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Development of cost-effective Pt-based electrocatalysts is of scientific and industrial importance for hydrogen evolution from water splitting. In this work, cost-efficient Pt-based catalysts, immobilized on functionalized Vulcan Carbon (VC) from hydrothermal treatment of Ru precursor and ethylene glycol solution, for hydrogen evolution reaction (HER) are elaborately constructed via an elegant and controllable atomic layer deposition (ALD) technique. More carboxyl groups on the functionalized VC are suggested as the anchor sites for Pt immobilization, which gives rise to the more Pt active sites, desirable Pt electronic properties and stronger Pt-support interaction. The resultant 7.1 wt% Pt-based composite catalyst exhibits remarkably boosted HER activity and stability than the commercial 20% Pt/C catalyst. These insights could open up a new avenue for fabrication of cost-effective Pt/C HER catalysts based on ALD technique.
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INTRODUCTION

Electrocatalytic hydrogen evolution reaction (HER) in water splitting has been recently identified as an economical and sustainable method for H2 production (Li et al., 2011; Shi and Zhang, 2016; Lyu et al., 2017; Ouyang et al., 2017; Seh et al., 2017). Hitherto, Pt-based catalysts are considered as the state-of-the-art choice for catalyzing HER under acidic conditions, because Pt sits very near the top of the volcano (Skúlason et al., 2010; Chao et al., 2017; Seh et al., 2017; Jiang et al., 2018; Wang et al., 2018). Limited by its expense and scarcity for large-scale commercialization, one strategy to increase the Pt utilization efficiency is reducing the Pt particle size toward the increased Pt dispersion and thus more Pt active sites (Zheng et al., 2015; Anantharaj et al., 2016; Cheng et al., 2016; Qu et al., 2019), and another strategy is tailoring the Pt electronic properties toward the enhanced intrinsic activity (Greeley et al., 2006; Li et al., 2018, 2019). Although the conductive carbon supports endow the Pt-based catalysts with an effective electron transfer system, their low interaction with the supported metal nanoparticles requires the pre-functionalization of the carbon supports to stabilize the metal nanoparticles toward stable HER performance (Ryndin et al., 1981; Kitchin et al., 2004; Marichy et al., 2012; Hou et al., 2015; Cheng et al., 2016; Anantharaj et al., 2017; Qu et al., 2019).

Recently, atomic layer deposition (ALD) has gained considerable attentions for the well-controlled synthesis of carbon supported Pt-based catalysts, because it can precisely control the size of Pt nanoparticles (George, 2009; Gao and Qin, 2017). For such technique, it proceeds via the self-limiting surface reactions, i.e., the precursor reacting with the surface functional groups on the substrate. To this end, there are an amount of studies about the surface treatments to introduce more surface functional groups for anchoring the Pt species and the increased cycles to obtain relatively high Pt loading, but to cause the loss of the Pt active sites because of the increased Pt particle size (Liu et al., 2009; Li et al., 2010; Zhang et al., 2017). As far as we know, only limited study on the ALD-synthesized Pt/C catalysts, being highly active (i.e., the 16 mA cm−2 of current density at the overpotential of 0.05V) and stable (i.e., the 4% loss of its initial current density after 1000 CV cycles), has been conducted for the HER (Cheng et al., 2016). As a consecutive effort, more studies are highly desirable to gain in-depth understanding of ALD-synthesized Pt/C catalyzed HER and rationally design cost-effective and stable Pt/C HER electrocatalysts.

In this work, cost-effective Pt-based composite catalysts immobilized on functionalized Vulcan Carbon (VC) were fabricated for the HER. The functionalization of VC was carried out via hydrothermal treatment in Ru precursor and ethylene glycol solution to create abundant surface functional groups for Pt immobilization by the ALD technique. The resultant Pt/Ru/VC composite catalyst together with the referenced Pt/VC, Ru/VC and commercial 20 wt% Pt/C catalysts were tested and characterized by multiple techniques such as HAADF-STEM, HRTEM, XPS, and TGA. Finally, the relationship between the catalyst structure and performance was established.



EXPERIMENTAL SECTION


Catalyst Preparation

The Ru/VC catalyst was synthesized by hydrothermal treatment of Ru precursor and ethylene glycol solution. Typically, 0.6 g urea (Sinopharm Chemical Reagent Co., Ltd) was dissolved in 20 mL ultrapure water, then 0.5 g Vulcan Carbon (VC, Sigma-Aldrich Co., Ltd) was added into the solution under ultrasonication for 30 min. The as-obtained suspension was mixed with 2.23 mL aqueous RuCl3 (Adamas Reagent Co., Ltd) solution with the concentration of 0.04 g mL−1, which was further transferred into the hydrothermal reactor. The hydrothermal reactor was kept in the oven under 90°C for 1 h before cooling down to room temperature. Afterwards, 20 mL ethylene glycol (Sigma-Aldrich Co., Ltd) was directly mixed with the solution under ultrasonication for 30 min, followed by heating to 120°C for another 1 h. Finally, the as-obtained slurry was filtered, washed and dried at 80°C overnight. For a comparison, EG-VC was prepared using the same method as described above except the addition of aqueous RuCl3 solution, which could be employed as the reference sample.

The Pt/VC catalyst was synthesized by ALD. Typically, a certain amount of Vulcan Carbon (VC, Sigma-Aldrich Co., Ltd) was placed in a container inside the ALD reactor chamber. The Pt ALD was performed by sequential exposure of the VC to (methylcyclopentadienyl) trimethylplatinum (MeCpPtMe3, Strem Chemicals, 99%) and ozone (O3) produced using an ozone generator. Nitrogen was employed as the purging and carrier gas. The container for VC was placed inside the ALD reaction chamber. The deposition temperature was 250°C, while the temperature for the container of MeCpPtMe3 was kept at 65°C to provide a steady state flux of MeCpPtMe3 to the reactor. ALD pipelines were heated to 150°C to avoid precursor condensation. For each ALD cycle, the pulse, exposure, and purge time for MeCpPtMe3 were 0.5, 12, and 25 s, while those for O3 were 1, 12, and 25 s, respectively. Similarly, the Pt/Ru/VC and Pt/EG-VC catalysts were also synthesized by ALD, which the as-synthesized Ru/VC and EG/VC were employed as the support of Pt catalyst, respectively. For all the ALD-synthesized catalysts, the number for ALD cycle was kept as 20. Moreover, the commercial 20 wt% Pt catalyst over Vulcan XC-72 (20% Pt/C) was obtained from Sigma-Aldrich.



Catalyst Characterization

The size and distribution of these catalysts were characterized by high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM, Tecnai G2 F20 S-Twin). The mean particle sizes of catalysts were calculated based on the sizes of at least 200 random particles. The morphology of the metal particles was observed by high resolution transmission electron microscopy (HRTEM, JEOL JSM-2100). The surface composition and electronic structure of catalysts were investigated using the X-ray photoelectron spectrometer (XPS, Kratos AXIS SUPRA) equipped with an Al Kα X-ray (1486.6 eV, excitation source working at 15 kV). The C 1s peak at 284.6 eV was taken as an internal standard to correct the shift in the binding energy caused by sample charging. The inductively coupled plasma atomic emission spectrometer (Agilent 725-ES ICP-AES) was employed to measure the metal contents. Laser Micro-Raman Spectrometer (Raman, InVia Reflex, Renishaw) was employed to characterize the degree of graphitization and electronic properties for these catalysts.



Electrochemical Measurements

The electrochemical performance was tested by the three-electrode system with the CHI760E (CH Instruments Ins.) instrument. A saturated Ag/AgCl electrode and graphite rod were used as the counter and reference electrode, respectively. The working electrode was prepared by the following procedures: (1) 1 mL ethanol (Sigma-Aldrich Co., Ltd) and 30 μL Nafion 5 wt.% solution (DuPont Inc.) were firstly mixed, followed by the addition of 5 mg catalyst under ultrasonication to obtain a homogeneous ink; (2) a certain amount of catalyst ink (5 μL) was drop-casted on a glassy carbon electrode (GCE) with a diameter of 3 mm; (3) the drop-casted GCE was dried at ambient conditions under air. All data were corrected for 90% iR potential drop (R, ohmic drop 6~8Ω). For a saturated Ag/AgCl electrode, the potential against reversible hydrogen electrode (RHE) was calculated according to the following equation:
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where E (vs. RHE) is the potential vs. RHE, E (vs. Ag/AgCl) is the potential vs. Ag/AgCl and E0(Ag/AgCl) is the potential of Ag/AgCl respect to the standard hydrogen electrode.

0.5 M H2SO4 (Sinopharm Chemical Reagent Co., Ltd) was employed as the electrolyte, which was degassed by bubbling N2 for at least 30 min. Before the electrochemical measurements, the catalysts were activated by 20 cyclic voltammetry (CV) scans along the potential window from 0 to −0.5 V vs. RHE in 0.5 M H2SO4 at a scan rate of 100 mV s−1, then linear sweep voltammetry (LSV) was performed with a scan rate of 5 mV s−1. The electrochemical impedance spectroscopy (EIS) measurements were conducted from 100 kHz to 1 Hz. The amplitude of the sinusoidal potential signal was 5 mV. Electrochemical capacitance was measured by CV at different scan rates of 20, 40, 60, 80, 120, 160, 240, and 320 mV s−1. The capacitive currents were collected within the potential window from 0.45 to 0.65 V vs. RHE where no apparent Faradaic processes were observed. These measured capacitive currents were then plotted as a function of scan rates, which the slope could be used to calculate the electrochemical capacitance. Assuming that the specific capacitance of a flat surface is ~ 40 μF for 1 cm2 of real surface area, the ECSA could be estimated as:
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The as-obtained Tafel plots were fitting into the Tafel equation:
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which η is the overpotential, j is the current density and b is the Tafel slope.




RESULTS AND DISCUSSION


Boosted HER Activity and Stability of Pt-Based Catalysts by ALD

The Vulcan Carbon (VC) was functionalized by hydrothermal treatment in aqueous RuCl3 and EG solution, which was used to immobilize Pt nanoparticles by the ALD method. The as-prepared Pt-based catalyst (i.e., Pt/Ru/VC), together with the ALD-synthesized Pt catalyst over the pristine VC support (i.e., Pt/VC), functionalized VC (i.e., Ru/VC), and commercial 20 wt% Pt/C catalysts, was characterized by HAADF-STEM measurements to obtain the reliable size and distribution of metal nanoparticles. As can be clearly seen in Figures 1A–C, the former three catalysts exhibit relatively homogeneous distribution of metal particles, especially for the ALD-synthesized catalysts. The average metal particle sizes based on the measurements of more than 200 random particles were determined to be 1.5 ± 0.4, 1.6 ± 0.1, and 1.7 ± 0.3 nm for the Pt/Ru/VC, Pt/VC, and Ru/VC catalysts, respectively. Hence, these three catalysts exhibit similar size and distribution of metal particles, which would help to minimize the size effects and make a fair comparison on the catalytic activities for the HER (Gomez et al., 1993; Durst et al., 2014). On the contrary, as shown in Figure 1D, the commercial 20 wt% Pt/C catalyst exhibits remarkable Pt aggregates in specific areas, possibly due to the high Pt loading and easy migration of Pt particles. As a result, the wider distribution of Pt particles is observed, and the average Pt particle size is determined to be 3.3 ± 0.8 nm. Hence, the as-prepared three catalysts exhibit smaller metal particle sizes and narrower size distributions than the commercial 20 wt% Pt/C catalyst, making them good candidates for the HER.


[image: Figure 1]
FIGURE 1. HAADF-STEM images and the corresponding size distribution histograms for the (A) Pt/Ru/VC, (B) Pt/VC, (C) Ru/VC, and (D) 20% Pt/C catalysts. (E) LSV curves (iR compensated), (F) overpotential (η) obtained at current densities of 10 and 40 mA cm−2, and (G) mass activity obtained at overpotential of 40 mV for the catalysts. (H) LSV curves of the catalysts before and after 3000 cycles.


To obtain their HER performances, these catalysts were evaluated by LSV measurements in acid media, and the results are shown in Figures 1E,F. Interestingly, the Pt/Ru/VC catalyst is observed to generate a 10 mA cm−2 current density at a very low overpotential of 23 mV, where such current density is comparable to solar fuel synthesis (Zeng and Li, 2015; Li et al., 2018). To achieve the current density of 40 mA cm−2, the Pt/Ru/VC catalyst still delivers a low overpotential of 30 mV. In comparison, as shown in Table S1, the other two catalysts together with the commercial 20 wt% Pt/C catalyst exhibit higher overpotentials, especially for the Ru/VC catalyst. Specifically, the Ru/VC catalyst exhibits the overpotential of 127 mV at 10 mA cm−2 and 163 mV at 40 mA cm−2. These results demonstrate the outstanding HER activity of our developed Pt/Ru/VC composite catalyst.

Furthermore, the mass activities of these catalysts were compared, which were determined by normalizing the current densities at 40 mV potential to the total mass of metal species. As obviously shown in Figure 1G, the mass activity of the Pt/Ru/VC catalyst is up to 2.3 A [image: image] at the 40 mV overpotential, which is 3.3, 2.3, and even 23 times higher than that of the 20% Pt/C, Pt/VC, and Ru/VC catalyst, respectively. Apart from the catalytic activities, the stability is another important criterion for the Pt-based catalysts in consideration of their high cost and limited abundance. To this end, the stability of these catalysts was evaluated by CV measurements in the potential range from 0.1 to −0.25 V vs. RHE for 3000 cycles. As shown in Figure 1H and Table S1, the commercial 20 wt% Pt/C catalyst shows the largest negative shift of the polarization curve by nearly 26 mV at 10 mA cm−2 after the 3000 cycles, indicating the lowest catalyst stability, while the Pt/VC catalyst displays the smaller negative shift of 11 mV at 10 mA cm−2. Unexpectedly, the Pt/Ru/VC catalyst almost shows no negative shift after the 3000 cycles. Based on the above results, the monometallic Pt catalyst exhibits much higher HER activity and stability than the monometallic Ru catalyst, and the Pt/Ru/VC catalyst appears to be the best catalyst for HER with the highest activity and stability. This suggests that the Pt is more active than the Ru, and the Pt over the Pt/Ru/VC composite catalyst most likely acts as the dominant active species for the HER.



The Crucial Role of the Functionalized VC for the Pt-Based Catalysts

ICP-AES measurements were first carried out to compare the difference in the metal loadings of these catalysts for understanding the significantly enhanced activity and stability of the Pt/Ru/VC composite catalyst. As shown in Figure 2A, the Pt and Ru loadings for the Pt/VC and Ru/VC catalysts are determined to be 3.2 and 2.1 wt%, respectively. In comparison, for the Pt/Ru/VC catalyst, the Pt loading exhibits a dramatic increase up to 7.1 wt%. This strongly suggests that the promoting role of the functionalized VC on the deposition of Pt particles. Furthermore, from the point view of the structural effects, influences of the metal loadings on the HER activities were investigated based on the CV curves in Figure S1, where the electrochemical double-layer capacitance (Cdl) was used to determine the electrochemically active surface area (ECSA) (Durst et al., 2014; Li et al., 2018). As shown in Figure 2B, the ECSA for the Pt/Ru/VC, Pt/VC, Ru/VC, and commercial 20% Pt/C catalysts is determined to be 12.5, 11.8, 11.6, and 3.7 mF cm−2, respectively. As expected, the Pt/Ru/VC composite catalyst, having the small sized Pt nanoparticles with the relatively high Pt loading, exhibits the largest ECSA, which would provide a rational interpretation for its highest activity.


[image: Figure 2]
FIGURE 2. (A) The Pt and Ru loadings and (B) current density as a function of scan rate for the Pt/Ru/VC, Pt/VC, Ru/VC, and 20% Pt/C catalysts. (C) EDS mapping and (D) typical HRTEM image of the Pt/Ru/VC composite catalyst and the corresponding Fast-Fourier Transform (FFT) patterns.


To gain more insights into the microstructural properties of the Pt/Ru/VC composite catalyst, the EDS mapping was conducted to characterize the distribution of Pt and Ru over such catalyst. As shown in Figure 2C, it can be seen that both Pt and Ru homogeneously distribute across the VC surface, together with few Ru aggregates. Considering the small size of metal particles and the detected limitation of EDS mapping, it is difficult to determine the fine structure and composition of metal particles, e.g., alloy, core-shell, or monometallic mixtures. Hence, HRTEM was further employed to characterize the microstructure of this catalyst, and the results are shown in Figure 2D. Apparently, the catalyst exhibits continuous lattice fringes across the VC surface, which could be ascribed to the Pt and/or Ru nanoparticles. To obtain more information, Fast-Fourier Transform (FFT) of the selected two particles was conducted in Figure 2D. Correspondingly, the spacings of the crystal lattices were determined to be 0.226 and 0.214 nm, which could be attributed to the Pt(111) and Ru(001) facets, respectively. Therefore, based on the above observations, in most cases, the Pt and Ru nanoparticles separately distribute instead of forming alloy across the VC surface.

It is well-known that not only the structural properties but also electronic properties have significant influences on the HER performance. Hence, the electronic properties of these catalysts were characterized and compared by XPS. As shown in Figure 3A, all the catalysts exhibit Pt 4f doublets, which could be deconvoluated into Pt0, Pt2+, and Pt4+ based on the binding energies. It is worth to note that the metallic Pt has been identified as the main active species for the HER, and thus selected as the indicator of their electronic properties (Seh et al., 2017). It can be seen that the metallic Pt dominates Pt species for these catalysts, while the corresponding binding energy, i.e., Pt0 4f7/2, follows an order of Pt/Ru/VC (72.0 eV)> Pt/VC (71.7 eV)> commercial 20 wt% Pt/C (71.5 eV). Interestingly, this trend of Pt 4f binding energy is highly consistent with that of the corresponding mass activity in Figure 1G for this reaction, suggesting that the higher Pt 4f binding energy favors the HER. Moreover, based on the XPS Ru 3p spectra in Figure 3B, the deconvolution results indicate that the content of metallic Ru within the Pt/Ru/VC catalyst is much less than that of the Ru/VC catalyst, reasonably assuming that the ALD could promote the oxidation of Ru and in turn facilitate the deposition of Pt particles over the catalyst. Therefore, it could be deduced that the highest Pt0 4f binding energy is another important factor for the Pt/Ru/VC catalyst with the highest HER activity.


[image: Figure 3]
FIGURE 3. XPS spectra of (A) Pt 4f region and (B) Ru 3p region. (C) Electrochemical impedance spectroscopy (EIS). (D) Raman spectroscopy of the Pt/Ru/VC, Pt/VC, Ru/VC, and 20% Pt/C catalysts. (E) Raman spectroscopy of VC and commercial VC. (F) XPS spectra of C 1s region.


Moreover, considering that the HER performance is also affected by electron conductivity of catalyst, it is investigated by the EIS for these catalysts (Zhu et al., 2018). As shown in Figure 3C, it is found that the Pt/Ru/VC composite catalyst has the smallest charge-transfer resistance among these catalysts, indicating the fastest electron transfer rate in the reaction kinetics at the interface between electrocatalyst and electrolyte. To obtain more details about the electron transfer, Raman measurements were further carried out for these catalysts. Considering that Raman scattering is strongly sensitive to the electronic properties of carbon-based catalysts, the G band shifts could originate from the electron transfer between metal and support (Sgobba and Guldi, 2009; Dennany et al., 2010; Yin et al., 2018). As shown in Figure 3D, compared with the Pt/VC, the Pt/Ru/VC exhibits an upshift of 2 cm−1 in the G band, consistent with its higher Pt 4f binding energy. Moreover, it can be also seen in Figure 3D that the Pt/Ru/VC composite catalyst shows a higher degree of graphitization with the smallest ID1/IG (2.95) than the Pt/VC (3.17), Ru/VC (3.10), and commercial 20% Pt/C catalysts (3.70). Obviously, the trend of graphitization degree agrees well with that of the above EIS values, which the higher graphitization degree would be more beneficial for electron transfer. Therefore, the highest electron conductivity of the Pt/Ru/VC composite catalyst could also contribute to its highest HER activity.

To verify this idea, another type of VC (i.e., commercial VC), as the support of commercial 20 wt% Pt/VC catalyst, was purchased and also characterized by Raman spectroscopy, thus excluding the metal effects. As shown in Figure 3E, the commercial VC exhibits a higher ID1/IG (2.92) than the VC (2.10) used in this study. Hence, the graphitization degree of the VC is still higher than that of commercial VC regardless of metal deposition. Moreover, the XPS C 1s spectra in Figure 3F shows that the Pt/Ru/VC composite catalyst exhibits higher C(sp2)/C(sp3) of 4.6 than that of 3.6 for the commercial 20% Pt/C catalyst. Considering that electron conductivity of C(sp2) is much higher than that of C(sp3) (Li et al., 2010; Zhu et al., 2015), the Pt/Ru/VC composite catalyst with more C(sp2) should possess higher electron conductivity, which is still consistent with the results from Raman spectroscopy. Therefore, the Pt/Ru/VC composite catalyst appears to have the highest electron conductivity toward high HER activity.

Tafel behaviors for these catalysts were further studied to reveal the electrochemical kinetics and reaction mechanism for HER. It can be seen in Figure 4A that both the Pt/Ru/VC and commercial 20% Pt/C catalysts show the lowest Tafel slope (30.6 mV/dec), compared with the Pt/VC (132.8 mV/dec), and Ru/VC catalysts (86.7 mV/dec). According to Butler-Volmer kinetics, the change in Tafel slopes indicates the transition between two reaction pathways, i.e., Volmer-Tafel and Volmer-Heyrovsky mechanism (Zeng and Li, 2015). Specifically, the Tafel slope of 118, 39, and 29.5 mV/dec could be, respectively, classified into discharge reaction (Volmer step), electrochemical desorption reaction (Heyrovsky step) and recombination reaction (Tafel step) as the rate-determine steps (RDS) (Zeng and Li, 2015). As shown in Figure 4B, the Tafel slope is determined to be 30.6, 132.8, 86.7, and 30.6 mV/dec for the Pt/Ru/VC, Pt/VC, Ru/VC, and commercial 20 wt% Pt/C catalysts, respectively. Hence, the Pt/Ru/VC composite catalyst with the highest Pt 4f binding energy can have the strongest hydrogen adsorption, resulting in the Tafel step as the RDS. On the contrary, Pt/VC with lower Pt 4f binding energy could exhibit weaker adsorption of hydrogen, corresponding to the Volmer step as the RDS.


[image: Figure 4]
FIGURE 4. (A) Tafel slopes of the catalysts and (B) HER mechanisms in acid medium.




General Discussion

Based on the above results, it could be found that functionalized VC plays a crucial role in determining the structural and electronic properties of Pt. To further investigate its influence on the catalytic performance of HER, a Ru-free catalyst was prepared according to the preparation method of the Pt/Ru/VC composite catalyst except for the addition of Ru precursor. The as-prepared catalyst was labeled as Pt/EG-VC, which was used to catalyze HER at the same conditions for a comparison. As can be seen in Figures 5A,B, both the HER activity and stability for the Pt/EG-VC catalyst were inferior to those of the Pt/Ru/VC composite catalyst. Similarly, XPS was employed to characterize the electronic properties of the Pt/EG-VC composite catalyst. As shown in Figure S2, the Pt/EG-VC catalyst shows lower Pt0 4f binding energy of 71.9 eV in comparison with that of 72.0 eV for the Pt/Ru/VC composite catalyst, consistent with the higher Pt binding energy corresponding to higher activity. Thus, from the point view of electronic properties, the functionalized VC would increase Pt 4f binding energy toward high HER activity.


[image: Figure 5]
FIGURE 5. (A) LSV curves and (B) overpotential (η) obtained at current densities of 10 mA cm−2 before and after 3000 cycles for the catalysts.


On the other hand, HAADF-STEM was employed to compare the structural properties of these catalysts before and after stability testing. As shown in Figure 6, both the used Pt/VC and Pt/EG-VC catalysts exhibit remarkable Pt aggregates over the catalyst surface, and the corresponding average particle sizes are determined to be 2.1 ± 0.5 and 2.0 ± 0.4 nm, respectively. The increased Pt particle size could result in the loss of Pt active sites during the test and thus lower HER stability. However, for the Pt/Ru/VC composite catalyst, it could be seen that the metal particles still remain highly distributed across catalyst surface, and the average metal particle size is determined to be 1.5 ± 0.3 nm, which is similar to that of the fresh one. Thus, from the point view of structural properties, the functionalized VC would help stabilize metal particles in resistance of agglomeration toward high HER stability.


[image: Figure 6]
FIGURE 6. HAADF-STEM images and the corresponding size distribution histograms for the (A) Pt/Ru/VC, (B) Pt/VC, and (C) Pt/EG-VC catalysts after stability test.


Based on the above results, the functionalized VC strongly affects the electronic and structural properties of Pt in terms of their catalytic performance for HER. To probe the origin of functionalization, XPS O 1s spectra for the Pt/Ru/VC, Pt/VC and Pt/EG-VC catalyst was further deconvoluated as shown in Figure 7. Obviously, Pt/Ru/VC has higher content of carboxyl group in comparison with the other two catalysts, which accounts for more than 37% of the total oxygen species. Previous studies (Bock et al., 2004; Fang et al., 2019) have suggested that ethylene glycol could act as the reducing regent for metal particle, and the as-produced glycolic acid could adsorb on catalyst surface. These glycolic acids involve abundant surface functional groups, such as carboxyl groups, evidenced by the XPS O 1s spectra. As following, during the ALD process, the Pt precursor would prefer to react and substitute the surface functional groups upon O3 treatment (Munnik et al., 2015), thus giving rise to separate Pt particles instead of alloy.


[image: Figure 7]
FIGURE 7. XPS spectra of O 1s region for the catalysts.





CONCLUSION

In summary, we have successfully synthesized cost-effective Pt-based HER catalysts by the ALD technique to immobilize Pt nanoparticles on the functionalized VC. The as-synthesized Pt/Ru/VC composite catalyst exhibits more Pt active sites, desirable Pt electronic properties and high electron conductivity, giving rise to the highest HER activity compared with the referenced Pt/VC, Ru/VC and commercial 20 wt% Pt/C catalyst. Specifically, the outstanding HER activity includes the small Tafel slope of 30.6 mV dec−1 as well as the comparable overpotentials (23 and 30 mV) and current densities (10 and 40 mA cm−2). Moreover, the Pt/Ru/VC composite catalyst exhibits excellent HER stability with almost no activity loss after 3000 cycles. The insights revealed here could guide the rational design and optimization of cost-effective carbon supported Pt-based catalysts for the HER based on the ALD technique.
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