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Abstract

Vanadium-cerium redox flow batteries (V-Ce RFBs) have emerged as a promising
alternative to all-vanadium systems due to the lower cost and high standard redox
potential of Ce3*/Ce*". However, their practical application is hindered by the sluggish
kinetics of the Ce3*/Ce** redox reaction and the severe corrosion of conventional graphite
felt electrodes. To address these challenges, we constructed a single atomic nickel catalyst
(Ni,/NC) with a four-nitrogen coordination structure (Ni,—N, moiety) on nitrogen-doped
carbon support. The Ni,/NC catalyst with high Ni loading possesses abundant accessible
active sites and unique structure properties for catalysis. When applied as a positive
electrode, the Ni,/NC catalyst exhibited significantly enhanced electrocatalytic activity and
stability for Ce3*/Ce* redox. The assembled V-Ce RFBs achieves a high energy efficiency of
69.1% at 200 mA cm™ and a superior peak power density, markedly outperforming cells
with baseline electrodes. Density functional theory calculations reveal that the Ni—N, sites
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facilitate charge transfer and enhance activation of reactant species (Ce**), providing atomic-level insight into the
catalytic mechanism. This work demonstrates the effectiveness of single-atom catalysts in enhancing the
performance of V-Ce RFBs and sheds light on designing advanced electrocatalysts.

INTRODUCTION

Amid the global transition toward low-carbon energy systems, the rapid expansion of solar and wind power
has intensified the demand for advanced energy storage technologies capable of mitigating the intermittency
and volatility inherent to these renewable sources!?. Redox flow batteries (RFBs), which store and release
electrical energy via reversible redox reactions between the catholyte and anolyte, are widely regarded as one
of the most promising technologies for large-scale energy storage applications due to their inherent safety
and long cycle life™*!. Within the landscape of RFBs technologies, all-vanadium systems (VRFBs) have
emerged as a focal point of extensive research and development"””. However, the biological toxicity and high
cost of vanadium compounds (e.g., V,0, at = $10,200 per ton) remain major obstacles, motivating the

exploration for alternative redox couples®”.

Recently, the Ce**/Ce*" redox couple has been demonstrated as a compelling candidate, owing to the
significantly lower cost of cerium (the price of CeO, is around one-tenth that of V,O,) and the high standard
redox potential of Ce*/Ce** [1.72 V vs. standard hydrogen electrode (SHE)]""".. However, this strong
oxidizing capability also accelerates electrode corrosion and degradation in acidic media, undermining
system stability!"". Consequently, the practical implementation of vanadium-cerium (V-Ce) RFBs is largely

[12,13

constrained by the performance of the positive electrode>"’). Owing to the strong acid electrolyte
environment, electrodes based on metals and metal oxides are prone to dissolution. However, graphite felt
(GF), the most commonly used electrode material in RFBs, offers limited intrinsic catalytic activity and
insufficient stability during extended cycling"*'?'. This limitation becomes more pronounced at elevated
operating voltages, which accelerate electrode corrosion and lead to the formation of degradation products
such as CO and CO,"\. Additionally, the scarcity of available active sites on GF results in sluggish Ce*"/Ce*
redox reaction kinetics, thereby constraining the energy efficiency (EE), discharge capacity, and power
density of the system!"”). Collectively, these issues significantly impair the overall charge-discharge

performance of V-Ce RFBs.

Single-atom catalysts (SACs) have recently emerged as a highly promising class of electrocatalysts due to
their maximum atom utilization, well-defined active sites, and unique electronic structures"*'*). Various
SACs can be deposited and stabilized on various supports (e.g., carbon, oxide, metal, and zeolite), providing
broad structural flexibility and catalytic feasibilities”*"). Their abundant accessible active sites and unique
coordination environments make SACs particularly attractive for enhancing electrocatalytic activity and
stability in RFB systems*?/. For VRFBs, SACs anchored on heteroatom-doped carbon substrates have
demonstrated excellent resistance to strongly acidic electrolytes'”). For example, Xing ef al. developed Bi
SACs supported on GF that enabled a remarkable peak power density of 990 mW cm™ at 240 mA cm™ for
VRFBs!*. However, existing research has focused almost exclusively on VRFBs, leaving their catalytic
behavior and mechanistic roles in V-Ce RFBs largely unexplored™’.

Herein, we constructed a nickel-based single atomic catalyst (Ni,/NC) with a four-nitrogen coordination
structure (Ni-N, moiety) on nitrogen-doped carbon (NC) support. The atomic dispersion and coordination
environment of Ni SACs were confirmed by aberration correction high-angle annular dark-field scanning
transmission electron microscopy (AC HAADF-STEM), X-ray absorption fine structure (XAFS), and density
functional theory (DFT) calculation. Compared to pristine GF and NC, Ni /NC exhibited significantly

enhanced electrocatalytic activity toward the Ce’"/Ce*" redox reaction. When employed as the positive
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electrode in a V-Ce RFB, the Ni /NC-modified electrode delivers a high EE of 65.1% at 200 mA cm™ over 100
cycles and a peak power density of 551.4 mW cm?, outperforming the NC-modified electrode (42.8% and
466.4 mW cm™) and pristine GF (41.5% and 443.4 mW cm™). DFT analysis further reveals that the Ni -N,
moiety serves as the primary active center, enhancing charge transfer and reducing the reaction energy
barrier at the electrode-electrolyte interface. This work demonstrates the effectiveness of SACs in V-Ce RFBs
and provides valuable insights into the rational design of next-generation electrocatalysts for
high-performance RFBs.

EXPERIMENTAL

Materials

All chemicals were purchased from commercial suppliers and used without further purification: VOSO,
(Aladdin, shanghai, China); Ce,(CO,), (Aladdin, shanghai, China); H,SO, (XILONG SCIENCE, Guangdong,
China); CH,O,S (Sigma-Aldrich, shanghai, China); NiCl -6H,O (Aladdin, shanghai, China); Zn(NO,),-6H,0
(Aladdin, shanghai, China); C.H.N, (Aladdin, shanghai, China); KCl (Aladdin, shanghai, China);
Hydrochloric acid (Aladdin, shanghai, China); Ethanol (Aladdin, shanghai, China); Nafion D520 Dispersion
(Chemours, shanghai, China); and C,H,O (Aladdin, shanghai, China).

Synthesis of NC, Ni,/NC and Ni,/NC

NC support was firstly synthesized by updating the method in literature®®. Typically, 25.5 g Zn(NO,),-6H,0
and 58.3 g 2-methylimidazole were dissolved separately in 2.0 L of deionized water. Then, the two solutions
were mixed rapidly and stirred vigorously for 2 h. The resulting white suspension was aged under
undisturbed conditions for 12 h to form a white precipitate. Next, the white precipitate was collected by
filtration, and subsequently washed with water and ethanol to yield two-dimensional (2D) ZIF-8. Then, 10 g
2D ZIF-8 and 200 g KCl were dispersed in 800 mL deionized water and then dried by rotary evaporation to
obtain a composite powder. The powder was pyrolyzed at 700 °C for 5 h under a continuous Ar flow with a
controlled ramp rate of 2 °C-min™. The resultant solid was subjected to sequential washing cycles with 2 M
HCI, deionized water, and ethanol, followed by an overnight dehydration process at 80 °C.

Then 500 mg of NC was dispersed in 50 mL of ethanol and sonicated for 30 min. Subsequently, 50 mL of
ethanol containing 250 mg NiCl,-6H,0 was added, and the mixture was magnetically stirred for an additional
2 h. After drying with a rotary evaporator, the mixture was transferred into a tube furnace and pyrolyzed at
300 °C for 5 h with a heating rate of 5 °C-min™ under an Ar flow. The yielded black powder was washed with
an ethanol/water mixture several times and dried at 80 °C overnight. The resulting solid was pyrolyzed at
550 °C for 5 h with a heating rate of 2 °C-min™" under a flowing Ar atmosphere and yielded the Ni /NC
catalyst.

For comparison, Ni nanoparticles loading on NC support (denoted as Ni,/NC) was synthesized using an

identical procedure for Ni /NC but omitting the initial pyrolysis step at 300 °C.

Material characterization

Transmission electron microscopy (TEM) images, HAADF-STEM image, and energy-dispersive X-ray
spectroscopy (EDS) were performed on JEM-2100F (JEOL, Tokyo, Japan) at 200 kV. AC HAADF-STEM
images were performed on a JEOL JEM-ARM300F (JEOL, Tokyo, Japan) at 300 kV. X-ray diffraction (XRD)
patterns were recorded on a D8 Advance (Bruker, Germany) diffractometer with Cu Ko radiation
(r=1.5418 A) at 40 kV and 40 mA. X-ray photoelectron spectroscopy (XPS) measurement was performed on
a Shimadzu AXIS SUPRA+ spectrometer (Shimadzu corporation, Japan) using Al Ko radiation. Raman
spectra were recorded with an in Via Raman spectrometer (Renishaw, UK) using 532 nm excitation at room
temperature. N, adsorption and desorption isotherms were measured on a Micromeritics ASAP 2460
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(Micromeritics instrument, USA) surface area and porosity analyzer at 77 K. The differential electrochemical
mass spectrometry (DEMS) was measured on Shanghai Linglu QAS100-1 mass spectrometer (Shanghai
Linglu, China). The XAFS spectra (Ni K-edge) were collected at the beamline BL13SSW station of the
Shanghai Synchrotron Radiation Facility (SSRF). The acquired extended X-ray absorption fine structure
(EXAFS) data were processed based on the standard procedures using the ATHENA module®”.

Electrochemical measurement of Ni,/NC, Niy,/NC, and NC catalysts

Ni /NC, Ni,/NC, and NC catalysts were deposited onto pristine GF substrates to fabricate the working
electrodes. Specifically, 10 mg of catalyst was dispersed in a mixture containing 600 uL of isopropanol, 150 pL
of ultrapure water, and 50 uL of Nafion solution via ultrasonication. The resulting homogeneous ink was
uniformly sprayed onto both sides of the GF using an airbrush, followed by drying. For comparative analysis,
the prepared electrodes are denoted as Ni /NC, Ni,,/NC, and NC electrodes.

The electrochemical tests were performed in a typical three-electrode cell. The working electrode is a 2 cm?
GF, NC, and Ni /NC electrode, the counter electrode is titanium plate, and the reference is a saturated
calomel electrode (SCE). The electrolyte consisted of 15 mL solution containing 0.05 M Ce,(CO,),, 3 M
methanesulfonic acid (MSA), and 0.5 M H,SO,. Potentiostatic electrochemical impedance spectroscopy
(PEIS) were collected with a CS3104 electrochemical workstation at an applied amplitude of 10 mV within
the frequency range from 0.01 Hz to 1.0 M Hz.

RFB performance evaluation

In a typical RFB configuration, a Nafion N117 cation exchange membrane and electrodes (4 cm*) were
compressed and sealed using two titanium end plates, with a rubber gasket serving as the sealing ring.
During operation, the positive electrolyte consisted of 20 mL solution containing 0.2 mol-L" Ce,(CO,),,
3 mol-L" MSA, and 0.5 mol-L"* H,SO,, while the negative electrolyte comprised 8 mL solution containing
1 mol-L* VOSO,, 3 mol-L"* MSA, and 0.5 mol-L"* H,SO,. The positive electrode was composed of 2 x 2 cm?
GF, NC, Ni,/NC, and Ni,/NC, while the negative electrode was a GF of identical dimensions. The
performance of V-Ce RFBs was characterized using a LANHE G340A charge-discharge testing system. The
charge-discharge voltage window was controlled within the range of 0.6-2.2 V. Rate capability was evaluated
through stepwise current density tests (40-200 mA cm™), with each test condition subjected to five
charge-discharge cycles to ensure data reliability. Additionally, the galvanostatic intermittent titration
technique (GITT) was employed at 80 mA cm™ to analyze the kinetic characteristics of electrode reactions.
These results provided critical insights into the catalytic activity, stability, and electrical conductivity of the
electrode materials. All experiments were performed under strictly controlled environmental conditions to
ensure the comparability and accuracy of the data.

Computational details

DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP). The
exchange-correlation interactions were treated within the generalized gradient approximation (GGA) using
the Perdew-Burke-Ernzerhof (PBE) functional®*’. The electron-ion interactions were modeled with the
projector augmented wave (PAW) method, with a plane-wave basis set defined by a kinetic energy cutoff of
450 eV. For electronic structure iterations, a convergence criterion of 10 eV was established to ensure
self-consistency. Additionally, the partial occupancies of the Kohn-Sham orbitals were refined using a
Gaussian smearing width of 0.05 eV"™). Structural relaxations were performed until the maximum force on
any atom was less than 0.05 eV-A"'. The formation energy (E,) was evaluated according to the following

expression!l:

E¢ = Etot — NCUC — NNiMNi — INUN (D
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Where E

nickel, and nitrogen atoms, respectively; and p, i, and u refer to the chemical potentials of carbon, nickel,

denotes the total energy of the configured system; n., n,,, and n represent the number of carbon,

tot Ni>
and nitrogen, referenced to graphite, hexagonal close-packed (hcp) Ni metal, and the N, molecule,
respectively. A negative E, value indicates thermodynamic stability relative to the constituent elements.

Additionally, the charge density difference was computed as"*:
Ap = Pad/sub — Pad — Psub 2)

Here, p,,,.,, corresponds to the total charge density of the optimized adsorbate-substrate complex, while p_,
and p_, represent the charge densities of the isolated adsorbate and substrate, respectively, each frozen in the

geometry adopted in the fully relaxed composite system.

RESULTS AND DISCUSSION

Characterization of Ni,/NC

Ni,/NC SAC was prepared via an impregnation-pyrolysis strategy, as illustrated in Figure 1A. The
morphology and atomic-level structure features of NC and Ni,/NC were resolved. TEM images
[Supplementary Figure 1] reveal that NC exhibits a 2D ultrathin nanosheet structure, consistent with the 2D
structure of ZIF-8 precursor [Supplementary Figure 2]. The absence of graphite lattice fringes in the
high-resolution TEM image [Supplementary Figure 1C] suggested the amorphous carbon structure of NC,
which was further confirmed by Raman spectroscopy [Supplementary Figure 3]. N, sorption plots show that
NC exhibits a typical microporous structure with average pore size of 4.2 nm and a large
Brunauer-Emmett-Teller (BET) surface area of 1,827 m* g'* [Supplementary Figure 4]. For Ni /NC, both
TEM images [Figure 1B, Supplementary Figures 5 and 6] and low-magnification HAADF-STEM image
[Figure 1C] reveal a similar morphology to that of NC, indicating the atomic dispersion of Ni species. The
absence of Ni nanoparticles was also verified by XRD [Supplementary Figure 7]. AC HAADF-STEM images
of Ni /NC [Figure 1D and E] reveal numerous isolated bright dots, ascribed to individual Ni atoms due to the
atomic number (Z) contrast between Ni and lighter elements in the support”’.. Besides, EDS mapping
revealed a uniform distribution of Ni, C, and N across the substrate, with a Ni and N mass fraction of 9.2%
and 15.2%, respectively [Supplementary Figure 8 and Supplementary Table 1]. The high N content provides
abundant sites for the anchoring of Ni single atoms.

XPS was then performed to study the valence states of Ni, /NC [Figure 2A and B, Supplementary Table 1].
The Ni 2p spectrum of Ni,/NC [Figure 2A] displays characteristic peaks at binding energies of 855.6 eV for
Ni 2p,,, and 872.6 eV for Ni 2p,,,, along with corresponding satellite peaks, suggesting the oxidation state of
Ni (Ni%) resulting from the Ni-support interactions”". In the N 1s spectrum of Ni /NC [Figure 2B], besides
pyridinic N (397.8 eV), pyrrolic N (399.6 eV), graphitic N (400.8 eV), and oxidized N (402.5 eV), a peak
located at 398.5 eV corresponding to Ni-N bonding is also observed, indicating the existence of Ni-N
coordination structure in Ni /NC.

The chemical states and coordination environment of Ni were further investigated by using synchrotron
radiation based XAFS. As illustrated in the normalized Ni K-edge X-ray absorption near edge structure
(XANES) spectra [Figure 2C], the absorption threshold of Ni /NC is positioned between those of the Ni foil
and NiO references, indicating that the Ni species in Ni /NC possess an intermediate oxidation state between
0 and +2. The Ni K-edge XANES spectra [Figure 2C] reveal the position of the rising edge of Ni /NC is
between that of Ni foil and NiO, indicating that the oxidation state of Ni in Ni /NC is between Ni’ and Ni*".
The unique electronic structure of Ni arises from coordination-induced charge transfer from Ni to N/C
atoms. The Fourier transformed (FT)-EXAFS spectrum [Figure 2D] only displays a single prominent peak
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Coordination = Pyrolysis

Impregnation = Pyrolysis

Figure 1. Synthesis process and structure characterizations of Ni,/NC. (A) Schematic illustration of the synthesis process for Ni,/NC; (B)
Low-magnification HAADF-STEM image; (C) EDS element mapping, and (D and E) AC HAADF-STEM images of Ni,/NC. NC:
Nitrogen-doped carbon; HAADF-STEM: high-angle annular dark-field scanning transmission electron microscopy; EDS: energy-dispersive
X-ray spectroscopy; AC: aberration correction.

(~1.5 A), which is attributed to the Ni-N scattering, suggesting the atomically dispersed Ni species in
Ni, /NCP**) The k space of k>-weighted FT-EXAFS of Ni /NC [Supplementary Figure 9] reveals a unique
profile that lacks the characteristic oscillations of Ni foil and NiO, further confirming the absence of
nanoparticles. Wavelet transform (WT) analysis [Figure 2E] of Ni K-edge EXAFS oscillations only presents
one maximum intensity (at ~4.5 A"') which is assigned to the Ni-N coordination, further supporting the
isolated nature of Ni atoms"””.. Quantitative EXAFS curve fitting [Figure 2D and Supplementary Table 2]
confirmed that the average Ni-N coordination number is estimated to be 3.8 with the average bond distance
of 1.95 A. Therefore, based on the EXAFS and XPS spectra, the local coordination structure of Ni in Ni /NC
can be identified as Ni -N, (as displayed in the bottom of Figure 1A), where a single Ni atom is coordinated

by four N atoms embedded within the carbon matrix.

Electrochemical performance for catalytic Ce**/Ce** redox

Working electrodes were fabricated by depositing Ni /NC, or NC catalysts onto pristine GF substrates. The
resulting electrodes were denoted as Ni /NC, NC, and GF (pristine graphite felt) electrodes for comparative
purposes. The electrocatalytic activity and reaction kinetics of these electrodes toward the Ce*'/Ce’* redox
couple were evaluated in a standard three-electrode system. As shown in Figure 3A-C, well-defined
oxidation and reduction peaks are observed in the cyclic voltammetry (CV) curves for all electrodes,
suggesting appreciable reversibility of the Ce**/Ce** redox reaction. A direct comparison of the CV curves
acquired at 3 mV s [Figure 3D] reveals that the NC and GF electrodes exhibit relatively low peak current
densities and large peak potential separation (AE,), indicating inferior electrocatalytic activity. In contrast,

the Ni /NC electrode demonstrated significantly higher peak current densities (I,, =31.1 mA cm?, [ =

pc
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Figure 2. Chemical states and coordination environment of Ni,/NC. (A) Ni 2p and (B) N 1s XPS spectra of samples; (C) Ni K-edge XANES,
(D) FT-EXAFS, and (E) WT for the EXAFS signal of Ni,/NC and references. NC: Nitrogen-doped carbon; XPS: X-ray photoelectron

spectroscopy; XANES: X-ray absorption near edge structure; FT-EXAFS: Fourier transformed-extended X-ray absorption fine structure;
WT: wavelet transform.

-24.5 mA cm”) and a much smaller AE, (0.46 V), indicating accelerated reaction kinetics and improved
reversibility for the Ce*/Ce’* redox reaction. Additionally, as shown in Figure 3E, the peak current density

(I,) exhibits a highly linear relationship with the square root of the scan rate (v,,,). For a reversible

1/2

single-electron redox process, the peak current density is described by the Randles-Sevcik equation”®:

I, = (2.69 x 10°)032AD}/*Cy1/? 3)

where [ isin A cm™ n = 1, A (cm®) is the electroactive surface area, C (mol L") is the bulk concentration of
the redox mediator, D, (cm?s™') is the diffusion coefficient, and v (V s') is the scan rate. The excellent
linearity observed in the I, vs. v'* plots unambiguously confirms the diffusion-controlled nature of the redox
process. Moreover, the steeper slope over Ni /NC electrode affords a higher apparent diffusion coefficient
(D, =2.06 x 10° cm?* s') than those over GF (D, = 6.16 x 10™* cm* ) and pristine NC (D, = 1.02 x 10° cm’ s™),
suggesting accelerated mass transport.

Figure 3F displays the Nyquist plots obtained from PEIS measurements for the Ni /NC, NC, and GF
electrodes. The Ni /NC electrode exhibits a markedly lower charge transfer resistance (R, = 3.7 Q) compared
to the NC (5.6 Q) and GF (11.0 Q) electrodes. The smaller R , value over the Ni /NC electrode is consistent
with the decreased overpotential observed in the CV measurements, confirming that Ni /NC-modification

significantly facilitates charge transfer kinetics. The nanostructured catalyst layer is also believed to increase
the effective surface area of the electrode, thereby promoting ion diffusion®™.

To confirm it, GITT measurements were conducted at 80 mA cm™, as shown in Figure 3G-I and
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Figure 3. CV curves of (A) GF, (B) NC, and (C) Ni,/NC; (D) CV curves of Ni,/NC, NC, and GF at a scan rate of 3 mV s™; (E) Peak current
density vs. the square root of scan rate derived from the CV curves in (D); (F) Nyquist plots of Ni,/NC, NC, and GF (measured at open
circuit potential); (G-1) Voltage profiles vs. time for the GF, NC, and Ni,/NC electrodes at 80 mA cm2. CV: Cyclic voltammetry; GF:
graphite felt; NC: nitrogen-doped carbon.

Supplementary Figure 10. The Ni /NC electrode exhibited smooth voltage changes and minimal polarization
during the current pulses, indicating superior charge transfer properties. In contrast, the GF, NC, and its Ni
nanoparticle counterpart (Ni,,/NC) electrodes exhibited more pronounced voltage changes and polarization.
The calculated ion diffusion coefficient (D) for Ni /NC (0.0035 cm* s') was significantly higher than those for
the NC (0.0020 cm’ s™), GF (0.0016 cm® s™'), and Ni,/NC (0.0017 cm* s') electrodes, further confirming the
enhanced ion transport kinetics within the Ni /NC-based electrode system.

RFB performance

To demonstrate the practical applicability of the catalysts, V-Ce redox flow cells were assembled using
Ni /NC, NC, and GF as the positive electrode and pristine GF as the negative electrode. Energy efficiency
(EE), defined as the product of coulombic efficiency (CE) and voltage efficiency (VE) (EE = CE x VE), serves
as a key indicator of energy conversion and storage capability during charge-discharge cycling"*>*". The rate
performance of the flow cells is presented in Figure 4A and Supplementary Figure 11. As the current density
increased from 40 to 200 mA cm?, the increasing overpotential and polarization caused a decreasing EE for
all cells. Nevertheless, the cell with the Ni /NC electrode achieved a high EE of 69.1% at 200 mA cm?,
significantly surpassing those of NC (53.8%), Ni,,/NC (62.4%), and GF (47.3%). This superior performance

primarily stems from the enhanced catalytic activity of the Ni /NC catalyst, which accelerates the reaction
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Figure 4. RFB performances. (A) Coulombic and energy efficiencies vs. cycle number of Ni,/NC, NC, and GF at various current densities;
(B) Voltage profiles vs. capacity of Ni,/NC, NC, and GF at a current density of 80 mA cm? (C) CE and EE profiles of Ni,/NC, NC, and GF
charged at 80 mA cm? and discharged under high current densities ranging from 100 to 700 mA cm?, (D) Voltage and power density
curves vs. current density of Ni,/NC, NC, and GF; (E and F) Long-term cycling stability of Ni,/NC, NC, and GF at 200 mA cm. RFB: Redox
flow battery; NC: nitrogen-doped carbon; GF: graphite felt; CE: coulombic efficiency; EE: energy efficiency.

kinetics and charge diffusion. When the current density was reduced from 200 to 80 mA cm?, the EE of the
Ni /NC cell rapidly recovered to its previous level. The rapid recovery indicates lower polarization and
higher inherent reversibility on the Ni /NC electrode*?. In contrast, cells with NC, Ni_,/NC, and NC
electrodes show limited recovery capability.

The charge-discharge profiles at 80 mA cm™ are presented in Figure 4B. Among the tested materials, Ni /NC
exhibits the most favorable voltage characteristics - markedly lower charging potential, higher discharging
potential, and significantly enhanced capacity. This improvement is directly attributable to the superior
electrocatalytic activity of the Ni /NC electrode towards the Ce*"/Ce*" redox reaction, which effectively
reduces the reaction overpotential'*>**. Figure 4C displays the CE and EE of the three cells charged at
80 mA cm™ and discharged at current densities ranging from 100 to 700 mA cm™. During
high-current-density discharge, the cell with Ni /NC electrode maintained a stable CE and demonstrated
significantly superior energy efficiency retention across the entire range of discharge current densities
compared to the other cells. Polarization curves shown in Figure 4D also reveal that the cell with the Ni /NC
electrode reaches a higher peak power density (551.4 mW cm™) than cells with NC (466.4 mW cm™),
Ni,/NC (475.8 mW cm?), and GF (443.4 mW cm?) electrodes. Furthermore, the cell with Ni /NC electrode
sustains higher operating voltages across the entire current density range, suggesting its enhanced overall cell
performance. These improvements are primarily due to the exceptional catalytic activity of Ni,/NC, which
reduces both charge transfer resistance and mass transfer resistance, thereby minimizing overpotential and
endowing the cell outstanding electrochemical characteristics.

Long-term cycling stability was then evaluated by subjecting it to cycling 100 times at 200 mA cm™ [Figure
4E and F]. The cell with Ni /NC electrode maintains a high EE (65.1%) throughout the cycling test,
demonstrating its satisfactory stability. Moreover, it also delivers a high capacity of 48.8 mAh and a
remarkable capacity retention rate of 89.6% after 100 cycles, significantly superior to that of cells with NC
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(41.8 mAh, 82.3% retention), Ni,,/NC (44.5 mAh, 80.8% retention), and GF (40.0 mAh, 81.9% retention)
electrodes. The excellent durability of cell with Ni,/NC electrode stems from the chemical stability of Ni /NC
catalyst in high current densities and strong acidic conditions, effectively mitigating the degradation
processes of the cell. Moreover, the battery with Ni /NC electrodes also exhibited superior battery

performance to those reported in most literature [Supplementary Table 3].

To further verify the structural and chemical robustness of the Ni /NC catalyst, comprehensive post-cycling
characterizations were performed. SEM images [Supplementary Figure 12] show that the Ni,/NC coating
adheres firmly to the GF after long-term cycling. TEM and HAADE-STEM images [Supplementary Figure
13A and B] reveal there are no noticeable structural collapse or metal aggregation on Ni /NC catalyst. EDS
mapping [Supplementary Figure 13C] demonstrates a uniform distribution of Ni and N elements and the Ni
loading is similar to that of fresh catalysts. Further inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis [Supplementary Table 4] also confirmed that the loss rate of Ni in Ni,/NC catalyst was
only 0.71 wt% after long-term cycling. XPS analysis [Supplementary Figure 14] further corroborates the
chemical stability, despite the interference from F KLL Auger peaks (from the Nafion binder in preparing
electrode), the core Ni-N coordination environment is well-preserved, as evidenced by the stable Ni 2p, ,
position and the persistent Ni-N_ signature in the N 1s spectrum. Moreover, online DEMS was employed to
monitor gas evolution during operation [Supplementary Figure 15]. Compared to the pristine GF, the
Ni,/NC electrode exhibits significantly suppressed CO, evolution, indicating that the Ni /NC catalyst
effectively mitigates carbon corrosion at high oxidative potentials. These results collectively demonstrate the
exceptional morphological and chemical integrity of the Ni,/NC catalyst, ensuring its long-term reliability in
V-Ce RFBs.

Theoretical calculation analysis

DFT calculations were performed to unravel the origin of the exceptional electrocatalytic activity of Ni /NC
toward the Ce*"/Ce* redox couple. The Ni-N, structural model [Figure 5A] was constructed based on the
experimentally determined coordination number (3.8) and bond distance (1.95 A) from EXAFS fitting. The
thermodynamic stability of this moiety was subsequently confirmed by a calculated formation energy of
-1.27 eV [Supplementary Figure 16]. Differential charge density analysis reveals pronounced electron
depletion at the Ni center, and Bader charge quantification [Supplementary Table 5] indicates a transfer of
1.03 e from Ni to the N-doped carbon framework, and imparting strong Lewis acidity to the Ni site, thereby
promoting the adsorption of Ce’*/Ce** species!*”!. Figure 5B illustrates the dehydration process of
[Ce(H,0),]*, in which the strongly Lewis-acidic Ni atom effectively competes with water and weakens the
Ce-OH, bonds, disrupts the original stable nine-coordinate structure of Ce*, and exposes the metal center

for direct electron transfer, thus endowing the Ni-N, site with excellent oxidative activity"***.

The projected density of states [Figure 5C] reveals that the out-of-plane 3dz* orbital of Ni dominates with a
sharp peak straddling the Fermi level, accompanied by substantial unoccupied states. In contrast, the
in-plane d-orbitals are deeply occupied, forming a highly anisotropic electronic structure which is conducive
to axial interaction with Ce species'*”. Meanwhile, the total density of states [Figure 5D] displays a symmetric
spin distribution, indicating a non-magnetic ground state for the Ni /NC system. Despite the lack of net spin
polarization, the Ni 3d orbitals exhibit significant hybridization with N-derived states near the Fermi level,
creating a coordinatively unsaturated and electronically active environment. Notably, the states near the
Fermi level are predominantly contributed by the Ni center and span a broad energy range, reflecting strong
Ni-N coupling and high electron delocalization that effectively accelerate bidirectional electron transfer™*.
Collectively, these electronic and structural features account for the excellent electrocatalytic activity of the
Ni,/NC catalyst.
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Figure 5. Theoretical calculations of Ni,/NC. (A) Optimized Ni—N, configuration (the formation energy is -1.24 eV) and differential charge
analysis of Ni,/NC. The yellow and cyan iso-surfaces represent areas of electron enrichment and deficiency, respectively; (B) Schematic of
the dehydration process from [Ce(H,0),13 to [Ce(H,0),13; (C) PDOS and (D) TDOS of Ni,/NC. NC: Nitrogen-doped carbon; PDOS:
projected density of states; TDOS: total density of states.

CONCLUSIONS

A single atomic Ni catalyst with a Ni -N, moiety on NC support has been successfully synthesized and used
as advanced positive electrodes for high-performance V-Ce RFBs. Owing to the abundant accessible active
sites and unique structural properties of Ni /NC for catalysis, Ni,/NC-modified electrode exhibited
significantly enhanced kinetics for the Ce*/Ce*" redox reaction and significantly improved overall
performance for practical V-Ce RFBs compared to NC-modified and pristine GF electrodes. These
improvements are attributed to the unique electronic structure of the Ni -N;, sites, which facilitate charge
transfer and enhance activation of reactant species (Ce**), as elucidated by DFT calculations. This work
demonstrates the effectiveness of SACs in enhancing the performance of V-Ce RFBs and sheds light on the
design of advanced electrocatalysts.
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