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ABSTRACT

[bookmark: _GoBack]Report 100 p., 1 book, 18 fig., 2 tab., 53 references, 3 appendixes

AQUEOUS ELECTROLYTE, ZINC ANODE, ZINC DENDRITE, LITHIUM-ION BATTERY, DENDRITE SUPRESSION

Lithium-ion batteries are widely used for most energy storage systems due to the high energy density. However, the organic electrolyte in lithium-ion batteries is flammable, therefore alternative electrolytes should to be considered, including aqueous electrolytes. The aim of this research work in development of zinc-based aqueous battery (ZRAB).
The aim of this project is the investigation of zinc dendrite formation in Zn/LiCl-ZnCl2/LiFePO4 system. This report presents final report for 2018-2020 years.
For the first time, design and assembly of In-situ XRD cell was carried out for zinc dendrite formation investigation in Zn/LiCl-ZnCl2/LiFePO4 system. Modification of the anode surface with lauryl sodium sulfate, iridium oxide and the addition of 0.01 M tetrapropyl ammonium hydroxide to the aqueous electrolyte suppress the formation of zinc dendrites in the Zn / LiCl-ZnCl2 / LiFePO4 system (ZRAB).
The results obtained during the implementation of the project have been well tested: they were discussed at 9 international conferences and 5 articles were published in international peer-reviewed journals. 
The significance of the work during the 2018-2020 period consists in design and assembly of  in-situ XRD cell for zinc dendrite investigation in ZRAB, zinc dendrite suppression, assembling a cell for in-situ XRD of zinc dendrites in VPARC, passivation of zinc dendrite growth, design of a laboratory prototype and evaluation under conditions of near-earth space applications.
Application: industry, medicine, stationary energy storage.


ТҰЖЫРЫМ

Есеп 100 бет, 1 кітап, 18 сурет, 2 кесте, 53 әдебиет көзі, 3 қосымша.

СУЛЫ ЭЛЕКТРОЛИТ, МЫРЫШ АНОДЫ, МЫРЫШ ДЕНДРИТІ, ЛИТИЙ-ИОНДЫҚ АККУМУЛЯТОР, ДЕНДРИТТЕРДІҢ ПАССИВАЦИЯСЫ

Литий-иондық аккумуляторлар жоғары энергия тығыздығына байланысты ең көп таралған энергия сақтау жүйесі болып табылады. Дегенмен, батареяларда қолданылатын органикалық электролит тез тұтану қауіптілігіне байланысты, оларды алмастыру басты мақсат болып келеді. Бұл жоба мырыш негізінде қайта зарядталатын сулы аккумулятор жүйесін құруға бағытталған.
Жобаның басты мақсаты цинк негізіндегі аккумулятор Zn/LiCl-ZnCl2/LiFePO4 системасындағы мырыш дендриттерінің қалыптасуы мен өсу механизмдерін анықтау болып табылады. Бұл құжатта 2018-2020 жылдарда жасалған қорытынды есеп ұсынылған.
Zn/LiCl-ZnCl2/LiFePO4 жүйесіндегі мырыш дендритінің өсуін зерттеу үшін алғаш рет ЭХ in-situ платформасында рентгенофазды талдау және тестілеу жүргізілді.  Анод бетін натрий лаурил сульфаты, иридий оксидімен модификациялау және 0,01 М тетрапропиламмоний гидкоксидін су электролитіне қосу Zn/LiCl-ZnCl2/LiFePO4 моделінде мырыш дендритінің түзілуінін бәсеңдеуіне ықпал етті.
Жобаның жүзеге асыру барысында жоғары нәтижелерге қол жеткізілді: 9 халықаралық конференцияларда талқыланды және халықаралық рецензияланатын журналдарға 5 мақала жарияланды.
Есеп беру кезеңдегі жұмыстың маңыздылығы мырыш негізіндегі қайта зарядталатын аккумуляторлардығы Zn дендриттерін in-situ РФА үшін ұяшықты жинау, мырыш дендриттерінің өсуін пассивациялау, зертханалық прототиптің дизайны және оны жерге жақын ғарыштық қосымшалар жағдайында сынау болып табылады.
Қолдану аясы: өнеркәсіп, медицина, стационарлық энергия сақтау. 
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LIST OF ABBREVIATIONS AND SYMBOLS

In this R&D report, the following abbreviations and symbols are used:
	[bookmark: _Hlk54599620]AGM
ALIB
CV
LIB
LiCl
LiFePO4, LFP
NMP
NMR
PVDF
рН
SEM
ТРАН
XRD
Zn
ZnCl2 
ZRABS 

	- separator
- aqueous lithium-ion batteries
- cyclic voltamagram
- lithium-ion batteries
- lithium chloride
- lithium iron phosphate
- N-1-methyl-2-pyrollidon
- nuclear magnetic resonance
- polyvinylidene fluoride 
- acidity, environment
- scanning electron microscope
- tetrapropylammonium hydroxide
- x-ray diffraction analysis
- zinc
- zinc chloride
- Zinc based Rechargeable Aqueous Battery





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 environmentally friendliness [1–5]. Zinc based anode materials are used in such systems as zinc-manganese [6,7], zinc-air [8,9], nickel-zinc [10,11] zinc-vanadium based battery [12,13]. According to the Pourbaix diagram [14–17] zinc is thermodynamically unstable in the aqueous environment. It dissolves into Zn2+ ions under acidic conditions (pH<4), more stable at neutral pH, and it’s solubility increases in alkaline media (figure 1). Commercial, mainly used as primary batteries, aqueous zinc batteries  (Zn-air, Zn-MnO2 and etc) have alkaline media [18], 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 [5,19,20].  
[image: ]
Figure 1 – Pourbaix diagram of Zn in aqueous solution 

Xu C. and co-workers show that the replacment of alkaline electrolyte to mild acidic in the Zn-MnO2 battery changed the chemistry [19]. In mild acidic media, Zn2+ ions are reduced and deposited in Zn metallic form, leaving place for side reaction (corrosion). However, non-uniform 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 [21,22] or adding an organic and inorganic additive into electrolyte [23,24]. 
Lan et al. [23] described the study of several tetra-alkyl ammonium hydroxides (TAAHs) 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 alkyl ammonium hydroxides. The polarity of TAAHs should be not too strong or too weak to uniformly cover the Zn electrode surface. 0.01M TPAH was found as the best and ecological friendly Zn dendrite inhibitor [23]. 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 [23,25–27]. Ammonium based additives in electrolytes slowed down diffusional mass transport, adsorbed on the specific sites of the electrode and blocked the rapid growth of Zn dendrites via steric hindrance.
Recently, suppression of dendrites by electroplating is also attracted great interest [28–31]. J. McBreen was one of the first  who studied the effect of electrodeposited metal oxides namely  Mgo, Fe2O3, PbO, Cao, In2O3, Ga2O3, and Bi2O3 in small amounts (ppm) on the surface of Zn electrodes [32,33]. As a result, the polarization is increased and led to form layer on the Zn electrode, which is effective in maintaining the electrode capacity during cycling [29,30]. Yuehua Wen and co-authors [30] studied the effect of lead (II) ions and tetrabutylammonium bromide as an additive to the electrolyte in an 8 M KOH alkaline solution, where observed smooth and compact zinc deposition, increasing the cyclability of the zinc-nickel element.
The aim of this project is to identify the mechanisms of the formation and growth of zinc dendrites in a model of Zinc based Rechargeable Aqueous Battery (ZRABS) Zn/LiCl-ZnCl2/LiFePO4 with a mild acidic electrolyte. 
The novelty of this project is the development of an in-situ  method for studying the formation and growth of zinc dendrite in the model ZRABS: Zn/LiCl-ZnCl2/LiFePO4. 
In the first year of the project (2018), materials were synthesized, the model of the Zinc based Rechargeable Aqueous Battery (ZRABS) Zn/LiCl-ZnCl2/LiFePO4 was studied morphologically and electrochemically. The ex-situ SEM and AFM data showed the formation and growth of zinc dendrites up to 200 nm during the cycling of ZRABC.  A simple model of the phase field for one-component growth of the melt was presented, which includes anisotropy in a certain form. The formation of various dendritic patterns can be shown through numerical calculations using this model. Qualitative relationships between crystal shapes and some physical parameters were discussed. It was also shown that noise has a decisive influence on the structure of the lateral branches of dendrites in some situations. Published 2 articles in foreign journals with a non-zero impact factor, 3 abstracts in 2 international conferences (INESS-2018, 59th BSJ), in the annual interim report for 2018 (inv. number 0218РК01389). 
In 2019, the tasks of setting up and electrochemical testing of the EC in-situ platform were completed. An in-situ electrochemical cell was developed, assembled to study the formation of dendrites during the cycling of an aqueous Zn//4M ZnCl2 + 3M LiCl//LiFePO4 battery. To study the X-ray phase analysis, the cell platform was adjusted in the Parallel Beam mode.  The in-situ assembled XRD cell was connected to a multichannel potentiostat (VMP3, Biologic) with EC Lab software. Electrochemical tests were carried out in the potential range of 1 and 1.6 V relative to Zn/Zn2+.  Research to suppress the formation of zinc dendrites by galvanizing zinc foil with sodium lauryl sulfate and optimizing the electrolyte by adding tetrapropylammonium hydroxide (TPAH) at various concentrations have been started. The surface morphology of the zinc electrode after battery cycling was comparatively studied. The results were published in 2 abstracts in the materials of international conferences (INESS-2019, EMRS) and in the 2019 interim report (inv. number 0219РК00174).
In 2020, the following tasks were identified to achieve the project goal (Appendix А):
1 Suppression of dendrite formation
2 Design of structure/dimensions and mechanical test. Cells characterization 
3 Result discussion



MAIN PART OF THE R&D REPORT

1 Suppression of dendrite formation
1.1 Electrolyte optimization
This chapter presents the results of experimental studies to suppress the growth of dendrites by optimizing the electrolyte. The electrolyte preparation method was presented in previous reports (inventor numbers 0218РК01389, 0219РК00174). It was found that the addition of tetrapropylammonium hydroxide (TPAH) to the electrolyte promotes uniform deposition of zinc from the aqueous electrolyte solution onto the electrode surface, significantly improving the stability of the Zn//ZnCl2 + LiCl//LiFePO4 battery. The effect of the concentration of the TPAN additive on the cycling stability of a symmetric cell was studied. 
To further study the Zn dendrite suppression mechanism of TPAH, the beaker-type Zn//ZnCl2+LiCl//Cu cells were designed and assembled (figure 2 а). Using a copper foil as a current collector instead of a zinc foil allows to quantify an amount of Zn deposited onto Cu foil, and then to calculate the coulombic efficiency. In the first discharge 1.2 mg of Zn was deposited onto Cu foil, and then it was charged until 0.8 V during which the deposited zinc stripped from Cu foil [34]. Figure 2 b and c 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 overpotential of ~120 mV (figure 2 b). However, a sharp decrease of overpotential from ~120 mV to ~60 mV occurred after 50 cycles associated with a short-circuit of the cell (figure 2 b, d). Whereas, the presence of TPAH additive in the electrolyte improved a cycle stability of the cell over 70 cycles due to its zinc dendrite suppression effect (figure 2 c). 
Figure 2 c shows Coulombic efficiency vs. 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.
 
[image: Graphical user interface

Description automatically generated]
а) scheme; b) charge/discharge curves without TPAH;  c) charge/discharge curves with TPAH; d) cycleability
Figure 2 – Electrochemical characteristics of Zn//ZnCl2+LiCl//Cu beaker cell at 20 mА сm-2

A dendrite formation behavior of both Zn electrodes cycled with and without TPAH electrolyte additives was investigated by XRD. Figure 3 demonstrates XRD patterns of the Zn electrodes before and after cycling with and without TPAH electrolyte additive. The pattern obtained on the 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), (102) are identical with a literature [35–37] and demonstrate the different directions of crystal growth. The highest intensity peak at 42° indicated that Zn grows in mostly directed (101) orientation, which causes the formation of tips [37]. 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 [38]. Similar behavior of nitrogen-containing amine group of CTAB (cetryltrimethylammonium bromide) was investigated in zinc electrodeposition by Nayana and etc. [36]. This may explain the good battery performance of the battery with TPAH addition due to the more 002 oriented deposited zinc. 
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Figure 3 - 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 electrodes after cycling (figure 3). This also was confirmed by EDS mapping of cycled Zn anodes with /without TPAH, which shows the presence of Zn, O and Cl (figure 4). It can be noted  that simonkolleite, which acts as a corrosion stabilizer, is formed in the case of high Cl- content and low pH value (acidic media) [39–41].
[image: ][image: ]
a) without TPAH; b) with 0.01M TPAH addition 
Figure 4 – EDC mapping of cycled Zn electrodes 

The comparison of zinc 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 (figure 5 a, b). It can be seen from images with small magnification that Zn anode of cell without TPAH have uneven growth of dendrites; they are almost located on the right side (figure 5 a). 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 size of dendrites is smaller (figure 5 c) and, as a result, this cell worked longer for 20 cycles at 20C 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 5 c). Whereas TPAH addition makes these dendrites looser (figure 5 d). The high magnification images of Zn dendrites of both cells consist of the hexagonal disks (figure 5 е, 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 5 c). In the case of TPAH addition (figure 5 f), even distributed Zn disks have a size of 2-3 µm in width and they are much thicker than in figure 5 c.
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a, c, e) without TPAH; b, d, f) with TPAH additive
Figure 5 - SEM images of the Zn electrodes after cycling at different magnifications 

Therefore, TPAH addition in electrolyte changed the distribution and structure of dendrites. With TPAH Zn dendrites are growth 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 6 a). Figure 6 b gives the FTIR spectra of the commercial TPAH, the electrolytes with TPAH before and after cycling. The peaks in the range of 1630 -1650 cm-1, 1850-2450 cm-1, 3200-3500 cm-1 appear due to the water. The spectra of commercial TPAH has its characteristic peaks due to propyl group (740-720 cm-1, 1390-1375 cm-1, 1490-1450 cm-1, 3000-2850 cm-1) and N-C vibrational mode (970-980 cm-1) (figure 6 b, black line) [42,43]. When TPAH was added to ZnCl2 and LiCl containing electrolyte, all corresponding to TPAH peaks disappear (figure 6 b, red line). We assume that aqueous electrolyte overloaded characteristic peaks, but new N-H vibration mode at 3243 cm-1 [44] is seen in solution of electrolyte before cycling. The ions in the solution interact with TPAH and break vibrational modes of N-C and propyl bonds. The cycled electrolyte shows several features. Shifted peaks appear at 1050 cm-1, 1250 cm-1, indicating the presence of amine groups in the electrolyte. In addition, the vibrational mode of -CH=CH2  appears at 1450 cm-1, and the shoulder at 3600 cm-1 which is ascribed to N-H vibration becomes more pronounced. These peaks confirm the aforementioned content of cycled electrolyte solution.  
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a) TPAH molecular structure; b) FTIR absorption spectra of TPAH; c) 1H NMR spectrum of 1M TPAH commercial solution; d) 1H NMR spectrum of electrolyte with 0.01 M TPAH additive after cycling
Figure 6 - Physical-chemical investigations

Figure 6 illustrates the 1H NMR spectrum of (c) 1M TPAH commercial solution and (d) electrolyte with 0.01M TPAH after cycling, respectively. The 1H NMR spectrum of initial TPAH is fully matched with published data [42,45]. 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 caused 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 spectrums including in this study together with literature data [46,47].
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 accelerates the formation of simonkolleite. Simonkolleite is unstable and can decompose to ZnO and ZnCl2 or to ZnO + HCl + H2O [39,48,49]. It is interesting to notice that simonkolleite disks appear with the combination of lower alkalinity, lower temperature, higher NH4+ ions concentration and in existence of Cl- anion [50]. 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 [44,51].  RnN+H adsorbs on the active site of Zn dendrite to prevent its further growth [23]. Zinc in battery with TPAH addition deposited in a basal (parallel) oriented direction to electrode surface.
[image: ]
[bookmark: _Hlk54600215]Figure 7 – Mechanism of zinc dendrite suppression by using TPAH as additive in aqueous electrolyte
 
The cyclability and the coulombic efficiency of the full Zn//ZnCl2 + LiCl//LiFePO4 batteries without additive and with the smallest and highest concentration of TPAH as 0.01 M and 0.1 M at 0.5 C are shown in figure 8. The coulombic efficiency of all systems is high (96% - 100%). 
[image: fig8.jpg] 
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 M 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 prolongs cycle life of Zn/LiFePO4 system. 

1.2 Zinc electrode modification  
This part presents the results of experimental studies on the suppression of dendrite growth by modification of a zinc electrode surface. Previously, experiments were conducted out on the galvanization of zinc foil with sodium lauryl sulfate [52]. Electrodeposition on the surface of the zinc anode was carried out in an aqueous solution containing a mixture of 0,6 М ZnCl2 and 0,1М NH4Cl at a current density of 0.32 mA cm-2 for 5 minutes. The modification studied under the same conditions, but using germanium (GeO2), vanadium (V2O5), scandium (Sc2O3), and iridium (IrO2) oxide with a concentration of 100 ppm as additives.
The modified zinc electrodes were studied using X-ray diffractometry (XRD), the results of which are shown in Figure 9. For comparison, a Zn electrode without surface modification was also examined, which is herein referred to as the “bare Zn anode”. 
As can be seen from the X-ray diffraction patterns in Figure 9, the bare Zn anode has intensity peaks at 42-43 ° and 70 °, indicating the orientation of zinc in the 101 and 103 directions. The intensity of the peaks of galvanized Zn electrodes with different oxides differs from the bare zinc. Each metal oxide creates a unique crystalline surface structure, encouraging crystal growth in different directions. After electroplating with metal oxides, all samples retain a strong orientation of the peaks in the 101 direction. The change in the preferred orientation from (103) to (101) suggests that metal oxides modify the galvanic anode, forming a unique crystal structure on the surface of the bare Zn anode.
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Figure 9 - X-ray diffraction pattern of Zn anodes after electrodeposition

The morphology of the modified Zn electrodes was studied using a scanning electron microscopy (SEM) (figure 10). The surface of the bare Zn anode is smooth with characteristic stripes that could have formed during its manufacture (figure 10 a). Zn-IrO2 anode has a more uniform coating (figure 10 b) than other electrodeposited samples with. The surfaces of the Zn-V2O5, Zn-Sc2O3 and Zn-GeO2 anodes have an inhomogeneous rough structure with an uneven coating where crystals deposited in different directions (figure 10 c, d, e).
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а) bare Zn anode; b) Zn-IrO2; c) Zn-V2O5; d) Zn-Sc2O3; e) Zn-GeO2
Figure 10 - SEM images of the Zn anode surface after electrodeposition with metal oxides 

The modified zinc anodes were electrochemically tested using Swagelok type cells. The testing methodology and conditions were previously published in the 2018 and 2019 report and in the article [52]. For comparison, we also tested a battery with  bare Zn anode. The results of testing the stability of battery cycling are shown in Figure 11 a. 
It can be seen from the curves of the stability graph (figure 11 a) that the batteries modified with vanadium, scandium and germanium oxides anodeshave cycled only 50 cycles. However, the battery with the bare Zn anode and Zn-IrO2 showed stability up to 400 cycles. Then, rate capability test was carried out with these two batteries at current densities from 0.1 to 10 C, the results of which are shown in fgure 11 b. In general, both batteries perform the same: at current densities of 0.1C, 0.5C, 1C, 2C, 5C and 10C, stable capacities of 170, 120, 90, 70, 50 and mAh g-1 and 30 mAh g-1 were achieved, respectively. Further with a decrease in the current density to 0.1C, the initial capacity was restored to 150 mAh g-1 for both batteries, but with a slight advantage when using a modified Zn anode.

[image: ]
a) cyclability with modified anodes; b) rate capability test at different current densities;
c, e) bare Zn anode; d, f) Zn-IrO2 anode
Figure 11 - Productivity of the Zn / LiCl-ZnCl2 / LiFePO4 system

To analyze surface morphology of the anodes, these two batteries were cycled for another 100 cycles and examined by SEM (figure 11 c-f). As can be seen from Figure 11 c, d and their magnification by 10 (figure 11 e, f), surface of both anodes have dendrites, the structure of which is noticeably different. Crystals of large size are visible on the surface of the bare Zn anode, while in the sample modified with iridium oxide, a more uniform deposition of smaller dendrites is observed.
Thus, dendrite suppression studies and battery characterization were carried out. It was found that tetrapropylammonium hydroxide (TPAH), depending on the concentration (0.01 M - 0.1 M), as an additive to the electrolyte of the aqueous Zn // ZnCl2 + LiCl // LiFePO4 battery, contributes to an increase in its life cycle. Based on the study Zn anode structure and the composition of the electrolyte, the mechanism of TPAH influence on the preservation of the battery capacity was proposed. X-ray diffraction  analysis of the zinc electrode  with the addition of TPAH showed that Zn is deposited mainly in the 002 direction, which prevents the formation of dendrite. This has also been confirmed by SEM images. FTIR and NMR spectra showed that TPAH decomposes to propylamine (RnN+ H) and propene during cycling, affecting the growth and distribution of the deposited zinc particles. The galvanization of zinc foil with metal oxides (IrO2, V2O5, Sc2O3, GeO2) was also investigated and their effectiveness in preventing the formation of zinc dendrites was studied. Modification with iridium oxide helped to reduce the size of the deposited zinc and slightly increase the battery capacity during cycling. Based on the above, a new anode material with electrodeposited iridium oxide on the zinc anode surface has been developed.



2 Cell design and mechanical testing. Cell characterization 
The laboratory prototype was designed to carry out mechanical and vibration tests for the optimized ZRABs. The carrying out the design and dimensions of the ZRAB battery with an aqueous electrolyte, the following prototype forms were considered: Swagelok-type, Beaker-cell type, and Pouch-cell type (figure 12). 
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а) Swagelok cell; b) Beaker cell; c) Pouch cell
Figure 12 – cell types 

The choice of prototype design for a microsatellite should be capable of operating in ultra-high vacuum (~ 10-4 Pa) and extreme vibrations, it is necessary to use cells with a high capacity (> 40 mAh). In pre-liminary electrochemical studies of the ZRAB battery, Swagelok cell and Beaker cell were used, which are used for laboratory research (capacity ~ 0.017 mAh), however they are not intended for testing in cosmic space applications. Therefore, for further testing of the developed battery for mechanical and vacuum effects, a pouch cell was chosen.
Positive electrodes were prepared by mixing 90 wt% LiFePO4, 4 wt% polyvinylidene fluoride (PVDF) dissolved in 1-methyl-2-pyrrolidone (NMP) as a binder, and 6 wt% acetylene black as a conductive agent. The prepared slurry was casted on carbon fiber paper using the Doctor Blade technique, then vacuum dried at 70 ° C for two hours. Iridium oxide coated zinc foil was used as the negative electrode. The electrolyte was prepared by dissolving 3 M LiCl and 4 M ZnCl2 with the addition of 0.1 M TPAH in deionized water with pH = 4. Absorbed glass mat (AGM separator) was immersed in the obtained electrolyte and then used in a battery. 
The cell consists of 2 cathodes and 1 anode. The cathode, anode and separator were cut into a 4 x 3 cm rectangular shape as shown in Figure 13a. The mass of the active material per unit area is 4 mg / cm2. 4 prototypes were prepared with and without modification (table 1). 
Тable 1 – Description of pouch cells
	Description
	Cells

	Bare Zinc electrode
	РС01, РС02

	Modified Zinc electrode (IrO2 coated zinc), electrolyte with TPAH additive
	РСТ01, РСТ02
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a) assembly scheme; b) assembled pouch cell
Figure 13 - Pouch cell

For electrochemical investigation of pouch cells the following methods were used: cyclic voltammetry to determine the reversibility of the reaction and galvanostatic charge / discharge to determine the cycling stability of the cell. Figure 14 a, b shows the comparative results of cyclic voltammetry of pouch cells with and without modification. Reversible characteristic peaks of lithium ions appear at 1.0 V and 1.4 V, which intercalate / deintercalate from the crystal lattice without changing the structure of the material. Based on the CV results, further galvanostatic testing was carried out in voltage range of 1.0 - 1.5 V. A plateau was observed in the charge-discharge curve of the pouch cells at 1.16 - 1.23 V vs. Zn / Zn2 + (figure 14 c, d). 
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а) cyclic voltammetry of pouch cell without modification; b) pouch cell with modification; c) charge/discharge profile of pouch cell without modification; d) charge/discharge profile of pouch cell with modification
Figure 14 - Electrochemical performance of pouch cells
 
The initial discharge capacity of both pouch cells (PC01 and PCT01) at a current density of 0.1C show 120 mAh g-1, which is 75% of the theoretical capacity of LiFePO4 (1C = 160 mAh g-1). In addition, the cells have identical curves both during charging and discharging, which indicates a good reversibility of the battery (figure 14 c, d). After 3 charge-discharge cycles, the cells were stopped and used for further mechanical and vacuum tests. 
The pouch cells (PC01 and PCT01) were analyzed at deep vacuum for possible deformation and component leakage. The cells were placed in a special high vacuum chamber on a European synchrotron radiation facility (figure 15) and performed to a reduced pressure of 2.8 x 10-2 Pa for 30 minutes. During the test, prototype deformation and electrolyte leakage were not observed.
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Figure 15 - Chamber for high vacuum exposure 

After the high vacuum test, pouch cells were electrochemically investigated (figure 16). Before the vacuum test, the discharge capacity of both samples on the 3rd cycle was about 118 mAh g-1 at a current density of 0.1C (figure 16 a, b). The cells have the same plateau at 1.16 - 1.23 V upon the cycling, which indicated the stable performance of the batteries. After testing for vacuum exposure, their discharge capacity was 117 mAh g-1 and shows stable cycling (figure 16 c, d). 
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а) charge-discharge profile of PC01 cell; b) charge-discharge profile of PCТ01 cell; c) cycle performance of PC01 cell; d) cycle performance of PCT01 cell
Figure 16 - Electrochemical performance of pouch cells at 0.1C

Vibration tests to identify the mechanical stability of the cells were carried out on the Shaker LDS V8-440 installation in the testing laboratory of JSC "Kazakhstan Karash Sapary" and LLP "Galam" (figure 17). Cells PC02 and PCT02 were placed on a vibration stand and connected to measuring sensors.
 
[image: ]
Figure 17- Vibration installation Shaker LDS V8-440

Vibration tests were carried out with sine and random mode for 20 minutes in the direction of the Z axis (up - down) (table 2) and  [53].  Deformation of pouch cells after vibration test was not observed. 

Table 2 – Characteristics of vibration testing
	Mode
	Minimum frequency (Hz)
	Maximum frequency (Гц)
	Maximum force (N)
	Maximum acceleration (g)

	Sine
	10
	2000
	500
	0,5

	Random
	5
	1000 - 3200
	5,65 х 103
	6,45



The electrochemical properties of the pouch cells (PC02 and PCT02) after vibration tests were electrochemically tested at a current density of 0.1C (figure 18).
After the vibration test, a clear difference in the capacities of the samples is observed. It should be noted that the discharge capacity at 4th cycle for the PCT02 sample was 100 mAh g-1 compared to PC02, where the discharge capacity was only 80 mAh g-1 (figure 18 a, b). The cell has one plateau at 1.16 - 1.23 V, which proves the stable operation of the batteries after the vibration test with different modes. According to the obtained results, both cells show good cyclability over 15 cycles (figure 18 c, d). 
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а) charge-discharge profile of PC02 cell; b)  charge-discharge profile of  PCТ02 cell;
c) cycle performance of PC02 cell; d) cycle performance of PCT02 cell 
Figure 16 - Electrochemical performance of pouch cells at 0.1C

In conclusion, the design and dimensions of the ZRAB battery prototype with aqueous electrolyte was developed. Swagelok-type, Beaker-cell type, and pouch cells were considered for battery design. According to the physical stability and integrity of the prototype, a pouch cell is the most optimal for mechanical and vibration tests. Samples PC01 and PCT01 were analyzed for vacuum exposure with simulated earth orbit conditions (deep vacuum 2.8 x 10-2 Pa). After vacuum testing, PC01 and PCT01 cells showed stable cycling and a discharge capacity of 105 mAh g-1. Samples PC02 and PCT02 were evaluated for vibration (mechanical) test, while deformation of the pouch cells were not observed. After the test, the discharge capacity of the PC02 and PCT02 cells after 15 cycles was 76 mAh g-1 and 90 mAh g-1, respectively. Based on the obtained results of electrochemical results of laboratory prototypes, it can be concluded that the samples have been successfully tested as batteries for space applications. 

3 Result discussion
The experimental results obtained during the implementation of the project were discussed in international conferences and published as articles of peer-reviewed international journals. For 2018-2020, the research group took part in international conferences, in which they made an oral presentation 6 times and 3 times a poster:
1) А. Аdi, R. Zakarina, I. Kurmanbayeva, Z. Bakenov, M R. Babaa «An investigation of the Zn dendritic growth in Zn//LiCl+ZnCl2//LiFePO4 rechargeable aqueous battery», The 6th International conference on Nanomaterials and Advanced Energy Storage Systems (INESS-2018), 8-10 August 2018, Astana, Kazakhstan, P. 94,
2) D. Batyrbekuly, I. Kurmanbayeva, Z. Bakenov, J-P. Pereira-Ramos Vanadium based cathode materials for aqueous battery // the 6th International conference on Nanomaterials and Advanced Energy Storage Systems (INESS-2018), 8-10 August 2018, Astana, Kazakhstan, P. 95 (oral).
3) D. Batyrbekuly, А. Аdi, I. Kurmanbayeva, J-P. Pereira-Ramos, M R. Babaa, Z. Bakenov In-situ characterization of zinc dendrite formation for Zinc based aqueous batteries The 59th Battery Symposium Japan, 27-29 November 2018, Osaka, Japan (oral).
4) Kurmanbayeva I., Zakarina R., Zhanadilov O. et al. The Zn dendrite growth investigation in Zn//LiCl+ZnCl2//LiFePO4 aqueous battery // the European Materials Research Society (E-MRS). – Niccа, 2019. – Р. 105
5) D.Batyrbekuly, B.Laïk, N.Emery, Z.Bakenov, J.-P. Pereira-Ramos, R.Baddour-Hadjea. Nanosized puckered V2O5’-polymorph as cathode material for Li-ion batteries with enhanced electrochemical properties // the 7th International conference on Nanomaterials and Advanced Energy Storage Systems (INESS-2019). – Almaty, 2019. – Р. 41 (oral).
6) Zakarina R., Korzhynbayeva K., Kurmanbayeva I., Bakenov Z. Suppression of dendrite formation on zinc anode of aqueous rechargeable batteries using electrodeposition with organic additives and boric acid in Zn/LiFePO4 // the 7th International conference on Nanomaterials and Advanced Energy Storage Systems (INESS-2019). – Almaty, 2019. – Р. 82. 
7) I.Kurmanbayeva, А.Коnarov, D.Batyrbekuly, A.Mentbayeva, Z.Bakenov, Investigation of aqueous lithium-ion batteries // X international Beremzhanov congress on chemistry and chemical technology «Investigation of aqueous lithium-ion batteries». Almaty, October, 24-25, 2019,  http://chemconf.kaznu.kz/ (oral). 
8) L.Rakhymbay, I.Kurmanbayeva, Z.Bakenov. Metal oxides as additives to suppress dendrite formation on Zn anode of rechargeable aqueous battery //the 8th International conference on Nanomaterials and Advanced Energy Storage Systems (INESS-2020. Abstract Book). -  Nur-Sultan, 2020. - Р. 44 (oral).
9) D.Batyrbekuly, S.Cajoly, B.Laïk, J-P.Pereira-Ramos, N.Emery, Z.Bakenov, R.Baddour-Hadjean. Mechanistic investigation on hybrid Zn/V2O5 rechargeable battery using a binary Li+/Zn2+ aqueous electrolyte // the 8th International conference on Nanomaterials and Advanced Energy Storage Systems (INESS-2020. Abstract Book). -  Nur-Sultan, 2020. - Р. 42. (oral). 
Published papers in peer-reviewed foreign and domestic scientific journals, indexed in databases or with a non-zero impact factor:
1) Y. Zhang, Z. Bakenov, T. Tan, J. Huang, Synthesis of Core-Shell Carbon Encapsulated Fe2O3 Composite through a Facile Hydrothermal Approach and Their Application as Anode Materials for Sodium-Ion Batteries // Metals. - 2018. - V. 8. - P. 461; doi:10.3390/met8060461, 10 pages, foreign journal with impact factor IF=2.117 (2019), Q3.
2) Y. Zhang, Z. Bakenov, T. Tan, J. Huang, Polyacrylonitrile-nanofiber-Based Gel Polymer Electrolyte for Novel Aqueous Sodium-Ion Battery Based on a Na4Mn9O18 Cathode and Zn Metal Anode // Polymers. - 2018. - V. 10. - P. 853; doi:10.3390/polym10080853, 10 pages, foreign journal with impact factor IF=3.426 (2019), Q1.
3) D. Batyrbekuly, S. Cajoly, B. Laïk, J.P. Pereira-Ramos, N. Emery, Z. Bakenov, R. Baddour-Hadjean, High performance Zn/V2O5 rechargeable battery in a hybrid Li+/Zn2+ aqueous electrolyte // ChemSusChem. – 2020. – V. 13. - P. 724-731, doi: 10.1002/cssc.201903072, foreign journal with impact factor IF=7.962 (2019), Q1,
4) R. Zakarina, I. Kurmanbayeva, Z. Bakenov, Suppression of zinc dendrite formation on anode of Zn/LiFePO4 aqueous rechargeable batteries using electrodeposition // Materials Today: Proceedings. – 2020. – V. 25 (1). – P. 93 – 96, https://doi.org/10.1016/j.matpr.2019.12.278 , foreign journal with impact factor IF=0.97 (2018), CiteScore 1.3, Percentile 39 
5) I. Kurmanbayeva, L. Rakhymbay, K. Korzhynbayeva, A. Adi, D. Batyrbekuly, A. Mentbayeva, Z.Bakenov, Tetra propyl ammonium hydroxide as a zinc dendrite growth suppressor for rechargeable aqueous battery // Frontiers in Energy Research – accepted for the publication.
Thus, the results of experiments obtained during the implementation of the project are discussed among experts in the field of battery development, presenting the data in international conferences and published in the form of articles. The research team participated in three conferences a year (international conferences with publication in Scopus). 5 articles have been published in peer-reviewed foreign scientific journals, indexed in the Web of Science or Scopus databases with a non-zero impact factor.

CONCLUSION

A set of studies for the implementation of the tasks of this project for the period 2018 - 2020 and the scientific data obtained at the same time allow to make the following conclusions:
1. Synthesized materials were structurally and electrochemically investigated in Zn/LiCl-ZnCl2/LiFePO4 system. Ex-situ SEM and AFM analysis shows the formation and growth of zinc dendrites up to 200 nm during the battery cycling.
2. Modelling of formation and growth of dendrites was carried out. New models of dendrite formation have been developed. Basic phase-field models for single component melt growth was presented by including anisotropic formation. The formation of various dendrite shapes can be shown through the numerical methods from the model. Qualitative ratio between crystal shapes and physical parameters were discussed. It has also been shown that the noise has decisive impact on the structure of the lateral sections of dendrites in some cases. 
3. In-situ XRD cell was developed for investigation of zinc dendrites formation in Zn/LiCl-ZnCl2/LiFePO4 system. Parallel Beam mode was used for In-situ XRD study. The In-situ cell was connected to potentiostat at voltage range of 1 – 1.6 V vs. Zn/Zn2+. 
4. Investigation on zinc dendrite suppression was carried out. Modification of the anode surface by zinc foil galvanization with sodium lauryl sulfate reduce the growth of zinc dendrites, improving the electrochemical performance of the battery. The optimal concentration of tetrapropylammonium hydroxide was found, equal to 0.1 M, when added to the electrolyte, zinc is uniformly deposited from the aqueous electrolyte solution onto the anode surface without forming large dendrites. This modification significantly improves battery stability.
5. Dendrite suppression studies and battery characterization were carried out. It was found that tetrapropylammonium hydroxide (TPAH), depending on the concentration (0.01 M - 0.1 M), as an additive to the electrolyte of the aqueous Zn // ZnCl2 + LiCl // LiFePO4 battery, contributes to an increase in its life cycle. Based on the study Zn anode structure and the composition of the electrolyte, the mechanism of TPAH influence on the preservation of the battery capacity was proposed. X-ray diffraction analysis of the zinc electrode with the addition of TPAH showed that Zn is deposited mainly in the 002 direction, which prevents the formation of dendrite. This has also been confirmed by SEM images. FTIR and NMR spectra showed that TPAH decomposes to propylamine (RnN+ H) and propene during cycling, affecting the growth and distribution of the deposited zinc particles. The galvanization of zinc foil with metal oxides (IrO2, V2O5, Sc2O3, GeO2) was also investigated and their effectiveness in preventing the formation of zinc dendrites was studied. Modification with iridium oxide helped to reduce the size of the deposited zinc and slightly increase the battery capacity during cycling. Based on the above, a new anode material with electrodeposited iridium oxide on the zinc anode surface has been developed. 
6. The design and dimensions of the ZRAB battery prototype with aqueous electrolyte was developed. Swagelok-type, Beaker-cell type, and pouch cells were considered for battery design. According to the physical stability and integrity of the prototype, a pouch cell is the most optimal for mechanical and vibration tests. Samples PC01 and PCT01 were analyzed for vacuum exposure with simulated earth orbit conditions (deep vacuum 2.8 x 10-2 Pa). After vacuum testing, PC01 and PCT01 cells showed stable cycling and a discharge capacity of 105 mAh g-1. Samples PC02 and PCT02 were evaluated for vibration (mechanical) test, while deformation of the pouch cells was not observed. After the test, the discharge capacity of the PC02 and PCT02 cells after 15 cycles was 76 mAh g-1 and 90 mAh g-1, respectively. Based on the obtained results of electrochemical results of laboratory prototypes, it can be concluded that the samples have been successfully tested as batteries for space applications. 
7. The experimental results obtained during the implementation of this project were published in international journals with a high impact factor: 4 papers in journals “Metals” (IF=2.117 (2019), Q3), “Polymers” (IF=3.426 (2019), Q1), “ChemSusChem” (IF=7.962 (2019), Q1), “Materials Today: Proceedings” (IF=0.97 (2018), CiteScore 1.3, Percentile 39), 1 manuscript is accepted for the publication in “Frontiers in Energy Research” (IF 2.746 (2019), Q3). Also, the research results were discussed at international conferences: 6 oral and 3 poster presentations (Appendixes В, C).
Thus, the goals set for 2018-2020 for the realization of the project goals were fully implemented:  optimized, tested innovative zinc based water storage system, a cell for in-situ study of dendrite growth was created, battery design was made and prototypes were tested in space near-earth applications. Development of innovative zinc-based water storage system ready for industrial prototyping. They can be used for stationary storage of energy from renewable sources, can replace imported UPS, etc.
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Abstract: Carbon encapsulated Fe,O3 nanoparticles (C@Fe,03) were successfully synthesized via
a facile and environmentally friendly hydrothermal method and prototyped in anode materials
for sodium ion batteries (SIBs). High-resolution transmission and scanning electronic microscopy
observations exhibited the formation of a highly core-shelled C@Fe;O3 composite consisting of carbon
layers coated onto uniform Fe,O3 nanoparticles with a median diameter of 46.1 nm. This core-shell
structure can repress the aggregation of Fe;O3 nanoparticles, preventing the harsh volume change of
the electrode, enhancing the electric conductivity of the active materials, and promoting Na-ion
transformation during cycling. The electrochemical performances of the C@Fe,O3 composite,
as anodes for SIBs, retained a reversible capacity of 305 mAh g’1 after 100 cycles at 50 mA g’1
and exhibited an excellent cyclability at various current densities due to the synergistic effect between
the carbon layers and Fe;O3. These results suggest that C@Fe,O3; composites present much potential
as anode materials for rechargeable SIBs.

Keywords: C@Fe,O3 composite; anode; sodium ion battery

1. Introduction

Recently, sodium-ion batteries (SIBs) have attracted intensive attention as an alternative to
lithium-ion batteries (LIBs). This interest can be attributed to the fact that sodium is abundantly
available and is economically cheaper than lithium [1,2]. Graphite was established as the gold-standard
anode material for lithium ion batteries (LIBs) due to their modest reversible capacity (372 mAh g’1 ),
superior cycling behavior, high Coulombic efficiency, low cost, and low and flat potential plateaus,
which provide a decent voltage window [3]. However, conventional graphite is not suitable for SIB
anodes because the larger atomic radius of sodium requires intercalation hosts, with larger diffusion
channels [4]. In recent years, the researched anode materials for SIBs transition metal oxides, such as
TiO,, ZnO, and Co30,, were found to hold the greatest potential for anode materials in SIBs due
to their exceptional theoretical capacities, good versatility, and cost advantages [5-10]. In general,
these anodes face severe challenges in poor electronic conductivity and huge volume changes during
cycling. Therefore, the development of anode materials with excellent electrochemical performances is
crucial. In particular, Fe,O3, which possess a lofty theoretical specific capacity (1007 mAh g’l) [11],
has garnered much attention in recent years [8-11]. However, the cycling stability of the Fe,O3 anode is
significantly hindered by the harsh volume expansion/contraction during the Na alloying/dealloying
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processes. To boost the stability of the Fe;0O3 anode and better the capacity retention and cycle life,
an effective strategy, which has been previously investigated, is to combine Fe;O3 nanoparticles with
carbonaceous substances. For example, Wang’s group reported the preparation of x-Fe;O3/RGO
composites via microwave autoclave, with the resulting nanocomposites delivering a capacity of
310 mAh g’l after 150 cycles at 100 mA g’l [12].

In lithium-ion batteries, the carbon encapsulated Fe,O3 nanoparticles (C@Fe,O3) as anode
materials attract special interest of researchers since this core-shell structured nanocomposite exhibits
enhanced physical and chemical properties [13]. Coating layers of carbon onto a Fe;O3 core will
simultaneously improve the electric conductivity and act as a buffer layer to mitigate the mechanical
strain and improve the mechanical integrity due to the ductile and elastic nature of carbonaceous
materials [14,15]. All these merits are beneficial for the development of electrochemical performance.
Encouraged by these promising and interesting works, herein, we prepared core-shell structure
C@Fe,03 composites by a one-step hydrothermal procedure. Carbon layers were homogenously
coated on the Fe;O3 nanoparticles, with a median diameter of 46.1 nm. From this unique design,
the C@Fe, 03 composites exhibit an impressive Na-ion storage performance with a high capacity and
good cycles.

2. Materials and Methods

2.1. Materials Preparation

The C@Fe;O3; composites with a core-shell structure were synthesized by the hydro-thermal
method. Glucose (0.3 g) and iron nitrate hydrate (0.4 g) were dispersed in distilled water (40 mL)
using a thermostatic magnetic mixer (Zhengzhou Teer Instruments, Zhengzhou, China) for 0.5 h to
form a uniform suspension. Subsequently, the mixed solution was displaced to reaction still after
0.25 h sonication using an ultrasonic cell disruptor (Ningbo Scientz Biotechnology Co., Ningbo, China),
then heated in a 40 mL Teflon-lined stainless-steel autoclave for 9 h at 190 °C, and then left in ambient
conditions. After cooling to room temperature, the products were washed thoroughly via centrifugal
with deionized water. Finally, the washed products were dried under vacuum at 80 °C for 24 h to
prepare carbon encapsulated Fe;O3 nanoparticles in a core-shell structure.

2.2. Materials Characterization

The crystal phase of C@Fe,O3 composites was analyzed by Rigaku D/Max 2500V /pc X-ray
diffractometer (XRD) (Rigaku-TTRIII, Tokyo, Japan) with Cu Ko (A = 1.5406 A)in scanning step of
0.02°. The morphology was observed by a JEOL JSM-6700F scanning electron microscope (SEM,
equipped with EDX elemental analysis, JEOL, Tokyo, Japan) and high-resolution transmission
electron microscopy (HR-TEM, JEOL, Tokyo, Japan) from a JEOL JEM-2100F instrument with 200 kV
acceleration voltage. Brunauer Emmett Teller (BET) (V-Sorb 2800P) tests were conducted to investigate
the specific surface area of the composites. X-ray photoelectron spectroscopy (XPS) data was obtained
with a PHI 5000 Versa Probe system (Ulvac-Phi, Kanagawa, Japan). The carbon content was estimated
by thermo gravimetric analysis (TGA, SDTQ600, TA Instruments-Waters LLC, Newcastle, PA, USA).
Raman spectroscopy analysis was examined on Raman spectroscopy (LabRAM Hr 800, HORIBA Jobin
Yvon, Paris, France) with the laser wavelength of 514 nm.

2.3. Electrochemical Measurements

The electrochemical measurements were conducted at room temperature using coin cells (CR2025),
with a sodium foil as the counter and reference electrode. The working electrode consisted of a C@Fe; O3
slurry, acetylene black, and sodium alginate binder combined at a weight ratio, 7:2:1, and evenly
applied onto copper foil with 15 mm in diameter. The as-prepared working electrodes were dried in
a vacuum oven at 80 °C for over 12 h to remove any residual moisture. The electrolyte was comprised
of 1 M NaClOy dissolved in a mixture of ethylene carbonate and dimethyl carbonate (1:1 by volume),
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and the separator used was a glass fiber film. The electrochemical performances were probed between
0.01 and 3.0 V (vs. Na/Na*) with a battery testing system (BTS-5V5 mA, Neware, Shenzhen, China).
The specific capacity was calculated in reference to the mass of the total active material.

3. Results and Discussion

The crystalline structure of the C@Fe,O3 composite was characterized by XRD. Figure 1 shows
that the typical diffraction peaks at 30.3°, 35.7°, 57.4°, and 63.1°, which correspond to the reflections
of 206),(119),(1115), and (4 0 12) planes of the Fe;Oj3 structure (JPDS No. 25-1402), respectively.
There is no evident carbon peak due to the presence of amorphous carbon.

Intensity (a.u.)

JCPDS No. 25-1402

e L

40 60 80
2 Theta (degree)

20

Figure 1. X-ray diffractometer (XRD) patterns of the C&Fe,O3 composite.

Raman spectra further confirmed the presence of carbon in the composites. As shown in Figure 2,
two obvious bands at 1350 and 1586 cm ™! are assigned to typical D and G bands of carbon, respectively.
A 2D band of 2693 cm ! is also observed, confirming the presence of carbon from the hydro-thermal
process of glucose in the composites.

Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

Figure 2. Raman spectrum of the C@Fe;O3 composite.

The morphology and particle sizes of C@Fe,O3 composites were characterized by SEM
measurements. As shown in Figure 3a,b, the C@Fe,O3 composites are uniform spheres, with a median
diameter of approximately 50 nm. The inset in Figure 3b depicts the average diameter of the C@Fe,O3
composites was 46.1 nm. The structure of the C&Fe;O3; composite was further investigated by TEM.
Figure 3c illustrates carbon wrapping of Fe,O3 nanoparticles, which possess an average diameter of
~10 nm, confirming a core-shell structure. The HRTEM analysis, shown in Figure 3d, reveals the lattice
fringe, with a distance spacing of 0.238 nm, corresponding to the (2 2 6) plane of Fe;O3. The image also
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illustrates that the thickness of the carbon layer was approximately 0.83 nm. The energy dispersive
spectrometer (EDS) element mapping, shown in Figure 4, clearly demonstrates that the C@Fe;O3
composite mainly consist of C, Fe, and O, with a uniform distribution.

Figure 3. SEM images (a,b) and corresponding median diameter (inset) and TEM images (c,d) of the
C@Fe,03 composites.

Carbon

Oxygen

50 nm
-—

Figure 4. SEM image (a) of the C@Fe,03 composite and corresponding carbon (b), iron (c), and oxygen
(d) element mapping.

The chemical composition and chemical bonding were further investigated by XPS, shown in
Figure 5. As shown in Figure 5a, the peaks of Fe 2p, C 1s, and O 1s were detected in the C@Fe;O3
composite. Figure 5b delivers two peaks located at 724.7 and 711.1 eV in the high-resolution Fe 2p
spectra, corresponding to Fe 2p1/2 and Fe 2p3/2, respectively. In addition, two weak satellite peaks at
733.3 and 719.5 eV can be attributed to the Fe 2p1/2 and Fe 2p3/2, respectively. This phenomenon
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indicates that the composite was composed of Fe>* only. Figure 5c shows three peaks at 288.6, 286.6,
and 284.8 eV in the C 1s spectra, corresponding to the C=0, C-O-C, and C-C, respectively. Figure 5d
shows two peaks located at 531.8 and 529.8 eV in the O 1s spectra, which is attributed to Fe-O-H
and Fe-O, respectively. Overall, the results indicate the successful transformation of glucose and iron
nitrate hydrate into C@Fe,O3 composite.
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Figure 5. XPS full spectra (a), Fe 2p (b), C 1s (c), and (d) O 1s of the C@Fe, O3 composite.

The carbon content of the C@Fe,O3 composites was tested by thermogravimetric (TG) analysis.
From the TG curve in Figure 6, the weight fraction of the carbon was recorded to be 46%. The specific
surface area and pore size distribution of the C@Fe,O3 composite was obtained from nitrogen
adsorption-desorption measurements. From Figure 7a, the isotherms indicate type IV hysteresis
loops, with a marked hysteretic loop in a desorption branch between relative pressures P/Pj of 0.8 and
0.95, corresponding to the mesoporous nature of the sample. In general, the type IV hysteresis loop
typically occurs due to the aggregated nanoparticle structure. The BET surface area for the C@Fe;O3
composite was calculated at 85.56 m? g~ 1. Figure 7b shows the Barrett-Joyner-Halenda (BJH) pore size
adsorption plot for C@Fe,O3 sample, highlighting a bimodal-pore size centered at 3.7 nm and 49.9 nm.
This further confirms the mesoporous morphology of C@Fe;O3 composites.
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Figure 6. Thermogravimetric (TG) curve of the C@Fe, O3 composite.
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Figure 7. (a) Nitrogen adsorption/desorption isotherms and (b) the pore size distributions of
C@FeyO3 composites.

The electrochemical behavior of the C@Fe;O3; composite with Na-ion insertion-extraction was
tested by cyclic voltammetry (CV) analysis as shown in Figure 8. In the cathodic scan, an irreversible
peak is observed at around 0.75 V (vs. Na/Na*), corresponding to the formation of a solid electrolyte
interface (SEI) layer [16]. The pronounced reduction peak occurs near 0.08 V, which results in the
reduction of the Fe;O3 [17]. In the anodic scan, two broad oxidation peaks are located at 0.46 V and
1.71V, corresponding to the reversible oxidation of Fe® to Fe3* [18]. The reversible electrochemical
reaction can be described as [19]:

FepO3 + 6Na <> 2Fe + 3Na,O (1)

Current (mA)

0.0 0.5 1.0 15 20 25 3.0
Potential (V)

Figure 8. Cyclic voltammetry (CV) curve of the C@Fe;O3 composite at the initial cycle.




image31.jpeg
Metals 2018, 8, 461 7 of 10

Figure 9 illustrates the charge—-discharge profiles for the initial three cycles of the C@Fe;03
composites at a current density of 50 mA g~! and at a potential window between 0.01 and 3.0 V.
As observed, the C@Fe,O3 composite delivers an initial discharge capacity of 709 mAh g’1 and
a charge capacity of 415 mAh g~!, which mainly originates in the first cycle, partially from the inevitable
formation of the SEI film on the surface of the C@Fe; O3 electrode and the unique core-shell structure,
which possesses a high specific surface area [20]. SEI films are generated from the decomposition of
electrolyte, which produces a large amount of sodium ions and irreversibly intercalate into the crystal
lattice [21]. In addition, no obvious voltage plateaus can be observed in Figure 9, which is accepted of
Fe,O3 as is reported in the literature. Lastly, the capacity of the C@Fe,O3 composite quickly faded in
the subsequent cycles because of the drastic volume change and the aggregation of Fe,O3 nanoparticles
during charge-discharge processes [22].

3

— Ist cycle
—— 2nd cycle
—— 3rd cycle

Voltage/ V

0 200 400 600 800
Capacity/ mAh g'I

Figure 9. The charge-discharge profiles of the C@Fe;O3 composites at the initial three cycles at
50 mA g~ ! between 0.01 and 3.0 V.

At a current density of 50 mA g~! for 100 cycles, the cycling performances of C@Fe,03 composite
are shown in Figure 10. In the first cycle, the C@Fe; O3 composite manifests a high irreversible discharge
capacity of 709 mAh g~! and a relatively low initial coulombic efficiency of less than 60%. Subsequently,
excellent cycle performance is maintained delivering a reversible capacity of 305mAh g~ for
100 cycles. Furthermore, along with a high reversible discharge capacity, excellent cyclability was
demonstrated as well, and the capacity decay was only 0.22% in per cycle. Complimentarily,
the C@Fe, 03 electrode delivers a coulombic efficiency of over 99%. In summary, these results imply
an excellent reversibility of sodium insertion/deinsertion in the C@Fe,O3 composites.
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Figure 10. Cycling performance and coulombic efficiency of the C@Fe;O3 composites.
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Figure 11 exhibits the rate capabilities of the C@Fe,;O3 composite electrode at different current
densities, spanning from 50 mA g~! to 1000 mA g~!. The C@Fe, 03 composite electrode demonstrates
excellent rate performance and reversible capacities of 364, 291, 245, 206, and 150 mAh g’1 at current
densities of 50, 100, 200, 500, and 1000 mA g’l, respectively. Lastly, the C@Fe,O3 composite delivered
a reversible capacity of 302 mAh g’l when returning the current density back to the initial 50 mA g’l.
These results reveal that the stable core-shell structure of the carbon encapsulated Fe,O3 nanoparticles
can effectively sustain the large volume change, alleviate the aggregation of Fe,O3 nanoparticles, and
improve electronic transports during sodium insertion [16,23,24].

o

50 mA/g

O%Dmn mA/g 50 mA/g
200 mA/g

can [ccccueeqo)
D 0 mAE

200 QYD 1000 mA/g -

[cccccce]

&
(=3

Discharge capacity/ mAh g

10 20 30 40 50 60
Cycle number

=

Figure 11. Rate performances of the C&Fe,O3 composites at various current densities.

Electrochemical impedance spectroscopy (EIS) measurements were measured to compare the
Nyquist plots of C@Fe,O3 when fresh and after 100 cycles, as shown in Figure 12. The C@Fe;O3
composite, after 100 cycles, had much lower charge transfer resistance, corresponding to the smaller
semicircle at high to middle frequency. As a result, the C@Fe,O3 composite exhibits a favorable
electrochemical performance during cycling processes.

400
- Fresh

350 f/ =— After 100 cycles
300 ‘

0 50 100 150
Z' (Ohm)

Figure 12. Impedance plots of the C@Fe;O3 composite when fresh and after 100 cycles.

The electrochemical performance of C@Fe,O3 composites obtained in this paper is better than
those of previously reported results with Fe;O3 (Table 1) [12,25]. Compared with Fe,O3, the cycling
performance of the C@Fe,O3 composites is much better, showing that the carbon contributes to the
capacity of the C@Fe,O3 composites and the carbon is taking a positive effect.
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Table 1. Comparison of the electrochemical performances of Fe;O3 and C@Fe;O5 composite for
sodium-ion batteries.

Materials ~ Discharge Capacity (mAhg~!)  Cycle Number Current Density (mAhg~')  References

Fe,03 16 10 50 [25]
o-Fe,05 10 50 100 2]
C@Fe;O3 305 100 50 This study

4. Conclusions

In summary, we reported a facile hydrothermal approach to fabricate a stable core-shell structure
composed of carbon encapsulated Fe;O3 nanoparticles and investigated its application as anode
materials for SIBs. A reversible capacity of 305 mAh g’l can be obtained at 50 mA g’1 for up to
100 cycles for the C@Fe,03 composites and it delivered a reversible capacity of 150 mAh g~! at a
current density of 1000 mA g’l. When the current rate returned to 50 mA g’l, the reversible capacity
could recover up to 302 mAh g1, indicating high rate capabilities even at very high current densities.
The electrochemical results demonstrated that the C@Fe,O3 composites feature excellent cycling
performance and good rate capability due to the unique core-shell structure of the SIB anode.
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Abstract: A gel polymer electrolyte was formed by trapping an optimized Na*/ Zn%* mixed-ion
aqueous electrolyte in a polyacrylonitrile nanofiber polymer matrix. This electrolyte was used in a
novel aqueous sodium-ion battery (ASIB) system, which was assembled by using a zinc anode and
NayMngyOsg cathode. The nanorod-like NagMngO1g was synthesized by a hydrothermal soft chemical
reaction. The structural and morphological measurement confirmed that the highly crystalline
NayMngO;g nanorods are uniformly distributed. Electrochemical tests of NayMngO1g//Zn gel
polymer battery demonstrated its high cycle stability along with a good rate of performance.
The battery delivers an initial discharge capacity of 9% mAh g~!, and 64 mAh g~! after 200 cycles at a
high cycling rate of 1 C. Our results demonstrate that the Nay;MngO;3//Zn gel polymer battery is a
promising and safe high-performance battery.

Keywords: aqueous sodium-ion battery; cathode; gel polymer electrolyte; NagyMngO;g nanorod;
polyacrylonitrile nanofiber

1. Introduction

The lithium-ion battery (LIB) is the most preferred technology for application in portable electronic
devices [1,2]. However, facing the ever-increasing demand for energy storage devices, there is a
huge stress on the lithium supply chain, resulting in a rather unsustainable increase in the raw
material cost [3-5]. Additionally, the use of liquid organic electrolytes in the existing LIB systems
usually brings forward safety concerns due to their high flammability and toxicity [6]. Polymer
electrolytes with high ionic conductivity and energy density can overcome the disadvantages of the
liquid electrolyte, therefore, they have received much attention due to their potential applications in
electrochemical devices [7,8]. In 1975, Feuillade and Perche developed a polymer electrolyte by adding
polyacrylonitrile (PAN) and polyvinylidene fluoride (PVDF) to increase the ionic conductivity at room
temperature [9]. The PAN-based electrolytes have advantages over other polymer electrolytes due to
their good mechanical properties and high ionic conductivity [10]. Therefore, gel polymer electrolytes
have attracted considerable attention as an alternative to the liquid systems [11]. Along with the
safety enhancement, gel polymer membranes serve both as conducting media and as separators,
a combination which provides advantages of much simplified fabrication and modularity in design of
batteries [12]. J. Prakash et al. found that the battery thermal runaway in LIBs occurs with increase of
temperature during cycling corresponding to the SEI film breakdown and thermal decomposition of its
components [13]. J. R. Dahn and E. W. Fuller showed by thermal gravimetric analysis that the positive
electrodes (LiCoO,, LiNiO; or LiMn;0Oy) of commercial LIBS are metastable and liberate oxygen when
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they are heated in air or in inert gas rising remarkable safety risks [14]. J. Prakash et al. expound
contributions of reversible and irreversible heats to the overall heat generated during charge and
discharge cycling by a continuum model [15]. To solve the thermal runaway problem, C. W. Lee et al.
proposed the electrolyte containing a flame-retardant additive hexamethoxycyclotriphosphazene
[NP(OCHj),]3 to improve electrochemical performance of the cell [16]. Such approaches can also
improve thermal stability and hence nonflammability of the electrolyte. However, the use of such
additives and other techniques, for example, the use of ceramic separators (which are usually
fragile and reduce the system’s conductivity), the flammability of the organic electrolytes cannot
be completely avoided. Aqueous electrolyte could eliminate flammability issue, although there are
some disadvantages of these electrolytes such as the lower operating potential which needs to be solved
for enhancing the power density and resolve the tradeoff between safety and battery performance.
These considerations lead to an exciting way to build a novel aqueous sodium-ion gel polymer
electrolyte battery system (ASGB), minimizing flammable liquid leakage, while maintaining high
ionic conductivity.

In this work, we report on preparation of a polyacrylonitrile (PAN)-based gel polymer electrolyte
via electrospinning at high voltage, which transformed the polymer solution into uniform and slender
nanofibers [17]. A previous study in this field had reported a novel aqueous lithium-ion//zinc
(Zn/LiMn,0y4) rechargeable battery built without relying on the typical rocking-chair mechanism of
LIB’s cathode and anode. The cathode reaction involves intercalation/de-intercalation of lithium-ion
into/from the LiMn,Oy, while the anode reaction consists of dissolution/deposition of Zn%* on the
metallic Zn foil. This aqueous system exhibits an excellent cyclability and rate capability [18,19].
Inspired by these results, we herein built a novel Zn/NasMngOsg battery with an optimized Na*/ Zn2*
mixed-ion electrolytes. In this battery system, a nanorod-like NayMngO;g prepared by a hydrothermal
soft chemical reaction is used as a cathode, demonstrating a long cycle span as well as a good
rate capability.

2. Materials and Methods

2.1. Materials Preparation

NagMngOsg was prepared by the hydrothermal soft chemical reaction (HSCR) with a high NaOH
concentration. At first, 25 mL of aqueous solution containing 3.0 mol L~! NaOH and 0.1 mol L™!
KMnOj, was prepared. Then, an equal volume of 0.28 mol L~! MnSO, aqueous solution was added to
the previous solution with continuous stirring which quickly resulted in the formation of a dark brown
precipitate. The precipitate was separated by filtration and washed by deionized water, and then dried
in air at room temperature for 24 h to obtain the Na-birnessite precursors. To synthesize Nag;MngOyg,
3.0 g wet Na-birnessite precursor was added into 75 mL of a high concentration (15 mol L~!) NaOH
solution and stirred for 20 min to obtain a brown suspension. Further, the suspension was poured
into a 100 mL stainless steel autoclave with a Teflon liner (Zhongkaiya, Jiangsu, China), and heated
at 180 °C for 18 h. Finally, the product was washed repeatedly with deionized water to eliminate the
excessive NaOH followed by drying at 60 °C.

The PAN-nanofiber membranes were prepared by the electrospinning method. PAN was vacuum
dried at 60 °C for 24 h prior to use. Firstly, a certain amount of PAN (Sigma-Aldrich, St. Louis,
MO, USA, My = 150,000 g mol 1) was dissolved in the N,N-Dimethylformamide (DMF, >99%,
Aladdin, Shanghai, China) to form a homogeneous 12.5 wt. % solution under stirring for 24 h at room
temperature. Then the polymer solution was electrospun by loading into a 10 mL plastic syringe,
having a flow rate of 4 mL h~! under a high voltage of 20 kV at room temperature. The distance
between the syringe tip (having a diameter of 0.51 mm) and the collector plate of aluminum was 21 cm.
The electrospun membranes were finally obtained on the aluminum foils after drying in a vacuum
oven at 80 °C for 12 h. Finally, the prepared PAN-nanofiber membranes were activated by immersing
in an aqueous sodium electrolyte solution consisting of 1 M Na;SOy4 and 0.5 M ZnSOy in water with
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pH = 4 at room temperature for 12 h. The PAN-nanofiber-based gel polymer electrolyte was obtained
after wiping the surface of the membranes from the excess of the liquid electrolyte.

2.2. Physical Characterization

The crystalline structure of Na;MngO1g nanorods was analyzed using X-ray diffraction (XRD,
D8 Discover, Bruker, Karlsruhe, Germany, Cu-Ka, A = 0.154 nm). Brunauer-Emmett-Teller (BET, V-Sorb
2800P, Gold APP Instrument Corporation China, Beijing, China) tests were performed to analyze the
specific surface area and porosities of the samples. The morphologies and structure of the samples were
observed using scanning electron microscopy (SEM, Hitachi S-4800, Hitachi Limited, Tokyo, Japan)
and high-resolution transmission electron microscopy (HR-TEM, JEOL2100, JEOL, Tokyo, Japan),
respectively. Surface elemental analysis was done by the energy dispersive spectroscopy (EDS) module
of the HR-TEM apparatus. Thermal runaway of the cells was investigated by means of differential
scanning calorimetry (DSC Q20, TA Instruments, New Castle, DE, USA) with an open pan system
under nitrogen purge at 3040 mL min~'. Approximately 6 mg of PAN-based gel polymer electrolyte
was placed inside the DSC pan for thermal analysis. The non-isothermal studies were performed at a
scan heating rate of 10 °C min~. Tensile strain of the samples was measured by dynamic mechanical
analysis (DMA, Q800, TA Instruments, New Castle, DE, USA).

2.3. Electrochemical Characterization

The cathodes were made by casting the slurry of NayMngO1g, polyvinylidene fluoride and
acetylene black in N-methyl-2-pyrrolidinone on carbon foil following a weight ratio of 8:1:1, and air
dried at 75 °C for 12 h. The carbon foil and zinc foil were cut into disc electrodes (15 mm) and used as
the cathode and anode, respectively. The CR2025 coin-type batteries were assembled by placing the
PAN-nanofiber-based gel polymer electrolyte between the anodes and cathodes. The galvanostatic
charge and discharge tests were carried out using a multichannel battery tester (BTS-5V5mA, Neware,
Shenzhen, China) between 1.0 and 1.85 V (vs. Zn/Zn?*). The VersaSTAT electrochemical workstation
(Princeton, VersaSTAT 4, Ametek, PA, USA) was used for cyclic voltammetry (CV) measurements of
the cells. CV was conducted at different scan rates ranging from 1 to 2 V (vs. Zn/ Zn?*).

3. Results and Discussion

The electrochemical mechanism of Zn/NasMngO;g battery operation is illustrated in Figure 1.
When battery is charged, sodium ions are removed from NayMngO;g cathode and dissolved in the
electrolyte accompanied by liberation of electrons. This is accompanied by the deposition of zinc
from the electrolyte on the surface of zinc anode. During the discharge process, Zn is oxidized and
dissolved into the electrolyte, while sodium ions are inserted into the cathode to reversibly form
NayMngOsg [3]. The electrochemical reactions in the battery are schematically can presented by the
following Equations (1)—(3):

The reaction at cathode:

NaygMngO1g < Nay , MngOgg + xNa* + xe ™ 1)
The reaction at anode:
Zn?* +2e” & Zn )
The total reaction:
2NazMngO;g + xZn?* < 2Nay_,MngOg + 2xNa* + xZn 3)

The XRD patterns of NayMngO1g synthesized by HSCR method are displayed in Figure 2.
The diffraction peaks are in good agreement with the JCPDS (The Joint Committee on Powder
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Diffraction Standards) Card number 27-0750 [20]. No impurity peaks were observed. These results

agree well with the previous reports [21].
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Figure 1. Schematics of mechanism of Zn/NayMngO1g aqueous battery.

NasMn9Ois

Intensity (a.u.)
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Figure 2. XRD pattern of NayMngOg.

The morphology and structure of the prepared NayMngO;g were confirmed by SEM and TEM,
as displayed in Figure 3. Figure 3a shows that the Na;MngOg grew anisotropically into nanorod
crystal structure. The TEM image of NayMngOsg in Figure 3b shows a rod-shaped structure with
a smooth surface. The HR-TEM image in Figure 3c acquired from the red box in Figure 3b shows
the vertical lattice fringe to be 0.45 nm, which corresponds to the (200) crystallographic plane of
NagMngOs3. Interestingly, EDS spectrum of the Nag;MngO;g nanorods (shown in Figure 3d), suggests

a Na/Mn molar ratio of ~0.44.

The XRD patterns of the PAN-nanofiber membranes are shown in Figure 4. A strong diffraction
peak around 17° belonging to the (110) crystalline plane of a hexagonal structure could be clearly
seen. Furthermore, the sample displays another weak diffraction peak around 29°, which is related
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to the (200) plane. The two obvious diffraction peaks suggest a semi-crystalline structure of the
PAN-nanofiber membranes due to mixing of crystalline and amorphous phases [22,23].

Figure 3. (a) SEM and (b) TEM image of NayMngOsg; (c) HR-TEM image and (d) EDS spectrum
of NayMngOyg.

Intensity (a.u.)

20 40 60 80
2 Theta (degree)

Figure 4. XRD pattern of the PAN-nanofiber membranes.

The SEM images of the PAN-nanofiber membranes prepared by electrospinning are shown in
Figure 5a. The electrospun membranes are composed of a three-dimensional crosslinking network
structure with extremely regular nanofibers. The nanofibers are smooth and uniform, which positively
affects the mechanical properties (strength) of the membrane [24,25].
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Figure 5. (a,b) SEM images of the PAN-nanofiber with different magnification.

Figure 6 shows the DSC thermogram of PAN-based gel polymer electrolyte (before immersed
in sodium electrolyte solution) in the temperature range of 40-350 °C. From DSC, one endothermic
peak could be observed around 117 °C (Ty) corresponding to glass transition temperature and another
endothermic peak could be observed around 305 °C (T};) corresponding to the melting temperature
of the PAN-nanofiber membranes. When the prepared PAN-nanofiber membranes were immersed
in an aqueous sodium electrolyte solution, the liquid uptake (%) was determined using the relation
(W3 — W) x 100/ W1, where W1 and W5 denote the weights of PAN before and after absorbing the
sodium solution, respectively. The result shows that the PAN-nanofiber membrane exhibited a high
ability to absorb liquid electrolyte exceeding 65 wt. %.

Heat Flow (mW/mg)

50 100 150 200 250 300 350
Temperature (°C)

Figure 6. DSC curve of PAN-based gel polymer electrolyte.

One can see from Figure 7 that ultimate failure of the PAN-based gel polymer electrolyte does not
occur even when it is extremely stretched up to 6%. In the same time, the tensile modulus of the mesh
network is only 24.5 MPa within 3.8% strain, suggesting a high elasticity of the system. It is generally
accepted that both low modulus and large elongation of the electrolytes are extremely important
for batteries.

Cyclic voltammograms (CV) of NagMngO1g and Zn electrodes are shown in Figure 8a. The upper
cut-off potential was limited to 2.0 V to prevent decomposition of water [26]. The NasMngOsg
electrode shows redox peaks at ~1.35 V and ~1.59 V vs. Zn/ Zn%* in its discharge and charge
curves, respectively, conforming to the de-insertion/insertion of Na* ions in the aqueous electrolyte.
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The NagMngOg electrode possesses an excellent electrochemical reversibility which is reflected by its
capability to withstand the electric current and the redox peak potentials in the same position upon
the consequent cycles.

30

Stress (MPa)
5 o 8 &

o

0 1 2 3 4 5 6
Strain (%)

Figure 7. Stress-strain curve of the PAN-based gel polymer electrolyte.

Figure 8b presents the cyclability data for the cell, which shows a low initial discharge
capacity of 96 mAh g’l, and a low initial coulombic efficiency around 90%. Such low coulombic
efficiency could be due to some irreversible side reactions in the first charging process. A cell
with the PAN-nanofiber-based gel polymer electrolyte shows an excellent cycling performance
(red colored curves). Figure 8c presents the data on an excellent rate performance of a cell with the
PAN-nanofiber-based gel polymer electrolyte. At a low rate of 1 C, the electrode provides a reversible
discharge capacity of ~88 mAh g~1. At the higher cycling rates of 2 C, 3 C and 4 C, the discharge
capacities of ~65, 52 and 44 mAh g~! were sustained, respectively. Furthermore, the electrode
recovers most of its initial capacity of 84 mAh g’l when the cycling rate was modulated back to
1 C, demonstrating an excellent high current abuse tolerance of our NagyMngO1g cathode. To further
demonstrate the rate capability of the system, the charge/discharge profiles at various C rates are
shown in Figure 8d. An increase in current densities from 1 C to 4 C cause a decrease of discharge
capacity from 88 mAh g’l to 44 mAh g’l. The electrode exhibits a good cycle stability, maintaining a
specific capacity of 33 mAh g~ after 500 cycles at 4 C as shown in Figure 8e. The electrode maintains
60% of its initial capacity after 500 cycles.

Table 1 presents the comparative performance data from the literature on the relevant/similar
materials, and our PAN-nanofiber-based gel polymer electrolyte for novel aqueous sodium-ion battery
exhibits a superior electrochemical performance compared with other reported systems [27-29].

Table 1. Literature data comparison on the electrochemical performances of gel polymer electrolytes
for sodium-ion batteries.

Cycle Capacity Remaining Current

Material Number (mAhg—) Density Reference
PMMA-based gel polymer electrolyte 100th 68 1C [27]
Phosphonate-based gel polymer electrolyte 35th 117.8 1C [28]
Glass-fiber-based gel polymer electrolyte 100th 70 1C [29]

PAN-based-based gel polymer electrolyte 100th 74 1C This study





image42.jpeg
Polymers 2018, 10, 853 8 of 10

=3
=]

—1" cycle

—27 cycle
—3" cycle

oy %

O PAN based gel polymer electrolyte
O Liquid electrolyte

fficien

Current/ mA
o
ic e

Discharge capacity/ mAh g

Coulomb

1 1.5 2 0 100
Cycle number

Voltage/ V

Discharge capacity/ mAh g"

0 10 20 30 40 50

Cycle number 0 20 40 60 80 100

Capacity/ mAh g"

Ah g
)

Discharge capacity/ m.
i
Coulombic efficiency/ %

b T00 700 300 700 50
Cycle number

Figure 8. Electrochemical performance of a cell with the PAN-nanofiber-based gel polymer electrolyte
of NagMngOyg electrode (vs. Zn/Zn?*) (a) CV curves at a rate of 0.1 mV s~ 1; (b) Cycling performance
of liquid electrolyte cell (the blue) and the PAN-nanofiber-based gel polymer electrolyte cell (the red);
(c) Rate capability and (d) Charge/discharge profiles at various rates; (e) Prolonged cycling performance
of the PAN-nanofiber-based gel polymer electrolyte cell at 4 C.

4. Conclusions

In this work, NasMngO1g nanorods were successfully synthesized by the HSCR method.
A rechargeable hybrid aqueous battery employing metallic Zn as a negative electrode and NagMngOsg
as the positive electrode has been developed. The as-prepared NayMngOsg electrode exhibited a
discharge capacity of 64 mAh g~! at 1 C even after 200 full cycles. The excellent cycle stability and rate
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performance of our NagMngO1g material makes it a strong candidate for cathodes for rechargeable
hybrid aqueous battery systems.
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Suppression of zinc dendrite formation on anode of Zn/LiFePOs aqueous
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1. Introduction

With the increasing population, development o technologies
and consequent growth n demand for energy sources (and drastic:
environmental elfets of fosilfuels 5 one of them) the sarch for
“greent, porable,and cheap energy sorage systems is moving or-
ward i enormous steps. Fo a long period of time lthium-ion bat-
teies (LIB)have been the mast promising system reserch all over
the world.It has 3 number of benefits such 35 high cyelabily and
high energy densky [1-3]. However, the drawbacks of LI, includ-
ing scarciy o aw material poor safty, and high cost gave birth to
the idea of lthium-free systems [4-7].

"Nowadays rechargeable aqueous batteries (RABS) are one of the
mastresesrched topics i this area. Among ths, bateris based on
zinc anode are one of the mst promising systems due to charac-
terisics such as high theoretical apacty (820 mA h &'} stabilty.,
and a good voltage potential (~0.76 vs. SHE) of zinc [3-13]. Zinc
als0 has low toxicity. low price, and is abundant and recyclable
113.14] Consequently, it has been in implementation by bttery
developers since the 10th century: it was used as anodic material
in systems such as Zn/Ni, Zn/Ag, and Zn/Mn [16]. Nevertheless,
there ar serious obstacles on the way of full reaizaton: echarge.
able Zn-Air nd Ni-Zn battries suffer from dendritic rowth while
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Charging and change n the clectrode’s shape, which lesds toshart
cyelabiliy [15]. The same problem of poor cyclabilty and growth
of dendrits, which can cause 2 short Grcuit, occurs in Zn-MnO;
systems 16_15] Surfactants are used to controlthe crystal shape
and sze in Zn depasition process [18-22.23.21].

In this work the surfsce of Zn anode was modified by sodium
dodecyl sulfte using the electrodepasition method (20-SDS) and
tested in aqueous 2/ LIl + ZnCh[LiFeP0 system.

2 Experimental section

Zn surface modification was caried by method adapted from
Sun et al [21] Zinc electrodes were prepared using clectrodeposi-
ton at current density of €5 mAan-= for 10min, where bath
anode nd cathode were inc foils and clectroplating solution con-
tained 0.6M zic sulfate, 0.1 M ammonium sulfat, and 100 pprm
Sodium dodecyl sulfate. Then sample were dred during right

‘Cathode LiFepO, was prepared from mixture of 90 wt LIFep0
4wr ketjen black and 6 wE polyvinylidene fluoride disolved in
1-methyl-2-pyrroldinone. The mixture was casted on carbon iber
paper and vacuum dried for 2 h 3t 70°C. Absarpive Glass Mat
served s separator. A solution of M LGl and 4 M 20l n deion-
ized water, adjusted 1 pH = 4, was used as lectrolyte. Both clec-
trodes and.separator were 8 mm in diameter, and assembled into
Swagelock™-type clls. Hectroyte was enoigh for separator 1o
Soak[25].
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Charge and discharge tet wasconduxted on mlti-channel bat-
tery tester (BT-2000, Arbin Instrumens) at 4C rate, while cyclic
voltammetry (CV) on VMP3 potentiostat/galvanostat (Bio-Logic
Science Instrument Co.) The thickness was randomly measured
by digital micrometer caliper and the average number s calcu-
Ited. SEM was employed o evaluate the morphology of Zn snode
Surtace before and ater cyding of batteries.

3. Results and discussion

To analyze the influence of SDS on the elecrochemical process
the cylic voltammetsy (CV) of batteries with pure (Zn-bare) and
electroplaed Zn (20-5DS) anodes were conduced. Results are
Shown in Fi. 1.

Al 5 cycles of both batteres show siable reduction peaks at
113V and oxidation peaks at 13V, relted 1 litiation and
delithiation of Li fons during cyclng [251. There are no additonal
peaks in Fig. b, related 1o the side reactions. It means that SDS
did not effects on electrochemical resctions during charge.
discharge of the battey.

Resuls of charge-discharge cycling of both batteres (1000
cyeles) are presented in Fig 2. 4C current dersity was used (o
acceleratethe formation of zinc dendrites on the surfice of anode.

From the discharge capacity curves (Fig. 2 s seen that the
capaciy of a battery with a maified anode drops, periodically
Showing a sable platcau. First cycle discharge capacy o battery
with 70SDS amde was 50 mAhlg and by the 1000 cycles, it
decreased o 22 mAhJg AL the same time, the discharge capacity
of the hattery with Zn bare anode decrease abrupdy whale test.
from 45 mAN/g at irst cycle o 11 mAh/g at 1000th one. Capacity
retention o bateriesare wellcorrlated with thei specific capac-
ty: ater 1000 cycles the cell with Z0-SDS anode shows a better

R 2okt ot et Ty roedings 25 (9205396

performance (Fig. 2. where in the end of 1000 cycles modified
systempreserved 44 o nitial capacity, while unmoified system
preserved 22% only

Inorder to see the changes in surface morphology.the modified
Zn anade (Z0-5DS) was studied by scanning electron microscope
(SEM). To compare the surface of pure Zn anode (Zn bare) was
investigated also. Pictures of anodes before testng and after
1000 cycles are illustated on Fig. 5

25 it seen from ig. 3, the morphology of Zn anode surfaces is
different. The surface of Zn-bare anode before testing is smooth
with holes and flat (Fg. 3a), while after electroplating ZN-5DS
anode (Fiz, 3b) has uniform distributed rough cover, SDS electro-
plated on Zn surface uniformly i difierent directons. SEM images
of Zn anodes after 1000 cycles are presented in Fig. 3¢ and d. The
surface of both anodes has deposited Zn dendrits, but the struc-
ture of them are differen. Dendries on surfice of Zn bare anode
(Fig. 3¢) depasited vertically on the Zn anade surface 3 frable
plate and form crystals with Size 23 . Wheress dendrites in
Fiz. 3d compact deposited on the madified Zn-SDS anode in differ-
ent directons with less size (1-2 um). The suface of anode with
SDS mifcation i smootherin comparison with unmodified one.

Average thicknesses of tested Zn anodes are shown in the
Table 1. Thickness of dendrites are found 35 the subtraction
between the thicknesses of the zinc anodes before testing from
ones afer 1000 cydes. Average thicknes of dendrites on surface
of 20-SDS anode is equal t00.04 mm and this is on 307 less than
from compared unmodified anade surface.

According to the explanation from (2123261, due 1 2 mole-
cules of anioric surfacant (SDS) adsorbed on the lectrode surface,
‘making it smoother the nucleation rae of Zn depasis is reduced.
Surfactane_develops spedic interaction with. diferentcrystal
planes of Zn, which induce different growth mechanisms.
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4. Conclusion Acknowledgements

Anionic surfactant SDS was electrodepsited on the surface of
zinc anode in aqueous Za/LiCl+ ZnCL[LIFePO, batery. SDS mod-
ification can change the morphology of depasited Zn dendrites.
SEM pictures showed that Zn dedrites deposited ompacty on
the surface of mifed Z0-SDS snode and slightly improved yclic
ofthe battery. Galvanization of zinefoil with sodium auryl sulate:
helps 1o reduce the growth o zinc dendsites, improving the clec-
trochemical performance of the battry. The more sable operation
of the battery with 3 modifid anode can be explained by it
smoother surface. 2 dendrites even deposited on the improved
Surface area of anode by SDS electroplting.
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Mechanistic investigation on hybrid Za/V:0: rechargeable
battery wsing a binary Li7Za’* aqueous electrolyte
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wsual distorted -LiV205 phase i not detected upon discharge o 0.8 V. The pristne host
structure s restored and maintained along cycling with mifigated structurs] changes leading to
the high capacity refention. The present electrochemical and struchuwal findings reveal 2
reaction meckaniom maisly based on L1 intercalaion, but co-intercalation of 2 few Za%" ions
beween the oxide layers camsot be completely dismissed. The presence of zine cations
betiween the oxide layers is thought to relieve the strctural sres induced in V203 under
operation, recultng in 3 limited volume expansion of 4 %. These presented fndamental
investigations which describe 3 reaction mechanicm operaing in 2n exvizoment fiendly
‘aqueous medium have never been reportedin the iteraure o £

Keywords:

aqueous Za hybrid banery (AZB); V.Os; emviromment riendly aqueons eleczsiyte; binary LiZa
lecotye; eaction mechasism; cycling peformance
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Tatroduction

Since a few decades, anmul global il consumption has become greter than the quantitie of
new deposits discoversd. Thiz enerey crsiz coupled with growing ecologicsl concems
questions everyone bout the need for 3 rpid energy transition, without, bowever, slowing
fhe everincreasing need for energy. Such 2 context imvolves research on renewable
intermittent energies with special afenton foward safe and low cost storage solutions.

Non-aqueous Lion batteries (LIB:) constifute the besttechnology for elecrochemical energy
storage due tother high energy and power density. Leader on the portabl elecronics market,
LB are sl considered for large sale applications ike lectric vekicles and stationary grds
combined with renevvable energies [1]. Howerer, saety aspect: dueto the flammability of the
organic electrolyte 25 well 25 cost queries related fo the need fo wse 3 clean room during the
‘msmufscturing proces: o remove al races of water sre smong the crucil points to olve. In
recent years many efforts have been made fo develop new concepts fo oxercome these erifical
issues. Among them, rechargeable battries wing aqueous slectolytes are atracting
considersble attntion for slectrockemical energy storage ] Tndeed, besides the
environmentally frendly 2spect, the non-fammabilty of the solvent makes them safer Tn
additon, the ws of water-based slectolytes instead of flzmmable organic electrolytes ensures
3 high fonic condustvity promoting 3 high rate capabiity. Morsoves, the total sbaence of
‘oxygen o moisture being not necessary during preparatio. the use of aqueons solvent leads
o lower toal cost. Naturaly,the narrow lectrochemical stbilty window of saer, limited at
123V 2125 °C according to thermodynamically consideratons, remains 2 major challenge.

In the lnst few yesss, sesessch affort have intenivaly focued on Aqueons: Zise Batteriez
(AZB:) [3-5]. The rezsons for this interest are the abundance, low cost 2nd low redox
potential (076 V vs. SHE) of Za, 2 well 2 2 wide potentia range of ~ 2 V due to 3 high
overpotential for bydrogen evolution [6]. Promising data have been reported, namely
excellent reversbility and £t kinetcs of Zn deposition dissolution 7] thanks to the wse of
‘aqueous slectrolyte in neutral or lightly acidic pH preventing 7o dendsites growth [8-10].
On the cathode side, hree main groups of acive materials have been investigated: Prssizn
blus and it amalogues, manganese compounds nd vanadium oxides 2 well 25 their
derivatives [3,10,11]. Vanadium.based cathodes sparked 2 grat inferest due o the rich redox
chemistr of vasadium enabling high specific capacitie fo be reached, and fo various open
host structues promoting inserion reactions. Atracive results have been recently achieved
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it the bydrated Zas23V:205, 0 bronze exhibiing 3 capacity cloze to 300 mab £, st
rate capabilit and long cyele ife [4]. From that pionser sork,studies have been extendsd to
ydrated compounds ik for instance V:05, a0 [12], V307 H:0 [13], VuOx, 12:0 [14].
MeoV:05, 5O [15], KaVeOss, 27H:0 [16], Ca025V:05, 0 [17], NasViOis, 380 [15],
FesV1:05(0H), 99H:0 [19]. Ankydrous phases have also been investiated like V2 0],
ZaV207 1], NEV4O10 2], poassiom vanadstes [23] and LiV305 24].

Suprsingl, the pristine conventional V03 oxide has received lss atenton compared o s
derivaives. Mai's growp reported waterfree V205 microplates and, more recently,
microspheres performance wing 2 “water-in-sal” elecrolyte, mixture of 21 m LITFSI and
1m Za(CES03) [2526],but insertion reaction o catons n this ovide is searcely reported in
conventional aqueous elecirolytes [27,25], showing that fundamental investigations on the
reaction meckaniom must be intenified in AZBs [3,10,11]. The fow already publizhed papers
ol focus o the 2 slectron rescton, ied out in 3 mol L' ZaSO+ or Za(CF3502): aqusous
Slectolytes, leading to scatered capacity values in the range 220470 mab g [27,28].
Althongh the strcturs] mechanizm has not been completsly salved, sine and water inseston
are thought to be responsible for the formation of 3 ZasV:05, sHoO compound upon the fist
discharge. After an actvation process over 3 few or 2 few dozen of eycles, 3 highly stable
capacitycan be reached.

Recently, zome of us proposed the use of 2 novel aqueous Za/LiFePOs rechargeble battry
using 2 binary concentrated electolyte of 3 mel L' LiCl 2nd 4 mol L ZaCly at an eptimized
PH 4 ensuring high conductivity and clectrodes sability 9] Remaskable cycling
performance sere obtained with 2 capacity of 92 mAk g™ over 400 cycles 36 C a5 well 5 2
high rate capabilit with 56l 72 mAh ¢ availible 2t 30 C. This originl concept of bisary
Slectolyte eith both zine and likium ions has never been applied to the Za/V:0s system. It
reles on 2 high onic conductivity ith sufficient amounts of zine on one side fo effcient
eyelabliy of zine anode and of liéhium on the othe side for reversible nserton/extraction in
the Bost cathodic material These appesling results prompted w to evsluste the Za/Vi0s
ystem inthe binary lthiuen-zine aqueous electrlyte a optimized i 4.

In the present work, we report the slectrochemical properties of V205 in 3 mol L' LS04
4mol L ZaS0s elecrolte in the 16 V- 0.V vs. Za¥/Za voltage window, with special
sttention psid to the structus] machssim imvolved upon the dischrgs-charge proces: and
cyling. We show that V203 exhibits  simils discharge-charge profile i this biary aqusous

T e s ety copy. Al g esenes.





image53.png
Slectolyte han in non-agueous lthiated elctolyte. romising performance are outined, with
2 highly reversible behavior 2nd capacity values varving fom 40mAb g 3t low rate ©o
S0mAR g 2t 1C. At 1C rate, the capacity retention s, with 3 faradic eficiency of 100%,
excellent over more than 300 cycles. X-ray diffaction coupled with Raman spectroscopy is
camied out on discharged and charged electodes o provide inital insights into the
mechsnicns: 3 bighly reversble lithistion-delthition process is revealed. Futhermore, we
demonstrate the structue changes of V:Os in aqueous electolyte have 2 mitigated amplifude
compared o those usually displayed in non-aqueous LIBs, robably due tothe co-isertion of
zine fons by the end of the eaction.

Experimental
V205 powder (Alfa Aesar, 99,5%) was wsed 2 received. Elecrochemical studies were caried
out in two-slectrode split cells (MTI Corporation) where 2 zine disk (Goodfellow) with
14 dizmeter acts s reference and susliry electiode. The positve elctrods was prepared.
by mixing 90 w% of V203, 6 wit polyvinylidens fuoride (PVAF, Kymar, HSV900) a2 2
binder and 4 5% ketjen black (Ketjen Black Interational Co., Japan) 2 2 conducting agent
in Lmetiy 2 pymolidinone (NMP, Sigma-Aldrck). The resultant slurry was costed on 3
catbon paper (Alfa Aesar Co), vacuum died 70 °C for 2h and cut nto dicks § mm in
diameter. The active material loading i the elecrodes was about 2.5-32 me. The elecrolyte
525 prepared by disolving 3 mol L LiiSO4 2nd 4 mol L} ZaS04in deionized water and the
PH was adjusted to 4. A AGM (Absorptive Glass Mat NSG Corporation) separator was
soaked swith 80 L. of the resultant elctrolye 2nd wsed in the batery. The fwo-slectrode cells
e fested galvanostaically at varous C rates (1 C comesponds to 147 mA g and by eyelie
voltsmmeny (sweep rate 02mV s, wing 2 VMP3 BioLogic apparatus. The tests
tempersture was contolled sad maintained at 20 °C. Al potensils sxe seported i Vs,
2072 2nd specfic capacitie per gram of acive material.

In order to investizsts the stuctursl mechanizm involved upon the dizchargs-charge proces:
f V203 i aqueous binary elecirolyte, the cels were discharged fo the required composition
by galvanoststic seducion 3t €5 rate. & C20 rate was uced to resch the highest depth of
iocharge. Afer 1h squilibrium, the elacirodes were semoved Som the call in the sir 3nd
rinsed with water o remove all races of sals. The X-Ray Diffaction ((RD) experiments
svere performed using 2 PANslytical X-Pert Bro diffactometer equipped with 3 X celerator
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Iinear detector and Co Kot source. Data are then processed on Eva soffware fo identify peaks
‘2nd adjusted the cell parameters of the identified phases. The Raman spectra sere mezsured
sith 3 LaBRAM HR §00 (Jobin-Yvon- Horibs) Raman micro-spectrometer inchuding Bdge
filters and equipped for signal defection with 2 back illuminated charge coupled device
detector (Spex CCD) cooled by Peliereffct to 200 K. A He:Ne aser (632.8 ) was wred 25
the excitation zource. The spactra wers mesoured in back-seatiring geometry. The resotion
svas about 0.5 o’ A 100 objective was wsed to focus the lser light on sample surface 0.2
“pot size of 1 im?. To svoid local heating of the sample, the poswer of the laser beam was
adjusted t0 02-0.5 mW swih neutral lters of various optieal densities. Raman spectra were
recorded on ten &ffernt spos of each slectrode o check the homogeneity. This led o similar
<pectra for all he investigated poiat, whatever the composition.

Energy disperive Xray (EDS) amalysic (accsleratng enery of 20keV) was applied to
determine the elements in the elactrodss together with elscton microscopy (Zeis, Merlin-
type misrozcope)

Recules nd discussion
‘The storage behavior of V20 in aqueous binary electolyte, 3 mol L LizSO4 2nd 4 mol L
2250, is investigated in the 16 V- 08 V voltage window (Figs. 1a-1b). The voltammetric
curve performed at 0 mV 5 displays wo-sell defined cathodic peaks located a¢ 112 V and
0.91'V. The anodic scan reveal 2 quastiatve rechargeability (Fig 1), A broad cument pesk
iz berved,with two contbutions 3t 121 V and 133 V comesponding tothe sacond snd it
cathodic pesks, respectivaly. The discharge-charge profile of V203 at C/5 rate (Fig. 1)
highlights fwo distinct reduction steps 2t 116 V and 0.95 V involving 2 toal faradaic vield of
0.87 F mol'. A symmetric charge process shows 3 reversible mechanism with o steps 3t
1,03V 2nd 121 V. This rechargesble behavior leads o 3 specific capacity of 128 mAth ¢!
nd calls for severs] comments, Firs, the elactrochemsical Sngerprint in squeou: medium
stvongly sesembles the typicsl V207 gslvsnostaic cycl in mom-squeous ithisted elacralyte
with o well-defined. platesus separated by c.200mV and involving quite the same
reversible specific capacity [30]. Second. cyclic voltamperograms regitered i aqueous
electrolytes contaning single ithiun sk, single zine salt and both (Fg. 2a) ealighten us on
the slectronic reactions lkely fo occur. Indeed, 3 first reduction step i observed at 112V
st the toro electrolytes containing LS04 while it is ot present when single ZaS0s is wed.
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Then, it iz reazonsble o sezume that lithium fons sve Gt selectively imsrted in bissry
Slactolyte. At ower potentil, reduction curves obiained with the thee elecholytes exhibit 3
peak around 092094 V, giving piece of evidence that both lithium and zic insertion czn
fake place 3t his potentsl. In additon, the comparison of cyclabiliy during cycling in
slectolyte: contsining only the lithium <ot or contsining both lithium snd sine 1t (Fig. 2b)
highlights the mrt of he hybride elecrolyte. Indeed, the availsble capacity decreases rapidly
in the slectolste without zine whil it is table over 300 cycles in the slectolyte containing
the 2 alt. These fndings support the inserton of thium ions previously suggested but leads
to comsider sl 3 possible concomitant zine inserion. This peculisr reslt prompted us o
investigae the inserton mechanism of V:0s in binary Li7/Za electolyt, wing XRD and
Raman spectiozcapy.

The XRD patters of discharged elecrodes at CIS 25 2 functon of the faradsic yield x
expreszad in Fmol (0.2 x < 1) sue gutheredin Fig. 3. A lower €120 rate was spplied to reach
the highest depth of discharge of 0.93. Before discharge, the pristne electrode exhibis the
ypical XRD pattern of V303 that can be indexed in an ortsorhombic ell (space growp Prum)
it the following it cell parameters: o = 1149 A, b= 3.56 A ¢ = 436 A (PDF 00-041-
1426). Sharp and ntense diffaction peaks indicate 3 high crystallizaion degree. The
exvoluion of XRD patters 3long the reduction process does ot revesl strong modification
since all the diffacion pesks of the V205 oxide are retained. However, examination of
enlarged views in Figs. 3b-3¢ reveals 2 significant hifttowards lower angles of the 001, 101,
011 55 111 lnes while the 200, 400 3nd 310 reflections sighty <hif towards bigher sngles
(Figs. 32-36). These trends indicste 3 dscresse i the @ parsameter upon dschrging, is. 3
contracton of the V-V distances in the V205 syers whil at the ssume time the ¢ passmeter,
i the intelsyer ditance, incresses. In sdditon to theze changes, progressive brosdening of
the diffacton peaks ives evidence for 2 disordering process throughont the reduction. For
%203, the enlssgad views (Figs. 3b-30) revesl  diphasic domain with fo zat of 001, 101,
301 2nd 400 lnes. Unit cell parameters reported in Fig. 4 confim the coexistence of the d-
LiaV:0s phase (a = 1149 A; 5=3.56 &; ¢ =438 &) with 2 reduced phase = 1142 A: b=
47 A) that can'be asigned. considering th cel parameter values,tothe ibated
& Li03V205 phase reported in wul organic elecrolye [29]. This assignment to 2 libiated
V205 phase is perfectly consistent with the involved redox process previously proposed.
Tndeed, in the 0 < x203 compositon domain, the potential remains higher than 105V,
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shere oaly the lithium ions are Hkely fo be inserted in the material For 03 < x £ 093, 2
single set of diffracion ine i observed depicting 2 olid soluion bekavior with 3 contisuous
contraction i @ parameter and incresse in ¢ parametr fo reach a = 1135  snd =458 &
for the fully discharged slectiode (= = 093). This comesponds fo 3 contimuous lithium
enrichment of &-LixV:05 up to the &-Lios3V:05 composiion. The st cell parametes values
found for &LigssV205 are in good accord with those previously reported for &-LinssV:0s
[31]. At thi poiat severa comments are notesvorthy: ) the b parameter keeps 2 quite constant
value (52356357 A); i) the compositon range observed for the @z diphusic region
‘matches that reported for mon-aqueous elecroiytes [30.32) i) the single-phase £LisV:05
behavior strongly contrasts with the dipbasic &-LinsV205/3-LiV:03 egion wsualy reported in
organic slectolytes [30.32]. Inthe present case, the sractural impact of he reduction process
leads to 3 very moderate increase in the it cell volume that does not exceed 4 % (Fig. 4b).
This low magnifude of variations discards any bypothesis of water insertion while the
insestion sescton of Lthiun fons has been highlighted. However,at the stage of the study. 3
possble imvolvement of 3 few Ze ions camnot be defnifively excludad to explsin the
‘peculiar structural resposse of V203 wpon discharging.

Raman spectoscopy experiments have sl been camiad out to nvestigae the spuctusl
impsc of th reduction s th scale ofte chemicalbond. Raman pects obtsined t different
depthsof discharge sr show n Fig. £ From 2 spectoscopc vewpoias, he oiatsymmetry
roup of V203 crysal is D' and the Raman specrum of the prisine matersl exibis the
piesl V01 ngerprin consisiog i 10 psks locstd a¢ 105, 146, 198, 286, 305, 406, 455,
529, 703 200 994 e Mos ofthe low wavemumber modes can be described in terms of
external odes of V203 units. They have been derved fom relstive mofions of two V207
it belonging to the usit cel s of thes genesting displcements of vansdiun soms
along x axis (199 can™),  axis (146 cm™) and = axis (105 cau™). Internal modes on the other
band, which are absered i the medium and high wavepimbes region, can b dscrbed in
s of V-O.V smetching modes. The band st 994 e is sssgned to the V-0 soetching
ibration mode slong : a5, comesponding t the sbotest V=0 vanadyl bond orieted slong
e ¢ s The VOV smeching modes slong ¥ snd 3 wws we obsered 3t
529 cm™2nd 703 eni™ respectively [30.3133] For x = 01, 2 e band 2t 982 em™
bserved i the V-0 srtchin vibration region rpcal o he presnce of V* ios. This band
belongs to the Lipoor ¢-LiV:0; phase that coesists with V:0s i he 01 = x = 03
composiion domsi 2ad i pue or =05, Tdeed, the Raman spectum recorded or = 0.5
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exhibits the characterstic ines of ¢-LiozasV:0sat 158, 475, 421, 536, 707 et 983 em™ [34].
For 05 < x = 093, futher Li accommodation in the 2-phace induces 3 stong intensity
decrease in the band 3¢ 158 en™ 25 well 2 2 progressive broadening and <hift of fypical
bande: 475 e to 435 e 707 e to 712 e 536 cm™ to 31 e 983 a0
977 em™. Tn addition, 3 new featwre 3t 957 em™ can be detected for x=0.93. The Raman
“pectrum of the fully discharged elecrode (= 0.95) matches that previowsly eparted for the
Lixich .LiV:05 phase [2833]. It is worh noting the fypieal fingerprint of he 5-LiV:05
phase, charscterized i paricalar by a sharp Raman band at 1008 cui™ [30.34] is mot
obuerved.

These fnding: are in good agreement with those deduced from the XRD study and outine 3
specific structural bebavior in binary agueous electolytes. Tndeed, both XRD and Raman
iovestigstions do not detect the fommation of the folded G-LiV:0s phise i LiTZa®
Slectolyte

A minor partiipation of zine ions has therefoe to be considared, in good sccordsnce with
EDS analysis iving around 0.02 Za per V203,25 zine inserton reaction o V203 i reported
0 occur in the potential range 09 - 1V (Fig. 2. In this scenario, the iserted Za®" catons
located between the cxide Layers would act 3 pillar species, then hindering the gliding of one
Iayer over o in the b diretion leading to the comugated S-phase.

However, the stabilzation of the architeture afforded by the presence of Za® ions is not 3
‘mandatory condition for the -phase not to sppear. Indeed, another example of mitigated
structural changes was recently reported for nanosized V205 [35]. Tn that case, it was
demonstrated that the nanosized effect prevents the emergence of the distored 5-LiV:05
phase to the benefit o 2 solid slution behavior troughout he reduction process (0 < x < 1)
[35]. Conversely, P. G. Dickens claimed to form the 6-LiV:05 35 the aal product of V205
reduction in 2n aqueous LiCl electilyte but without producing the comesponding XRD
pattern [36]. To check whether zine s responsible forthe moderate sructure changes of the
V205 host atice highlighted i this work, 2 V205 electrode was deeply discharged 2t =09
in 2 single salt aqueous 3 mol L' LS04 electrolyte. In that case, the comesponding XRD
pattern (Fig. 62) and the Raman spectrum (Fig. 6b) how unambiguously the formation of the
SLiV:05 phase. Tndeed, the Xay diffactogram exhibits fwo sets of pesks: those
charscterstic of &-LiV:03, with parameters a=1138 & 5=3574 md e=4594, and 2
second set aserbed to the 5-LiV:05 phase (onthorbombic cell, Amam space group) with
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pormmeters a=11244, b=3604 ssd c=990A OCEDS Sl 040102852 [35)).
Consequenty, in 3-LiV:0s phase, the interlayer distance comesponds fo eie 495 A
against 453 & forthe present fully discharged compound &-LinsV:0s (Fig. 42)

‘Raman spectioscopy investgation confimas the formation of 5-LiV20s atthe atomic seale in
single zalt LiSOs elecialte. Indeed, the Rammn cpectrum (Fig. 6) exbibits the
charsctersic bands of the S-phase at 91, 152, 180, 252, 289, 420, 433, 631, 670 and
1007 cax’ [30.34] in misture with the Liich ¢LigsiV205 phase (bands at 708, 958
8978 e,

These whole findings demonsrae the V205 discharge process in the LizS03-ZaS03 bisary
slectrolyte involves  lthiation mechanism very Likely sssociated to the co-inserion of 2 few
20 Zinc cations would act 2 pillar species preventing important structurs] changes usually
bserved at the end o the discharge in non-aqueous electrolyte, ike the gliding of one oxids
Iayer over o n the b direction.

Fig. 7a shows the cycling performance of V205 Za battery using bisary elecrolyte 2¢ 1 C in
the L6 V-0 V voltage window. An atractive capacity of 80 mAh g s obtained in his
mamow voltage range without any capsciy fading over 300 cycles (inset i Fig. 72). In
dditon, the voltage profile iz slmost not sffected upon cycling. These sesults mggest
excallent structurs] reveraibility, 3 high stabliy of the cathode material in the binary
Slactolyte and no disslution process. Figs. Th and 7e give evidence for the high reversibility
of the structural mechaniom previouly deseribed. Comparison of Raman specta of the
cathode material before cycling, after | ycle and ater 300 eycls at 1 C cloaly demonstrates
the total restorstion of the host Iatice at the stomic scale, the Ramsn spactsa of cycled
electrodes perfecly matching that before cycling. Examination of the XRD pattrss (Fig. Th)
shows tha the structure ofthe prictine materal i fully recovered at the end of the st cycle.
In addifion, the symmetric charge profil associted with 2 100% coulombic effciency makes
50 dovibt he ssme electrochemical snd stracturl machssioam is involved upon discharge and
charge. However, after 300 yeles, 0-V0s i found to coexist withtraces of £-LiV:03 and an
ditonal Zaa(VO4)(H:0)3 phase (JCPDS 04.018-46.01) [38]. The cell parameters of the &-
LiaV:0s phase (e = 1146 &, 5= 3.56 A, ¢ = 446 A) comespond to 2 low itium content in
‘-phase (Fig. 40). This resul proves that most of the ihium ions have been extrscted from
the interayer spacing. On the otber hand,the structure of the Za(VO4x(H20)sphase does ot
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comespond to an insertion compound belonging to the vanadium oxide family. This result
‘highlights that the mechanism occumiag upon cycling in the binary aqueous electiolyte is far
from the one described when single zine salt i used, leading to the formation of layered.
ZagV203, uH:0 [427], o to the one occuring in pure aqueous Li electrolyte, involviag the.
6-LiV;05 phase. Fusther work i required o examine in detail the resction mechanism upon.
long term cycling.

‘The rate capability of the system has also been evalusted (Fig. 7d). The specific capacity
delivered by commercial V205 in Za-V:0s hybrid battery of 110 mAb ! 2t €5, deereaces to
95, 85,70, 45 and 25 mAh g 3t €2, 1C. 2C. 5 C and 10C respactively. However, after
cycling at 3 high rate of 10 C or 20 C. the iniial capacity of 110 mkb £ can be recovered at
€15, showing no irreversible damage and the excellent structural stabliy.

Conclusion.

4 novel Z-V205 aqueous rechargeable battery has been proposed, wing 3 Li7Zu’" binary
slectrolyte at pH 4. This cell exkibits a highly eversible capcity of 136 mAb g 2t €120 and
125mAh g’ at 5 in the 16V -0.8V range. In addition, an outstanding stability of the.
rechargeable capacity is observed, with 80 mAh g™ availible 2t 1C and 100% capacity
setention over 300 cycles. The discharge-charge profile achieved in aqueous medium iz
similar to that sbserved for the analogue reaction in organic ihized electrolyte. However, 2n
original reversble insertion mechaniom srevealed by XRD and Raman spectoscopy.
‘Bxchusive Li inserton in V203 oceurs up to mid-discharge while the o-inserion of  few zine
ions i very Iikely involved i the second part of the reducton. Moderate iterlayer spacing
‘expansion and limited Layers puckering point fo much lower structural stess in aqueous
binary electrolyte. A pillring effct of 2 fow interlayer 70 ions i suggested, hathinders the
formation. of the distorted S-LiV:0s phase. The final discharge product comesponds
unambiguously to the &-rich LiV205 phase while the charge process ensures the quantiative
extraction of cations, leading back {o the pistine host atice. The high stactural stabilty of
V205 even after 300 cycles makes this bybrid Za/V;0s system promising in aqueos binary
slectrolytes. Morsover, s significant ate capabilty improvement has aleady been evidenced
wsing the same cathods matersl prepared by 3 nanosizing spproach and will be soon
prezested in snother esessch paper.
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An investigation of the Zn dendritic growth in Zn/LiCl + ZnCl//LiFePO,
rechargeable aqueous battery
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Aqueous rechargeable lithium-ion batteries (ARLBs) have appeared to be a promising
candidate for increasing battery safety and reducing fabrication cost. One of such systems was
‘published in 2015 [1], where zinc (Zn) foil had been chosen as 2 negative electrode due to s
abundance in the Earth's crust and high theoretical capacity. However, Zn-based battery systems
‘have a common serious issue arising from the Zn dendritic growth on the surface of the electrode
after several cycles leading to shortened cycle life [2]. There are many approaches for suppression
or elimination of Zn dendritic growth In this work the dendrite suppression effect of three-
dimensional (3D) Zn_electrode was studied for the Zn/3M LiCl + 4M ZnCI/LiFePO4
rechargeable aqueous battery system. A beaker cell consisting of Zn foil as counterireference
electrode and copper (Cu) foam (3D structure) as a substrate for working electrode separated by
AGM was assembled [3]. The assembled beaker cell was charge/discharged at 20 C using VMP3
‘potentiostat/galvanostat (Bio-Logic). For comparison, one cell was assembled with Cu foil (2D
structure) instead of the foam. From the obtained results it was observed that the cell with 2D
electrode short-circuited after 12 cycles, while the cell with 3D electrode performed 150 cycles with
astable Conlombic efficincy (Fig 29).

101

100

Coulombic dificiency | %

5 & T T 0 T
Cyelenumber

Fig. 20 Coulombic efficiency of the beaker cells with Cu foil and foam.
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‘Lithium ion batteries have become the main stream for energy storage; however, ts toxicity,
‘poor durability (<5 years) and high cost (2USD2 35/Wh every 23 years), along with the safety
issues (very high degree of reactivity with water, flammable organic solvent) make them difficult to
‘use in smart grids. Therefore, the development of Non-flammable, low cost, and highly durable
‘rechargeable batteries is crucial for renewable energy sustainability.

Tt was found that oxides represent a unique class of important high capacity materials which
can be used in ARLB. Among these oxides, considerable attention has been paid to vanadium
oxides a5 a promising cathode for ARLB, however its cycling performance is very poor due to its
dissolution in aqueous electrolyte and low electronic conductivity [1, 2].

In this work. we study polymer coated Vanadium based cathode materials in ARLB. The
effects of coating layer were electrochemically investigated by cyclic voltammetry (CV) and.
charge discharge measurement. More detals and reults of work il be prscted at the

Acknowledgements

This research was supported by the research grant No APOS136016 “Zinc based Rechargeable
Aqueous Battery” A green, safe and economic battery for Space Applications (ZRABS)" from the
‘Ministry of Education and Science of the Republic of Kazakhstan.

[JZ H Li ] J Tang J Yang, C. Cheng Q Z Xiao, G. T. Lei Funct Mater. Lett 4,61 (2011)
[2]H.B. Wang K L Huang Y. Q Zeng S. Yang, L Q. Chen. Electrochim Acta 52, 3280 (2007)




image75.jpeg
In-situ characterization of zinc dendrite formation for Zinc based aqueous batteries
L Kurmanbayeva', DABatyrbekuly', A. Adi', J-P. Perei:a-Ramosz, M.R. Babaa', Z. Bakenov'
1School of Engineering, National Laboratory Astana, Nazarbayev University, Kabanbay Batyr 53, Astana, 010000,
Kazakhstan
2Institut de Chimie et des Matériaux Paris Est, ICMPE/GESMAT, UMR 7182 CNRS-Université Paris Est, Créteil, CNRS
2 rue Henri Dunant, 94320 Thiais, France
E-mail: dauren.batyrbekuly@nu.edu.kz

1. Introduction

Despite the popularity of lithium-ion batteries, zinc electrodes are
considered a promising alternative for rechargeable aqueous batteries due to
its abundance, safety and scalability [1]. A notable advantage of this
approach is that zinc electrodes have a very high specific capacity of 820
mAh-g—1 and are less expensive than lithium [2]. Furthermore, Zn metal
is able to function in aqueous environments and this allows the use of

ntensity

aqueous based electrolytes, which are less expensive and safer than the

nonaqueous electrolytes.

However, Zn electrodes suffer from undesirable dendrite » ® = . .
formation that leads to electrical short-circuit and irreversibly passivation of o | .
the surface, leading to terminal failure [1]. It is of crucial importance to Fig. 1 in-situ X-ray diffraction patterns zinc
understand the formation mechanism of zinc dendrites. In order to propose after several cycles)
an appropriate strategy to address this issue, it is necessary to understand
and elucidate the mechanism of dendrites development, including their
formation and growth. The purpose of this work is to investigate the mechanisms of the zinc dendrite growth on the zinc electrode by
using in-situ characterization technique (in-situ XRD, in-situ Raman etc.).

2. Experimental

LiFePO4 positive electrode were prepared by mixing 90 wt% active material, 6 wt% polyvinylidene fluoride as a binder and
4 wt% ketjen black as a conducting agent in 1-methyl-2-pyrrolidinone, followed by drying in vacuum at 80 oC for 3h. Zn foil
(~70pum ) was used as negative electrode. The electrolyte was prepared by dissolving 3M LiCl and 4M ZnCI2 in deionized water. The
pH was adjusted to 4. The AGM (Absorptive Glass Mat) separator was soaked in the electrolyte and used in the battery.

The special electrochemical cell was designed to perform in-situ XRD measurements. The positive electrode LiFePO4 was
based on the bottom of the device and Zinc electrode on the top, respectively. The kapton tape was adjusted on zinc electrode with
special care to let the top surface of negative electrode not covered by electrolyte. X-ray powder diffraction (XRD) patterns were
recorded using a Rigaku Smart Lab diffractometer. The cell was connected to a multichannel potentiostat (VMP3, Biologic) monitored
with EC Lab software. For XRD measurements the cell was galvanostatically charged/discharged between 1 and 1.6V during 300
cycles.

3. Results and Discussion

Figure 1 shows XRD patterns of zinc electrodes after several cycles. The zinc electrode reflections could be indexed in the
hexagonal structure of Zn (SG: P63/mmc(194), cell parameters: a=2.6540(9), ¢=5.041(5)). During the cycles no extra peaks could be
observed, in-situ XRD system could be validated for in-situ cycling experiments. After cell charge to 1.6 V the increment of the
intensity of Zn reflections can be observed, which is conditioned by deposition of zinc ions. It can be clearly seen that after 300 cycles
the reflection of Zinc (1 0 1) increases upon charging the cell due to the formation of zinc dendrites. The in-situ characterization of
zinc dendrites are under the investi-gation. In the future in-situ Raman and in-situ AFM will be studied.

This work was supported by the project “Zinc Based Rechargeable Aqueous Battery: A green, safe and economic battery for
Space Applications (ZRABS)” from Ministry of Education and Science of the Republic of Kazakhstan and Embassy of France in
Kazakhstan.
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With the increasing demand for “green” technologies, rechargeable aqueous batteries are researched worldwide. One of the most
promising anode materials for such batteries is zinc, which is eco-friendly, recyclable, cheap, and accessible in large amounts.!
However, scientists faced a problem of zinc dendrite formation, a cause for internal shorting in batteries.? Different solutions are
being proposed until this time, and they include modifications of anodic and cathodic materials, electrolytes, and system
configuration. One such modification is based on anode synthesized via electrodeposition with various organic additives, one of
which, sodium dodecyl sulfate (SDS) was proved to be the most suitable among others in reducing the dendrite formation.’ The
aim is to test if such anode can show improved electrochemical performance in Zn//3M LiCl + 4M ZnCl,//LiFePO, system.

- Ml o S per | LA Ze il 7
Fig. 1. Scanning electron microscopy (SEM) images of (a) pure zinc foil, (b) zinc foil deposited withoutadditive, and (c) zinc foil deposited with SDS. 5k
magnification
Figure 1 depicts the SEM images of the electrode before and after electrodeposition: pure zinc surface is flat, while zinc foil
synthesized without additive is not uniform and deposits are irregular, and zinc foil synthesized with SDS is uniform and deposits
are evenly distributed. Such deposits create a larger surface area for reaction. Electrochemical tests are being conducted to
examine whether these deposits inhibit the formation of zinc dendrites or not and to what extent as well as X-Ray Diffraction
(XRD) analysis of synthesized anodes. SEM images of anodes after 1000 cycles will be taken for comparison with the initial
condition.

This research was supported by the research grant No.AP05136016 “Zinc based |1Jewell, S,; Kimball, S. M. Mineral commodity summaries 2015; U.S. Geological
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/ Despite its clear advantages, Zn-based battery systems have a common serious issue arising from the Zn dendritic growth on the electrode \

surface after several charge/discharge cycles leading to short-circuiting
‘ormation in Zn/LiCl , ZnCl,/LiFePO, system. Performed XRD, SEM and A

of the battery [2]. In this work we aim to investigate the Zn dendrite
FM analyzes of Zn anode.

XRD ANALYSIS

Picture of n situ XRD system
An X-ray diffractometer of the Rigaku Smart Lob compony was used, operoting in the Parallel Beam
mode with an X-ray source of the anode long-wavelength focus Cu. The measurements were carried
out in the range from 10 * to 80 "

Negative electrode has a

hexagonal  zinc  crystal
lattice without additional

£ peaks.

= Upon  the  cycling

increasing of the intensity
of the peaks in the plane is
observed, which indicates
the formation of dendrites
on the electrode surface.

2
XRD pattern of the Zinc electrode for 300 cycles After charging to 1.6 V the
increment of the intensity
of Zn reflections can be
observed,  which  is
conditioned by deposition
of zinc ions.

After 300

(Structural genomics: P63 / mmc (194), parameters: a = 2.6540
(9), ¢ = 5041 (5))

cycles  the

reflection of Zinc (10 1)
upon charging

increases

SEM ANALYSIS
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SEM images of zinc electrodle (a, ¢} before and (b, d) after 200 cycles

Surface relief of the initial zinc has a smooth and uniform morphology (a, whereas after 200
cycles, the formation of dendrite growths from 2 to 10 microns in size (b). Pictures () and
(d) belong to the same samples but with a larger magnification. From picture (d) it can be
seen that the dendrites are formed in the form of needle-like crystals growing in different
directions.

the cell
ormation
" dendrites.
electrode at the different

the
zine /

due
of

to the |

cycles
AFM ANALYSIS

b)

Figure (a), Zn has a
uniform  surface ~before
cycling, after cycling (b)
the need like shape
crystals were observed
indicating the formation
of dendrites.
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SEM images of zinc electrode (a) before and (b) after cycli

A micrograph of zinc anode the cross-section before (a) and after cycling
(b) showed the formation of dendrites.

CONCLUSION

+Zn anode of rechargeable aqueouslithium ion batteries is studied by in-situ
and ex-situ methods
* Zn dendrites are formed and grew up to 10 microns during cycling without
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INVESTIGATION OF AQUEOUS LITHIUM-ION BATTERIES
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Lithium-ion batteries (LIBs) are leading among energy sources for portable devices, but there are
safety problems due to the use of organic flammable electrolytes. Another problem of LIBS is their high
cost. A large amount of the cost consists of the technological requirements for special conditions for the
batteries assembly due to the moisture and air sensitivity of the materials used. which also requires
expensive packaging Therefore, in last decades the attention of researchers i aimed to develop a system
‘where the stability and energy density of LIBs combines with safety and reduced cost.

‘This work is devoted to the development of an aqueous rechargeable battery ZwLiCI-ZaCly/
‘LiFePO;. In this aqueous system. metallic zinc (Zn) was used as the negative electrode. Zinc has a high
theoretical capacity (820 mAhg-1), stability, non-toxic, cheap, abundant and can be recycled. However.
due o the prowth of Zn dendrites during charging and discharging and changes in the electrode state these
batteries illustrated poor cycling performance. The dynamics of the formation and growth of the zinc
dendrites in the Zo/LiCl-ZnCL/LiFePOs system was studied by various physical-chemical methods.
Approaches to inhibit the growth of zinc dendrites were investigated.
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Mechanistic investigation on hybrid Z/V:0s rechargeable battery using a binary Li*/Z®* aqueous
electrolyte
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Zhwaabay Bakenor?, Rita Baddour-Hadjean!
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Nur-Sultan 010000, Kazakhstan
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Low cost, easy processing and enviropment-fiendly aqueous rechargeable zinc batteries have great
potential for large.scale energy storage, which justifes they have been receiving extensive afentin in recent
years. An original concept based on the use of a binary Li”/Za®™ aquecus electrolte i described here i the
case of Za/ V103 system.

The Za // LisSO4 — ZaSOx // V:0 cell presents, in the narcowe 16 - 0.8 V voltage range, inferesting
capacity values about 136-125 mAR g at C/20.C/5 rates respectvely. At 1C, a capacity of 80 mAh g is
outstandingly stable over more than 300 cycles with a capacity retention of 100 %. A detailed structural sudy
by XRD and Raman spectroscopy allows unravelling the peculiar esponse of the VO layered host latice.
Strong similarities with the well imown structual changes reported in nonaqueous fithited electrolyles are
highlighted, although the emergeace of the usual distorted 5-Li V105 phase is not detected upon discharge to
0.8 V. The pristine host structre s restored and maintained along cycling with mitigated structural changes
Ieading to the high capacity reention. The present electrochemsical and sructural findings reveal a reaction
‘mechanism mainly based on Li" intercalaton, but cointercalation of a few Za™ ions cannot be completely
dismissed. The presence of zine cations befween the oxide layers i thought to releve the structural stress
induced in V;0; under operation, esulting in  imited volume expansion of 4 %.

Fig. 1. Cyclingpeformsnce of V:0s i the Za/Li SOy ZaSO4V:0s aqueous bty at  Cinthe L6 VIOS Y
voltag rage.
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Metal oxides as additive to suppress dendrite formation on Zn anode of rechargeable aqueous battery
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‘Recently rechargeable aqueous zinc-ion bateries have attend iferest due to oftheir ow cost and high
safety advantages; but they stl suffe from the problem of dendrite growth on Zn metal anodes than cause
carly battery destructon [1]. There are various methods for modification of surface of Za mefal anodes o
suppress dendrie formation [2].Suppression of oughness or dendsit evolution by electroplating may also be
achieved with ppm-levels of additivs in the plating electrolgte. Several studies reportng the use of additives
o contrl the Za deposit qualify and appearance are noted. Addifives in these studies include polyvinyl
alcobiols, polyamines, carbonyl compounds and susfactants 3]

‘The role of metal ovides, namely germaium oride, vanadium ovide, indiuen cxide and scandium ovide
(100 ppm) have been investigated in the eleciroplating process on the surface of metalic zinc fol diks. The
mix. of 0.6M ZaCly and 0.1M NELCI in DI water worked as a plating solution. Synthesized Za.metal oxide
‘anodes characterized by X.ay difraction and Scanning electron microscopy before and afler cycling fo study
surface morphology, structural changes of anode and fo evaluate dendsite growth.
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