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Abstract: As the share of clean energy in the electricity generation mix continues to rise, grid-
side and generation-side stakeholders must urgently deploy energy storage technologies to
suitably manage power demand and ensure stable system operation. In this context,
vanadium redox flow batteries (VRFBs), with advantages such as long-duration energy
storage capability and intrinsic safety, have attracted significant research interest. The
electrolyte is a major cost component of VRFBs, and its stability directly governs the battery
electrochemical performance. This study adopts a composite additive strategy to improve
electrolyte thermal stability and suppress vanadium precipitation under elevated
temperatures. The effects of the composite ratios of MgCl,, (NH,),SO,, and methanesulfonic
acid (MSA) on electrolyte performance were systematically investigated using an orthogonal
experimental design. Based on capacity retention rate, the optimal additive formulation was
determined to be 0.1 mol/L MgCl, + 0.2 mol/L (NH,),SO, + 1.0 mol/L MSA. Battery testing
showed that, at 120 mA/cm?® current density, the electrolyte with the composite additive
increased energy efficiency from 75% to 79%, discharge capacity from 0.69 Ah to 0.76 Ah,
and capacity retention from 83% to 90% after 25 cycles, respectively corresponding to relative
improvements of 5.33%, 10.14%, and 8.43%. During 230 long-term cycles, the energy
efficiency remained stable at 82%, representing a relative improvement of about 9.33% over
the control group, while both discharge capacity and capacity retention were significantly
higher than those of the additive-free system. After static storage at 50°C for one week, the
electrolyte precipitate volume decreased from 11.31 cm® to 7.72 cm® (a 34.39% reduction). lon
chromatography confirmed that the additive remained stable in the electrolyte over an
extended period without significant cross-membrane migration. In summary, this composite
additive improves both the electrolyte thermal stability and the battery charge-discharge
performance, providing a feasible technical solution for the efficient and stable operation of all-
vanadium redox flow batteries.

Keywords: all-vanadium redox flow battery; electrolyte; thermal stability; composite additives
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Table 1 Factor levels and sample number

correspondence for the orthogonal experiment
(including a blank control)

REE WM& &/ (mol/L)

MgCl, (NH,),SO, MSA
FEfH O 0 0 0
ERTN 0.05 0.1 1.0
Fffi 2 0.1 0.1 15
BEAh 3 0.15 0.1 2.0
B 4 0.05 0.2 15
B 5 0.1 0.2 2.0
BEGH 6 0.15 0.2 1.0
BEAL T 0.05 0.3 2.0
B 8 0.1 0.3 1.0
FEdh 9 0.15 0.3 15
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Fig. 2 Cyclic voltammetry characteristics of different sample electrolytes (2 mol/L V**+4 mol/L H,SO,): (a) CV
curves of sample 0 at different scan rates; (b) CV curves of sample 1 at different scan rates; (c) CV curves of
different samples at a scan rate of 30 mV/s
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Table 2 CV curve related parameters of different
samples at a scan rate of 30 mV/s

eSS LA EN  LJA EN  AEN L
0 0229 1391 -0175 0.516 0.875 -1.3086
1 0275 1416 -0.209 0.506 0.911 -1.3160
2 0269 1415 -0.201 0519 0.89 -1.3383
3 0.282 1421 -0.206 0.529 0.892 -1.3689
4 0.247  1.344 -0.181 0561 0784 -1.3646
5 0.284 1.328 -0.207 0.580 0.748 -1.3720
6 0279 1407 -0.206 0.516 0.896 -1.3544
7 0281 1.346 -0.205 0.574 0772 -1.3707
8 0.284 1.371 -0.209 0.536 0.835 -1.3589
9 0293 1.385 -0.216 0.527 0.859 -1.3565
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Table 3 Electrochemical fitting data

FE S R,/IQ CPE/F R,/Q wWi(S-s"?)
0 1.649 33.07 21.76 1.173
1 1.393 4.387 13.91 0.872
2 1.379 20.40 2.982 1.894
3 1.305 14.59 6.528 1.550
4 1.363 6.777 4.655 1.043
5 1.110 9.249 6.953 1.290
6 1.357 1.403 30.49 0.480
7 1.192 18.25 4.637 1.853
8 1.265 12.68 4.121 1.637
9 1.257 14.36 4.787 1.698
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Table 4 Orthogonal test range analysis

FESTS MgCLy/(moliL) (';'(:())ZI/SS" MSA/(mol/L) giﬁ;’%
1 0.05 0.1 1.0 97.69
2 0.10 0.1 1.5 94.77
3 0.15 0.1 2.0 94.91
4 0.05 0.2 1.5 101.61
5 0.10 0.2 2.0 108.47
6 0.15 0.2 1.0 104.31
7 0.05 0.3 2.0 96.02
8 0.10 0.3 1.0 100.32
9 0.15 0.3 1.5 93.59
K1 98.44 95.79 100.77
K2 101.19 104.80 96.66
K3 97.60 96.64 99.80
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Fig. 5 Charge/discharge performance of the electrolyte in the control and experimental groups at a current
density of 120 mA/cm?: (a) CE, VE, and EE; (b) discharge capacity; (c) capacity retention; (d) charge-discharge
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Fig. 7 Comparison of electrolyte static stability
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Table 5 Parameters of the CV curves of the positive
electrolyte before and after long-term cycling at 50°C,
a scan rate of 30 mV/s
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Table 7 Concentration distribution and retention rate
of electrolyte additives in the positive and negative

electrolytes before and after long-term cycling

RESGRS LJA EN LJA EN  DMEN L HREE IR EE/(mol/L) GO/ (mol/L)
TEIET 0341 1524 -0.260 0496 1.028 -1.3115 MgCl, (NH,),SO, MSA MgCl, (NH,),SO, MSA
EE 0321 1305 -0.316 0611  0.694 -1.0158 A 0.1 0.2 1.0 0 0 0
(e 0.092 0.189  0.951 0.009 0.013 0.05

#6 KIEIFRTI. FERMBEGELFEIUSHE R %1% 92 945 951 9 6.5 5

Table 6 Fitted electrochemical data of the positive
electrolyte before and after long-term cycling

P g5 R,/Q CPE/F R,/Q Wi(S-s'?)
e 1.353 5.76 6.02 1.81
a5 0.794 95.45 0.53 10.52
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Fig. S8 Cyclic voltammetry curves of different sample electrolytes (2 mol/L V** + 4 mol/L H,SO,):
(a)—(h) correspond to samples 2 to 9, respectively



