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Exploring earth-abundant electrocatalysts for efficient hydrogen evolution reaction (HER) is important for
the development of clean and renewable hydrogen energy. Herein, we demonstrated that fluorine anion
doping into CoPS significantly enhanced its hydrogen evolution reaction (HER) activity. Controlled

202 fluorination modulated the surface electronic structure of CoPS active sites, forming an optimized F-
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Introduction

With the ever-growing demand for energy, it is becoming
increasingly important to find new sources of energy that are
environmentally friendly. Hydrogen has been well established
as one of the most promising renewable energy sources, and
efforts are being made to explore advanced approaches to
harness its power."™ It is widely believed that electrocatalytic
water splitting is an ideal technology for zero-carbon emission
hydrogen production. Although precious metals and their
oxides are regarded as the best electrocatalysts for HER, their
limited abundance and high cost greatly restrict their wide-
spread applications.*” Therefore, investigations into dual-
functional catalysts that are abundant in earth resources, effi-
cient, and stable hold great significance for the future of elec-
trochemical water splitting.>™**

Transition-metal phosphosulfides (TMPS) have been proven to
be excellent HER catalysts in acidic media, as reported in
numerous studies.”*™* However, their intrinsic catalytic activity
and electrochemical stability degrade in alkaline medium due to
the complexities of the reaction mechanism.">'® Currently,
heteroatom doping stands as an effective approach to enhance
the HER catalytic performance of TMPS."** While attention has
been paid to cation doping, including Co-FePS3,", (CuxCo; x)
PS,*® Ni;_xFexPS;,>* anion doping is also promising due to its
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potential to regulate electron-donating/accepting and metal
valence properties.”” Anions' greater electronegativity enables
them to regulate the electronic structure; fluorine, in particular,
has the strongest electronegativity, i.e., the most efficient regula-
tion of the electronic structure.”* For instance, Zhou et al
discovered that O-doping can effectively assist CoP in catalyzing
HER and OER processes. The high relative electronegativity of O
can further optimize the electronic structure of CoP, enhance its
conductivity, and endow it with superior HER and OER activi-
ties.” Similarly, Luo et al. demonstrated that the strong electro-
negativity of Se can lead to a decrease in the electron filling degree
of the 3d orbitals of the active Co center, thereby enhancing the
interaction between water molecules and Co atoms. This, in turn,
improves the HER catalytic activity of the catalyst.”® Later, Ma et al.
demonstrated that S doping can significantly enhance charge
transfer, which, in conjunction with increased active exposure
sites, synergistically boosts water electrolysis performance.”

In this study, we prepared fluorine-doped CoPS (F-CoPS)
nanosheets via a three-step synthesis method, combining hydro-
thermal and high-temperature heat treatments. We investigated
the effect of fluorine doping on the surface electronic structure
and subsequent HER catalytic performance in alkaline electro-
Iytes. The experimental results indicate that F anion doping
significantly improved the HER performance of CoPS, under-
scoring the practical significance of this strategy in the develop-
ment of cost-effective and high-performance electrocatalysts.

Experimental
Materials preparation

Preparation of Co(COs)y50H, 11 -H,O nanosheets on carbon
cloth (CoCH NSs/CC). CoCH NSs/CC was synthesized according

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to the method reported by Liu's group.”® The carbon cloth was
cleaned by soaking in nitric solution for 12 h. A solution of
Co(NO3);-6H,0 and urea in 30 mL deionized water was
prepared and sonicated for 30 min. Subsequently, this solution
and the cleaned carbon cloth were placed in an autoclave lined
with polytetrafluoroethylene. The autoclave was heated in an
oven at 120 °C for 8 h. Then, the product was washed three
times with deionized water via sonication, and dried in an oven
at 60 °C for 12 h.

Preparation of CoPS nanosheets on carbon cloth (CoPS NSs/
CC). CoPS NSs/CC was synthesized via a high temperature heat
treatment method. A quartz boat containing 0.015 mol NaH,-
PO,-H,0 and sulfur powder was placed upstream in a tube
furnace, while the as-obtained CoCH NSs/CC was placed
downstream and the samples were annealed in a nitrogen
atmosphere at 500 °C for 1 h at a ramping rate of 2 °C min "
After the furnace cooled to room temperature, CoPS NSs/CC was
obtained. Control experiments were conducted using varying
heat treatment temperatures, marked as CoPS-400, CoPS-500,
and CoPS-600. Further, CoPS NSs/CC was calcined with
varying ratios of NaH,PO,-H,O to sulfur powder at 500 °C,
which was labeled as CoPS 1:3, CoPS1:2,CoPS1:1,CoPS2:1
and CoPS 3:1.

Preparation of F-CoPS nanosheets on carbon cloth (F-CoPS
NSs/CC). To prepare F-CoPS, the as-obtained CoPS/CC and
NH,F were placed in two different quartz boats. NH,F was
placed upstream, and CoPS/CC was placed downstream. Then,
the samples were annealed in a nitrogen atmosphere at 500 °C
for 1 h at a ramping rate of 2 °C min~'. F-CoPS NSs/CC was
obtained once the furnace naturally cooled to room tempera-
ture. For comparison, CoPS NSs/CC was calcined at different
temperatures, which was marked as F-CoPS-400, F-CoPS-500,
and F-CoPS-600. In addition, CoPS NSs/CC was calcined with
different amounts of NH,F, which was marked as F-CoPS-0.5, F-
CoPS-1.0, and F-CoPS-1.5.

Material characterization

The as-prepared materials were characterized by field emission
scanning electron microscopy (SEM, Regulus 8100, Japan),

.cc

Fig.1 Schematic of the preparation of the F-CoPS nanosheet catalyst.

CoCH

© 2025 The Author(s). Published by the Royal Society of Chemistry

Phosphorization
Sulfurization

View Article Online

RSC Advances

transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM, Tecnai G2 F20/F30, USA). X-ray diffraction
(XRD) measurement was performed on a D8 ADVANCE (Ger-
many). X-ray photoelectron spectroscopy (XPS) data were
collected using a Thermo ESCALAB 250XI (USA).

Electrochemical measurements

All electrochemical measurements were performed on an elec-
trochemical workstation (CHI 660E, CH Instruments, Inc.)
using a typical three-electrode configuration at room tempera-
ture. The electrocatalytic performance was examined in 1 M
KOH aqueous solution, using the as-prepared samples as the
working electrode, a graphite rod as the counter electrode, and
Hg/HgO (in 1 M KOH aqueous solution) as the reference elec-
trode. In addition, the area of all working electrodes was 1 cm ™.
For comparison, 20 mg commercial Pt/C was dispersed in 1 mL
isopropanol and 5 pL 5% Nafion and ultrasonicated for at least
30 min until a uniform solution was formed. Then, the uniform
solution was added to cleaned carbon cloth dropwise. All
polarization curves were measured at a scan rate of 5 mV s~ '
and corrected for the ohmic potential drop (iR). Electrochemical
impedance spectroscopy (EIS) measurements were performed
at 100 mV overpotential in the range of 100 kHz to 0.01 Hz. The
electric double-layer capacitance (Cq;) was measured at different
scan rates in the range of 20 to 100 mV s '. The chro-
nopotentiometric durability test was performed at a current
density of 10 mA cm ™2 for 25 h. Electrochemical voltage (E vs.
Hg/HgO reference electrode) was converted to the reversible
hydrogen electrode (RHE) scale at pH 14 using the Nernst
equation, E(RHE) = E(Hg/HgO) + E®(Hg/HgO) + 0.059 pH.

Results and discussion

The F-CoPS nanosheet catalyst was prepared through a three-
step procedure, as presented in Fig. 1. The obtained precursor
and catalysts were analyzed by XRD, with the results shown in
Fig. 2. The typical XRD pattern recorded CoCH (Fig. 2a) shows
the main diffraction peaks located at 26 values of 24.13°, 28.69°,
30.36°, 33.77°, 35.25°, and 39.48°, which can be assigned to the
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Fig. 2 X-ray diffraction patterns of (a) CoCH nanosheets, (b) CoPS nanosheets and F-CoPS nanosheets.

(111), (121), (300), (221), (040) and (231) planes of CoCH (JCPDS
No. 48-0083), respectively, confirming the successful prepara-
tion of the precursor.

The X-ray diffraction (XRD) pattern in Fig. 2b exhibits the
main diffraction peaks of CoPS located at 28.51°, 33.03°, 37.13°.
40.76°. 47.45°, and 56.28°, which can be assigned to the (111),

(200), (210), (211), (220) and (311) planes of CoPS (JCPDS No. 27-
0139), respectively, demonstrating the successful trans-
formation from CoCH to CoPS following the heat treatment
synthesis process.” To determine the optimal synthesis condi-
tions, we calcined the CoCH precursor at different temperatures
(400 °C, 500 °C, and 600 °C) at a NaH,PO,-H,O0 : sulfur powder

Fig. 3 Morphology and chemical composition. Typical SEM images of (a) CoCH, (b) CoPS, and (c) F-CoPS. (d) TEM image, (e) and (f) high-
resolution TEM images. (g) Dark-field TEM image and corresponding elemental mapping images of (h) Co, (i) F, (j) P, and (k) S elements for F-CoPS

nanosheet.
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ratio of 1:1. The XRD patterns of CoPS-400, CoPS-500 and
CoPS-600 in Fig. S1f are also consistent with the standard
diffraction cards of CoPS (PDF#27-0139). Subsequently, we
explored five different ratios of NaH,PO,-H,O and sulfur
powders (1:3,1:2,1:1, 2:1, and 3:1) to determine the best
ratio. As shown in Fig. S2,7 the diffraction peaks of CoPS with
different ratios retained the crystal structure of CoPS (PDF#27-
0139). In addition, the influence of different fluorination
temperatures and the amount of NH,F was examined, as shown
in Fig. S3 and S4,7 respectively. It was found that fluorination
did not affect the crystal structure of the materials, demon-
strating the successful F anion doping and the stability of the
synthesized material. Furthermore, the morphology of the
materials was investigated using SEM (Fig. 3a-c).

Fig. 3a indicates the self-supporting growth of CoCH nano-
sheets on the carbon cloth with a smooth and highly uniform
surface. Upon completion of the second step, their structure
and morphology exhibited a minor change with roughened
surface (Fig. 3b), indicating the formation of CoPS nanosheets.
Further fluorination led to an even rougher surface (Fig. 3c). The
TEM and HRTEM analysis (Fig. 3d-f) further revealed the
uniform microstructure of the F-CoPS nanosheet, with distinct
lattice stripes of approximately 0.27 nm, corresponding to the
(200) planes of CoPS, which is consistent with the XRD results.
Hence, it is clear that the nanosheets are composed of F-CoPS.
Energy dispersive X-ray (EDX) elemental mapping was utilized
to confirm the chemical composition and elemental distribu-
tion of F-CoPS (Fig. 3g), demonstrating a homogeneous distri-
bution of Co, F, P and S throughout the nanosheets. The EDX
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spectrum of F-CoPS is presented in Fig. S5, confirming that
this composite is composed of Co, P, S and F elements.

The electronic state and the chemical environment of the
surface elements were examined using XPS analysis, confirming
that Co, F, P and S are the only four elements present in the
sample. As illustrated in Fig. 4a, the Co 2p spectra of CoPS show
two peaks located at 781.4 and 797.4 eV, which are ascribed to
Co**, and peaks at 783.6 and 799.9 eV, corresponding to Co>". In
the Co 2p spectra of F-CoPS, two peaks were observed at
781.9 eV and 798.2 eV, corresponding to Co®*, and two other
peaks at 784.3 eV and 800.6 eV, which are assigned to Co>*.** In
addition, the satellite peaks centered at 787.5 and 803.6 eV are
due to the shaking excitation of high-spin Co**.3'-** It is evident
that F doping induced a positive shift in the Co 2p binding
energy, indicating the modulation of the electronic structure of
the metal. As shown in Fig. 4b, the F 1s spectrum exhibited
a characteristic peak at around 687.2 eV, which is indexed to the
F-P bond, demonstrating the successful synthesis of the F-CoPS
nanosheets. The P 2p high-resolution spectrum of F-CoPS in
Fig. 4c shows two characteristic peaks at around 129.8 eV and
130.8 eV, corresponding to P 2p;,, and P 2p,,, of the P-M bond,
respectively.®® It is noteworthy that the positive shift of
approximately 0.3 eV in the P 2p binding energy in F-CoPS
relative to CoPS (Fig. 4c) is consistent with the higher electro-
negativity of F than that of P.*® The presence of a P-O peak at
134.4 eV for both samples is attributed to the surface oxida-
tion,*”*® and the characteristic peak at 135.3 €V is attributed to
the F-P bond after fluorination.”® In the S 2p XPS spectra
(Fig. 4d), CoPS and F-CoPS are very similar, showing peaks
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Fig. 4 X-ray photoelectron spectral regions for (a) Co 2p, (b) F 1s, (c) P 2p and (d) S 2p levels of CoPS and F-CoPS.
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centered at 162.2 eV and 163.7 eV, which are indexed to S 2p;,
and S 2p,,, respectively, and a surface S-O peak at 169.0 eV.*®
These observations in the P 2p binding energy, together with
the unchanged S 2p features, indicate the successful F-doping
and modification of the electron structure, thus facilitating
the catalytic performance of the electrocatalyst. In addition,
Fig. S61 indicates that the oxygen in the material originates
from the adsorbed air oxygen, not from the material itself, and
the material did not undergo oxidation.

The catalytic activities of CoOP@NC for HER were tested in an
alkaline electrolyte with a three-electrode system and the cata-
lytic activities of CoPS and Pt/C (coated on cleaned carbon cloth)
were also investigated for comparison. As illustrated in Fig. S7
and S8,t 500 °C is the optimal reaction temperature at which
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CoPS-500 exhibited the best HER catalytic activity with the
lowest overpotential, lowest Tafel slope, lowest charge transfer
resistance and largest double-layer capacitance (Cyq;). Fig. S9 and
S101 show that CoPS at 1:1 is the optimal ratio, which show-
cased the lowest overpotential, lowest Tafel slope, lowest charge
transfer resistance and largest Cq;. Further, different fluorina-
tion temperatures as well as the amount of NH,F were investi-
gated, with 500 °C determined to be the optimal fluorination
temperature, as shown in Fig. S11 and S12,7 and 1.0 g as the
optimal amount of NH,F, as shown in Fig. S13 and S14.1 As
expected, F-CoPS exhibited excellent catalytic activity with 7,4 of
74 mV and 75, of 141 mV, which are significantly lower than that
of CoPS (119 = 142 mV and 75, = 207 mV) and higher than that
of Pt/C (110 = 15 mV and 75, = 55 mV), as presented in Fig. 5a.
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(a) LSV curves, (b) Tafel slopes, (c) summary of the overpotentials and Tafel slopes of CoPS, F-CoPS and Pt/C catalysts, (d) EIS spectra of

CoPS and F-CoPS, (e) Cq, values of CoPS and F-CoPS, and (f) chronopotentiometric curves of F-CoPS for the HER in 1 M KOH solution.
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Additionally, the reaction kinetics of HER were evaluated using
Tafel analysis (Fig. 5b), electrochemical impedance spectros-
copy (EIS, Fig. 5d), and electrochemical active surface area
(ECSA) measurements (Fig. S15f). In addition, the specific
activity (ECSA normalized current density) was calculated, as
shown in Fig. S16,1 demonstrating that the intrinsic activity of
the F-CoPS catalyst exceeded that of CoPS under the same
conditions. To ensure the reproducibility, we used a saturated
calomel electrode and Ag|AgCl (saturated KCI solution) elec-
trode as the reference electrodes to test the HER performance of
the catalyst. As shown in Fig. S17,1 the polarization curves ob-
tained by using different reference electrodes are almost the
same. In addition, all the R.; and Ry values of catalysts are
shown in Table S1.f Compared with the other electrodes, F-
CoPS possesses the smallest R, (2.432 Q) and smallest R
(1.499 Q), which indicates that F ion doping can significantly
promote the HER kinetics and charge transfer process. The
Tafel slopes of CoPS and F-CoPS are 78.8 mV dec™ " and 70.2 mV
dec ™", respectively, which are higher than that of Pt/C (39.8 mV
dec ™). All the electrochemical data of the as-obtained catalysts
are presented in Fig. 5c. EIS was performed to investigate the
kinetics of the mass transfer and charge transfer on the elec-
trocatalysts*® (Fig. 5d). F-CoPS exhibited lower transfer resis-
tance (R..) compared to CoPS. The ECSA is another important
indicator for assessing the electrocatalytic activity of mate-
rials.*** Thus, the ECSA was evaluated via a simple cyclic vol-
tammetry (CV) method in the range of 0.1-0.2 V (vs. RHE) at
different scan rates (20-100 mV s~ ') (Fig. S157), where Cg; of F-
CoPS was 68.40 mF cm ™2, higher than CoPS, indicating a larger
ECSA and a greater number of active sites available on F-CoPS.
Fig. 5f demonstrates the excellent stability of F-CoPS with
negligible degradation for 50 h. The durability of F-CoPS was
further investigated via cyclic voltammetry (CV) in 1 M KOH (0
to —0.13 V vs. RHE, 50 mV s~ ', 1000 cycles). The cathodic
current density of the polarization curve shows no significant
decrease compared to the initial curve (Fig. 6a). In addition, the
SEM images (Fig. 6b) of F-CoPS demonstrate its morphological
stability, which retained its structure after 1000 cycles, sug-
gesting its excellent electrochemical durability. As shown in
Fig. S18,} the intensity of the diffraction peaks of F-CoPS was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Initial and after 1000 cycles polarization curves of F-CoPS in 1.0 M KOH. (b) SEM images of F-CoPS after long-time testing.

weakened, but its crystal phase structure could still be observed,
which proves the stability of the catalyst. The XPS spectra of F-
CoPS after the HER stability test were also recorded. Fig. S19(a)f
presents the XPS spectrum after the HER stability test, where
the peaks of Co 2p shifted to a lower binding energy due to the
cathodic reduction reaction.* As shown in Fig. S19(b),T the
weakening of the F peak may be due to the surface dissolution
phenomenon of the F-P bond during the reaction. As displayed
in Fig. S19(c) and (d),} in the P 2p and S 2p spectra after HER,
phosphides can still be observed. Thus, all the results after the
HER stability test show that the material has excellent electro-
chemical durability.

Conclusions

We successfully synthesized an anionic F-doped catalyst (F-
CoPS) through a three-step procedure, which exhibited an
excellent intrinsic HER electrocatalytic performance, with its
optimal catalytic performance achieved at a 1:1 molar ratio of
NaH, PO, H,O0 : sulfur powder at 500 °C, together with 1.0 g of
NH,F at 500 °C. The outstanding intrinsic HER performance of
the F-CoPS nanosheets was validated by their low overpotential
of 74 mV at 10 mA cm ™2 in alkaline medium. This enhancement
compared to the individual CoPS nanosheet catalyst stems from
the F-doping-induced modulation of the Co electronic struc-
ture. Also, the long-term electrochemical stability of the F-CoPS
nanosheets for up to 50 h confirmed that they are a promising
HER electrocatalyst. Thus, this work demonstrated that F anion
doping is a promising strategy to improve the HER catalytic
activity of TMPS in alkaline media.
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