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Zinc metal is widely used as an anode in various aqueous systems. However, zinc anode suffers from the dendrite formation on the surface upon cycling leading to a poor cyclability of a cell and its termination due to short circuit. In this work, the effect of tetrapropylammonium hydroxide (TPAH) was studied as an electrolyte additive for aqueous Zn//ZnCl2 + LiCl//LiFePO4 battery. TPAH additive prolongs the battery cycle life depending on its concentration (0.01–0.1 M). The better capacity retention over 350 cycles was observed for a symmetrical Zn//ZnCl2 + LiCl//Zn cell with 0.05 M TPAH whereas without additives the cell worked for only 110 cycles. The mechanism of TPAH influence on capacity retention is proposed based on the results of SEM and XRD analysis of the Zn anode and FTIR and NMR studies of the electrolyte. The XRD patterns of the negative electrode of the cell with TPAH indicates that zinc was preferentially deposited in a highly oriented (002) direction, which is more resistant against dendrite formation. These differences in deposited structure of Zn dendrites were confirmed by SEM images as well. FTIR and NMR spectra showed that TPAH decomposes to propylamine (RnN+H) and propene during cycling. TPAH also has an effect on the size and uniform distribution of Zn growth sides.
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INTRODUCTION
Zinc metal is considered as a promising anode material for rechargeable battery due to its high theoretical capacity (820 mAh g−1), abundance, safety, scalability, low cost, and environmental friendliness (Zhang et al., 2017; Fang et al., 2018; Wang et al., 2018a; Li et al., 2019a; Zhang et al., 2020). Zinc based anode materials are used in such systems as zinc-manganese (Beck and Rüetschi, 2000; Zhu et al., 2018), zinc-air (Wang et al., 2018b), nickel-zinc (Moser et al., 2013; Parker et al., 2017), zinc-vanadium based battery (Hu et al., 2017; Batyrbekuly et al., 2020), and so forth. According to the Pourbaix diagram (Konarov et al., 2018; Li et al., 2019a; Zeng et al., 2019; Shin et al., 2020) zinc is thermodynamically unstable in the aqueous environment. It dissolves into Zn2+ ions under acidic conditions (pH < 4), it is more stable at neutral pH, and its solubility increases in alkaline media. Commercial, mainly used as primary batteries, aqueous zinc batteries (Zn-air, Zn-MnO2, etc.) have alkaline media (Yufit et al., 2019; Zhang et al., 2020), where Zn(OH)4−2 complexes formed due to the abundance of OH− ions. These zincate ions precipitate in the form of ZnO, resulting in dendrite growth or passivation of the anode. Mildly acidic aqueous (or neutral) electrolyte for lithium-ion batteries is being investigated relatively recently (Xu et al., 2012; Yan et al., 2012; Zhang et al., 2017; Li et al., 2019a). Xu et al. (2012) show that the replacement of alkaline electrolyte to mild acidic in the Zn-MnO2 battery changed the chemistry. In mild acidic media, Zn2+ ions are reduced and deposited in Zn metallic form, leaving place for side reaction (corrosion). However, nonuniform growth of dendrites and corrosion during cycling still prevents the widespread use of the zinc anode. Numerous works have been investigated to suppress the Zn dendrite formation, such as the modification of the zinc electrode surface (Wang et al., 2019; Zhou et al., 2019) or adding an organic and inorganic additive into electrolyte (Lan et al., 2007; Bani Hashemi et al., 2017).
Hoang et al. designed a hydrogel electrolyte (based on 1 M Li2SO4 and 2 M ZnSO4) with fumed silica and PbSO4 for Zn/LiMn2O4 cell. This gel electrolyte acts as a corrosion inhibitor and dendrite suppressor (Hoang et al., 2017). Organic molecules are commonly used additives to the electrolyte to suppress the Zn dendrite formation. According to the literature, they coordinate or complex with zinc ions (Xu et al., 2015; Wang et al., 2018c). Mitha et al. improved the electrochemical performances of Zn/LiMn2O4 rechargeable aqueous battery by adding of polyethylene glycol (PEG200) in Li2SO4 and ZnSO4 electrolyte by approximately 32% in comparison with control sample (Mitha et al., 2018; Mitha et al., 2019). Kan et al. (1998) compared the effect of adding PbCl2, sodium lauryl sulfate, and Triton X-100 to the electrolyte (2 M NH4Cl and 2.5 M ZnCl2) for Zn/polyaniline secondary battery, where Triton X-100 showed the most promising results. Lan et al. (2007) described the study of several tetraalkylammonium hydroxides as Zn dendrite’s inhibition additives to alkaline 0.45 M ZnO + 6.6 M KOH electrolyte. Authors claim that inhibition of dendrites is positively correlated with the size of alkyl group of alkyl ammonium hydroxides. The authors claim that inhibition of dendrites is positively correlated with the size of alkyl group of alkylammonium hydroxides. The polarity of tetraalkylammonium hydroxides should be not too strong or too weak to uniformly cover the Zn electrode surface. 0.01 M TPAH was found as the best and ecologically friendly Zn dendrite inhibitor (Lan et al., 2007). The mechanism of zinc dendrites in alkaline electrolyte underlying the suppression of dendrite growth is related to the ability of additives to be absorbed on the surface of the electrode (Lan et al., 2007; Garcia et al., 2017; Lu et al., 2018; Li et al., 2019b). Ammonium based additives in electrolytes slowed down diffusional mass transport, were adsorbed on the specific sites of the electrode, and blocked the rapid growth of Zn dendrites via steric hindrance. That is why it was interesting to investigate the tetrapropylammonium hydroxide (TPAH) as Zn dendrite inhibitor in lithium-ion Zn/LiFePO4 battery with mild acid aqueous electrolyte (pH = 4), containing 4 M ZnCl2 and 3 M LiCl. The mechanism of TPAH interaction with electrolyte and Zn anode during cycling is proposed based on the results of SEM and XRD analysis of the Zn anode and FTIR and NMR studies of the electrolyte.
MATERIAL AND METHODS
Materials
LiFePO4 (MTI, Corp., China), Ketjen black (Ketjen Black International, Co., Japan), and polyvinylidene fluoride (PVDF, Kynar, HSV900), 1-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich), carbon fiber paper (Alfa Aesar, Co.), Cu foil with 30 μm thickness (MTI Corporation, United States), Zn foil with 100 μm thickness (Goodfellow, United States), LiCl (Sigma-Aldrich), ZnCl2 (Sigma-Aldrich), TPAH (Sigma-Aldrich), and AGM (Adsorptive Glass Mat, NSG Corporation) were used.
Materials Preparation and Battery Cell Assembling
The electrodes and reference electrolyte were prepared as described in our previous work (Yesibolati et al., 2015). Briefly, to prepare a positive electrode an appropriate amount of LiFePO4, Ketjen black, and PVDF, dissolved in NMP (90:4:6 wt%), were mixed to get homogeneous slurry. The slurry was then casted on carbon fiber paper and vacuum-dried at 70°C for 2 h in a vacuum oven and punched disks with 6 mm diameter. As a reference and counter electrode Zn foil discs with 8 mm diameter were used. The reference electrolyte was prepared by dissolving 3 M LiCl and 4 M ZnCl2 in deionized water. TPAH was then introduced into the electrolyte at different concentrations. The pH of the electrolyte was adjusted to 4 by LiOH and HCl.
To study Zn dendrite suppression ability and mechanism of TPAH, three types of cells were assembled in this work.
Swagelok-type Zn//ZnCl2+ LiCl//LiFePO4half cells were assembled in accordance with our previous report (Yesibolati et al., 2015). The assembled cells were galvanostatically cycled on a NEWARE battery tester (Neware Co, Ltd., China) in the potential window of 1.0–1.4 V at a current density of 0.1 C (1 C = 170 mAh g−1). Cyclic voltammetry (CV) was performed with a VMP3 potentiostat/galvanostat (BioLogic Science Instrument, Co., France) in the potential window of 1.0–1.4 V at a scan rate of 0.1 mV s−1.
Swagelok-type Zn//ZnCl2+ LiCl//Zn symmetric cells were assembled in a similar way to the above half cells. The LiFePO4 positive electrode was replaced by the Zn disk with 8 mm diameter. Every charge/discharge cycling was carried out in 30 min at a current density of 1 mA cm−2.
Beaker cell-type Zn//ZnCl2+ LiCl//Cu cell was assembled to further study the zinc dendrite suppression mechanism by organic additives (TPAH). A zinc foil was used as a reference and counter electrode, and a copper foil served as a current collector for plating/stripping of a known amount of zinc. Both electrodes were 15 mm in diameter and separated by AGM glass separator. The electrodes were half-immersed into an aqueous electrolyte of 3/4 M lithium/zinc chlorides with and without TPAH. The assembled beaker cells were galvanostatically cycled using a BioLogic battery tester. In the first discharge, 1 mAh (or approximately 1.2 mg) Zn was deposited onto Cu foil, and then it was stripped during the charging up to 0.8 V (Higashi et al., 2016).
All electrochemical characterizations were performed at a room temperature.
Characterization
The morphology of the Zn electrodes was observed by Field emission scanning electron microscopy (FE-SEM, JEOL, JSM-7500F). X-Ray diffractometer (Rigaku SmartLab) was applied to identify phases on the surface of anode after cycling. The cycled Zn electrodes were washed by distilled water to remove residual electrolyte. The electrolyte solutions were analyzed by Fourier Transform Infrared Spectroscopy (Nicolet iS10 FT-IR) and FT NMR spectrometer (JEOL, ECA-500).
RESULTS AND DISCUSSION
To check a possible impact of TPAH on the electrochemical performance of the aqueous Zn//ZnCl2 + LiCl//LiFePO4 battery system, the cyclic voltammetry was performed for the cells with and without TPAH electrolyte additives. Figure 1 shows CV profiles of the Zn//ZnCl2 + LiCl//LiFePO4 cells without and with 0.1 M TPAH in the potential window of 1.0–1.4 V at 0.1 mV s−1 for initial first, third, and fifth cycles.
[image: Figure 1]FIGURE 1 | CV profiles of Zn/LiFePO4 cells (A) without and (B) with 0.1 M TPAH in the potential window of 1.0–1.4 V at 0.1 mV s−1.
Both cells had a single redox pair corresponding to lithiation/delithiation of LiFePO4 at 1.14/1.28 V, respectively (Yesibolati et al., 2015). The absence of additional peaks in the CV curves of the cell with the electrolyte additive (Figure 1B) indicated that TPAH additive has no negative effect on the electrochemical reactions in aqueous Zn//ZnCl2 + LiCl//LiFePO4 battery system.
The Zn plating/stripping behavior was studied using the Zn//ZnCl2 + LiCl//Zn symmetric cell without additive and with TPAH at different concentrations (0.01, 0.02, 0.05, and 0.1 M). Figure 2 a shows the voltage versus time profiles of the symmetric cells without and with 0.05 M TPAH electrolyte additive at a current density of 1 mA cm−2. The cell without TPAH electrolyte additive had lower polarization (less than 0.1 V) in the initial 40 h. However, the cell polarization increased to 0.45 V at a later time and the cell short-circuited by 60 h. On the other hand, the cell with TPAH electrolyte additive had a larger polarization (0.3 V) from the initial hours due to an increased resistance of the Zn electrode with adsorbed TPAH molecules (Garcia et al., 2017; Lu et al., 2018). The use of 0.05 M TPAH additive prolonged the cyclability of symmetric cell up to 352 cycles (or 180 h). The cell with lower concentration of TPAH (0.01 M, 0.02 M) overperformed the cell without the additive (Supplementary Figure S1). However, a further increasing of the additive concentration (0.1 M) had no significant improvement on the symmetric cell cycle life (Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | (A) Voltage vs. time profiles of the Zn//ZnCl2 + LiCl//Zn symmetric cells without and with 0.05 M TPAH electrolyte additive at a current density of 1 mA cm−2 and SEM images of Zn electrodes after cycling (B) without TPAH (cycled 60 h), (C) with TPAH (cycled 180 h).
Figures 2B,C present the SEM images of the Zn electrodes in symmetric cells without and with TPAH additive, respectively. Randomly oriented Zn hexagonal disks with average size 1–3 µm can be seen on the surface of both electrodes. Zn dendrite has grown into flower-like agglomerate with a size of approximately 18–20 µm in width on the additive-free symmetric cell, which cycled 60 h (Figure 2B). Only hexagonal Zn disks (mostly horizontally oriented) are seen from the image of anode with 0.05 M TPAH addition (Figure 2C). The TPAH additive prevents such big Zn dendrite growth even though the cell cycled for about 180 h. Zn disks in Figure 2C just have become thicker.
In order to understand the positive effect of TPAH on Zn dendrite suppression, the large-scaled beaker cell-type Zn//ZnCl2 + LiCl//Cu battery was designed and assembled (Supplementary Figure S2). Increasing of TPAH concentration two times (0.02 M) does not give twice improvement of the cell cyclability, the same situation for 0.05 M additive concentration. Increased concentrations will not be economically effective as with 0.01 M TPAH. Due to this, the 0.01 M concentration was chosen for further investigation. Using a copper foil as a current collector instead of a zinc foil allows for quantifying an amount of Zn deposited onto Cu foil and then calculating the Coulombic efficiency. In the first discharge, 1.2 mg Zn was deposited onto Cu foil, and then it was charged until 0.8 V during which the deposited zinc stripped from Cu foil (Higashi et al., 2016). Figures 3A,B show charge/discharge curves of the cells without and with 0.01 M TPAH electrolyte additive, respectively, at a current density of 20 mA cm−2. The cell without TPAH additive demonstrated a stable zinc deposition/stripping performance up to 50 cycles with an overpotential of ∼120 mV (Figure 3A). However, a sharp decrease of overpotential from ∼120 to ∼60 mV occurred after 50 cycles associated with a short circuit of the cell, whereas the presence of TPAH additive in the electrolyte improved cycle stability of the cell over 70 cycles due to its zinc dendrite suppression effect (Figure 3B) (Supplementary Figure S5).
[image: Figure 3]FIGURE 3 | Charge/discharge curves of Zn//ZnCl2+LiCl//Cu beaker cell (A) without and (B) with 0.01 M TPAH electrolyte additive, and (C) the cyclability of cells with and without TPAH additive at 20 mA cm−2.
Figure 3C shows Coulombic efficiency versus cycle number profiles of the beaker cells without and with TPAH additive. The beaker cell without TPAH additive had a constant Coulombic efficiency of 99% over 50 cycles, while the Coulombic efficiency of the cell with TPAH additive fluctuated in the initial cycles and then stabilized to 98.5% in the subsequent cycles. However, the cell without TPAH additive short-circuited after 50 cycles with an abrupt increase of the Coulombic efficiency, whereas the cell with TPAH additive demonstrated a stable cycle performance. The improved cycle stability of the cell further confirms a significant effect of TPAH additive on zinc dendrite suppression. To study the mechanism of TPAH additive for the dendrite suppression, the electrodes and electrolyte were analyzed by many characterization techniques before and after cycling.
Dendrite deposition behavior of both Zn electrodes after cycling was investigated by XRD. Figure 4 demonstrates XRD patterns of the Zn electrodes before and after cycling with and without TPAH additive. The pattern obtained on both electrodes after cycling has no significant difference from pure Zn reference, suggesting reversible behavior of Zn deposition/dissolution. Significant lattice planes (002), (100), (101), and (102) are identical with a literature (Gomes and da Silva Pereira, 2006; Nayana and Venkatesha, 2011; Nayana and Venkatesha, 2015) and demonstrate the different directions of crystal growth. The highest intensity peak at 42° indicated Zn growth in mostly directed (101) orientation, which causes the formation of tips (Nayana and Venkatesha, 2015). However, the intensity of (002) peak of Zn anode with TPAH addition increases, indicating that zinc was preferentially deposited in a basal (parallel) oriented direction to anode surface, which is more resistant against dendrite formation (Sun et al., 2018). Similar behavior of nitrogen-containing amine group of CTAB (cetyltrimethylammonium bromide) was investigated in zinc electrodeposition by Nayana (Nayana and Venkatesha, 2011). This may explain the good battery performance of battery with TPAH addition due to the more 002 oriented deposited zinc.
[image: Figure 4]FIGURE 4 | XRD patterns of Zn electrodes before and after cycling with and without TPAH additive.
An additional phase in the XRD patterns was observed and identified as simonkolleite (Zn5(OH)8Cl2 * H2O) in both anodes after cycling (Supplementary Figure S4). This also was confirmed by EDS mapping of cycled Zn anodes with/without TPAH, which shows the presence of Zn, O, and Cl (Supplementary Figure S3). It can be noted that simonkolleite, which acts as a corrosion stabilizer, forms in case of high Cl content and low pH value (Yoo et al., 2013; Cousy et al., 2017; Li et al., 2019c).
The comparison of Zn electrode surface morphology cycled in beaker cells with and without TPAH addition was done by SEM. It is clearly seen from SEM images that the Zn electrode surfaces of both beaker cells have dendrites, but the character of deposition is different (Figures 5A,B). It can be seen from images with small magnification that Zn anode of cell without TPAH has uneven growth of dendrites; they are almost located on the right side (Figure 5A). Due to the growth upon cycling and penetration of dendrites into AGM separator, it was not possible to detach. The fibers of the separator are seen in the picture, whereas the left corner of the image is clean from dendrites. The Zn dendrites are more uniformly distributed on the anode surface in case of battery with TPAH addition. The size of dendrites is smaller (Figure 5B) and, as a result, this cell worked longer for 20 cycles at 20°C in comparison with battery without TPAH. The larger magnification shows that dendrites of the anode without TPAH have a compact structure with closely packed Zn disks (Figure 5C), whereas TPAH addition makes these dendrites looser (Figure 5D). The high magnification images of Zn dendrites of both cells consist of the hexagonal disks (Figures 5E,F). The size of the disk is smaller in the left picture (about 1 µm in width), and they packed randomly and very close to each other like a sponge (Figure 5C). In the case of TPAH addition (Figure 5F), even distributed Zn disks have a size of 2–3 µm in width and they are much thicker than in Figure 5C.
[image: Figure 5]FIGURE 5 | SEM images of cycled Zn anodes (A,C,E) without TPAH and (B,D,F) with TPAH additive at different magnifications.
Therefore, TPAH addition in electrolyte changed the distribution and structure of dendrites. With TPAH Zn dendrites grow on the surface of anode more uniformly. Dendrite aggregates on the surface of Zn anode of beaker cell with TPAH addition have almost the same size, even though they are cycled 70 times at 20°C. The beaker cell without TPAH short-circuited after 50 cycles due to the enlarged size of particular dendrites.
The electrolytes with TPAH before and after cycling were analyzed by FTIR and NMR. TPAH is a quaternary ammonium cation with four propyl substituents around the central nitrogen and hydroxyl group (Figure 6A). Figure 6B gives the FTIR spectra of the commercial TPAH, the electrolytes with TPAH before and after cycling. The peaks in the ranges of 1,630–1,650, 1,850–2,450, 3,200–3,500 cm−1 appear due to the water. The spectrum of commercial TPAH has its characteristic peaks due to propyl group (740–720, 1,390–1,375, 1,490–1,450, 3,000–2,850 cm−1) and N-C vibrational mode (970–980 cm−1) (Figure 6B, black line) (Spectroscopic Tools). When TPAH was added to ZnCl2 and LiCl containing electrolyte, all corresponding to TPAH peaks disappear (Figure 6B, red line). We assume that aqueous electrolyte overloaded characteristic peaks, but new N-H vibration mode at 3,243 cm−1 (Zhai et al., 2006) is seen in solution of electrolyte before cycling. The ions in the solution interact with TPAH (Supplementary Figure S4) and break vibrational modes of N-C and propyl bonds. The cycled electrolyte shows several features. Shifted peaks appear at 1,050, 1,250 cm−1, indicating the presence of amine groups in the electrolyte. In addition, the vibrational mode of −CH = CH2 appears at 1,450 cm−1, and the shoulder at 3,600 cm−1 which is ascribed to N-H vibration becoming more pronounced. These peaks confirm the aforementioned content of cycled electrolyte solution.
[image: Figure 6]FIGURE 6 | (A) TPAH molecular structure, (B) FTIR absorption spectra of TPAH, (C) 1H NMR spectrum of 1 M TPAH commercial solution, and (D) 1H NMR spectrum of electrolyte with 0.01 M TPAH additive after cycling.
Figure 6 illustrates the 1H NMR spectrum of (C) 1 M TPAH commercial solution and (D) electrolyte with 0.01 M TPAH after cycling, respectively. The 1H NMR spectrum of initial TPAH is fully matched with published data (Tetrapropylammonium hydroxide - 1H NMR Chemical Shifts - SpectraBase). The 1H NMR spectrum of electrolyte after cycling revealed signals corresponding to methyl proton at 0.64 (m), methylene proton at 4.15 (br s), methylene proton attached to N atom at 6.43 (t), and amine group proton at 10.21 (br s). The structure of the propyl group attracted to N atom is assigned from the resonances at δH 0.64, 4.15, 6.43, and 10.21. From the NMR figures, we can observe the shifting of peaks that occurred due to the strong resonance effect of the amine group. All the presented data suggested (predicted) that TPAH in electrolyte after cycling was decomposed to Rn-NH and propene by comparison of spectra included in this study together with literature data (Spectroscopic Tools; Nishioka, 1974).
Based on all experimental results the following mechanism of the influence of TPAH addition to the electrolyte on battery cyclability is proposed (Figure 7). First, TPAH in electrolyte solution increased the yield of simonkolleite formation (Supplementary Figure S4). Simonkolleite is unstable and can decompose to ZnO and ZnCl2 or to ZnO + HCl + H2O (Zhang and Yanagisawa, 2007; Yoo et al., 2013; Moezzi et al., 2016). It is interesting to notice that simonkolleite disks appear with the combination of lower alkalinity, lower temperature, and higher NH4+ ions concentration and in existence of Cl− anion (Li et al., 2011; Cousy et al., 2017). Second, when the battery starts to cycle at high C rate (20 C), Zn dendrites are formed on anode by applying a negative current. During the cycling TPAH decomposes to propylamine (RnN+H) and propene (Zhai et al., 2006; Prokopova et al., 2013). RnN+H adsorbs on the active site of Zn dendrite, preventing its further growth (Lan et al., 2007). Zinc in battery with TPAH addition deposited mostly in a basal (parallel) oriented direction to anode surface.
[image: Figure 7]FIGURE 7 | A proposed mechanism of Zn dendrite suppression by TPAH electrolyte additive.
The cyclability and the Coulombic efficiency of the batteries without additive and with the smallest and highest concentration of TPAH as 0.01 and 0.1 M at 0.5 C are shown in Figure 8. The Coulombic efficiency of all systems is high (96–100%).
[image: Figure 8]FIGURE 8 | The cyclability of Zn//ZnCl2 + LiCl//LiFePO4 batteries with and without TPAH additive in electrolyte at 0.5 C.
The specific discharge capacity of all batteries gradually decreases with each cycle. However, the cell without the additive is inferior in terms of the stability. Batteries with TPAH (0.01 and 0.1 M) performed better cyclability, which are over 380 and 570 cycles, rather than the system with bare electrolyte. Apparently, the addition of the TPAH can prevent zinc dendrite growth, consequently prolonging cycle life of Zn/LiFePO4 system.
CONCLUSION
In summary, the effect of TPAH as an electrolyte additive on the inhibition of Zn dendrite growth in aqueous rechargeable Li-ion battery Zn/LiFePO4 has been investigated. The TPAH additive inhibits the dendritic growth on the Zn anode surface, increasing the battery life cycle. The mechanism of this process is proposed based on the results of SEM and XRD analysis of the Zn anode and FTIR and NMR studies of the electrolyte solution. The XRD pattern of the negative electrode of battery with TPAH indicates that Zn from electrolyte solution was preferentially deposited in a highly oriented (002) direction, which is more resistant to dendrite formation. Zn dendrites are deposited on the surface of anode more uniformly. During the electrochemical cycling TPAH decomposes to propylamine (RnN+H) and propene. They adsorb on the tip of Zn nucleation site and cover the surface of the electrode, preventing further growth of dendrite.
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