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L-cystine (LC) was employed as an additive to inhibit crystallization of V(II) or V(I1l) specie in the
negative electrolyte and extend the practical application of vanadium redox flow battery (VRB) at below-
ambient temperatures. UV-Vvis spectrometry showed LC has no effect on the absorption in the range of
300-800 nm. Crossover the membrane testing indicated that LC can permeate from Negative side to
Positive side across the Nafion 117. Static thermal stability testing showed LC can significantly inhibit
precipitation of V(I11)~V(IV) ions or V(V) in 1.8 M vanadium electrolyte with 3.0 M H,SO, at 5 or 50
°C. It is found that 2-4 wt% LC in vanadium electrolytes can lower viscosity compared to the blank
electrolyte. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) show V(I1I)
electrolyte with 2 wt% LC exhibits superior electrochemical activity and diffusion coefficient,
compared with the pristine electrolyte. Introduction of LC into the negative electrolyte can obtain
better performance of VRB with higher capacity retention (91.04% vs. 84.3% ) and energy efficiency
(75.77% vs. 72.27% ) than the pristine electrolyte.

Keywords: Vanadium redox flow battery; L-cystine; Negative electrolyte; Thermal stability;
Electrochemical activity

1. INTRODUCTION

Renewable energy sources like solar cells and wind turbines attract more and more attention
owing to the critical issues of energy shortage and environment pollution caused by fossil energy
resources [1]. However, the random and intermittent nature of renewable energy sources induces
instability to the grid, which vastly limits their development. In order to smooth out the intermittency
of renewable energy production, electrical energy storage (EES) has become indispensable for
renewable energy to integrate into the grid. Compared to other batteries, Redox flow batteries (RFB)
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are considered to be the best options for EES in the megawatt range [2]. Among these RFBs, vanadium
redox flow battery (VRB) proposed by Skyllas-Kazacos and coworkers in 1980s [3, 4] is a better
candidates for EES in the megawatt range, owing to its advantages such as no cross contamination of
active species (vanadium element in both half-cells), better resistance to be over-charged and deeply-
discharged, longer cycle life (more than 200,000 cycles), and lower operation and management cost
(less than 0.001 $/kwh) [5, 6]. Many megawatt demonstration systems have already been installed, for
example, in Thailand, Japan, USA, and China [7].

The capacity and power output of VRB depend on the volume and concentration of the
vanadium electrolytes. When the reservoir volumes of VRB system are defined, the concentration of
the vanadium electrolyte will be vital to its energy density [8]. However, the high energy density of
VRB (>25 Wh/kg [9] ) is a challenge due to the poor solubility and stability of the vanadium species.
The V(II), V(I11), and V(IV) ions precipitate as sulfates, so their solubility increase with increasing
temperature but decreases with increasing sulfuric acid concentration because of the common ion
effect of the sulfate ion. On the other hand, V(V) electrolyte can undergo thermal precipitation to form
V,0s at elevated temperatures ( >40 °C [9] ) according to the endothermic reaction [10]:

2V07 + H,0 & V,0; ., +2H" (1)

So practical VRB systems operate with vanadium electrolyte concentration between 1.6 and 1.8
M and usually also employ electrolyte cooling and heating systems to maintain the temperature
between 15 and 40 °C [11]. Therefore, a higher energy density flow battery electrolyte will allow a
wider range of applications to be exploited.

Currently, the approaches to improve the solubility and stability of positive redox species are
focused on optimization of the supporting acid electrolyte and utilization of stabilizing additives. A
mixture acids (sulfuric/hydrochloric acid system [12, 13], sulfuric/methane sulfonic acid [14],
sulfuric/sulfamic acid [15] ) as supporting electrolyte can considerably improve the thermal stability of
V(V) ions. The use of sulfuric/hydrochloric acid system introduces the risk of acid, chlorine vapor at
high temperatures or during overcharge presenting a potential safety hazard. Both Methane acid and
sulfamic acid can greatly increase the cost of VRB. A efficient way to inhibit the precipitation of V(V)
ions is addition of stabilizing agent in vanadium electrolyte [16, 17]. Some typical organic additives
with oxygen and nitrogen functional groups, such as D-sorbitol [18], L-glutamic acid [19], pyridine
carboxylic acid [20], and coulter dispersant [21], are effective in inhibiting the formation of V(V) ion
precipitants at elevated temperature, moreover, they can improve the electrochemical performance of
the VRFB.

So far, additives for the positive electrolyte of VRB have been investigated intensively to
improve its stability and electrochemical activity, but there is few researches to investigate whether
these additives would have positive influences on the properties of negative electrolyte. Liu, J., et al.
[22] used DL-malic acid and L-aspartic acid as additives for the negative electrolyte of VRB. The
introduction of L-aspartic acid into the 2 M V(l11) electrolyte can stabilize the electrolyte by delaying
its precipitation, increase the diffusion coefficient of V/(I11) species, and facilitate the charge transfer of
V(HID/V(I1) redox reaction. Li, X., et al. [23] investigated several compounds (Oxalic acid,
Ammonium oxalate, Ethylene diamine tetraacetic acid, Glucose, D-fructose, and o-lactose) as



Int. J. Electrochem. Sci., Vol. 12, 2017 2895

additives of V(III) electrolyte. The results showed that a small amount of additives can improve
solubility and stability of V(111) ion in H,SO, solution. Charge/discharge test indicated VRB with 1.8
M V(I11) electrolyte containing 1 wt% Oxalic acid as catholyte had a higher unit volume capacity.
Guan, T., et al. [24] adopted five additives for VRB’s negative electrolyte. The experiments showed
urea, ammonium oxalate and ethylene glycol can inhibit the crystallization of the V(I1I) ions while
magnesium sulfate and sodium sulfate have no effects on the V(IIl) crystallization. The voltage
efficiency (VE) and coulombic efficiency (CE) of the battery were significantly increased for urea and
ammonium oxalate additives. These results show some compounds containing -NH,, -OH, etc. groups
can inhibit the crystallization of the V(IIlI) ions and improve its diffusion coefficient and
electrochemical activity.

In the practical VRB system with additives in positive electrolyte, capacity decay during
charge-discharge cycles is observed, due to the accumulation of vanadium ions on one side of the cell
and dilute to the other caused by the differential diffusion of vanadium ions across the membrane [25].
Such a loss of the capacity can usually be regenerated by simply remixing the two half-cell solutions.
Influence of the organic additive on the negative electrolyte is essential to the performance of VRB,
especially in lower temperature conditions [22, 26], which is helpful to extend the practical application
of VRB in the large-scale energy storage.

L-cystine (LC) is a specific amino acid containing functional groups (-OH, -NH_, -S-) (Scheme
1) and commonly used as an additive for nutrition and cosmetic. In this paper, LC is adopted as a
negative electrolyte additive due to its unique structure. The effects of LC on the precipitation
behaviour at 5 °C and electrochemical performance of V/(111) electrolyte for VRFB are examined.

2. EXPERIMENTAL

2.1 Preparation of vanadium electrolyte

In this work, the original 1.8 M vanadium electrolyte containing with 3.0 M H,SO, was
prepared by electrolytic dissolution and reduction of V,0s5 (99.93%, Pangan Group Co., Ltd.) in
sulfuric acid (99.95%, Chengdu Kelong chemical reagent factory) in a two-compartment electrolysis
cell [22]. The chemical composition of VV,0s measured by ICP was listed in Table 1. The total content
of impure metal elements is less than 0.07% and Na represents 0.0047%. The termination of
electrolysis was determined by a UV-vis measurement. The characteristic absorption peak of V(IV)
appears at 770 nm and those of V(IIl) appear at 401.0 nm and 606.5 nm, respectively. The
concentration of vanadium was analyzed by redox titration. The electrolyte samples with LC were
prepared by adding 1 to 4 wt% LC (99.5%, Chengdu Kelong chemical reagent factory) to the prepared
pristine electrolyte. The chemical structure of LC is shown in Scheme 1.
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Scheme 1. Chemical structure of L-cystine.

Table 1. Chemical composition of V,0s measured by ICP.

Element Al As Ca Co Cr Cu Fe Mg K Mn
Content (wt %) | 0.0010 | 0.0011 | 0.0091 | 0.0003 | 0.0026 | 0.0004 | 0.0135 | 0.0010 | 0.0159 | 0.0009
Element Mo Na Ni P Si Ti Pb Zn V705
Content (wt %) - 0.0047 | 0.0010 | 0.0010 | 0.0163 | 0.0021 | 0.0010 | 0.0002 | 99.9279

2.2 Static thermal stability of vanadium electrolyte

Thermal stability test of V(I1), V(111), and V(IV) electrolyte was carried out by monitoring and
recording the induction time for vanadium precipitates statically placed at low temperature. In a typical
procedure for thermal stability test, 20 mL 1.8 M V/(I11) electrolyte solution by adding a certain amount
of LC was injected into an airtight tube. Then the tube was statically stored in a temperature-controlled
container (GDJS-100, Wuxi Yishun Testing equipment Co., Ltd.) at 5 °C. The induction time was
recorded at regular intervals until a visible precipitate appeared in the tube. As for V(V) electrolyte, the
testing temperature was set at 50 °C. Testing results were given as the arithmetic means of three
replicated experiment samples, unless otherwise stated.

2.3 Redissolution of vanadium precipitates with agitation

The sample tubes with precipitates were fitted on a vibrator (SHA-C, Ningbo Testing
Equipment Co., Ltd.) stored in the temperature-controlled container (GDJS-100) at 5 °C and agitated at
200 rpm for 4 h to see if the precipitates could dissolve again.

2.4 Kinematic viscosity of electrolyte solution

Kinematic viscosity (mm?/s) of each vanadium electrolyte solution at 5 °C was determined by a
viscosity meter (SYD-265B, Shanghai Testing Equipment Co., Ltd.) and a 0.8 mm capillary tube with
the viscosity constant of 0.07873 mm?/s®> was adopted. For V(1) electrolyte measurement, N, gas was
used for avoiding oxidation. The viscosity results were obtained according to the following equation,

n=c¢-1 (2)
where ¢ denotes viscosity constant of 0.07873 mm?/s?, and T denotes the mean value for three flowing
times.
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2.5 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy of V(III) electrolyte was measured on the UV/vis
spectrophotometer (TU-1901, Shanghai) in the range of 200-800 nm using 10 mm path-length quartz
cell. The measured solutions were 0.04 M V(I11) electrolyte in 3.0 M H,SO,4 with and without 2 wt%
LC. A solution of 3.0 M H,SO,4 was used as the reference solution.

2.6 Cyclic voltammetry (CV)

CV was measured on an Autolab electrochemical workstation (Metrohm, Swiss) at a scan rate
of 5-200 mV-s * between -0.8 V and 0.0 V at room temperature. A three-electrode system was used
with Pt plate (2.0x2.0 cm?) as counter electrode, a saturated calomel electrode (SCE) as reference
electrode, and a graphite electrode with a surface area of 1.0x1.0 cm? as working electrode. The
graphite electrode was polished with 600 (P1200) grit SiC paper, then cleaned with de-ionized water.
To avoid cross-contamination of different ions on the electrode surface, the graphite electrode was
polished and rinsed carefully after each test.

2.7 Electrochemical impedance spectroscopy(EIS)

EIS was performed with an Autolab electrochemical workstation (Metrohm, Swiss) at room
temperature. The sinusoidal excitation voltage applied to the cells was 5 mV with a frequency range
between 0.01 Hz and 100.0 kHz.

2.8 Crossover the membrane for LC

The permeability of LC through Nafion 117 membrane was measured using a membrane-
separated diffusion cell [27]. At room temperature, 40 ml solution of 2 wt% LC in 3.0 M H,SO,
(Negative side) and 40 mL solution of 3.0 M H,SO, (Positive side) were statically placed in opposing
reservoirs separated by the membrane for 24 h. Two aliquots from the Negative side and the Positive
side were taken and analyzed for LC by a UV-vis spectrometer (TU-1901) with a 3.0 M H,SO,
solution as the blank reference.

2.9 Cell test

A VRB single cell was fabricated by sandwiching the membrane (Nafion 117, Dupont Co.,
Ltd.) between two pieces of graphite felt (thickness is 5 mm, Shenhe carbon fiber Materials Co., Ltd.)
with effective reaction area of 30 cm?, which was served as the electrodes, and conductive plastic
(thickness is 0.4 mm and resistivity is 0.2 ohm-cm, Pangang Group Co., Ltd.) were used as the current
collectors. 100 mL 1.8 M V(IV) in 3.0 M H,SO, serving as positive electrolyte and 100 mL 1.8 M
V(1) in 3.0 M H,SO,4 with 2.0 wt% L-cystine additive as negative electrolyte were cyclically pumped
into the corresponding half-cell respectively. The single cell was charged and discharged by a
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CT2001C-10V/10A battery test system (Wuhan Land Co., Ltd.) with a constant current density of 60
mAcm™ at room temperature. To avoid the corrosion of the carbon felt electrodes and conductive
plastic, the upper limit of charge voltage was 1.7 V and the lower limit of discharge voltage was 0.7 V.

3. RESULTS AND DISCUSSION

3.1 UV-Vis spectrometry

The UV-Vis spectra for V/(I11) electrolyte with and without 2 wt% LC as additive are shown in
Fig. 1. The characteristic absorption peaks for V(I11) ions appear at approximately 401 nm and 606.5
nm, respectively. Compared with the pristine V/(I11) electrolyte, there is neither new absorption peak
nor wavelength shift for the electrolyte with 2 wt% LC. This indicates that LC additive has no effect
on the valence state as well as the effective concentration of vanadium ions.
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Figure 1. The UV-Vis spectra for 0.04 M V(I11) electrolyte with and without 2% LC additive.

3.2 Crossover the membrane for LC

The diffusion of L-cystine across the membrane is an interesting topic to explore. Fig. 2 shows
UV-Vis spectra for LC in the Negative side and Positive, indicating that LC can permeate from
Negative side to Positive side across the membrane Nafion 117. There is no absorption peak over the
wavelength range of 400-700 nm for LC, but the maximum absorption peak at the range of 240-250
nm. Therefore, UV-Vis spectra can be used for detecting LC in the Positive side solution. This
crossover strengthens the necessity of studying the effect of additive on positive electrolyte.
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Figure 2. UV-Vis spectra for LC in the Negative side and Positive side.

3.3 Effects of LC on the thermal stability and viscosity of vanadium electrolyte

The induction time of precipitation for the vanadium solution (1.8M) with LC additive is
presented in Table 2. For the samples with 3M sulfur acid at 5°C, it can be found that the induction
time of V(III) electrolyte with LC is longer than that of the pristine sample. The induction time
gradually increases with LC amount. The addition of 4 wt% LC can delay the precipitation of V(II)
species for 386 h at 5°C. For 4M sulfur acid, the induction time of the pristine sample is 52 h while
that of 2 wt% L-cystine sample is 81 h. This indicates that L-cystine can effectively increase the
thermal stability of V(111) ions. In the same way, LC can also increase the induce time of precipitation
of V(II) and V(IV) at low temperature, compared to the pristine sample. As for V(V) and
90%V(V)+10%V(1V) (SOC=90%), LC can retard the precipitation at high temperature. Both V(1) and
V(111) ions are hydrated with 6H,0, and exist in the form of [V(H,0)s]** and [V(H20)s]**, forming an
octahedral structure. For V(IV) ions, *H and *’O NMR spectra showed there is weekly electrostatic
interaction between sulphate anions and [VO(H-0)s]** to form the second-coordination sphere [28].
H.O molecule is a weak ligand. Increasing sulphuric acid concentration or decreasing temperature,
structures of V(II), V(II1), and V(IV) hydrated ions will inevitably be destroyed, and they come into
crystal nucleation and growth and precipitation. In our study, L-cystine was adopted as negative
electrolyte additive due to its multi-functional groups (—OH, -NH;, and —s-), which have stronger
coordination to V(I1) and V(I11) ions than H,O molecule. This more stable coordination will prevent or
delay the vanadium precipitation. On the other hand, NH, group of L-cystine can absorb H" in the
strong acid media and thus V/(LC)®" possesses higher electrostatic repulsion. Therefore, it is considered
that steric hindrance and electrostatic repulsion are the main stabilizing mechanism for L-cystine and
vanadium species. This result is consistent with the report by Liu et al. [22].

Table 2 shows viscosity values of vanadium electrolyte with L-cystine are lower than that of
the pristine sample, which facilitates flow and distribution of the electrolyte solution in the graphite
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felt electrode. Introduction of L-cystine into vanadium electrolyte can improve its dispersion and lower
its viscosity due to the formation of V(LC)**.

Table 2 indicates the effect of mechanical agitation on redissolution of vanadium precipitates
from the static experiment. All the precipitates of V(II), V(IV), V(IV) species samples with LC can
dissolve again with agitation without heating. In comparison, All the precipitates of V(II), V(IV),
V(IV) species pristine samples can not redissolve completely, but can dissolve away when heating.
This difference is attributed to the different precipitate structures between the pristine and LC samples.
The precipitates from pristine samples of V(V) and 90% V(V)+10%V(IV) can be insoluble with
agitation when cooling due to the irreversible process in Eq. (1).

Table 2. Induction time and viscosity of 1.8M vanadium electrolyte with LC and redissolution of its

precipitate.
V species Temperature |  Sulfuric LC Time Viscosity | Redissolution
/ °C. acid | wt% /h / mm?/s phenomena
/M
V(1) 5 3 0 324 8.41 +—
3 1 330 8.28 +
3 2 342 8.15 +
3 3 360 7.96 +
3 4 386 7.74 +
4 0 52 8.66 +—
4 2 81 8.48 +
V(1) 5 3 0 260 6.34 +—
3 2 320 6.08 +
V(IV) 5 3 0 208 7.12 +—
3 2 312 6.36 +
V(V) 50 3 0 48 6.30 —
2 NF 6.07
90%V(V)+10%V(IV) 0 128 6.49 —
2 NF 6.11

Note: NF represents found precipitate. (+) Soluble; (4+ —) Soluble when heating; (—) insoluble.

3.4CV

Cyclic voltammetry technique is adopted to investigate the effect of LC on the redox reaction
of negative electrolyte in VRB. It is more appropriate using a glassy carbon as working electrode in
CV study of VRB electrolyte. But the graphite electrode is commonly used in the vanadium electrolyte
CV test [29, 30]. So we used the graphite plate as working electrode and obtained the CV results in
accordance with those by the glassy carbon electrode [31, 32]. The CV curves of 1.8 M V(IIl) in 3 M
H,SO,4 without and with 1-4 wt% LC additive at the scan rate of 20 mV/s* between -0.8 V and 0.0 V
are shown in Fig. 3. The anodic and cathodic peaks of the V(I11)/V/(I1) redox reaction are observed at
approximately -0.45 V and -0.65 V, respectively. The addition of LC can increase both oxidation peak
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current and reduction peak current suggesting that adding LC can enhance the electrochemical activity.
The reduction of the anodic to cathodic peak separation indicates better electrochemical reversibility of
the V(I11)/V(I1) redox reaction in the electrolyte with LC. Main related parameters related to CV are
presented in Table 3 for comparison. With LC, the anodic peak current as well as cathodic peak current
increases and then decreases. Meanwhile the anodic to cathodic peak separation (AEp) and the peak
current ratio of cathodic peak to anodic (jpc/jpa) decrease and then increase. At 2 wt% LC addition, the
cathodic and anodic peak currents reach a maximum, and rise by 16.61% and 8.20% respectively,
compared to the pristine electrolyte. The peak current ratio of cathodic peak to anodic (jpc/jpa) reaches a
minimum of 1.10. This result indicates the negative vanadium electrolyte with 2 wt% LC has the
optimal electrochemical activity and electrochemical reversibility. This is due to the fact that
functional groups (e.g. C=0-0OH, -NH, -s-) on the L-cystine can be absorbed on the electrode, which
will be conducive to the VV(I1)/V(I11) redox reaction [22].
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Figure 3. CV of the negative electrolyte with various amount of LC at 20 mVs™,

Table 3. CV data for V(l11) electrolyte with various amount of LC at 20 mVs™.

Anodic peak Cathodic peak
Sample  jp/mA cm’ EN jpc/rr_lA E NV AEN  Jpdipa
2 p om?2 p
Pristine 39.49 -0.406 46.93 -0.661 0.255 1.19
1 wt% 43.46 -0.422 48.87 -0.631 0.209 1.12
2 Wt% 46.05 -0.432 50.78 -0.629 0.197 1.10
3 wt% 43.26 -0.422 49.15 -0.637 0.215 1.14
4 wt% 40.31 -0.422 46.31 -0.648 0.226 1.15

In order to further investigate the effect of the additive on the kinetics of V(I1)/V(Il1) redox
reaction, CV curves of 1.8 M V(I11) electrolyte without and with 2 wt% LC at scan rates from 5 to 200
mVs™ are shown in Fig. 4. The peak current increases in linear with the augment of scan rate, and all
the peak potential intervals (AEp) are larger than 59 mV, which indicates that the V(I1)/V(I11) redox
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reaction is quasi-reversible. As for the quasi-reversible reaction, the diffusion coefficient D, of V(II1)
ions is calculated according to the following procedure. Firstly, the redox reaction of V(I)/V(II) is
assumed as a reversible reaction to calculate the D, according to eq. (3). The rate constant k can be

calculated according to eq. (5).
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Figure 4. CV with scan rates from 5 to 200 mVs™ for (a) pristine sample and (b) 2 wt% LC sample.

Secondly, use k and D to verify if the reaction is reversible, quasi-reversible, or irreversible

-0.5

-0.4
Potential / V(vs.SCE)

[33]. Thirdly, choose appropriate equation for calculation of D .

For the reversible reaction,
i, = 2.69 X 10°n*24C D} 11/
For the irreversible reaction,

i, =2.99 X 10°n*2a24cD} v

For the quasi-reversible reaction,

I3
§ =

©)

(4)

-0.3

-02  -01

0.0
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p=An2 = (5)

where i, is the peak current, n is the number of electrons involved in the electrode reaction, a is
the charge transfer coefficient (a~0.5), A is the electrode area, C is the concentration of active species,
D is the diffusion coefficient, v is the scan rate.

In eq. (5), ¥ is the equivalent parameter, /A is the quantitative measure of reversibility, D is the
diffusion coefficient of V(III), Dy is the diffusion coefficient of V(II), k® is the rate of the redox
reaction, f is a constant of nF/RT. Assuming D,=Dg and a=0.5, eq. (5) can be changed into the
following equation. .

1 k
Y=AnT = (6)
According to the eq. (3), D, is 3.78x107 cm?-s™ and 2.62x10” cm?s™ for 2 wt% LC sample

1/2

and pristine sample, respectively, by using the linear fitting of the relationship between i, and v~ =,
shown as in Fig. 5. According to the variation of AE, with 1 [33], the range of k° is calculated as
1.23x10*wY? - 1.85x10°v %2 cm-s* for 2 wt% LC sample, and 5.19x10°v%/2 - 9.34x10*»*/? cm-s™
for pristine sample, respectively. Therefore, for both the pristine and LC sample, it is a quasi-reversible
reaction at scan rates from 5 to 200 mVs™. D, for a quasi-reversible reaction is recalculated using eq.
(6) and listed in Table 4. It is obvious that the diffusion coefficient of LC sample is higher than that of
the pristine sample, indicating that LC can facilitate the mass transport and improve the
electrochemical activity of negative vanadium ions due to the lower viscosity and the coordination
between V(I11) ions and L-cystine (V(LC)*").
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Figure 5. Linear fitting for the relationship between i, and v1?,

Table 4. Diffusion coefficients of V(1) electrolytes with or without LC.

Diffusion coefficient Reaction Pristine 2 Wt% L-cystine
D, (107 cm*s™) reversible 2.63 3.78
D, (107 cm*s™) irreversible 4.25 6.12
D, (107 cm*s™) quasi-reversible 2.39 3.93
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3.5EIS

Electrochemical impedance spectroscopy (EIS) was applied to further analyze the effect of LC
on the electrochemical performance of V(111) electrolyte and the Nyquist plots are shown in Fig. 6. A
single depressed semicircle in the high frequency region and a straight line in the low frequency region
can be observed in each plot, demonstrating that the V(II1)/\V(II) redox reaction should be mix-
controlled by electrochemical reaction and diffusion steps. The radius of the semicircle corresponds to
the charge transfer resistance, while the linear part is associated with the diffusion of vanadium species
in the electrode [34]. A simplified equivalent circuit is proposed in Fig. 6, where R1 consists of the
electrolyte resistance and electrode resistance, C represents the electric double-layer capacitance of
electrode/electrolyte interface, Q is the constant-phase element representing the diffusion capacitance
caused by the diffusion process of vanadium ions in the electrode, and R stands for the charge transfer
resistance [35]. The EIS results are obtained by fitting the plots with the equivalent circuit, as
presented in Table 5. It can be seen that the contact resistance R; slightly decreases in the electrolyte
with 2 wt% L-cystine. Moreover, R of the electrolyte with L-cystine is 4.67 ohm cm™, much lower
than that of the pristine electrolyte. The reduced R implies faster charge transfer process, which might
be due to the catalytic property of absorbed oxygen and nitrogen groups on the electrode [22]. Besides,
the hydrophilic nature of the groups favors the absorption and diffusion of vanadium species, which
can be responsible for the increase of the electric double-layer capacitance of electrode/electrolyte
interface and the diffusion capacitance of ions.
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Figure 6. Nyquist plots of the negative electrolyte with or without LC and the corresponding
equivalent circuit.

Table 5. Fitting results of EIS.

CPE
Yo Q" n

Pristine 0.51 4.6x107 0.78 7.26
2 wt% LC 0.50 1.1x10™ 0.90 4.67

Sample R1(Q cm™?) Re(Q cm™)
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3.6 Cell test

Fig. 7 presents the typical charge-discharge curves of cells using negative electrolyte with and
without LC. The cell with LC in the electrolyte exhibits higher capacity and smaller interval between
charge and discharge plateau, indicating the improvement of electrochemical reversibility and activity,
which is consistent with the CV and EIS results.
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Figure 7. Charge-discharge curves of cell employing negative electrolyte with or without LC.
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Figure 8. Capacity and energy of cell employing negative electrolyte with or without LC.

The capacity and energy of the cells in 50 cycles are compared in Fig. 8. The 1st capacity and
energy of the cell with LC electrolyte sample are 4.831 Ah and 6.03 Wh, respectively, higher by 0.197
A h and 0.35 W h than those with the pristine. The 50th capacity and energy of the cell with LC
electrolyte sample are 4.398 A h and 5.29 W h, respectively, higher by 0.325 A h and 0.46 W h than
those with the pristine. This result indicates LC can increase the utility ratio of active species and
restrain the capacity and energy decay. The improvement in capacity and energy retention (91.04%
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and 87.33%) is probably attributed to less vanadium ion crossover or decreased electrolyte/valance
imbalance resulting form the formation of V(LC)**. Moreover, cycling data in Fig. 8 indicate the
additive LC has no effect on the conductivity and selectivity of the membrane over long-term
operation [36].

Coulombic efficiency (CE) and energy efficiency (EE) of the cells employing negative
electrolyte with and without LC in 50 cycles is shown in Fig. 9. Introduction of LC elevates the
average CE from 93.86% to 94.97%. The average EE of the cell with LC in the electrolyte is 75.77%,
3.5% higher than that of the pristine one, demonstrating the enhancement of electrochemical
performance. The excellent electrochemical performance of the cell with LC in the electrolyte should
be ascribed to its functional groups of -COOH, -NH,, and -S-.
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Figure 9. Coulombic efficiency and energy efficiency of cell employing negative electrolyte with or
without LC.

4. CONCLUSIONS

LC has no effect on the UV-vis spectrometry of V(II1) electrolyte solution and can permeate
from Negative side to Positive side across the membrane. The addition of LC can significantly increase
thermal stabilities at 5-50 ‘C and decrease viscosities of V(11)~V(V) electrolyte solutions. CV and EIS
tests showed that the electrochemical activity and reversibility of VV(11)/\V/(111) redox reaction have been
improved greatly by LC additive. The improvement might be attributed to the formation of V(LC)**
facilitating lower mass transfer resistance and higher activity of redox reaction. The VRB using
negative electrolyte containing LC shows excellent charge-discharge performance with capacity
retention of 91.04% and average energy efficiency of 75.77% in 50 cycles. Therefore, L-cystine can be
considered as a promising additive for negative electrolyte of VRB helpful to extend the practical
application of VRB in the large-scale energy storage.
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