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The separation and transfer of photogenerated charge carriers are the crucial process in photocatalysis,
and the realization of multiple charge separation and transfer routes in a single catalyst structure is very
promising to achieve high-efficiency catalytic performance. We herein report a simple strategy to synthe-
size CdS/CoP hybrid nanorods (HNRs) via a one-step phosphorization treatment of the CdS/Co(OH)2 pre-
cursors, in which the gradient-P-doped-CdS NRs and CoP cocatalyst can be synchronously obtained
(denoted as gP-CdS/CoP HNRs). The gradient P doping gradually reduced the band gap of CdS as well
as elevated Fermi level with doping concentration up, resulting in the formation of a built-in electric field
in the CdS NRs. The built-in electric field points from the surface towards the interior of the CdS NRs,
which facilities the separation of photogenerated charge carriers in CdS and the transfer of electrons to
the CdS/CoP interface. The transferred electrons are then captured by the CoP cocatalysts, leading to fur-
ther separation of the charge carriers. Owing to the coupling of gradient-P-doped CdS nanorods with the
CoP cocatalysts, the optimized gP-CdS/CoP HNRs exhibit remarkably enhanced photocatalytic water
reduction performance, with a H2 production rate of 22.95 mmol g�1 h�1 which is 28.7 and 3.2 times
higher than that of pristine CdS and gP-CdS, respectively. This work demonstrates the synergetic effects
of charge carrier separation in the coupled nanostructure of the gradient-P-doped CdS NRs with the CoP
cocatalyst, which provides a new platform for developing heterostructures with multiple charge separa-
tion and transfer routes for photocatalysis.
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1. Introduction

Photocatalytic water splitting to hydrogen (H2) is a promising
strategy to relieve the dependence on fossil fuels as well as
increasing-ever environment problems [1–4]. Among the reported
semiconductors [5–7], CdS is an excellent candidate as a host cat-
alyst for photocatalytic H2 production, owing to the following mer-
its: Narrow band gap (Eg) of about 2.4 eV enabling the absorption
of visible light that constitutes most of the solar spectrum, enough
negative conduction band minimum (CBM) relative to reversible
hydrogen electrode (RHE) potential, as well as earth-abundant
and highly accessible [8–11]. However, pristine CdS photocatalysts
suffer from low photocatalytic activity towards hydrogen evolu-
tion reaction (HER), mainly due to three aspects: (i) Low concentra-
tion of sulfur vacancy (VS) in bulk CdS makes a significant
departure of the Fermi level (Ef) from the defect level, rendering
the latter as a weak electron-trapping center and thus fast recom-
bination of photogenerated electron-hole pairs [8,12]. (ii) Small
specific surface area with limited active sites, which together with
the low-concentration VS result in low photoactivity [13,14]. (iii)
Easy oxidation of S2� by photogenerated holes, which gives rise
to low photostability.

Several strategies, such as intrinsic built-in electric field, defect
engineering, cocatalyst decoration, and heterostructure engineer-
ing, have been proposed to enhance the separation and transfer
of photogenerated electron-hole pairs [5,15–18]. Among them,
the strategy of built-in electric field receives much attention,
owing to facile access and high efficiency [16,19]. For instance,
the intrinsic electric field in Bi2Fe4O9 with a unique layered struc-
ture is reported for the first time in our previous work, which is
found to play an important role in facilitating the separation of
charge carriers and boosting photocatalytic activity [20]. In princi-
ple, this strategy is not applicable to non-layered-structure semi-
conductors that are usually main components of the existing
photocatalysts, limiting the multi-strategy integration for improv-
ing the separation efficiency. However, recent studies suggest that
gradient doping could create built-in electric field in non-layered
structures for photocatalysis [12,21]. Compared to uniform doping,
gradient doping is able to make more band bending in a wide
region from the surface towards the center of bulk, which facili-
tates the separation and transfer of charge carriers [21]. As a result,
the gradient-doped CdS displays higher photoelectrical efficiency
and photocatalytic activity than pristine CdS. These findings offer
new chances of integrating more enhancing strategies into non-
layered structures to facilitate the separation of charge carriers
via synergistic effects of these strategies [22,23].

Loading cocatalysts on semiconductor photocatalysts is another
important approach to facilitating the separation of photogener-
ated charge carriers [5,24,25]. Primarily, cocatalysts have lower Ef
for metals or CBM for compounds than semiconductor photocata-
lysts [26,27]. The difference of Ef and CBM between them induces
photogenerated carriers transfer from semiconductor to cocatalyst
and suppresses the backward flow, leading to effective separation
of the electron-hole pairs. Moreover, cocatalysts provide active
sites and reduce reaction energy barriers for surface reactions.
The reported excellent cocatalysts for photocatalytic HER are con-
centrated on (noble) metals such as Pt, Ni and so on [28–30]. How-
ever, they encounter high-cost and chemical stability in practice.
Recently, metal phosphides such as CoP capable of high electrocat-
alytic activity towards HER have stimulated more research inter-
ests that focus on the potential of CoP as cocatalysts for
photocatalysis [31,32]. It is found that CoP possesses many advan-
tages for photocatalytic H2 evolution: feasibility of accepting pho-
togenerated electrons [33], acting as a dual proton adsorption site
to accelerate the decomposition of water [34], easy proton adsorp-
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tion and H2 evolution [35], lower H2 desorption energy than Pt
[36], high photocatalytic activity, chemical stability even in acid
medium [37], and economical. That is, CoP holds great potential
as excellent cocatalysts to improve the separation of photogener-
ated charge carriers and boost photocatalytic HER performance.

Herein, a simple strategy has been developed to synthesize CdS/
CoP hybrid nanorods (HNRs) via a one-step phosphorization treat-
ment of the CdS/Co(OH)2 precursors, in which the gradient-P-
doped-CdS (gP-CdS) NRs and CoP cocatalysts can be synchronously
obtained (denoted as gP-CdS/CoP HNRs). The optimized gP-CdS/
CoP HNRs display remarkably boosted photocatalytic HER perfor-
mance, delivering a H2 evolution rate of 22.95 mmol g�1 h�1, which
is 28.7 and 3.2 times higher than that of pristine CdS and gP-CdS
NRs. Microstructural analysis reveals that gradient P doping cre-
ates a built-in electric field pointing from surface to interior of
gP-CdS NRs, which facilitates the migration of photogenerated
charge carriers from interior to surface of gP-CdS. Moreover, the
CoP cocatalysts could act as the electron trappers for the migrated
photoelectrons, leading to efficient separation of the electron-hole
pairs. That is, the synergistic effects of gradient P doping and CoP
contribute to the high photocatalytic performance of gP-CdS/CoP
HNRs.
2. Experimental section

2.1. Materials

The chemical reagents used in this study include Cadmium
nitrate (Cd(NO3)2�4H2O), sodium hydroxide (NaOH), cobalt chlo-
ride (CoCl2�6H2O), sodium hypophosphite (NaH2PO2), sodium sul-
fate (Na2SO4), potassium chloride (KCl), potassium ferricyanide
(K3[Fe(CN)6]), lactic acid, chloroplatinic acid solution (H2PtCl6,
1 g/L), thiourea (CH4N2S), ethanediamine, absolute ethanol, and
deionized water, which are purchased from the Shanghai Chemical
Reagent Factory and used as received without purification.
2.2. Synthesis of CdS NRs

CdS NRs were synthesized via a solvothermal method. Briefly,
3.5 mmol of Cd(NO3)2·4H2O and 18.0 mmol of CH4N2S were dis-
solved in 40.0 mL of ethanediamine. The resulting solution was
transferred into a 50 mL Teflon-lined stainless-steel autoclave
and then kept at 180 �C for 24 h. After cooled down to room tem-
perature, the yellow precipitate was collected by centrifugation
and washed with deionized water and absolute ethanol for several
times to remove impurities. Finally, the product was dried at 60 �C
for 12 h. To clear the effect of calcination on the photocatalytic HER
activity of CdS NRs, the pristine CdS NRs were calcinated in N2

atmosphere at 300 �C for 2 h as a comparison, the as-obtained sam-
ple was denoted as h-CdS NRs.
2.3. Synthesis of gP-CdS NRs

50 mg of CdS NRs and a certain amount of NaH2PO2 (0.2, 0.3,
0.4 g) were placed at two separate positions in a porcelain crucible
with a cover, where NaH2PO2 was at the upstream side of the fur-
nace. The crucible was annealed at 300 �C for 2 h with a heating
rate of 1.5 �C min in N2 atmosphere. After cooling to ambient tem-
perature under N2 atmosphere, the obtained samples were col-
lected and named as gPx-CdS (x = 4, 6, 8), respectively. To
highlight the effect of gradient doping on photocatalytic activity,
the phosphorization time of pristine CdS NRs was prolonged from
2 to 12 h to obtain more uniform P-doped CdS (uPx-CdS, x = 4, 6, 8)
NRs.
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2.4. Synthesis of CdS/Co(OH)2

80 mg of CdS NRs and a certain amount of CoCl2�6H2O (13, 26,
and 52 mg) were added in 20 mL of NaOH solution (0.1 M). The
mixed solution was stirred violently for 24 h at room temperature.
Finally, the precipitate was collected by centrifugation, washed
with absolute ethanol for several times, and dried at 60 �C for
12 h. The obtained precipitate was named as CdS/Co(OH)2–1,
CdS/Co(OH)2–2 and CdS/Co(OH)2–3, respectively. The bare Co
(OH)2 was also obtained using the same procedures with the
absence of CdS NRs.

2.5. Synthesis of gP-CdS/CoP HNRs

In a typical procedure, 50 mg of CdS/Co(OH)2-z (z = 1, 2, 3) and a
certain amount of NaH2PO2 (0.2, 0.3, and 0.4 g) were placed at two
separate positions in a porcelain crucible with a cover, and NaH2-
PO2 was at the upstream side of the furnace. The crucible was
annealed at 300 �C for 2 h with a heating rate of 1.5 �C min-1 in
N2 atmosphere. The obtained precipitate was named as gPx-CdS/
CoP-y HNRs, where y represents the loading amount of CoP in wt
% and is 4%, 7%, and 12% in terms of the addition amount of NaH2-
PO2, respectively. Pristine CoP was also fabricated using the same
procedures except the replacement of CdS/Co(OH)2 by bare Co
(OH)2. In addition, three CoP-loaded CdS (CdS/CoP-7%-x, x = 1, 2,
and 3) samples were also prepared as comparisons to assess the
effects of P doping on photocatalytic HER activity. For the CdS/
CoP-1, a certain amount of CdS NRs and CoP NSs were dispersed
in 2 mL distilled water, then the mixture was stirred for 10 min
and dried at 60 �C until the water was completely evaporated.
The resulting sample was finally calcined in N2 at 300 �C for 2 h.
The CdS/CoP-2 and CdS/CoP-3 were prepared according to previous
reports [38,39].

2.6. Sample characterizations

The crystal structure and phase purity of samples were charace-
terized by Powder X-ray diffraction (XRD) performed with a Bruker
D8 Advance diffractometer using the Cu Ka radiation. The mor-
phologies were examined with a field-emission scanning electron
microscope (FESEM) with the assitance of a GeminiSEM 300 scan-
ning electron micro-analyzer. The transmission electron micro-
scopy (TEM) and high-resolution TEM (HRTEM) analyses were
conducted on a JEOL JEM-2100F microscope with an accelerating
voltage of 200 kV. Elemental analysis for the samples was per-
formed by the X-ray fluorescence (XRF) on an XRF-1800. The sur-
face composition and chemical state of samples were analyzed
with X-ray photoelectron spectroscopy (XPS), using an ESCALab
MKII X-ray photoelectron spectrometer with Mg Ka X-ray as the
excitation source. Steady photoluminescence (PL) spectra and tran-
sient PL spectra (TRPL) were measured by using an excitation
wavelength of 380 nm on an FLS 920 and FLS 980 fluorescence
spectrophotometer, respectively. UV–vis diffuse reflectance spec-
tra (UV–vis DRS) were recorded over the range of 200–800 nm
with the absorption mode of a Thermo Nicolet Evolution 500
UV–vis spectrophotometer equipped with an integrating sphere
attachment. N2 adsorption and desorption isotherms were
obtained on a surface area and porosimetry analyzer (V-Sorb
2800P) at 77 K. Before tests, all samples were degassed in vacuum
at 120 �C for 4 h.

2.7. Electrochemical and photoelectrochemical measurements

Mott-Schottky measurements were performed at an ac voltage
of 10 mV and various applied potentials on a Zennium E station
(ZAHNER, Germany) which works with a standard three-
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electrode cell with 0.5 M Na2SO4 as the electrolyte solution in a
three electrode quartz cell, the glassy carbon electrode coated with
photocatalysts as the working electrode, a platinum wire as the
counter electrode, and Ag/AgCl as the reference electrode. Electro-
chemical impedance spectroscopy (EIS) measurements were car-
ried out in a aqueous solution containing K3[Fe(CN)6] (5 mM)
and KCl (1 M) with the Zennium E station, at frequencies ranging
from 0.1 Hz to 100 kHz with an ac voltage of 10 mV. Photocurrent
measurements under visible-light irradiation were performed at
0.2 V bias potential (vs. Ag/AgCl electrode) on a CHI840C electro-
chemical workstation (Chenhua Instrument, China) with the same
three-electrode configuration to Mott-Schottky measurements
except using phototcatalyst-precoated fluorine doped tin oxide
(FTO) (coated area: 1 � 1 cm2) as the working electrode. Where,
a 300 W Xe lamp (MicroSolar 300, Beijing Perfectlight Technology
Co., Ltd.) with an optical filter (k > 420 nm) was employed as the
visible light source. 5 mg of samples was added to the mixed solu-
tion of ethanol (50 lL) and Nafion solution (5 wt%, 10 lL) under
sonication, then 8 lL of mixture ink was pipetted on the surface
of a FTO glass to obtain a coating films of 1 � 1 cm2.

2.8. Photocatalytic HER experiment

Photocatalytic HER was conducted on a Labsolar-III AG system
with a Pyrex reaction vessel connected to an online gas chro-
matograph (Agilent Technologies GC-7890B, TCD, Ar carrier). The
photocatalytic reaction was evaluated in a gas-closed reactor con-
necting to a water bath to maintain the reaction temperature at
25 �C. In a typical reaction, 20 mg of photocatalysts was dispersed
in 100 mL of aqueous solution containing 20% lactic acid as the sac-
rificial agents. The selection of lactic acid as hole scavenges is moti-
vated by our previous study in which it gives rise to higher
photocatalytic HER activity on CdS than other sacrificial agents
such as triethanolamine and the mixture of Na2S and Na2SO3 [8].
For the case of gP6-CdS, 125 uL of H2PtCl6 solution was also added
to form the gP6-CdS/Pt composite as a comparion with the gP6-CdS
and gP6-CdS/CoP samples. Before performing the photocatalytic
experiments, the reaction vessel was purged with argon and evac-
uated for at least 30 min to remove dissolved air. The suspension
was irradiated by a 300 W Xe lamp with an optical filter at
420 nm to cut off the ultraviolet light.

The apparent quantum efficiency (AQE) of photocatalytic HER
was calculated according to Eq. (1):

AQE ¼ Ne

Np
¼ NH2 � 2

Np
¼ nH2 � NA � 2

W�A�t
h�m

� 100% ð1Þ

where Ne, Np and NH2 represent the number of reacted electrons,
incident photons and generated hydrogen, respectively, nH2 repre-
sents the molar number of generated hydrogen, m, W, A, and t are
the incident light frequency, intensity, irradiation area and time,
respectively, NA and h are the Avogadro’s constant and Planck con-
stant, respectively.

3. Results and discussion

3.1. Characteristics of gP-CdS/CoP HNRs

3.1.1. Morphology and phase analysis on gP-CdS NRs
The whole synthetic process of the gP-CdS/CoP HNRs is summa-

rized in Fig. 1. The morphology and crystal structures of the as-
prepared pristine CdS and gP-CdS NRs are characterized by FESEM
and XRD. Fig. S1 shows the FESEM images of these samples. Clearly,
the pristine CdS shows one-dimensional nanorod morphology with
a size range of 30–50 nm in diameter (Fig. S1a and b). After P dop-
ing, the FESEM-EDSs of these samples depict that the P content is



Fig. 1. Schematic illustration of the synthetic process of the gP-CdS/CoP HNRs.

Fig. 2. (a, b) XRD patterns of the pristine CdS, gP4-CdS, gP6-CdS and gP8-CdS NRs.
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gradually increased from CdS to gP8-CdS (Fig. S2a–c), while their
morphology and size remain unchanged even at high P doping con-
centration (Fig. S1c–h). Fig. 2 shows the XRD patterns of these sam-
ples, it is found that the XRD pattern of CdS NRs consists with the
well-defined hexagonal phase (JCPDS. 41-1049) [8]. With P doping,
all gP-CdS NRs only contain single hexagonal-phase CdS with
enhanced diffraction intensity, and there are no other impurity
phases (CdP or Na2HPO4) detected. However, the shift of diffraction
peaks of gP-CdS relative to CdS indicates the change in crystal
structure. In detail, the diffraction peaks of gP4-CdS NRs show little
shift towards low 2h compared to CdS NRs, indicating negligible
compressive strain caused by low-concentration P doping, which
probably correspond to the substitution of P atoms for Vs with
the consideration of the slightly larger atom radius of P than S
(1.10 versus 1.04 Å) [21]. As expected, the increase of doping con-
centration initiates evident shifts for the diffraction peaks of gP6-
CdS NRs and the largest shifts for those of gP8-CdS. These results
together demonstrate that element P is well incorporated into
the CdS lattice, occupying the S sites.
3.1.2. Composition, chemical state and P distribution in gP-CdS NRs
The previous studies suggest that the in-depth XPS technique is

a powerful tool to illustrate not only compositions and chemical
states but also the distribution state of doping element from sur-
face towards to interior of samples [21,40]. In this case, the in-
depth XPS spectra were performed with Ar+ beam etching for the
gP6-CdS NRs. Before etching, the survey XPS spectrum shows that
gP6-CdS comprises of Cd, S, and P elements (Fig. 3a). The high-
resolution XPS spectrum of Cd 3d shows two symmetric peaks at
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about 412.0 and 405.3 eV with a splitting energy of 6.7 eV, corre-
sponding to divalent Cd (Fig. 3b) [41,42]. The high-resolution S
2p spectrum presents two symmetric peaks located at about
161.6 and 162.8 eV, which can be assigned to S 2p3/2 and S 2p1/2

of S2�, respectively (Fig. 3c) [5,8]. The spectrum of P 2p shows a
single peak at 133.9 eV, corresponding to the P element (Fig. 3d)
[21,43]. After Ar+ beam etching for 30 s, the obtained profiles of
Cd 3d and S 2p spectra remain unchanged in relative intensity,
indicating the uniform distribution of Cd and S elements from sur-
face to subsurface of gP6-CdS. In contrast, the signal of P 2p sharply
decreases. As the etching time prolongs, the signal intensity of P 2p
is lastly reduced with lower P concentration, while there still is lit-
tle change in intensity observed for Cd 3d and S 2p spectra. These
results demonstrate that the gradient distribution of P dopants
from surface towards interior of gP-CdS. Additionally, as the P con-
centration declines from surface to interior, a gradual shift towards
lower binding energy is observed for both Cd 3d and S 2p peaks,
which indicates that the incorporation of P increases the electron
density of CdS. Considering the electronegativity of P (2.19) is
slightly larger than the intermediate value (2.14) of electronegativ-
ity of Cd (1.69) and S (2.58), one can conclude that P is most likely
to replace the S atoms rather than to enter into the lattice inter-
stice, being consistent with the XRD analysis.
3.1.3. Morphology and phase analysis on gP-CdS/CoP HNRs
The FESEM and TEM images of the gP-CdS/CoP HNRs are shown

in Figs. S3 and 4a. Compared to CdS and gP6-CdS NRs, gP-CdS/CoP
HNRs yet keep 1D rod-like shape but with rough surface, which is
an indicator of surface decoration. In contrast, the as-prepared CoP



Fig. 3. (a) Survey XPS spectrum of the gP6-CdS NRs and high-resolution XPS spectra of (b) Cd 3d, (c) S 2p, and (d) P 2p of gP6-CdS NRs by Ar+ beam etching for 0, 30, 60, and
120 s.

Fig. 4. (a) FESEM and (b) TEM images, (c) SAED pattern, and (d) HRTEM image from the region labled by the yellow dash square in (b) of the gP6-CdS/CoP-7% HNRs.
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appears stacking nanoplates located at a size range of 100–200 nm
(Fig. S4). Moreover, the XRD patterns of gP-CdS/CoP HNRs show
that there are no other impurity phases detected except a weak
signal from orthogonal phase CoP (JCPDS. 29-0497) in gP6-CdS/
CoP-12% (Fig. S5). The FESEM-EDSs of these gP-CdS/CoP HNRs
show that the P content is steadily promoted from gP4-CdS/CoP-
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7% to gP8-CdS/CoP-7% with roughly constant contents of Cd, S,
and Co (Fig. S2d–f), corresponding to the P doping. Moreover, from
gP6-CdS/CoP-4% to gP6-CdS/CoP-12%, the Co and P contents are
gradually increased, while the Cd and S contents steadily decrease,
indicating the successful loading of CoP on gP-CdS NRs (Fig. S2e, g,
and h). To further confirm the increase of P contents from gP4-CdS/



C. Guo, L. Li, F. Chen et al. Journal of Colloid and Interface Science 596 (2021) 431–441
CoP-7% to gP8-CdS/CoP-7%, the XRF analyses are also investigated.
As shown in Table S1, the P content (in at%) gradually increases
from gP4-CdS/CoP-7% to gP8-CdS/CoP-7%, while the Co content is
located at a small range of 6.45–7.45 % due to the same loading
amount of CoP in three samples. Provided that the atomic ratio
of Co and P in CoP conforms to the 1:1 stoichiometry, after deduct-
ing the P atoms coordinated with Co, it can be seen that the P con-
tent in gP-CdS is steadily promoted from 8.34 at% in gP4-CdS/CoP-
7% to 10.88 at% in gP8-CdS/CoP-7%, implying the steady increase of
P concentration from gP4-CdS to gP8-CdS, being agreement with
the FESEM-EDS analyses. The TEM image of gP6-CdS/CoP HNRs in
Fig. 4b reveals the 1D nanostructure, while the CoP appears rela-
tively small nanocrystals with a size of about 3–5 nm (Fig. S6).
The selected area electron diffraction (SAED) pattern confirms
the coexistence of gP-CdS and CoP (Fig. 4c). Separated by the inter-
face between them, two sets of crystal fringes are observed in the
HRTEM image. The one with a space of 0.245 nm in NRs corre-
sponds to the (102) planes in hexagonal-phase CdS, the other
one with 0.247 nm space in nanocrystals is assigned to the (111)
planes of CoP with weak crystallinity (Fig. 4d).

3.1.4. Compositional information and electron interactions of gP-CdS/
CoP HNRs

To reveal the compositional information of gP-CdS/CoP HNRs, the
survey XPS spectrum was collected. As illustrated in Fig. S7, there are
only Cd, S, Co, and P elements contained, confirming the well-defined
element constitution of gP-CdS/CoP HNRs. Furthermore, to under-
stand the effects of gradient P doping and CoP loading on electronic
structure of CdS and gP-CdS, respectively, the comparison of Cd 3d, S
2p, P 2p, and Co 2p XPS spectra among CdS, gP6-CdS, and gP6-CdS/
CoP-7%wasmade as shown in Fig. 5. In the high-resolution XPS spec-
trum of Co 2p of CoP (Fig. 5a), the binding energies located at 778.7,
782.0, and 785.4 eV could be assigned to the Co in CoP, oxidized Co
species, and the satellite peak, respectively [44,45]. In the P 2p spec-
trum of CoP (Fig. 5b), besides the P 2p peak, there is a doublet at
129.1 and 130.1 eV observed, which corresponds to the P 2p3/2 and
P 2p1/2 in CoP, respectively [44]. Compared to pristine CdS, the XPS
peaks of Cd 3d and S 2p in gP-CdS were shifted towards higher bind-
ing energy (Fig. 5c and d), while the P 2p peak moves to lower bind-
ing energy. That is, the introduction of P draws electrons from Cd and
S to P, leading to electron accumulation around P atoms. Considering
higher P concentration at the surface of gP-CdS NRs, more electrons
would be drawn and transferred to the gP-CdS surface. After loading
CoP, the Cd 3d and S 2p peaks further move to higher binding energy.
In contrast, the Co 2p and P 2p peaks shift towards lower binding
energy somewhat in comparison with the pristine CoP. It indicates
that CoP extracts electrons from the gP-CdS surface through their
interface, acting as electron trapping sites and probably leading to
further separation of photogenerated electrons and holes in
photocatalysis.

3.2. Band structures of CdS and gP-CdS NRs

The electronic band structures of CdS and gP-CdS are studied by
UV–vis DRS and Mott-Schottky measurements. Fig. 6a displays the
effect of gradient P doping on the light adsorption capability of CdS.
The pristine CdS NRs have intrinsic band gap (Eg) adsorption with a
band edge of about 550 nm. After gradient P doping, the band edge
extends towards longer wavenumber. As the doping concentration
increases, the Eg is gradually reduced from 2.18 to 1.90 eV, indicat-
ing enhanced response to visible light (Fig. 6b). With loading CoP,
the gP-CdS/CoP HNRs exhibit further broaden visible-light
response compared to the gP-CdS NRs, reaching full spectrum
response, which is desirable for the solar-driven photocatalysis
(Fig. S8). The Mott-Schottky measurements are carried out at three
different frequency (250, 500, and 750 Hz) for pristine CdS, gP4-
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CdS, gP6-CdS, and gP8-CdS NRs, the Mott-Schottky plots are pre-
sented in Fig. S9. All samples have positive slope, indicating the
n-type characteristic of semiconductors [46]. The flat band poten-
tial (Efb) is determined as �0.31, �0.30, �0.29, and �0.28 eV (vs.
RHE) for CdS, gP4-CdS, gP6-CdS, and gP8-CdS, respectively. Because
of negligible difference between ECB and Efb, the Efb value is
assigned to the ECB [47]. The position of valence band maximum
(VBM) is determined as 1.87, 1.75, 1.69, and 1.62 eV from EVB = ECB +-
Eg, respectively. Clearly, the gradient P doping reduces the Eg by
both bringing down the ECB whilst lifting the EVB. This effect
becomes remarkable with doping concentration up. Furthermore,
the effect of gradient P doping on charge carrier density (ND) and
the Fermi level (Ef) of CdS is also assessed using the following
Eqs. [40,48]:

ND ¼ 2
eeCdSe0

� � d 1=C2
� �
d Eð Þ

0
@

1
A

�1

ð2Þ

where e represents the elementary charge value, e0 is the electric
permittivity of the vacuum, eCdS is the relative dielectric constant
of CdS (5.7 F m�1), C is the charge space capacity of CdS, and E is
the potential.

Ef ¼ Ei þ kT lnðND=niÞ ð3Þ
where Ei is approximately the intrinsic Ef, T is temperature, k is
Boltzmann constant, ND is the donor impurity concentration, and
ni is the intrinsic carrier concentration [12].

The calculated ND and the change in position of Ef (DEf) are tab-
ulated in Table 1. It was found that gradient P doping promotes the
ND of CdS. With the doping concentration up, the ND of gP-CdS is
steadily increased from gP4-CdS to gP8-CdS, which suggests that
P is a n-type dopant for the CdS NRs [49]. The ND is associated with
the photocurrent intensity, and therefore the gradient P doping is
expected to hold great potential to enhance photoelectrical effi-
ciency for CdS. Meanwhile, the larger DEf at higher doping concen-
tration depicts the up-shift of Ef between VBM and CBM, which
indicates the enhanced n-type nature by P doping.

3.3. Roles of gP-CdS and CoP in photocatalysis

On basis of analysis above, the band alignment of pristine CdS,
gP4-CdS, gP6-CdS, and gP8-CdS is drawn in Fig. 7a. The band struc-
ture change with P doping concentration can be employed to
understand the band evolution from surface towards interior of
single gP-CdS NRs. That is, the highest P concentration is located
at the surface of gP-CdS NRs with the smallest Eg and the highest
Ef. In contrast, at the interior, the P content is close to zero, the cor-
responding band structure is similar to pristine CdS NRs. By anal-
ogy with the change trend of band structures with doping
concentration, the band evolution from the surface towards inte-
rior of gP-CdS is available. In detail, the ECB is gradually brought
down, while both EVB and Ef are steadily elevated. As a result, a
large band bending in a wide region would occur due to the Ef
equilibration, forming the built-in electric field pointing from sur-
face to interior of gP-CdS. The electric field would induce the sep-
aration and transfer of photogenerated charge carriers to the gP-
CdS surface. On the other hand, according to previous studies
[50], CoP has a narrow Eg of about 1.58 eV and an ECB value of about
�0.12 eV (vs. RHE) lower than that of gP8-CdS (-0.28 eV), which not
only broadens the visible response of gP-CdS/CoP HNRs, but also
acts as trapping sites for photoelectrons arriving on the gP-CdS sur-
face. That is, the photoelectrons on the gP-CdS surface would be
captured by the CoP cocatalysts, leading to further separation of
the electron-hole pairs as well as higher photoelectrical efficiency
on the gP-CdS/CoP HNRs (Fig. 7b). According to previous report



Fig. 5. High-resolution XPS spectra of the as-prepared CdS NRs, gP6-CdS NRs and gP6-CdS/CoP-7% HNRs: (a) Co 2p, (b) P 2p, (c) Cd 3d and (d) S 2p.

Fig. 6. (a) UV–Vis DRSs and (b) corresponding Tauc plots of the CdS and gP-CdS NRs.

Table 1
The parameters calculated from Mott-Schottky plots for CdS and gP-CdS NRs.

Samples ND (cm�3) Efb (eV vs. RHE) DEf (eV)

CdS 1.267 � 1017 �0.31 0
gP4-CdS 2.278 � 1017 �0.30 0.015
gP6-CdS 2.577 � 1017 �0.29 0.019
gP8-CdS 2.882 � 1017 �0.28 0.022

DEf presents the Ef difference between the gP-CdS and CdS NRs, a positive DEf
indicates the Ef is lifted.
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[21], the photogenerated holes would also be transferred to the gP-
CdS surface and rapidly consumed by the sacrificial agents. There-
fore, an efficient photocatalysis process on the gP-CdS/CoP HNRs is
expectable.

3.4. Photocatalytic HER performance

The photoreduction reaction of water to H2 is employed to
assess the photocatalytic performance of pristine CdS, gP-CdS,
437
and gP-CdS/CoP under visible light irradiation (k > 420 nm). As
shown in Fig. 8a and b, the pristine CdS NRs show a low H2 evolu-
tion rate of 0.80 mmol g�1 h�1, which gradually declines in 5 h.
However, the calcination treatment slightly reduces the photocat-
alytic activity (0.53 mmol g�1 h�1 for h-CdS) (Fig. S10a and b). After
P doping, the H2 evolution rate is remarkably enhanced for all gP-
CdS NRs. Among them, the gP6-CdS NRs achieve the highest value
of 7.30 mmol g�1 h�1, which is as 9.06 and 13.68 times high as that
of pristine CdS and h-CdS, respectively. To further confirm the
effect of gradient P doping on photocatalytic activity, a comparison
of photocatalytic activity between gP-CdS and uP-CdS is made.
Although the uP-CdS NRs also give steady photocatalytic HER
activity, the H2 production rate is significantly lower than those
of gP-CdS catalysts (such as 5.72 mmol g�1 h�1 on uP6-CdS versus
7.20 mmol g�1 h�1 on gP6-CdS). (Fig. S10c and d). After loading CoP,
the photocatalytic H2 evolution activity of gP-CdS is further pro-
moted (Fig. S11a and b). The gP6-CdS/CoP-7% HNRs display the
highest H2 evolution rate of 22.95 mmol g�1 h�1, which is as 3.2-



Fig. 7. (a) The VB and CB plots of the CdS and gP-CdS NRs, (b) Schematic illustration of the charge transfer mechanism in gP-CdS/CoP HNRs under visible light irradiation.

Fig. 8. (a) Time-dependent photocatalytic H2 evolution and (b) H2 evolution rates on the pristine CoP, CdS, gP6-CdS, gP6-CdS/Pt, and gP6-CdS/CoP-7% catalysts. (c) Cyclic tests
of photocatalytic H2 evolution for different samples (light source: 300 W Xe lamp, k > 420 nm) and (d) AQE along with the UV–vis absorption spectrum of gP6-CdS/CoP-7%
HNRs.
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and 28.7-time high as that of gP6-CdS and pristine CdS NRs, respec-
tively. Moreover, this photoactivity not only is significantly higher
than that of gP6-CdS/Pt (9.32 mmol g�1 h�1), but also outperforms
most of previously reported CdS-based photocatalysts (Table S2).
In addition, there are no apparent H2 evolution detected on the
pure CoP, corresponding to the cocatalyst property of CoP. For
the gP6-CdS NRs, more or less CoP loading result in decline in the
photoactivity (Fig. S11c and d). Compared with the CdS/CoP-7%-1
as well as the two samples (CdS/CoP-7%-2 and CdS/CoP-7%-3)
reported in previous studies [38,39], the gP6-CdS/CoP-7% HNRs
show higher photocatalytic HER activity. The H2 production rate
of gP6-CdS/CoP-7% HNRs is as 3.42, 36.77, and 1.92 times high as
that of CdS/CoP-7%-1, CdS/CoP-7%-2, and CdS/CoP-7%-3, respec-
tively, confirming the significant role of P doping on improving
the photocatalytic activity. Furthermore, although the uP-CdS
NRs also give steady photocatalytic HER activity, the photocatalytic
H2 production rate is significantly lower than those of gP-CdS cat-
alysts (Fig. 8c and d), verifying the important role of gradient dop-
ing. The reason is associated with the formation of built-in electric
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field in the gP-CdS NRs which facilities the separation of photogen-
erated charge carriers compared to uP-CdS NRs without built-in
electric field. Taken together, it is concluded that the gradient P
doping could greatly enhance the photocatalytic HER activity of
CdS, and the coupling of gradient P doping and the CoP cocatalysts
further promote the photoactivity. Notably, the moderate doping
concentration and CoP loading are crucial to substantially improve
the photocatalytic activity. Furthermore, the reusability of the CdS,
gP6-CdS, and gP6-CdS/CoP-7% catalysts are assessed by cyclic pho-
tocatalytic tests in a total of 20 h with each run of 5 h. It is found
that the gP6-CdS/CoP-7% HNRs keep impressively high catalytic
activity towards HER relative to others, demonstrating great pho-
tostability and reusability (Fig. 8c). Notably, the decline in photoac-
tivity by photogenerated holes is not observed, suggesting that the
photogenerated holes are also timely transferred to the the surface
of gP6-CdS/CoP-7% and rapidly consumed by lactic acid, being con-
sistent with the previous report [21]. The SEM and XRD analysis
show the morphology and phase of gP-CdS/CoP HNRs after cyclic
tests are unchanged, indicating good structural stability in photo-



Fig. 9. (a) PL spectra, (b) TRPL spectra, (c) photocurrent responses, and (d) EIS plots of the CdS NRs, gP6-CdS NRs and gP6-CdS/CoP-7% HNRs.
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catalysis process (Fig. S13). Moreover, the XPS analysis is also con-
ducted to further assess the stability of chemical states of Co, P, Cd
and S in photocatalysis (Fig. S14). To evaluate the light utilization
efficiency, the AQEs of gP6-CdS/CoP-7% HNRs under various
monochromatic light irradiation were calculated and tubulated in
Fig. 8d. The AQE gradually declines with longer wavenumber. In
particular, it reaches 26.5%, 26.8%, and 25.5%, at 420, 450 and
500 nm, respectively, indicating high utilization efficiency for vis-
ible light.

3.5. Enhanced charge separation and transfer

To explore the change of specific surface area on the hydrogen
production activity, the N2 adsorption–desorption tests were con-
ducted and shown in Fig. S15. The BET specific surface area of CdS
NRs and gP6-CdS/CoP-7% HNRs is determined to be 16 m2 g�1 and
21 m2 g�1, respectively. The corresponding pore size distribution
curves indicate the existence of mesopores in both samples, which
facilitates the mass transfer in catalysis [51]. The photocatalytic H2

evolution rate is normalized in terms of the specific surface area.
The specific activity of CdS NRs and gP6-CdS/CoP-7% HNRs is 50
and 1092 mmol m�2 h�1. This result indicates that the gradient P
doping and/or CoP loading rather than the specific surface area is
the most important factors responsible for the great improvement
of photocatalytic activity.

To support the high photocatalytic activity by the coupling of
gradient P doping and CoP, a series of (photo)electrochemical mea-
surements are carried out. Fig. 9a illustrates the PL spectra of CdS,
gP6-CdS, and gP6-CdS/CoP-7%, where pristine CdS shows an evident
PL signal at about 510 nm, corresponding to the band edge emis-
sion. Compared to CdS, the PL signal is significantly reduced for
gP6-CdS, and further weakened for gP6-CdS/CoP-7%. It indicates
that gradient P doping greatly suppresses the recombination of
photogenerated charge carriers and that loading CoP further pro-
motes the separation efficiency of charge carriers due to interfacial
charge transfer. Furthermore, the TRPL spectra illustrate the aver-
age life of charge carrier in these samples under irradiation
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(Fig. 9b). As seen, the gP6-CdS/CoP-7% HNRs display a longer carrier
lifetime (0.934 ns) than gP6-CdS NRs (0.913 ns) and pristine CdS
NRs (0.810 ns), confirming efficient separation of the electron-
hole pairs. As a result, the highest photocurrent density is observed
for gP6-CdS/CoP-7% HNRs, as shown in Fig. 9c, which is 9.5 and 3.1
times higher than that of CdS NRs and gP6-CdS NRs, respectively. In
addition, the EIS provides the information of charge transfer kinet-
ics at the interface between components in heterostructures and
between the catalysts and electrolyte. As presented in Fig. 9d, the
gP6-CdS/CoP-7% HNRs display smaller Nyquist circle than pristine
CdS and gP6-CdS NRs, indicating the lowest charge-transfer resis-
tance that ensures the fastest interfacial charge transfer [52].

3.6. Photocatalytic HER mechanism

On basis of the analysis above, the photocatalytic HER mecha-
nism on the gP-CdS/CoP HNRs is summarized and proposed. The
gradient P doping has two important effects for electronic struc-
ture modulation of CdS: (i) Eg decrement enhances the visible light
harvesting; (ii) Lifting Ef and creating large band bending in a wide
region, which leads to the formation of built-in electric field point-
ing from surface towards interior of gP-CdS NRs. Upon irradiation,
the strong electric field would induce and facilitate the separation
and transfer of electrons from interior to surface. Reaching the gP-
CdS surface, these photoelectrons are further captured by the CoP
cocatalysts for surface HER, giving rise to the enhanced charge sep-
aration and thus improved photocatalytic activity.

4. Conclusions

In summary, we have developed a simple strategy to synthesize
CdS/CoP HNRs composed of gradient-P-doped CdS and CoP cocata-
lysts for efficient photocatalytic water reduction via one-step
phosphorization treatment of the Co(OH)2-loading CdS NRs. The
gradient P doping not only reduces the Eg of CdS NRs to broaden
visible adsorption, but also creates built-in electric field pointing
from surface to interior of gP-CdS NRs, which facilitates the sepa-
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ration and transfer of charge carriers from interior to surface of gP-
CdS NRs. Moreover, the CoP cocatalysts offer trapping sites for the
photoelectrons on the gP-CdS surface, after that the separation effi-
ciency of the electron-hole pairs is promoted. Owing to the syner-
gistic effects of gradient P doping and CoP, the optimized gP6-CdS/
CoP-7% HNRs exhibit a remarkably high photocatalytic HER perfor-
mance under visible light irradiation, delivering a H2 production
rate of 22.95 mmol g�1 h�1, which is 28.7 and 3.2 times higher than
that of pristine CdS NRs and gP6-CdS NRs, respectively, and is also
comparable with most of previously reported CdS-based photocat-
alysts. This work provides new platforms for incorporating gradi-
ent doping and cocatalyst loading into non-layered
semiconductors via simple processes and highlights the potential
of their synergistic effects on charge steering for boosting
photocatalysis.
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