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Photocatalytic hydrogen release provides a sustainable and promising method for solar energy fuels and
raw materials. The reasonable construction of nanocomposite photocatalysts with rapid charge transfer
and broad solar response capability is of great significance for the efficient conversion of solar energy to
chemical energy. Herein, for the first time, different metal ions (Fe, Co, and Mn) are doped in situ
through the surface modification strategy to change the electronic structure and d band center of the
cocatalyst NiyP, which then adjusts the surface state of Znln,S; nanosheets with S defects to accelerate
the surface photocatalytic hydrogen evolution reaction. It is impressive that the constructed Fe-doped
Ni>P/Znln,S4-Vs ultra-thin 2D/2D nanosheet structure has the best photocatalytic hydrogen evolution
activity and lasts for 20 h, and its hydrogen evolution rate can reach 4548.75 pmol g~ h™%, which is

11.51-fold higher than that of pristine ZnIn,S4. Moreover, the simulation results indicate that Fe doping
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optimizes the Gibbs free energy of the intermediate state of the hydrogen evolution reaction, thus
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efficient hydrogen evolution photocatalyst.

1. Introduction

The continuous production of H, from water using solar
semiconductors to achieve the conversion of solar energy to
green hydrogen energy is considered a feasible solution for
solving energy and environmental problems. The development
of efficient, durable, and nontoxic photocatalysts for the
hydrogen evolution reaction (HER) from water remains a great
challenge. Among many photocatalysts, zinc indium sulfide
(Z1S) is a promising transition metal sulfide semiconductor
photocatalyst.'® As a typical ternary-layered structure, its band
gap is tunable (2.06-2.85 eV), and the conduction band is about
—1.21 eV, representing the strong reducing ability of photo-
generated electrons. In addition to the appropriate band gap
structure, ZIS has a friendliness and excellent photostability
environment compared with commonly used CdS and PbS.”*°
However, there are still problems, such as a narrow light
absorption range, short photogenerated carrier lifetime, and
severe recombination in applications, which limit its photo-
catalytic efficiency and practical application.”** In pursuit of
better photocatalytic performance, researchers have made great
efforts in morphology regulation, defect engineering, element
doping, and cocatalyst loading, which have achieved satisfac-
tory modification results.**"”

It is well known that is an effective introduction of vacancy
into ultrathin layer-structured semiconductors can improve the
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electronic structure of catalysts. The effect of vacancy can lead
to the emergence of the intermediate energy level to narrow the
intrinsic band gap of the semiconductor photocatalysts and can
effectively adjust the charge transfer kinetics to capture photo-
generated electrons, thus modulating the electron spatial
distribution and prolonging the lifetime.'®*** Importantly, the
controllable adjustment of the vacancy concentration has
a direct relationship to photocatalytic performance, but the
excess vacancies can become recombination centers for pho-
togenerated carriers, thereby suppressing photocatalytic
performance. In this context, vacancy-rich semiconductor
materials with good electron transfer properties have attracted
considerable attention from researchers.”® Hence, adjusting the
vacancy to the appropriate concentration is beneficial for opti-
mizing the property and stability of the photocatalyst. However,
based on the reported literature, only introducing defects is
insufficient to achieve efficient photocatalytic performance.”

In recent years, as typical representatives of emerging non-
precious photocatalysts, transition metal phosphides (TMPs),
such as Ni,P, Co,P, and MoP, have been considered substitutes
for noble metals owing to their excellent electrical conductivity.
It is inexpensive, non-toxic, good in hydrophilicity, and suitable
hydrogen adsorption free energy and exhibits noble metal-like
properties for HER. In this regard, Ni,P as a cocatalyst is very
excellent and has received extensive attention. Recent literature
has confirmed that the assembly of Ni,P nanoparticles with
semiconductors can achieve high photocatalytic hydrogen
production efficiency. Compared with nanoparticles, two-
dimensional (2D) Ni,P has been widely used as an ideal mate-
rial because of its larger specific surface area, shorter carrier
migration distance and richer active sites. Some studies have
found that when the 2D-layered structure is reduced to ultra-
thin size, it will have unexpected effects.”>*® Therefore, it is
a good choice to introduce 2D Ni,P into metal sulfide.”®
However, as far as we know, there are still some limitations in
their combination and photocatalytic performance. For
example, although the two semiconductors are in close contact,
interface bonding is not considered.

Based on the above considerations, if the vacancies are
constructed on ZIS, which is then modified via 2D Ni,P, the two
phases form a tight bonding effect through the vacancies, thus
giving full play to the synergistic effects resulting from their
respective advantages. Therefore, we intelligently design and
synthesize 2D/2D Fe-doped Ni,P modified ZIS with rich S
vacancies (Fe-Ni,P/ZIS-Vs) photocatalyst for the first time via
a solvothermal self-assembly strategy, which can improve the
photocatalytic hydrogen evolution property. Herein, shortening
the solvothermal time is a prerequisite for obtaining S vacan-
cies, where S vacancies can broaden the light absorption range,
and abundant unsaturated S atoms as target sites of P atoms are
helpful for the in situ growth of Fe-doped Ni,P on the surface of
ZIS-Vs. In particular, Ni,P acted as the active site for hydrogen
evolution and was enriched with photogenerated electrons.
After in situ doping Fe", the local coordination environment
and center position of the d-band are further adjusted, thereby
reducing the kinetic energy barrier of the hydrogen evolution
reaction. In addition, the tight interface bonding between Fe-
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Ni,P and ZIS benefits charge transfer. As anticipated, the opti-
mized Fe-Ni,P/ZIS-Vs photocatalyst exhibited superior
hydrogen release capacity and long-term stability, as confirmed
by the characterization and DFT calculations. This study
provides a new idea for maximizing transition metal phos-
phides as cocatalysts in the future.

2. Results and discussion
2.1 Characterizations of morphology and structure

To explore the optimal substitution position of Fe dopants in
Ni,P/ZIS-Vs composites, we performed a detailed study using
theoretical calculations. The structural models of all materials
are presented in Fig. S1.f As depicted in Fig. 1a-c, various 3D
structural models of Fe-Ni,P-ZIS-Vs are established, including
the coordination structures of Fe doping substitution at diverse
positions (Zn, In and Ni). In addition, Table S17 lists the energy
changes in each active site for the alternative models. According
to the calculations, the optimal substitution site for the Fe-Ni,P-
ZIS-Vs is the Ni atom, whose formation energy is the lowest.
Therefore, for composites, it is highly likely that Fe will replace
the Ni atom in Ni,P and dope into the Ni,P lattice. As
summarized in Fig. 1d, the Fe-Ni,P/ZIS-Vs material was ob-
tained by applying a continuous solvothermal process,
including the preparation of ultra-thin ZIS-Vs and the in situ
growth of Fe-doped Ni,P on ZIS-Vs nanosheets. By reducing the
solvothermal time, ZIS nanosheets with rich S vacancies were
synthesized and used as substrate materials. Subsequently, the
ZIS-Vs nanosheets were immersed in the ethylenediamine
solution of Ni**, Fe*" and red P, and Fe-doped Ni,P nanosheets
were grown in situ by applying the second solvothermal process.
Finally, Fe-doped Ni,P is closely combined with ZIS-Vs nano-
sheets. For comparison, pure ZIS, ZIS-Vs, Ni,P and Fe-doped
Ni,P were also synthesized.

The microscopic morphology of the as-prepared pristine ZIS
powder, ZIS-Vs, Ni,P and Fe-Ni,P/ZIS-Vs (optimal sample) was
characterized by SEM, TEM and HRTEM. As shown in Fig. 2a,
the micromorphology of ZIS-Vs flower spheres comprises
numerous crossed nanoflakes, similar to pristine ZIS
(Fig. S2at), which is favorable for increasing exposure to the
active site. Based on the TEM image (Fig. 2b), the intersecting
nanosheets are ultrathin two-dimensional structures. More-
over, in Fig. 2c (HRTEM image), a clear lattice stripe with
a lattice spacing of d = 0.32 nm corresponds to the (102) plane
of the ZnIn,S, phase.”” Further, obvious lattice misalignment
can be surveyed in each of the shaded regions in the circle,
illustrating that defect structures may be obtained by reducing
the solvothermal time. From the element mapping and EDS
spectrum of ZIS-Vs (Fig. S2b and c¥), it could be observed that
Zn, In and S elements are evenly distributed, and the atomic
ratio is 1.00: 2.00 : 3.73 (Table S27). This represents an apparent
shortage of S atoms, further demonstrating the existence of
abundant S vacancies. Similarly, pure Ni,P also comprises
stacked nanosheets (Fig. S3a and bf). The HRTEM image
presents one lattice spacing of 0.22 nm, which is matched to the
(111) crystal planes of Ni,P.*® Fig. 2d and e shows SEM and TEM
images of Fe-Ni,P/ZIS-Vs, which still inherits the original
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(a)—(c) SEM, TEM and HRTEM images of ZIS-Vs. (d)-(f) SEM, TEM and HRTEM images of Fe-Ni,P/ZIS-Vs. (g) Elements mapping of Zn, In, S,

Fe, Ni and P of Fe-Ni,P/ZIS-Vs. (h) XRD patterns of the ZIS, ZIS-Vs, Ni,P/ZIS-Vs and Fe-Ni,P/ZIS-Vs. (i) Raman spectra and (j) EPR spectra of ZIS,

ZIS-Vs and Fe-NiyP/ZIS-Vs.
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nanoflower morphology after phosphorylation treatment,
which is similar to Ni,P/ZIS-Vs (Fig. S3ct). Moreover, ZIS-Vs and
Ni,P nanosheets are difficult to distinguish, indicating that the
two phases are in close contact (Fig. 2e). The multi-layer flower
microsphere structure improves light absorption via multi-layer
reflection and scattering, while the two phases in close contact
facilitate rapid charge transfer, thus enhancing photocatalytic
capacity. In addition, the HRTEM image displayed in Fig. 2f
marks two lattice striations of widths with different d values of
0.22 and 0.32 nm, indicating the (102) plane of the ZIS and (111)
plane of Ni,P, respectively. The above results reveal that Ni,P is
grown directly and adheres to ZIS nano-flakes. To confirm the
distribution of Fe-Ni,P/ZIS-Vs more intuitively, the elemental
mapping images are depicted in Fig. 2g. The results show that
Zn, In and S elements are uniformly and densely distributed in
the composites. The Ni, Fe, and P elements are relatively sparse.
This indicates that the Fe-Ni,P/ZIS-Vs has been successfully
prepared. Based on the EDS spectrum (Fig. S3d¥), the atomic
ratio of Zn, In and S is 1.00 : 2.00 : 3.85 in the composite Fe-Ni, P/
Z1S-Vs, suggesting many S vacancies in the material (Table S37).
Simultaneously, we also determined the final content of Fe in
the composite using ICP-OES. As confirmed, the content of
doped Fe in Fe-Ni,P/ZIS-Vs is around 0.6 wt%. To confirm the
crystal structures of a series of prepared samples, XRD patterns
were carried out (Fig. 2h). For ZIS-Vs, the main diffraction peaks
agree with those of hexagonal ZIS (JCPDS No. 72-0773), which
can explain the formation of high-crystalline ZIS. Interestingly,
the diffraction peak of ZIS-Vs is weakened relative to ZIS, and
the disappearance of the (104) plane indicates the appearance
of an S vacancy.” Simultaneously, all the diffraction peaks of
pure Ni,P obtained by the solvent heat agreed with Ni,P
(JCPDS:03-0953) (Fig. S4t).*® After loading Ni,P on the ZIS-Vs
substrate, the crystallinity of the composite material weak-
ened. The diffraction peak at the (006) lattice plane obviously
shifts to low angles, indicating structural distortion caused by
the combination of the two phases. Owing to the low loading of
Ni,P and good dispersion, no XRD peaks corresponding to Ni,P
are observed. However, when the Ni,P load reaches 15%, a weak
diffraction peak appears, located at 44.8°, further demon-
strating the successful formation of the Ni,P/ZIS-Vs (Fig. S57).
After modification with Fe**, the diffraction peaks are essen-
tially identical to Ni,P/ZIS-Vs, and no separated or other phases
appear. This shows that the crystal structure of Ni,P/ZIS-Vs is
insignificantly altered after the introduction of the heteroatom.
Moreover, with a change amounting to Fe dopant, the peak
pattern of the composite hardly changes significantly (Fig. S67).
In addition, the structural composition of the photocatalyst was
further analysed by Raman spectroscopy (as depicted in Fig. 2i).
As observed in the ZIS-Vs, the characteristic peaks located at
247.8 and 359.8 cm ™! corresponded to the F,, and A, patterns
of the ZIS, respectively. Compared with Ni,P/ZIS-Vs and Fe-Ni, P/
Z18-Vs, the F,, pattern does not significantly change, and the A,
pattern characteristic peak of ZIS-Vs appears evidently blue
shift, which further demonstrates a strong coupling relation-
ship between ZIS-Vs and Fe-Ni,P.*"** Based on the HRTEM
images of Fig. 2c and f, we found that there are many atomic
vacancies in the complex. Electron paramagnetic resonance
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(EPR) spectroscopy was employed to further determine the type
of vacancy. As shown in Fig. 2j, a weak EPR signal is detected in
the ZIS, which is due to inevitable defects during sample
preparation. The remaining samples all show strong EPR
response signals at g = 2.003, revealing that successfully
reducing the solvothermal time can generate many S vacan-
cies.”® It is well known that the intensity of the EPR signal is
proportional to the electron capture centre concentration.
Notably, ZIS-Vs exhibits the strongest EPR response. After
loaded Fe doping Ni,P, the EPR response intensity is greatly
attenuated lower than that of ZIS-Vs. Because the structural
properties of S and P are similar, this result fully proves that P
from Ni,P is selectively anchored to the vacancy structure of ZIS-
Vs, resulting in a decrease in the Vs concentration in the
composite.** According to the literature, an appropriate amount
of vacancy structures can act as electron traps to enrich elec-
trons, prolong the carrier lifetime and improve the photo-
catalytic hydrogen evolution capacity.”

2.2 Chemical composition and chemical states

The chemical states and surface composition of the catalysts
were studied using X-ray photoelectron spectroscopy (XPS). XPS
survey spectra show that Fe-Ni,P/ZIS-Vs composites contain
weak elements of Ni and P except for Zn, In and S (Fig. S7at).
However, the peak of Fe is unobserved, which may be due to its
low content. For the high-resolution Zn 2p spectra of ZIS-Vs and
Fe-Ni,P/ZIS-Vs (Fig. S7bt), the peaks located at 1021.0 and
1044.0 eV are attributed to the Zn 2p3,, and Zn 2p,,, peaks of
ZIS-Vs, respectively.**® For In 3d spectra of ZIS-Vs (Fig. S7ct), it
shows two peaks at 444.0 (In 3dss,) and 451.5 eV (In 3ds),
which indicate the characteristics of In**.*” There is a slight
positive shift compared with Fe-Ni,P/ZIS-Vs. According to the
literature, the S 2p binding energies of the original ZIS are
161.7 eV and 162.9 eV, respectively. The S 2p peaks of ZIS-Vs
emerge a significant negative shift, which further confirms
the existence of S vacancies, as illustrated in Fig. S7d.{**
Because the S vacancy belongs to a strong electron attracting
group, it can promote electron transfer, thus reducing the
electron cloud density of the S atom in ZIS, resulting in lower
binding energy. It is noteworthy that the binding energies of the
In and S elements in Fe-Ni,P/ZIS-Vs composites are slightly
higher than those in ZIS-Vs, suggesting strong chemical
bonding between the two phases.*® As shown in Fig. S7e, the Fe
2p spectrum of Fe-Ni,P/ZIS-Vs can be deconvoluted into four
peaks. The peaks at 711.0 and 724.4 eV are attributed to Fe(ur)
2ps;, and Fe(m) 2p,),, respectively, and the other two peaks
correspond to satellite peaks, indicating that Fe®" has been
successfully doped into Ni,P.*** For the high-resolution XPS
spectra of the Ni element (Fig. S8a and b¥), six similar peaks are
found. In this case, the two peaks of binding energies at 852.0
and 869.4 eV are determined to be Ni®* (6 close to 0) from Ni,P.
The other two groups of peaks are situated at 855.2 and 873.4 eV
as well as 861.0 and 879.1 eV, which are indexed to Ni 2p;/, and
Ni 2p;,, of Ni*" and the satellite peaks, respectively. Similarly,
the peak at 129.2 eV belongs to P°~. Because it is slightly below P
° (130.0 eV), this indicates that most of the P exists in the form

This journal is © The Royal Society of Chemistry 2023
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of metal phosphide. The other peak centers at 132.5 eV are
assigned to PO,’” environment because Ni,P is easily
oxidized.*** Interestingly, it is observed that the binding
energy of Ni 2p positively shifts in the XPS spectrum of Fe-Ni,P
because the electronegativity of Fe*" is higher than that of Ni**,
Therefore, it is more attractive to electrons, leading to the
migration of electrons to Fe*". Similarly, the charge of P 2p is
redistributed after Fe doping. In addition, the Ni 2p and P 2p
spectra of Fe-Ni,P/ZIS-Vs obtain electrons and move in the
negative direction compared with Fe-Ni,P (Fig. S8c and df).
These XPS results suggest that Fe doping causes charge rear-
rangement of the hydrogen evolution site (Ni,P) and accelerate
HER.

Based on XPS data, it is found that the introduction of Fe*"
causes electronic structure changes in metal ions. Therefore,
the energy band structure shift of the metal in the catalyst is
further investigated by ultraviolet photoelectron spectroscopy
(UPS) after metal substitution (Fig. S91). The UPS results imply
that Fe doping optimizes the position of the d-band center of
the material, and the d-band center of Fe-Ni,P/ZIS-Vs moves
0.14 eV relative to Ni,P/ZIS-Vs, which further indicates that the
introduction of Fe produces an electronic effect in the catalyst
and adjusts the electronic structure of the metal.

2.3 Highly enhanced photocatalytic H, generation activity

The hydrogen production activity of the photocatalysts was
carried out under visible light using triethanolamine (TEOA) as
a hole sacrificial agent without any other noble metals. As dis-
played in Fig. 3a and b, Ni,P shows no catalytic performance
and pristine ZIS also exhibits a low H, release rate because of
the fast recombination of photo-generated carriers. The amount
of H, released from vacancy-rich samples varies with the change
in solvothermal time. To reveal the influence of the S vacancy on
photocatalytic HER, several control tests are presented in

View Article Online
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Fig. S10a.f Among them, the ZIS-Vs obtain the highest
hydrogen evolution activity by reducing the solvothermal time
to 4 h. The hydrogen evolution rate of ZIS-Vs (1260.24 umol g~
h™") is 3.20 times as high as that of ZIS powder (395.03 pmol g~
h™") because the S vacancies on the ZIS surface act as electron
traps that can effectively suppress photo-generated electrons
and hole recombination. After anchoring Ni,P on the matrix of
ZIS-Vs, the photocatalytic H, evolution capacity of Ni,P/ZIS-Vs
presents a volcanic curve according to the changing load of
Ni,P. Considering that Ni,P has a noble metal-like electron
transfer rate, it acts as a co-catalyst (hydrogen evolution site) to
significantly enhance the hydrogen evolution rate of Ni,P/ZIS
composites. The optimal hydrogen production rate of the
Ni,P/ZIS-Vs composite is 2251.93 umol g~ ' h™", which is 1.79
times that of ZIS-Vs (Fig. S10bt). Further increasing the loading
amount of Ni,P, the hydrogen capacity of the sample began to
decrease. This may be due to the active site coverage of ZIS
caused by excess Ni,P. This result demonstrates that the tight
2D/2D interface between ZIS-Vs and Ni,P can accelerate the
migration of interface charges; therefore, more photo-generated
electrons can participate in the reaction. Subsequently, the
introduction of Fe*" into the synthesis process of Ni,P can
further improve its photocatalytic hydrogen evolution perfor-
mance, and the maximum hydrogen production capacity can
reach 4548.75 umol g * h™" with an apparent quantum yield
(AQY) of 29.28% at 420 nm monochromatic light. Ni,P is the
site of hydrogen evolution after the doping of Fe*", and its d-
band center shifts downward, leading to the reduction of H,
adsorption energy. In addition, the effect of Fe doping on
electrocatalytic HER performance is investigated using a stan-
dard three-electrode system at room temperature, and the
results show that metal doping has a positive effect. Compared
with pure Ni,P, Fe-Ni,P exhibits better electrocatalytic HER
activity, with a smaller overpotential and Tafel slope (Fig. S117),
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Fig. 3 (a) Time course of H, production. (b)-(d) The corresponding photocatalytic H, evolution rates of various samples. (e) The H, releasing
yields of four successive cycles and (f) the XRD pattern of the fresh and recycled Fe-Ni,P/ZIS-Vs samples.
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indicating faster charge transfer kinetics. This acceleration
capability could be owing to the modulation of the electronic
structure and d-band center after metal doping. In this study,
TEOA serves as an effective hole depleting agent that can
promote HER. However, we must point out that the selection of
sacrificial agents directly affects overall photocatalytic perfor-
mance. In particular, when lactic acid (LA) and Na,S/Na,SO; are
chosen as sacrificial agents, the hydrogen production perfor-
mances of Fe-Ni,P/ZIS-Vs are 2131.00 and 1335.04 umol g *
h™", respectively, which are significantly lower than those used
in this study. Therefore, TEOA is a more suitable sacrificial
agent in this experiment (Fig. S121). Moreover, the hydrophi-
licity of the materials gradually improved (Fig. S137). In addi-
tion, we compare the performance of the recently reported ZIS-
based photocatalysts (Table S6f). Finally, we investigate the
effect of introducing different metal dopants on the hydrogen
production rate of Ni,P/ZIS-Vs composite. The results indicate
that metal doping has a positive effect, and Fe-Ni,P/ZIS-Vs
exhibits the best HER activity than Mn-Ni,P/ZIS-Vs, Co-Ni,P/
Z1S-Vs and Cu-Ni,P/ZIS-Vs (Fig. 3d). HER performance is
accelerated owing to the vacancy structure and the modulation
of the electronic structure after metal doping. Similarly, the
cycle stability of the catalyst is also an important indicator for
measuring the advantages and disadvantages of the photo-
catalyst. Long-cycle photocatalytic hydrogen experiments are
performed to evaluate the hydrogen evolution stability of the Fe-
Ni,P/ZIS-Vs, as depicted in Fig. 3e. With the prolongation of
illumination time, the cumulative amount of hydrogen gradu-
ally increases. It is noteworthy that the photocatalytic hydrogen
evolution activity of Fe-Ni,P/ZIS-Vs remains stable after 20 h of
testing. As illustrated in Fig. 3f, the crystal structure of the Ni,P/
ZIS-Vs composite before and after 20 h of recycling was char-
acterized by XRD, and the results illustrate that the character-
istic peaks did not change significantly. In addition, the SEM
image of Fe-Ni,P/ZIS-Vs is still a nanoflower with an ultra-thin
nanosheet structure (Fig. S14at). Further, according to the
HRTEM image and element mapping, the interface of ZIS-Vs
and Fe-Ni,P can still be found (Fig. S14b and cft), revealing
that the phase interface also has high stability. In summary, the
morphology and crystal phase structure of Fe-Ni,P/ZIS-Vs are
almost unchanged after the reaction, indicating that the
composite has strong stability, which may be attributed to the
strong combination of ZIS and Fe-Ni,P through Vs, thereby
improving the cycle stability of the composite.

2.4 Photoelectrochemical properties and energy level
structure

The light-harvesting and responsiveness of the catalysts were
characterized by applying ultraviolet-visible diffuse reflectance
spectroscopy (UV-vis DRS) (Fig. 4a). The absorption edge of the
pristine ZIS is about 500 nm, which proves that it has good light
absorption and utilization capability for part of the visible light.
In particular, the intrinsic absorption edge of the ZIS-Vs sample
displays a red shift to 540 nm after the introduction of S
vacancies. Pure Ni,P powder is black, and when light irradiates
on the surface of the sample, it absorbs the full wavelength of
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light and hardly reflects. Thus, owing to the full-spectrum
absorption of Ni,P, the Ni,P-modified ZIS-Vs further exhibits
ared shift in the absorption edge. From a macroscopic view, the
color of Ni,P/ZIS-Vs material gradually deepens from yellow to
dark green. When Fe*' is introduced and bounded into the
lattice, the structure of the material's electrons is further
adjusted. The light absorption edges of the Fe-doped sample are
further moved to the right. Moreover, the color of the Fe-Ni,P/
ZIS-Vs sample changes from green to brown. In addition, the
forbidden bandwidth of each material is calculated by
employing the Kubelka-Munk function (Fig. 4b). It is evident
that the construction of the vacancy and cocatalyst narrows the
band gap of pristine ZIS.*>*® It is well known that the flat band
potential (Eg,) of the semiconductor approaches the Fermi level.
By elongating the linear section of the M-S plot (Fig. 4c), it gains
the Eg, of ZIS-Vs (—1.07 V vs. Ag/AgCl), which is noted over
frequencies of 500 and 1000 Hz in the dark, that is —0.87 V at
normal hydrogen electrodes (NHE), Exyg = Eagagal + 0.197 V.
The M-S diagram slopes of the whole samples are positive,
demonstrating that the material possesses an n-type semi-
conductor feature. The conduction band potential (Ecg) of the
n-type semiconductor is about 0.2 V less than that of Eg,.
Therefore, the Ecp of ZIS-Vs is —1.07 V (vs. NHE).**® Based on
the formula, the Eyg of ZIS-Vs (Eyg is the valence band potential)
is calculated as 1.17 V (vs. NHE), as demonstrated in Table S4.+
Finally, the band gap structure is presented in Fig. 4d. To
explore the separation and transfer efficiency of photogenerated
carriers of Fe-Ni,P/ZIS-Vs, a series of optoelectronic perfor-
mance measurements were performed: steady-state photo-
luminescence (PL) spectroscopy, time-resolved PL (TRPL)
spectroscopy, transient photocurrent responses (PC), electro-
chemical impedance spectra (EIS) and surface photovoltage
spectra (SPV). Under light excitation at 385 nm, the pristine ZIS
shows the highest PL intensity, which is indicative of their high
electron-hole pair recombination (Fig. 4e). The ZIS-Vs and Ni,P/
ZIS-Vs composites display obvious PL quenching phenomena.
The PL strength of the composite continues to decrease when
the Fe atoms are further doped.***® Furthermore, the TRPL
decay curves of the materials (Fig. 4f) were obtained by function
fitting. As listed in Table S5,f the average lifetime of ZIS-Vs is
longer than that of ZIS, indicating that proper S vacancies acting
as electron traps to trap electrons can reduce the recombination
of photogenerated carriers for the host. Notably, Fe-Ni,P/ZIS-Vs
has the longest average lifetime (5, = 7.63 ns), which is due to
the fast transfer of photogenerated charges on ZIS-Vs through
the two-phase interface and effectively decreases reorganiza-
tion. The above results confirm that the combination of ZIS-Vs
and Fe-Ni,P is very beneficial for the separation of photo-
generated carriers, which is consistent with the improvement in
photocatalytic performance.> Fig. 4g and h correspond to the
(PC) response and EIS Nyquist plot of the synthesized samples,
respectively. Typically, the PC is used to characterize the charge
transfer feature. All materials exhibit uniform, fast and stable
photocurrent responses under intermittently cycled illumina-
tion conditions. Compared with the other samples, the
composite Fe-Ni,P/ZIS-Vs show the highest PC intensities. In
general, a higher photo-generated current indicates more
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Fig. 4 (a) UV-vis absorption spectra and (b) Kubelka—Munk function vs. the energy of incident light plots of the as-prepared samples. (c) Mott—
Schottky plots of ZIS-Vs. (d) Band structure of Fe-Ni,P/ZIS-Vs sample. (e) Steady-state PL spectra, (f) TRPL decay spectra, (g) the transient PC, and
(h) EIS Nyquist plots of ZIS, ZIS-Vs, Ni>P/ZIS-Vs and Fe-Ni,P/ZIS-Vs. (i) SPV spectra of NiyP, ZIS-Vs and Fe-Ni,P/ZIS-Vs samples.

efficient separation of photo-generated carriers (Fig. 4g).*>*

Furthermore, based on the EIS plot shown in Fig. 4h, Fe-Ni,P/
ZIS-Vs has the smallest arc radius. This indicates that the S
deficiency and the combination with Fe-Ni,P reduce the charge
migration resistance in both phases. It is noteworthy that Fe-
Ni,P has excellent electrical conductivity, thus improving
charge transfer efficiency using a contact interface. In summary,
it has been proven that the composite Fe-Ni,P/ZIS-Vs are the
most effective for the separation and transfer of photogenerated
carriers, which is conducive to HER.** SPV measurements were
performed to explore the photoelectric effect of each sample, as
demonstrated in Fig. 4i. Among them, ZIS-Vs and Fe-Ni,P/ZIS-
Vs have obvious positive responses in the range of 300-
530 nm, indicating that the above two materials are n-type
semiconductors. However, outside this range, the photo-
voltage value is almost zero, which corresponds to the result of
UV-vis. The SPV spectrum of Ni,P exhibits almost no signal,
which indicates the low photo-generated charge carrier sepa-
ration efficiency of the semiconductor. Thus, the huge gap
between Ni,P and Fe-Ni,P/ZIS-Vs is attributed to the interaction
at the two-phase interface. The modified Fe-Ni,P/ZIS-Vs SPV
response is enhanced compared to ZIS, illustrating that the

This journal is © The Royal Society of Chemistry 2023

photogenerated carriers are easier to separate and transfer to
the surface.’®*

2.5 DFT calculations and photocatalytic mechanism

Density functional theory (DFT) is used to further reveal the
orbital hybridization information and electron transfer trend of
the two-phase contact interface. Fig. 5a depicts the charge
density difference diagram of Fe-Ni,P/ZIS-Vs material, where
the green and yellow areas represent the electron gain and loss
areas, respectively. The surface of ZIS-Vs is mainly filled by the
yellow region, while the side of Fe-Ni,P is a dominantly green
region, which suggests that the composite has strong electron
enrichment ability on the Fe-Ni,P side. Furthermore, the
longitudinal section image can more intuitively show the
migration trend of electrons from ZIS-Vs to Fe-Ni,P along the
contact interface (Fig. 5b). The above analysis agrees with the
XPS results.***” Additionally, the Gibbs free energy (AGy+) of the
middle state in HER represents the adsorption/desorption
capacity of H*, which is a key indicator related to HER perfor-
mance. As demonstrated in Fig. 5c, the calculation results
indicate that Fe-Ni,P/ZIS-Vs offers the lowest AGy+ = —0.10 eV
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compared with other materials, illustrating the optimal H
adsorption/desorption ability of hydrogen evolution on Fe-Ni, P/
ZIS-Vs. First, loading Ni,P on ZIS-Vs could build an internal
electric field to effectively enhance charge separation and
reduce the AGys, thus promoting HER. Then, to further
enhance the H* absorption at the hydrogen precipitation site
Ni,P, Fe dopant is introduced to adjust the adsorption/
desorption of H*. Compared with Ni, Fe has a weak ability to
provide electrons, so the doped Ni sites obtain fewer electrons,
which improves the H* adsorption ability of the Ni sites and is
conducive to HER. The above research demonstrated that S
vacancy, cocatalyst Ni,P and Fe doping could effectively
promote carrier transfer, move down the center of the d-band,
accelerate the dissociation of water molecules, reduce the
adsorption energy of hydrogen evolution intermediates and
fundamentally improve the HER of the catalyst.*®

Combining the above experimental data and DFT calcula-
tions, a schematic diagram is given in Fig. 5d to explain the
possible photocatalytic mechanism from the perspective of
structure, charge transfer and transport pathways. As a typical
n-type semiconductor, ZIS with an upward bending of the
surface energy band and a positive voltage response, photo-
generated carriers are easily bound together. Therefore, it has

14816 | J Mater. Chem. A, 2023, 11, 14809-14818

very low hydrogen evolution efficiency. Considering this, the
introduction of S vacancies on the Zn surface as electron traps
could enrich the photogenerated electron (e”), therefore pre-
venting its recombination with holes (h*). In addition, Fe-Ni,P
is selectively grown on the Vs region of the ZIS to form
a compact 2D-2D structure. Then, the photoexcited e transfers
to Fe-Ni,P rapidly through the tight interface, thus achieving
the effective separation of photoinduced charge carriers.
Moreover, XPS displacement analysis and DFT calculation
confirm that photoexcited e could be easily transferred from
ZIS-Vs to Fe-Ni,P. Owing to the different charge distribution,
H,O molecules obtain e~ from the surface of ZIS-Vs, and then
the e is filled in the 7v* 4a orbital of H,O, where the H-O bond
is elongated. Therefore, H,O molecules are decomposed, and
new O-H bonds are formed on the surface of ZIS-Vs. Then, the
hydroxyl group acquires e~ and converts them into active H*
species, which are more inclined to adsorb on the Ni edge of the
hydrogen evolution site Ni,P.*® Therefore, H* species release H,
at Ni,P site. From the perspective of architecture, because both
phases are ultra-thin nanosheet structures, the composite
photocatalyst constructed really has a larger contact area,
shorter transmission distance and lower impedance, leading to
increased reaction sites, improved carrier separation and

This journal is © The Royal Society of Chemistry 2023
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migration efficiency, lower hydrogen evolution barrier and
faster reaction kinetics, thus significantly enhancing the pho-
tocatalytic hydrogen evolution.

3. Conclusions

Overall, the 2D/2D Fe-Ni,P/ZIS-Vs photocatalyst was success-
fully synthesized by solvothermal self-assembly and exhibited
highly catalytic performance for hydrogen evolution under
visible light. Through a series of characterization methods,
performance tests and theoretical calculations, the relationship
of formation-structure-property of photocatalysts is explored.
For Fe-Ni,P/ZIS-Vs, the S vacancy increases the electron trap
well and selectively grows the hydrogen evolution site Ni,P.
Moreover, Fe doping modulates the d-band center of Ni,P,
which further reduces the reaction energy barrier of photo-
catalytic hydrogen production and facilitates the adsorption
and activation of H,O. Consequently, Fe-Ni,P/ZIS-Vs photo-
catalyst exhibits an excellent hydrogen evolution activity of
4548.75 pmol g~ * h™', which is 11.51 fold greater than that of
normal ZIS powder. This study announces the influence of
surface engineering on photocatalytic activity, which also
provides guidance for the design of efficient hydrogen evolution
photocatalysts.
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