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ABSTRACT

Developing highly efficient, durable, and low-cost oxygen evolution reaction (OER) electrode
remains a key barrier that needs to be overcome for producing green H, through alkaline water
electrolysis (AWE). A series of transition metal cation-substituted manganese oxides (M-
Mn,0,4, where M = Co, Cu, Fe, and Zn) over nitrogen-doped rGO (N-rGO) nanosheet (M-
Mn,0,4@N-rGO) heterostructures using a facile solvothermal strategy were developed. Among
the tested compositions, the FeMn,04@N-rGO heterostructures exhibited superior OER
catalytic activity, with an overpotential (1) of ~330 mV at 10 mA cm? along with stability over
96 hin 1 M KOH. In addition to OER activity, the FeMn,04@N-rGO heterostructure exhibited

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

better hydrogen evolution reaction (HER) performance, achieving an overpotential of 153 mV

at a current density 10 mA cm2. The coexistence of Fe3*/Fe?* and Mn**/Mn*" redox couples

Open Access Article. Published on 22 April 2026. Downloaded on 4/22/2026 9:46:03 PM.

provide multiple electron transfer pathways during water splitting. When assembled as a

bifunctional electrode for overall water splitting (FeMn,O4@N-rGO as both anode and

(cc)

cathode), the system delivers a cell voltage of 1.57 V at 10 mA cm, with operational stability
over 10 h. The robust spinel framework, strong metal-support interactions confirm that

FeMn,04@N-rGO is a viable electrocatalyst for AWE systems

Keywords: Manganese spinel oxides, Metal cation substitution, Nitrogen-doped reduced

graphene oxide, Solvothermal synthesis, Water Splitting
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Alkaline water electrolyzer (AWE) has gained extensive attention in recent years due to the
pressing global energy crisis and the growing demand for sustainable hydrogen generation
technologies. Among the available methods, water electrolysis has emerged as a promising
strategy for producing green hydrogen with high purity, holding immense potential for
decarbonizing the energy sector.[!-] This process involves two key half-cell reactions: the
oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER).[*! In particular,
OER remains a bottleneck due to its high overpotential and slow kinetics, which directly impact
the overall efficiency of energy conversion systems. Consequently, considerable research
efforts have been directed toward developing highly efficient OER electrocatalysts to
overcome these challenges, specifically aiming to reduce overpotential and accelerate reaction
kinetics through two-electron or four-electron pathways. Precious metal oxides, such as RuO,
and IrO,, have demonstrated excellent OER activity in both acidic and alkaline media.l>: ©]
However, their widespread adoption is limited due to their susceptibility to oxidation under

high anodic potentials, high cost, and stability issues during prolonged operation.

On the other hand, metal complexes, transition-metal-based catalysts include oxides,
sulphides, phosphides of Fe, Ni, Co, Cu, Zn, Mn, MOF-derived composites, besides single-
atom catalysts have shown promise in catalytic activity as earth-abundant alternatives.l”-14 The
stability and performance of these catalysts are strongly influenced by the pH of the electrolyte;
generally, alkaline media are often preferred for stability due to the variable oxidation states of
transition metals. Among transition-metal oxides, spinel oxides have garnered significant
attention for OER due to their tunability, cost-effectiveness, simple synthesis, compositional
diversity, and stability in alkaline solutions.['> 1] Spinel-structured materials can be classified
as monometallic (Co3;04, Mn3;0,4, Fez0,4, and more) or bimetallic (NiC0,0O4, CoMn,0y,

CoFe,0y, etc.) based on the transition metals occupying the A and B sites.l'7- 18] Inverse spinel
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structure possessing (A%",p)(B3")(B*on)Os, features A-site cations in octahedral sifes andB7soeor
site cations distributed between tetrahedral and octahedral sites. This structural flexibility
facilitates tailored modifications, a necessary attribute toward enhanced electrocatalytic
activity. Recently, several inverse spinel-based binary and ternary metal oxides have been used
in OER applications, including NiFe,O4'%1, NiC0,042% 21, MnCo0,04>?!, NiMn,04?3!, Co;.

NiFe,04 24 and more.

Manganese-based inverse spinel is particularly notable for its multivalent nature, with
Mn ions existing in oxidation states such as Mn?", Mn?**, Mn*", Mn®", and Mn’*.[25-?7] This
versatility provides diverse binding sites (M-OH, M-OOH, and M-O) that are crucial for the
OER under anodic polarization in alkaline solutions.?® 2° In alkaline media, Mn-based
materials are prone to disproportionation reactions at +3 and +6 oxidation states. Specifically,
Mn3* species disproportionate into Mn?" and Mn*" to MnQO,, while Mn?* dissolves into the
electrolyte. Similarly, Mn®" species formed during graphene oxide (GO) synthesis form a stable

MnO, and Mn’" species, which dissociate as MnO,~ ions from the electrode surface.l?”! Over

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

time, this process leads to a gradual transformation of the initial electrode material into MnO,.

Eventually, the MnOjy structure degrades during OER, forming permanganate species, losing
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active material to the electrolyte, which hinders their long-term catalytic performance. These

(cc)

challenges highlight the need for structural and compositional modifications to stabilize Mn-

based spinel toward improved electrocatalytic performance.

To address these shortcomings, researchers have explored compositional modifications
and supportive frameworks, such as nickel foam (NF),*% graphene, reduced graphene oxide
(rGO),31-331 and carbon nanotubes (CNTs)34 331 to enhance dispersion, conductivity, and
durability of the spinel. B¢ Additionally, heteroatom doping has emerged as a powerful strategy
to modulate the electronic structure and active sites of electrocatalysts. Among various dopants,

nitrogen stands out due to its ability to create electron-rich regions and improve charge transfer


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00052e

Open Access Article. Published on 22 April 2026. Downloaded on 4/22/2026 9:46:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

Page 4 of 27

icle Online

efficiency, thereby boosting catalytic performance.?”) These combined approachess;oorss

significantly advance the design of robust and efficient electrocatalysts. For instance, drop-
casting Mn spinel supported by N-rGO onto nickel foam has demonstrated significant
improvements in conductivity and interfacial electron transfer efficiency due to synergistic
effects. The porous structure of nickel foam ensures high loading density and close contact
between components, providing a high surface area for the uniform deposition of metal oxides.
This reduces interfacial resistance and maximizes electron transport efficiency during OER.
Additionally, its three-dimensional geometry promotes quick electrolyte penetration, ensuring
effective ion transport and lowering charge transfer resistance, thereby improving the

composite material's conductivity.[33]

Recent studies exemplify the potential of such Mn spinel’s compositional modification.
For instance, Gao et al. fabricated FeMn,04 via quenching and reported an overpotential of
~350 mV at 10 mA cm2. B% Peng et al. prepared Fe-doped Mn30, (Fe,Mn;.,O,) on nickel
foam, achieving an overpotential of ~258 mV at 20 mA cm. Gong et al. developed a multi-
metal spinel catalyst (Fe;,Niy;CrgCo3;0Mn,s/CNT), which demonstrated bifunctional activity
with an overpotential of 0.7 V in 0.1 M KOH.!% Furthermore, Wang et al. explored spinel
oxide composites (AC0,04/NCNTs, where A = Mn, Co, Ni, Cu, Zn) and highlighted the
catalytic potential of MnCo,04/NCNTs in oxygen reduction and evolution reactions.*!]
Building upon these advancements, our study focuses on the development of a series of Mn-
based spinels (MMn,0,, where M = Zn, Fe, Co, and Cu) embedded over nitrogen-doped rGO
via a solvothermal-assisted method. Among the synthesized nanocomposites, FeMn,O4@N-
rGO exhibited superior OER performance, demonstrating an overpotential of ~330 mV at 10
mA cm? and considerable electrochemical durability, maintaining activity for 96 h in 1 M
KOH with the cell voltage of 1.57 V. These findings underscore the potential of FeMn,O4@N-

rGO as an efficient and durable electrocatalyst for OER and HER.
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Materials

All chemicals and solvents were used without further purification. Graphite flakes (20 pum),
PVP (MW = 10000) and Fe(CH3COO),. 4H,0 were purchased from Sigma Aldrich.
Zn(CH3COO0),. 2H,0, Cu(CH3COO),. 3H,0, Mn(CH;COO),. 4H,O from SISCO SRL.
ethanol was purchased from FISHER scientific.

Synthesis of Graphite oxide (GO)

Graphite oxide was synthesized using a modified method described by Tour et al. and a
procedure derived from our prior study(?4l. Figure S1 shows the PXRD of synthesised graphene
oxide.

Preparation of Mn-based spinel oxides over N-doped reduced graphene (N- rGO)

0.4 mmol of metal acetate (M = Zn, Co, Cu, and Fe) along with 0.8 mmol of manganese acetate
were initially mixed in 50 mL of mixture of ethanol and water in a volume ratio of 19:1. To

this solution, 0.6 mL of 25% NHj; solution, 0.07 g of PVP- M.Wt.10000 were added. To this,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

a separate solution of 0.1 g of GO was dispersed in 50 mL. The whole mixture was stirred
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magnetically at room temperature for 60 min. Subsequently, the solution was heated to reflux

at 60 °C for a duration of 20 h. The resultant mixture was transferred to a 100 mL autoclave

(cc)

for a hydrothermal reaction at 120 °C, which is maintained for 3 h. The resulting product was
obtained through centrifugation and was then subjected to multiple washes using water and

ethanol.
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Scheme 1. [llustration for the synthesis of MMn,0, oxides (M= Fe, Co, Cu, and Zn) embedded

over N-rGO.

As depicted in Scheme 1, a series of manganese-based spinel oxides was synthesized.
using GO, metal salts, PVP, aq. NH; via refluxing the mixtures under solvothermal reaction at
130°C for a duration of 3 h. (see Methods for details in ESI). Figure 1(a) shows the powder X-
ray diffraction patterns (PXRD) for the bimetallic FeMn,0O,, CoMn,04, CuMn,O, and
ZnMn,04 supported on N-rGO matched with JCPDS patterns of 01-075-0035, 01-077-0471,
01-004-0543 and 00-024-1133 respectively. For FeMn,O4 heterostructure exhibits
characteristic peaks located at 26 = 18.4, 30.1, 35.8, 38.2 and 56.8° corresponding to the (111),
(220), (311), (222) and (511) planes. For CoMn,0,, the peaks observed at 20 = 18.2,29.2, 30.8,
32.2,36.09, 39.5, 44.4, 52.6, 58.3, 61.0 and 64.6° corresponds to (101), (112), (200), (103),

(211), (004), (220), (105), (321), (224), and (400) planes. For CuMn,0,, the peaks located
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displays peaks at 20 = 30.3, 35.6, 43.6, 54.4 and 63.3° corresponds to (220), (311), (400),d422)x00es8
and (511). Furthermore, the phase of ZnMn,0, was verified by peaks located at 20 = 17.8,
29.3,31.2,33.0,36.5, 39.1, 44.8, 59.0, 60.6 and 65.0° corresponds to (101), (112), (200), (103),
(211), (004), (204), (321), (224) and (400) planes respectively. These distinct diffraction
patterns align with the crystallographic planes of spinel, confirming the successful synthesis
and formation of the desired spinel structures. Notably, the peaks for CuMn,04@N-rGO are
noticeably less intense, attributed to several factors including lower crystallinity, smaller
particle sizes, defects, or less ordered structures within the material. Figure S1 shows the PXRD
pattern of the synthesized rGO. The depicted Raman spectra [Figure 1(b)] in the range from
200 to 2000 cm™! offer crucial insights into the vibrational and structural properties of the
composites. Distinct peaks at 277 and 618 cm™' correspond to specific vibrational modes
assigned to T,, and A, arising from the symmetrical stretching of M—O bonds at tetrahedral
positions within the spinel structure. Additionally, the Raman spectrum displays peaks at 1347
and 1592 cm™!' known as the D and G bands of graphitic carbon. The D band typically signifies

disorder within the graphene structure, while the G band indicates the presence of graphitic

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

carbon. The intensity ratio of the D and G bands (Ip/Ig) has been utilized to provide insights

Open Access Article. Published on 22 April 2026. Downloaded on 4/22/2026 9:46:03 PM.

into the sp? domain size and the partially ordered crystal structure of carbon. A lower Ip/Ig ratio

(cc)

generally indicates fewer defects and a higher degree of graphitization and structural integrity
of the material. In this context, the reduced Ip/Ig ratio observed in FeMn,04@N-rGO (~0.87)
compared to CuMn,O4@N-rGO (~1.05), CoMn,O4@N-1GO (~1.07), ZnMn,04@N-rGO
(~1.09), and N-rGO (~1.16) suggests FeMn,0,@N-rGO has fewer defects (Table S1).
Interestingly, the FeMn,04@N-rGO heterostructure exhibited the lowest Ip/Ig ratio (0.87),
suggesting that the Fe/Mn species, possibly promoting the degree of catalytic re-graphitization
of the rGO carrier during the hydrothermal reaction, thereby enhancing the overall structural

order and conductivity.
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Figure 1. PXRD patterns (a) and Raman spectra (b) of MMn,0, oxides (M= Fe, Co, Cu, and

Zn) embedded ov

er N-rGO.

FT-IR spectra recorded for MMn,04 (M= Fe, Co, Cu, and Zn) offer crucial insights into the

molecular vibrations and functional groups present in Mn oxide spinel over N-rGO sheets

(Figure S2). The C-O-C and -OH bending vibrations originating from carboxylic acid of rGO

are represented by peaks at 1072 and 1412 cm'. Additionally, the peak at 1275 cm!

corresponds to the C-N band and the peak at 1632 cm™! signifies C=0 group. These specific

functional groups act as binding sites for the stabilization of Mn oxide nanoparticles on the

rGO support. Moreover, a prominent peak observed at 590 cm!, is attributed to the metal-

oxygen bonds in the MMn,Oy; structure.
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Figure 2. SEM images of the FeMn,04@N-rGO (a), CoMn,04@N-rGO (b), CulMnaQul@N x5 oness
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rGO (c), and ZnMn,04@N-rGO (d); TEM (e and h), HR-TEM (g), and SAED pattern (h) of

the FeMn,04@N-rGO heterostructures.

As shown in Figure 2 (a-d), the spherical particles are scattered across multi-layered rGO
sheets, providing a rough texture. The SEM images exhibit a cluster of plate-like structures,
indicating a layered configuration with jagged edges, and fewer cracks observed running
through a rough and uneven surface, accompanied by assembly of particles in size ranging
from 10 to 40 nm. For FeMn,O4@N-rGO (Figure 2a), homogeneous distribution of
nanoparticles with minimal agglomeration over crumpled rGO sheets were observed. In
CoMn,04@N-rGO (Figure 2b), showed and compact rough surface morphology because of
the particle-sheet interactions. The CuMn,04@N-rGO heterostructures (Figure 2¢) significant
particle clustering along wrinkled rGO layers were observed which causing roughness. For
ZnMn,O4@N-rGO (Figure 2d), the particles are less uniformly dispersed across rGO sheets,
producing a planar texture with controlled particle growth over rGO layers. Furthermore,
Figure 2e and 2f illustrate the transparent nature of stacked and corrugated rGO nanosheets,
indicating structural flexibility. Furthermore, the surface and edges of the multi-layered rGO
nanosheets are decorated with FeMn,0O,4 nanoparticles with sizes ranging from 10-30 nm.
Interestingly, these nanoparticles assemble at regular intervals on the rGO surface, without
merging, showcasing the stabilizing nature of rGO. Additionally, the HRTEM image of the
FeMn,0,4 nanoparticles unveils the lattice fringes spanning 0.25 and 0.45 nm, indicative of a
spinel’s (222) and (111) reflections (Figure 2g). The SAED pattern showed the poly-crystalline

nature of FeMn,04@N-rGO as shown in Figure 2h.

10
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Figure 3. High-resolution XPS of Fe 2p (a), Mn 2p (b), O 1s (c), and N 1s (d) of FeMn,O4@N-

Open Access Article. Published on 22 April 2026. Downloaded on 4/22/2026 9:46:03 PM.

rGO heterostructures.
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The survey scan unveiled the presence of Fe, Mn, O, N and C elements with atomic percentages
of 4.3, 8.0, 30.9, 1.2, and 55.6 respectively (Figure S3a). As shown in Figure 3a, the high-
resolution Fe 2p scan, four peaks were observed. Iron is predominantly trivalent: the Fe 2ps,,
main line at 711.2 eV and its spin—orbit partner at 724.9 eV together with pronounced shake-
up satellites at 716.6 and 728.7 eV are diagnostic of Fe*" in oxide environment; no significant
Fe?* 2ps3), peak is resolved, suggesting Fe is mainly Fe3" in the spinel lattice.[*? 431 As shown in

Figure 3b, the XPS analysis of manganese exists in mixed oxidation states: the Mn 2ps);

11
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components at 640.7 and 641.8 eV are assigned to Mn?** and Mn3*, respectively,, witht ;5 oeor
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characteristic Mn 2ps,, shake-up near 646.0 eV and the 2p,, partners observed at 653.2 (main)
and 656.4 eV (satellite) respectively. An additional higher-binding feature at 643.2 eV is
indicative of a minor Mn** contribution or a strongly oxidized surface species.[**-*"] The spin—
orbit splitting values were calculated to be 13.4 eV for Fe 2p and 11.5 eV for Mn 2p, which are
consistent with reported literature, confirming the correct assignment of Fe and Mn oxidation
states. Figure 3¢ displayed characteristic O 1s binding energies at 529.9, 531.4, and 532.9 eV
attributed to metal oxide of Fe or Mn in the spinel network, lattice oxygen (metal-oxygen
bond), and O—C bond originating from rGO support.l?* 48] Additionally, in Figure 3d, a binding
energy of 399 eV corresponds to pyrrolic N, similar to that of nitrogen-doped rGO networks.[4%:
01 The C 1s XP spectrum could be fitted into three Gaussian peaks at 284.7, 286, and 288.4
eV, corresponding to graphitic carbon (C—C), C-O, and C-N, respectively (Figure S3b). The
detailed XPS analysis of CuMn,O4@N-rGO, CoMn,04,@N-rGO, and ZnMn,04@N-rGO are
given in Supporting Information (Figure S4-S6). These XP spectra confirmed the elemental
composition and oxidations states, binding energies of respective elements. This results further

confirms integration of different metal oxides in N-doped rGO matrix.

Subsequently, CVs were conducted at a sweep rate of 20 mV.s™!, with the results depicted in
Figure 4a. The CV curves of FeMn,04@N-rGO, CoMn,04@N-rGO, CuMn,04@N-rGO and
ZnMn,04@N-rGO display distinct anodic and cathodic features within the potential window
of 0.75-1.65 V vs RHE. All samples demonstrated a progressive rise in current density at
higher potentials, indicating the onset of OER activity. Among the catalysts, FeMn,O,@N-
rGO shows the highest anodic current density and earliest OER onset. As depicted in Figure
4b, the OER polarization curves for MMn,0, (M= Fe, Co, Cu, and Zn) bimetallic oxide NPs
over N-rGO were studied, among which FeMn,04-N-rGO demonstrated a significantly lower

overpotential of 330 mV at a current density of 10 mA.cm. In contrast, the CoMn,O4@N-

12
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rGO (~390 mV), CuMn,04@N-rGO (~440 mV), ZnMn,O4@N-rGO (~400 mV)), displayed; oossr
higher overpotential (nogr) at ~10.0 mA c¢m-2. Furthermore, the FeMn,04 and FeMn,0,@rGO

electrodes exhibited the onset potentials of 1.64 and 1.62 V, respectively, with corresponding

% overpotentials of approximately 480 and 450 mV at 10 mA cm2, as shown in Figure S7a. These
(8]
8
g findings underscore the critical role of rGO lattice with nitrogen doping, enhancing the catalytic
g
= activity as evidenced by the lower overpotentials and higher current densities.?”]
8
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(cc)

Figure 4. OER studies of the MMn,0, oxides (M= Fe, Co, Cu and Zn) embedded over N-rGO
in 1.0 M KOH: CV (a), LSV (b), Tafel slope (c), plot of the onset and overpotential against
the electrodes at 10 mA c¢cm (d), EIS Nyquist plots recorded potentials corresponding to 10
mA cm? for all the electrode materials (¢) and stepwise chronoamperometry (f) of FeMn,O,-

N-rGO heterostructures.

The kinetics of this reaction were further examined through corresponding Tafel plots [n versus

log (j)], as illustrated in Figure 4c. Notably, the FeMn,04@N-rGO catalyst exhibited a lower

13
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Tafel slope (90 mV.dec!) compared to CoMn,O4@N-rGO (~97 mV.dec™!), CuMnyQu@N=tG0 5 oess

(~ 187 mV.dec™"), and ZnMn,O4@N-rGO (~122 mV.dec™!), indicating superior electrokinetics
compared to the rest of the electrocatalysts. Overall, the electrochemical assessment revealed
that FeMn,O4@N-rGO exhibited superior electrocatalytic OER performance, displaying lower
overpotential, higher current density, and improved electrokinetics compared to other
compositions. Figure 4d presents a bar chart illustrating the onset potential and overpotential
of the catalysts at a current density of 10 mA cm™. To further investigate the electrode kinetics
and charge transfer capabilities, Electrochemical Impedance Spectroscopy (EIS) was
performed. As shown in Figure 4e, the Nyquist plots were recorded at the specific potentials
corresponding to a current density of 10 mA c¢cm for each catalyst. Specifically, the applied
potentials were 0.55 V for FeMn,O4@N-rGO, 0.60 V for CoMn,04@N-rGO, 0.61 V for
ZnMn,O4@N-rGO, 0.64 V for N-rGO, and 0.68 V for CoMn,04@N-rGO (vs. Ref Electrode
— Ag/AgCl). Among the studied materials, the FeMn,O4@N-rGO electrode exhibited the
smallest semicircle diameter, indicating the lowest charge transfer resistance R.. This superior
electronic conductivity is attributed to the synergistic effect between the FeMn,O4
nanoparticles and the highly conductive N-rGO framework. As shown in Figure 4f, the multi-
step chronopotentiometric curve of the FeMn,O4@N-1rGO electrode indicates excellent mass
transport properties, considerable electrical conductivity, and remarkable structural stability.
As displayed in Figure S7b and 7c, the plot of anodic and cathodic peak current densities (j)
against the square root of scan rates showed a linear relationship, indicating that the electrode

processes are diffusion controlled.

Figure S8a shows the HER polarization curves for MMn,0, (where M = Fe, Co, Cu, and Zn)
nanoparticles embedded over N-rGO. Among the catalysts tested, FeMn,04@N-rGO exhibited
the lowest overpotential at approximately 153 mV at -10 mAcm2, indicating its superior HER

activity in compare to other electrodes developed in this study. The CoMn,O4@N-rGO

14
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exhibited closely with an overpotential of about 164 mV at -10 mAcm2, CuMnyQu@N-=tG0 ;5 oese
required a slightly higher overpotential of around 170 mV at -10 mAcm-2, while ZnMn,O4@N-
rGO displayed the highest overpotential among the tested materials, with 179 mV at-10 mAcm-
2. The kinetics of this reaction were further examined through corresponding Tafel plots (n
versus log (j)), as illustrated in Figure S8b. Notably, the FeMn,04@N-rGO catalyst exhibited
a lower Tafel slope (~90 mV.dec!) compared to other CoMn,O4@N-rGO (~91 mV.dec™!),
CuMn,O4@N-rGO (~151 mV.dec!), and ZnMn,O4@N-rGO (~93 mV.dec!), indicating
superior electrode kinetics compared to other electrocatalysts. The enhanced HER performance
of these catalysts can be attributed to the synergistic effects of the bimetallic oxide composition
and the nitrogen-doped reduced graphene oxide support. [>1- 321 The nitrogen doping enhances
the electronic conductivity, providing additional active sites for the HER, while reduced

graphene oxide lattice offers conductivity thus facilitating efficient charge transfer.

High-resolution Mn 2p XP spectra and proposed mechanism (Figure S9) confirm the

coexistence of Mn?*/Mn3"/Mn*" species, with Mn*" dominant in all heterostructures which

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

helps during OER. In addition to factors such as catalyst size, morphology, conductivity, and

the exposure of active sites, the surface wettability of the electrocatalyst significantly

Open Access Article. Published on 22 April 2026. Downloaded on 4/22/2026 9:46:03 PM.

influences the interaction between the electrolyte and the electrode surface. We assessed the

(cc)

water-wetting ability of both the supported FeMn,O4@N-rGO/NF electrode and the bare NF
electrode by measuring their water contact angles (Figure S10a and 10b). The rGO-supported
FeMn,04@N-rGO/NF material demonstrated a higher water wettability with a contact angle
of 0.6°, compared to the supportless bare NF, which had a contact angle of 130°. This improved
hydrophilicity enhances the charge transfer rate between the electrolyte and the electrode
facilitating effective conduction, thereby reducing ohmic losses and boosting the OER activity
of FeMn,04-N-rGO. The double-layer capacitance (Cg4), which is directly related to the

electrochemically active surface area (Figure S10c and 10d) was investigated. A higher Cy
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indicates a larger ECSA, which in turn suggests more accessible active sites for cataly/tics o ioe

reactions. The Cg of the FeMn,O4@N-rGO electrode was calculated to be 80 mF cm™,
revealing that the FeMn,04@N-rGO electrode possesses a substantial ECSA, providing a large
number of accessible active sites. In this study, the FeMn,04-N-rGO electrode demonstrated
the highest TOF value of approximately 3.0 s™*, indicating superior catalytic activity compared
to other tested electrodes (Figure S11). For comparison, the TOF values for ZnMn,O4@N-
rGO, CoMn,04@N-rGO, and CuMn,04@N-rGO were significantly lower, ~0.6, ~1.1, and
~1.0 s, respectively. The high TOF value of the FeMn,O4@N-rGO electrode suggests a
greater number of catalytic reactions attributed to its enhanced electrochemical properties. In
terms of moles of active sites, the FeMn,04@N-rGO electrode has approximately 0.14 moles
of active sites, whereas the ZnMn,04@N-rGO, CoMn,04@N-rGO, and CuMn,04@N-rGO
electrodes possessed around 0.04, 0.05, and 0.06 moles, respectively. The interconnected flow
of high TOF values and large Cgy reveals the superior performance of the FeMn,0,-N-rGO
electrode. The greater number of accessible active sites facilitated by a high ECSA, enabling
more efficient catalytic reactions, as reflected in its higher TOF. This synergy between TOF
and ECSA highlights the importance of optimizing both intrinsic catalytic activity and the
physical properties of the electrode material enhancing overall electrocatalytic performance. A
comparative summary of onset potentials, overpotentials, and active site densities is listed in

Table S1 (Refer SI).
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Figure 5. Amperometric curves of the FeMn,O4@N-rGO recorded at the constant applied
potential of 1.56 V vs RHE (a); OER polarization curves of the FeMn,0,@N-rGO electrode
recorded in 1.0 M KOH before (black curve) and after a stability test (red curve) (b);

Chronoamperometric (¢) and LSV (d) curves of the FeMn,O04,@N-rGO || FeMn,04@N-rGO

These tests were carried out in 1 M KOH to assess the durability of the sample under alkaline
conditions. Following the stability tests, we assembled and tested the overall water electrolyser
evaluate its performance. The stability of the FeMn,O4@N-rGO catalyst was tested by

evaluating its performance in the alkaline water electrolysis of water over a 96 h. The
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chronoamperometry (I vs t) test for the FeMn,04@N-rGO catalyst was carried gut, andsthes ;o ioe

obtained response is displayed in Figure 5a. During the durability test, the overpotential of the
FeMn,04@N-rGO electrode didn’t considerably increase, inferring good electrochemical
stability in Figure 5b. The bi-functional FeMn,O4@N-rGO || FeMn,04@N-rGO pair achieved
a higher steady-state current density of approximately 7.9 mA cm2. Additionally, a lower cell
voltage of ~ 1.57 V to reach the current density of 10 mA cm? was observed. In comparison,
the conventional Pt/C || RuO, couple exhibited performance under similar conditions, as shown
in Figures 5(c) and 5(d). This indicates that the FeMn,O4@N-rGO electrodes not only enhance
the electrochemical reaction kinetics but also provide superior efficiency in electrochemical
water splitting, highlighting their potential as effective and durable alternatives to traditional

noble metal-based catalysts.[53]

According to the method reported in the literature*, The energy efficiency n of the
FeMn,O4,@N-rGO was determined at a current density of 10 mA cm? with the help of

thermodynamic water-splitting potential of 1.23 V as the reference and applied below equation

(1

Where, theoretical water-splitting potential E¢, =1.23 V; V. ;is the input voltage required to
drive the electrolysis at j =10 mA cm 2. For the electrode with a mass loading of 3 mg cm, an
input voltage of 1.57 V was required, resulting in a calculated energy efficiency of 78.3%

without iR correction.

In order to test the changes/retention, the post-catalytic nanoparticle characterization to
examine these changes were performed by using XPS and FE-SEM analyses. XPS analysis of
FeMn,O,@N-rGO before and after, alkaline OER occurring through iron and manganese

redox reactions which leads to restructuring of the surface (Figure S12). At the beginning, the

18


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ya00052e

Page 19 of 27 Energy Advances

spinel structure has mixed-valent Mn?*/Mn3" and Fe?*/Fe** states, which are essentja), for, s&dgX x5 oioe
and electron conductivity. Once the OER process is initiated, the Fe 2p spectra (Figure S12a)
reveal a significant rise in Fe3* character, indicating oxidation of Fe?" to Fe* and the formation
of Fe-OOH-like surface layers. At the same time, there is an increase in Mn3* observed from
Mn 2p spectra, revealing the appearance of Mn-OOH (Figure S12b). The O 1s spectra
displayed enhanced signals corresponding to hydroxides and oxyhydroxide species after OER,
consistent with the formation of Fe—OH and Mn—OH surface groups. (Figure S12c). These
changes reflect a synergistic redox evolution where both Fe and Mn participate in charge
transfer and oxygen binding, crucial for catalytic activity. The enrichment of Fe3*and Mn3*
species increases the density of active sites and facilitates lattice oxygen involvement, thereby
accelerating the OER kinetics.[5°-37] Furthermore, to assess the structural robustness, FE-SEM
images were taken after 50 h durability. FE-SEM (Figure S13) confirmed that the
FeMn,0,@N-rGO intimate contact with support were preserved without noticeable
detachment. We benchmarked our catalyst against state-of-the-art OER catalysts, emphasizing

their respective synthetic conditions. As summarized in Table S2, our material FeMn,0,4-N-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

rGO heterostructure electrodes was prepared within remarkably short time scales and at low

Open Access Article. Published on 22 April 2026. Downloaded on 4/22/2026 9:46:03 PM.

temperatures, yet it delivers strong OER activity in alkaline media, outperforming several

(cc)

existing reports.

Conclusion

In summary, a series of transition metal cation-substituted manganese oxides
(MMn,04, where M = Co, Cu, Fe, and Zn) supported on nitrogen-doped reduced graphene
oxide (N-rGO) nanosheets (M-Mn,04@N-rGO) heterostructures are developed using a facile
solvothermal synthetic strategy. The variation in metal cations within the M-Mn,O4@N-rGO
structure has been shown to significantly influence the OER activity in alkaline conditions.

Among the tested materials, the FeMn,O4@N-rGO heterostructures exhibited the most
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promising OER performance, with a low overpotential of 330 mV at a current dgnsity 9105500t

mA cm 2, highlighting their potential as a highly efficient electrocatalyst. Furthermore, the
FeMn,04@N-rGO catalyst demonstrated remarkable electrochemical stability, maintaining its
performance over 96 h in 1 M KOH solution. Beyond OER, FeMn,O4@N-rGO also
demonstrated excellent HER activity, delivering a low overpotential of ~153 mV at —10 mA
cm?, attributed to the coexistence of Fe**/Fe?* and Mn**/Mn** redox couples that provide
multiple electron transfer pathways. Importantly, the Mn** ion contributes to a more balanced
Mn—O octahedral geometry, enhancing electron overlap and facilitating intermediate
adsorption. When assembled as a bifunctional electrode for overall water splitting

(FeMn,0,4@N-rGO serving as both anode and cathode), the system achieved a cell voltage of

1.57 V at 10 mA cm? with operational stability over 10 h. These findings underscore the

importance of cationic fine-tuning in manganese spinel oxides to enhance both OER and HER

activities, paving the way for advanced bifunctional catalysts in energy conversion

applications.
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