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The directional synthesis of transition metal phosphides was considered to be an effective strategy to
solve the overdependence of noble metals on photocatalytic hydrogen evolution (PHE) reactions.
Inspiringly, this work reported a facile method for constructing hollow Co2P nanocages (Co2P NCGs) that
derived from ZIF-67 by calcining and phosphiding procedure in nitrogen atmosphere to act as non-noble
metal cocatalysts. Followed with further coating thin-layered ZnIn2S4 (ZIS) on the surface of Co2P NCGs
through a hydrothermal reaction, the hierarchical robust Co2P/ZnIn2S4 nanocages (Co2P/ZIS NCGs) were
then delicately fabricated as efficient photocatalysts for PHE reactions. The uniquely hollow structure of
Co2P NCGs largely diffused the photogenerated chargers that induced from ZIS and the closely interfacial
contact significantly promoted the separation and transfer of electrons from ZIS to Co2P according to den-
sity functional theory (DFT) calculation, synergistically resulting in an efficient hydrogen generation per-
formance. PHE results showed that an efficient H2 evolution rate of 7.93 mmol/g/h over 10% Co2P/ZIS
NCGs was achieved, about 10 times higher than that of pristine ZnIn2S4. More importantly, the hierarchi-
cally hollow Co2P/ZIS NCGs exhibited ascendant PHE activity in comparison with that of 1% noble metal
(Pt, Au, Ag) loaded ZnIn2S4 with superior sustainability, all indicating the efficient and stable photocata-
lysts of Co2P/ZIS NCGs for PHE reactions.

� 2021 Elsevier Inc. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2021.01.083&domain=pdf
https://doi.org/10.1016/j.jcis.2021.01.083
mailto:wldai@fudan.edu.cn
https://doi.org/10.1016/j.jcis.2021.01.083
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


Q. Zhang, X. Wang, J. Zhang et al. Journal of Colloid and Interface Science 590 (2021) 632–640
1. Introduction

The rational use of energy and the permanent protection of
environment were still the two major themes of scientific research,
which followed then that the development of clean energy,
undoubtedly, provided a fundamental pathway for solving these
problems [1–6]. Hydrogen, as a kind of clean and high combustion
energy, had been paid great attention and high expectations for a
long time to realize the lasting prospect of energy utilization [7–
9]. Among various hydrogen production strategies, photocatalytic
hydrogen evolution (PHE) was proposed to be a viable route to
generate sustainably clean hydrogen depending on endless solar
energy conversion [10–12]. However, most of the PHE reactions
still relied on the cocatalytic role of noble metals, such as Pt, Au
and Ag, which greatly limited the economy and feasibility of PHE
into real application [13–16]. Hence, the stable and feasible substi-
tution of noble metals with alternative materials was of great sig-
nificance to boost PHE reactions practically.

Transition metal phosphides (TMPs) were expected to be one of
the few materials that could replace noble metals to economically
promote the performance of PHE reactions due to its controllable
d-band center with excellent stability and anti-poisoning property
[17,18]. In specifically, cobalt phosphide, as one category of TMPs,
had been commonly reported in literatures according to its facile
preparation process and wide sources of raw materials [19,20].
Some advanced works had involved cobalt phosphide in enhancing
PHE reactions and contributed a lot to the proposal of synthesized
methods [21–23], however, most of these instructive works
anchored cobalt phosphide as a single active center on the surface
of photocatalysts, which greatly restrained the interfacial electron
transfer efficiency in reactions. It was acknowledged that the hol-
low morphology of cocatalyst with large surface exposed benefited
a lot for the rapid transfer of electrons in reactions [24–26], and if
cobalt phosphide materials with its advantages to substitute noble
metals, could be designed to be supported by hollow skeleton and
framed in the structure of nanocages, definitely providing an effec-
tive mean to achieve the high efficiency of electron transfer for ele-
vating PHE reactions.

As a representative material with suitable band gap and con-
trollable morphology, ZnIn2S4 (ZIS) based photocatalyst had made
great breakthroughs in obtaining high efficiency of PHE reactions
[27,28], however, the rapid recombination of chargers and limited
light absorption capacity of pristine ZIS were also prominent
[29,30]. Therefore, it was a logical and feasible proposal to use
the cobalt phosphide nanocages as discussed above to improve
the PHE activity of ZIS by comprehensively utilizing the advantages
of the two counterparts. Till now, some interesting works had
reported the potential application of Co2P nanoparticle with other
materials to achieve efficient PHE reactions [31–33], despite these
influential works, the revelation of hollow Co2P nanocages that
encapsulated within self-assembled ZIS thin layer as closely hierar-
chical heterojunction to replace noble metals and significantly
boost PHE reactions, to our best knowledge, were still interesting
but had seldom been investigated.

Herein, inspired by above analysis and referred to the prepara-
tion tactics developed by Li [34], this work reported a cost-effective
method for fabricating ZIF-67 precursors by coordinating Co2+ ions
with organic ligand 2-methylimidazole and then obtained a hollow
Co2P nanocages (Co2P NCGs) through calcining and phosphiding in
nitrogen atmosphere, which were further conducted as supported
frameworks for growing thin-layered ZIS via a facially hydrother-
mal method, finally yielding the hierarchically targeted Co2P/ZIS
NCGs for efficient PHE reactions under simulated sunlight irradia-
tion without noble metal assisted. Additionally, the electron den-
sity distributions and possible transfer pathways at the interface
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of Co2P and ZIS was deeply analyzed by density functional theory
(DFT) calculation.

2. Materials and methods

2.1. Materials

Co(NO3)2�6H2O and dimethyl imidazole were purchased from
Sigma-Aldrich. Zinc chloride (ZnCl2), indium chloride tetrahydrate
(InCl3�4H2O), thioacetamide (TAA) and sodium hypophosphite
(NaH2PO2) were purchased from Aladdin Bio-Chem Technology
Co., Ltd. Methanol, glycerol, sodium sulfide nonahydrate (Na2-
S�9H2O), sodium sulfite (Na2SO3), chloroplatinic acid (H2PtCl6�6H2-
O), chloroauric acid (HAuCl4�4H2O), silver nitrate (AgNO3) and
sodium sulphate (Na2SO4) were purchased from Sinopharm Chem-
ical Reagent Co., Ltd. Deionized (DI) water and ethanol were used
as received without further purification.

2.2. Sample preparation

2.2.1. Synthesis of ZIF-67
In a typical procedure, 5.82 g of Co(NO3)2�6H2O was dissolved in

200 mL of methanol and stirred vigorously for 30 min to form solu-
tion A. Then 6.56 g of dimethyl imidazole was dissolved in another
200 mL of methanol and stirred for 20 min to form solution B,
which were quickly transferred to solution A and stirred violently
for 10 min to form homogeneous solution. After being aged at
room temperature for 24 h, the purple solid products of ZIF-67
were washed three times with methanol and dried overnight
under vacuum oven.

2.2.2. Synthesis of Co3O4 nanocages
The synthesized ZIF-67 powder was placed in crucible and

annealed at 500 �C for 2 h with heating rate of 5 �C min�1 under
N2 atmosphere and cooled down to room temperature naturally,
resulting in the polyhedral Co3O4 nanocages (Co3O4 NCGs).

2.2.3. Synthesis of Co2P nanocages
The above Co3O4 precursors were put into the middle of cru-

cible, which was placed behind of another crucible that loaded
with 1 g of NaH2PO2. The sample was calcined at 300 �C with a
ramping rate of 5 �C min�1 for 2 h in N2 atmosphere to obtain
the Co2P nanocages, which were donated as Co2P NCGs.

2.2.4. Synthesis of Co2P/ZnIn2S4 nanocages
Different mass proportions of the above Co2P NCGs to ZnIn2S4

(5, 10, 18 and 30%) were designed to prepare the composite
Co2P/ZnIn2S4 nanocages (Co2P/ZIS NCGs) via a facilely hydrother-
mal method. In detail, a certain amount of Co2P NCGs was dis-
persed in 8 mL of water and 2 mL of glycerol with ultrasound for
30 min and kept stirring for another 30 min. After totally being dis-
persed, 0.0816 g of ZnCl2, 0.1758 g of InCl3�4H2O and 0.09 g of TAA
were sequentially added to the above dispersion and stirred vigor-
ously for 30 min. Afterwards, the mixture was placed and heated in
an oil bath at 80 �C. After mild agitation for 120 min, the resulting
Co2P/ZIS NCGs were collected by washing with ethanol and drying
overnight.

2.2.5. Synthesis of conventional Co2P nanoparticles
Co(NO3)2�6H2O solution (50 mL, 0.05 M) was firstly mixed with

NaOH solution (20 mL, 0.25 M) and then continuously stirred for
2 h. The precipitates were washed and dried in vacuum to obtain
Co(OH)2 precursor, which was subsequently ground together with
NaH2PO2 in one mortar. After that, the mixed samples were
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annealed at 300 �C for 2 h in nitrogen atmosphere, followed with
washing and drying in a vacuum oven to obtain the Co2P nanopar-
ticles (Co2P NPs).

2.2.6. Synthesis of Co2P/ZnIn2S4 nanoparticles
The synthetic procedure was similar to that of Co2P/ZIS NCGs,

but with the replacement of Co2P NCGs by Co2P NPs. The Co2P/
ZnIn2S4 nanoparticles were donated as Co2P/ZIS NPs.

2.3. Photocatalytic hydrogen evolution

Photocatalytic hydrogen evolution was triggered in a closed
container connecting to a gas and cooling water circulation exter-
nally. The light source was a 300 W Xe lamp (Perfect Light, Beijing
Co., China) and the temperature was controlled at 20 �C. In detail,
5 mg of the synthesized photocatalyst was added to 100 mL of
deionized water containing Na2S�9H2O (0.35 M) and Na2SO3

(0.25 M) as sacrificial agents. After dispersing for 30 min, the com-
posite dispersion was transferred to a quartz reactor and evacuated
by a vacuum pump. The hydrogen was sampled by extracting gases
every 60 min and monitored using a gas chromatograph fitted with
a 5 Å molecular sieve column and a thermal conductivity detector
(TCD).

The apparent quantum efficiencies (AQEs) for photocatalytic H2

evolution was measured using different monochromatic light filter
and the AQE was calculated according to the following equation:

AQE ð%Þ ¼2� number of evolved H2 molecules
number of incident photons

� 100%

¼2� nH2 � NA � h� c
S� P� t� k

� 100%

where nH2 is the amount of H2 molecules, NA is Avogadro constant,
h is the Planck constant, c is the speed of light, S is the irradiation
area, P is the intensity of irradiation light, which is measured by
an optical power meter, t is the photoreaction time, and k
represents the wavelength of monochromatic light.
3. Results and discussion

3.1. Structural characterizations

The schematically synthetic procedure of hierarchical Co2P/ZIS
NCGs was briefly illustrated in Fig. 1. Step 1 showed that the poly-
hedral structure of Co3O4 nanocages (Co3O4 NCGs), deriving from
calcination of ZIF-67 in nitrogen atmosphere was firstly obtained.
After suffering the phosphiding process in furnace, the above
Co3O4 NCGs were converted to Co2P NCGs, remaining the polyhe-
dron shape within step 2. Decorating hollow Co2P NCGs as a sup-
port framework to further grow ZnIn2S4 (ZIS) on its surface via a
facilely hydrothermal method was the main content in step 3
and it was necessary to point out that this hierarchical Co2P/ZIS
Fig. 1. Schematic illustration of the sy
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NCGs provided sufficient interface contact to promote charge
transfer from ZIS to Co2P NCGs when PHE reactions occurred.

SEM, TEM and XRD pattern as shown in Fig. S1–S2 proved the
successful synthesis of ZIF-67 with polyhedral morphology and
fine crystallization. After calcination, the XRD pattern of the
resulted products was exhibited in Fig. S3 and the diffraction peak
appeared at 36.8� was well consistent with standard Co3O4 sam-
ples (JCPDS No: 43-1003), indicating oxidized cobalt were the main
species after calcining ZIF-67 in nitrogen atmosphere. Moreover,
the basically polyhedral structure was retained in the hollow
Co3O4 nanocages (Co3O4 NCGs) (Fig. S4) and mapping profiles fur-
ther indicated the main oxidized cobalt species (Fig. S5). While suf-
fering phosphiding procedure, the obtained cobalt phosphide
products existed in a crystalline state and the characteristic diffrac-
tion peak of Co2P was definitely appeared and surely proved
according to XRD pattern (Fig. S6). Additionally, the hollow nanoc-
age structure was consistently maintained (Fig. S7) and the map-
ping profiles (Fig. S8) evidently confirmed the completed
phosphiding process. Generally, the basically polyhedral structure
persisted well in the whole synthetic process from ZIF-67 to hol-
low Co2P/ZIS NCGs as summarized in Fig. 2 and the comprehensive
mapping profiles also indicated the successful coating of ZIS on
Co2P NCGs.

The XRD patterns as shown in Fig. 3(a) demonstrated the hexag-
onal phase of pristine ZIS (JCPDS No.: 65-2023) [35] and low pro-
portion of Co2P in Co2P/ZIS NCGs mainly exhibited the
characteristic peak of ZIS. The diffraction peak of Co2P was con-
stantly invisible even though the additive amount was increased
to 30%, which might be caused by the weak crystallinity and
encapsulation of ZIS on Co2P NCGs. The light absorption capacity
of Co2P, ZIS and Co2P/ZIS NCGs reflecting by UV Vis. DRS spectrum
(Fig. 3(b)) indicated a strong visible light absorption of Co2P in
heterojunction with its proportion increased. It was known that
ZIS was sensitive to visible light and excited in this band range
to produce electrons and hole pairs [36,37], thus the introduction
of Co2P NCGs certainly favored the absorption of incident visible
light of ZIS and provided sufficient light source excitation to gener-
ate more photoinduced electrons and hole pairs for PHE reactions
[38]. Moreover, a slightly decreased bandgap of Co2P/ZIS compos-
ites was observed in comparison with that of pristine ZIS at
2.26 eV (Fig. S9), and this phenomenon also illustrated the interac-
tion between the counterparts and successful formation of Co2P/
ZIS heterostructure. To determine the existing forms of supported
carbon skeleton, Raman spectrum of crystalline Co3O4 NCGs and
Co2P NCGs were exhibited in Fig. 3(c). The D band was associated
to lattice defects or disorder states of carbon, while the G band rep-
resented the E2g vibration mode of sp2 in carbon materials, thus
the increased ID/IG value in Co2P NCGs demonstrated the increase
of defect sites in phosphiding process [39,40], benefiting the trans-
fer of photogenerated electrons.

The surface composition and chemical state of Co3O4, Co2P and
Co2P/ZIS NCGs were analyzed using X-ray photoelectron spec-
troscopy (XPS). The XPS survey scans as shown in Fig. S10 proved
nthetic process of Co2P/ZIS NCG.



Fig. 2. TEM images of polyhedral ZIF-67 (a), Co3O4 NCG (b), Co2P NCG (c), Co2P/ZIS NCG (d) and elemental mapping profiles of Co2P/ZIS NCG (e-m).

Fig. 3. XRD patterns (a), UV–Vis. DRS spectrum and color display (b) of pristine Co2P, ZIS and different proportion of Co2P/ZIS NCGs, Raman spectrum of Co3O4 and Co2P NCGs
(c).
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the existence of related elements in the synthesized catalysts. In
specifically, the high-resolution XPS spectrum of Co 2p, P 2p in dif-
ferent samples and In 3d, S 2p, Zn 2p in Co2P/ZIS were exhibited in
Fig. 4. In Co3O4 NCGs (Fig. 4(a)), the binding energy located at 780.3
and 795.6 eV corresponded to the Co 2p 3/2 and Co 2p 1/2, accom-
panying with the two satellite peaks appeared at 788.0 and
803.1 eV, all proving the main Co-O species [41]. While the higher
binding energy of Co 2p 3/2 (781.8 eV), Co 2p 1/2 (797.7 eV) and
two satellite peaks (786.2, 803.1 eV) were observed in Co2P NCGs,
indicating there were still partially oxidized state on the surface.
However, another two clearly identified peaks, emerging at the
binding energy of 778.5 and 793.5 eV, demonstrated the existence
of targeted Co-P species [42] and successful phosphiding process
for preparing Co2P NCGs. Though the XPS intensity of Co signal
tended to be weaker after coating by ZIS to construct Co2P/ZIS
NCGs, the main Co 2p 3/2 and Co 2p 1/2 species could be clearly
distinguished as well, and had slightly shifted to a lower binding
energy at 778.1 and 793.1 eV in comparison with that of pristine
Co2P. Generally, the lower binding energy meant a higher electron
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density [43], thus it could be inferred that the electrons would
transfer from ZIS to Co2P when the Co2P/ZIS heterojunction
formed, illustrating the interfacial interaction between Co2P and
ZIS and acceleration of electron transfer on this occasion. More-
over, the binding energy appeared at 134.6 eV both in Co2P and
Co2P/ZIS NCGs verified the oxidized states in the surface of cata-
lysts [44], more importantly, the P 2p 3/2 and P 2p 1/2 at the bind-
ing energy of 130.4 eV and 131.2 eV sufficiently proved the
existence of phosphide state of Co, all further validating the suc-
cessful phosphiding process as shown in Fig. 4(b). Additionally,
the coupled binding energies, fixing at 453.1 and 445.5 eV, 163.5
and 162.5 eV, 1044.7 and 1021.7 eV (Fig. 4(c-e)) could be ascribed
to the In 3d 5/2 and In 3d 3/2, S 2p 1/2 and S 2p 3/2, Zn 2p 1/2 and
Zn 2p 3/2 in Co2P/ZIS NCGS [45], respectively. These results fully
explained the synthesis and coating of ZIS on Co2P NCGs. More
importantly, comparing with the pristine ZIS, the different binding
energy of S 2p and Zn 2p in Co2P/ZIS NCGS also confirmed the
interfacial interaction between Co2P and ZIS as discussed above.
In detail, except for the unchanged binding energy of In 3d, the



Fig. 4. High-resolution XPS spectrum of Co 2p (a), P 2p (b) in different samples and XPS spectrum of In 3d (c), S 2p (d) and Zn 2p (e) in ZIS and Co2P/ZIS NCGs.
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binding energies of S 2p and Zn 2p in Co2P/ZIS NCGs were all
observed to be changed, where the former slightly increased by
0.1 eV and the latter decreased by 0.2 eV in contrast with that of
the pristine ZIS. This phenomenon further proved the mobility of
electrons between Co2P and ZIS [16,36] .

3.2. Photocatalytic hydrogen evolution performance

In general, the Co2P/ZIS NCGs exhibited superior hydrogen evo-
lution capability than the single counterpart and its PHE perfor-
mance raised with the increase contents of Co2P to 10%, but
decreased gradually with the excess deposited amounts to 30% as
shown in Fig. 5(a-b). The detailed PHE activities of Co2P, ZIS, 5%
Co2P/ZIS, 10% Co2P/ZIS, 18% Co2P/ZIS and 30% Co2P/ZIS were 0.13,
0.78, 4.72, 7.93, 6.61 and 4.19 mmol/g/h, respectively. In addition,
to estimate the PHE level of 10% Co2P/ZIS NCGs, the performance of
noble metal (Pt, Au, Ag) loaded ZIS catalysts and conventional Co2P
nanoparticles encapsulated ZIS (Co2P/ZIS NPs) for hydrogen gener-
ation were investigated and results were shown in Fig. 5(c). It
could be seen that the PHE activity of 10% Co2P/ZIS NCGs was
higher than that of 1% noble metals loaded ZIS and 10% Co2P/ZIS
NPs, confirming the feasibility of Co2P NCGs for solving the overde-
pendence on noble metals in PHE reactions. The detailed perfor-
mance of noble metals loaded ZIS for enhancing PHE activity
could be found in Fig. S11–13 and the successful synthesis of
Co2P/ZIS NPs were proved in Fig. S14–16. The apparent quantum
efficiencies (AQEs) over 10% Co2P/ZIS NCGs for hydrogen genera-
tion were measured as shown in Fig. 5(d) and the highest AQEs
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reached 21.7% at 320 nm monochromatic light. To measure the
durability and stability of Co2P/ZIS catalysts, the recycling stability
test and XRD patterns after use were analyzed. The maintained
PHE activity in successive five cycles (Fig. 5(e)) and unobvious
change of XRD patterns (Fig. 5(f)), where the slight shift of diffrac-
tion peak at around 47.2� might be caused by the minor lattice dis-
tortion of crystal ZnIn2S4 under simulated sunlight illumination,
pointed out that Co2P/ZIS NCGs had properties of not only highly
sustainable utilization but also good stability and durability.

3.3. Investigation of charge transfer efficiency

To deeply reveal the behavior of charge separation efficiency,
the steady-state and time-resolved PL spectrum, the transient pho-
tocurrent responses and electrochemical impedance spectra (EIS)
of pristine ZIS and Co2P/ZIS NCGs were correspondingly investi-
gated. The significantly decreased PL quenching plots of Co2P/ZIS
demonstrated the advantageously blocked recombination of pho-
togenerated carriers [47,47] as shown in Fig. 6(a). Moreover, the
average lifetime of charge-carrier decay in Co2P/ZIS NCGs was pro-
longed to 2.35 ns in comparison with that of pristine ZIS (1.47 ns),
further proved the fast transfer of electrons in heterojunctions
(Fig. 6(b)). The photocurrent of Co2P/ZIS heterojunction directly
reflected the efficient separation of charges, consequently resulting
in a responsive current value comparing with pristine ZIS as exhib-
ited in Fig. 6(c). At the same time, the smaller resistance circles in
Co2P/ZIS samples evidently enabled the fast separation of photoin-
duced chargers (Fig. 6(d)) than ZIS. All the results summarized



Fig. 5. Time-dependent curves of hydrogen evolution performance (a), hydrogen evolution rate of Co2P/ZIS NCGs with different proportions (b), comparison of PHE
performance with noble metals (Pt, Au, Ag) loaded ZIS and Co2P/ZIS NPs (c), apparent quantum efficiency over 10% Co2P/ZIS NCGs (d), recycling stability test (e) and XRD
patterns of the fresh and used catalysts (f).
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above comprehensively demonstrated the robust charge separa-
tion efficiency [48] of Co2P/ZIS NCGs caused by the formation of
interfacial heterojunctions.

3.4. Electron density distribution analysis

To make clear the electronic structures and charge migration
pathways, the heterojunction interfaces of (001)Co2P and
(001)ZnIn2S4 (Fig. S17–S18) were simulated using density func-
tional theory (DFT) calculation. In detail, the four atomically
matched structure of Co2P/ZIS were constructed and the electron
density distribution at the interface were theoretically analyzed
as shown in Fig. 7. Generally, it could be observed that the accu-
mulated electrons mainly distributed on the surface of Co2P,
while the distribution of deficient electrons were intuitively dis-
played in ZIS interface, corroborating the strong electron transfer
from ZIS to Co2P at the interfacial heterojunction. And the above
calculation results were well consistent with the electron trans-
fer pathways as discussed in XPS part, where the formation of
Co2P/ZIS heterojunction favored the migration of photogenerated
electrons from ZIS to Co2P, thus led to an enhanced PHE
performance.

3.5. Photocatalytic mechanism

To determine the conduction band (CB) of each counterpart,
Mott-Schottky plots of pristine Co2P and ZIS sample were corre-
spondingly measured (Fig. 8(a), Fig. S19), and the experimental
CB of Co2P and ZIS was predicted to be �0.48 and �0.51 V, satisfy-
ing the electron transfer dynamics. The valence band (VB) of Co2P
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(Fig. S20) was estimated at 0.36 V according to ENHE/V = U + 0.2 e
V �4.44 (ENHE: potential of normal hydrogen electrode and U of
4.6 eV: the electron work function of analyzer) [49]. Thus, based
on these experimental and theoretical results, the possible working
mechanism over hierarchical Co2P/ZIS NCGs was proposed as
shown in Fig. 8(b). The electrons were firstly produced and
migrated to the conduction band among the main ZIS photocata-
lyst under light excitation, while the valence band would be filled
with hole pairs. With assistance of the hierarchically designed
interfacial contact between ZIS and Co2P, the electrons generated
on CB of ZIS upon sunlight excitation would primarily move to
the surface of Co2P NCGs to reduce protons and release hydrogen,
leaving the hole pairs on VB of ZIS to be captured by sacrificial
agent. Due to the metalloid attributes and narrow band gap of
Co2P, it then had little contribution to the generation of reductive
electrons under light excitation and its positive role was to pro-
mote the conduction of electrons on the surface to complete proto-
nation process. Without the timely discharge of electrons by Co2P
NCGs in this photocatalytic system, the recombination of electrons
and holes on ZIS would be strongly intensified, leading to an infe-
rior hydrogen generation performance. Moreover, this unique
framework of Co2P NCGs provided more diffused surface area with
ZIS and ensured that the chargers could be transferred at the inter-
face, significantly accelerating the electron separation efficiency
than that of the single-active noble metal loaded ZIS samples for
boosting PHE performance (Fig. 8(c-d)). In general, the fabricated
Co2P nanocages, acting as non-noble metal cocatalysts efficiently
accelerated the electron transfer for proton reduction and partially
relieved the overdependence of noble metals on photocatalytic
hydrogen evolution reactions.



Fig. 6. Steady-state PL spectrum (a), time-resolved PL spectrum (b), transient photocurrent responses (c) and EIS Nyquist plots (d) of pristine ZIS and Co2P/ZIS NCGs.

Fig. 7. Four atomically matched interface structures and electron density distributions from front and top views at the interface of (001)Co2P and (001)ZnIn2S4 (a-d). The
yellow, purple, gray, brown and blue balls was S, In, Zn, P and Co atoms respectively. The yellow and green area represented the accumulated and deficient electron density.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Mott-Schottky plots of Co2P (a), electron transfer pathways between Co2P and ZIS (b), the diffused electron separation over framework of Co2P/ZIS NCGs (c) and limited
active sites over noble metal loaded ZIS samples (d).
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4. Conclusions

In summary, a hierarchical Co2P/ZnIn2S4 heterojunction was
fabricated by coating thin layer of ZnIn2S4 on the surface of
Co2P nanocages through a facilely hydrothermal method for
achieving high efficiently photocatalytic hydrogen evolution
(PHE) performance. The unique hollow Co2P nanocages that
derived from ZIF-67 by calcining and phosphiding procedure sig-
nificantly promoted the separation efficiency of photoinduced
electrons and density functional theory (DFT) calculation proved
the strong electron transfer from ZnIn2S4 to Co2P nanocages at
the interfacial heterojunction. PHE results indicated that an effi-
cient rate of 7.93 mmol/g/h over 10% Co2P/ZnIn2S4 NCGs with
superior stability was achieved, about 10 times higher than that
of pristine ZnIn2S4 and partially relieved the overdependence of
noble metals on PHE activity. Therefore, this work demonstrated
the feasibility of establishing Co2P nanocages for boosting charge
transfer and introduced a hierarchical Co2P/ZnIn2S4 photocatalyst
for efficient PHE performance from water without noble metal
assisted.
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