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ABSTRACT: Transition-metal (TM)/carbon nanocomposites have emerged
as a type of low-cost high-efficiency photocatalysis cocatalyst for their high
photoactivity comparable to typical noble metals such as Pt. However, the
underlying cocatalytic mechanism in this combined nanoscaled system has not
been understood sufficiently. In this work, a core−shell nanoparticle (NP)
cocatalyst has been designed and synthesized by using three kinds of large-
work-function TMs (Co, Ni, and Cu) and nitrogen-doped carbon (NC) to
construct a core−shell structure (TM@NC), and its photocatalytic hydrogen
evolution performance has been studied with MnxCd1−xS nanorods (NRs). It
has been found that the TMs endow the TM@NC NPs with large work
functions, which act as efficient electron traps. Significantly, the Schottky
barrier height at the interface of TM@NC and MnxCd1−xS can be modulated
by the embedded TMs, and therefore the transfer efficiency of the
photoelectrons can be adjusted. Thus, the relationships between photoactivity and the Schottky barrier height can be obtained.
The NC layer in the TM@NC structure not only protects the embedded TMs from overoxidation but also provides abundant
catalytic sites for hydrogen evolution reaction. Meanwhile, the electronic structure of the NC layer can be refined by the embedded
TMs as well, favoring the release of hydrogen from its surface. As a result, all the TM@NC NP cocatalysts exhibit comparable
cocatalytic activity to optimized Pt NPs, and the Ni@NC sample obviously outperforms Pt. This work highlights the effect of the
Schottky barrier in adjusting the photocatalytic activity and provides deep insight into the photoactivity engineering of
photocatalysts by incorporating TMs with semiconductor materials.
KEYWORDS: MnxCd1−xS nanorods, nitrogen-doped carbon, transition metals, Schottky barrier, photocatalytic hydrogen evolution

■ INTRODUCTION
Photocatalytic water splitting is one of the most desirable
approaches to supply hydrogen (H2) as a clean energy carrier
for maintaining carbon neutrality.1,2 The major challenge this
technology faces is low solar-to-hydrogen (STH) conversion
efficiency of semiconductor photocatalysts, which is limited by
interconnected multiple factors, including insufficient light
harvesting, severe recombination of photogenerated carriers,
and sluggish reaction kinetics.3 Among them, the recombina-
tion problem is particularly concerned since over 90% of
carriers quench in bulk without the assistance of any
modification strategies,4,5 which is the most critical origin of
low STH efficiency for wide-spectral-response photocatalysts.

To accelerate electron transfer from the bulk to the surface
of a semiconductor photocatalyst, metal nanoparticles (NPs)
with a large work function (Φ) are often loaded onto the
semiconductor surface to form a Schottky barrier, where metal
NPs play the role of electron wells, allowing energetic electrons

to flow into metal NPs from the excited semiconductors while
suppressing the counterflow. In this regard, the noble metals
(Pt, Pd, and Au) have larger Φ (>5.2 eV) and chemical
stability among various metals and endow most semi-
conductors with obviously enhanced photocatalytic activity
toward H2 evolution reaction (HER).6 However, the high cost
of the noble metals has stimulated research interests in looking
into alternatives to them. It was reported that non-noble
transition metals (TMs) including Co, Ni, and Cu and even
carbon nanomaterials such as nanotubes and graphene are
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potential candidate cocatalysts for photocatalytic HER.6,7

These TMs have larger Φ (5.0 eV for Co polycrystalline,
4.53−5.10 and 5.04−5.35 eV for different Cu and Ni facets,
respectively), second only to the above noble metals, but suffer
from inactivation because of easy oxidation.6 The carbon
materials have the cost advantage over all metals and good
electric conductivity but suffer from a low ability of trapping
electrons due to smaller Φ (4.42 eV for graphene).6 As a
compromise, carbon-based nanocomposites made of carbon
and TMs were proposed as effective cocatalysts for photo-
catalytic HER.8−13 For example, Song et al. reported Ni@
carbon (Ni@C) core−shell nanospheres as cocatalysts of CdS
nanorods (NRs) for boosting HER by the nanoconfined effect
of Ni@C.9 Ding et al. proposed Co@nitrogen-doped carbon
(Co@NC) core−shell nanospheres as cocatalysts of CdS NRs
for boosting HER through electron transfer between CdS and
Co@NC.10 Liu et al. reported Ni@NC NPs as active and
stable H2 evolution cocatalysts for photocatalytic overall water
splitting over SrTiO3, paying special attention to the roles of
NC and the influence of N dopants on the electronic structure
of active sites rather than the influence of various embedded
metals.13 In short, the working mechanism of TM@NC-
decorated semiconductors has not been sufficiently revealed,
such as the effect of Schottky barrier height on carrier
separation, specific carrier migration kinetics, and refinement
of the electronic structure of catalytic sites for HER kinetics.
Furthermore, all of Co, Ni, and Cu metals with Φ close to the
above noble metals hold potential to act as main components
of high-efficiency carbon-based cocatalysts. However, the
applicability of such cocatalysts with different TMs for
improving the photocatalytic efficiency has rarely been
reported.

The influence of Schottky barrier height on photoactivity
has been investigated in terms of two type of Schottky
junctions in the previous reports based on one or two at most
reference samples.14−25 The first type refers to those in which

photoelectrons transfer from a plasmonic metal to a semi-
conductor under irradiation. For this type, it has been
recognized that a lower Schottky barrier height favors the
electron transfer process and enhances photocatalytic
activity.16−18 However, there is no consistent understanding
obtained on the influence for the popular second type of
Schottky junctions in which photoelectrons transfer from
semiconductors to metals under irradiation. Specifically, some
of them argued that a higher Schottky barrier height is helpful
for photogenerated carrier separation.19,20 On the contrary, the
others suggested that a lower Schottky barrier height favors
carrier separation.21,22 Furthermore, Schottky barrier height
depends on the Fermi level (EF) difference between semi-
conductor and metal, and Φ is sensitive to a specific crystal
facet and even grain size of nanomaterials.22,23 However, some
reports suffer from a lack of powerful experimental evidence for
the determination of Φ,20,22,24,25 increasing the uncertainty of
conclusions on the influence of Schottky barrier height. In
addition, the previous studies on the second type of Schottky
junctions are focused on noble metals rather than TM-carbon
composites.16−18,23−29, Collectively, the influence of the
Schottky barrier height on photoactivity remains controversial,
which needs to be clarified by a systematic study dealing with
multiple control experiments.

Herein, we first examined the theoretical validity of TM@
NC (TM = Co, Ni, Cu, respectively) NPs acting as efficient
cocatalysts of MnxCd1−xS (MCS) NRs for boosting the
photocatalytic HER by employing density functional theory
(DFT). In this case, MCS was selected as a model catalyst due
to its adjustable enough negative conduction band minima
(CBM) suitable for water reduction and light-harvesting ability
in the ultraviolet−visible region,30,31 making it a good
candidate semiconductor for examining the effect of Schottky
barrier height on photocatalytic H2 evolution in the full
spectrum and visible region, respectively. Taking Ni@NC as a
representative example, the side views of charge density

Figure 1. Models and calculated Δρ for (a) C/MCS, (b) NC/MCS, and (c) Ni@NC/MCS. Models for H* adsorption on (d) MCS, (e) C/MCS,
(f) NC/MCS, and (g) Ni@NC/MCS, and (h) ΔGH* on MCS, C/MCS, NC/MCS, Ni@NC/MCS, and Pt/MCS. All the MCS models have an x
value of 0.35. The Ni, C, N, Mn, Cd, S, and H atoms are represented by army green, brown, gray, steel blue, rose-Bengal, yellow, and light pink
balls, respectively.
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difference (Δρ) for carbon layer-loaded MCS (C/MCS), NC
layer-loaded MCS (NC/MCS), and Ni@NC-loaded MCS
(Ni@NC/MCS) are present in Figure 1, where x was fixed at
0.35 since it gives rise to the highest photocatalytic HER
activity in the range of x = 0−1 for bare MCS NRs (Figure
S1). All of the following MCS-based heterojunctions
correspond to an x value of 0.35 unless otherwise stated.
The charge density difference reveals an electronic interaction
between the carbon layer and MCS (Figure 1a), and the
interfacial interaction is enhanced upon introducing N
elements into the carbon layer (Figure 1b). Meanwhile, the
N dopants provide abundant coordination sites binding metal
NPs.32 The introduction of Ni clusters slightly weakens the
electronic interaction, which remains obviously stronger than
that of the C/MCS (Figure 1c). Notably, the presence of Ni
clusters remarkedly promotes the density of state (DOS)
around EF (Figure S2), helping to improve charge-transfer
kinetics at the electrode/electrolyte interface, which is a
fundamental factor affecting photoelectric conversion effi-
ciency.33,34 Furthermore, bare MCS shows strong adsorption
to the hydrogen intermediate (H*) on its surface (Figure 1d−
h). With the NC layer as a cocatalyst of MCS, the adsorption
site is transferred from MCS to the NC layer with an obviously
reduced adsorption free energy (ΔGH*). After Ni clusters are
loaded into the NC layer, the electronic structure of NC is
refined such that the ΔGH* over Ni@NC/MCS is further
reduced to 0.25 eV lower than that of MCS and is the closest
to that of Pt/MCS (Figure S3), displaying good potential in
boosting HER. To verify the above analysis, we synthesized
TM@NC (TM = Co, Ni, and Cu) NP-loaded MCS hetero-
NRs (HNRs) by a three-step method. It was found that all the
TM@NC NPs have Φ close to that of Pt NPs, and the
Schottky barrier height between TM@NC NPs and MCS NRs
depends on the specific metals, which plays a vital role in the
reconciliation of electron flow forward and backward between
the two components. As a result, all the TM@NC NPs exhibit
comparable cocatalytic HER activity compared to optimized Pt
NPs. In particular, the Ni@NC significantly outperforms Pt.

■ EXPERIMENTAL SECTION
Chemicals. The chemicals cobaltous nitrate hexahydrate

[Co(NO3)2·6H2O, ≥99%], nickel nitrate hexahydrate [Ni-
(NO3)2·6H2O, AR], cupric nitrate trihydrate [Cu(NO3)2·
3H2O, AR], manganous acetate tetrahydrate [Mn-
(CH3COO)2·4H2O, AR], sodium sulfate (Na2SO4, AR),
sodium sulfite (Na2SO3, AR), sodium borohydride (NaBH4,
AR), glucose (C6H12O6, AR), thioacetamide (CH3CSNH2,
AR), absolute ethanol (AR), and ethylenediamine (AR) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
(China). Dicyandiamide (C2H4N4, CP) and cadmic acetate
dihydrate [Cd(CH3COO)2·2H2O, AR] were purchased from
Shanghai Zhanyun Chemical Co., Ltd. Sodium sulfide (Na2S,
98%) and chloroplatinic acid hexahydrate (H2PtCl6·6H2O, AR,
Pt ≥ 37.5%) were purchased from J&K Scientific and Shanghai
Aladdin Biochemical Technology Co., Ltd. (China), respec-
tively. All of the above chemicals were directly used without
further purification, and deionized water (1.2 μS cm−1) was
used throughout this work.
Preparation of Catalysts. TM@NC NPs were synthe-

sized according to the previous literature.35 0.2 g of C6H12O6
and 1.0 g of C2H4N4 were dissolved in 10 mL of deionized
water with stirring for 30 min. The solution was transferred to
a 25 mL Teflon-lined stainless-steel autoclave and was then

heated and kept at 200 °C for 6 h in a drying oven. The
resultant mixture was filtered through a 0.22 μm membrane to
remove large particles for obtaining a red-brown suspension.
Subsequently, 1 mmol of metal nitrate [Ni(NO3)2·6H2O,
Co(NO3)2·6H2O, and Cu(NO3)2·3H2O, respectively] was
added in the suspension with stirring for 30 min; the obtained
mixture was then evaporated to dryness to collect TM2+-NC
quantum dots (NCQDs) powder. Finally, the TM@NC NPs
were obtained by annealing the TM2+-NCQDs powder in an
N2 atmosphere at 600 °C for 2 h with a heating rate of 5 °C
min−1. The dosage of Ni(NO3)2·6H2O was varied as 0.5, 1,
and 2 mmol to optimize the Ni content in Ni@NC; the
obtained samples were denoted as Ni@NC-L, Ni@NC, and
Ni@NC-M with an actual Ni content of 0.9, 2.2, and 3.5 wt %,
respectively, which were determined by atomic absorption
spectroscopy. To adjust the percentage of the Ni2+ oxidation
state in Ni@NC, the double dosage of Ni(NO3)2·6H2O and
NCQDs was used to obtain Ni0@NC NPs with a lower
percentage of the Ni2+ oxidation state. Moreover, the Ni@NC
NPs were calcined in air at 300 °C for 30 min to obtain Ni2+@
NC NPs with a higher percentage of Ni2+ oxidation state. In
addition, bare NC and NiO NPs were also synthesized by
annealing pure NCQDs and Ni(NO3)2·6H2O in an N2
atmosphere at 600 °C for 2 h, respectively.

MCS NRs were obtained using a modified solvothermal
method according to the previous report.36 Typically, 3 mmol
of Mn(CH3COO)2·4H2O, 7 mmol of Cd(CH3COO)2·2H2O,
and 12.5 mmol of CH3CSNH2 were dissolved in a mixed
solvent of deionized water (15 mL) and ethylenediamine (15
mL) by stirring for 30 min. The solution was then transferred
into a 50 mL Teflon-lined stainless-steel autoclave and was
heated at 200 °C for 24 h. After the mixture was cooled to
room temperature, the yellow precipitate was collected by
centrifugation, washed with deionized water and absolute
ethanol several times, and dried at 80 °C under vacuum
overnight.

50 mg of MCS NRs was dispersed in a mixed solvent of
deionized water (50 mL) and absolute ethanol (40 mL) under
ultrasonication for 30 min, marked as suspension A. Certain
amounts (0.5, 1.5, 2.5, and 3.5 mg) of TM@NC NPs were
suspended in 10 mL of absolute ethanol by ultrasonication for
30 min, marked as suspension B. Subsequently, suspension B
was slowly added to suspension A under stirring, and the
mixture was then stirred for 5 h at room temperature. Finally,
the solid was collected, washed with deionized water and
absolute ethanol several times, and dried at 80 °C under a
vacuum overnight. The obtained sample was denoted as TM@
NC/MCS-x (x = 1%, 3%, 5%, and 7%) HNRs, x represents the
mass ratio of TM@NC NPs to MCS NRs. The NC/MCS-5
and NiO/MCS-5 HNRs were also synthesized under the same
conditions except for the replacement of Ni@NC NPs with
NC and NiO NPs, respectively.

Pt NPs were loaded on MCS NRs by using a photo-
deposition method. Detailly, 50 mg of MCS NRs was
ultrasonically dispersed in 100 mL of aqueous solution
containing 0.35 M Na2S and 0.25 M Na2SO3, and different
volumes of H2PtCl6 (5 g/L). The suspension was placed in a
Pyrex top−irradiation reaction vessel with a stationary
temperature of 25 °C and irradiated under full light irradiation
(the detail information on irradiation can be seen in the
section of photocatalytic HER tests) for 3 h. The obtained
samples were denoted as Pt/MCS-x (x = 1, 2, and 3 wt %)
HNRs, where x represents the mass percentage of Pt NPs.
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The Pt NPs were prepared through a reduction reaction of
H2PtCl6 with NaBH4. An excess of NaBH4 solution (0.5 M)
was added to a certain amount of H2PtCl6 solution (5 g/L)
with stirring for 1 h. The black precipitate was collected by
centrifugation, washed with deionized water and absolute
ethanol several times, and dried at 80 °C under vacuum
overnight.
Photocatalytic HER Tests. The photocatalytic HER tests

were carried out with a gas-sealed circulation system, which
was kept at 25 °C by cooling the water. The detailed
configurations of the photocatalytic system and photoreactor
are shown in Figure S4a,b. Typically, 10 mg of photocatalysts
was dispersed in an aqueous solution (100 mL) with 0.35 M
Na2S and 0.25 M Na2SO3 as hole sacrificial reagents. Before
light irradiation, the system was vacuumed to eliminate the air.
A 300 W Xe lamp (Microsolar300, Beijing PerfectLight
Technology Co., Ltd., China) was used as the light source of
a full light irradiation (320 nm < λ < 780 nm, irradiation
intensity: 2472.8 W m−2). The irradiation intensity was
determined by using an optical power meter (PL-MW2000,
Beijing PerfectLight Technology Co., Ltd., China) according
to a previous method.37,38 Detailly, the distance between the
probe and xenon lamp before the test was adjusted to be the
same as the distance between the xenon lamp and the liquid
surface in the photoreactor, as shown in Figure S5a. After
fixing the distance between the xenon lamp and probe, five
points were selected and measured separately and averaged.
The photon distribution irradiated to the liquid surface was
measured by using a PLA-20Plant Lighting Analyzer (EVER-
FINE Corporation, China), as shown in Figure S5b. The
amount of H2 evolution was monitored by online gas
chromatography (GC-7890B) equipped with a thermal
conductivity detector and Ar gas was used as the carrier gas.
For cyclic tests, the reaction system was outgassed before each
run, and the spent photocatalysts were recycled by
centrifugation and washed with deionized water for the next
run of cyclic tests.

The apparent quantum yield (AQY) of photocatalytic H2
evolution was calculated according to the formula

= × ×

=
× ×

× × ×
×

×

n N

S P t

AQY (%)
2 number of evolved H molecules

number of incident photons
100

2
100

h c

2

H A2

(1)

where nHd2
is the amount of evolved H2 molecules in the

photocatalytic HER. NA, λ, h, and c represent the Avogadro
constant, monochromatic wavelength, Planck constant, and
speed of light. S, P, and t are the area, light intensity, and time
of irradiation, respectively.
Material Characterizations. Field-emission scanning

electron microscopy (SEM, GeminiSEM 300 scanning electron
microanalyzer, Japan), transmission electron microscopy
(TEM, JEOL JEM-2100F, Japan), and high-resolution TEM
(HRTEM) combined with selected-area electron diffraction
(SAED) were applied to analyze morphology and chemical
constitution of samples. The accelerating voltage is 5 kV for
SEM observation and 200 kV for TEM and HRTEM. Powder
X-ray diffraction (XRD, Philips PW 3040/60 X-ray diffrac-
tometer, Cu Kα radiation, scanning rate: 0.06 deg s−1,
Germany) was used to characterize the phase constitution of
samples. The content of Ni species was detected by an atomic

absorption spectrometer (TAS-990, Beijing Puxi Co., Ltd.,
China). X-ray photoelectron spectroscopy (XPS, ESCALab
MKII X-ray photoelectron spectrometer, excitation source: Mg
Kα X-ray, UK) was performed to analyze the chemical
environments of the elements in the samples. Ultraviolet
photoemission spectroscopy (UPS) analysis was performed
with the He I (21.22 eV) emission line for excitation. The data
were acquired with a bias of −10 V. UV−vis diffuse reflectance
spectra (UV−vis DRS) were obtained on a Thermo Nicolet
Evolution 500 UV−vis spectrophotometer (Japan) equipped
with an integrating sphere attachment to investigate the light-
harvesting ability of samples. Raman spectra were collected on
a LabRAM HR Evolution Raman spectrometer (UK) with an
excitation light of 532 nm.
Physicochemical Measurements. Steady-state photo-

luminescence (PL) spectra and time-resolved PL spectra
(TRPL) were acquired on an FLS 920 and FLS 980
fluorescence spectrophotometer (UK), respectively, with an
excitation wavenumber of 350 nm. The contact angle
measurements were performed via an optical contact angle
measuring device (OCAH200, Dataphysics, Germany). Mott−
Schottky plots, electrochemical impedance spectra (EIS), and
linear sweep voltammetry (LSV) were acquired on a Zennium
E station (ZAHNER, Germany) in a three-electrode system
consisting of a working electrode (catalyst-precoated glassy
carbon electrode), counter electrode (Pt wire), and reference
electrode (Ag/AgCl); the electrolyte is 0.5 M Na2SO4. For the
LSV measurement, the above hole sacrificial agent with same
concentration to photocatalytic tests was added to enhance the
photoelectron signal. For the EIS measurement, the applied
potential is 0.15 V [versus EΘ(Ag/AgCl)]. Photocurrent
signals were collected on a CHI840C electrochemical
workstation (Chenhua Instrument, China) with the above
standard three-electrode configuration at an applied potential
of 0.23 V [versus EΘ(Ag/AgCl)], where the working electrode
is catalyst-precoated fluorine doped tin oxide (FTO) (coated
area: 1 × 1.5 cm2). All the working electrode was prepared as
follows: 5 mg of sample was dispersed in a mixed solution of
ethylene glycol (30 μL), ethanol (50 μL), and Nafion (6 μL)
to form a suspension, and 8 μL of the suspension was
uniformly coated on the surface of a FTO glass/glassy carbon
electrode to obtain 1 × 1.5 cm2 coating. A 300 W xenon lamp
(Microsolar 300, Beijing Perfectlight, China) was used as the
source of full light irradiation. The zeta potential was measured
in a mixed solution of water (50 mL) and ethanol (50 mL)
using a Zetasizer Nano ZS90 (UK).
Theoretical Methods. DFT-based first-principles calcu-

lations were performed using the projected augmented wave39

method implemented in the Vienna Ab initio Simulation
Package.40,41 The Kohn−Sham one-electron states were
expanded using the plane-wave basis set with a kinetic energy
cutoff of 500 eV. The Perdew−Burke−Ernzerhof42 exchange−
correlation functional within the generalized gradient approx-
imation was employed. The MnCd2S3 (100) surface was
modeled by a periodic 12-layer slab repeated in 2 × 1 surface
unit cell with S−Mn-termination to study the mechanistic
details of surface reactions. The heterostructure model C/
MCS HNRs was created by placing the graphene layer with a

3 × 4 supercell (8.52 × 9.84 Å2) onto a 12-layer-thick 2 × 1
MnCd2S3 (100) slab (8.27 × 9.81 Å2). For the hetero-
structures studied in this work, we used the averaged lateral
lattice constants (of the supercells) to minimize the strain on
both subsystems. Two of the graphene C atoms were
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substituted with two N atoms to model the NC/MCS HNRs.
We considered the Ni6 cluster adsorbed onto the NC/MCS
HNRs surface to model the Ni@NC/MCS HNRs interface.
The Brillouin-zone integration was carried out using the
Monkhorst−Pack43 sampling method with a density of 4 × 3 ×
1 for the geometry optimizations. A sufficiently large vacuum
region of 20 Å was used for all of the systems to ensure the
periodic images were well separated. During the geometry
optimizations, all the atoms were allowed to relax until the
maximum magnitude of the force acting on the atoms was
smaller than 0.03 eV Å−1, and the total energy convergence
criterion was set to 1 × 10−4 eV.

Under the standard conditions, the overall HER pathway
includes two steps: first, adsorption of H on the catalytic site
(*) from the initial state (H+ + e− + *), and second, release of
the product hydrogen (1/2H2). Therefore, the Gibbs free
energy of the adsorption of the H* on a catalyst (ΔGH*) is the
key descriptor of the HER activity of the catalyst and was
obtained by44

= +*G E ZPE T SH H (2)

where ΔEH, ΔZPE, and ΔS are the adsorption energy, zero-
point energy change, and entropy change of H adsorption,
respectively.

Δρ was obtained using the following equation: Δρ = ρ (AB)
− ρ (A) − ρ (B), where ρ (AB), ρ (A), and ρ (B) are the total
charge density of the A = MCS HNRs and B = C, NC, Ni6, and
NC, respectively.

■ RESULTS AND DISCUSSION
Synthetic Route and Microstructure Characteriza-

tions. The TM@NC/MCS HNRs were prepared using a
modified three-step method,10 as shown in Figure 2a. First,
NCQDs were synthesized via a hydrothermal reaction of
C6H12O6 and C2H4N4 at 200 °C for 6 h. TM ions (TM2+ =
Co2+, Ni2+, and Cu2+) are respectively adsorbed onto the
surfaces of as-prepared NCQDs, forming TM2+-modified
NCQD precursors, which were annealed in an N2 atmosphere
at 600 °C for 2 h to obtain different TM@NC NPs. Second,
the bare MCS NRs were synthesized by a solvothermal
reaction of Mn(CH3COO)2·4H2O, Cd(CH3COO)2·2H2O,
and CH3CSNH2 in a mixed solvent of deionized water and
ethylenediamine at 200 °C for 24 h. Finally, the TM@NC/
MCS HNRs were prepared by electrostatic attraction between
TM@NC NPs and MCS NRs with oppositive surface charge
in the mixed solvent of absolute ethanol and water, as
evidenced by their zeta potentials in Figure S6. Next, the Ni@
NC/MCS-5 HNRs were taken as a representative case for
detailed microstructure analysis.

Figure 2. (a) Schematic illustration of the synthetic process of the Ni@NC/MCS HNRs. (b,c) TEM and (d) HRTEM images of the Ni@NC/
MCS-5 HNRs. (e) Averaged position and intensity of diffraction rings of the SAED pattern (inset) of the Ni@NC/MCS-5 HNRs. (f) Raman
spectra of the Ni@NC/MCS-5 HNRs, bare MCS NRs, and Ni@NC NPs (λex = 532 nm).
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Figure S7a−c shows the SEM images of the bare MCS NRs,
Ni@NC NPs, and Ni@NC/MCS-5 HNRs. Bare MCS NRs
have a straight rod-like structure with an average length and
diameter of 1.01 μm and 37.8 nm (Figure S7d,e), respectively,
corresponding to an aspect ratio of 26.7 in accordance with the
NR structure featuring an aspect ratio of <30.45 The XRD
analysis shows that MCS NRs have a hexagonal close-packed
(hcp) structure (Figure S8). Bare Ni@NC NPs present a
spherical morphology with an average diameter of 31.9 nm
(Figure S7b,f), and their XRD pattern reveals the presence of
face-centered cubic (fcc) metal Ni (Figure S8). For Ni@NC/
MCS-5 HNRs, the supported Ni@NC NPs were not clearly
observed from the SEM image and XRD pattern (Figures S7c
and S8), due to low content and small size.

Figure 2b displays the TEM image of the Ni@NC/MCS-5
HNRs, confirming the straight NR structure. The high-
magnification TEM image reveals the presence of ultrasmall
Ni@NC NPs anchored on MCS NRs, as labeled by yellow and
red dashed circles (Figure 2c). The HRTEM image obtained
from the red dashed circle in Figure 2c shows close contact
between Ni@NC NPs and MCS NRs, where two sets of lattice
fringes are separated by the interface. The one with a d-value of
0.236 nm corresponds to the (111) faces of fcc-Ni, and the
other one with a d-value of 0.208 nm corresponds to the (110)
faces of hcp-MCS. Besides, the Ni@NC NPs have an
amorphous shell, as separated from the crystalline region by
the green dashed line (Figure 2d), indicating that the Ni NPs
are coated by an ultrathin NC layer. The SAED pattern depicts
a set of nonuniform and concentric rings (the inset of Figure
2e), indicating a polycrystalline structure with a certain
preferential orientation for some specific crystal faces, which
is caused by the rod-like structure. The fine diffraction profile
further verifies that all of the diffraction signals almost result
from hcp-MCS for the Ni@NC/MCS-5 HNRs without any
detected impurity phases (Figure 2e). No obvious diffraction
signals were indexed to the Ni@NC NPs because of their low
loading amount.

The presence and microstructural characteristics of the NC
layers were revealed by comparing the Raman spectra of bare
MCS NRs and Ni@NC NPs, and Ni@NC/MCS-5 HNRs. As
shown in Figure 2f, bare MCS NRs present two Raman bands
at 288 and 613 cm−1, corresponding to the stretching and
bending vibration of 1 LO and 2 LO modes of MCS NRs.46−48

Bare Ni@NC NPs display two adjacent Raman bands at 1375
and 1573 cm−1 indexed to D and G bands resulting from sp2

and sp3 hybridization of C atoms, respectively.49−51 The
intensity ratio of D and G band is 1.1, reflecting abundant
defects within the NC layer,52 which can provide an enormous
number of coordination-unsaturated atoms acting as catalyti-
cally active sites.53,54 In addition, the coexistence of Raman
bands of bare MCS and Ni@NC in the Ni@NC/MCS-5
HNRs also supports the successful assembly of Ni@NC NPs
on MCS NRs.

The elemental composition and chemical state were further
revealed by XPS. As shown in Figures 3a and S9a, the survey
XPS spectra show no impurity elements contained in all three
samples except adventitious carbon (284.8 eV) and surface-
adsorbed oxygen-containing species (mainly adsorbed water).
For the bare MCS NRs, the Mn 2p high-resolution spectrum
was fitted into a set of profiles composed of two XPS peaks at
652.4 and 641.1 eV and two satellite peaks, revealing the
presence of Mn2+ species (Figure 3b).55,56 The Cd 3d
spectrum shows two symmetry peaks at 411.6 and 404.9 eV
of Cd2+ species (Figure 3c).36,57 The S 2p spectrum was
deconvoluted into two XPS peaks of S2− species at 162.6 and
161.4 eV (Figure 3d).58 For the bare Ni@NC NPs, the C 1s
spectrum presents three peaks at 288.6, 286.0, and 284.8 eV,
corresponding to carbonates, C−N/C−O, and C−C species,
respectively (Figure 3e).59 The N chemical state includes a
trace of N−O species at 404.0 eV, a certain amount of
graphitic carbon (N−C3) at 401.0 eV, and abundant pyridinic
C−N−C at 399.0 eV (Figure S9b).10,60,61 The Ni 2p spectrum
was well fitted into two doublets except for two satellite peaks,
the one at 873.0 and 855.6 eV corresponds to Ni2+ species, and

Figure 3. XPS spectra of the bare MCS NRs, Ni@NC NPs, and Ni@NC/MCS-5 HNRs: (a) survey, (b) Mn 2p, (c) Cd 3d, (d) S 2p, (e) C 1s, and
(f) Ni 2p.
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that at 870.4 and 853.0 eV reveals the presence of Ni0 species
(Figure 3f).62,63 The formation of Ni2+ species is attributed to
part oxidation of Ni NPs.64

Comparisons of high-resolution XPS spectra reveal
electronic interactions in the Ni@NC/MCS HNRs. For the
Ni@NC/MCS-5 HNRs with respect to bare Ni@NC NPs, all
the Mn 2p, Cd 3d, and S 2p spectra shift toward higher
binding energy (Figure 3b−d), while the C 1s and Ni 2p
spectra move toward lower binding energy (Figure 3e,f). Note
that the shift direction of the N 1s spectrum is not consistent
with those of C 1s and Ni 2p (Figure S9b), which might be
disturbed by the adjacent Cd 3d5/2 peak. Taken together with
the relatively low content of N elements in the Ni@NC/MCS
HNRs, the shift magnitude of the N 1s spectrum may fall into
an error range and was not thus considered. Collectively, the
above results demonstrate evident interfacial interaction
between Ni@NC and MCS in Ni@NC/MCS HNRs, which
supports the DFT result.

The microstructures of Co@NC/MCS and Cu@NC/MCS
HNRs are presented in Figure S10. Similarly, the MCS NR-
supported Co@NC and Cu@NC NPs were not observed
clearly due to their small size and low loading amount (Figure
S10a,b). However, both of XRD and Raman analyses reveal the
coexistence of MCS NRs and Co@NC or Cu@NC NPs
(Figure S10c−f). As the TM salts were further substituted by
the adjacent elements of Fe and Zn, i.e., Fe(III) and Zn(II)
nitrates, in the preparation process of TM@NC NPs, the
corresponding TM@NC NPs were not formed. The metal
oxides/nitrides were obtained instead, as shown in Figure
S11a−d. It means that the present synthetic strategy for TM@
NC NPs only displays a certain universality for specific TMs
(Co, Ni, and Cu).

Photocatalytic HER Performance. The photocatalytic
HER performance was assessed using a liquid−solid (water-
TM@NC/MCS HNRs) mode with Na2SO3 and Na2S as hole
sacrificial agents under full light irradiation. As shown in Figure
4a, bare MCS NRs can catalytically reduce water to H2,
showing an H2 evolution rate of 134.3 μmol h−1. After different
cocatalysts are loaded, the photocatalytic activity is enhanced
at different levels. In particular, the H2 evolution rate of the
Ni@NC/MCS-5 HNRs reaches 388.4 μmol h−1, which is 2.9
times that of bare MCS NRs and also outperforms those of
Co@NC/MCS-5, Cu@NC/MCS-5, and even Pt NP-loaded
MCS (Pt/MCS) HNRs. Note that the loading amount of these
cocatalysts (Ni@NC and Pt NPs) and the Ni content in Ni@
NC have been optimized, as shown in Figure S12a−d. Since
the H2 evolution rate is not directly proportional to the mass of
photocatalysts,65−67 the mass of photocatalysts was optimized
in terms of the highest H2 evolution rate for different
photocatalysts, as shown in Figure 4b. It was found that the
H2 evolution rate gradually increased from 2 to 10 mg and
slightly declined from 10 to 20 mg. The slight decline in H2
evolution rate with excess photocatalysts results from the
agglomeration of photocatalysts that inhibit the light
penetration.68−70 It means that 10 mg is sufficient to maximize
the light utilization for all the photocatalysts under the present
test conditions, corresponding to the optimal mass. A series of
control experiments show hardly any H2 evolution in the
reaction system without the addition of catalysts, illumination,
or sacrificial agent (Figure S13), verifying Ni@NC/MCS
HNR-catalyzed water reduction under normal conditions.
AQY was measured under different monochromatic light
irradiations for all of the TM@NC/MCS-5 HNRs, as shown in
Figure S14. As a representative case, the detailed parameters
for determining the AQY of the Ni@NC/MCS-5 HNRs are

Figure 4. (a) Time courses of photocatalytic H2 evolution. (b) H2 evolution rate as a function of photocatalyst mass. (c) AQY under
monochromatic light (λ = 400 nm) irradiation. (d) Cyclic tests of H2 evolution over the Ni@NC/MCS-5 HNRs. (10 mg samples, irradiation
intensity of full and monochromatic light: 2472.8 and 663.2 W m−2, respectively.)
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presented in Table S1. The AQY reduces with the increase of
irradiation wavelength for all the HNRs. For further
comparison of the photocatalytic HER activity, the AQY of
bare MCS NRs and Pt/MCS HNRs were determined under
the irradiation of λ = 400 nm, as shown in Figure 4c. The AQY
of the Ni@NC/MCS-5 HNRs is 13.6%, which is 9.7 times that
of MCS and also higher than those of other TM@NC/MCS-5
and even Pt/MCS HNRs.

In addition, the stability of photocatalytic HER over Ni@
NC/MCS HNRs was assessed by a consecutive cyclic test
containing 9 runs with each run of 3 h. As shown in Figure 4d,
the H2 evolution rate slightly decreased after four runs with a
total of 12 h due to the consumption of the sacrificial agent. As
the concentration of the sacrificial agent was replenished to the
initial value, the H2 evolution rate immediately recovered to
the highest value, demonstrating good photocatalytic HER

stability of Ni@NC/MCS HNRs. Furthermore, the micro-
structure characterizations on the spent catalysts, including
XRD, SEM, and XPS (Figure S15a−f), verify the structural
stability of Ni@NC/MCS HNRs.
Band Structure and Carrier Separation Kinetics. The

effect of the specific surface area was examined prior to band
structure analysis to address the enhanced photocatalytic
activity. As shown in Figure S16a,b, the loading of Ni@NC
NPs exerts little influence on the average pore size distribution,
while the specific surface area increases by 0.7 times. Since the
decoration of Ni@NC NPs remarkably promotes carrier
separation efficiency, the increment of specific surface area is
also considered to contribute to the photocatalytic activity.65

Even so, the increment is obviously inferior to that of the
photocatalytic activity, indicating that the surface area is not
the main factor governing photocatalytic activity.

Figure 5. (a) UV−vis DRS, (b) UPS spectra, and (c) Φ of different samples. (d) PL spectra, (e) TRPL spectra, and (f) corresponding decay
components and percentage of the bare MCS NRs and Ni@NC/MCS-5 HNRs. (g) Illustration of band structures of the bare MCS NRs and Ni@
NC NPs, and charge transfer pathway in the Ni@NC/MCS HNRs under irradiation. Evac, vacuum level; ED, defect level; FBN presents Schottky
barrier height. The red arrows indicate electron transfer direction. Δ refers to the contact potential difference at the interface. All the energy levels
are versus RHE (V). (h) Mn 2p and (i) C 1s high-resolution XPS spectra of the Ni@NC/MCS-5 HNRs with (without) irradiation. (j)
Relationship between photocatalytic HER activity and Schottky barrier height for different samples (10 mg) under visible-light (420 nm < λ < 780
nm with an intensity: 1253.6 W m−2) and full light irradiation, respectively.
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The band structures of TM@NC/MCS HNRs were
investigated by a combined analysis of UV−vis DRS, Mott−
Schottky plots, and UPS. The UV−vis DRS of bare MCS NRs
shows an absorption edge of 521 nm to the entire region
(Figure 5a). The corresponding Tauc plot was fitted by the
equation of αhυ ∝ (hυ − Eg)2, where α, h, ν, and Eg are
absorbance, Planck constant, light frequency, and the bandgap
value of the semiconductor, respectively (Figure S17a),
indicating direct-allowed electronic transitions and an Eg
value of 2.50 eV. By contrast, all bare TM@NC NPs have
very close absorption profiles to the full light spectrum.
Compared with bare MCS NRs, the loading of TM@NC NPs
greatly increases the absorbance in the visible-light region. The
Mott−Schottky plots of bare MCS NRs at different frequencies
are linearly fitted to intercept with the horizontal axis (Figure
S17b), and the flat band potential was thus determined at
−0.52 V (vs RHE). The UPS spectra of bare MCS NRs,
different bare TM@NC NPs, Pt NPs, and bare NC are shown
in Figure 5b; all the Φ was determined from the cutoff edge
according to the relations in Figure S18.71 As shown in Figure
5c, Φ is the largest for bare NC followed by Pt NPs and is the
smallest for MCS NRs, and the Φ of all of the TM@NC NPs
falls between those of MCS NRs and Pt NPs.

PL and TRPL were used to probe the defect state and carrier
decay kinetics.72−74 As shown in Figure 5d, the loading of Ni@
NC NPs reduces markedly the PL emission of MCS NRs due
to electrons transfer from MCS NRs to Ni@NC NPs.75 Note
that the emission wavelength is focused around 560 nm for
bare MCS NRs, corresponding to a photon energy of 2.2 eV,
lower by 0.3 eV than the Eg (2.50 eV). The defect level is thus
concluded to be located at ∼0.3 eV below CBM for MCS
NRs.76,77 Furthermore, the TRPL spectra were well fitted with
a three-exponential decay model to study the photogenerated
carrier lifetime and migration paths, as shown in Figure 5e,f.
According to the previous reports,74,78−82 the fast decay
component (τ1) represents defect-assisted trapping, that is,
electrons relaxing from CBM to defect levels.82 Provided that
the delay time of internal separated charge (i.e., free electrons
and holes) is at least 1 order of magnitude longer than that of
unsegregated electron−hole pairs (excitonic states),78,81 the
decay components (τ2 and τ3) represent the delay lifetime of
excitonic states and internal separated charge, respectively
(Figure 5f). Comparisons of decay components between bare
MCS NRs and Ni@NC/MCS HNRs reveal that loading Ni@
NC NPs slightly increases the τ1 value while markedly
promoting its proportion, indicating enhanced defect-state
trapping, which may result from metal-induced gap state in the
MCS NRs.25,83 Similarly, the presence of Ni@NC NPs exerts
little influence on the τ2 value while significantly reducing its
share, suggesting markedly reduced recombination possibility
of excitonic states. Moreover, the increased τ3 value indicates a
longer lifetime of free carriers, while the relatively low
proportion of τ3 illustrates that a large number of free
electrons are transferred from the MCS to Ni@NC within
Ni@NC/MCS HNRs.

As shown in Figure 5g, bare MCS NRs have a higher EF than
bare Ni@NC NPs before contact. Upon close contact,
electrons transfer from the MCS side to Ni@NC side in
their interface until Fermi equilibrium, resulting in the
formation of a space charge region and built-in electric field
pointing from MCS to Ni@NC. Meanwhile, an upward band
bending is caused at the MCS side to stop electrons’ further
flow, and a Schottky barrier is formed between the two

components to prevent backflow. Under irradiation, a lot of
photoelectrons are excited from valence bands to conduction
bands of the MCS NRs, where energetic electrons can jump
the interfacial band bending and flow into the Ni@NC NPs for
reduction half-reactions, leaving holes relaxing to the valence
band maximum of MCS NRs for oxidation half-reactions. In
situ-irradiated XPS spectra proved the proposed charge
transfer pathway in addition to unchanged elemental
composition (Figure S19a). Under the irradiation of a full
light spectrum, the Mn 2p, Cd 3d, and S 2p XPS peaks shift
toward a higher binding energy (Figures 5h and S19b,c), while
the C 1s XPS peaks move toward a lower binding energy
(Figure 5i), and the Ni 2p XPS peaks remain roughly
unchanged (Figure S19d), confirming photoelectrons flow
from MCS to Ni@NC within Ni@NC/MCS HNRs. The
correlation of photocatalytic activity with the Schottky barrier
height (FBN) is shown in Figure 5j. As the FBN increases, the H2
evolution rate presents a volcano-like evolution profile under
the irradiation of the full light spectrum, indicating moderate
FBN is necessary for obtaining the highest photocatalytic
activity. After the deduction of high-energy ultraviolet light
from the full spectrum, which reduces the percentage of
energetic electrons, the photocatalytic activity trend remains
unchanged, verifying the FBN-dependent photocatalytic activ-
ity. This can be rationalized by the following analysis. Larger
FBN decreases the share of photoelectrons jumping interfacial
band bending and thus reduces carrier separation efficiency.
However, smaller FBN easily causes electron counterflow from
TM@NC NPs to MCS NRs, leading to a decline of
photoelectrical efficiency. Naturally, a moderate FBN is
necessary to achieve the highest separation efficiency.

The FBN-dependent photocatalytic activity is supported by a
series of theoretical and experimental evidence on the
electrocatalytic activity of cocatalysts and physicochemical
properties of the cocatalyst/MCS heterojunctions. First,
although there is a certain difference in electronic structure
among Co@NC, Ni@NC, and Cu@NC NPs, the electro-
negativity is very close for the three metals, that is, 1.88, 1.91,
and 1.90 for Co, Ni, and Cu, respectively. Thus, all the TM@
NC may possess similar intrinsic catalytic activity toward HER.
As expected, the LSV spectra show that they have very close
electrocatalytic HER activity (onset potential and current
density at the same applied potential), which are inferior to
that of the Pt NPs (Figure S20a). In addition, the Pt/MCS
model has the smallest adsorption energy to H* species
(Figure 1h) and features the fastest H2 evolution rate from the
perspective of surface reaction in theory. These results are not
consistent with the trend of photocatalytic activity of TM@
NC/MCS and Pt/MCS, indicating that the catalytic activity of
cocatalysts is not the key factor governing photocatalytic
activity. Although the electrocatalytic activity is significantly
reduced upon hybrid with MCS NRs (Figure S20b) due to the
low conductivity of MCS, the electrocatalytic activity of Ni@
NC/MCS and Co@NC/MCS HNRs becomes better than that
of the Pt/MCS HNRs, due to higher interfacial charge transfer
efficiency.84 In particular, the onset potential reduces and
current density at the same potential increases for all the
hybrids under light irradiation, indicating the boosted HER by
photoelectrons. Furthermore, the interfacial charge transfer
efficiency was investigated by EIS. All the TM@NC/MCS and
Pt/MCS HNRs display a smaller Nernst semicircle than bare
MCS NRs (Figure S21), indicating reduced charge-transfer
resistance. The fitting of the EIS spectra by the equivalent
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circuit (inset of Figure S21) reveals that interfacial charge
transfer resistance (Rct) is the lowest for Ni@NC/MCS HNRs
(Table S2), implying the fastest electron transfer within Ni@
NC/MCS HNRs and between it and the electrolyte,85 which
supports the LSV results. Second, photocurrent response under
chopped irradiation provides direct evidence of the separation
efficiency of photogenerated carriers within these Schottky
junctions. As shown in Figure S22a, all the Schottky junctions
show silent photocurrent signal in the dark, which rapidly
increases to a platform at a different level upon irradiation and
declines fast to the initial value after the light is off during four-
run cyclic tests. As the Schottky barrier height increases, the
photocurrent density also presents a volcano-like evolution
trend (Figure S22b), which is consistent with the order of their
photocatalytic activity. Additionally, the Pt/MCS HNRs show
lower current density and photocatalytic activity than both
Ni@NC/MCS and Co@NC/MCS HNRs under irradiation,
due to exorbitant Schottky barrier height. These results verify
the best separation of photogenerated carriers by moderate
Schottky barrier height.

As mentioned above, the Schottky barrier height at the
TM@NC/semiconductor interfaces can be modulated by
varying the metal element. However, it is improper to change
the type of host semiconductor for tuning Schottky barrier
height since different semiconductors have essential differences
in the ability of light absorption and carrier transport.
Alternatively, for the same metal-based hybrid such as Ni@
NC/MCS, it is possible to refine the Schottky barrier height by
changing the percentage of the oxidation state of Ni. As shown
in Figure S23a and b, the Ni0@NC and Ni2+@NC NPs have
lower and higher percentages of Ni2+ oxidation sate than the
Ni@NC NPs. The Φ was determined to be 5.29 and 5.04 eV
for Ni0@NC and Ni2+@NC, respectively, by UPS analysis
(Figure S23c,d), while the Φ of Ni@NC falls between them.
Figure S23e shows the photocatalytic H2 evolution rate over
the three control samples. As can be seen, the photocatalytic
activity is slightly altered with the increase of Ni2+ oxidation
state. Considering catalytical sites located at the NC layer and
the percentage of Ni2+ oxidation state as the only variable, the
fluctuation of photocatalytic activity should result from the
change of Schottky barrier height caused by the different
percentage of Ni2+ oxidation state (Figure S23f). This result
demonstrates that moderate Schottky barrier height is
necessary to optimize photocatalytic activity of the same
metal-based hybrids by adjusting the percentage of the
oxidation state in the metal component. Taken together with
that in Figure 5j, as Schottky barrier height increases in the
range of 0.9−1.7, the photocatalytic HER activity gradually
increases, reaching the maximum on the Ni@NC/MCS HNRs
with a Schottky barrier height of 1.13 eV, and then declines,
presenting a volcano-like evolution trend.

In addition to providing abundant catalytic sites, the NC
layer also plays a vital role in the formation of TM NPs and in
protecting it from overoxidation. As shown in Figures 3f and
S23a,b, the zerovalent Ni is always contained in the Ni0@NC,
Ni@NC, and Ni2+@NC NPs, due to the presence of NC. In
contrast, the absence of NCQDs in the preparation process of
Ni@NC results in the formation of NiO NPs (Figure S24a),
while the NiO/MCS-5 HNRs show significantly lower
photocatalytic HER activity than Ni@NC/MCS HNRs
(Figure S24b). Since NiO is a wide-bandgap semiconductor,
the charge transfer mechanism is obviously different from that
of the Schottky junctions,86 which is not the focus of this work.

Besides, the photocatalytic activity is further reduced for NC/
MCS HNRs with respect to Ni@NC/MCS HNRs, indicating
that Ni@NC is a better cocatalyst than NiO and NC. The low
photoactivity of NC/MCS results from the largest FBN at the
heterogeneous interface, which only allows less electrons to
transfer from MCS to NC under irradiation. In addition, the
decoration of Ni@NC NPs reduces the contact angle between
catalysts and water (Figure S25a,b) and enhances the
adsorption to H2O molecules on Ni@NC/MCS HNRs with
respect to bare MCS NRs.

■ CONCLUSIONS
A cocatalyst synthetic strategy with non-noble TMs and NC
has been developed to boost the photocatalytic HER activity of
MCS NRs. The TM@NC NPs with large Φ enhance electron
trapping from MCS NRs under irradiation. Meanwhile, the
Schottky barrier height at the interface of TM@NC NPs and
MCS NRs is efficient to adjust the transfer of electrons from
MCS to TM@NC. Among the examined metals, the Ni@NC
NPs exhibit an optimized Schottky barrier height, which
effectively facilitates electron transfer and suppresses backflow,
leading to the highest carrier separation efficiency. The metal
NPs refine the electronic structure of the NC layer and endow
the TM@NC/MCS HNRs with moderate adsorption
capability to H*. Moreover, the NC layer, in turn, not only
protects the metal NPs from overoxidation but also provides
abundant catalytically active sites for HER. As a result, all the
TM@NC/MCS HNRs exhibit significantly enhanced photo-
catalytic HER activity compared with bare MCS NRs, and the
Ni@NC/MCS HNRs’ performance is even more superior to
the performance of optimized Pt/MCS HNRs.
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