thus it is possible that there is a composition for surface sites where Hads, Ni(I)ads and [image: image] is favored over [image: image].
The small amount of particles in the deposit and in the electrolyte has a substantial impact on the reaction rates, lowering them, including the side reaction, considerably. Since the current efficiency is reduced (Figure 3) when the particles are added, the relative amount of the total metal reduction rates is reduced more than the hydrogen evolution side reaction at the intermediate current densities. At high applied current densities, or larger overpotential, the side reaction occurring when the particles are present is not altered, but the metal rates are reduced leading to an even larger decrease in the current efficiency. Thus, the particles may be indirectly affecting the Hads, which then impacts all the other adsorbed species.
The particle also lowers the extent of cracking of the deposit. Since cracks may be due to the absorbed hydrogen as noted in Co-Mo (Gómes et al., 2001) and Ni-W electrodeposits (Younes and Gileadi, 2000) the particle may be decreasing the absorbed hydrogen and hence enhancing the adsorbed Hads intermediate on the surface. Thus, a model consistent with the partial current density observations and the changes in cracking is that the TiO2 particles changes the surface environment to promote the hydrogen intermediate adsorption [image: image]. This intermediate has a larger effect to poison the tungstate ion reduction compared to both nickel and molybdate ion reduction, suggesting that the adsorption intermediates of nickel and molybdate is considerably greater than that of tungsten.
From a practical point of view, the electrodeposition of Ni-W-Mo alloy coatings reinforced with TiO2 nanoparticles can be a good strategy to combine corrosion resistant coatings with electrocatalysis, for applications such as water splitting, since it has been recently recognized that the addition of TiO2 can also improve the hydrogen evolution reaction in basic electrolytes in Mo-alloys (Zhang, et al., 2018; Wang et al., 2019, Wang et al., 2020). The addition of TiO2 also is beneficial to reduce the extent of cracks and to provide improved roughness to the surface, important to surface finishing applications. However, electrodeposition parameters such as current density must be very carefully controlled since TiO2 incorporation can be detrimental to incorporate tungsten that contributes to the overall corrosion and wear resistance.
CONCLUSION
Ni-Mo-W and Ni-Mo-W-TiO2 composites were electrodeposited from aqueous citrate electrolytes with an increase in the electrolyte temperature resulting in a positive potential shift of the deposition and higher current efficiency. It is the first report of Ni-Mo-W-TiO2 electrodeposits. However, at a higher electrolyte temperature (650C), the deposit composition was largely influenced by the addition of TiO2 particularly at high current densities that coincided with a large rise in the hydrogen evolution side reaction. The addition of TiO2 did not promote any metal reduction reaction. Changes in the deposit composition were due to different extents of metal partial current density inhibition, thought to be due to an increase in adsorbed hydrogen from the side reaction.
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Zhou et a. (2015) B;Tes “Thin fim 10 -81 520 310 016 AT
et al. (2015) BiosSbysTes Nanowies Da. 670m 10 143 480 028 114 330
Uda et al. 2015) BigrsTeses Fim 819 5263 54 AT
Chang et al. (2015) BigTe Nanowies Dia. 60nm 7 390 1958 300
Shin and Oh (2015) Bigg Tesos Fim -595 15673 559 RT
SbasTesos Fim 4412 2817 5.480 AT
Kulsi et al. (2015) BigTeos “Thin fim o9 s 29 4,033 340 028 AT
Lei et al. (20162) BigTeg “Thick fim (110) -200 400 1,600 RT
Yang et al. (2016) TeBiSb Fim 29 34 AT
Na et . (2016) BiiTerss Fim 1o 37 146 691 1478 AT
Kussi et al. 2016) 8Te Fim 21 e 1247 046 190 008 RT
Lei et al. (2016b) B;Tes “Thick fim o 17 80 330 AT
Manzano et al. 2016)  BirTes Fim 10 58 670 25 0056 300
Jagacish et al. (2015) BisTezso Fim -20 AT
Lal et al. 2017) (SboeeBi soleTeaas Fim 176 11 AT
Kang etal. (2017) BijTey “Thick fim 723 1,408 732 RT
Lei et al. 2017) B8y Tes Thick fim o1 17 150 100 230 RT
Wu et al. (2017b) BiTes-siica particle Fim 78 AT
Xiaolong and Zhen, (2014)  BizSe; “Thick fim 20 1309 5257 RT
Jagadish et a. (2016) BiSoas Fim -163 AT
Kim and On, (2010b) SbzTeq “Thin fim 322 AT
Pinisetty et al. @011b)  SbTey Nanowies Dia. 1000m % 359 300
Sb;Tes Nanotubes Dia. 4000m P} 300
Lim et al. (2011) Sb;Teq Fim ©15) 118 AT
Qiu et al. (2011) SoTes “Thin fim 532 1580 RT
Schumacher et al. 2012)  SbsaceTecosz Fim 015 s 161 280 726 RT
Lim et al. (20120) SbgTe, Thin fim ©15) 118 a2 473
Y00 et al. (2013c) SoTey “Thin fim 280 100 AT

Kim et al. (2016) AaSbTe, Thin film Nano-crystaline 300 553 RT
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