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Modulating the electronic states of electrocatalysts is critical for achieving efficient hydrogen evolution
reaction (HER). However, how to develop electrocatalysts with superior electronic states is an urgent
challenge that must be addressed. Herein, we prepared the CoP/MoS, heterojunction with
a microsphere morphology consisting of thin nanosheets using a facile two-step method. The catalyst's
ultrathin nanosheet structure not only provides an extensive surface area for exposing active sites, but it
also enables ion transport and bubble release. Electron transfer occurs between CoP and MoS,,
optimizing the heterojunction’'s charge distribution and enhancing the intermediates’ adsorption
capabilities. As a result, the CoP/MoS, heterojunction exhibits outstanding electrocatalytic hydrogen

evolution activity with an overpotential of only 88 mV at a current density of 10 mA cm~2, which
Received 11th April 2024 ds both the sulfide heterojunction CogSg/MoS, and the phosphide heterojunction CoP/CoMoP
Accepted 13th May 2024 exceeds bo e sulfide heterojunction CogSg/MoS, an e phosphide heterojunction CoP/CoMoP,.

The experimental results and DFT calculation results show that the former has stronger synergistic

DOI: 10.1039/d4ra02712d effects and higher HER activity. This work sheds light on the exploration of efficient heterojunction
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Introduction

Zero carbon emission is a crucial goal in the context of
addressing environment pollution and climate warming.'?
Hydrogen energy produced by the electrocatalytic hydrogen
evolution reaction (HER) is regarded as an excellent alternative
fuel to traditional fossil fuel sources.**® At present, Pt based
materials are the most efficient catalysts for the HER. Never-
theless, the low quantity and high price of noble metals hinders
their widespread use in HER. Developing highly-efficient and
cost-effective catalysts is of great importance in shifting from
fossil fuel-based energy to renewable hydrogen."”'” Electro-
catalysts' electronic states can influence their ability to adsorb
and activate water molecules, as well as the subsequent electron
transfer process. As a result, studying and understanding the
electronic states of electrocatalysts is critical for designing
effective electrocatalysts for efficient hydrogen evolution reac-
tion. The presence of a heterointerface between two materials
with different electronic properties can create a gradient in the
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electrocatalysts with excellent electronic structures.

electron density. This gradient promotes charge transfer across
the interface, influencing the redox behavior of the active sites
and altering their valence states during HER.

Transition metal sulfides,'®** selenides,**>* phosphates,>*~
carbides®®** and other compounds with high activity and
conductivity have drawn a lot of attention in the field of
hydrogen evolution catalysts. CoP is a promising catalyst for
hydrogen evolution among transition metal compounds due to
its high HER activity, excellent stability and excellent conduc-
tivity.**> Nonetheless, some research indicates that slow reac-
tion kinetics in HER process are caused by the significant
binding energy of CoP and reaction intermediates, which may
hinder the further improvement of its hydrogen evolution
absorption capacity.>*** MoS, has been demonstrated to be
a potential HER electrocatalyst among transition metal
sulfides.**** 2D MoS, exhibits unique electrical properties due
to significant interaction between atoms, which allows the
nanosheet to expose a large number of active sites. Unfortu-
nately, MoS, is a semiconductor with the limited catalytic active
site and low electrical conductivity prevent its widespread use in
the electrolytic water industry. Heterostructures have unique
catalytic properties of HER due to the advantages of synergistic
effect and electronic structural control.**** Therefore, the
combination of CoP with MoS, to further boost catalytic
performance by utilizing the synergistic effect of the two has
been widely used. Guo et al.** developed a hollow CoP@MoS,
heterogeneous nanoframework by combining MoS, on a CoP
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nanoframework obtained from a metal-organic framework
nanostructure (ZIF-67). The overpotential of CoP@MoS, is
119 mV and the corresponding Tafel slope is only 49 mV dec™*
at 10 mA cm 2 The remarkable catalytic activity is due to its
unique structure, moderate composition ratio and strong
contact between CoP and MoS,, and also the large number of
defects and disordered configurations. Although some reports
on CoP/MoS, heterojunction hydrogen evolution catalysts have
been published, the synthesis process is more complex.*>*¢
Therefore, to preparation of simple and excellent CoP/MoS,
catalyst for HER hydrogen evolution and the exploration of its
related mechanism still need to be further carried out.

Herein, we fabricated phosphide and sulfide heterojunction
CoP/MoS, with microsphere morphology. Meanwhile, the
catalytic performance and mechanism of CoP/MoS, were
described by experimentation and DFT calculation. The

CoP/MoS,
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hydrogen evolution features of hybrid heterojunctions of
phosphide CoP/CoMoP, and sulfide CogSg/MoS, fabricated by
the same precursor (CoMo-LDH) were compared with CoP/
MoS,. The results demonstrate that CoP/MoS, has better
hydrogen evolution performance than CoP/CoMoP, and CooSg/
MoS,.**® At the current density of 10 mA em™?, the required
overpotential of CoP/MoS, is only 88 mV. Various character-
izations and DFT simulations reveal that heterojunctions con-
sisting of phosphide and sulfide have stronger synergistic
effects and better HER activities than phosphide hetero-
junctions and sulfide heterojunctions.

Results and discussions

The XRD pattern of CoP/MoS, hydrogen evolution catalyst
prepared at 550 °C is shown in Fig. 1(a). By contrast to CoP
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MoS, TEM images, (f) elemental mapping images of CoP/MoS,, (g) HRTEM images for CoP/MoS,, (h and i) CoP(011) and MoS,(002) interplanar
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standard data(PDF #29-0947), different samples exhibit
discernible diffraction peaks at 26 of 48.1° and 46.2°, matching
the (211) and (112) crystal planes of CoP. Furthermore, all three
samples exhibit comparable intensity diffraction peaks at the 26
of 14.4°, which match to the (002) crystal face of MoS, (PDF #37-
1492). Additionally, samples at 450 °C and 650 °C were prepared
to investigate the effect of sulfuration and phosphorization
temperatures on the products. As shown in Fig. S1(a),t samples
prepared at 450 °C and 650 °C have no significant diffraction
peaks, whereas the sample prepared at 550 °C have significant
diffraction peaks and the best crystallinity, these results show
that 550 °C is a suitable temperature to obtain the product. The
EDS spectrum (Fig. S1(b)f) provides additional proof that the
constituent components of the sample are Co, Mo, P and S. The
presence of a small amount of O may be due to the insufficient
vacuum degree in the quartz tube of the tube furnace, resulting
in slight oxidation of the sample. SEM images of CoP/MoS, at
different scales are displayed in Fig. 1(b and c). The sample has
a microsphere-like shape and is covered in nanosheet struc-
tures. The cross-linked nanosheet structure can offer a better
heterogeneous interface as well as the improved electronic
conductivity. Fig. S27 displays SEM images of samples prepared
at various temperatures and magnifications. It is clear that
samples at 450, 550 and 650 °C retain the flower ball shape of
the precursor. At 450 °C, the ultra-thin nanosheets on the
surface of the flower ball are connected to each other and the
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sample nanosheets are more densely arranged. When the
temperature reached 650 °C, the thickness of the nanosheets on
the microspherical surface increased. Contraction and aggre-
gation also took place at this temperature, which led to
a reduction in the quantity of active sites and a decline in
catalytic efficiency. The CoP/MoS, heterostructures prepared at
550 °C can be observed in TEM images with microspherical
structures (Fig. 1(d)), and ultrathin nanosheet structures can be
observed in enlarged images (Fig. 1(e)). The distribution of the
Co, Mo, S and P elements in the sample is uniform, as seen in
Fig. 1(f). High-resolution TEM images (Fig. 1(g)) reveal distinct
fringes with the 6.21 A fringe matching to the (002) crystal face
of MoS, (Fig. 1(h)) and the 2.81 A fringe corresponding to the
(011) crystal face of CoP (Fig. 1(i)). There is a distinct interface
between them, indicating the successful construction of
a heterojunction.

Chemical compositions and elemental states of the samples
were profiled using X-ray photoelectron spectroscopy (XPS).
Fig. S31 displays the observed spectra of CoP, MoS, and CoP/
MoS,. Elemental components including Co, Mo, S, P and O are
present in CoP/MoS, sample. The O element is formed by the
oxidation of the sample surface, and the C element is formed by
the toner added with the correction data. The Co** electrons are
represented by the peaks near 781.9 eV and 798.1 eV in the high-
resolution XPS spectrum of Co 2p (Fig. 2(a)), while the electrons
of Co®" are represented by the peaks at 777.8 eV and 793.8 eV.
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(a) Co 2p high-resolution XPS spectra for CoP/MoS, and CoP, (b) Mo 3d high-resolution XPS spectra for CoP/MoS, and MoS,, (c) P 2p

high-resolution XPS spectra for CoP/MoS, and CoP, (d) S 2p high-resolution XPS spectra for CoP/MoS, and MoS,.
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Furthermore, the peaks from Co at 786.1 €V and 803.5 eV are
satellite peaks. There is evidence that some electrons in CoP/
MoS, are transported from Co to Mo, as the Co>" peak area of
CoP/MoS, is substantially greater than the Co®" peak area of
CoP. Four peaks are visible at 226.3 eV, 229.1 eV, 232.3 eV and
231.1 eV in the high-resolution XPS spectra of Mo (Fig. 2(b)).
These peaks are assigned to S 2s, Mo*" 3ds,, Mo*" 3d;,, and
Mo°®" 3d, respectively. In contrast to MoS,, the Mo*" 3d peak of
CoP/MoS, moves in the direction of a lower binding energy,
suggesting that Mo in CoP/MoS, receives electrons. The emer-
gence of Mo®" is caused by the oxidation of some Mo elements
on the surface of the sample. P 2p3,, P 2py/, and P-O are rep-
resented by the three peaks in the XPS spectra of high-
resolution P 2p electrons (Fig. 2(c)), which are situated at
129.6 eV, 130.2 eV and 133.8 eV, respectively. CoP/MoS, exhibits
an increase in P 2p peak area and a decrease in P-O peak area,
a shift in peak location towards the direction of higher binding
energy. The peaks between 160 and 165 eV in the XPS spectra of
S 2p electrons (Fig. 2(d)) can be fitted with two peaks, which are
S®” 2paj;, and S*~ 2py, electrons, respectively. The S 2s peaks of
CoP/MoS, migrate substantially in the direction of low binding
energy as compared to MoS,. The aforementioned findings
demonstrate that the electrical structure of CoP/MoS, is opti-
mized and that charge transfer occurs between CoP and MoS,.

In general, the catalytic activity of HER of various materials is
reflected by the corresponding overpotential at a current density
of 10 mA cm 2. As demonstrated by Fig. 3(a and b), samples at
450 °C, 550 °C and 650 °C have overpotentials of 104, 88 and
151 mV at a current density of 10 mA cm ™2, with corresponding
Tafel slopes of 110.1, 87.5 and 162.3 mV dec™ ", respectively.
According to the results of the LSV polarization curve and the
Tafel slope results, the CoP/MoS, sample synthesized at 550 °C
has the best catalytic performance. Meantime, the catalytic
characteristics of phosphide/sulfide heterojunction CoP/MoS,,
phosphide heterojunction CoP/CoMoP,, sulfide heterojunction
CoySg/Mo0S,, as well as CoP and MoS, samples were compared.
At 10 mA cm ™2 current density, the LSV of each sample was 88,
94,117,137 and 254 mV, with the corresponding Tafel slopes of
85.7, 89.9, 92.6, 105.3 and 128.8 mV dec™'. The results show
that the catalytic performance of the CoP/MoS, hydrogen
evolution catalyst is superior to the CoP/CoMoP, and CogSg/
MoS, hydrogen evolution catalysts, indicating that the CoP/
MoS, sample has excellent HER kinetics. In order to determine
the relatively effective electrochemically active surface area, the
double-layer capacitance (Cq;) which is linearly proportional to
the electrochemically active specific surface area (ECSA) is
further measured. In previous research, C4q of CoP/CoMoP,,
CoySg/Mo0S,, CoP and MoS, were evaluated and ECSA fitted at
scanning rates of 0.02, 0.04, 0.08, 0.12, 0.16 and 0.20 V s~ .
Fig. 3(e) shows that their Cy, values are 30.3, 29.5, 16.5 and 7.47
mF cm?, respectively. CoP/MoS, samples was 40.9 mF cm 2,
showing that the CoP/MoS, heterojunction hydrogen evolution
catalyst had a greater specific surface area of electrochemical
activity, which considerably improved its hydrogen evolution
performance. The electrochemical impedance of the prepared
catalyst was measured in the range of 0.01 to 10> Hz. As shown
in Fig. 3(f), the R, values of each sample are in the order from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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small to large: CoP/Mo0S,(14.4 Q), CoP/CoMoP,(24.2 Q), C0ooSs/
MoS,(50.6 Q), CoP(63.6 Q) and Mo0S,(189.8 Q) indicate that the
phosphide/sulfide heterojunction CoP/MoS, hydrogen evolu-
tion catalyst has lower charge transfer resistance than the
sulfide and phosphide hydrogen evolution catalyst, which
contributes to the rapid electron transfer in HER process. The
stability of CoP/MoS, samples prepared at 550 °C in 1 M KOH
solution was tested by constant point electrolysis method. As
shown in Fig. 3(g), at the overpotential of 88 mV, the current
density did not change significantly for more than 50 consec-
utive hours, indicating that the prepared CoP/MoS, hetero-
junction hydrogen evolution catalyst had excellent
electrocatalytic hydrogen evolution stability, which was mainly
due to the good binding force between CoP and MoS, substrate.

To further understand the mechanism of the enhancement
of HER activity after CoP/MoS, forms heterogeneous structures,
we use the Vienna Ab initio Simulation Package (VASP) for DFT
calculation, Fig. S5t shows the optimized structure model of
CoP, MoS, and CoP/MoS,. Fig. S6(a)t shows the integral value of
the density difference in XY cross sections of CoP/MoS, at
different Z positions, which facilitates the quantification of the
density difference distribution. It can be seen that the isosur-
face value of charge transfer at a fixed position is isosurface
value = 0.005 e A°>. Fig. S6(b)t depicts the CoP/MoS, differ-
ential charge density, where yellow and blue represent positive
and negative charges, respectively. The yellow representing
charge accumulation and blue representing charge consump-
tion. It can be seen that electrons flow from CoP to MoS, and the
charge distribution is optimized at the CoP/MoS, interface after
forming a heterojunction. The improvement in heterojunction
performance can be attributed to electronic structural optimi-
zation, which is consistent with the results of XPS results. Gibbs
free energy (AGy+) is a appropriate parameter to evaluate HER
activity of catalyst. To further investigate the HER activity of
CoP/MoS, heterostructure hydrogen evolution catalysts, AGy«
of CoP/MoS,, CoP/CoMoP,, Co,Sg/M0S,, CoP and MoS, were
calculated (Fig. 4(a)). It can be seen that the AGy+ of CoP/
CoMoP,, C04Sg/Mo0S,, CoP and MoS, are 0.39 eV, —0.24 eV,
0.61 eV and 2.5 eV respectively, whereas CoP/MoS, is only
0.16 eV, which is very close to the ideal 0 eV, indicating that CoP/
MoS, is the most favorable for HER reaction. The adsorption
energy of the catalyst on water molecules is another parameter
that reflects HER activity. As shown in Fig. 4(b), the adsorption
energies of COP/MoS,, CoP/CoMoP,, C0sSg/M0S,, CoP and MoS,
samples are —1.03 eV, —0.72 eV, —0.3 eV, —0.16 eV and 0.05 eV,
respectively. The results indicate that CogSg/MoS, exhibits the
best adsorption of water molecules out of the three. This
suggests that CosSg/Mo0S, performs the best among these three
in adsorbing water molecules. Both of hydrogen evolution free
energy and water absorption energy of phosphating and sulfide
heterojunction CoP/MoS, are superior to phosphating hetero-
junction CoP/CoMoP, and sulfide heterojunction CoySg/Mo0S,,
indicating that phosphating/sulfide heterojunction CoP/MoS,
have better synergistic effect and higher HER activity. Further-
more, we calculated Co, Mo, P and S atoms' partial density of
states (PDOS) of CoP, MoS, and CoP/MoS,. The systems all
exhibit metal-like electronic characteristics (Fig. S71). The
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(@ and b) The polarization curves and related Tafel plots for CoP/MoS; at different temperatures, (c and d) the polarization curves and

corresponding Tafel plots for CoP/MoS,, CoP/CoMoP,, CogSg/MoS,, CoP and MoS,, (e) the double layer capacitance (Cy) for CoP/MoS,, CoP/
CoMoP,, CogSg/M0S,, CoP and MoS,, (f) Nyquist plots for CoP/MoS,, CoP/CoMoP,, CogSg/MoS,, CoP and MoS,, (g) the chronoamperometric
curve for CoP/MoS; at 10 mA cm™2 current density in 1 M KOH.
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density of states near the Fermi level of CoP/MoS, is lower than
that of CoP and MoS,. This suggests that it is not the conduc-
tivity of the heterojunction but the adsorption properties of its
active sites that contribute to the superior performance.

Conclusion

In summary, we successfully synthesized CoP/MoS, microsphere
heterojunction HER catalysts with a large number of nanosheets
by phosphating and vulcanizing the CoMo-LDH precursor at
different temperatures. The sample prepared at 550 °C shows the
best crystallinity and surface morphology. The nanosheet struc-
ture on the microsphere's surface has an extensive surface area
and fully exposed active sites. In addition, the charge transfer
between CoP and MoS, optimizes the electronic state of the
catalyst. As a result, the overpotential of CoP/MoS, is only 88 mV
at a current density of 10 mA cm ™2, which is superior to that of
the phosphides heterojunction CoP/CoMoP, and the sulfides
heterojunction CoySg/MoS,. The findings suggest that CoP/MoS,
has a stronger synergistic effect than the latter two. This work
proposes a novel and simple way to fabricating high-performance
transition metal-based compound heterojunctions.
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