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Noble-metal-free, atomically thin CulnP,N,
nanosheets as highly efficient, stable, and low-
cost electrocatalysts in acid oxygen evolution
reactions
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Highly active and durable electrocatalysts for the oxygen evolution reaction (OER) in acidic conditions are
highly desired for renewable energy nowadays. In this work, a new type of noble-metal-free, atomically
thin CulnP,N, nanosheets was synthesized through the facile nitridation of the corresponding CulnP,Se
and utilized for electrocatalytic water splitting. The combined merits of metal nitrides and the 2D mor-
phology improved the OER performance, achieving an overpotential of 356 mV at a current density of
10 mA cm™2 and a long-term durability of 60 h in 0.5 M H,SO, electrolyte. The changes in the electronic
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structure with the introduction of N in CulnP,N, efficiently lower the energy barriers of intermediates,
especially those of OH* and OOH?*, thus causing the OER process to be more thermodynamically favour-
able. This work may provide inspiration for the exploration of cost-effective, novel transition-metal nitride
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The exploitation of green, renewable energy has been rapidly
advancing in recent years because of the urgency to solve
energy and environmental issues.'””> Compared with harvest-
ing, the storage and utilization of these energies are much
more difficult owing to their intermittent nature.>* The
electrocatalytic oxygen evolution reaction (OER) enables energy
conversion to stable chemical energy and presents a practical
strategy for addressing these challenges.>® The OER in acidic
electrolytes is preferred to that in alkaline electrolytes in
proton exchange membrane water electrolyzers (PEMWESs) and
has attracted more research attention recently.” To overcome
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catalysts with excellent OER performance and stability.

the high overpotential caused by the thermodynamically
uphill nature and sluggish kinetics of the OER process, the key
objective is to design and synthesize efficient catalysts.® The
electrocatalyst must also exhibit great stability in harsh acidic
environments to ensure its long-term use.’

Nowadays, iridium (Ir)- and ruthenium (Ru)-based
materials are the main electrocatalysts in commercial, scalable
OER reactions, while Ir-based materials seem to be the only
choice when it comes to acidic environments.'® Despite exhi-
biting great OER performances, these noble-metal-based cata-
lysts suffer from relatively high cost and scarcity of raw
materials, severely restricting their large-scale applications.'*
Thus, developing new noble-metal-free electrocatalysts with
moderate cost, excellent performance, and reliable stability
has been a hot topic in acidic OER research.

Materials with 2D atomic structures have recently emerged
as new  catalysts with  excellent electrocatalytic
performances,'>™" offering great prospects for application in
the acidic OER process. Their distinct properties compared
with their bulk counterparts are mainly attributed to the fol-
lowing: (1) the ultrathin structure effectively shortens the
diffusion pathway to the surface, facilitating the transfer of
charge carriers and mass exchange; (2) the increased specific
surface area allows sufficient exposure to the electrolytes, pro-
viding rich active sites for the OER. More importantly, it is con-
venient to modify 2D materials, such as creating vacancies and
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doping, thereby enabling the tunability of properties for
different applications."® Among the 2D electrocatalytic
materials, metal nitrides have been extensively studied due to
their good chemical stability and electrical conductivity.” The
introduction of nitrogen is known to change the electronic
structure of host materials by altering the carrier transmission
paths or crystal structures.'® After the nitrogen atom modifi-
cation, the enhanced electrical conductivity and stability of
functional materials make them highly compatible with the
requirements of the acidic OER. Benefitting from the advan-
tages of 2D nanostructures and metal nitrides, atomically thin
metal nitrides could be potential OER catalysts with good per-
formance and moderate cost.

Herein, we report the synthesis of a new type of atomically
thin transition metal phosphoronitride CulnP,N, for acidic
OER catalysis. Through nitrogen substitution of sulfur in few-
layer CulnP,S¢ nanosheets by nitridation in an ammonia
atmosphere, the resulting CulnP,N, nanosheets exhibit high
electrocatalytic performance with a lower overpotential of
356 mV at a current density of 10 mA cm™* in 0.5 M H,SO,
electrolyte, a smaller Tafel slope of 159 mV dec™", and long-
term durability of 60 h, comparable to commercial IrO, par-
ticles. Density functional theory (DFT) calculations indicate
that the changes in the electronic structures of CulnP,N, by
the introduction of N can effectively reduce the formation
energy barriers of OH* and OOH* intermediates, thus causing
the OER process to be thermodynamically more favourable.
This work sheds light on a facile and low-cost method for the
exploration of transition-metal nitrides with improved per-
formance and stability for various electrocatalytic applications.

The various atomically thin CuIlnP,N, nanosheets were syn-
thesized through a top-down nitrogen substitution of sulfur in
few-layer CulnP,Se by nitridation in ammonia atmosphere at
different temperatures, which is described in detail in the SI. A
reductive NH; atmosphere was chosen to accomplish the sub-
stitution of S by N atoms."®

Few-layer CulnP,Ss nanosheets were first fabricated
through the exfoliation of bulk CulnP,S¢ crystals, as demon-
strated in our previous work.”” From XRD patterns (Fig. S1),
stronger (002) and (004) signals can be observed compared to
bulk counterparts for few-layer CulnP,Se, indicating the well-
preserved main phase and the orientation of exfoliation along
the [001] direction.®® The ultrathin structures of CulnP,Se
nanosheets were further confirmed by TEM images, as shown
in Fig. S2. An obvious Tyndall effect can be observed in the
ethanol dispersion of exfoliated CulnP,Se, indicating its high
dispersibility brought by the ultrathin structures (Fig. S3).

Different CulnP,N, nanosheet samples were prepared by
changing the temperatures of the nitridation process. Fig. 1
displays the micromorphology of CulnP,N,-300, showing that
the nanosheet structures can be well preserved with sulfur
removed. The extremely low contrast indicates the ultrathin
nature of CulnP,N,-300 in the SEM image (Fig. 1a). From the
TEM images (Fig. 1b and c), the preservation of few-layer struc-
tures can be clearly confirmed. In high-resolution TEM images
(Fig. 1d), fringes with an interplanar distance of 0.30 nm can
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Fig.1 (a) SEM image, (b—d) TEM and HRTEM images and (e—j) EDX
elemental mapping of CulnP,N,-300.

be indexed to the (130) planes of CulnP,Se,>* verifying the
unbroken main structures after ammoniation treatment in
CulnP,N,-300. This is consistent with the XRD pattern of
CulnP,N,-300 (Fig. S1), in which diffraction peaks assigned to
the (002), (004), (130), (—204) and (060) planes can still be con-
firmed. In addition, the Cu, In, P, and N elements are uni-
formly distributed in the EDX mapping of CulnP,N,-300, with
a trace amount of S, indicating the successful substitution of
sulfur by nitrogen after the ammoniation treatment (Fig. 1ej).
When the ammoniating temperature increased to 400 °C or
500 °C, the CulnP,N, samples became aggregated and the 2D
structures were destroyed, thus negatively impacting the OER
performance (Fig. S4).

X-ray photoelectron spectroscopy (XPS) of samples was
carried out to reveal the changes in the elemental composition
and chemical states after ammoniation treatment (Fig. S5a).
As shown in the total survey (Fig. S5¢), signals of Cu, In, P and
S were clearly defined in pristine CulnP,S¢. In addition to Cu,
In, and P, the N 1s peak around 400 eV was also observed in
the survey XPS of CulnP,N,-300, further confirming its suc-
cessful amination. The Cu 2p fine spectrum showed a pair of
characteristic doublets at binding energies of 932.4 eV and
952.2 eV (Fig. 2a). No observed satellite peaks, along with the
Auger peak at the kinetic energy of 917.1 eV (Fig. S5b), indi-
cated the Cu” state in both CuInP,S¢ and CuInP,N,-300.>* For
In 3d fine spectra (Fig. 2b), both CulnP,Ss and CulnP,N,-300
showed similar signals located at 445.3 eV and 452.8 eV, which
can be indexed to In*" 3d;,, and 3ds,, respectively.>* Notably,
clear shifts towards higher binding energy for both Cu 2p and
In 3d were observed for CulnP,N,-300 (0.43 eV for Cu, 0.45 eV
for In), indicating the withdrawal of electron density from both
Cu and In. Such a phenomenon is due to the formation of Cu-
N and In-N coordination, owing to the higher electronegativity
of nitrogen compared with sulfur. After the ammonia treat-
ment, the P 2p spectrum of CulnP,N,-300 showed an obvious
shift of 1.48 eV towards higher binding energy (Fig. 2c), indi-
cating the coordination change from P-S to the P-N bond for
P atoms. S 2p signals can only be clearly observed in CulnP,Se,
which contained two peaks at binding energies of 161.8 eV
and 163.4 €V, assigned to 2p,,, and 2p;, states of S*~ from the

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 High-resolution XPS spectra of CulnP,S¢ and CulnP,;N,-300: (a)
Cu 2p, (b) In 3d, (c) P 2p, and (d) S 2p of CulnP,Sg and N 1s of CulnP,N,-
300.

S-P bond (Fig. 2d).>® For N 1s in the target CulnP,N,-300, the
spectrum can be deconvoluted into four components, showing
the coexistence of multiple chemical states (Fig. 2d). The main
peak at a relatively low binding energy of 398.0 eV is assigned
to the nitrogen bonded with the Cu and In atoms. Because
Cu-N and In-N bonds exhibit similar electronegativity and
close binding energies, these two contributions cannot be
reliably distinguished and are therefore treated as a single
lattice metal-N component. The second peak at 399.2 eV can
be attributed to regular lattice P-N bonding. An intermediate
peak at 400.7 eV was assigned to defect- or distortion-related
P-N environments, which are likely associated with local struc-
tural distortion and incomplete substitution of the S site by N, as
supported by the XPS quantitative analysis in Table S3. The weak
peak at a relatively high binding energy of 401.8 eV is attributed
to surface -NH, species or weakly bound nitrogen introduced
during the ammoniation process.>® The dominance of lattice-N
components (metal-N and P-N) of N 1s, along with the positive
shifts of Cu 2p and In 3d, indicates that nitrogen is mainly incor-
porated into the lattice rather than adsorbed or weakly bonded
on the surface in CulnP,N,-300.

Quantitative analysis of elements before and after ammo-
niation treatment (Tables S1-5) was conducted to reveal the
change in the degree of S substitution with the increase in the
ammoniation temperature. The atomic ratios of Cu, In and P
for both CulnP,Ss and all CulnP,N, samples remained close to
1:1:2, reflecting the integrity of the lattice structure. The
decrease in S and increase in N contents in CulnP,N, samples
demonstrated the substitution of the S element via the ammo-
niation process. Atomic ratios of S and N in CulnP,N,-200
were approximately 12.3% and 27.3% (S:N =~ 1:2.2). The S
content in CulnP,N,-200 remained significant (12.29%), while
the N content (27.33%) was considerably lower than in other
CulnP,N, samples, indicating that 200 °C is insufficient for
substantial S substitution. For CulnP,N,-300, the S content
was reduced to 3.3%, showing nearly complete substitution by

This journal is © The Royal Society of Chemistry 2026
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N element. For samples treated at higher ammoniation temp-
eratures (400 °C and 500 °C), no significant changes in S and
N contents occurred (~3% for S, ~44% for N), showing that
the substitution process is essentially complete at 300 °C. In
addition, the trace amount of S element remaining in
CulnP,N,-300 is due to the S residual binding with N atoms
through S-N bonds during the ammoniation process. Thus, it
can be concluded that the target CulnP,N,-300 was success-
fully synthesized through the ammoniation process.

The electrochemical OER performances of samples were
investigated in 0.5 M H,SO, solution using a rotating disk elec-
trode (RDE). Performances of commercial IrO, particles were
also tested for comparison. The linear sweep voltammetry
(LSV) curves of samples were tested with a 90% iR compen-
sation, as shown in Fig. 3a. Pristine CulnP,Ss showed very
poor OER activity, which could not reach a current density of
10 mA cm > within the tested potential window. This is attrib-
uted to the intrinsic low electronic conductivity and large
energy barrier for intermediate adsorption, resulting in slug-
gish reaction kinetics.”””*® After ammoniation treatment at
different temperatures, the overpotentials of all CulnP,N,
samples were greatly reduced, in which CulnP,N,-300 exhibi-
ted the best performance with the lowest overpotential of
356 mV at 10 mA cm ™ (Fig. 3b). Meanwhile, the Tafel slope of
CulnP,N,-300 decreased to 159 mV dec™?, indicating much
faster reaction kinetics compared to CulnP,Sg (Fig. 3¢).*° It
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Fig. 3 Comparison of the OER performances of the prepared samples:
(a) iR-compensated linear sweep voltammetry (LSV) curves, (b) overpo-
tential at current densities of 10 and 50 mA cm™2, (c) Tafel Slopes, (d)
calculated double-layer capacitance (Cq), and (e) electrochemical impe-
dance spectroscopy (EIS) of CulnP,Sg and CulnP,N,-300. (f) Long-term
stability of CulnP,N,-300.
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should be noticed that the low overpotential of CuInP,N,-300
(356 mV at 10 mA cm > and 538 mV at 50 mA cm™?) is compar-
able to that of commercial IrO, particles, showing good OER
activity and potential in practical use. Besides, the excellent
OER performance displayed by CulnP,N,-300 in 0.5 M H,SO,
is competitive with other recently reported works (Table S6).

Further, the double-layer capacitance (Cq;) was tested to
evaluate the electrochemically active surface area (ECSA) of the
samples.*® Cyclic voltammetry (CV) curves conducted in a non-
faradaic region at different scan rates (Fig. S6) showed that the
Cq of all CulnP,N, samples exhibited significant increases
(Fig. 3d). Among all the CulnP,N, samples, CulnP,N,-300
exhibited the largest ECSA of 447 (Fig. S7), indicating a signifi-
cantly increased electrochemically accessible surface area
brought about by the N substitution. Both lower (200 °C) and
higher ammoniation temperatures (400 °C and 500 °C) led to
reduced ECSA, suggesting that excessive or insufficient ammo-
niation is unfavorable for maximizing the exposure of the
active surface. Electrochemical impedance spectroscopy (EIS)
of samples was also conducted to reveal the changes in the
transfer kinetics after N-substitution. An equivalent circuit
consisting of the solution resistance in series (R;), charge
transfer resistance (R.) and constant phase element (CPE) was
employed to fit the Nyquist curves, as depicted in the inset of
Fig. 3e. In the Nyquist curves (Fig. 3e), the radius of the semi-
circle in the high-frequency region represents the charge trans-
fer resistance (R.) for electrodes.?' Similar to commercial IrO,,
CulnP,N,-300 samples showed a small R, of 33.8 Q, which
was significantly reduced compared to that of pristine
CulnP,S¢ (Table S7). This indicates that N substitution can
result in a much faster pathway for charge and mass exchange
between the electrode and electrolyte in CulnP,N,-300
samples,*” which is attributed to the changes in the electronic
structures and is crucial for the OER process.

The long-term electrocatalytic stability is another key factor
for practical application, especially in harsh acidic OER con-
ditions.*> As shown in Fig. 3f, the CulnP,N,-300 exhibited
good electrocatalytic stability over 60 h without obvious attenu-
ation. By comparison, the commercial IrO, showed an obvious
decay in performance within only 6 h with a gradual increase
in the overpotential (Fig. S9), which is due to the loss of active
sites by dissolution.>* This remarkable durability of CulnP,N,-
300 arises from the high chemical stability of nitrides, which
helps to maintain its structural integrity in the OER process.

Density functional theory (DFT) calculations were con-
ducted to illustrate the enhancement of the OER performance
of CulnP,N,. Supported by the enhanced (002) signal in the
XRD pattern (Fig. S1) and the (130) planes observed in the
HRTEM image (Fig. 1d), the (001) plane was selected as the
basal plane for investigating OER catalytic behavior, which
corresponds to the naturally exposed surface of CulnP,S¢ after
exfoliation. The optimized single-layer (001) surfaces of
CulnP,S¢ and CulnP,N, are depicted in Fig. 4a and b. Based
on the relaxed structures, the total and partial density of states
(DOS) of CulnP,Ss and CulnP,N, were calculated using the
HSE06 method (Fig. 4c and d). This shows that the introduc-
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tion of N can significantly alter the electronic structures of
CulnP,N,. The valence band maximum (VBM) of CulnP,S; is
primarily a hybrid of Cu 3d and S 3p states, while the conduc-
tion band minimum (CBM) is dominated by a mixture of In 5s
and S 3p states. In contrast, the VBM of CulnP,N, consists
mainly of Cu 3d and N 2p states, whereas the CBM is largely
contributed by In 5s and N 2p states. It can be clearly seen that
the main peak shifts towards the Fermi level (0 eV) after the N
substitution, compared to pristine CulnP,Ss, which improves
the electronic conductivity in CulnP,N,.*> Moreover, N 2p con-
tributes to a higher density of states across the Fermi level,
which means that the CulnP,N, exhibits a more metallic
nature,®® in agreement with the decreased R, of CuInP,N,-300
in Nyquist plots (Fig. 3e). Therefore, the modulation of the
electronic structures by N atoms is favourable for the adsorp-
tion of radicals such as OH*, thus facilitating the OER
reactions.

Further, Gibbs free energies (AG) of intermediates were cal-
culated to study the energy barriers during acidic OER path-
ways. A conventional adsorbate evolution mechanism (AEM)
was considered, in which H,O molecules go through a four-
electron transfer pathway for O, molecule generation.® In such
a process, intermediates of OH*, O* and OOH* are formed suc-
cessively during H,O oxidization, while O, and protons (H')
are formed in acidic H,SO,. The detailed reaction steps are
described as follows:

H,O+* — OH* + H' + e~ (1)
OH* — O*+H" +e” (2)
H,0 + O* — OOH* + H' + e~ (3)
OOH* — *+ 0, + H" + e~ (4)

where * denotes an active site on the surface of the catalysts,
while OH*, O* and OOH* refer to the adsorbed intermediates
during the OER process, respectively. The relaxed structures of
OH*, O* and OOH* intermediates during the OER process
were constructed and optimized, and the corresponding Gibbs

This journal is © The Royal Society of Chemistry 2026
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free energy changes of four elementary steps at pH = 0, T =
298 K and U = 0 V were calculated and drawn as shown in
Fig. 5a. For pristine CulnP,Se, the calculation results show that
the pathway with the lowest energy barrier is located on the S
site, meaning that it is the possible active site. After N substi-
tution of S atoms, the reaction site is altered to the more
stable P site, facilitating the OER process and long-term stabi-
lity. The results reveal that without applied bias, all the steps
in the studied terminations are energetically uphill. The step
for obtaining the OOH* intermediate undergoes the largest
energy increase, which means it is the rate-determining step
(RDS) for both CuInP,Ss and CulnP,N,.*” Energy of 2.92 eV is
required for the O* to OOH* conversion on pristine CulnP,Sg,
while a much lower energy of 2.17 eV is required on
N-substituted CulnP,N,. This suggests that with similar O*
binding strength, CulnP,N, possesses a much stronger elec-
tron-extracting ability, which accelerates the O* oxidation in
the RDS step. In addition, the energy barrier is lowered from
1.36 eV to 0.33 eV for the oxidation of H,O molecules to OH*
on CulnP,N,, indicating the facilitated H,O dissociation and
promoted initialization for OER reactions. As a result, the cal-
culated overpotentials (7°°F) were 1.69 V for CuInP,Se and 0.94
V for CulnP,N,. The above results show that the introduction
of N element can effectively lower the formation energies of
OH* and OOH* intermediates, thus making the OER reactions
thermodynamically more favorable on CulnP,N, than on
CulnP,S¢ (Fig. 5b), in good agreement with the experimental
results.

In conclusion, a new noble-metal-free, atomically thin
CulnP,N, catalyst was synthesized through the simple nitrida-
tion treatment of CulnP,Ss for acidic OER applications.
Combining the structural advantages of the 2D morphology

8
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Fig. 5 (a) Gibbs free energy diagram for the OER on the CulnP,Sg (001)
and CulnP;N, (001) planes. (b) Schematic of the OER pathway on
CulnP,N,.
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and metal nitrides, the synthesized CulnP,N, possesses abun-
dant exposed sites, improved electronic structures, and good
stability. As a result, CulnP,N,-300 nanosheets exhibit an over-
potential of 356 mV at a current density of 10 mA cm™>, which
is comparable to commercial IrO, particles. The CulnP,N,-300
also exhibits long-term stability of over 60 h, endowing it with
great potential for practical applications. DFT calculations
show that the changes in electronic structures with the intro-
duction of N in CulnP,N, can efficiently lower the energy bar-
riers of intermediates, especially the OH* and OOH*. This
work can provide inspiration in preparing cost-friendly, novel
transition-metal nitride catalysts with good OER performance
and stability.
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