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HIGHLIGHTS

® A selectively regulating strategy for chemical environments of Mn ion activity donorsin LaMnO; perovskite can bidirectionally

enhance vanadium reaction Kinetics.

e The key reactive sites and control steps of perovskite on vanadium redox reactions areestablished based on electrochemical tests and

theoretical calculation.

e Sr and Ce doped LaMnO; as anode and cathode catalysts of the vanadium redox flowbattery (VRFB) , respectively, synergistically

improves the VRFB’s energy storageperformance.

ABSTRACT Various metal oxide catalysts have been uti-

lized to enhance the electrode reaction kinetics in vanadium ’
Ce doping
Sedoping

redox flow battery (VRFB). However, the determining factor

governing their catalysis is still insufficiently understood.
Herein, selectively doping of Sr and Ce at La site of LaMnO; MassiCharge Regulating Mixed-Valence States o g

transfer S he 7 e Sarare & ’ transfer
perovskite (LSMO and LCMO) was used to modulate chemi- Sl

cal environments of Mn ion activity donors, thereby boost-

ing vanadium redox reaction processes. Sr doping increases

the valence state of Mn ions, making it easier for Mn ions

lectroiyte| Electrolyte
L

to take an electron from the electrode and transfer it to V3*

ions, which lowers the reaction energy barrier of V3*/v*

redox processes. Conversely, Ce doping decreases the Mn valence and increases the oxygen vacancies, boosting the charge transfer and
mass transfer of VO**/VO,* redox processes. Theoretical calculation further demonstrates that doping Sr and Ce enhances the vanadium
ion’s ability for charge transfer and adsorption. Compared with pristine VRFB, the VRFB with LSMO- and LCMO-modified anode and
cathode, respectively, exhibits an excellent energy efficiency (EE) of 67% at a high current density of 300 mA cm~2 and an increased
EE of 15% at 150 mA cm™2. This study is critical for promoting fundamental understanding and offering a design strategy for achieving

superior-performance metal-based electrocatalysts in VRFB.

KEYWORDS Vanadium redox flow battery; Perovskite; Selective regulation; Electronic structure; Reaction kinetics

P4 Jiaye Ye, jiaye.ye @qut.edu.au; Haoran Jiang, jianghaoran @tju.edu.cn; Zhangxing He, zxhe@ncst.edu.cn
! School of Chemical Engineering, North China University of Science and Technology, Tangshan 063009, People’s Republic of China
2 School of Chemistry and Physics, Faculty of Science, Queensland University of Technology, Brisbane, QLD 4000, Australia
3 Department of Energy and Power Engineering, Tianjin University, Tianjin 300072, People’s Republic of China

Published online: 03 February 2026
SHANGHAI JIAO TONG UNIVERSITY PRESS @ Springer



http://crossmark.crossref.org/dialog/?doi=10.1007/s40820-025-02060-0&domain=pdf

233 Page 2 of 14

Nano-Micro Lett. (2026) 18:233

1 Introduction

The growing severity of the climate crisis calls for urgent
global efforts on carbon reduction. In response, the opti-
mization of the energy structure has emerged as a practical
and effective national strategy. The renewable resources of
wind and solar power have been rapidly developed, driv-
ing the advancement of various energy conversion tech-
nologies such as photovoltaic power generation technology,
wind power generation technology, and geothermal power
generation technology. However, the inherent intermittent
and fluctuating nature of renewable energy, compounded by
its compatibility challenges with the grid, constitutes the
primary technical bottleneck in the energy conversion pro-
cess. Long-duration energy storage technologies, through
the cross-period storage and release of energy alongside
optimized allocation, provide a viable technical pathway to
overcome this bottleneck [1-6]. Among various energy stor-
age technologies, vanadium redox flow battery (VRFB) is a
highly acclaimed large-scale energy storage system owing
to its brilliant features, including decoupled capacity and
power, high efficiency, long lifespan, and high safety [7-9].

In VRFB, the redox pairs, V3*/V>* and VO**/VO,", are
employed as the active species and take place redox reac-
tions on the surface of electrodes as the following equations:

Anode : V?* ¢ = V2 (1
Cathode : VO** + H,0 = VO} + 2H" + ¢~ Q)

Full cell : VO** + H,0 + V** = VO! + 2H' + V** (3)

The anodic reaction involves one electron transfer, while
the cathodic reaction involves one electron, protons transfer
and band breaking. In addition, both anodic and cathodic
reactions generally include several steps: vanadium ion dif-
fusion and adsorption/desorption, charge transfer, and elec-
tron transport [10-12]. Based on the cell principles, it is
evident that the overall performance of VRFB is comprehen-
sively influenced by the synergistic interactions among three
key components of the electrolyte, membrane, and electrode
[13]. Specifically, the active materials of vanadium ions are
stored within the electrolyte, with the VRFB’s energy den-
sity primarily determined by vanadium ion concentration.
However, its solubility and thermal stability are constrained
by temperature and concentration conditions. Consequently,
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research efforts have centered on developing hydrochloric
acid mixed electrolytes such as HCI-/H,SO,-supported
electrolyte, and functional additives including inorganic
stabilizers, polyols, and surfactants [14—16]. Moreover, it
is the membrane that serves to separate the anode and cath-
ode electrolytes, preventing cross-contamination of ions,
while simultaneously ensuring efficient H* ion transport
to maintain the system’s charge equilibrium. The common
membranes are Nafion series due to its exceptional proton
conductivity and chemical stability. However, these mem-
branes are high cost and difficult in balancing ion selectiv-
ity and conductivity. To address this challenge, research-
ers are actively developing novel membrane materials,
encompassing non-fluorinated porous polymer membranes,
organic—inorganic composite membranes, and multi-layered
membranes with gradient structures [17-19]. These aim to
achieve rapid proton conduction with high ion selectivity
and decrease the cost. Last but not least, the electrode takes
place for vanadium redox reactions and therefore directly
dictates the power output of VRFB. Currently, carbon-based
materials like graphite felt are widely employed as electrodes
of VRFB [20-22]. These electrodes exhibit high conductiv-
ity, excellent chemical stability, and 3D porous structure,
which provide a fast electron and electrolyte transport path.
However, insufficient active site and weak hydrophilicity of
carbon electrode hinder the diffusion and charge transfer of
vanadium ion during cell operation. To resolve the issues,
numerous methods have been used to modify the carbon
electrode such as by introducing hydrophilic groups, heter-
oatoms, and high-activity catalysts [23—36]. In contrast with
the significant expense of developing new electrolytes or
membranes, electrode modification offers a relatively low-
cost approach to enhancing battery performance.
Introducing catalyst gets a wide attention due to their high
activity, abundant species, and design flexibility. Among var-
ious catalysts, metal oxide catalysts, such as Mn;0,, TiO,,
ZrO,, etc., are quite preferred for modification of carbon
electrodes due to low cost, high activity, large tunable space,
and diverse species [37, 38]. The electrocatalytic activity of
metal oxide primarily originates from the d-electron orbitals
of transition metal cation and their variable valence states,
which determine the charge transfer and adsorption behav-
ior of reaction intermediates. To further enhance catalytic
performance, lattice engineering strategies such as metal/
non-metal doping, hydrogen reduction, and protonation have
been investigated [39, 40]. These approaches strengthen the
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intrinsic activity and surface density of active sites, lead-
ing to an improvement in redox reaction kinetics. Recent
research has increasingly focused on composite metal
oxides, which exhibit exceptional performance through
synergistic effects between different metal cations. Materi-
als such as NiCo,0, and CoMoO,, perovskites, and high-
entropy metal oxides all demonstrate significantly higher
active site densities than single-metal oxides [41]. This stra-
tegic evolution toward complex metal oxides is emerging as
a key direction for developing high-performance electrodes.
The perovskite-type metal oxides with general formula of
ABOj;, such as LaMnO;, SrZrO;, LaNiOs, etc., have been
demonstrated to have excellent catalytic effect on the redox
reaction, where B ions mainly determine its electrochemical
activity [42-45]. However, to our best knowledge, there are
no reports that provide an in-depth analysis of the mecha-
nism of how the valence states of B in ABO; dominates
its electrochemical activity for the redox reaction of VO**/
VO,* and V3*/V?*. This has significant reference for the
design and construction of high-performance electrodes and
catalysts based on perovskite-type metal oxides with similar
structures.

To further reveal the mechanism of the chemical environ-
ment of B-site elements as core active center of ABO;-type
perovskite materials, it is feasible to regulate the chemical
environment at the B site by doping the A site of perovskite,
without introducing other B-site elements [46]. As a classic
ABO;-type perovskite, LaMnO; possesses both excellent
structural regulation flexibility and chemical stability. It's A
site exhibits high doping tolerance, enabling compatibility
with doping elements of different valences and ionic radii
without damaging the crystal framework. Additionally, the
valence state of B-site Mn can be reversibly adjusted through
external regulation, and the generation and migration of oxy-
gen vacancies also have good adjustability [47]. Therefore,
this study employs a rational doping strategy on LaMnO;,
selecting Sr** and Ce** as A-site dopants to regulate the Mn
chemical state, and further employs them to catalyze the
redox reactions of VO**/VO,* and V¥*/V** bidirectionally.
The design leverages the synergistic effects of ionic radius
mismatch and valence differences to concurrently regulate
the Mn**/Mn** ratio and oxygen vacancy concentration.
Thereby, Sr doping is intended to enhance V>*/V?* reaction
kinetics, while Ce doping targets the VO**/VO,*couple. The
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determined factors of reaction process of both redox pairs
are confirmed by the combination of experimental results
and first principle. Finally, the Sr- and Ce-doped LaMnO;
is applied as the anode and cathode catalysts for VRFB,
respectively, which significantly improves the VRFB’s per-
formance by enhancing the diffusion, adsorption, and charge
transfer of the redox pairs. This work employs a strategy
of separate Sr and Ce doping in LaMnOj; to independently
construct active centers suitable for the V3*/V** and VO**/
VO," redox couples, respectively. The study demonstrates
that targeted modulation of the local chemical environment
through elemental doping provides an effective approach for
designing composite metal oxide catalysts of regulable metal
ions with specific electrochemical functions.

2 Experimental Section
2.1 Preparation of Materials

All A.R.-grade chemicals were directly utilized. Sr- and Ce-
doped lanthanum manganate perovskite powders were pre-
pared by sol-gel method. La(NO;);-6H,0 (99%, Macklin),
Mn (NO3),-4H,0 (98%, Macklin), St (NO3), (99.5%, Damao
chemical reagent factory), Ce (NO;);-6H,0 (99.5%, Alad-
din) were used as metal ion precursors, respectively. Firstly,
stoichiometric metal nitrates, citric acid (99.5%, Aladdin),
and ethylenediaminetetraacetic acid (99.5%, Aladdin) were
added to deionized water. In continuous stirring, ammo-
nia water (28%, Aladdin) was added drop by drop to form
a transparent solution. The pH was controlled between 8
and 9. The molar ratio of citric acid: ethylenediaminetet-
raacetic acid: total metal ions was 1.5:1:1. Then, the solu-
tion slowly evaporated water at 80 °C to form a gel, and the
gel was dried in an oven to form a loose hardened xerogel,
followed by a calcination at 200 °C in air for 6 h. And then,
the obtained black powder was calcined at 900 °C in air for
3 h to form the final sample. The obtained samples with
Sr doping molar ratio at 10%, 20%, 40%, and 80% were
named after LSMO-X (X= 10, 20, 40, and 80), respectively,
while the samples with Ce doping molar ratio at 5%, 10%,
and 15% were named after LCMO-Y (Y=05, 10, and 15),
respectively. The undoped LaMnO; sample was referred to
as LMO.

@ Springer
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2.2 Characterization Analysis

The crystal phase of samples was detected by the X-ray dif-
fraction instrument (XRD, D8 Advance A25, Bruker). The
morphology, element distribution, and electronic structure
of samples were observed by scanning electron microscope
(SEM, JSM-IT100) and transmission electron microscope
(TEM, JEOL-JEM-F200). The surface chemical state and
structure defect of samples were studied by the X-ray pho-
toelectron spectroscopy (XPS, the K-Alpha 1063) with
Al-Ka radiation and Raman spectroscopy (DXR 03040404),
respectively. The wettability of the samples was evaluated
by measuring the contact angle with distilled water, using a
HARKE-SPCA instrument (Beijing Hake Test Instrument
Factory).

2.3 Electrochemical Test

The electrochemical activity of samples was studied by
using the CHI660E and AutoLab PGSTAT302N electro-
chemical workstations equipped with cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
modules. In this testing process, the saturated calomel elec-
trode (SCE) was the reference electrode, a platinum sheet
was the counter electrode, and the glassy carbon electrode or
graphite felt was the working electrode, respectively. When
the glassy carbon electrode (GCE) served as the working
electrode, the following was how it was made: 5 mg cata-
lyst and 5 mg conductive carbon black (Super P, SP) were
added in 10 mL N, N-dimethylformamide (DMF) and treated
with ultrasonic for 3 h to obtain the catalyst ink. 10 pL ink
was added onto the GCE drop by drop. The electrochemical
tests were carried out in 3.0 M H,SO, solutions comprising
1.6 M V3 for V3*/V** reaction and 1.6 M VO** for VO**/
VO,* reaction, respectively. The EIS was tested in frequency
range of 107! —10° Hz. The graphite felt with perovskite
modification, as the working electrode, was prepared as the
follows: Firstly, 10 mg perovskite was first added in 10 mL
DMF. After 3-h ultrasonic dispersion, the catalyst ink was
obtained and the original graphite felt was soaked in the
ink to absorb it. Then, the graphite felt was fully dried at
80 °C. The steps were repeated until the ink was adsorbed
fully by the graphite felt. The electrochemical tests were exe-
cuted in electrolyte of 0.1 M V3* +3.0 M H,SO, and 0.1 M
VO?>* +3.0 M H,S0, solutions for V3*/V>* and VO**/VO,*

© The authors

reactions, respectively. The EIS was measured in frequency
range of 1 —10° Hz.

2.4 Calculation Methods

All computations were conducted on the basis of the den-
sity functional theory by using the Vienna ab initio simula-
tion package (VASP). The exchange—correlation functional
adopted the generalized gradient approximation (GGA) in
the form of Becke86. The optB86b-vdW functional was used
to optimize structure for the weak interlayer van der Waals
interactions. Energy cutoff for the plane-wave expansion was
set to 500 eV. The convergence threshold was set as 107> eV
in energy for structure optimization. A vacuum layer greater
than 15 A was taken to avoid the interaction between adja-
cent images. A supercell of four-layer slab was used to rep-
resent the absorbed surface, and the top two atom layers
were relaxed. For computing the charge density difference
of LaMnOs slabs, the 2D Brillouin zone integration using
the I'-center scheme was sampled with a 14 x 14X 1 grid.

2.5 Charge and Discharge Test

The energy storage performance of VRFB was tested on the
equipment (CT2001A, Wuhan LAND Electronic Co. Ltd.).
LSMO-20 and LCMO-10 modified graphite felts were,
respectively, used as the anode and cathode to assemble the
modified VRFB as LSMO/LCMO VRFB. For comparison,
pristine graphite felts served as the VRFB’s anode and cath-
ode. The Nepem-1110 ion-change membrane was employed
as the membrane between the cathode and anode. The catho-
lyte and anolyte were 0.8 M V** +0.8 M VO** +3.0 M
H,SO,. 25 mL of electrolyte was circulated throughout the
VRFB by two peristaltic pumps at two half-cells, respec-
tively. The battery’s polarization curve was tested by first
charging it to 1.65 V and then discharging it for 300 s at
each current density.

3 Results and Discussion

Figure 1a shows the sol-gel preparation processes of per-
ovskite, where Sr and Ce with different ionic radius and
charge numbers are doped in crystal lattice to replace La>*
of LaMnO; respectively. The XRD pattern of LMO sam-
ple in Fig. 1b exhibits the well-distinct and high-intensitive

https://doi.org/10.1007/s40820-025-02060-0
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diffraction peak, exactly matching the standard card of cubic
LaMnOj; perovskite (JCPDS 01-075-0440). This indicates
that the well-crystallized pure phase of LaMnO; perovs-
kite is obtained. The XRD patterns of LSMO samples are
almost the same as that of LMO when the ratio of doped Sr
is not exceeding 40%. However, when the doping ratio of Sr
reaches 80%, some impurity peaks appear corresponding to
SrCO; (Fig. S1). For LCMO samples (Fig. 1c), when the
Ce doping ratio is under less than 15%, no impurity peak
appears. But after that, a miscellaneous peak appears at
28.2°, corresponding to CeO, [48, 49]. These results can
be attributed to the ionic radius of Sr** (1.18 A) >La’*
(1.03 A) > Ce* (0.97 A), and thus, the LaMnO; lattice pos-
sesses a greater capacity for Sr>* than Ce**.

SEM and TEM tests were used to observe morphol-
ogy and electronic structure of perovskites. As shown in

Fig. S2a, b, LMO is composed of 50-nm nanoparticles. Sr-
and Ce-doped samples exhibit the similar morphology com-
pared with LMO suggesting that doping Sr (10% ~40%) and
Ce (5% ~ 15%) make no remarkable influence on the mor-
phology (Figs. S3 and S4, 1d, f, i). It is noteworthy that Sr
and Ce doping increases the lattice spacing to 0.401 nm and
decreases it to 0.199 nm from 0.278 nm, respectively, owing
to the difference in ionic radii between Sr and Ce compared
to La (Fig. 1g, j). Moreover, as shown in the EDS mapping
results (Figs. 1h, k and S4, S5), the doped elements, Sr and
Ce, are uniformly distributed in LSMO-20 and LCMO-10,
respectively.

XPS was used to study the chemical composition of
these perovskites. From Figs. S6 and S7, LMO contains
La, Mn, O, and C elements, while LSMO and LCMO sam-
ples contain additional Sr and Ce elements, respectively.

Sol-Gel Dried gel Perovskite
String _— Drying Calcination ’
s E— S
Heating i)
Sr doping -
THA String Drying Calcination g
Q Y4 > —_—
% Heating
W o
Ce doping . ] I
° String Drying Calcination €
— E— —_
Heating
Thiy
Js @La @ce OMn @0 i EDTA % CA
b c
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. = A \ LCMO-10
3 ’ . ) LSMO-20 B At
5 5 LCMO-5
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o o
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Fig. 1 a Preparation process of perovskites. XRD patterns of b Sr-doped LaMnO; and ¢ Ce-doped LaMnO;. d TEM and e HRTEM images of
LMO. f TEM, g HRTEM, h Sr element EDS mapping images of LSMO-20. i TEM, j HRTEM, k Ce element EDS mapping images of LCMO-
10
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The chemical environment in which this constituent ele-
ment exists is analyzed by the high-resolution Sr 3d, Ce
3d, O 1s, and Mn 2p spectra. In Figs. 2a and S8, the Sr
3d spectra include two splitting peaks, corresponding to
the binding energies of Sr 3d;,, (134.15 eV) and Sr 3d;,,
(132.39 eV), respectively, with the spacing of the two
peaks of 1.76 eV. It suggests Sr>* doped into LaMnO;
lattice. Moreover, Figs. 2b and S9 show the Ce 3d spectra
exhibit more than 10 peaks, which correspond to vari-
ous oxidation states and multi-electron splitting interac-
tions. These peaks are classified into two major parts at
881 —897 and 898 —917 eV, matching spin—orbit splitting
of 3d5, and 3ds,,, respectively. Among these peaks, v’ and
u’ correspond to Ce®*, and the other peaks correspond to
Ce**, which suggests that cerium coexists in LaMnOj lat-
tice in two ionic states of Ce>* and Ce** [50]. In addition,
Ce** is the dominated in LCMO samples, because of its
good stability at high calcination temperature.

The effect of Sr and Ce doping on Mn and O chemi-
cal states is explored. In Mn 2p spectrum for LMO sam-
ple (Fig. 2c), an asymmetric Mn 2p5,, peak is observed at
642.0 eV, which is decomposed into two peaks of 641.5 eV
for Mn>* and 642.8 eV for Mn*", respectively. This indicates
that Mn** and Mn®* coexist in LaMnO, perovskite lattice,
with the Mn**/Mn** ratio of 1.08. When Sr’* is doped into
LaMnOs; lattice to replace the La*", the valence compensa-
tion and a larger ionic radius of Sr** result in the transition
of Mn** to Mn** [51]. The concentration of Mn** initially
increases and then decreases with the increase in Sr dop-
ing ratio (Fig. S10a). The Mn**/Mn** ratio of LSMO-20 is
reduced to 0.97. While, in LCMO samples, Mn also exists in
two forms of Mn** and Mn**. Due to charge compensation
mechanisms, Ce doping increases the proportion of Mn?>*
and generates more oxygen vacancies in LaMnOj;, with oxy-
gen vacancies playing the dominant role (Fig. S10b). The
Mn**/Mn** ratio of LCMO-10 is increased to 1.10. The
alteration of Mn ion state is crucial for its electrochemical
catalytic performance, because metal ion of different valence
states has varying redox ability.

As shown in Figs. 2d and S11, the O s spectra are
decomposed into three peaks at 529.3 —529.5, 531.0, and
532.5-532.7 eV, corresponding to the lattice oxygen (Oy,,),
the adsorbed oxygen (O,4,), and oxygen in water molecules
(Ogp)- Specifically, the O,4, concentration increases in
the order of LMO (35%) < LSMO-20 (39%) < LCMO-10
(49%). This suggests that the introduction of Sr and Ce into

© The authors

LaMnO; causes lattice defects and increases oxygen vacan-
cies. Additionally, due to Ce with a smaller ionic radius,
it adopts a more complex mode of occupancy and gener-
ates a higher number of structural defects compared to Sr.
The Raman spectra also demonstrate that Sr and Ce doping
causes structure defect. At the same doping ratio, Ce intro-
duces more defect than Sr (Figs. S12, S13). The effects of
Sr and Ce doping on LaMnOj lattice are summarized in
Fig. 2e. Sr doping introduces Sr>* ions at La>* sites, creating
electron holes that oxidize Mn** to Mn** for charge balance.
In contrast, Ce doping incorporates Ce*" ions at La>* sites,
providing excess electrons that reduce Mn** to Mn’* while
simultaneously increasing oxygen vacancy.

The metal-oxygen binding and oxygen vacancy have a
huge effect on the wettability of perovskite samples, which
was explored by contact angle test. As displayed in Figs. 2f
and S14, the contact angles of perovskites are smaller com-
pared to carbon materials such as Super P. Additionally, the
contact angles of LSMO and LCMO samples are smaller
than that of LMO. These findings suggest that doping Sr and
Ce enhances the wettability of LaMnOj; perovskite. In addi-
tion, LCMO samples exhibit better wettability than LSMO
samples, coinciding with the XPS analysis.

The CV measurements were performed for exploring
the electrochemical activity of LSMO for V3*/V** pair
and LCMO for VO**/VO," pair, respectively. As shown
in Fig. 3a, d, under the same condition, LSMO and LCMO
electrodes obviously enhance the electrochemical activity
of V3*/V** and VO?*/VO," pairs, respectively. Among
LSMO electrodes, due to the highest peak current den-
sity, LSMO-20 electrode (—29.2 and 19.9 mA cm™?) dis-
plays the optimal electrochemical activity toward V3*/V>*
reaction. Similarly, LCMO-10 (peak current densities of
46.2 and —22.1 mA cm™2) shows the best electrochemi-
cal kinetics for VO**/VO," reaction than other LCMO
electrodes. CV test at different scan rates was carried out
for further investigating the electrochemical kinetics of
vanadium redox reaction (Figs. S15, S16). According to
the Randles—Sevcik equation, as displayed in Fig. 3b, e,
the redox peak current is linearly related with the square
root of the scan rate for each electrode. It means that V3*/
V2* and VO**/VO,* reactions are under control of the
diffusion process [52]. Moreover, LSMO and LCMO obvi-
ously boost the diffusion of vanadium ions toward elec-
trode compared with LMO.

https://doi.org/10.1007/s40820-025-02060-0
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As shown in Fig. 3c, f, in all Nyquist plots, semicircles
dominate the high-frequency portion, while straight lines
dominate the low-frequency sector. This result indicates
that V3*/V2*and VO**/VO,* reactions are controlled by
a combination of diffusion processes and charge trans-
fer at the given polarization potential. The electrochemi-
cal parameters of each component fitted according to the
equivalent circuit (Fig. S17) are listed in Tables S1 and S2.
The ohmic resistances (R,) of LSMO and LCMO electrodes
are slightly smaller than those of LMO electrodes, because
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a better hydrophilicity of LSMO and LCMO reduces the
contact resistance of the electrode with the electrolyte. It is
worth noting that the charge transfer resistances (R.,) of all
LSMO and LCMO electrodes are significantly smaller than
those of LMO electrodes (Fig. 3g). The results indicates
that doping Sr and Ce boosts the charge transfer of V3*/V2*
and VO?*/VO,™ reactions, respectively. Moreover, the diffu-
sion capacitance (Q,) and electric double-layer capacitance
(Q,,) of LSMO and LCMO electrodes are greater than those
of LMO electrodes. This means that more vanadium ions
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diffuse to the electrode surface and constitute a larger electri-
cal double-layer capacitor interface due to doping Sr and Ce.

Tafel plots were used to deeply investigate the electrocata-
lytic activities of Sr- and Ce-doped LaMnO, for V3*/V?* and
VO**/VO,* reactions, respectively. As shown in Fig. 3h, i,
the Tafel slopes of LSMO-20 (—0.28 V dec™) for V3*/v?*
redox reaction and LCMO-10 (1.05 V dec™") for VO**/VO,*
redox reaction are lower than those of LMO (=0.41 V dec™!
and 4.04 V dec™"), which can be ascribed to more efficient
active sites of LSMO-20 and LCMO-10.

Theoretical calculations were carried out to clarify the
underlying the electronic structure of perovskite on the

© The authors

reaction processes of V3*/V2* and VO**/VO,™ couples at
the atomic level. Firstly, we find from the adsorption model
(Fig. 4a, e) that the vanadium ions are adsorbed on the O site
of LaMnO; perovskite. Specifically, in Fig. 4c, g, it is clear
that the adsorption energy of vanadium ions on LSMO and
LCMO is higher than that of the LMO, due to the Sr and Ce
doping, respectively [53]. Furthermore, charge difference
analysis (Figs. 4b, f and S18, S19) reveals that O atoms act
as the reaction sites for vanadium ions, while the electronic
states of Mn and O jointly impact charge transfer during
vanadium redox reactions. Compared with LMO, Sr doping
involves more charge in redox reaction and promotes charge

https://doi.org/10.1007/s40820-025-02060-0
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transfer. V3* ions preferentially adsorb onto oxygen vacancy
and unsaturated coordination sites on the catalyst surface.
The adsorbed V3* interacts with neighboring Mn>* active
site, directly stripping their e, orbital electrons to reduce
to V2*. Concurrently, Mn** is oxidized to Mn**. Subse-
quently, bulk electrons rapidly migrate to the surface via the
Mn**-O-Mn** double-exchange network, instantaneously
reducing Mn** back to Mn>** and completing active site
regeneration. The mixed-valence state formed by Sr doping,
coupled with the double-exchange mechanism, constitutes
the core for achieving highly efficient and sustained cataly-
sis. This finding is corroborated by a reduction in charge
transfer resistance observed in EIS and an acceleration in
reaction rates recorded in Tafel tests. For VO**, we also
find that doping Ce makes the Mn ion accept electrons more
easily. Ce doping in LaMnOj; induces oxygen vacancies and
locally reduces valence of Mn ion, jointly constructing a
highly efficient catalytic interface. Within this interface,
positively charged oxygen vacancies act as strong adsorption
centers to capture and activate VO>*. The enhancement in
hydrophilicity observed in contact angle measurement con-
firms the promotional effect of oxygen vacancy on interfa-
cial mass transfer processes. The electron-rich environment
of Mn>*-enriched zones provides a low-energy pathway for
electron transfer from VO?* to the catalyst, resulting in a
low overpotential for its oxidation to VO,*. Concurrently,
oxygen vacancies and their unsaturated sites promote water
dissociation and proton exchange, synergistically complet-
ing the catalytic cycle of the entire oxidation reaction. Con-
current electrochemical testing reveals a decrease in charge
transfer resistance and an accelerated Tafel reaction rate,
collectively demonstrating that oxygen vacancies collabo-
ratively improve adsorption and interfacial charge transfer
processes. Briefly, the perovskite doping with Sr and Ce
boosts the adsorption and charge transfer for V*/V>* and
VO**/VO,*, respectively, thus exhibiting faster reaction
kinetics (Fig. 4d, h).

Based on the above discussion, it can be seen that LSMO-
20 and LCMO-10 have the highest reactivity enhancement
for V3*/V* and VO?*/VO," reactions, separately. There-
fore, the performance of the single cell would be evaluated
next, and the modified electrodes GF/LSMO-20 and GF/
LCMO-10 were employed as anode and cathode, respec-
tively (Fig. 5a). Figure 5b demonstrates that LSMO-20
and LCMO-10 nanoparticles are uniformly distributed on
GF, which greatly increase the reactive sites of electrode.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

Furthermore, the fundamental electrochemical activity of
GF is explored by CV and EIS measurements. Compared
with GF, GF/LSMO-20 and GF/LCMO-10 exhibit smaller
peak potential differences and higher peak current densi-
ties, respectively, indicating that LSMO-20 and LCMO-10
improve the electrochemical kinetic and reversibility of GF
for V3*/V** and VO**/VO," reactions, respectively (Fig. 5c,
d). Moreover, a lower R of both modified electrodes com-
pared with GF (Fig. S20) suggests that LSMO-20 and
LCMO-10 boost the charge transfer rate of GF electrode for
V3*/V* and VO**/VO,™ reactions.

Subsequently, the charge and discharge tests were used to
assess the impact of GF/LSMO-20 and GF/LCMO-10 on sin-
gle VRFB performance. As shown in Fig. 5e, LSMO/LCMO
VREFB exhibits a higher discharge capacity at various current
densities and keeps a slow discharge capacity decay compared
with the pristine one. The hydrophilic LSMO-20 and LCMO-
10 boost electrolyte utilization by facilitating vanadium ion
adsorption and charge transfer, increasing the number of active
ions in electrode reactions. Fig. 5f presents the current effi-
ciency (CE), voltage efficiency (VE), and energy efficiency
(EE) of cells. Among them, CE is used to evaluate the charge
loss caused by self-discharge. LSMO/LCMO VRFB’s CE is
slightly lower than that of pristine VRFB, because a higher dis-
charge capacity of the LSMO/LCMO VREFB leads to a greater
charge loss. VE is used for assessing the cell polarization con-
sisting of ohmic polarization, concentration polarization, and
electrochemical polarization. LSMO/LCMO VREFB presents a
higher VE at all current densities compared to pristine VRFB.
Especially at 150 mA cm™, the cell with modified electrodes
delivers a high VE of 78.6%, and its performance is much
better than that of pristine one (58.4%). The improvement in
VE is mainly due to the fact that LSMO/LCMO promotes
the diffusion and charge transfer of vanadium ions, which
greatly reduces the concentration and electrochemical polari-
zations of VRFB [54]. This is also confirmed by charge—dis-
charge curves (Fig. S21), in which LSMO/LCMO VRFB
exhibits a higher discharge voltage plateau and a lower volt-
age charge plateau than pristine VRFB at the same current
density. Last but not least, EE is jointly affected by CE and
VE (EE=CE x VE). LSMO/LCMO VREFB has excellent EE,
especially at 150 mA cm~2, and its EE is increased by 17.3%
compared with the pristine one. At a higher 300 mA cm™2,
LSMO/LCMO VREFB even provides 66.5% EE, while pris-
tine VRFB is out of work. To further evaluate the effects of
LSMO/LCMO on polarization and power density of VRFB,
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the polarization curves of two VRFBs were tested. In Fig. 5g,
LSMO/LCMO VREFB delivers a highest power of 233.3 mW
cm™2 at 225 mA cm™2, while the pristine VRFB only reaches
a highest power of 172 mW c¢cm™ at 150 mA cm™2. Mean-
while, LSMO/LCMO VREFB has a higher discharge voltage,

© The authors

indicating that the use of LSMO-20- and LCMO-10-modified
electrodes reduces the polarization of VRFB.

In order to further explore the operational stability of
VREB, the LSMO/LCMO VRFB and pristine VRFB were
tested for 500 cycles. As shown in Fig. S22, the LSMO/LCMO

https://doi.org/10.1007/s40820-025-02060-0
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Moreover, as the efficiency of two VRFBs shown in Fig. 5h, is 76.6%, 17.6% higher than that of the pristine VRFB, and the

&

ol
¥ N

SHANGHAI JIAO TONG UNIVERSITY PRESS @ Springer



233 Page 12 of 14

Nano-Micro Lett. (2026) 18:233

capacity decay rate of LSMO/LCMO VREFB in 500 cycles is
only 0.0216%. Besides, LSMO/LCMO VRFB presents a lower
system resistance than the pristine VRFB (Fig. S23). Overall,
within the category of metal oxide and bifunctional catalysts,
the developed catalyst demonstrates a meaningful advantage
at comprehensive performance against other state-of-the-art
counterparts (Table S3).

4 Conclusion

In summary, this work demonstrates a bidirectional elec-
tronic structure engineering strategy for enhancing the cata-
lytic activity of LaMnO; perovskite toward vanadium redox
reactions. Through rational doping with Sr and Ce, we have
achieved targeted modulation of Mn chemical environment
and oxygen defect chemistry. Sr doping promotes the forma-
tion of Mn** and establishes efficient electron delocalization
pathways via the double-exchange mechanism, accelerat-
ing the charge transfer kinetics for V3*/V2* redox couple.
In parallel, Ce doping induces oxygen vacancy formation
and increases Mn®*, creating favorable sites for vanadium
ion adsorption and electron transfer in VO**/VO,* reac-
tion. Theoretical calculation corroborates that the modified
electronic structures in doped LaMnOj; enhance both the
adsorption affinity and charge transfer efficiency for vana-
dium ion. When implemented as composite electrodes in
practical VRFB, LSMO-20 and LCMO-10 catalysts ena-
ble exceptional performance improvements, achieving a
17% enhancement in EE at 150 mA cm™? and maintaining
66.5% EE at 300 mA c¢cm™2, where pristine electrodes fail.
This study provides fundamental insights into the design
of bidirectional electrocatalysts through precise electronic
structure control, opening new avenues for developing high-
performance materials for flow battery applications.

Acknowledgements This work was financially supported by
National Natural Science Foundation of China (22578113), Natu-
ral Science Foundation of Hebei Province (E2024209029), Science
and Technology Planning Project of Tangshan City (24130228C).

Author Contributions Conceptualization was performed by Y.
J. and Z. H.; methodology by Y. J., and M. L.; software by M. L.;
formal analysis by Y. J.,, M. L. J. Y., H.J.,, and Z. H.; investigation
by Y.J., L. D. and L. W.; writing—original draft preparation—by
Y. J. and Z. H.; writing—review and editing—by J. Y., H. J., and
Z. H.; supervision by J. Y., H. J., L. D. and L. W.; funding acqui-
sition by Y. J., and Z. H. All authors have read and agreed to the
published version of the manuscript.

© The authors

Declarations

Conlflict of interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-025-02060-0.

References

1. M. Han, K. Zheng, H. Hu, J. Liu, Z. Zou et al., Long-duration
energy-storage technologies: a stabilizer for new power sys-
tems. Innov. Energy 2(2), 100077 (2025). https://doi.org/10.
59717/j.xinn-energy.2025.100077

2. 0O.C. Esan, X. Shi, Z. Pan, X. Huo, L. An et al., Modeling
and simulation of flow batteries. Adv. Energy Mater. 10(31),
2000758 (2020). https://doi.org/10.1002/aenm.202000758

3. T.M. Narayanan, Y.G. Zhu, E. Genger, G. McKinley, Y. Shao-
Horn, Low-cost manganese dioxide semi-solid electrode for
flow batteries. Joule 5(11), 2934-2954 (2021). https://doi.org/
10.1016/j.joule.2021.07.010

4. H. Fan, K. Liu, X. Zhang, Y. Di, P. Liu et al., Spatial struc-
ture regulation towards armor-clad five-membered pyrroline
nitroxides catholyte for long-life aqueous organic redox flow
batteries. eScience 4(1), 100202 (2024). https://doi.org/10.
1016/j.es¢i.2023.100202

5. Y. Zhao, Y. Wang, J. Li, J. Xiong, Q. Li et al., Thermody-
namic and kinetic insights for manipulating aqueous Zn bat-
tery chemistry: towards future grid-scale renewable energy
storage systems. eScience 5(4), 100331 (2025). https://doi.
org/10.1016/j.esci.2024.100331

6. Y.Zhu, X. Ye, S.H. Ali, S. Dou, J. Cheng et al., Resource sub-
stitutability path for China’s energy storage between lithium
and vanadium. iScience 28(5), 112462 (2025). https://doi.org/
10.1016/j.i5¢i.2025.112462

7. Z.Zhao, X. Liu, M. Zhang, L. Zhang, C. Zhang et al., Devel-
opment of flow battery technologies using the principles of

https://doi.org/10.1007/s40820-025-02060-0


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-025-02060-0
https://doi.org/10.1007/s40820-025-02060-0
https://doi.org/10.59717/j.xinn-energy.2025.100077
https://doi.org/10.59717/j.xinn-energy.2025.100077
https://doi.org/10.1002/aenm.202000758
https://doi.org/10.1016/j.joule.2021.07.010
https://doi.org/10.1016/j.joule.2021.07.010
https://doi.org/10.1016/j.esci.2023.100202
https://doi.org/10.1016/j.esci.2023.100202
https://doi.org/10.1016/j.esci.2024.100331
https://doi.org/10.1016/j.esci.2024.100331
https://doi.org/10.1016/j.isci.2025.112462
https://doi.org/10.1016/j.isci.2025.112462

Nano-Micro Lett.

(2026) 18:233

Page 13 0of 14 233

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

sustainable chemistry. Chem. Soc. Rev. 52(17), 6031-6074
(2023). https://doi.org/10.1039/d2cs00765g

Y. Cheng, X. Wang, S. Huang, W. Samarakoon, S. Xi et al.,
Redox targeting-based vanadium redox-flow battery. ACS
Energy Lett. 4(12), 3028-3035 (2019). https://doi.org/10.
1021/acsenergylett.9b01939

. E.W. Zhao, T. Liu, E. Jénsson, J. Lee, I. Temprano et al., In

situ NMR metrology reveals reaction mechanisms in redox
flow batteries. Nature $79(7798), 224-228 (2020). https://doi.
org/10.1038/s41586-020-2081-7

A. Kaliyaraj Selva Kumar, R.G. Compton, Single-entity
“nano-catalysis”: carbon nanotubes and the VO,*/VO,* redox
reaction. ACS Catal. 12(8), 47544764 (2022). https://doi.org/
10.1021/acscatal.2c00849

H. Agarwal, J. Florian, D. Pert, B.R. Goldsmith, N. Singh,
Explaining kinetic trends of inner-sphere transition-metal-
ion redox reactions on metal electrodes. ACS Catal. 13(4),
2223-2233 (2023). https://doi.org/10.1021/acscatal.2c05694

H. Agarwal, J. Florian, B.R. Goldsmith, N. Singh, V**/V3*
redox kinetics on glassy carbon in acidic electrolytes for vana-
dium redox flow batteries. ACS Energy Lett. 4(10), 2368—
2377 (2019). https://doi.org/10.1021/acsenergylett.9b01423

J. Du, H. Lin, L. Zhang, L. Wang, Advanced materials for
vanadium redox flow batteries: major obstacles and optimiza-
tion strategies. Adv. Funct. Mater. 35(35), 2501689 (2025).
https://doi.org/10.1002/adfm.202501689

Z. Yu, X. Jia, Y. Cai, R. Su, Q. Zhu et al., Electrolyte engi-
neering for efficient and stable vanadium redox flow batteries.
Energy Storage Mater. 69, 103404 (2024). https://doi.org/10.
1016/j.ensm.2024.103404

S. Aberoumand, P. Woodfield, B. Shabani, D.V. Dao,
Advances in electrode and electrolyte improvements in vana-
dium redox flow batteries with a focus on the nanofluidic elec-
trolyte approach. Phys. Rep. 881, 1-49 (2020). https://doi.org/
10.1016/j.physrep.2020.08.001

J. Ying, H. Li, X. Jia, Z. Yu, T. Zhao et al., One stone two
birds: enhancing energy density and temperature adaptabil-
ity for vanadium-based redox flow batteries via dual active
species strategy. Energy Storage Mater. 83, 104693 (2025).
https://doi.org/10.1016/j.ensm.2025.104693

T.T.K. Huynh, T. Yang, P.S. Nayanthara, Y. Yang, J. Ye et al.,
Construction of high-performance membranes for vanadium
redox flow batteries: challenges, development, and perspec-
tives. Nano-Micro Lett. 17(1), 260 (2025). https://doi.org/10.
1007/s40820-025-01736-x

Y. Zhang, D. Zhang, Q. Zhou, X. Zhang, S. Hou et al., Inter-
facial engineering of MXene-based heterogeneous membranes
with enhanced ion selectivity in vanadium redox flow battery.
Adv. Funct. Mater. €10597 (2025). https://doi.org/10.1002/
adfm.202510597

J. Ye, C. Zheng, J. Liu, T. Sun, S. Yu et al., In situ grown
tungsten trioxide nanoparticles on graphene oxide nanosheet
to regulate ion selectivity of membrane for high performance
vanadium redox flow battery. Adv. Funct. Mater. 32(8),
2109427 (2022). https://doi.org/10.1002/adfm.202109427

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

J. Sun, M.C. Wu, X.Z. Fan, Y.H. Wan, C.Y.H. Chao et al.,
Aligned microfibers interweaved with highly porous carbon
nanofibers: a novel electrode for high-power vanadium redox
flow batteries. Energy Storage Mater. 43, 30-41 (2021).
https://doi.org/10.1016/j.ensm.2021.08.034

Z.Zhu, Y. Men, W. Zhang, W. Yang, F. Wang et al., Versa-
tile carbon-based materials from biomass for advanced elec-
trochemical energy storage systems. eScience 4(5), 100249
(2024). https://doi.org/10.1016/j.es¢i.2024.100249

P. Rodriguez Lagar, A. Concheso, D. Barreda, Z. Gonzélez,
M.A. Montes-Morén et al., Direct ink writing of 3D-structured
all-carbon electrodes with high electrical conductivity for
(vanadium) redox flow batteries. Adv. Sci. 12(22), 2417641
(2025). https://doi.org/10.1002/advs.202417641

M. Park, 1.Y. Jeon, J. Ryu, J.-B. Baek, J. Cho, Exploration of
the effective location of surface oxygen defects in graphene-
based electrocatalysts for all-vanadium redox-flow batteries.
Adv. Energy Mater. 5(5), 1401550 (2015). https://doi.org/10.
1002/aenm.201401550

H. Radinger, V. Trouillet, F. Bauer, F. Scheiba, Work function
describes the electrocatalytic activity of graphite for vanadium
oxidation. ACS Catal. 12(10), 6007-6015 (2022). https://doi.
org/10.1021/acscatal.2c00334

R. Wang, Y. Li, Carbon electrodes improving electrochemical
activity and enhancing mass and charge transports in aqueous
flow battery: status and perspective. Energy Storage Mater. 31,
230-251 (2020). https://doi.org/10.1016/j.ensm.2020.06.012

X. Zhang, A. Valencia, W. Li, K. Ao, J. Shi et al., Decou-
pling activation and transport by electron-regulated atomic-Bi
harnessed surface-to-pore interface for vanadium redox flow
battery. Adv. Mater. 36(6), 2470048 (2024). https://doi.org/10.
1002/adma.202470048

K. Zhang, C. Yan, A. Tang, Oxygen-induced electrode activa-
tion and modulation essence towards enhanced anode redox
chemistry for vanadium flow batteries. Energy Storage Mater.
34, 301-310 (2021). https://doi.org/10.1016/j.ensm.2020.10.
005

A. Mukhopadhyay, Y. Yang, Y. Li, Y. Chen, H. Li et al., Mass
transfer and reaction kinetic enhanced electrode for high-per-
formance aqueous flow batteries. Adv. Funct. Mater. 29(43),
1903192 (2019). https://doi.org/10.1002/adfm.201903192

Z. Xu, M. Zhu, K. Zhang, X. Zhang, L. Xu et al., Inspired
by “quenching-cracking” strategy: structure-based design of
sulfur-doped graphite felts for ultrahigh-rate vanadium redox
flow batteries. Energy Storage Mater. 39, 166-175 (2021).
https://doi.org/10.1016/j.ensm.2021.04.025

K. Ma, Y. Zhang, L. Liu, J. Xi, X. Qiu et al., In situ map-
ping of activity distribution and oxygen evolution reaction in
vanadium flow batteries. Nat. Commun. 10(1), 5286 (2019).
https://doi.org/10.1038/s41467-019-13147-9

Y. Nie, R. Nie, H. Lin, J. Wu, L. Yu et al., In-situ constructed
core-shell catalyst enabling subzero capacity unlocking of
cost-effective and long-life vanadium flow batteries. Angew.
Chem. Int. Ed. 64(9), 202420794 (2025). https://doi.org/10.
1002/anie.202420794

@ Springer


https://doi.org/10.1039/d2cs00765g
https://doi.org/10.1021/acsenergylett.9b01939
https://doi.org/10.1021/acsenergylett.9b01939
https://doi.org/10.1038/s41586-020-2081-7
https://doi.org/10.1038/s41586-020-2081-7
https://doi.org/10.1021/acscatal.2c00849
https://doi.org/10.1021/acscatal.2c00849
https://doi.org/10.1021/acscatal.2c05694
https://doi.org/10.1021/acsenergylett.9b01423
https://doi.org/10.1002/adfm.202501689
https://doi.org/10.1016/j.ensm.2024.103404
https://doi.org/10.1016/j.ensm.2024.103404
https://doi.org/10.1016/j.physrep.2020.08.001
https://doi.org/10.1016/j.physrep.2020.08.001
https://doi.org/10.1016/j.ensm.2025.104693
https://doi.org/10.1007/s40820-025-01736-x
https://doi.org/10.1007/s40820-025-01736-x
https://doi.org/10.1002/adfm.202510597
https://doi.org/10.1002/adfm.202510597
https://doi.org/10.1002/adfm.202109427
https://doi.org/10.1016/j.ensm.2021.08.034
https://doi.org/10.1016/j.esci.2024.100249
https://doi.org/10.1002/advs.202417641
https://doi.org/10.1002/aenm.201401550
https://doi.org/10.1002/aenm.201401550
https://doi.org/10.1021/acscatal.2c00334
https://doi.org/10.1021/acscatal.2c00334
https://doi.org/10.1016/j.ensm.2020.06.012
https://doi.org/10.1002/adma.202470048
https://doi.org/10.1002/adma.202470048
https://doi.org/10.1016/j.ensm.2020.10.005
https://doi.org/10.1016/j.ensm.2020.10.005
https://doi.org/10.1002/adfm.201903192
https://doi.org/10.1016/j.ensm.2021.04.025
https://doi.org/10.1038/s41467-019-13147-9
https://doi.org/10.1002/anie.202420794
https://doi.org/10.1002/anie.202420794

233

Page 14 of 14

Nano-Micro Lett. (2026) 18:233

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

J.J. Patil, C.T. Wan, S. Gong, Y.-M. Chiang, F.R. Brush-
ett et al., Bayesian-optimization-assisted laser reduction of
poly(acrylonitrile) for electrochemical applications. ACS
Nano 17(5), 4999-5013 (2023). https://doi.org/10.1021/acsna
no.2c12663

Y. Yang, X. Wang, Y. Wang, G. Qiu, Z. Song et al., Func-
tional nano-carbon layer decorated carbon felt electrode for
vanadium redox flow batteries. J. Energy Chem. 106, 735-741
(2025). https://doi.org/10.1016/j.jechem.2025.02.056

X. Zhang, X. Ye, A. Valencia, F. Liu, K. Ao et al., Asymmetric
chemical potential activated nanointerfacial electric field for
efficient vanadium redox flow batteries. ACS Nano 17(21),
21799-21812 (2023). https://doi.org/10.1021/acsnano.3c077
32

F. Xing, Q. Fu, F. Xing, J. Zhao, H. Long et al., Bismuth single
atoms regulated graphite felt electrode boosting high power
density vanadium flow batteries. J. Am. Chem. Soc. 146(38),
26024-26033 (2024). https://doi.org/10.1021/jacs.4c04951
H. Hu, M. Han, J. Liu, K. Zheng, Z. Zou et al., Strategies
for improving the design of porous fiber felt electrodes for
all-vanadium redox flow batteries from macro and micro
perspectives. Energy Environ. Sci. 18(7), 3085-3119 (2025).
https://doi.org/10.1039/D4EE05556J

L. Ye, S. Qi, T. Cheng, Y. Jiang, Z. Feng et al., Vanadium
redox flow battery: review and perspective of 3D electrodes.
ACS Nano 18(29), 18852-18869 (2024). https://doi.org/10.
1021/acsnano.4c06675

K. Amini, J. Gostick, M.D. Pritzker, Metal and metal oxide
electrocatalysts for redox flow batteries. Adv. Funct. Mater.
30(23), 1910564 (2020). https://doi.org/10.1002/adfm.
201910564

X. Zhang, K. Ao, J. Shi, X. Yue, A. Valencia et al., The
critical role of atomic-scale polarization in transition metal
oxides on vanadium-redox electrochemistry. Adv. Mater.
37(13), 2570102 (2025). https://doi.org/10.1002/adma.
202570102

R. Huang, S. Liu, Z. He, G. Ye, W. Zhu et al., The role of
proton in high power density vanadium redox flow batteries.
ACS Nano 17(19), 19098-19108 (2023). https://doi.org/10.
1021/acsnano.3c05037

X. Pan, X. Cheng, T. Deng, L. Xia, J. Zhang et al., MOF-
derived high-entropy oxide-modified graphite felt for
enhanced electrochemical performance in vanadium redox
flow batteries. J. Mater. Sci. Technol. 247, 44-54 (2026).
https://doi.org/10.1016/j.jmst.2025.05.033

A. Ejigu, M. Edwards, D.A. Walsh, Synergistic catalyst—sup-
port interactions in a graphene-Mn;0, electrocatalyst for
vanadium redox flow batteries. ACS Catal. 5(12), 7122-7130
(2015). https://doi.org/10.1021/acscatal.5b01973

Y. Jiang, Z. Liu, Y. Lv, A. Tang, L. Dai et al., Perovskite ena-
bles high performance vanadium redox flow battery. Chem.
Eng. J. 443, 136341 (2022). https://doi.org/10.1016/j.cej.2022.
136341

© The authors

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

J.M.V. Nsanzimana, L. Cai, Z. Jiang, B.Y. Xia, T. Maiyala-
gan, Engineering bifunctional catalytic microenvironments for
durable and high-energy-density metal-air batteries. Nano-
Micro Letters 17(1), 294 (2025). https://doi.org/10.1007/
s40820-025-01799-w

M. Chen, N. Kitiphatpiboon, C. Feng, A. Abudula, Y. Ma
et al., Recent progress in transition-metal-oxide-based elec-
trocatalysts for the oxygen evolution reaction in natural seawa-
ter splitting: a critical review. eScience 3(2), 100111 (2023).
https://doi.org/10.1016/j.es¢i.2023.100111

Y. Sun, R. Li, X. Chen, J. Wu, Y. Xie et al., A-site management
prompts the dynamic reconstructed active phase of perovskite
oxide OER catalysts. Adv. Energy Mater. 11(12), 2003755
(2021). https://doi.org/10.1002/aenm.202003755

D. Kim, R. Bliem, F. Hess, J.-J. Gallet, B. Yildiz, Electro-
chemical polarization dependence of the elastic and elec-
trostatic driving forces to aliovalent dopant segregation on
LaMnO;. J. Am. Chem. Soc. 142(7), 3548-3563 (2020).
https://doi.org/10.1021/jacs.9b13040

V.L. Joseph Joly, P.A. Joy, S.K. Date, Studies on the effect of
substitution of tetravalent ions for La** in LaMnO,. J. Magn.
Magn. Mater. 247(3), 316-323 (2002). https://doi.org/10.
1016/S0304-8853(02)00289-5

J.M. Naik, C. Ritter, B. Bulfin, A. Steinfeld, R. Erni et al.,
Reversible phase transformations in novel Ce-substituted
perovskite oxide composites for solar thermochemical redox
splitting of CO,. Adv. Energy Mater. 11(16), 2003532 (2021).
https://doi.org/10.1002/aenm.202003532

X. Shi, J. Guo, T. Shen, A. Fan, S. Yuan et al., Enhancement of
Ce doped La—Mn oxides for the selective catalytic reduction of
NO, with NH; and SO, and/or H,O resistance. Chem. Eng. J.
421, 129995 (2021). https://doi.org/10.1016/j.cej.2021.129995
A. Giroir-Fendler, S. Gil, A. Baylet, (La,gA;,)MnO; (a =
Sr, K) perovskite catalysts for NO and C,,H,, oxidation and
selective reduction of NO by C,,H,,. Chin. J. Catal. 35(8),
1299-1304 (2014). https://doi.org/10.1016/S1872-2067(14)
60173-X

H.R. Jiang, J. Sun, L. Wei, M.C. Wu, W. Shyy et al., A high
power density and long cycle life vanadium redox flow battery.
Energy Storage Mater. 24, 529-540 (2020). https://doi.org/10.
1016/j.ensm.2019.07.005

X.Zhang, D. Zhang, L. Liu, K. Zhang, Y. Zhang et al., MOF-
derived W/Zr bimetallic oxides @ Carbon for comprehensively
remedying melamine foam electrode defects in vanadium
redox flow batteries. Chem. Eng. J. 467, 143360 (2023).
https://doi.org/10.1016/j.cej.2023.143360

T. Long, Y. Long, M. Ding, Z. Xu, J. Xu et al., Large scale
preparation of 20 cm X 20 cm graphene modified carbon felt
for high performance vanadium redox flow battery. Nano
Res. 14(10), 3538-3544 (2021). https://doi.org/10.1007/
$12274-021-3564-z

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-025-02060-0


https://doi.org/10.1021/acsnano.2c12663
https://doi.org/10.1021/acsnano.2c12663
https://doi.org/10.1016/j.jechem.2025.02.056
https://doi.org/10.1021/acsnano.3c07732
https://doi.org/10.1021/acsnano.3c07732
https://doi.org/10.1021/jacs.4c04951
https://doi.org/10.1039/D4EE05556J
https://doi.org/10.1021/acsnano.4c06675
https://doi.org/10.1021/acsnano.4c06675
https://doi.org/10.1002/adfm.201910564
https://doi.org/10.1002/adfm.201910564
https://doi.org/10.1002/adma.202570102
https://doi.org/10.1002/adma.202570102
https://doi.org/10.1021/acsnano.3c05037
https://doi.org/10.1021/acsnano.3c05037
https://doi.org/10.1016/j.jmst.2025.05.033
https://doi.org/10.1021/acscatal.5b01973
https://doi.org/10.1016/j.cej.2022.136341
https://doi.org/10.1016/j.cej.2022.136341
https://doi.org/10.1007/s40820-025-01799-w
https://doi.org/10.1007/s40820-025-01799-w
https://doi.org/10.1016/j.esci.2023.100111
https://doi.org/10.1002/aenm.202003755
https://doi.org/10.1021/jacs.9b13040
https://doi.org/10.1016/S0304-8853(02)00289-5
https://doi.org/10.1016/S0304-8853(02)00289-5
https://doi.org/10.1002/aenm.202003532
https://doi.org/10.1016/j.cej.2021.129995
https://doi.org/10.1016/S1872-2067(14)60173-X
https://doi.org/10.1016/S1872-2067(14)60173-X
https://doi.org/10.1016/j.ensm.2019.07.005
https://doi.org/10.1016/j.ensm.2019.07.005
https://doi.org/10.1016/j.cej.2023.143360
https://doi.org/10.1007/s12274-021-3564-z
https://doi.org/10.1007/s12274-021-3564-z

	Bidirectionally Enhanced Reaction Kinetics in Vanadium Redox Flow Battery via Regulating Mixed-Valence States in Perovskite Electrodes
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Preparation of Materials
	2.2 Characterization Analysis
	2.3 Electrochemical Test
	2.4 Calculation Methods
	2.5 Charge and Discharge Test

	3 Results and Discussion
	4 Conclusion
	Acknowledgements 
	References


