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The iron—chromium redox flow battery (ICRFB) has emerged as one of the most promising technologies for
large-scale energy storage systems. At the same time, the parasitic hydrogen evolution reaction (HER)
during the negative process remains a challenge for the long-term operation. To solve this issue, Mn?* is
used as an additive to enhance the stability and performance of ICRFBs. The results demonstrate that
Mn?* not only effectively inhibits HER but also accelerates the kinetics of Cr**/Cr®* and Fe**/Fe®* to
some extent. Notably, the introduction of 0.002 M Mn?* into the electrolyte significantly enhanced the
coulombic efficiency (CE) and capacity retention of the battery. Specifically, at a current density of 40
mA cm™2, the CE increased from 96.34% to 97.15%. Furthermore, after 100 long-term cycles, the Mn?*-
modified electrolyte retained 73% of its initial discharge capacity, whereas the pristine electrolyte
exhibited only 39% retention. This performance enhancement can be attributed to two key mechanisms.
The negative shift of the hydrogenation potential induced by Mn?* doping effectively inhibits the

hydrogenation side reaction, and this result is also verified in the DFT (Density Functional Theory)
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Accepted 26th December 2025 calculations. The Mn?* in the solution increases the electrochemical activity of the reaction system,

thereby reducing the degradation of the electrolyte. These findings provide critical insights into the
DOI-10.1039/d5ra09027) design of effective electrolyte additives for high-performance ICRFBs, highlighting Mn* as a promising

rsc.li/rsc-advances candidate for mitigating capacity fade and improving overall electrochemical efficiency.

Redox flow batteries (RFBs) are a promising technological
solution for large-scale energy storage, due their inherent scal-
ability, longevity and decoupled energy-power design. Different
kinds of redox flow battery technologies have been developed

1 Introduction

The utilization of electricity derived from renewable energy
sources is widely considered an effective solution to address the

escalating energy requirements and mounting environmental
concerns.”” However, the intermittent nature of renewable
resources gives rise to an unstable energy supply and unsatis-
factory energy density, which strictly confines their further
application in energy storage.® It is imperative to acknowledge
the escalating demand for clean energy, which necessitates the
incorporation of innovative energy storage technologies to
address the intermittent and variable nature of renewable
energy sources.**
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since the 1970s, which include all vanadium redox flow
batteries (VRBs),” iron chromium redox flow batteries (ICRFBs),*
and zinc-bromine redox flow batteries (ZBRFBs).” Among
various RFBs, the ICRFB has garnered renewed interest due to
the natural abundance, low cost, and environmental benignity
of its active materials (Fe**/Fe”* and Cr’*/Cr** redox
couples).'®'* The electrode reactions of the ICRFB are as follows:

charge

Positive electrode : Fe** Fe*t +e, ¢=077V
discharge
. ha
Negative electrode : Cr’* +e T Lo, =041V
discharge
. h
Overall reaction: Fe?™ + Crt « %, Cr?* + Fe't,
discharge

p=118V
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However, the commercialization of ICRFB has been
hindered by several persistent challenges, including sluggish
reaction Kkinetics, low reversibility of the Cr’*/Cr**, and
crossover-induced capacity decay. These limitations collectively
degrade energy efficiency (EE) and cycling stability, necessi-
tating innovative strategies to enhance electrode kinetics and
mitigate side reactions. Recent efforts to improve ICRFB
performance have focused on optimizing electrolyte composi-
tion, modifying electrode surfaces, and introducing electro-
catalytic additives. Zhang et al.'* prepared a modified graphite
felt (GF) electrode with polyacrylonitrile (PAN) and artificial
fiber as precursors, which improved the conductivity and
electrochemical activity of the reaction system. Niu et al®
designed and prepared N-B co-doped coupling TiB, composite
electrode, which provided abundant reaction sites and accel-
erated the diffusion rate of reactants. In addition, it also
promotes electron transfer and enhances the physical and
chemical properties of the electrode. Che et al'* prepared
amorphous bismuth nanoparticles (NPs) and immobilised
them on nitrogen-doped GF, which significantly improved
electrochemical activity and reduced charge transfer resistance.
Niu et al.*® fabricated a defect-rich carbon cloth electrode via
silicic acid etching, achieving a robust nanoporous structure
with enhanced active sites. The fabricated electrode exhibits
abundant defect sites and excellent electron transport
properties.

In conclusion, these electrode modification methods effec-
tively improve the performance of ICRFB. Generally, Nafion
proton exchange membranes are widely used in ICRFB but
suffer from high cost and low ion selectivity. Recent develop-
ments in membrane materials for ICRFB have identified two
particularly promising alternatives: sulfonated poly (ether ether
ketone) (SPEEK)" and Sulfonated polybenzimidazole (SPBI)."”
These polymer-based membranes demonstrate superior
performance characteristics compared to conventional mate-
rials. Furthermore, researchers have achieved additional
performance enhancements through strategic incorporation of
nanoscale additives, with carbon nanotubes (CNTs) showing
particularly notable improvements in membrane properties.*®
Li et al.*® successfully prepared a series of polyaniline (PANI)
composite ion-exchange membranes by incorporating PANI
nanotubes into Nafion at varying doping levels. This modifica-
tion improved membrane water retention, dimensional
stability, and proton conductivity. These studies provide
insights for optimizing ion-conducting membranes for
improved ICRFB performance. Despite the noteworthy
advancements in the field of electrode material and ionic
membrane modification, there is a conspicuous absence of
a modification scheme that has demonstrated manifest
advantages in commercial applications. This is primarily
attributable to the cumbersome treatment process, the limited
enhancement in electrochemical performance, and the subop-
timal cycle stability. It is imperative to devise a straightforward
yet effective approach to enhance the overall performance and
durability of ICRFB. With good tunability and scalability, elec-
trolyte optimization is a practical and cost-effective solution for
advancing ICRFB technology by directly influencing key

© 2026 The Author(s). Published by the Royal Society of Chemistry
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parameters such as ion transport, conductivity, and redox
activity.”® This approach presents a cost-effective pathway for
advancing ICRFB technology.”*** Recent studies demonstrate
that additive engineering can significantly enhance electrolyte
performance through distinct mechanisms.**?* Inorganic
additives: Wang et al.?® demonstrated that In** incorporation in
the anolyte achieves dual functionality-suppressing the
hydrogen evolution reaction (HER) while simultaneously
enhancing Cr**/Cr** redox kinetics, leading to improved battery
efficiency. Organic chelators: EDTA and PDTA additives effec-
tively prevent metal ion hydrolysis through complexation with
Cr’" and Fe*". Particularly noteworthy is Niu et al.>’” chromium-
diethylenetriaminepentaacetic acid complex (CrDTPA), which
exhibits remarkable cycling stability with minimal capacity
fade. Nitrogen-containing organics: Deng et al.*® investigated
imidazole-based additives (r-histidine and 2-methylimidazole),
showing significant improvements in both coulombic efficiency
(CE) and cycle life.

To summaries, the integration of additives into the electro-
Iyte constitutes a straightforward and efficacious approach to
enhance the sluggish reaction kinetics of Cr’*/Cr**. Conse-
quently, this method leads to an augmentation in the perfor-
mance and cycle life of ICRFB. Notably, manganese ions have
shown potential as multifunctional mediators in aqueous
electrochemical systems due to their favorable redox properties,
high solubility, and catalytic activity. This study proposes Mn**
ion doping in ICRFB electrolytes as a novel strategy to simul-
taneously overcome kinetic limitations and enhance battery
cycle stability. The rationale hinges on the dual role of Mn*", is
acts as a redox mediator to facilitate electron transfer at the Cr
electrode, thereby improving the reversibility of the Cr**/Cr**
couple. Furthermore, Mn>* may stabilize the electrolyte envi-
ronment by mitigating hydrogen evolution and parasitic reac-
tions at low potentials, which is crucial for maintaining battery
performance.

2 Materials and methods

2.1. Experimental reagents and instruments

The chemicals and apparatus are listed in Table 1 and 2. The
pristine electrolyte (1.0 M FeCl,, 1.0 M CrCl;, and 3.0 M HCI)
was prepared by dissolving FeCl,-4H,0O and CrCl;-6H,0 in
deionized water, adding concentrated HCIl, and diluting to
volume under continuous stirring at room temperature. Mn>*-
containing electrolytes were obtained by adding MnCl,-4H,0 to
the base solution and diluting accordingly. All electrolytes were
equilibrated for 2 h before use, and the glass fiber separator and
ion-exchange membrane were replaced after each experiment.

2.2. Electrochemical measurements

A single flow cell was assembled using Nafion212 as the
membrane and copper-coated carbon-plastic composite as
bipolar plates. The electrodes consisted of PAN-based glass fiber
felts (4.6 mm thickness, 40 mm x 130 mm) (Wuhan Chuxin
Technology Co., Ltd China) embedded in polypropylene frames.
The catholyte and anolyte (50 mL each) were circulated at 50
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Table 1 Chemical reagents used in the experiments

Chemical name Molecular formula Purity/Grade Supplier

Chromium(im) chloride hexahydrate CrCl;-6H,0 AR Macklin

Iron(n) chloride tetrahydrate FeCl,-4H,0 AR Sinopharm Chemical Reagent Co., Ltd
Hydrochloric acid HC1 AR Sichuan Xilong Scientific Co., Ltd
Manganese(i) chloride tetrahydrate MnCl,-4H,0 AR Tianjin Double Ship Chemical Reagent Factory

Table 2 Laboratory apparatus in this work

Name Instrument types

Manufacturer/Supplier

Peristaltic pump DIPump550
Ultra-pure water equipment UPH-I-80L
Analytical balance BSA623S-CW
Magnetic stirrer DF-101S
Electrochemical workstation PGSTAT128N
Ionic membrane Nafion212

mL min~". Galvanostatic charge-discharge tests were conduct-
ed within a current density range of 30-55 mA cm > (corre-
sponding voltage window: 0.5-1.2 V), with cycling stability
evaluated at 40 mA cm 2 Electrochemical measurements,
including cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS), were performed on a Metrohm
PGSTAT128N using a standard three-electrode configuration
with a glassy carbon working electrode, a platinum counter
electrode, and a saturated calomel reference electrode (SCE).
For glassy carbon electrodes used in CV/LSV testing within
a three-electrode system, the pretreatment procedure was as
follows: Prior to use, the electrodes were sequentially polished
to a mirror finish on chamois using 0.3 pm and 0.05 pm
alumina polishing powder, then rinsed with deionized water

and set aside for later use.

2.3. Material characterizations

The viscosity and conductivity of the electrolytes were measured
at room temperature using a flat Ubbelohde viscometer (Model

(a) Mn at top site

Be_

o]
a

(b) Mn at bridge site

Wuhan Chuxin Technology Co., Ltd. (China)

Sichuan UP Ultra-Pure Technology Co., Ltd. (China)
Sartorius Scientific Instruments (Beijing) Co., Ltd. (China)
Gongyi Yuhua Instrument Co., Ltd. (China)

Metrohm China Ltd. (Switzerland)

Wuhan Chuxin Technology Co., Ltd. (China)

1835A) and a conductivity meter (S230-K, Mettler-Toledo). Each
sample was subjected to three independent tests, and the mean
value was documented. The electrode morphology was exam-
ined before and after cycling by means of scanning electron
microscopy (JSM-5610LV). Elemental composition was analyzed
by means of a scanning electron microscope (SEM) equipped
with an energy-dispersive X-ray spectroscopy (EDS, X-MAXN)
system. The surface chemical states of GF were characterized
in further detail by X-ray photoelectron spectroscopy (XPS, 156
Kratos Axis Supra’) with Mg Ko radiation.

2.4. Computational details

The DFT (Density Functional Theory) calculations were per-
formed with VASP. Exchange-correlation was treated with the
PBE functional, and core-valence interactions were described by
PAW pseudopotentials. A plane-wave cutoff of 520 eV was
adopted. A defect-free graphite (001) slab, 3 x 3 in-plane
supercell, 4 layers thick, and separated by 15 A of vacuum,
served as the electrode model. The bottom 2 layers were fixed at

(c) Mn at hollow site

Fig.1 The top view of one Mn atom absorbed on the surface of graphite. (a) Mn at the top of one carbon atom, (b) Mn at the bridge site of two
carbon atoms, and (c) Mn at the hollow site of six carbon atoms. The gray balls are for the carbon atoms, and the purple balls are for the Mn

atoms.
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bulk positions. I'-Centered k-meshes of 3 x 3 x 1 ensured
convergence to less than 1.0 x 10~* eV. The Mn sites were
evaluated for the top, bridge, and hollow sites to identify the
most stable configuration (Fig. 1). The HER pathways were
calculated on three systems, i.e., the bare graphite, the Mn-
adsorbed graphite, and the Mn-Cr co-adsorbed graphite.

3 Results and discussion

3.1. Electrolyte performance tests

Conductivity serves as a critical parameter for evaluating the
ionic transport properties of electrolytes,* directly influencing
key battery performance metrics including charge-discharge
efficiency, power output, and energy conversion efficiency.
Elevated electrolyte conductivity enhances ion mobility, mini-
mizes ohmic polarization, and reduces energy dissipation,
thereby improving overall cell performance. To investigate the
role of Mn** in modulating these characteristics, we systemat-
ically measured the electrolyte conductivity across varying Mn**
concentrations (Fig. 2).
The results showed that as the Mn**

increased, the conductivity enhanced. The
increased from 305 mS cm™"' at 0 M Mn”" to 312 mS cm™
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Fig. 2 The conductivity of the electrolyte at different Mn2*
concentrations.

View Article Online

RSC Advances

0.01 M Mn**, reflecting a 2.3% improvement. This trend indi-
cates that the incorporation of Mn>" promotes ion transport
within the electrolyte. To systematically evaluate the influence
of Mn** concentration on electrochemical performance, galva-
nostatic charge-discharge cycling was performed using elec-
trolytes with varying Mn>" concentrations.

An investigation was conducted into the impact of Mn**
addition (in increments of 0 to 0.01 M, at 0.002 M intervals) on
the battery's performance, with the objective of enhancing
electrochemical efficiency. The evaluation of the charge-
discharge capacity, the CE, the EE, and the voltage efficiency
(VE) was conducted at a current density of 40 mA cm 2. As
illustrated in Fig. 3a and b, the incorporation of 0.002 M Mn**
into the electrolyte resulted in a substantial enhancement in
charge and discharge capacities, with an increase of 2.2% and
1.5%, respectively, in comparison with the pristine electrolyte.
This enhancement can be attributed to the catalytic effect of
low-concentration Mn**, which accelerates the electrochemical
reaction kinetics while suppressing HER, thereby improving
active species utilization. The increase in the concentration of
Mn”" led to a gradual decrease in the charging and discharging
capacity of the battery, this may be due to increased polarization
as Mn>" concentration rises. As shown in Fig. 3c-e, specifically,
at a current density of 40 mA cm >, CE increases from 96.34% to
97.15%, while the energy efficiency improves from 79.51% to
80.37%. Similarly, the VE exhibits an enhancement from
82.55% to 82.74%.

Results indicate that the 0.002 M sample exhibits superior
capacity retention during extended cycling, while evaluating
three key battery efficiencies: CE, EE, and VE. In contrast, the
0.002 M sample demonstrates a more balanced and sustainable
performance profile between efficiency metrics and capacity
stability. Consequently, we ultimately selected 0.002 M Mn** as
the subject for subsequent in-depth investigation.

The voltage—capacity profiles in Fig. 3f demonstrate that the
addition of 0.002 M Mn>" improves battery efficiency, it was

a b ¢
( )1 2 (A)I.Z ( )
- z 100
< = =
E-M . *-'—w».., 209 SSSSSae: o] = -
E ————— @ | Tt Meees -~
S - o 3
2
& [——rristine S | ——Pristine L -
& 061 \ith 0.002 M Via®* 9069 ith 0.002 M At = %0 b
g with 0. e % ke N o o ~+— With 0.002 M Mn*"
% —e—with 0.004 :I \I-:‘ B +mlr: xﬁ: “| ‘\‘n:. —e— With 0.004 M Mn**
o3 —=—with 0.006 |.|-: ETEE th 0.006 M '":. 85 ~—— With 0.006 M Mn**
3 e with 0.0U% M \I: ﬁ +— with n,onx‘\!‘!\h;. o With 0,008 M Mn**
—e+—with 0.01 M Mn’ a —=—with 0.01 M Mn e With 0.01 M Mn®'
0.0 0.0 80
0 5 10 15 20 0 5 10 15 20 5 10 15 20

Number of cycles

Number of cycles

Number of cycles

() © ),
N £
80 = . oes. 85
75 80 =
S 2 =
= —e— Pristine ) o e | Pristine 2 0.8 {—— Pristine
g —+— With 0.002 M Mu®' > 71— With 0.002 M Ma? = e with 0.002 M Ma?*
—+—With 0.004 M Mn™ —e— With 0.004 M Mn*" = —— with 0.004 M Mn**
65 == With 0.006 M M":. 704 == With 0.006 M Ma® 0.6~ with 0.006 M Mn*~
= With 0.008 M Mn +— With 0.008 M Mn*" with 0.008 M Mn™*
~e—With 0.01 M Mo e With 0.01 M Ma®~ ——— with 0.010 M Mn*"
60 65 0.4

0 5 10 15 20

Number of cycles

0 5 10

15

Number of cycles

0.0 0.2 04 0.6 0.8
Capacity (Ah)

1.0

Fig. 3 Effects of concentration of Mn®* on ICRFB performance: (a) charge and (b) discharge capacity diagram; (c) CE; (d) EE; (e) VE; (f)

capacitance—voltage curve at 40 mA cm 2.
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observed that there was a higher discharge voltage plateau and
a lower charge voltage plateau in this system in comparison to
the Mn>"-free system. This indicates that the introduction of
Mn** into the electrolyte can improve the VE of ICRFB. These
results indicate that Mn** at an optimal concentration (0.002 M)
facilitates redox kinetics and reduces polarization. By
comparing the voltage differences between charge and
discharge plateaus, polarization conditions at different
concentrations can be elucidated. Details of curve shape: Note
the abnormal upward deflection at the end of the charging
curve for the 0.01 M sample (potentially indicating severe
concentration polarization or side reactions). As Mn** concen-
tration increases, the gap between charge and discharge
plateaus widens, indicating heightened polarization. This
provides strong evidence for the performance decline at 0.01 M
Mn*",

The electrochemical behavior of electrolytes containing
Mn®>" was investigated in this study using CV. CV measurements
were performed by means of a graphite electrode in the elec-
trolyte, with and without the presence of Mn>". The CV scans
were conducted at a scan rate of 10 mV s~ ', encompassing
potential windows from —1 to 0 V (relative to the reference
electrode) for the cathodic process and from 0 to 1 V for the
anodic process. Furthermore, EIS was conducted within
a frequency range spanning from 100 kHz to 0.01 Hz, employing
a scanning amplitude of 10 mV at a DC voltage of 0.5 V.

In the pristine electrolyte, the Fe®*/Fe** couple exhibited
a AE, of 144 mV and a —I,./I;,. ratio of 1.187. After adding
0.002 M Mn**, AE,, decreased slightly to 141 mV and the —I,/Ipc
ratio decreased to 1.184. The smaller AE, and the ratio closer to
1 indicate enhanced electrochemical activity of the Fe’'/Fe*
couple in the Mn®"-modified electrolyte. For the Cr*‘/Cr**

View Article Online
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couple, the anodic peak current (Ip,) increased upon Mn**
addition, further confirming improved electrochemical activity
in the presence of 0.002 M Mn?>*. This result demonstrates that
Mn”" concentration plays a critical role in governing the reac-
tion dynamics (Fig. 4a and b).

To further investigate the influence of Mn®>" on HER in
batteries, linear sweep voltammetry (LSV) was systematically
conducted. As shown in Fig. 4d, the LSV analysis reveals that the
incorporation of Mn®" induces a cathodic shift in HER onset
potential. The reduction of Cr*" is initiated at a scan potential of
—0.5 V, in comparison to the electrolyte in its pristine state, the
introduction of 0.002 M Mn>" results in a positive shift in the
Cr’*/Cr** redox potential, indicating enhanced electrochemical
activity and a facilitated reduction process. In order to further
observe the change of LSV, region 1 and region 2 in Fig. 4d are
enlarged, and the results are shown in Fig. 4e and f. As shown in
Fig. 4e, after further lowering the potential, a sharp increase in
current density is observed at the characteristic potential,
marking the onset of HER, which is consistent with the HER
behavior of the electrolyte. It is worth noting that, compared to
the original electrolyte (—0.90 V), the electrolyte containing
Mn>" exhibits a more negative HER onset potential (—0.95 V).
This cathodic shift indicates that Mn>" effectively suppresses
HER. This finding is also confirmed in Fig. S1 (the gas
production change in the 20th cycle for the Mn**-containing
anolyte is significantly smaller than that of the Mn*'-free
system). As shown in Fig. 4f, at the same current density (such
as 27 mA cm ), the working potential of the Cr reduction
process shifted from approximately —0.76 V to approximately
—0.68 V after adding 0.002 M Mn”', indicating that Mn>"
introduction reduces the overpotential of the Cr reduction
process. These findings demonstrate that Mn>* acts as

(a) (b) (¢)
0.004 0.006 25
—— Pristine

0.002 4 (/’/ \ //\\ ~ 204 ——0.002 M Mn*'
< o000 /£ \§ — S — 30‘003 ——0.004 M Mn*"
?_:’ 7 / b » 15 ——0.006 M M’
2 -0.0024 — Pristine 2 0.000 Prisine = 0.008 M M
£ ——0.002M Mn¥ | = —0.002 M My N o ——0.01 M
& -0.004 ——oaoam M| G ——0.004M ““:'

——0.006MMn* | -0.003 ——0.006 M Mn** %
-0.006 ———0.008 M Mn® ——0.008 M Mu** § T
0.010 M Mn*™ ~———0.01 M Mn*" r
o oosl 2 -0 08 0.6 -04 02 00 =000 : 3 i ¥ 7 0
R e i " 0.0 0.2 04 0.6 0.8 1.0 0 10 20 30 40 50
(d) Potential applied (V) (e) Potential applied (V) (f) 7' (O)

'S
=

Pristine

Region 2 in Fig.d

Region 1 in Fig.d
& b enlarges the figure

—_ -
& & &

£ g £

< 4 L2

< H —0.002 M Mn® 2 enlarges the figure P 284

E4s I ——0.004 M Vin®* g 40 E \

~ N ~ — S

z H ~——0.006 M Mn~ fd z ”"’\n—:’__\q

.g 304 ——0.008 M '\h"z- -g 36{— Pristine \ .Z‘ 24 — Pri\"linew\

2 0.01 M Mn? 3 —0.002M _\mf' N 3 ———0.002 M Mn*'

- - = 0.004 M Mn*" - ——0.004 M Mn**

g 157 832 — M Mn? g — L h
g g 324 0.006 M 1 In" £ 204 0.006 M Mn“

H = ——0.008 M \||,1 - . = ——0.008 M M:\

[ &) 28 ~0.01 M Mn?' ~ C =0.01 M Mn*

-12 -1.0 -08 -06 -04 -02 0.0 -0.98 -0.96 -0.94 -092 -0.90 -0.88 -0.84 -0.80 -0.76 -0.72 -0.68

Potential applied (V vs.SCE)

Potential applied (V vs.SCE)

Potential applied (V vs.SCE)
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Table 3 Impedance data table of different concentrations of Mn2*
electrolyte

Mn?" concentration

(mol Lfl) 0 0.002  0.004 0.006 0.008 0.010
Ry 3.87 3.77 3.69 3.63 3.61 3.59
Rt 8.78 8.54 8.97 9.21 9.31 9.58

a beneficial additive for both inhibiting HER and enhancing the
electrochemical activity of the reaction system.

The impact of Mn>" on the electrolyte impedance was
measured using EIS from 100 kHz to 0.01 Hz at 0.5 Vand 10 mV
amplitude. The impedance data were fitted to an equivalent
circuit model in ZView to show the electrolyte's impedance
characteristics and how Mn”" affects the electrochemical
performance (Fig. 4c). The addition of Mn** altered the elec-
trolyte's impedance. To quantify the influence of Mn**, ZView
was used to extract electrochemical parameters (R, Rs) from
the EIS data and fit them into the equivalent circuit model. The
values of these parameters are in Table 3, showing the impact of
Mn®" on the electrochemical dynamics of the electrolyte and the
battery's performance.

Fig. 5 SEM images and EDS mapping of GFs after charging and di-
scharging using (a) pristine electrolyte and (b) electrolyte containing
0.002 M Mn?*,
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Table 3 indicates that as the Mn>" concentration increases
from 0 to 0.010 M, R, gradually decreases from 3.87 Q to 3.59 Q,
exhibiting an overall linear decline. This suggests that higher
Mn®" concentrations significantly suppress R, thereby
improving the electrolyte's conductivity, reducing voltage los-
ses, and enhancing overall battery efficiency. However, from
0.002 M to 0.010 M, R increases from 8.54 Q to 9.58 Q, showing
a clear upward trend. This indicates that at higher concentra-
tions, Mn?" contributes to an increase in R.. The initial
enhancement in solution conductivity with Mn** addition may
be attributed to its charge-carrying capability, leading to the
reduction in R,. However, at high concentrations, factors such
as increased ion interaction or changes in solution viscosity
may hinder the ion transfer process, resulting in higher R.,.

The subsequent investigation into the provenance of the
observed enhancement in performance involved conducting
a series of scans on GF. These scans were performed prior to
and following cycles of charging and discharging. The utiliza-
tion of SEM and EDS in these scans facilitated a detailed and
comprehensive analysis. As shown in Fig. 5, comparing the
surface morphology analysis before (see Fig. S2) and after
cycling reveals that sparse particles adhere to the electrode
surface post-cycling. Analysis of these particles indicates strong
spatial correlation between C, O, Cl, Fe, and Cr, while Mn is not
detected on the electrode surface. The absence of Mn signals in
the XPS elemental maps further corroborates this observation
(Fig. S3). These results further support that the performance
improvement stems from the role of Mn>" in the electrolyte
rather than electrode deposition.

This paper builds upon the existing body of research by
further investigating the impact of the Mn>" concentration on
the charge and discharge processes within ICRFB. To this end,
constant current charge and discharge tests were conducted at
varying current densities, thereby facilitating a more compre-
hensive and nuanced understanding of the underlying mecha-
nisms. The electrochemical performance was methodically
evaluated at current densities ranging from 30 to 55 mA cm ™2 in
increments of 5 mA cm ™2 The CE, EE and VE were measured at
these current densities. As demonstrated in Fig. 6a-c, CE
increased with current density. In contrast, VE demonstrates
a substantial decline at elevated current densities, which is
ascribed to the augmented polarization during the charging
and discharging processes. It is important to note that, under
identical current conditions, specifically at a lower current
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Fig. 6 Discharge capacity vs. cycle number at various current densities: (a) CE; (b) EE; (c) VE.
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Fig.7 The cycle performance of ICRFB with and without 0.002 M Mn?* anode electrolyte: (a) charge capacity, (b) discharge capacity, and (c) CE.

density, the CE of the electrolyte containing Mn>" is consider-
ably higher than that of the electrolyte devoid of Mn>",

CE exhibits excellent stability and minimal fluctuation under
all test conditions. Compared with the electrolyte without Mn>",
the CE, VE, and EE with Mn®" were significantly enhanced,
indicating that the electrochemical performance was improved,
which may be due to the inhibition of parasitic reaction and
optimized ionic activity. These results demonstrate that 0.002 M
Mn®>" incorporation significantly enhances cycling stability and
overall cell performance, highlighting its promise as an effective
electrolyte additive for rechargeable battery systems.

In order to perform a more comprehensive evaluation of the
long-term cycle stability of ICRFB, a constant current cycle test
was conducted at a current density of 40 mA cm™ 2. A compar-
ative study of 100 cycles was carried out using the pristine
electrolyte and the electrolyte added with 0.002 M Mn**. As
illustrated in Fig. 7a-c, the presence of Mn*" leads to notable
enhancements in both CE, with the system demonstrating
excellent stability throughout the 100-cycle test. Notably, the
pristine electrolyte exhibits a significant capacity fade, retaining
only 35% and 39% of its initial charge and discharge capacities,
respectively, after 100 cycles. In contrast, the Mn**-modified
electrolyte demonstrates superior capacity retention, main-
taining 66% and 73% of its initial charge and discharge
capacities under identical cycling conditions. These results
indicate that the incorporation of Mn** effectively mitigates
capacity degradation, leading to a substantial improvement in
overall battery performance.

graphite+Mn+Cr

34 _—

,’l"gzl aphite+ \[I‘Y\ %

" graphite "\ ‘*:\\

AG, (eV)

Reaction pathway

Fig. 8 The calculated HER free-energy diagrams of the bare graphite,
Mn absorbed graphite, and Mn—Cr co-adsorbed graphite.
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In summary, this study highlights the significant impact of
Mn>" concentration on the charge-discharge performance of
batteries. By optimizing Mn** concentration, it is possible to
significantly enhance the EE and capacity retention of the
battery.

3.2. The mechanism of Mn>" inhibiting hydrogen evolution

To further elucidate the mechanistic role of Mn>* in enhancing
the electrochemical performance, we employed DFT calcula-
tions to determine the preferential adsorption sites of Mn and
their synergistic interactions with Cr species at the negative
electrode.

The DFT calculation results show that Mn preferentially
adsorbs on graphite hollow site, with the total energy of
—668.746 eV/system, which is 0.059 eV/system lower and 0.096
eV/system lower than that on the top site and bridge site,
respectively. This adsorption elevates the H adsorption free
energy from 2.263 eV (bare graphite) to 2.729 eV, consistent with
the experimentally observed shift in HER onset. Furthermore,
the Mn-Cr co-adsorbed graphite exhibits the H adsorption free
energy of 3.035 eV (Fig. 8). These DFT results provide the
information of Mn adsorption sites and its synergistic interac-
tion with Cr species at the negative electrode. DFT calculations
reveal that Mn adsorption sites and their incorporation more
effectively suppress the HER, in agreement with experimental
observations.

4 Conclusions

In this work, Mn®" was introduced as an electrolyte additive to
enhance the stability and electrochemical performance of
ICRFB. The results demonstrate that Mn>" not only induces
a negative shift in HER potential, thereby effectively suppress-
ing parasitic hydrogen evolution, but also I; also improves the
reactivity of Cr**/Cr*". This conclusion is further verified in the
DFT calculations. These synergistic effects collectively
contribute to enhanced charge utilization and cycling stability.
The incorporation of 0.002 M Mn>" in the electrolyte led to
significant improvements in key battery metrics, increasing the
CE from 96.34% to 97.15%, while simultaneously boosting both
EE and VE at a current density of 40 mA ecm 2. More remarkably,
the Mn>"-modified electrolyte exhibits excellent capacity reten-
tion, maintaining 73% of its initial discharge capacity after 100

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cycles, which is a significant enhancement compared to the
observed 39% retention of the unmodified electrolyte. These
findings provide valuable insights for the design of high-
performance electrolyte additives for ICRFB, highlighting
Mn** as a particularly promising candidate for mitigating
capacity fade and improving overall electrochemical efficiency
through its dual functionality in both HER suppression and
redox reaction enhancement.
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