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Efficient hydrogen (H,) production is considered to be a key
pathway for future clean energy supply. Herein we report
that a photocatalyst made of core-shell amorphous cobalt
phosphide (CoP,) integrated with cadmium sulfide nanorods
(CdS NRs) gives exceptional performance of photocatalytic
H, production under visible light. Under optimal conditions,
the CoP,/CdS NRs photocatalyst allows an H, evolution rate
of ~500 pmol h™' mg™” based on the photocatalyst (A > 420 nm)
and the apparent quantum yield was ~35% in aqueous
solution (A = 450 nm). The turnover numbers (TONs) reached
~630000 per mole of cobalt in 70 hours with a TOF of ~9000
h™'. Such high performance of an artificial photosynthetic H,
production system using a cobalt-based cocatalyst has, to the
best of our knowledge, not been reported to date.

Hydrogen is considered an ideal energy carrier for a future clean
energy supply system due to its high energy capacity and
environmental friendliness.” ? Since the discovery of H, evolution
through the photoelectrochemical splitting of water on TiO,
electrodes,’ development of efficient and low-cost semiconductor
photocatalysts for H, production from water splitting using solar
energy has become a great challenge whose solution may meet
future energy demands. Up to now, various semiconductors have
been intensively investigated as photocatalysts for H, production,
such as doped-TiO,,* ° g-C3N4,6 SrTiO;,” and CdSe.’ Cadmium
sulfide (CdS), due to its desirable valence and conduction bands, is
considered to be one of the promising candidates for visible light
driven photocatalytic water splitting.”'> However, CdS alone
exhibited low photocatalytic activity and stability due to its fast
electron-hole recombination and photocorrosion.”® In most work
reported so far, loading a cocatalyst on the surface of the
photocatalyst plays a very important role in promoting the catalytic
activity."*1° An appropriate cocatalyst helps to promote charge
separation, which subsequently reduces both bulk and surface
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recombination of photoexcited charge carriers. By introducing noble
metal cocatalysts onto the surface of semiconductors, such as Pt
and Pd,"” the photocatalytic activity can be highly enhanced. When
considering the possible commercial application, it is necessary to
develop more cost-effective and robust catalysts.'® !

In the past decade, cobalt-based materials have been widely
investigated as noble-metal-free  cocatalysts to promote
photocatalytic activities of a semiconductor, such as cobalt sulfide,’
cobalt hydroxide,”’ and cobalt-based molecular catalysts
(cobaloximes, cobalt dithiolenes, etc).”> * However, highly efficient
cocatalyst for photocatalytic H, production is still highly demanded
for practical applications. Recently, crystalline metal phosphides
were reported as highly active catalysts for electrocatalytic hydrogen
evolution reaction (HER)*?® and photocatalytic hydrogen
production.’”? Besides their impressive advances in HER, the
practical implementation of these materials might be hindered by
their complicated and high temperature preparation procedures.
Amorphous materials are generally prepared under a mild
temperature with faster solidification processes than crystalline
materials, which also showed comparable activity to crystalline
materials.’® ' Therefore, it would be of great interest to use
amorphous metal phosphide prepared in a facile processes under a
mild temperature for photocatalytic hydrogen evolution. To the best
of our knowledge, there has no report investigating amorphous metal
phosphide for photocatalytic hydrogen generation.

Herein, we report the in-situ preparation of a novel core-shell
amorphous CoP,/CdS nanorods (NRs) photocatalyst for H,
production under visible light. Under optimal conditions, the H,
evolution rate was as high as ~500 pmol h™" mg™ (A > 420 nm) and
the apparent quantum yield was ~35% (A = 450 nm). The TONs
reached ~630000 based on per mole of cobalt in 70 hours with a
TOF of ~9000 h™'. Hence, the result shows that the amorphous CoP,
cocatalyst has high photocatalytic H, evolution activity and stability
and can serve as an excellent alternative to noble metals.

Core-shell CoP,-modified CdS NRs were synthesized by a
simple solvothermal method. The as-prepared samples were labeled
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SC1, SC2, SC3, SC4, and SCS, respectively, for Co(NO;), 6H,0
content 4 mg, 16 mg, 32 mg, 64 mg, and 108 mg. The real cobalt
ratio in each sample was measured by ICP-AES and is shown in
Table S1. The next step was to examine the photocatalytic ability of
these samples.
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Figure 1. (a) Comparison of the photocatalytic H, evolution rates of
the CdS, SC1, SC2, SC3, SC4, SC5, and CoPx samples under visible
light (A >420 nm). (b) The rate of H, evolution for the SC2 sample
under different concentrations of the hole scavenger (Na,S/ Na,SO3)
under visible light (A > 420 nm): (A) 0.25 M/0.35 M; (B) 0.5 M/0.7
M; (C) 0.75 M/1.05 M; (D) 1.25 M/1.75 M; (E) 1.5 M /2.1 M. The
system contains 1 mg SC2 in 20 mL aqueous solution.

Photocatalytic H, evolution activity of the core-shell CoP,/CdS
NRs was evaluated under visible light irradiation (A > 420 nm) by
using Na,S/Na,SO; as the electron donors (Figure 1la). No
appreciable H, was detected using only CoP, material for irradiation.
In-situ growth of CoP, on CdS NRs significantly enhances the
photocatalytic activity. Sample SC1 with 0.08% Co exhibited a H,
evolution rate of ~114 ymol h™' mg™', which is much higher than that
of pure CdS NRs (~25 pumol h™' mg™). The highest photocatalytic
activity was achieved using sample SC2 as the photocatalyst, with a
rate of ~204 umol h™' mg™'. Obvious H, bubbles were observed
during photocatalysis, as seen in supplementary movie SI.
Subsequent increasing content of CoP, decreased the photocatalytic
activity and the H, evolution rate was reduced to ~76 pmol h™' mg™'
for sample SC5. An optimum loading of a cocatalyst to produce the
maximum activity has been reported in many semiconductor-
cocatalyst systems.’”>* And this phenomenon can be explained as
follows: (1) initially, more CoP, cocatalyst provides catalytic active
sites to facilitate photocatalytic H, production before it reaches
maximum activity; (2) thereafter, excess CoP, covered on the CdS
surface can inhibit the incident light absorption of CdS, leading to
decreasing the number of photogenerated electrons; (3) excess CoP,
will also merge together and reduce the catalytic active sites on the
surface.*> *> 3% It is well known that platinum function as efficient
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hydrogen production promoters for many semiconductors. We
further measured the hydrogen production activity of 0.5 wt%
Pt/CdS NRs for comparison under the same conditions (Figure S1).
The results show that the rate of 0.5 wt% Pt/CdS NRs is ~167 pumol
h"' mg”, which is less than SC2 samples, indicating that CoP, is an
excellent cocatalyst for hydrogen production in the present system.
Figure 1b shows the effect of electron donors on the photocatalytic
activity of sample SC2 for photocatalytic H, evolution. When
increasing the concentration of Na,S/Na,SO; from 0.25 M/0.35 M to
1.5 M/2.1 M, a substantial increase of the amount of H, was
observed. The results indicated that a higher concentration of
electron donors probably led to faster transfer of the photogenerated
holes and suppressed the electron-hole recombination.

Figure 2a displays the XRD patterns of the CdS NRs, CoP,, and
samples SC1-SC5. The hexagonal structure of CdS (PDF#77-2306)
was clearly observed for CdS NRs and all the SC1-SC5 samples.
The peaks located at 2 0 = 24.8°, 26.5°, 28.2°, 36.7°, 43.7°, 47.9°,
51.9°, and 66.8° correspond to the (100), (002), (101), (102), (110),
(103), (112), and (203) planes, respectively.’’ No obvious crystalline
cobalt phosphide peak was observed in any of these samples.
Moreover, the XRD diffraction pattern of pure CoP, showed no
diffraction peaks, which probably indicates that the CoP, had
amorphous structure.
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Figure 2. (a) XRD patterns of the CdS, SC1, SC2, SC3, SC4, SC5,
and CoP, samples. (b) XPS data, (¢) SEM image, (d) HRTEM image
of SC2 sample. (Insert of (c), FFT of HRTEM image; inset of (d),
SAED of SC2 sample).

The XPS spectra (Figure 2b and Figure S2) of the SC2 sample
showed the existence of Cd, S, Co, and P elements and their XPS
peaks appeared at binding energies of 404.6 eV (Cd 3d), 161.2 eV (S
2p), 780.5 eV (Co 2p), and 133.5 eV (P 2p). No other elements were
observed except C element as the reference and O element from the
absorbed gaseous molecules. The binding energy of Cd 3d and S 2p
was in agreement with the CdS.*® The XPS spectra of pure CoP, are
showed in Figure S3 for comparison. The binding energy of Co 2p
showed that the cobalt was in the oxidation state®® *° and no metallic
cobalt was formed. For P 2p, pure CoP, showed two peaks at 129.9
eV and 133.5 eV, respectively. The former one is probably
contributed to the formation of cobalt phosphide, while latter one
can be assigned to phosphate species. However, due to the very low
content of cobalt phosphide in SC2 sample, only strong peak at
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133.5 eV was observed, which may come from the solvothermal
synthesis process under the phosphorus-rich conditions. The SEM
image (Figure 2c) shows the morphology of CoP,/CdS NRs
photocatalyst, indicating an average diameter of 40-90 nm and the
length of 0.5-1.5 um. Comparing to the pure CdS NRs (Figure S4a),
the nanorods in sample SC2 became thicker with a larger diameter.
In addition, pure CoP, showed no specific shape and obvious
irregular particles were observed (Figure S4b).

A fast Fourier transform (FFT) of the HRTEM image showed
diffuse rings and ordered diffraction spots (inset of Figure 2c), which
suggests that the amorphous CoP, was successfully deposited on the
surface of crystalline CdS NRs.The HRTEM image clearly shows
the core-shell structure of sample SC2 (Figure 2d), further
confirming that the CoP, was successfully loaded onto the CdS NRs.
The distance between ordered lattice planes of 0.67 nm can be
assigned to the (002) plane of crystal hexagonal CdS.>’ In addition,
the selected-area electron diffraction (SAED) analysis (inset of
Figure 2d) showed the sample mainly contained single crystal CdS
NRs.

Moreover, the EDX data (Figure 3a) confirmed the existence
and distribution of Co, P, Cd, and S elements, as well as C as the
reference and O from the absorbed gaseous molecules. Cu element is
from the copper grid substrate. The EDX-mapping images of a
single nanorod show that Co and P are uniformly distributed over the
whole surface of the rod, demonstrating that amorphous CoP, was
tightly deposited onto the surface of the CdS NRs.

The apparent quantum yield (¢) for photocatalytic H,
production under visible light was measured using an excitation at
450 nm (+5 nm) (Figure 4a). The result showed that the H, evolution
rate was ~120 umol h”' mg™' with ¢ > 35% after 3 hours, although
there was a slightly lower rate of ~60 umol h™' mg™' in the first hour
(¢ ~17%). The results indicated that CoP,/CdS NRs is an exceptional
photocatalyst for electron-hole pair generation and separation and
subsequent photocatalytic H, production.

—— SC2 photocatalyst

Counts (a.u.)

Figure 3. (a) EDX and EDX-mapping of SC2 sample: (b) bright
field image, (c) S mapping, (d) Cd mapping, (e¢) P mapping, and (f)
Co mapping.

To reveal the durability of the CoP,/CdS photocatalyst, long-
term irradiation under visible light was performed. A total of ~35
mmol H, was produced within 70 h of irradiation (Figure 4b),
corresponding to ~630000 turnover numbers (TONs) and ~9000 h™!
turnover frequency (TOF) with respect to the cobalt. The H,
evolution rate reached ~500 pmol h' mg' and the activity was
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maintained without noticeable decrease during the illumination for
70 h. The CoP, cocatalyst has exceptional photocatalytic H,
evolution activity and is superior to any other cobalt-based
cocatalysts reported in the literature, like CoO, (660 pumol h™' g™,
TOF ~2 moles of H, per mole of per mole cobalt per hour),*® CoS,
(0.84 pmol h' mg™),*’ Co(OH), (61 pmol h™' g),?' cobalt dithiolene
complex (TONs > 300000 in 60 h, TOF > 5500 h'),* *' and
inorganic cobalt salts (25 pmol h™' mg™', TONs ~59600 moles of H,,
and TOF ~1114 moles of H, per hour of per moles cobalt).*
Amorphous CoP, cocatalyst therefore represent an important
addition to greatly enrich our knowledge and shows the exceptional
H, evolution activity about the growing family of Co-based
photocatalytic cocatalysts.
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Figure 4. (a) Time courses of H, evolution and apparent quantum
yield on SC2 (b) Long-term H, evolution on SC2.

Figure S5 shows the H, evolution curve in cycling
photocatalytic runs. The results indicate that the photocatalyst did
not display any obvious decrease of H, production activity.
Moreover, sample SC2 had similar morphology before and after
irradiation, as seen by SEM images (Figure S4a and Figure S6). The
high-resolution XPS spectrum of Co 2p (Figure S7a) showed no
obvious changes and no metallic Co was detected after irradiation,
suggesting that CoP, does not decompose to produce Co(0) during
the photocatalytic H, evolution reaction. As for P 2p (Figure S7b), it
is observed that the peak at 133.5 eV disappeared during the
photocatalytic hydrogen evolution, indicating that phosphate species
is not the acitve cites and can be dissolved during the photocatalytic
hydrogen evolution.
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Figure 5. UV-vis absorption spectra of (a) MV*" and (b) DQ*" using
SC2 sample. (Inset image: time course of absorption changes of (a)
MV?*" at 396 nm and (b) DQ*" at 385 nm). Condition: a 3 mL
aqueous solution containing sample SC2 (8.3 pgmL™), 0.625 M
Na,$S and 0.875 M Na,SO; and 3x10° M MV?*" (or DQ*") were filled
with N, and irradiated under visible light using 300 W Xe lamp (A >
420 nm).

The reducing power of the CoP,/CdS NRs was investigated by
using organic electron acceptors.”> When the SC2 sample in
Na,S/Na,SO; solution was irradiated in the presence of methyl
viologen dication (MV>") as electron acceptor, the color rapidly
changed from yellow to blue and its absorption intensity was
saturated within only one minute, indicating a fast electron transfer
and the formation of reduced MV ™ (Figure 5a).* A diquat acceptor,
DQ*" (N,N'<(1,3-propylene)-5,5'-dimethylbipyridine), was also used
as the electron acceptor for irradiation. The result also showed a
rapid color change from yellow to pink, indicating the formation of
DQ" (Figure 5b).* Considering DQ?" reduction potential is ~-0.7 V
vs. NHE,* the above result suggested that the reducing ability of
CoP,/CdS NRs corresponds to a potential more negative than -0.7 V
vs. NHE, and thus the excited state is sufficiently reducing for H'
reduction.

A possible reaction mechanism is proposed for CoP,/CdS NRs
to enhance photocatalytic activity. Under visible light irradiation, the
semiconductor CdS NRs absorb photons and generate electron-hole
pairs. Without loading a cocatalyst, the photogenerated electrons and
holes are likely to be recombined together, resulting in low catalytic
activity. After loading CoP, cocatalyst, the close contact interfaces
between CoP, and CdS NRs are formed. Photogenerated electrons in
the conduction band of CdS NRs can be quickly transferred to CoP,
cocatalysts via contacting interfaces,resulting in great improvement
of photocatalytic H, evolution for the CoP,/CdS NRs photocatalyst.
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Figure 6. (a) UV-vis diffuse reflectance spectra of CdS NRs, SC2
sample, and CoP,. (b) Photoluminescence (PL) spectra and (c) Time-
resolved photoluminescence (TRPL) spectra of CdS NRs and SC2
sample with an excitation wavelength of 405 nm.
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To verify the above analysis, the UV-vis, photoluminescence
(PL), and time-resolved photoluminescence (TRPL) spectra were
performed. No appreciable shift of the absorption edge was observed
for CdS and CoP,/CdS (Figure 6a). Under an excitation wavelength
of 405 nm, the PL intensity maximized at ~511 nm and ~713 nm
obtained for sample SC2 was much weaker than that of CdS NRs
(Figure 6b), suggesting a much faster charge transfer process
occurred from CdS NRs to CoP, shell. The more efficient transfer of
photogenerated charge carriers in CoP,/CdS NRs than that in pure
CdS NRs was also confirmed by TRPL spectra (Figure 6¢). The
lifetime of sample SC2 was much shorter than that of CdS NRs. The
CdS NRs material had two decay time values: 503 ps and 7.74 ns.
The short lifetime component is attributed to quasi-free excitons,*
which are rapidly trapped by the surface states. The long component
is attributed to localized exciton recombination, which is caused by
de-trapping of carriers. Only one decay lifetime value at ~411 ps was
observed in SC2. The significant decrease of the long lifetime
indicated faster charge transfer from CdS to amorphous CoP,,
revealing that CoP, is an effective cocatalyst for photocatalytic H,
production.

Conclusions

In conclusion, we developed a simple solvothermal method to
synthesize a core-shell heterostructure of amorphous CoP, integrated
with CdS NRs for photocatalytic H, evolution under visible light.
The results demonstrated that the amorphous cobalt phosphide is a
highly efficient cocatalyst to enhance the photocatalytic H,
production activity and durability by promoting the photoinduced
charge transfer process and suppressing the electron-hole
recombination. The work also showed that amorphous CoP,, which
is made of earth-abundant elements, could serve as an important
substitute for precious platinum for photocatalytic H, production.
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TOC Figure

Herein we report that a photocatalyst made of core-shell amorphous
cobalt phosphide (CoPy) integrated with CdS NRs for H, production
under visible light. The CoP,/CdS NRs gave an H, evolution rate of ~500
umol h'' mg™!' based on the photocatalyst (A > 420 nm) and the apparent

quantum yield was ~35% in aqueous solution (A = 450 nm).

J. Name., 2012, 00, 1-3 | 5



