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In this work, taking NiSe, as a prototype to be used as cocatalyst in photocatalytic hydrogen evolution, we
demonstrate that the crystal phase of NiSe, plays a vital role in determining the catalytic stability, rather
than activity. Theoretical and experimental results indicate that the phase structure shows negligible in-
fluence to the charge transport and hydrogen adsorption capacity. When integrating with carbon nitride
(CN) photocatalyst forming hybrids (m-NiSe,/CN and p-NiSe;/CN), the hybrids show comparable photo-
catalytic hydrogen evolution rates (3.26 pmol/h and 3.75 pmol/h). Unlike the comparable catalytic activity,
we found that phase-engineered NiSe, exhibits distinct stability, i.e., m-NiSe, can evolve H, steadily, but
p-NiSe;, shows a significant decrease in catalytic process (~57.1% decrease in 25 h). The factor leading to
different catalytic stability can be ascribed to the different surface conversion behavior during photocat-
alytic process, i.e., chemical structure of m-NiSe, can be well preserved in catalytic process, but partial

p-NiSe; tends to be converted to NiOOH.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Recent studies have demonstrated that, in addition to the com-
position, size, dimensionality, defect, and facet, crystal phase of
nanomaterials plays a crucial role to their catalytic functions [1-3].
Tuning the phase structure of nanomaterials can change the atom
arrangement, leading to the regulation of their physical/chemical
properties and optimization of catalytic performance [4,5]. With
the deepening of relevant understanding, phase engineering is now
considered as an effective strategy to optimize materials for ef-
ficient catalysis. However, it is still urgent to do research work
regarding the following aspects: (1) developing general synthetic
methods for the controllable synthesis of desired phases, (2) un-
masking the mechanism about the phase transition process, and
(3) uncovering the inner mechanism for phase-dependent catalytic
activity, stability and selectivity [3,6].
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Great efforts have been devoted into material design, control-
lable synthesis and mechanism exploration, to boost the develop-
ment of phase engineering toward catalysis. For example, semi-
conducting 2H-MoS, and 2H-MoSe, have been widely explored as
catalysts for hydrogen evolution reaction, but their performances
are limited by the poor conductivity and limited active sites at
edges [7-9]. Phase engineering strategy can prepare metallic 1T-
MoS, and 1T-MoSe,, which shows increased charge transfer capac-
ity and active basal plane (chemical insert in 2H phase) [10,11]. As
such, improved hydrogen evolution catalysis can be realized. Ex-
cept for phase transition to metallic 1T phase, phase engineering
of MoS, from crystalline to amorphous phase can also improve the
catalytic hydrogen evolution performance [12]. CO, reduction re-
quires more than efficiency, high selectivity to a specific product
is of great significance [13]. Phase engineering is also verified that
it can affect the selectivity in CO, reduction reaction. It was found
that, Au nanorods with a well-defined fcc-2H-fcc phase structure
show improved CO production selectivity compared to fcc phase
Au nanorods in electrocatalytic CO, reduction reaction [14]. Deep
mechanism study revealed that the reaction energy barrier in the
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Fig. 1. Theoretical simulation and experimental characterization studies of NiSe, with different crystal phases. (a) Structure models. (b) The calculated hydrogen adsorption
Gibbs free energy (Pt is referred from Ref. [31]). (c, d) The calculated band structures. XRD patterns (e) and Raman spectra (f).

formation of *COOH is decreased at 2H surface and 2H/fcc interface
compared to fcc surface, resulting in improved selectivity and ac-
tivity. Previous case studies have highlighted the fascinating char-
acteristics of phase engineered nanomaterials, and how the cat-
alytic functions are influenced by phase engineering. Despite many
phase-engineered nanomaterials have been explored, the under-
standing of the phase-dependent catalytic performance including
activity, selectivity and stability is nowadays still under develop-
ment.

Photocatalytic hydrogen evolution via water splitting is consid-
ered as a good research orientation, aiming to mitigating energy
and environmental problems in the present century [15-17]. Sim-
ilar to other typical photocatalytic reactions including CO, reduc-
tion and N, activation, the realization of efficient and stable water
splitting is determined by the rational design of catalyst structure,
to promote charge separation and molecule adsorption/activation
[18,19]. Transitional metal dichalcogenides (TMDs) can serve as co-
catalyst on semiconductor surface to boost the photocatalytic hy-
drogen evolution performance, but their performances are hard to
meet the practical requirement regarding both activity and sta-
bility, compared to noble metals [6,20,21]. Phase engineering of
TMDs offers a feasible avenue to tame the electronic structures and
thus improving the catalytic performance. Nickel selenide (NiSe,),
a neglected material in TMDs family, has shown potential to cat-
alyze water splitting [22,23]. There are many reported strategies
that can tune the property or functions for improved catalysis, for
example nanostructure engineering [24], defect engineering [23],
constructing heterostructure [22]. However, phase engineering of
NiSe, lacks systematic research. Theoretically, there are two differ-
ent crystal phases according to the atom arrangement (marcasite
phase with orthorhombic structure namely m-NiSe,, and pyrite
phase with cubic structure namely p-NiSe,), as presented in Fig.
1a. However, systematic research about the specific role of phase
structure for NiSe, in photocatalytic hydrogen evolution lacks sys-
tematic research.

In this communication, we report the phase engineering of
NiSe, and the application in photocatalytic hydrogen evolution,
with aims to: (1) develop a general approach for the controllable
synthesis of phase-engineered NiSe,, (2) explore the feasibility of
improving catalytic activity/stability via phase engineering, and (3)
uncover the origin of phase-dependent catalytic behaviors. We first
developed a simple wet-chemical method to prepare m-NiSe, and
annealing treatment to obtain p-NiSe,, followed by fine character-

ization of chemical structures. Then, the catalytic hydrogen evolu-
tion performance of NiSe, as cocatalyst was examined by integrat-
ing with two-dimensional carbon nitride (2D g-C3Ng4). Finally, we
found that the crystal phase structure of NiSe, plays a vital role in
determining the reaction stability, rather than the activity, and dis-
cussed the role of phase structure in affecting the activity/stability.

To gain insight into the phase dependent catalytic hydrogen
evolution properties of NiSe,, the hydrogen adsorption Gibbs free
energy (AGy+), density of state (DOS), and band structure and
of NiSe, based catalysts were theoretically calculated. Fig. 1a and
Fig. S1 (Supporting information) illustrate the crystal structures of
m-NiSe, and p-NiSe,, clearly showing the different structures at
atomic level. The AGy+ of catalyst’s surface can provide strong in-
formation about the interaction between proton and catalyst’s sur-
face. A zero-approaching AGy- with low energy barrier is benefi-
cial for hydrogen evolution reaction [25,26]. In our case, the opti-
mized AGy+ values of m-NiSe, and p-NiSe, are determined to be
0.48 and 0.49 eV respectively, as shown in Fig. 1b and Fig. S2 (Sup-
porting information). These results indicate that both m-NiSe, and
p-NiSe, possess appropriate and comparable hydrogen adsorption
surfaces, and the hydrogen evolution capacity could not be effec-
tively tuned by phase engineering.

Apart from the AGy-, charge delivery ability is another impor-
tant parameter affecting the hydrogen evolution performance. As
shown in Figs. 1c and d and Fig. S3 (Supporting information), the
band structure and DOS of m-NiSe, and p-NiSe, were further an-
alyzed. It can be observed that both pure m-NiSe, and p-NiSe,
show electronic states across the Fermi level, demonstrating their
metallic characteristics [27,28]. As such, it can be theoretically pre-
dicted that both m-NiSe, and p-NiSe, possess good electrochemi-
cal conductivity from the theoretical perspective. It can also be no-
ticed that, p-NiSe, shows only slightly increased numbers of states
at Fermi level compared to m-NiSe,, suggesting the comparable in-
trinsic conductivity theoretically. In summary, theoretical analysis
shows that NiSe, with different crystal phases could both extract
the electrons from electrode or light absorber, and possess compa-
rable proton to hydrogen molecule conversion efficiency.

Experimental investigation of the catalytic hydrogen perfor-
mance for NiSe, relies on the synthesis of NiSe, with differ-
ent crystal phases. The idea of the synthesis is to synthesize
metastable state NiSe, (m-NiSe,) via wet chemical method firstly,
followed by phase transition to stable state NiSe, (p-NiSe,) by ex-
tra energy input. In this work, we synthesized m-NiSe, using a
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Fig. 2. Structural characterization of 2D g-C3N4 and work function simulation. (a) TEM image. AFM image (b) and corresponding height profile (c). (d-f) The calculated work

functions of 2D g-C3N4, m-NiSe, and p-NiSe,.

simple wet chemical oil bath method. Phase transition from m-
NiSe, to p-NiSe, can be realized by a general high-temperature
annealing treatment. X-ray diffraction (XRD) was firstly employed
to provide structure information of NiSe, samples, as shown in Fig.
le. XRD patterns of m-NiSe, and p-NiSe, can both be well indexed
to the standard PDF cards (JCPDS 18-0886 and JCPDS 88-1711),
which preliminarily confirm the successful preparation of phase
engineered NiSe,. The phase transition from m-NiSe, to p-NiSe,
can be further evidenced by Raman analysis. As illustrated in Fig.
1f, two sharp peaks located at 196.2 cm~! and 214.2 cm~! for Se-
Se stretching mode were detected. The active peak shift of m-NiSe,
to higher wavelength position for p-NiSe, is powerful evidence for
the changed Se-Se bond length, further illustrating the phase tran-
sition from pyrite phase to marcasite phase [29,30]. The surface
chemical states and elemental composition were also explored us-
ing X-ray photoelectron spectroscopy (XPS) as shown in Fig. S4
(Supporting information), evidencing the fine chemical structure of
synthesized NiSe, samples (detailed illustration in Supporting in-
formation).

Upon finely characterizing the chemical structures of NiSe,, the
next concern of this work is to investigate the cocatalytic func-
tion of phase engineered NiSe, in photocatalytic hydrogen evo-
lution. In this work, the evaluation of photocatalytic hydrogen
evolution performance is based on the selection of carbon ni-
tride nanosheets (2D g-C3N,4) with stable chemical structure, vis-
ible light response and flat surface characteristics, as hosting semi-
conductor [15,16,32-37]. The large lateral size and specific area
are beneficial for the loading of NiSe,, while the ultrathin thick-
ness can effectively shorten the charge migration pathway from
bulk to surface, thereby reducing the charge recombination. It can
be observed in transmission electron microscopy (TEM, Fig. 2a)
image that pristine 2D g-C3N4 shows transparent and wrinkled
nanosheet morphology. Atomic force microscope (AFM) image and
corresponding height profile (Figs. 2b and c¢) show the lateral size
(~5 pm) and thickness corresponding to ~2 atomic layers (~1.08
nm) of 2D g-C3N,4 [38]. The construction of a typical semiconduc-
tor/cocatalyst reaction system is based on the effective charge mi-
gration of photogenerated charge carriers from semiconductor to
cocatalyst.

Considering that the charge transfer between two components
relies on the work function difference, the work functions (@) of

2D g-C3N4, m-NiSe, and p-NiSe, were theoretically calculated to
ensure the potential of presented systems (Figs. 2d-f). On the ba-
sis that both m-NiSe;, (4.56 eV) and p-NiSe; (4.89 eV) have larger
work function values than pristine 2D g-C3Ny4 (4.47 eV), the charge
migration from 2D g-C3N4 to NiSe, after contact can be ensured
thermodynamically.

The fabrication process of hybrid photocatalysts is illustrated
in Fig. 3a. m-NiSe, is in-situ grown on 2D g-C3N,4 surface by oil
bath reaction using NiCl, and Se powder as precursors, namely m-
NiSe,/CN. As contrast, p-NiSe,/CN can be obtained by a general an-
nealing treatment on m-NiSe,/CN to induce phase transition. XRD
patterns and Fourier transform infrared spectra (FT-IR) of the hy-
brids in Fig. S5 (Supporting information) confirm the coexistence of
NiSe; and 2D g-C3Ny4, and the introduction of NiSe, does not affect
the structure of 2D g-C3Ny4. In the meantime, the morphology and
phase structure of as-obtained m-NiSe,/CN and p-NiSe,/CN were
analyzed using TEM and high-resolution TEM (HRTEM). TEM im-
ages in Fig. S6 (Supporting information) depict that m-NiSe, and
p-NiSe, with similar nanoribbon morphology are loaded on the
surface of sheet-like 2D g-C3Ny. To disclose the fine phase struc-
ture of presented hybrids, HRTEM was performed as shown in Figs.
3b and c. The observed lattice spacings of 0.296 and 0.265 nm
in Fig. 3b correspond to (101) and (111) crystal plane of m-NiSe,,
while lattice spacings of 0.297 and 0.266 nm in Fig. 3d can be as-
cribed to (200) and (210) crystal plane of p-NiSe,. The distribu-
tion of NiSe, on 2D g-C3N4 surface was also analyzed by scanning
TEM (STEM) and corresponding elemental mapping (Figs. 3d and
e). The homogeneous distribution of C, N, Ni and Se elements in
the catalysts can be observed, clearly showing that NiSe, with dif-
ferent phases in nanoribbon morphology are anchored uniformly
on 2D g-C3Ny4 surface. As contrast, both pristine m-NiSe, and p-
NiSe, show seriously aggregated morphology as presented in Fig.
S7 (Supporting information), suggesting 2D g-C3N4 can serve as a
good platform for the uniform loading of NiSe,. XPS spectra of m-
NiSe,/CN and p-NiSe,/CN were also analyzed as illustrated in Fig.
S8 (Supporting information). The Ni 2p spectra and Se 3d spectra
are in good agreement with pristine NiSe, samples, while the C
1s and N 1s spectra are consistent with previous reported g-C3N4
[9,15].

Considering the charge migration and highly active surface of
NiSe, with different crystal phases, we are in position to exam-
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Fig. 4. Hydrogen evolution performance of the catalysts. (a) A comparison of pho-
tocatalytic hydrogen evolution rates. (b) Wavelength-dependent hydrogen evolution
rates. (c) Transient state fluorescence spectra of the catalysts. (d) Photocatalytic sta-
bility evaluation.

ine whether NiSe, can serve as cocatalyst advancing photocatalytic
hydrogen evolution, and investigate the role of crystal phase struc-
tures in catalytic hydrogen evolution. The examination of photocat-
alytic hydrogen evolution performance was then performed using
2D g-C3Ny4 as light absorber, NiSe, as cocatalysts and TEOA as sac-
rificial agent under visible light irradiation. As presented in Fig. 4a,
it can be firstly found that pristine 2D g-C3N,4 displays a hydrogen
formation rate of 0.75 pmol/h. After merging with NiSe, cocata-
lysts, the hydrogen evolution rates can be greatly promoted to 3.26
pmol/h for m-NiSe,/CN and 3.75 pmol/h for p-NiSe,/CN, highlight-
ing the advantages of NiSe, in promoting charge migration and
providing surface active site [20,39]. Despite that many previous
reports about phase engineered nanomaterials for hydrogen evo-
lution generally show crystal dependent performance [40-43], in

our case, the crystal phase structure of NiSe, does not play an im-
portant role in determining the activity. The reason for this phe-
nomenon is owing to that the phase engineering on NiSe, leads
to negligible optimization on the hydrogen adsorption and charge
delivery capacity. Although there is a big gap between NiSe, and
other benchmark cocatalysts (e.g., Pt or MoS,) for the catalytic per-
formance, the significance and finding for this work can be sum-
marized as below: (i) A universal method is developed for the syn-
thesis of phase-engineered NiSe,; (ii) the effects of phase engi-
neering to catalytic stability is demonstrated over NiSe,; and (iii)
the origin for phase-dependent stability is uncovered, which can
be owing the different surface reconstruction processes.

To determine the specific role of 2D g-C3N4 and NiSe, in pho-
tocatalytic process, the wavelength-dependent hydrogen evolution
performance was measured (Fig. 4b). The experimental results il-
lustrate that, H, can be evolved when 2D g-C3N,4 can effectively
absorb light irradiation (380 nm monochromatic light) and thus
generate charge carriers. Although the introduction of NiSe, can
improve the light absorption in visible light region, not any gas
product can be detected under 420 nm and 550 nm monochro-
matic lights irradiation since NiSe, with metallic characteristic
cannot be excited upon light illumination. The results mentioned
above strongly demonstrate the light absorber role of 2D g-C3N4
and cocatalyst role of NiSe,.

To uncover the origin of the comparable photocatalytic H, evo-
lution activity in NiSe,/CN with different NiSe, crystal phases, the
physicochemical properties of the catalysts were performed to pro-
vide insightful information, focusing on light absorption, charge
separation and interfacial proton reduction. The light absorption
capacity can be evaluated by UV-visible diffuse reflectance spectra
(DRS), as can be viewed in Fig. 4b and Fig. S9 (Supporting informa-
tion). After the introduction of NiSe,, the light absorption in visible
light region can be improved due to the black color characteristic
of NiSe,. Given the similar light absorption capacity observed in
DRS spectra, the charge generation ability based on light harvest-
ing of two NiSe,/CN catalysts are determined to be comparable.

The charge separation efficiency was further determined by
transient-state fluorescence (FL), steady state fluorescence spectra
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Fig. 5. Morphology and composition analysis of the NiSe,/CN catalysts before and after photocatalytic reaction. (a, b) HRTEM images of m-NiSe,/CN. (¢, d) HRTEM images of
p-NiSe, /CN catalyst. (e, f) Schematic illustration of the structural transformation of NiSe, and the effect to photocatalytic processes.

(PL) and photocurrent response. Shorter intensity-average charge
lifetimes for m-NiSe,/CN and p-NiSe,;/CN compared to pristine CN,
can illustrate the enhanced charge separation of 2D g-C3Ny4 af-
ter introducing NiSe, as electron trap (Fig. 4c) [44]. At a mean-
time, the quenched PL emission (Fig. S10a in Supporting informa-
tion) and enhanced photocurrent intensity (Fig. S10b in Supporting
information) can also support that the loading of NiSe, can ex-
tract photogenerated charge carriers from 2D g-C3Ny. It should be
pointed out that, the charge separation efficiency is also compara-
ble between m-NiSe,/CN and p-NiSe,/CN, based on the characteri-
zations above and theoretical simulations.

The interfacial proton reduction process can be determined by
using AGy+ as descriptor. As discussed in Fig. 1b, we have demon-
strated that both m-NiSe, and p-NiSe, can serve as active sites
for proton reduction to hydrogen, with calculated of AGy« of 0.48
eV and 0.49 eV respectively. Taken together, it can be concluded
that, the introduction of NiSe, can promote hydrogen evolution
since NiSe, can improve charge separation and provide effective
active sites. For photocatalytic hydrogen evolution process, the fac-
tors affecting performance includes light absorption, charge sep-
aration and surface reactivity. In our case, NiSe, with different
phases can exactly promote the charge separation and provide ac-
tive site for surface proton reduction, resulting in improved cataly-
sis compared to pristine CN. Since the charge separation efficiency
and surface hydrogen adsorption capacity is comparable, the pre-
sented m-NiSe,/CN and p-NiSe,/CN exhibited close hydrogen evo-
lution rates.

The stability of m-NiSe,/CN and p-NiSe,/CN was investigated
by performing 5 cycles of photocatalytic reaction (25 h). As pre-
sented in Fig. 4d, unlike the comparable catalytic activity, it is in-
teresting that m-NiSe,/CN and p-NiSe,/CN show different dura-
bility. The hydrogen evolution rate goes steady over m-NiSe,/CN,
but almost 50% decrease can be observed in p-NiSe,/CN. Taken the
photocatalytic rate measurement result together, it can be demon-
strated that, crystal phase engineering on NiSe, holds the key af-
fecting the catalytic stability, rather than the generally mentioned
activity. In general, the most common causes of significant sta-
bility changes are the loss or deterioration active components. It
has been widely reported that, the surface reconstruction of active
sites is a common phenomenon using transitional metal dichalco-
genides/nitrides/phosphides as catalysts during catalytic process.
For example, it has been demonstrated that the sulfides sometimes
can only be considered as pre-catalysts, which will be completely
converted to (hydrogen) oxide, or form a sulfide-(hydrogen) oxide
core-shell structure [45]. Moreover, it has been found that, metal-
lic Co4N surface will be transformed to cobalt oxides/hydroxides in
electrocatalytic oxygen evolution process [46]. The surface struc-

ture reconstruction would thus result in different catalytic activ-
ity/stability.

To investigate whether surface structures of NiSe, were chang-
ing with the ongoing of photocatalytic reaction or not, the surface
structure transformation behavior of NiSe,/CN catalysts was inves-
tigated using HRTEM based on the p-NiSe;/CN and m-NiSe,/CN
samples before and after photocatalytic reactions. Fig. S11 (Sup-
porting information) firstly illustrate that the nanosheet structure
of 2D g-C3N,4 can be preserved without significant loss of NiSe,. As
can be further viewed from Figs. 5a and b, m-NiSe, layers on 2D g-
C3Ny4 surface could be will preserved after photocatalytic process,
without significant observation of other components. As contrast,
complete structure of p-NiSe, is hardly to be seen after reaction,
partial lattice spacing corresponding to NiOOH layers can be found
around the surface of p-NiSe, (Figs. 5¢ and d). The results above
reveal that, the formation of NiOOH on p-NiSe, surface destroyed
the pristine active sites, leading to the significant decrease of pho-
tocatalytic hydrogen evolution activity. According to the stability
test result, it could also be deduced that, the surface reconstruc-
tion from p-NiSe, to NiOOH could reach the steady state after 5
h reaction, since the hydrogen evolution rate becomes relatively
stable in 5 h to 25 h (Fig. 4d). To provide more evidence for phase
engineering induced stability change, cyclic voltammetry (CV) tests
of m-NiSe, and p-NiSe, were also performed (Fig. S12 in Support-
ing information), observing the reduction peak in p-NiSe, corre-
sponding to Ni*t to Ni®. As contrast, not any reduction/oxidation
peak can be found in m-NiSe,. The CV results can also indirectly
support the stable characteristic of m-NiSe; rather than p-NiSe, in
catalytic process.

Taken together, the role of crystal phase engineering toward
photocatalytic hydrogen evolution can be uncovered (Figs. 5e and
f). NiSe, with charge delivery capacity and surface proton reduc-
tion ability can serve as an effective cocatalysts for boosting the
photocatalytic hydrogen evolution of 2D g-C3N4. Upon light illumi-
nation, 2D g-C3N4 will be excited to generate electron-hole pairs.
The photogenerated electrons tend to transfer across the interface
to NiSe, surface, and react with adsorbed protons to evolve H, gas
product. In our case, phase engineering of NiSe, exhibits negligi-
ble influence to charge transport and hydrogen adsorption capacity,
leading to comparable photocatalytic activity between m-NiSe,/CN
and p-NiSe,/CN. However, experimental results demonstrate that
the crystal phase of NiSe, plays a vital role in determining the
catalytic stability. In photocatalytic process, the surface structure
of m-NiSe, can be preserved, whilst p-NiSe, surface tends to be
transformed to NiOOH, resulting in different stability.

In summary, a facile and effective method is developed to syn-
thesize phase engineered NiSe, for application in photocatalytic
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hydrogen evolution. The hydrogen evolution activity/stability for
these different-phased NiSe, catalysts is also systematically inves-
tigated. The results show that m-NiSe, and p-NiSe, shows com-
parable catalytic activity in boosting hydrogen evolution of 2D g-
C3Ny4, owing to the similar light harvesting, charge transport and
hydrogen adsorption capacity. m-NiSe, surface is stable during cat-
alytic process while p-NiSe, tends to be converted to NiOOH, so
that m-NiSe, exhibits better stability than that of p-NiSe,. These
results highlight the role of phase engineering in tuning catalytic
stability, not limited to activity, and also, suggest that in the pro-
cess of preparation and screening of catalysts, the materials with
high activity/stability can be selected through the regulation of
crystalline phase structure.
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