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To obtain a high-performance heterogeneous photo-catalyst, herein, the hetero-structured Znln;S,-
NiO@MOF (ZNM) nano-sheets are designed and prepared by partial pyrolysis of nickel-based MOFs (Ni-
MOF) combined with the low-temperature solvo-thermal method. The results indicate that the NiO
nanoparticles, produced by partial pyrolysis of the Ni-MOF, have a high density of the surface active
sites with limited aggregation, which act as a co-catalyst to capture photo-induced charge carriers. In ad-
dition, the morphology and structure of Ni-MOF nano-sheets were preserved in ZNM, which is beneficial
to the reduction of the conduction barrier for the photo generated electron-hole pairs. With the syner-
getic advantages of co-catalyst and unique two-dimensional hetero-structure, ZNM nano-sheets exhibited
significantly improved activity for photo-catalytic hydrogen production.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

To reduce energy consumption and protect the natural environ-
ment, photo-catalytic H, generation from water using solar en-
ergy has drawn tremendous attention during the past decades
[1-3]. Recently, metal sulfide is widely used as the semiconduc-
tor photo-catalysts due to their adjustable band gap energy and
suitable for hydrogen production [4,5]. ZnIn,S, is regarded as a
potential hydrogen-producing photo-catalyst with advantages of
large surface area, visible light absorption, long-lasting stability
and non-toxicity, etc. [6,7]. However, the rapid recombination and
poor charge transfer ability greatly limit its application in photo-
catalysis [8], although many attempts, such as doping and con-
structing hetero-structure, have been made to improve its perfor-
mance [9-11].

Metal-organic frameworks (MOFs), assembled from organic lig-
ands and metal ions, have attracted much attention [12-14]. With
the merits of high specific surface area, adjustable pore structure
and periodic topology, MOFs have been widely studied for applica-
tions in gas adsorption and separation, drug release, and recently,
as the precursors for the synthesis of multicomponent catalysts
[15,16], etc. However, the application of MOF in photo-catalysis is
greatly limited due to its low activity and poor long-term stabil-
ity [17-19]. Recently, the direct pyrolysis of MOF was developed
to produce highly dispersed metal oxides nano-materials on reac-
tant substrates, which can act as the active sites to take part in
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a catalytic reaction. For example, the Ni-based MOF-derived CdS-
NiO hetero-structures exhibited enhanced photo-catalytic hydrogen
evolution activity in pure water [20]. The Ni-based MOF-derived
NiO hollow spheres demonstrated a better super capacitor perfor-
mance and high oxygen release efficiency with greater long-term
stability [21].

The complete decomposition of the MOF usually results in a
dramatic reduction in the surface area in association with the de-
struction of well-defined pore/channel structures and the agglom-
eration of metal oxide species. This will significantly reduce the
density of the surface reaction center, which greatly limits the cat-
alytic activity. Therefore, maintaining the density of active sites
while achieving good conductivity remains a challenge. Recently,
“controlled partial pyrolysis” through carefully managed thermal
conditions was used to construct specific MOF derivatives. It not
only retained the skeleton structures of the MOF for efficient mass
transportation but also offered highly reactive nanoparticles as the
co-catalyst [22,23].

In addition, using MOFs as a template to prepare
semiconductor-MOF nano composites by rationally designing
was believed to be a potential strategy to enhance the photo-
catalytic performance of the semiconductors. The contact between
the two components with different dimensions can be divided
into the following three situations: (1) Point contact (OD-0D,
0D-1D, 0D-2D); (2) Line contact (1D-1D, 1D-2D); (3) Surface
contact (2D-2D) [24-26]. The surface contact (2D-2D) structure
offers a larger interface area, which is essential for establishing a
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Fig. 1. (a) The TG curve of Ni-MOF. (b) XRD patterns of Ni-MOF nano sheets treated
at different temperature. (c) The untreated Ni-MOF and the sample heat-treated at
400 °C for 30 min. (d) ZNM composites with various Ni contents.

stronger interface electric field. Such interface is also important for
the adsorption and reaction involving electrons and holes at the
surface. Both can positively contribute to photo-catalytic efficiency.

In this work, a high-performance heterogeneous catalyst of
hetero-structured ZNM is designed and prepared by partial py-
rolysis of Ni-MOF combined with low-temperature solvo ther-
mal synthesis. Compared with the corresponding single- and two-
component samples, the ternary ZNM composites exhibit enhanced
photo-catalytic activity in the hydrogen production under the
visible-light irradiation, which is attributed to the synergistic ef-
fect of the co-catalyst and unique hetero-structure with improved
charge separation and transfer.

The overall procedure for the synthesis of hetero-structured
ZNM photo-catalyst by low-temperature solvo-thermal and par-
tial pyrolysis method is shown in Scheme S1. At first, 2D Ni-MOF
nano sheets ([Ni3(OH),(1,4-BDC),(H;0)4]-2H,0, where 1,4-BDC is
1,4-benzenedicarboxylic acid) were synthesized by solvo-thermal
method as described in a previous report [27]. After that, the above
products were further heat-treated at 400 °C in argon atmosphere
for 30 min, and the 2D Ni-MOF nano sheets were partially py-
rolyzed to form 2D NiO@MOF nano sheets. A series of Znln,S,
modified NIO@MOF composites with various Ni content from sam-
ple 1 to 4, named ZnIn,S4-NiO@MOF-x (ZNM-x, X = 1, 2, 3, 4, re-
spectively) were obtained via a facile hydrothermal method. The
percentage contents of Ni in the ZNM composites were confirmed
via inductively coupled plasma optical emission spectrometry (ICP-
OES), as shown in Table S1 (Supporting information). The detailed
preparation and characterization can be found in supporting infor-
mation.

The Thermo Gravimetric (TG) curve of Ni-MOF in the air is
shown in Fig. 1a. A weight loss of 12.5% around 100 °C can be
attributed to the evaporation of residual solvent molecules or ph-
ysisorbed moisture. A significant weight loss of 47.6% between 200
°C and 390 °C is due to the decomposition of the Ni-MOF. Based
on this, the temperature used for the synthesis of ZNM composite
samples was chosen to be 400 °C.

The crystal structure and phase composition of the as-prepared
samples were investigated by XRD. From Fig. 1b, the Ni-MOF
nano sheets without heat treatment showed typical characteristic
diffraction peaks of nickel terephthalate (JCPDS card No. 35-1677)
[28,29]. Upon increasing the heat-treated temperature from 300 °C
to 400 °C, the peak intensity of the Ni-MOF nano sheets start de-
creasing in line with a structural collapse of the MOF structure.
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Fig. 2. (a) SEM image of Ni-MOF nano sheets. (b) TEM image of Ni-MOF nano
sheets. (c) TEM image and HRTEM image of partial pyrolysis MOF nano sheets. (d)
SEM image of ZnIn,S4. (e) SEM image and (f) HRTEM image of ZNM-2 composite.

Meanwhile, calcination causes the agglomeration of metal nodes
and oxygen atom to form NiO. When the temperature reached
450 °C, the peaks corresponding to the Ni-MOF nano sheets disap-
peared completely and were replaced by the peaks corresponding
to element Ni. It is inferred that the MOF structure collapse and
decompose violently, produces a large number of reducing gases
such as CO to reduce NiO to Ni at 450 °C. The XRD patterns of
the Ni-MOF before and after heated at 400 °C for 30 min were
compared in Fig. 1c. For the latter, except for the peaks belong to
Ni-MOF, several new peaks appear at about 37.3°, 43.3° and 62.9°
which could be indexed to (111), (200) and (220) planes of the cu-
bic NiO (JCPDS card No. 44-1159) [30]. However, from the peak in-
tensity, only less than 10% of the Ni-MOF was converted into NiO.

The XRD patterns of ZnIn,S; modified NiO@MOF (ZNM) com-
posites are shown in Fig. 1d. The pure ZnIn,S,4 exhibits the hexag-
onal phase with the typical peaks at 21.1°, 27.7 ©, 47.5°, 52.4° and
56.4°, corresponding to the (006), (102), (110), (116) and (022)
crystal face (JCPDS No. 65-2023) [31,32]. For the ZNM compos-
ites, the XRD spectra show the characteristic peaks of both Ni-MOF
and ZnIn,S, simultaneously. The peak strength of the Ni-MOF in-
creases with the increase of Ni-MOF amount in the composites.
The above results inferred that the hetero-structured ZNM photo-
catalyst was successfully prepared. From the ICP-OES results, the
highest Ni content in the ZNM composites is less than 10 mol%,
and only a small part of them was converted into NiO nanopar-
ticles. Thus, no peak attributed to NiO was observed in the XRD
patterns of the ZNM composites.

The SEM and TEM images are shown in Fig. 2 and Fig. S1 (Sup-
porting information). Figs. 2a and b depict the nano sheet mor-
phology of the Ni-MOF with 50 nm in thickness and micrometers
in lateral dimensions. As shown in Fig. 2c, a large amount of black
dots appear on the surface of partially pyrolyzed MOF nano sheets.
The fringe spacing of 0.21 nm is assigned to the (012) plane of
NiO (inset of Fig. 2c). This confirms the partial decomposition of
MOF nano sheets during the heat-treat process, forming the NiO
nanoparticles. The SEM image in Fig. 2d indicates that the ZnIn,S4
has a micro spherical morphology with many cross-linked nano
sheets. From Fig. 2e and Fig. S1, ZNM nano sheets were successfully
prepared by attaching ZnIn,S,; nano sheets to MOF nano sheets
in the low temperature (80 °C) hydrothermal process. The high-
resolution TEM in Fig. 2f shows the fringe spacings of 0.21 and
0.32 nm, which are assigned to the (012) crystal plane of NiO and
the (102) crystal plane of Znln,S,4 [33,34]. The results also prove
that the ZnIn,S4 was successfully coupled onto the MOF surface
during the low-temperature hydrothermal process.

As shown in Fig. S1, the average thicknesses of NiO@MOF nano
sheets and ZnIn,S,; nano sheets are about 50 and 10 nm, respec-
tively. The total thickness of ZnIn,S,;-NiO@MOF (ZNM) decreases
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with the increase of MOF content in the composites. The ZNM-
1 exhibits the largest thickness of about 100 nm with a denser
structure with respect to the other samples. Meanwhile, the ZNM-
4 exhibits the smallest averaged thickness of about 70 nm. So, it
is speculated that when the content of ZnIn,S, is relatively low,
it can be uniformly dispersed on the surface of NIO@MOF nano
sheets. However, with the increase of its relative content, the ag-
gregation of ZnIn,S,4 occurred on the MOF surface, which could re-
sult in the blocking of the charge transfer channel, affecting the
current density and photo-catalytic activity. The element mapping
analysis of ZNM-2 nano sheets in Fig. S2 (Supporting information)
shows that the distributions of Ni, O, Zn, In and S elements match
the composite ZNM nano sheets structure.

To explore the surface composition and chemical states of each
element in the ZNM samples, XPS measurements were performed
and corresponding results are shown in Figs. S3 and S4 (Supporting
information). The binding energies were calibrated with the bind-
ing energy of C at 284.8 eV. The survey XPS spectra of ZNM (Fig.
S3) shows that the main components of the sample are Ni, O, S,
Zn, C and In. The corresponding core-level spectra of each element
are shown in Figs. S4a-f. The XPS spectra in Fig. S4a show a com-
parison of S 2p signals between Znln,S; and ZNM. The peaks at
161.6 and 162.7 eV in the ZnIn,S,; were positively shifted to the
161.7 and 162.9 eV in the ZNM. Besides, as shown in Fig. S4b, the
two peaks of Zn 2p;;, and Zn 2p,, at 1020.5 and 1043.5 eV in the
Znln,S, were positively shifted to the 1021.9 and 1044.9 eV in the
ZNM. Similar peak shifts were also observed for In 3d, as shown
in Fig. S4c. Such a systematically binding energy shift is the result
of charge transfer between Znln,S,; and NiO@MOF at the interfaces
[32].

As for the Ni 2p spectra (Fig. S4d), the two peaks at about 855.8
and 873.5 V, assigned to the Ni?* ions in the NiO@MOF [35], can
be attributed to the Ni 2p3;, and Ni 2py), spin-orbits, respectively.
Additionally, two spin-orbit splitting peaks at 861.7 and 879.9 eV
are the satellite peaks of Ni 2p3;; and Ni 2p;,, respectively. The
XPS result suggests the formation of NiO in the composites. The
core-level spectra of O 1s in the NIO@MOF and ZNM are shown in
Fig. S4e. The binding energy of about 529.2 eV is attributed to the
lattice oxygen in NiO [36]. In the C 1s spectra (Fig. S4f), the bind-
ing energies at 284.7 and 288.4 eV are attributed to the C-C and
0-C=0 bonds in the terephthalate. The above results suggest the
coexistence of Znln,S4, NiO and Ni-MOF in the ZNM composites.

The BET specific surface areas and pore structure of the syn-
thesized samples were determined by N, adsorption-desorption
isotherms (Figs. S5a and S6 in Supporting information). The pure
ZnIn,S,4 and ZNM-2 clearly show an obvious hysteresis loop (H3
type), which belong to the typical IV isotherms. These isotherms
suggest that the synthesized samples are mesoporous [37]. The
closed loops are attributed to the fact that the Znln,S4 nano sheets
were loosely aggregated on the surface of NiO@MOF, resulting in
the formation of fracture-like mesoporous in the hierarchical het-
erogeneous structures of ZNM. The BET specific surface area re-
sults are summarized in Table S2 (Supporting information). Among
the samples, the ZNM-2 shows the largest BET surface area of
157.1 m2/g, which is about 7.58 times of ZnIn,S, (20.7 m?/g) and
4.30 times of MOF (36.5 m2/g), respectively. Besides, all the sam-
ples exhibit a pore size of 3.8 ~ 4.0 nm (Fig. S6), indicating the ex-
istence of mesopores in their structure. Meanwhile, there is much
more quantity of mesopores in the ZNM-2 with a pore volume of
0.4668 cm?3/g, which is about 6.02 times of ZnIn,S, (0.0775 cm3/g)
and 4.98 times of MOF (0.0936 cm3/g). In general, the larger spe-
cific surface area with more mesopores facilitates a better diffusion
of electrolyte ions within the pores to reach the reactive sites, re-
sulting in higher photoelectric conversion performance. As a result,
it is expected that the ZNM-2 will exhibit superior photo-catalytic
activity.
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Fig. 3. (a) Photo-catalytic H, production rate in 3 h. (b) Average H, production rate
of different samples. (c) Wavelength dependence of quantum hydrogen evolution
efficiency. (d) Stability test of hydrogen production cycle of ZNM-2 composite.

UV-vis spectroscopy was used to investigate the optical proper-
ties of the photo-catalysts. Fig. S5b (Supporting information) shows
that the ZnIn,S; nano sheets have a strong light absorption abil-
ity in the wavelength range of 380-500 nm, while the MOF nano
sheets have a stronger light absorption ability between 380 nm
and 800 nm. With the increasing of NiO@MOF content, the light
absorption edge of ZNM shifted towards a longer wavelength with
respect to the ZnlIn,S,, indicating that more visible sunlight can
be absorbed. Using the Tauc plots, the optical band gaps of the
Znln,S, and the 2D NiO@MOF were determined to be 2.42 and
2.07 eV, respectively, while the bandgaps of the hetero-structured
Znln,S,; -NiO@MOF samples from ZNM-1 to ZNM-4 were 2.38,
2.36, 2.34 and 2.31 eV, respectively (Fig. S7 and Table S2 in Sup-
porting information).

The photo-catalytic hydrogen evolution from water splitting,
under then visible light irradiation (A > 420 nm), with tri-
ethanolamine (TEOA) as the hole scavenge, is used to evaluate
photo-catalytic activity. As shown in Figs. 3a and b, the ZnIn,S,
shows a visible photo-catalytic activity with the photo-catalytic
hydrogen production rate of 278.6 ymol h=! g=1, while the 2D
NiO@MOF nano sheets and pure Ni-MOF nano sheets are photo-
catalytically inactive, which could be the result of rapid recombina-
tion of photo excited electron-hole pairs. However, the ZNM com-
posites show substantially improved photo-catalytic activity. With
different contents of the NiO@MOF, the ZNM-2 nano sheets exhib-
ited the highest optimal H, production rate of 4970.9 pmol g-!
h=1, which is approximately 17.8 times higher than that of the pure
Znln,S,4. In contrast, the photo-catalytic activity of Znln,S4-MOF-
2, synthesized without pyrolysis to form NiO, is much lower than
that of the partially pyrolyzed ZNM-2 sample. The wavelength-
dependent measurements in Fig. 3c show the decreases of quan-
tum efficiency with the increase of the incident wavelength. With
wavelength changed from 405 nm, 420 nm to 520 nm, the quan-
tum yield decreased to 5.91%, 3.85% to 0.35%, respectively (Table S3
in Supporting information). This trend is similar to that of the cor-
responding UV-vis absorption spectrum. From Fig. 3d, the ZNM-2
sample shows a slightly decrease in photo-catalytic performance of
the successive four cycles. The possible reason were analyzed ac-
cording to the SEM and XRD of the catalyst after the reaction (Fig.
S8 in Supporting information).

Fig. 4a shows the transient photocurrent responses of the as-
prepared photo-catalysts. The initial anodic photocurrent spike was
caused by the separation of the electron-hole pairs. After achieving
the spike, the photocurrent continuously decreased until a steady-
state photocurrent was reached. The decay of photocurrent indi-
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Fig. 4. (a) Transient photocurrent of NIO@MOF, ZnIn,S, and ZNM composites. (b)
Steady-state PL spectra, (c) TRPL spectra, (d) EIS spectra of ZnIn;S4 and ZNM-2 com-
posite. (e) Proposed photo-catalytic mechanism of the ZNM composite.

cated the existence of charge recombination processes. The order
of photocurrent response is ZNM-2 > ZNM-1 > ZNM-3 > ZNM-4 >
Znln,S,; > NiO@MOF, which matches well with their performance
in photo-catalytic hydrogen production. The higher photocurrent
density of ZNM-2 suggests more efficient charge separation with
less charge recombination at its interface.

The steady-state photoluminescence (PL) measurements were
performed to investigate the charge separation and charge transfer
efficiency of photo generated electrons-holes pair from the ZNM
samples. As shown in Fig. 4b, the PL intensities of the ZNM com-
posites were significantly lower than that of the Znln,S4, while
the ZNM-2 exhibited the lowest PL intensity among all the ZNM
samples. In general, the lower PL intensity means better charge
transfer with good charge separation efficiency, resulting in lower
charge recombination. Hence, it is expected that the ZNM-2 sam-
ple offers the best photo-catalytic performance.

Meanwhile, the time-resolved PL (TRPL) spectra showed that
the average PL life of ZNM-2 composites was longer than that of
the Znln,S,4 (i.e., 4.64 ns vs. 2.44 ns, Fig. 4c), which is beneficial
for more carriers to participate in the redox reaction. Moreover,
the electrochemical impedance spectra (EIS) of the ZNM-2 com-
posites showed a smaller high-frequency semicircle than that of
the ZnlIn,S,4 in the Nyquist diagram (Fig. 4d), suggesting a reduced
charge transport resistance. Besides, ZNM-2 shows relatively lower
H, evolution over potential than that of ZnIn,S, (Fig. S9 in Sup-
porting information), As a result, the synergistic effects of the fast
charge separation, long charge carrier lifetime and small transfer
resistance eventually lead to the high photo-catalytic activity.

To further understand the photo-catalytic mechanism of the
ZNM composite, the band structures of the NIO@MOF and Znln,S,
were established by the Mott-Schottky (MS) plots (Fig. S10 in Sup-
porting information). The results show that the conduction band
(CB) potentials (vs. normal hydrogen electrode, NHE) of NiO@MOF
and Znln,S, were about -0.58 and -0.83 eV, combining with the
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band gap values obtained from the UV-vis absorption spectra, the
valence bands (VB) of the NiO@MOF and ZnIn,S; were estimated
to be +1.49 and +1.59 eV. Since NiO nanoparticles were in situ
grown on the surface of MOF nano sheets, it is difficult to ob-
tain the band gap value of those NiO nanoparticles experimentally.
However, the reported band gap value of the NiO was about 3.43
eV with the CB and VB position at about -2.59 eV and +0.84 eV
[38,39], respectively.

The mechanism of photo catalytic hydrogen evolution from the
ZNM composites was proposed and illustrated in Fig. 4e. Based on
its band structure, the CB position of NiO is much more negative
than that of the ZnIn,S,4, the photo generated electrons on the CB
of the NiO can easily transfer to the CB of the ZnIn,S4 to par-
ticipate in the photo reduction reaction of water. As a result, the
charge separation efficiency was significantly improved in the ZNM
composites, leading to good photo catalytic activity.

In summary, a high performance hierarchical Znln,S4-NiO@MOF
hetero-structured photo-catalyst is synthesized by in situ growth
of the ZnIn,S4 nano sheets on the 2D NiO@MOF nano sheets.
The results indicate that the uniformly distributed NiO nano parti-
cles, produced by controlled partial pyrolysis of Ni-MOF, act as the
co-catalyst with an intermediary role between the residual MOF
and the ZnIn,S4 nano sheets. The synthesized Znln,S4-NiO@MOF
nano sheets with ultrathin subunits possess a large surface area
and abundant active sites. Moreover, the synergistic effect of the
co-catalyst and hetero-structured interfaces accelerate the carrier
separation and charge transfer, resulting in a greatly improving
the photo-catalytic activity. In addition, the ZnIn,S4-NiO@MOF has
good stability. This study is expected to open up a new way for
the design and construction of efficient hydrogen evolution photo-
catalysts based on the hetero-structured MOF materials.
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