CHINESE
CHEMICAL
SOCIETY

g ROYAL SOCIETY
PN OF CHEMISTRY

INORGANIC CHEMISTRY
FRONTIERS

CCS

PELFES

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

P vacancy-induced electron redistribution and
phase reconstruction of CoFeP for overall water
splitting at industrial-level current density+

Cite this: /norg. Chem. Front., 2025,
12,2678

Xueling Wei, i Yang Jiao,{ Xiangyu Zou, & * Yuchen Guo, Wenhu Li* and Taotao Ai*

Hydrogen production through water splitting using transition metal-based phosphide electrocatalysts
represents a highly promising and sustainable energy conversion strategy. In this study, phosphating and
vacancy engineering are achieved via a single-step Ar plasma-assisted process. CoFePv with phosphorus
vacancies (Pv) as a bifunctional electrocatalyst effectively promotes both the oxygen evolution reaction
(OER) and the hydrogen evolution reaction (HER), thereby significantly facilitating overall water splitting
(OWS) in alkaline media. In the OER and HER processes, the driving overpotentials needed to attain a
current density of 1 A cm™2 are only 382 and 367 mV, respectively. Furthermore, the CoFePv (+, —) OWS
electrolyzer is capable of maintaining a current density of 2 A cm™2 at 1.98 V under simulated industrial
settings (6 M KOH and 80 °C). It also demonstrates stable performance at a current density of 0.5 A cm™
for a duration of 100 hours. In situ Raman spectroscopy observations show that Pv induce rapid catalyst
phase reconstruction, thereby significantly enhancing the OER performance of CoFePv. Density func-
tional theory (DFT) calculations demonstrate that phosphorus vacancies can modulate the electronic
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1. Introduction

The depletion of primary energy resources and the intensifica-
tion of carbon emissions pose significant challenges to sus-
tainable development."” Leveraging renewable energy to its
fullest extent and converting industrial waste and readily avail-
able raw materials into high-value, versatile products represent
an effective strategy for addressing these challenges.>* Green-
energy-driven electrochemical water splitting for hydrogen
generation also represents an efficient and eco-friendly strategy
to mitigate environmental pollution and alleviate the energy
crisis. In the context of OWS, the OER occurs at the anode
while the HER takes place at the cathode.>® Catalysts with
bifunctional OER/HER capabilities can significantly simplify
the preparation procedures.””®

Pt and Ru/Ir-oxides are well known as benchmark catalysts
for water splitting.'®"> Nevertheless, the high cost, limited
availability, and instability at high current densities restrict
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their industrial applications.™ In recent decades, researchers
have developed a diverse array of cost-effective transition metal
(TM) compounds,® such as transition metal phosphides
(TMPs),"® transition metal oxides (TMOs),'® transition metal
sulfides (TMSs),"” transition metal nitrides (TMNs),"® and tran-
sition metal carbides (TMCs)." Studies have shown that these
materials exhibit substantial catalytic activity for water
electrolysis.

Among these, TMPs exhibit excellent electrical conductivity,
a flexible and tunable structure characterized by the stoichio-
metric ratio of phosphorus and metals, rapid charge transfer,
and enhanced reaction kinetics.>® Some investigations indicate
that negatively charged phosphorus atoms promote the dis-
sociation of H,O molecules into *H or *OH species, thereby
regulating the binding affinity of intermediates during the
HER.>' During the OER process, phosphorus oxidation facili-
tates the transformation of active species into oxides/hydrox-
ides, enhancing catalytic efficiency.”” This demonstrates the
potential application of TMPs as bifunctional catalysts.

In recent years, scholars have employed a variety of strat-
egies to conduct in-depth investigations into the dual-func-
tional properties of TMPs. Heterogeneous structure engineer-
ing is one of the effective approaches for constructing efficient
catalysts. Li et al. employed hydrothermal and chemical vapor
deposition (CVD) phosphating methods to in situ construct a
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hybrid structure of CeO,/NiCoP, on Ni-Co foam, acting as a
robust and efficient bifunctional catalyst in water splitting.
The electrolyzer coupled with CeO,-NiCoP,/NCF only needs a
low cell potential of 1.49 V to obtain a current density of
10 mA cm~? and maintain stability for over 50 hours.>?

Motivated by the concept that heteroatom doping can
enhance electrical conductivity and expose more active sites,
Ru-doped NiCoP was synthesized via etching and CVD phos-
phidation approaches. Notably, Ru-NiCoP@NF exhibits nearly
100% faradaic efficiency during overall water splitting.>*

Defect-rich Ni-doped CoP; was synthesized via plasma-
assisted phosphorization, requiring overpotentials of only
107 mV and 306 mV to drive the HER and OER, respectively.>®
Jiang et al. employed atmospheric pressure O, plasma- and N,
plasma-assisted phosphating to develop p-VNiCoP,/NiFeO,
with abundant phosphorus and oxygen vacancies.*® This cata-
lyst demonstrated excellent durability and stability for both the
HER and the OER for 100 hours of water electrolysis at 50 mA
cm > These findings indicate that engineering defects and
vacancies is an efficient approach for improving the bifunc-
tional catalytic performance of phosphides.

However, although TMP catalysts exhibit remarkable cata-
lytic activity and reliability under laboratory conditions (1 M
KOH and ~25 °C) to achieve industrial applications, they must
exhibit reliable performance at high current densities (>0.2 A
cm™?) for over 100 hours under harsh conditions (20-30 wt%
KOH and 60-90 °C). Ideal catalysts should possess superior
robust bifunctional catalytic activity under industrial
conditions.>”*®

It is worth noting that under industrial conditions, solid-
liquid-gas mass transfer kinetics and reaction rate kinetics are
critical factors influencing the performance of OWS.”**° In
scenarios of large current density, the extensive production of
bubbles on the surface of electrodes may obstruct mass
transfer, thereby slowing down ion diffusion rates.>® Hence,
constructing nanostructures with superhydrophilic and
underwater superaerophobic properties can effectively
promote mass transport during the OWS process at high
current densities.>?

In this work, for the development of facile and controllable
synthesis methods for self-supported TMPs, electrochemical
deposition and plasma-assisted phosphorization were
employed to rapidly synthesize CoFeP with phosphorus
vacancies (CoFePv). In situ Raman spectroscopy was employed
to examine the dynamic evolution during the OER process,
confirming that P vacancies accelerate phase reconstruction
from CoFeP to CoFeOOH. DFT calculations disclosed that P
vacancies modulate the electronic configuration of CoFeP,
thereby lowering the energy barrier of the rate-determining
steps (RDS) for the HER (*H,O — *OH + *H). Additionally, the
superhydrophilic/superaerophobic nature of CoFePv facilitates
efficient electrolyte penetration and expedites bubble detach-
ment. The self-assembled CoFePv/NF (+, —) electrolyzer
demonstrated excellent 100-hour stability at a current density
of 500 mA cm ™2 in 6 M KOH at 80 °C. This technique offers an
efficient and convenient means to develop stable, high-per-
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formance bifunctional TMP catalysts, specifically tailored for
industrial alkaline water splitting.

2. Experimental
2.1. Preparation of CoFe@NF

0.078 g of Co(NO3),-6H,0 and 0.028 g of FeSO,-7H,0 were dis-
solved in 50 mL of deionized water and sonicated for 0.5 h. A
platinum foil, a saturated calomel electrode (SCE), and a piece
of nickel foam (NF) were utilized as the counter electrode (CE),
reference electrode (RE), and working electrode (WE), respect-
ively. Electrochemical deposition was performed at —1.0 V for
300 s. The deposited NF was then rinsed in alternating cycles
with deionized water and ethanol and subsequently dried in
an oven at 60 °C. This process led to the formation of CoFe-
LDHS@NF, hereafter referred to as CoFe@NF.

2.2. Preparation of CoFePv@NF and CoFeP@NF

2.0 g of NaH,PO, and CoFe@NF were positioned upstream
and downstream in a plasma emission tube, respectively. The
argon plasma radio-frequency (RF) power was set to 200 W,
with a processing duration of 6 minutes. Following natural
cooling to ambient temperature, the prepared electrode
was designated as CoFePv@NF. Additionally, a series of
CoFePv@NF samples subjected to varying Ar plasma-assisted
phosphating durations (3 minutes and 9 minutes) were also
prepared. CoFeP@NF was synthesized under an Ar atmosphere
without activating the RF power, heated at a rate of 2 °C min™*
up to 350 °C, and maintained at this temperature for 2 hours.

2.3. Preparation of Pt/C@NF and RuO,@NF

For the fabrication of commercial Pt/C@NF and RuO,@NF
electrodes, 40 mg of commercial Pt/C or RuO, powder was
mixed with a solution containing of 60 puL of Nafion, 540 pL of
ethanol, and 1 mL of deionized water. The resultant suspen-
sion was subjected to ultrasonic treatment for 30 minutes to
achieve a uniform ink consistency. Following this, the hom-
ogenized ink was uniformly dispensed onto the surface of a 1
x 1 cm? NF and then dried at ambient temperature.

The comprehensive details about reagents, substrate prepa-
ration, general material characterization, electrochemical
characterization and density functional theory (DFT) calcu-
lations are presented in the ESI.{

3. Results and discussion
3.1. Characterization of catalysts

This research aimed to create a rapid and reliable approach for
synthesizing phosphorus-vacancy TMPs. High-energy Ar
plasma-assisted treatment was utilized to concurrently achieve
phosphating and introduction of phosphorus vacancies in the
precursor (Fig. 1a). Fig. 1b shows the SEM image of CoFePv.
Compared to the precursor CoFe LDH nanosheets (Fig. S17),
the CoFePv nanosheets (Fig. S21) and CoFeP (Fig. S3t) are
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Fig. 1 (a) The process for synthesizing CoFePv@NF. (b) SEM image, (c) TEM image, and (d) HRTEM image of CoFePv@NF. (e) Pseudocolored HRTEM
image of CoFePv. (f) Line contours obtained from the region marked with a rectangle. (g) TEM image and the corresponding EDS mapping of

CoFePv@NF.

noticeably thicker and rougher after phosphating. As shown in
Fig. S2,1 prolonged exposure to high-energy plasma results in
the gradual degradation of the initial structure, which is detri-
mental to the formation of three-dimensional architectures. As
illustrated in Fig. S4,1 the optical images of electrode samples
at each preparation stage highlight distinct color variations
among samples derived from different processes.

The TEM images of CoFePv revealed that the edges of the
CoFePv nanosheets were rough (Fig. 1c). As evidenced by the
high-resolution transmission electron microscopy (HRTEM)
images presented in Fig. 1d, the images revealed characteristic
interplanar distances of 0.19 and 0.18 nm, aligning with the
(211) and (103) lattice planes of CoP, respectively. The lattice
spacing of 0.20 nm aligned with the (112) plane of FeP.

2680 | /norg. Chem. Front., 2025, 12, 2678-2690

HRTEM analysis also confirmed the presence of phosphorus
vacancies, as indicated by the bright red spots representing
phosphorus atoms and the darker, smaller spots signifying
phosphorus vacancies (Fig. 1e and 1f). The TEM image and
the corresponding EDS mapping presented in Fig. 1h indicate
that Co, Fe, P, and O elements were uniformly distributed
throughout the structure. As shown in Fig. 2a, the main peaks
in the XRD pattern of CoFePv correspond to CoP (PDF#29-
0497) and FeP (PDF#65-4899), suggesting that phosphorus
vacancies do not significantly alter the main -crystalline
phase.*® The mechanism of phosphorus vacancy generation
during plasma-induced phosphating is illustrated in Fig. 2b.
Under high-energy Ar plasma bombardment, NaH,PO, rapidly
decomposes into PH;, which subsequently reacts with the pre-

This journal is © the Partner Organisations 2025
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Fig. 2

(@) XRD patterns of the electrodes. (b) Schematic of phosphorus vacancy formation. (c) ICP-OES mass ratios and (d) EPR spectra of

CoFeP@NF and CoFePv@NF. (e) Co 2p, (f) Fe 2p, and (g) P 2p high-resolution XPS spectra of CoFeP@NF and CoFePv@NF. (h) Water contact angles
and (i) water-under-gas bubble contact angles of CoFeP@NF and CoFePv@NF.

cursor to form CoFeP. Simultaneously, the Ar plasma induces
the desorption of surface P atoms from CoFeP as PHj,
thereby creating phosphorus vacancies in situ within the
material.

The P content in the CoFeP@NF and CoFePv@NF electro-
des was precisely determined using inductively coupled
ICP-OES (Table S1t). The analysis shows that CoFeP@NF has a
P mass percentage of 1.13% compared to 0.74% in
CoFePv@NF (Fig. 2¢). This confirms successful phosphating
via both strategies, with the plasma-induced method yielding
lower P content due to its shorter duration.

EPR spectroscopy in Fig. 2d shows that CoFePv exhibits a
strong peak with a g value of 2.004, compared with the
weak signal from CoFeP. This indicates the successful intro-
duction of phosphorus vacancies during plasma-assisted
phosphating.®*

This journal is © the Partner Organisations 2025

The full XPS spectra (Fig. S51) of CoFeP and CoFePyv verified
the coexistence of Fe, Co, P, and O elements. Notably, CoFePv
exhibited a lower phosphorus content compared to that of
CoFeP. In the high-resolution XPS spectrum of Co 2p for
CoFeP (Fig. 2e), peaks at 777.4 and 792.8 eV are indicative of
the presence of Co-P bonds,* while those at 785.3 and
802.6 eV are satellite (Sat.) peaks.’® The observed peaks at
779.8 and 792.8 eV are associated with Co>", whereas those at
781.6 and 798.3 eV are assigned to Co’".>” Notably, the Co**
peak at 797.1 eV of CoFePv shifts 0.5 eV higher in energy com-
pared to that of CoFeP, while the Co>" peak at 798.9 eV exhibits
a similar shift of approximately 0.6 eV.

In Fig. 2f, the Fe 2p spectrum of CoFeP shows that the
peaks at 734.4 and 718.2 eV are satellite peaks. The peaks
located at 712.2 and 721.8 eV are associated with Fe**, whereas
the peaks at 714.2 and 726.5 eV correspond to Fe**.*®3° The

Inorg. Chem. Front,, 2025, 12, 2678-2690 | 2681
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peak located at 706.6 eV is the characteristic peak of the Fe-P
bond,*® which is 0.3 eV higher than that of CoFePv. Compared
with CoFeP, the binding energy of Fe** in CoFePv shifts to a
lower value by 0.3 €V, while that of Fe*" is shifted to a higher
value by 0.2 eV. The introduction of P vacancies promotes elec-
tron transfer between Fe and Co. In Fig. 2g, the P 2p of CoFePv
shows peaks at 130.5 eV (P 2p;p), 129.6 eV (P 2p;5,), and
134.5 eV (P-0 bond).*"**> Compared to CoFeP, the P-O peak in
CoFePv exhibits a downshift of 0.4 eV and the P 2p;, peak
shows a decrease of 0.3 eV. These shifts suggest that the intro-
duction of phosphorus vacancies results in substantial elec-
tron accumulation around the phosphorus atoms within the
catalyst.

Contact angle (CA) measurements were performed to evalu-
ate the electrode’s interaction with electrolytes and gases. The
CoFePv@NF electrode showed rapid spreading upon contact
with a water droplet, indicating its superhydrophilic nature
(CA ~ 0°) (Fig. 2h). The CA of CoFeP@NF was 44°, showing
poorer hydrophilicity compared to the phosphorus-vacancy
electrode. Additionally, the gas contact angle of CoFePv@NF
was 141°, higher than that of CoFeP@NF (130°) (Fig. 2i), indi-
cating superior hydrophobicity to CoFeP@NF. The superior
hydrophilicity towards liquids and superaerophobicity towards
gases exhibited by CoFePv@NF will enhance reactant
diffusion, thereby promoting rapid chemical reaction
kinetics.*?

3.2. HER and OER catalytic performance

To investigate the electrocatalytic properties of different elec-
trodes, the OER/HER performance of CoFePv@NF, CoFeP@NF,
and CoFe@NF, as well as Pt/C@NF and RuO,@NF, was evalu-
ated using 1 M KOH. As shown in Fig. 3a, the phosphorized
electrodes achieve ampere-level current densities well within
the applied potential range, indicating enhanced HER/OER
activity. Impressively, the CoFePv@NF catalyst exhibits excel-
lent HER/OER performance, reaching an industrial-level
current density of 1.0 A cm > with overpotentials of only
367 mV for the HER and 382 mV for the OER. Simultaneously,
the bifunctional activity of the electrodes prepared under
varying durations of Ar plasma-assisted phosphating treatment
was also investigated (Fig. S67).

Furthermore, as shown in Fig. S7,7 the catalytic kinetics of
the electrodes were evaluated using Tafel slopes. During the
OER process, the Tafel slope of CoFePv@NF is 45.8 mV dec™,
which is substantially lower compared to the values observed
for CoFeP@NF (68.3 mV dec '), CoFe@NF (77.4 mV dec™"),
and RuO,@NF (72.0 mV dec ). For the HER process, the Tafel
slopes followed the order: Pt/C@NF (60.9 mV dec™) <
CoFePv@NF (74.9 mV dec™") < CoFeP@NF (88.3 mV dec ') <
CoFe@NF (92.4 mV dec'). These findings indicate that the
CoFePv@NF catalyst exhibits excellent charge transfer
kinetics.**

As shown in Fig. S8, the Nyquist plots reveal that at an
overpotential of 200 mvV, the charge transfer resistance (R..) for
CoFePv@NF during the HER and OER is 15.1 Q and 4.5 Q,
respectively. These values are lower than those of CoFeP@NF

2682 | Inorg. Chem. Front,, 2025, 12, 2678-2690
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(30.1/8.1 Q) and CoFe@NF (42.4/13.2 Q). Moreover, the R
values of CoFePv@NF are comparable to those of RuO,@NF
and Pt/C@NF. This indicates that the CoFePv@NF catalyst
exhibits reduced charge transfer resistance during electro-
chemical reactions.

The cyclic voltammetry (CV) measurements conducted in
the non-faradaic region are provided in the ESI (Fig. S9 and
101). The Cgq value of CoFePv@NF during the HER/OER is
22.0/23.5 mF cm 2, while the corresponding calculated ECSA
values for the HER and OER are 55.0 cm” and 58.8 cm?
respectively. To gain a comprehensive understanding of the
inherent activity of the as-prepared electrodes, the current
density (j) normalized by the ECSA and the turnover fre-
quency (TOF) were assessed, following established method-
ologies in the literature.*® As illustrated in Fig. S11,7 the ECSA-
normalized polarization curves revealed that at an overpoten-
tial of 300 mV, CoFePv@NF reached current densities of
1.22 mA ecm ™ ?gcga and 1.01 mA em ™ >gega during the HER and
OER, respectively. This indicates a higher intrinsic electro-
catalytic activity compared to other samples.*®

The TOF was calculated at an overpotential of 300 mV for
the HER/OER. As shown in Fig. S12,7 the TOF for CoFePv@NF
in the HER process is 3.81 s™*, which is comparable to that of
Pt/C@NF (4.20 s™'). For the OER, the TOF of CoFePv@NF was
2.14 s7', approximately twice that of RuO,@NF. It is also
higher than that of any other reference samples. These find-
ings verify that CoFePv@NF possesses abundant active sites
and exhibits high intrinsic catalytic activity.*”

The test results were summarized to comprehensively
compare the catalytic performance of CoFePv@NF,
CoFeP@NF, CoFe@NF, and commercial electrodes in the OER
(Fig. 3b) and HER (Fig. 3c) processes. The radar chart clearly
demonstrates that the HER/OER catalytic performance of
CoFePv@NF is significantly enhanced due to the synergistic
effect of the components and phosphorus vacancies.

By comparing the HER/OER overpotentials at a current
density of 0.2 A em™> (17500) and the Tafel slope with those of
bifunctional phosphides, the superior alkaline water-splitting
capability of CoFePv@NF is confirmed (Fig. 3d and Tables S2,
S3t). Fig. 3e illustrates the multi-step current density curves of
CoFePv@NF. The testing current density ranges for the HER
are from —0.2 to —1.0 A cm ™2, while those for the OER are
from 0.2 to 1.0 A ecm > At each current density step, the
required voltage remains constant and the curves show negli-
gible variation during the HER/OER cycling tests, indicating
superior stability. Additionally, the durability of the electrode
was assessed through chronopotentiometry at a fixed current
density of 0.4 A cm™>. As illustrated in Fig. 3f, the final poten-
tial of CoFePv@NF exhibited only a 5.2% increase for the OER
and a 7.4% increase for the HER compared to the initial
values, demonstrating its stable performance over a 250-hour
duration.

To further assess the stability of CoFePv@NTF, its LSV curves
were compared before and after the durability tests. In Fig. 3g,
the LSV curves exhibit negligible changes. As evidenced by the
inset in Fig. 3g, at an overpotential of 200 mV, the R for the

This journal is © the Partner Organisations 2025
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(a) LSV curves of the OER/HER for the electrodes. Comprehensive comparisons of the (b) OER and (c) HER performance of the electrodes.

(d) Comparison of the overpotential and Tafel slope of CoFePv@NF with those of recently reported TMPs. (e) Multi-step current curves and (f) OER

and HER duration curves of CoFePv@NF. (g) LSV curves of CoFePv@NF before and after the stability test; insets: R.; and overpotentials at 1 A cm

HER increased by 8%, while that for the OER increased by
11%. Additionally, the overpotentials required to achieve a
current density of 1 A em™> increased by 10% for the HER and
12% for the OER.

For unveiling the superior activity and stability, the phase
composition, morphology, microstructure, and valence state of
CoFePv@NTF after stabilization in the HER/OER processes were
comprehensively characterized. The XRD patterns of
CoFePv@NF after the HER/OER still exhibit peaks for FeP
(011) and (211) and CoP (011), (111), (112), and (211) planes
(Fig. S137). After the OER, new peaks appear at 20.2° and 65.4°
for COOOH (003) and (110) planes and at 14.2° for the FeOOH
(020) plane.

This journal is © the Partner Organisations 2025
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The SEM images (Fig. S14f) indicate that CoFePv@NF
retains its original nanoflake skeleton morphology after under-
going the HER/OER. The HRTEM images of CoFePv@NF show
distinct lattice fringes for the (112) plane of CoP and the (212)
plane of FeP (Fig. S15t). After the OER process, lattice fringes
for the (101) plane of CoOOH and the (130) plane of FeOOH
become evident (Fig. S167).

The XPS spectra of CoFePv@NF after stability testing are
shown in Fig. S17.7 After the HER, the Co 2p, Fe 2p, and P 2p
spectra exhibit a resemblance to their pre-HER states, main-
taining clear Co/Fe-P peaks. However, after the OER, the Co
2p, Fe 2p, and P 2p spectra differ from those before the OER.
The Co/Fe-P peaks disappear, while the intensities of the Co®*
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and Fe®" peaks increase significantly. These results suggest
that CoFePv@NF undergoes surface reconstruction during the
OER. Previous studies indicate that phosphides act as pre-cata-
lysts, forming oxide layers on their surfaces in oxidative
environments.>

3.3. Mechanism for the enhanced OER

To examine the interface reaction of CoFePv@NF during the
OER, in situ Bode and EIS plots were utilized. As depicted in
Fig. 4a-c, the in situ Bode plots illustrate the changes in the
phase angle with frequency, reflecting the dynamic evolution
of different catalysts under applied voltages ranging from 1.28
to 1.68 V vs. RHE. Typically, the peak phase angles at inter-
mediate frequencies are attributed to inner-layer electron
transfer, whereas those at low frequencies are indicative of
surface charge conduction.*® These phenomena indicate the
electrochemical oxidation reactions and the OER process
occurring on the electrocatalyst.

A smaller phase angle drop indicates faster electron trans-
fer.”> When an electric potential was applied, CoFePv@NF
showed a rapid phase angle decrease in the mid-frequency
region, whereas CoFeP@NF showed a slower decline. For
CoFe@NF, the phase angle decreased gradually from high to
low frequencies. This suggests that the electrooxidation
process of CoFePv@NTF is significantly faster and more intense
than that of the other catalysts.>® Once the applied voltage
reached 1.42 V vs. RHE, CoFePv@NTF initiated the OER, while
CoFeP@NF and CoFe@NF required 1.46 and 1.50 V vs. RHE,
respectively.

2684 | Inorg. Chem. Front.,, 2025, 12, 2678-2690

Nyquist plots (Fig. S19t) show that within the same poten-
tial range, CoFePv@NF has a significantly lower charge trans-
fer resistance. This indicates that Pv enhance interfacial
charge transfer and surface activation, thereby improving the
OER electrocatalytic performance.

To further elucidate the role of Pv in the CoFePv@NF cata-
lyst, in situ Raman analysis during the OER was performed
(Fig. 4d and e). In the OER process, the crystal surface of Co/
Fe transformed into a more defective or disordered CoFeOOH
phase. For CoFePv@NF, a peak emerged between 900 and
1000 cm™" at 1.37 V vs. RHE, suggesting the initial formation
and adsorption of PO,*>~ on the surface of the electrode in
the electrolysis process.'® In contrast, for the CoFeP@NTF elec-
trode, the PO, peak was observed at a potential of 1.42 V vs.
RHE. This indicates that the presence of vacancies in
CoFePv@NF promotes earlier oxidation and activation of the
electrode.”

CoFePv@NF exhibits a Raman band attributed to CoOOH
(450-550 cm™')*>* and FeOOH (600-700 cm™'),>>° which
begins to appear at 1.37 V vs. RHE and progressively intensifies
with increasing voltage. In contrast, the CoFeOOH Raman
bands for CoFeP@NF and CoFe@NF start to emerge at 1.42
and 1.47 V vs. RHE, respectively. This suggests that the pres-
ence of Pv significantly facilitates the local transformation of
the crystal structure into active hydroxide oxides. Specifically,
Pv reduce the surface electrochemical reorganization energy
barrier during the OER process, thereby accelerating its oxi-
dation and enhancing the overall water splitting catalytic
performance.

This journal is © the Partner Organisations 2025


https://doi.org/10.1039/d4qi03351e

Published on 19 Kudo 2025. Downloaded by Fail Open on 07/05/2025 9:40:09 AM.

Inorganic Chemistry Frontiers

3.4. Overall water splitting performance

Based on the superior bifunctional catalytic performance, an
OWS electrolyzer utilizing CoFePv@NF as both electrodes
(CFPE) was successfully developed. Furthermore, a commercial
electrolyzer featuring RuO,@NF as an anode and Pt/C@NF as
a cathode (RPE) was also constructed.

The OWS performance was assessed in 1 M KOH aqueous
solution at room temperature. As shown in Fig. 5a, the LSV
curve of CFPE demonstrates a marked superiority compared
to that of the RPE. The CFPE requires 1.90 V to achieve a
current density of 0.5 A cm™>, lower than the 2.05 V needed
for the RPE. Additionally, the CFPE reaches 1 A cm™> at only
2.09 V.

The catalytic performance of the CFPE was evaluated
against recently reported bifunctional electrolyzers, as illus-
trated in Fig. 5b and Table S6.1 The results indicate that the
CFPE operates at a lower voltage in comparison with the
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Research Article

shows detailed images documenting the time-dependent
oxygen collection process. Theoretical calculations in Fig. 5d
show that the average FE for OWS in the CFPE is 98.2%.

To assess the industrial application potential, the OWS per-
formance of the CFPE was evaluated in KOH solutions ranging
from 1 M to 6 M at 80 °C. As illustrated in Fig. 5e, the OWS
efficiency improves with increasing KOH concentration.
Notably, in 5 M KOH, with a voltage of 2.0 V, the CFPE can
achieve a current density of 2.0 A cm™2, underscoring its excep-
tional catalytic activity and significant potential for industrial
applicability.

To evaluate the durability of the CFPE under severe con-
ditions, a chronoamperometry test was conducted at 0.5 A
ecm™? in 6 M KOH at 80 °C. As illustrated in Fig. 5f, following
100 hours of testing, the cell voltage exhibited an increase of
merely 9.8%. The inset image depicts the electrode surface
during the test, revealing the formation and rapid overflow of
bubbles. These results show that the CFPE can operate stably

others. The drainage method (Fig. S19f) was employed to at high current densities under simulated industrial
further evaluate the Faraday efficiency (FE) of the CFPE. Fig. 5¢  conditions.
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3.5. DFT calculations

CoP was selected as the model and a CoFeP crystal was con-
structed by partially substituting Co atoms with Fe atoms.
Using DFT calculations, the adsorption energy of H,O at
different sites of both CoFeP and CoFePv was first investigated.
As illustrated in Fig. 6a, the adsorption energies of H,O at the
Fe and Co sites on the CoFePv electrode are —0.85 eV and
—0.75 eV, respectively, more negative than those on CoFeP
(-0.80 ev and —0.69 eV, Fig. 6b). This suggests that phos-
phorus vacancies augment the electrode’s capacity for water
adsorption, which aligns with the enhanced hydrophilicity of
the CoFePv electrode observed in Fig. 2h.

To investigate the charge transfer characteristics of CoFeP
with and without phosphorus vacancies, the Bader charge dis-
tributions are presented in Fig. 6c, which indicates that Pv
result in a substantial redistribution of electron density.
Specifically, P atoms adjacent to the vacancy display pro-
nounced charge accumulation, whereas Fe and Co atoms
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exhibit charge depletion. The incorporation of Pv facilitates
synergistic interactions within the crystal structure, thereby
refining the electronic configuration and boosting the catalytic
efficiency.

The optimization mechanism was explained using the
d-band center (E4) of the metal catalyst as an electronic struc-
ture parameter®” and the impact of P vacancies on intermedi-
ate adsorption energy was evaluated. Fig. 6d and e show the
density of states (DOS) for CoFePv and CoFeP, with Ed values
of —0.87 eV and —0.92 eV, respectively. According to d-band
center theory,”® an E4 near the Fermi level (E¢) enhances inter-
actions between the catalyst surface and intermediates by
increasing anti-bonding orbitals. Furthermore, the spin asym-
metry in the 2d orbitals of CoFePv compared to those of CoFeP
enhances the adsorption capability of the active sites.

In alkaline media, the OER mechanism involves four steps
with multiple intermediates (*OH, *O, *OOH, and 0,).>° By
DFT calculations, the Gibbs free energy change (AG) for each
step was analyzed. Based on in situ Raman characterization
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results, the CoFeP(Pv) and CoFe electrodes undergo structural
transformation during the OER process. Therefore, CoOFeOOH-
PO,*" (Fig. S201) and CoFeOOH (Fig. S211) models were con-
structed to calculate the AG value for each intermediate on
active sites. The step with the highest AG value is identified as
the RDS. As shown in Fig. 6f, for all optimized models, the
RDS corresponds to the conversion from *OOH to O, (*OOH +
OH- — O, + H,O + e7). The AG value of the RDS for
CoFeOOH-PO,*” is 1.97 eV, which is lower than the 2.28 eV
observed for CoFeOOH. This indicates that the presence of
PO, reduces the energy barrier of the RDS, thereby enhan-
cing the catalytic activity for the OER.

For alkaline HER, CoFePv (Fig. S22t) and CoFeP (Fig. S231)
were employed as comparative models in the DFT calculations.
The results depicted in Fig. 6g indicate that water adsorption
is energetically favorable on both surfaces, with the dis-
sociation of *H,O acting as the RDS. Notably, the energy
barrier for the RDS on CoFePv is 0.47 eV lower than that on
CoFeP (0.65 eV). This confirms that the introduction of
vacancies expedites the H,O dissociation process.

The H, adsorption energy (AG.y) indicates the balance
between hydrogen atom adsorption and H, desorption from
active sites. A catalyst with good intrinsic activity typically has
a AGxy value near 0 eV. Compared to CoFeP (AGx; = —0.31 eV),
CoFePv shows closer thermodynamic neutrality (—0.10 eV), as
seen in Fig. S24.1 This suggests that vacancies enhance charge
redistribution, improving H adsorption and accelerating HER
kinetics. The introduction of vacancies not only enhances H,O
adsorption and dissociation but also optimizes *H adsorption
energy, thereby significantly improving the HER activity at
high current densities in alkaline media.

4. Conclusion

This research presents an Ar plasma-assisted phosphating
method for the synthesis of superior bifunctional CoFePv@NF
catalysts, which exhibit remarkable superhydrophilicity. Under
simulated industrial conditions (6 M KOH and 80 °C), the
CoFePv (+, —) OWS electrolyzer can achieve a current density of
2 A cm™? at a voltage of 1.98 V. Furthermore, it exhibits stable
performance at a current density of 0.5 A cm™> for a duration
of 100 hours, highlighting its significant potential for indus-
trial applications.

The outstanding catalytic performance of the CoFePv@NF
electrode can be attributed to the introduction of phosphorus
vacancies. The Pv optimize the electronic structure of Co-Fe-P,
thereby facilitating enhanced electron transfer and fine-tuning
the adsorption/desorption of intermediates. At the same time,
Pv accelerate the reconstruction of active species during the
OER process, ultimately boosting intrinsic catalytic activity.

Meanwhile, the superhydrophilic/superaerophobic pro-
perties promote efficient electrolyte penetration and rapid
bubble removal, accelerating reaction kinetics and signifi-
cantly improving catalytic stability at high current densities for
both the HER and the OER. The proposed strategy offers a

This journal is © the Partner Organisations 2025
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simple and effective method for rapidly fabricating high-per-
formance transition metal phosphide bifunctional electrocata-
lysts with significant industrial potential for hydrogen
evolution.
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