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Crystal phase engineering and surface
reconstruction in Co—Mn phosphides: unraveling
the mechanisms of high-performance water
oxidation catalysis+t

Tingting Tang.? Yanfang Teng.,? Kuoteng Sun,® Yanhan Liu,® Zhendong Gao,?
Tayirjan Taylor Isimjan,® Jingya Guo,*? Jianniao Tian {2 *@ and Xiulin Yang ) *2

Crystalline and amorphous catalysts offer disparate advantages in reducing the overpotential of the
oxygen evolution reaction (OER). Crystalline phases provide excellent electrical conductivity, while amor-
phous phases offer abundant unsaturated active sites. This study explores a synergistic strategy that inte-
grates these benefits to develop high-performance OER catalysts with enhanced activity and stability. By
employing controlled annealing followed by phosphating, we engineered a transition from low-crystalli-
nity MnP—-CozP/NF to high-crystallinity MnP—Co3(PO4),/NF, effectively tuning the balance between con-
ductivity and active site availability. Advanced spectroscopic characterization studies (including X-ray
photoelectron spectroscopy (XPS), zeta potential analysis, ultraviolet photoelectron spectroscopy (UPS)
and electrochemical measurements) reveal that the high-crystallinity MnP—Co3z(PO,4),/NF catalyst exhibits
superior hydrophilicity, an enriched concentration of phosphorus vacancies, and enhanced charge redis-
tribution, collectively leading to significantly improved OER kinetics. The catalyst achieved low overpoten-
tials of 281 mV at 50 mA cm™ and 306 mV at 100 mA cm™2, with exceptional stability for 230 h at
100 mA cm™2, outperforming comparable systems and commercial noble metal catalysts. /n situ studies
revealed faster formation of the active CoOOH phase on high-crystallinity MnP—Co3z(PO,4),/NF. This work
provides valuable insights into designing efficient and durable OER catalysts for energy conversion
applications.

1. A crystalline-amorphous MnP-Co;(PO,),/NF catalyst, engineered through controlled annealing and phosphating, combines high electrical conductivity
with abundant active sites, delivering outstanding OER performance and enabling efficient green hydrogen production.

2. The catalyst achieves record-low overpotentials (281/306 mV at 50/100 mA cm™>) and exceptional long-term stability over 230 hours, outperforming noble-
metal benchmarks. In full electrolyzers, it delivers high current densities (200-1000 mA em™?) at lower operating voltages (1.80-2.02 V), surpassing commer-

cial RuO,||Pt/C systems.

3. Advanced characterization confirms that MnP-Coz(PO,),/NF enhances OER kinetics via improved hydrophilicity, abundant P vacancies, and optimized

charge redistribution. Future research should prioritize mild-temperature/renewable-energy synthesis, metal recycling, and life cycle assessment to boost eco-
efficiency and enable scalable green hydrogen production.
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1. Introduction
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application is constrained by low energy conversion efficiency,
primarily due to the multistep proton-electron transfer

+Electronic supplementary information (ESI) available. See DOI: https:/doi.org/ ~PTOCESS in the oxygen evolution reaction (OER) and the for-
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mation of O-O bonds, which result in sluggish reaction kine-
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tics.> This highlights the urgent need for innovative OER cata-
lyst design to enable scalable and efficient water-splitting
technologies. Noble metal oxides such as IrO, and RuO, are
considered state-of-the-art OER catalysts.*”® Their scarcity and
high cost drive the need for Earth-abundant, cost-effective
alternatives. In non-noble metal OER catalyst systems, tran-
sition metal-based materials, represented by Co, Fe, Ni, and
Mn, have emerged as ideal anode materials for alkaline elec-
trolyzers due to their unique electronic configurations, abun-
dance, and affordability, which make them promising
candidates.”™?

Transition metal electrocatalysts, especially Mn-Co-based
systems, are promising alternatives for the OER due to their
tunable electronic structure, abundance, and low cost. In
recent years, significant advancements have been made in
Mn-Co-based electrocatalysts for the OER, primarily driven by
three strategic approaches: (1) electronic structure modulation
- Mn-Co alloying reduces e, orbital filling, enhancing oxygen
intermediate binding;'*™*® (2) lattice oxygen activation - Mn-
induced strain weakens metal-oxygen bonds, enabling new
reaction pathways;'”'® and (3) dynamic surface reconstruction
- under operating conditions, Mn-Co phosphates transform
into active (oxy)hydroxides with retained P-doping, forming
metastable interfaces that improve catalytic performance.'*°

Highly crystalline structures exhibiting excellent conduc-
tivity and stability often suffer from a limited number of active
sites due to densely packed basal planes that restrict defect for-
mation, thereby hindering catalytic performance.’ Conversely,
amorphous phases, though rich in defect-driven active sites,
typically exhibit poor stability and low electrical conductivity,
compromising the charge-transfer kinetics and limiting their
practical utility.>"** Extensive research efforts have focused on
overcoming these limitations by synergistically integrating the
superior electrical conductivity of crystalline phases with the
abundant active sites of amorphous phases.>*** This hybrid
strategy aims to simultaneously enhance catalytic activity and
stability, advancing the development of efficient electrocata-
lysts for sustainable energy conversion technologies. Recent
advances in engineering strategies, including elemental
doping, vacancy engineering, morphology optimization, and
surface reconstruction, have shown promise in achieving this
balance.?*® Shao et al. demonstrated that doping transition
metal-based hydroxides to form binary or ternary hetero-
structures effectively integrates both phases, enabling precise
modulation of the electronic structure and optimization of
intermediate adsorption energies, leading to enhanced cata-
lytic performance.”” However, using conventional methods,
the exact synthesis for dense crystalline-amorphous hetero-
structures with well-defined phase distribution and interfacial
characteristics remains challenging.?®*° Achieving an optimal
balance between amorphous and crystalline phases through
innovative synthesis strategies and advanced characterization
techniques is crucial for designing high-performance OER
electrocatalysts.

In this study, annealing before phosphating modulated the
crystallinity of Co-Mn phosphates, transitioning from low-crys-
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tallinity MnP-Co,P/NF to high-crystallinity MnP-Cos(PO,),/NF,
as confirmed by X-ray diffraction (XRD), selected area electron
diffraction (SAED), and high-resolution transmission electron
microscopy (HR-TEM). This approach successfully balanced
the crystalline and amorphous phases, optimizing the struc-
tural and electronic properties. MnP-Cos(PO,),/NF exhibited
enhanced hydrophilicity, a higher oxygen vacancy density, and
a larger surface area than MnP-Co;P/NF. Advanced analyses
(X-ray photoelectron spectroscopy (XPS), zeta potential ana-
lysis, and ultraviolet photoelectron spectroscopy (UPS))
revealed that higher crystallinity improved charge redistribu-
tion, accelerated charge accumulation, and enhanced inter-
mediate adsorption, thereby boosting OER performance. The
catalyst achieved low overpotentials of 281 mV (50 mA cm?)
and 306 mV (100 mA cm~?), demonstrating exceptional stabi-
lity and outperforming comparable systems and noble metal
catalysts. In situ studies revealed the rapid formation of active
CoOOH phases on MnP-Co3(PO,),/NF, surpassing its low-crys-
tallinity counterpart. This work provides a strategic approach
to phase engineering, advancing the design of efficient and
stable OER catalysts for energy conversion applications.

2. Experimental sections
2.1. Materials

Manganese(u) acetate tetrahydrate (Mn(CH3;COO),-4H,0, 99%,
Aladdin, 500 g), cobaltous(u) nitrate hexahydrate (Co
(CH3C00),:6H,0, 99.5%, Aladdin, 100 g), urea (CO(NH,),,
99.0%, Aladdin, 500 g), ammonium fluoride (NH,F, 96.0%,
Aladdin, 500 g), sodium hypophosphite monohydrate
(NaH,PO,-H,0, >99%, Xilong Scientific, 500 g), potassium
hydroxide (KOH, AR, >90%, Macklin, 500 g), ethanol (C,HsOH,
AR, 99.5%, Xilong Scientific, 500 mL), Nafion (5 wt%, Alfa
Aesar, 100 mL), Pt/C (20 wt% Pt, Alfa Aesar, 1 g), and nickel
foam (NF) as a substrate (Suzhou Sinero Technology Co, Ltd,
with a thickness of 1.6 mm) were used. RuO, powder was pre-
pared by directly annealing RuCl;-:3H,O (37%, Inno-chem,
25 g) at 400 °C in air. All reagents were commercially available
and could be used directly without further purification.

2.2. Synthesis of COMnO;-MnO(OH)/NF

A 1.5 cm x 3.5 ¢cm piece of nickel foam (NF) was ultrasonically
cleaned sequentially in 0.5 M H,SO,, ethanol, and deionized
water for 15 minutes each to ensure the removal of surface
impurities. Subsequently, 1.0 mmol of Co(CH3C00),-6H,0,
2.0 mmol of Mn(CH3;COO),-4H,0, 4.0 mmol of NH,F, and
4.5 mmol of CO(NH,), were dissolved in 50 mL of deionized
water to form a uniform solution under magnetic stirring at
room temperature. The treated NF was immersed in the solu-
tion and transferred into a 100 mL Teflon-lined stainless-steel
autoclave. The autoclave was heated at 120 °C for 7 h and then
cooled naturally to room temperature. The resulting product,
CoMnO;-MnO(OH)/NF, was washed several times with ethanol
and deionized water and then dried at 60 °C for 3 h.

This journal is © The Royal Society of Chemistry 2025
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2.3. Synthesis of CoMnO;-CoC0,0,/NF

The pre-prepared CoMnO;-MnO(OH)/NF was placed in the
tube furnace and gradually heated to 400 °C at a rate of 5 °C
min~" for 120 min under a nitrogen atmosphere to obtain
CoMnO3;-CoCo,0,/NF.

2.4. Synthesis of MnP-Co;(PO,),/NF

NaH,PO,-H,0 (1.0 g) and pre-prepared CoMnO;-CoC0,0,/NF
were, respectively, placed upstream and downstream of the
same tube furnace. The tube furnace was slowly heated to
350 °C for 120 minutes with a heating rate of 5 °C min™"
under a N, atmosphere to obtain MnP-Coz(PO,),/NF.

A series of samples with varying Co/Mn ratios (3/0, 2.5/0.5,
1.5/1.5, 1/2, and 0/3) were prepared at different hydrothermal
synthesis temperatures (100 °C, 140 °C, 160 °C, and 180 °C)
using a consistent synthesis method.

2.5. Synthesis of MnP-Co;P/NF

For comparison, MnP-Co;P/NF was synthesized via direct
phosphation of the CoMnO;-MnO(OH)/NF precursor with
NaH,PO,-H,0 at 350 °C for 2 h, omitting a prior 400 °C heat
treatment step.

2.6. Synthesis of RuO,/NF and 20 wt% Pt/C/NF electrodes

To prepare the catalyst ink, 2 mg of RuO, and 20 wt% Pt/C
were dispersed in a mixture of 200 pL of deionized water,
200 pL of ethanol, and 10 pL of 5 wt% Nafion solution. The
suspension was ultrasonicated for 30 minutes, and then drop-
cast onto a pristine NF substrate (1 cm x 1 cm) and dried
under ambient conditions.

3. Results and discussion

3.1. Synthesis and characterization studies

The synthesis of MnP-Co;(PO,),/NF followed the schematic in
Fig. 1la. Low-crystallinity metal hydroxides (CoMnO;-MnO
(OH)/NF) were first prepared via a hydrothermal process and
subsequently annealed under an inert atmosphere to form
crystalline oxides (CoMnO;-CoC0,0,/NF), as shown in Fig. S2a
and b.T These oxides were then phosphorized to produce crys-
talline MnP-Coj3(PO,),/NF. For comparison, MnP-Co;P/NF was
synthesized without annealing. XRD analysis (Fig. 1b and c)
confirmed the low crystallinity of MnP-Coz;P/NF, while
Co3(PO,),/NF and Mn(P;0,)-Mn,03/NF, derived from Co- or
Mn-exclusive precursors, were also characterized (Fig. S3a and
bt). This systematic approach highlights the role of annealing
in crystallinity control and phase evolution. N, adsorption/de-
sorption isotherms were employed to further investigate the
structural properties to determine the Brunauer-Emmett-
Teller (BET) surface area and pore structures of the catalysts.
MnP-Co;(PO,),/NF exhibited a higher specific surface area
(4.8121 m* g™') compared to MnP-CozP/NF (2.1662 m* g™ )
(Fig. S4a and bt), emphasizing the role of annealing in
increasing active site exposure and facilitating mass trans-
port.*° Barrett-Joyner-Halenda (BJH) analysis confirmed the

This journal is © The Royal Society of Chemistry 2025
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mesoporous structure, with an average pore width of
39.641 nm (Fig. S4a-d}). The combined annealing and phos-
phating processes promoted mesopore formation, increasing
surface area and creating efficient transport channels, which
are critical for optimizing electrocatalytic performance.*

Furthermore, the MnP-Co3(PO,),/NF exhibited superhydro-
philicity, with a static contact angle (CA) of zero, enabling
instant water permeation (Fig. 1d); in contrast, MnP-Co;P/NF
exhibited a CA of 55.3°. This property enhances mass transport
and electrolyte-active site interaction, improving catalytic
efficiency.’® Electron paramagnetic resonance (EPR) spec-
troscopy further confirmed phosphorus vacancies in the phos-
phide samples, with sharp peaks at g = 2.002, absent in
CoMnO;-MnO(OH)/NF and CoMnO;-CoCo0,0,/NF.>>** MnP-
Co;(PO,),/NF exhibited stronger EPR signals (Fig. 1le, inset),
indicating a higher phosphorus vacancy concentration, facili-
tated by its crystalline oxide structure. These vacancies are
expected to optimize electron distribution, expose additional
active sites, and accelerate reaction kinetics, collectively enhan-
cing electrocatalytic performance.**

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) analyses were used to study the
morphological and crystallographic differences between MnP-
Co;(PO,),/NF and MnP-Co;P/NF. The precursor COoMnO;-MnO
(OH)/NF exhibited a nanowire morphology (Fig. 2a), which
transformed into unfurling nanoflowers (CoMnO;-CoCo0,0,/
NF) upon annealing at 400 °C (Fig. 2b). This nanoflower struc-
ture was retained in MnP-Coj3(PO,4),/NF post-phosphorization
(Fig. 2c). At the same time, MnP-Co;P/NF maintained the
nanowire structure without annealing (Fig. 2d). The nano-
flower architecture enhanced electrolyte penetration, improved
oxygen diffusion, and increased active site density. In contrast,
Co;(PO,),/NF showed formation of dense petal-like structures
(Fig. S5at), and Mn(P;04)-Mn,O;/NF featured dense, blocky
particles (Fig. S5bt). These morphological distinctions high-
light the role of annealing in modulating structure and crystal-
linity, directly impacting electrocatalytic  efficiency.
Additionally, systematic variations in the Co/Mn ratios and
hydrothermal temperatures modulated the morphology of
CoMn-X-Y/NF (Fig. S6a-c and S7a-df), offering a pathway for
catalyst optimization.

TEM analysis revealed that MnP-Coz(PO,),/NF exhibits a
well-defined nanosheet structure with distinct lattice fringes
(0.280 nm for the Cos(PO,), (220) plane and 0.263 nm for the
MnP (200) plane) and clear SAED diffraction spots (Fig. 2e-g),
confirming high crystallinity. In contrast, MnP-Co;P/NF
showed lower crystallinity, with faint lattice streaks and diffuse
SAED rings (Fig. 2h and i). High-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) and
elemental mapping (Fig. 2j-n) demonstrated uniform distri-
bution of Co, Mn, O, and P in MnP-Coj3(PO,),/NF, supported
by energy-dispersive X-ray spectroscopy (EDX) (Fig. S87). These
results highlight the enhanced crystallinity and structural
integrity of MnP-Co3(PO,),/NF, emphasizing the role of
annealing and phosphating in optimizing crystallographic pro-
perties for enhanced electrocatalytic performance.

Green Chem.
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Fig. 1 (a) Schematic illustration of the synthesis of MnP—Co3(PO,4),/NF. XRD patterns of (b) MnP-Coz(PO4),/NF and (c) MnP—CozP/NF. (d) The

contact angle test for MNP—Co3(PO,4),/NF and MnP—Co3P/NF. (e) Electron paramagnetic resonance (EPR) spectra of the different catalysts.

XPS depth profiling elucidated the samples’ chemical states
and structural properties. The survey spectrum of MnP-
Co3(PO,),/NF (Fig. S9at) confirmed the presence of Co, Mn, O,
and P, with C 1s at 284.0 eV as a reference (Fig. S9b¥). The Co
2p spectrum (Fig. 3a) was deconvoluted into peaks corres-
ponding to Co>" (780.49 eV), Co®" (781.97 eV), Co-P (777.95
eV), and satellite peaks (785.73 eV).>> MnP-Co;(PO,),/NF
exhibited a 0.42 eV negative shift in Co 2p binding energy com-
pared to Coz(PO,),/NF, while MnP-Co3;P/NF showed only a 0.09
eV shift. This suggests that Mn incorporation effectively
reduces the electron density of Co cations, facilitating electron
transfer and enhancing OER performance.’®?” The Mn 2p
spectrum (Fig. 3b) revealed Mn-P bonding at 637.21 eV (con-
sistent with XRD and TEM results),*® and peaks for Mn>*
(641.03 eV), Mn®" (644.45 eV), and Mn"" (646.97 eV).** MnP-
Co3(PO,),/NF showed a 0.30 eV positive shift, while MnP-
Co;P/NF exhibited a more pronounced 0.49 eV shift, indicating
that crystallinity plays a critical role in Mn charge transfer.
Electron transfer between Mn and Co optimizes the binding

Green Chem.

energy, optimizing the adsorption of reaction intermediates
and enhancing OER activity.’””*® In the P 2p spectrum
(Fig. 3c), peaks at 128.79 eV and 129.74 eV correspond to P
2psj2 and P 2p,,, indicating metal-P bonds,*" while the peak
at 133.45 eV is attributed to P-O bonds resulting from surface
oxidation.”” The lower P 2ps;, binding energy in MnP-
Co3(PO,),/NF indicates the presence of phosphorus vacancies,
consistent with the EPR data (Fig. 1e).*> These results demon-
strate strong electronic interactions and structural reconfigura-
tion in the catalyst, driven by Co and Mn incorporation, which
collectively optimize the electronic environment and enhance
the catalytic performance of the material.**

Zeta potential ({) measurements revealed that MnP-
Co3(PO,),/NF exhibits a more negative value (—24.63 mV) com-
pared to MnP-CosP/NF (-19.70 mV), Coz(PO,),/NF
(=19.77 mV), and Mn(P30,)-Mn,03/NF (2.04 mV) in a KOH
electrolyte. This more negative { potential suggests an
increased OH™ concentration in the inner Helmholtz layer,
promoting rapid charge accumulation and enhancing OER

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 SEM images of (a) CoMnO3z—MnO(OH)/NF, (b) CoMnO3—CoCo0,04/NF, (c) MNnP—-Co3(PO,4),/NF and (d) MnP—CozP/NF. (e) TEM image/SAED
image (inset), (f) HR-TEM image, and (g) the intensity profile of corresponding areas of the MnP—-Co3z(PO,4),/NF. (h) HR-TEM image/SAED image
(inset) and (i) the intensity profile of corresponding areas of the MnP—CozP/NF. (j) HAADF-STEM image and (k—n) elemental mappings (Co, Mn, O,

and P) of the MnP—Coz(PQO,),/NF.

efficiency in alkaline media. These results highlight the impor-
tance of surface charge modulation in optimizing catalytic per-
formance (Fig. 3d).*>*® The work function (WF), calculated as
WF = 21.22 eV — Ecyorr, "7 followed the trend MnP-Co;(PO,),/
NF (2.90 eV) < MnP-Co;P/NF (3.32 eV) < CoMnO;-C0oC0,0,/NF
(6.82 eV) < CoMnO3;-MnO(OH)/NF (7.05 eV) (Fig. 3e and f,
S10%). The lower WF of MnP-Coj3(PO,),/NF indicates enhanced
electron mobility from bulk to surface, improving charge redis-
tribution and reaction kinetics.*® Additionally, its valence
band maximum (1.34 eV) was lower than those of MnP-Co;P/
NF (3.17 eV) and CoMnO3;-MnO(OH)/NF (1.37 eV), indicating a
shift toward the Fermi level and an increase in empty anti-
bonding states, which enhance intermediate adsorption.
These electronic modifications increase conductivity and cata-
lytic performance, highlighting the impact of coordination
engineering in optimizing electrocatalysts.*’

3.2. Electrocatalytic performance

The OER activity of the catalysts was evaluated in 1 M KOH
using a three-electrode system, with iR-corrected potentials
referenced to the RHE (Fig. S11). LSV curves (Fig. 4a) show that

This journal is © The Royal Society of Chemistry 2025

MnP-Cos(PO,),/NF achieves overpotentials of 281 mV (50 mA
em ) and 306 mV (100 mA cm™?), outperforming MnP-CozP/
NF, Cos3(PO,),/NF, Mn(P3;0,)-Mn,03/NF, and RuO, (Fig. 4c).
These results highlight the importance of coordinated anneal-
ing in balancing the amorphous and crystalline phases,
thereby enhancing OER performance. This study emphasizes
the importance of phase engineering in designing efficient
electrocatalysts for energy conversion. Tafel slope analysis con-
firms that MnP-Co;3(PO,),/NF exhibits enhanced OER kinetics
with a low value of 76.84 mV dec™" (Fig. 4b). CV measurements
(Fig. S11a-ff) reveal its high Cg (254.9 mF cm™?), indicating
abundant active sites and the largest electrochemical surface
area (ECSA) (Fig. 4d and e).>® MnP-Co;(PO,),/NF outperforms
recently reported catalysts (Fig. 4f, Table S11) and shows the
lowest charge transfer resistance in EIS analysis (Fig. 4g), high-
lighting its superior conductivity and charge transfer. These
results demonstrate the exceptional OER performance of
MnP-Cos(PO,),/NF, driven by optimized structural and elec-
tronic properties.>!

Systematic optimization identified MnP-Coz(PO,),/NF as
the most active OER catalyst at a hydrothermal temperature of

Green Chem.


https://doi.org/10.1039/d5gc01937k

Published on 03 July 2025. Downloaded on 2/25/2026 4:03:02 PM.

View Article Online

Paper Green Chemistry
A  [MnP—o,PO,), Co2p b MnP—Co,(PO,), Wnz | C [MnP—Co,PO,), P2p
Mot e s oy 2t
64697 eV
.
- - —~ [MnP-CoP 004¢
= 3 3 i °3
s & |MnP-Cop s ‘
z z z -
(7] 2 o n @
§ Weoa o s § Co,(PO,),
E : £ 2
Mn(P30,)-Mn;0,
Mn(P,0,)-Mn,0, :
808 800 792 784 776 655 650 645 640 635 138 135 132 129
Binding energy (eV) Binding energy (eV) Binding energy (eV)
E
d & MnP-Co4(PO,), few W 708 ev 682ev Wr290ev W33 ev
s 0 g - ——MnP—Co,P
[ Mn(P,0,)-Mn,0, I o |
= A 3 1 E
S 84 > s 134eVl  347ev
c —_ £
216+ £ T 7652 E, MnP—Co(PO), +Ey
T - Binding energy (eV) | =N
3 . 3 T2 MnP—Co,P
N 24151 " MnP—CoP coyPO,), 18.32eV ) ) v CoMnO;-CoCo,0,
MnP—Co,(PO,), 17.90eV  3.17 eV 2.81eV CoMnO;-MnO(OH)

25 20
Samples

15 10 5 0
Binding energy (eV)

Fig. 3 High resolution XPS spectra of (a) Co 2p, (b) Mn 2p, and (c) P 2p of designed catalysts. (d) Zeta potentials of designed catalysts in KOH. (e)

UPS spectra and (f) band structure alignment of the designed catalysts.

120 °C and a Co/Mn molar ratio of 2:1 (Fig. S12-S157%), lever-
aging synergistic effects from precise temperature and compo-
sitional control. The stability test was performed in a standard
three-electrode system, in which the catalyst, graphite plate,
and saturated calomel electrode (SCE) were used as the
working, counter, and reference -electrodes, respectively.
Chronoamperometric tests demonstrated exceptional stability,
maintaining consistent performance over 420 h at 10 mA cm™>
(Fig. 4h). At 100 mA cm™>, MnP-Co;P/NF showed a 21%
decrease in current density after 70 h, while MnP-Co3(PO,),/
NF exhibited only an 11% reduction. This superior stability
stems from the balance between amorphous and crystalline
structures achieved through annealing and phosphating,
enhancing both catalytic activity and durability.

3.3. Dynamic transformation analysis

Operando electrochemical impedance spectroscopy (EIS) tests
were employed to investigate the interfacial charge transfer
dynamics of MnP-Co;(PO,),/NF and MnP-Co;P/NF during the
OER. Bode plots identified two regions: high frequencies for
electron transfer within the catalyst’s inner layer and low fre-
quencies for charge transfer at the catalyst/electrolyte interface
(Fig. 5a and b, S16a and bt).>> Below 1.35 V (vs. RHE), neither
catalyst showed phase angle arching due to high interfacial re-
sistance. At 1.4 V, both catalysts exhibited phase angle arching,
indicating charge transfer initiation. MnP-Co;(PO,),/NF
exhibited a smaller phase angle, suggesting faster intermediate
oxidation and *OOH deprotonation. From 1.35 to 1.50 V,
although the peak phase angles decreased for both catalysts,

Green Chem.

MnP-Cos(PO,),/NF consistently showed lower values, demon-
strating more efficient interfacial charge transfer (Fig. 5c).
These results highlight MnP-Cos(PO,),/NF’s superior charge
transfer dynamics, contributing to its enhanced OER perform-
ance. In situ Raman spectroscopy was used to monitor the
structural evolution and elucidate the OER mechanism.*® For
MnP-Co3(PO,),/NF (Fig. 5d), the CoOOH peak at 628 cm ™
appeared at 1.30 V (vs. RHE), indicating easier CoOOOH for-
mation. In contrast, COOOH species only emerged at potentials
above 1.40 V for MnP-Co;P/NF (Fig. 5e). A lower onset poten-
tial for the OER intermediate CoOOH suggests that MnP-
Co;(PO,),/NF exhibits higher catalytic efficiency.”*

CV measurements were performed to investigate valence
state changes of active species during the OER.>® After 10 pre-
conditioning cycles at 50 mV s™', the steady-state CV curve
(Fig. 5f) revealed that electrons migrated to the NF electrode
and holes oxidized Co** to Co**."® For MnP-Co;(PO,),/NF, the
Co*"/Co*" redox transition occurred at ~1.50 V, whereas for
MnP-Co;P/NF, it was observed at ~1.55 V. This lower oxidation
potential for MnP-Cos(PO,),/NF indicates easier oxidation,
enhancing surface remodeling and accelerating OER
kinetics.'®

In situ Fourier-transform infrared (ATR FTIR) spectroscopy,
using a custom electrochemical setup, was employed to study
OER intermediates and the catalytic mechanism, leveraging its
high sensitivity towards oxygen-containing species.>®*” For
MnP-Co3(PO,),/NF, absorption bands at 1181 cm™' (OOH*),
3476 cm™' (OH*), and 1634 cm™' (H-O-H bending) appeared
at 1.05 V (Fig. 5g). The OH* intensity increased with the poten-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) LSV polarization curves, (b) Tafel slopes, (c) summary of overpotentials (at 50 and 100 mA cm™2) in 1.0 M KOH, (d) Cq and (e) summary of
ECSA of the designed catalysts. (f) Comparison of overpotentials (at 100 mA cm™2) and Tafel slopes for various state-of-the-art OER catalysts. (g)
Electrochemical impedance spectroscopy of prepared catalysts. (h) Chronopotentiometry of MnP—Coz(PO,4),/NF (at 10 and 100 mA cm™) and
MnP-CosP/NF (at 100 mA cm™2) (the inset shows the morphology of MnP—Cos(PO,4),/NF after stability at 10 mA cm™2).

tial, indicating accelerated kinetics due to OH* accumu-
lation.>® The H-O-H peak at lower potentials highlighted
rapid reaction initiation and efficient water participation,”
while MnP-Co;P/NF (Fig. 5h) required 1.20 V to generate
similar peaks, suggesting higher energy demands. The OOH*
peak at 1181 cm™' emerged earlier for MnP-Co;(PO,),/NF
(1.05 V) than for MnP-CosP/NF, with its intensity increasing
more significantly with potential (Fig. 5i).°® This demonstrates
faster OOH* formation on MnP-Co3(PO,),/NF.%!

Post-OER HR-TEM analysis (Fig. S17f) unambiguously
demonstrates the in situ formation of crystalline CoOOH
(d-spacing = 0.211 nm, corresponding to the (012) plane),
which is widely recognized as the true active phase for the
OER in cobalt-based catalysts. This structural transformation
is particularly advantageous because the layered CoOOH struc-
ture facilitates OH™ intercalation and promotes the formation
of highly active Co sites during the OER, while the well-defined
crystalline domains maintain structural integrity during pro-
longed electrocatalysis.®> The post-OER XPS analysis
(Fig. S18a, b and df) reveals notable changes in oxidation
states: (1) the Co®*/Co>" ratio increases from 0.74 to 1.69, gen-
erating electron-deficient Co centers that promote OH™ attack
and optimize e, orbital filling for metal-oxo bond formation;

This journal is © The Royal Society of Chemistry 2025

and (2) the Mn**/Mn>" ratio rises from 0.18 to 1.51, enhancing
Jahn-Teller distortion for stronger oxygen binding, while the
reduced Mn**/Mn’" ratio (from 1.04 to 0.72) ensures redox
flexibility without over-oxidation.'®®® The disappearance of the
P-M peak (Fig. S18ct) confirms oxidation of phosphorus to
phosphate species, indicating surface chemical reconstruction
associated with enhanced OER performance.

3.4. Overall water splitting performance

The OER performance of MnP-Coz(PO,),/NF was evaluated in
an industrial alkaline electrolyzer using a two-electrode con-
figuration with a Pt/C cathode (Fig. 6a). The MnP-Co3(PO,),/
NF||Pt/C) system outperformed the commercial RuO,™||Pt/
C) electrolyzer, achieving current densities of 200-1000 mA
cm™? at lower cell voltages (1.80-2.02 V) (Fig. 6b and c). It also
demonstrated exceptional stability, maintaining consistent
performance for 230 h at 100 mA cm™> (Fig. 6e), surpassing
the RuO,-based system. Additionally, MnP-Co,(PO,),/NF(")||pt/
c) outperformed most reported noble metal-free catalysts at
10 mA cm2 (Fig. 6d, S21). The MnP-Co,(PO,),/NF)||pt/ct)
electrolyzer efficiently operates at low voltages using a 1.5 VAA
battery or solar cell (Fig. 6f). Visible H, and O, bubble evol-
ution confirms its capability for overall water splitting with
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Fig. 6 (a) Schematic representation of the electrolyzer for overall water splitting in a two-electrode system. (b) LSV curves of overall water splitting
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diverse energy sources. This adaptability to renewable energy
systems highlights the practical versatility and industrial scal-
ability of the MnP-Co;(PO,),/NF anode for large-scale renew-
able energy applications.

Our catalyst shows excellent OER activity and stability,
enabling green hydrogen production by replacing expensive
IrO,/RuO, in alkaline electrolyzers. It can also be integrated
with CO, and N, reduction for renewable energy storage while
improving the efficiency of Zn-air and Li-O, batteries.
Fabricated via a scalable low-temperature hydrothermal
process, its non-precious metal composition reduces material
costs to less than 5% of RuO,. Pilot tests in MEAs are currently
underway with industry partners under real-world conditions.

4. Conclusion

In this study, annealing before phosphating effectively
balanced amorphous and crystalline phases in Co-Mn phos-
phates, yielding highly crystalline MnP-Cos(PO,),/NF, as con-
firmed by XRD, SAED, and HR-TEM. Compared to MnP-Co;P/
NF, MnP-Co;(PO,4),/NF exhibited enhanced hydrophilicity,
higher oxygen vacancy density, and a larger surface area. XPS,
zeta potential, and UPS analyses revealed improved charge
redistribution, faster charge accumulation, and enhanced
intermediate adsorption, collectively boosting the OER per-
formance. MnP-Coj3(PO,),/NF achieved low overpotentials of
281 mV (50 mA cm™?) and 306 mV (100 mA cm™?), with excep-
tional stability, outperforming similar systems and commercial
noble metal catalysts. In situ studies confirmed faster COOOH
formation on MnP-Co;(PO,),/NF, further enhancing catalytic
activity. This work introduces annealing as a strategy for crys-
tallinity control, offering a novel approach for designing
efficient and durable OER catalysts.
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