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A B S T R A C T

In this paper, Pt nanoclusters are firstly decorated on the surface of two dimensional (2D) g-C3N4 nanosheets.
Furthermore, 1D CdS nanowires are introduced to form the heterojunction of g-C3N4/CdS. The as-prepared Pt/g-
C3N4/CdS shows 7.4 times improved electrocatalytic performance on methanol oxidation under visible light
(> 420 nm) irradiation compare to dark condition. Moreover, the stability of corresponding electrode is sig-
nificantly improved by evaluating on chronoamperometric and chronopotentiometry curves. The synergistic
effects of photo- and electro-catalysis together with the efficient charger separation in the heterojunction of g-
C3N4/CdS contribute to the above improvements. The present studies provide an effective pathway to design a
heterojunction as the photo-activated support in the application of direct methanol fuel cell.

1. Introduction

Direct methanol fuel cells (DMFCs) have been recognized as pro-
mising future power sources because of their environmental benignity,
rapid recharging, and high energy density, etc. [1–4]. The anodic oxi-
dation of fuels via an electrocatalyst is a key reaction in the DMFCs.
However, traditional electrocatalysts (viz. Pt) suffer from high-cost and
easily to be poisoned by intermediate species (CO), which hamper the
further commercialization of DMFCs [2–4]. Recently, photo-activated
semiconductors as supports to improve the electrocatalytic perfor-
mance of methanol oxidation have been attracted great interesting
[5–18]. This is because that the selection of support resulting in better
dispersion and lower loading amount of Pt. More importantly, the
semiconductor nanostructures have strong photocatalytic activity
under light irradiation. It can be excited when the light energy is higher
than its band gap, resulting in photogenerated electron-hole pairs and
then participating the redox reactions [5–18].

Two dimensional (2D) graphitic carbon nitride (g-C3N4), as a typical
polymeric semiconductor, has been used in the various photocatalytic
applications, including hydrogen and oxygen production from water,
pollutants degradation, and organic photosynthesis, etc. [19–23]. Be-
cause of its visible-light response, high thermal and chemical stability,

abundance, and nontoxic nature, g-C3N4 was considered to be one of
the most promising photocatalyst. Moreover, the nitrogen rich poly-
meric semiconductors structurally in the carbon nitride matrix endows
with g-C3N4 abundant reactive sites for the hybridization with other
components. For example, in our previous research, g-C3N4 nanosheet
was used as a photo-activated support for the deposition of ultrasmall
Pt nanoclusters [14]. Under visible light irradiation, the as-prepared Pt/
g-C3N4 composite showed 3.3 and 1.9 folds enhanced catalytic activity
for the oxidation of methanol in alkaline and acid medium, respec-
tively, compared to ambient reaction. However, the rapid recombina-
tion of photo-generated electron–hole pairs and relative absorption in
the visible light region (< 460 nm) in the pure g-C3N4 restrict its
broadly applications.

One dimensional (1D) cadmium sulfide (CdS) nanostructure with its
unique and versatile fundamental properties including narrow bandgap
(2.4 eV), excellent transport properties, and high electronic mobility,
etc., has been received great attraction [24,25]. We known that the
conduction band (CB) and valance band (VB) potentials of g-C3N4 and
CdS are about −1.13 and −0.5 eV, and 1.57 and 1.88 eV, respectively,
according to the reported results [26,27]. Based on their band struc-
tures diagram, a type II heterojunction can be formed by the con-
struction of g-C3N4 and CdS, resulting in efficient separation of
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photogenerated charge carriers and consequently improving photo-
catalytic performance. Accordingly, various g-C3N4/CdS hybrids were
fabricated and used as effective photocatalysts [26–33]. However, most
of above investigations focused on CdS nanoparticles and used for the
photocatalytic degradation of dyes or H2 production [26–29,30–33],
while few reports have been reported on 2D g-C3N4 hybridized with 1D
CdS and further extend to other applications.

Accordingly, it is strongly desirable to explore the potential pho-
toelectrocatalytic oxidation of methanol of 2D/1D g-C3N4/CdS as a
photo–activated support for traditional Pt electrocatalyst. Herein, ul-
trasmall Pt nanoclusters were decorated on the surface of 2D g-C3N4

nanosheets firstly. Furthermore, 1D CdS nanowires were hybridized
with as-prepared Pt/g-C3N4 to form the composites of Pt/g-C3N4/CdS.
Finally, the as-prepared Pt/g-C3N4/CdS electrode showed much higher
photoelectrocatalytic performance (7.4 times) towards methanol oxi-
dation with assistance of visible light irradiation compare to ambient
reaction. The synergistic effect of photocatalytic and electrocatalytic
process is demonstrated in the process of catalytic oxidation of me-
thanol. Moreover, compared to Pt/g-C3N4, the introduced CdS nano-
wires improved the catalytic activity (1.4 times) and the stability of
electrodes under visible light irradiation. The efficient interfacial
charge transfer in the heterojunction of g-C3N4/CdS contributes to the
enhanced photoelectrocatalytic performance.

2. Experimental section

2.1. Materials and characterization

Chloroplatinic acid hexahydrate (H2PtCl6·6H2O), thiourea
(CH4N2S), cadmium acetate dehydrate (C4H6CdO4·2H2O), ethylene-
diamine (C2H8N2), potassium hydroxide (KOH), and methanol
(CH3OH) were purchased from Sinopharm Chemical Reagent Co., Ltd.
without purification in advance. High-purity deionized water was used
throughout the studies.

2.2. Synthesis of g-C3N4 nanosheets and Pt/g-C3N4 nanocomposites

The g-C3N4 nanosheets were prepared by heating urea in the
semiclosed system, as reported in our previous works [14].

The Pt/g-C3N4 nanocomposites were synthesized by a hydrothermal
method. Basically, 20mg g-C3N4 and 0.68mL H2PtCl6 (3.8× 10−2 M)
were added into 20mL ethanol and water mixture solution
(Vethanol:Vwater= 1:1) and then with ultrasonication for 30min. Then,
the above mixture solution was transferred into 25mL Teflon autoclave
and held at 140 °C for 4 h. After reaction, the temperature of Teflon
autoclave was cooled to room temperature naturally, and the powders
were collected by centrifugation and washed with water and ethanol
thoroughly. Finally, the powers were dried at 50 °C in vacuum oven
over night, resulting in Pt decorated on the surface of g-C3N4 na-
nosheets (Pt loading amount is ca. 20wt%).

2.3. Synthesis of CdS nanowires, g-C3N4/CdS and Pt/g-C3N4/CdS
nanocomposites

The CdS nanowires were synthesized by a solvothermal method
[34]. C4H6CdO4·2H2O (0.30 g) and CH4N2S (0.28 g) were dispersed in
20mL C2H8N2 under ultrasonication with 1 h. Then, the mixture solu-
tion was transferred into a Teflon autoclave (25mL) and held at 180 °C
for 72 h. After the temperature of Teflon autoclave was cooled to room
temperature naturally, yellow powders were collected by centrifugation
and washed with ethanol and water drastically. Then, the samples were
dried in vacuum oven at 60 °C over night.

The g-C3N4/CdS heterojunction were prepared by a physical mixing
method under ultrasonication. Typically, 16mg as-prepared g-C3N4 and
4mg CdS were added into 20mL water under ultrasonication with 1 h,
and then kept stirring overnight. The samples were collected by

centrifugation and washed by water and ethanol thoroughly, resulting
in g-C3N4/CdS heterojunction. The amount of CdS accounts for 20% of
the total mass in this procedure. The corresponding Pt/g-C3N4/CdS
nanocomposites were prepared by same method except that the g-C3N4

was instead of Pt/g-C3N4.

2.4. Preparation of working electrode

For electrocatalytic and photoelectrocatalytic oxidation of me-
thanol: Pt/g-C3N4 or Pt/g-C3N4/CdS modified electrode as working
electrode were prepared as follow: 2mg samples and 10 μL Nafion
(Dupond, USA) solution were added into 1mL ethanol/water mixture
solution (Vethanol: Vwater = 1:1) under ultrasonication for 30min to form
an homogeneous dispersion. After that, 5 μL of well dispersed catalyst
ink was deposited on a pre-polished glassy carbon electrode (GCE,
3mm diameter) surface and dried in air at room temperature.

For photoelectrocatalytic degradation of methyl blue (MB), 100mg
of g-C3N4 or g-C3N4/CdS samples and 20 μL of Nafion were added into
1mL of ethanol/water mixture solution with ultrasonication for 30min
to obtain a homogeneous dispersion, respectively. And then, 100 μL of
the above dispersion was dropped on the surface of F-doped tin oxide
(FTO, 1.0 cm×1.0 cm), and dried in air at room temperature.

2.5. Electrochemical and photoelectrochemical measurements

The electrochemical and photoelectrochemical (PEC) measurements
were carried out in the quartz beaker via an electrochemical work-
station CHI 660E (Shanghai Chenhua Instrumental Co., Ltd., China)
with three electrodes system, wherein the Pt/g-C3N4/CdS or Pt/g-C3N4

modified electrode was acted as working electrode. Pt wire and satu-
rated calomel electrode (SCE) were acted as counter and reference
electrodes, respectively. Cyclic voltammetries (CVs) of the working
electrodes were monitored in 1.0 M CH3OH and 1.0M KOH solution in
the range of −0.7 to 0.2 V (vs. SCE). The chronoamperometry (CA) and
chronopotentiometry (CP) of the working electrode with or without
visible light irradiation in 1.0M CH3OH and 1.0M KOH solution were
recorded at a potential of −0.2 V and 20 μA, respectively.
Electrochemical impedance spectroscopy (EIS) measurements were
carried out by using 2.5 mMK3[Fe(CN)6/K4[Fe(CN)6] (1:1) mixture as a
redox probe in 0.1M KCl solution. The EIS spectra were recorded under
an AC perturbation signal of 5.0mV over the frequency range from
100 kHz to 0.1 Hz at a potential of 0.2 V (vs. SCE). Linear sweep vol-
tammetry (LSV) of the working electrode was tested in 1.0 M CH3OH
and 1.0M KOH solution in the range of −0.7 to −0.2 V (vs. SCE).

The photoelectrocatalytic degradation of MB: g-C3N4/CdS modified
electrode was immersed in 20mL of MB aqueous solution (5mg L−1)
with 0.6 V bias potential and the working electrode was irradiated by
using a Xe arc lamp (150W) equipped with UV cut–off filter
(> 420 nm). Before experiments were carried out, the system was kept
for 5 h in a dark room to achieve an equilibrium adsorption state. The
integrated visible-light intensity was measured to be ca. 54mW cm−2.

2.6. Characterization

The samples were characterized using transmission electron mi-
croscopy (TEM, JEOL, 2100, operated at 100 kV), and HAADF-STEM-
EDX (JEM-3000F, operated at 300 kV). Scanning electron microscope
(SEM, JEOL, JSM-6330FT) was used for morphology characterization,
and the attached energy dispersive X-ray (EDX) was used for elemental
detection. UV-VIS-NIR Shimadzu UV3150 spectrophotometer (Japan)
was employed for the UV–vis diffuse reflectance spectra measurements.
A PANalytical X' Pert PRO MRD system with Cu Ka radiation
(k=1.54056 Å) operated at 40 kV and 30mA was used to obtain X-ray
diffraction (XRD) patterns of the samples. X-ray photoelectron spec-
troscopy (XPS) was conducted on an ESCALab220i-XL electron spec-
trometer. The binding energies were referenced to the C 1 s line at
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284.8 eV from adventitious carbon.

3. Results and discussion

Firstly, 1D CdS nanowires and 2D g-C3N4 nanosheets were facile
synthesized by solvothermal and thermal polymerization method, re-
spectively. The morphologies of as-prepared CdS nanowires and g-C3N4

nanosheets were shown in Fig. 1a and b. The lengths and the diameters
of the CdS nanowires are range from 2 to 5 μm and 50–80 nm, re-
spectively. The size of g-C3N4 nanosheets is around 500 nm ∼2 μm. For
heterostructure of g-C3N4/CdS, both sheet-like of g-C3N4 and 1D CdS
nanowires were easily to be observed. All elements of g-C3N4 and CdS
were successfully determined in the heterostructures by EDX (Fig. 1d),
suggesting the formation of heterostructures of g-C3N4/CdS.

To further investigate the morphology of g-C3N4/CdS hybrid, TEM
image together with HAADF-STEM image of dark-field and corre-
sponding EDX elemental mapping of as-prepared g-C3N4/CdS hetero-
structures were measured. Fig. 2a shows the TEM image of g-C3N4/CdS
heterostructures with well dispersion. It can be seen that the most of g-
C3N4 nanosheets were assembled on the surface of CdS nanowires. The
dark-field image further shows the different content in the hybrids of
the g-C3N4/CdS (Fig. 2b). Moreover, the EDX elemental mappings
(Fig. 2c–f) clearly show the different components of S, Cd, N, and C
elements for CdS and g-C3N4, respectively, in the heterostructures.

The UV–vis absorption properties of the g-C3N4, CdS, and g-C3N4/
CdS were measured by the UV–vis diffuse reflectance. Fig. 3a shows
that the absorption edges of the pure g-C3N4 nanosheets and CdS na-
nowires were observed at ca. 458 and 537 nm, respectively, revealing
the semiconductor g-C3N4 and CdS with the band gap of 2.7 and 2.4 eV,
respectively. In the heterostructure of g-C3N4/CdS, the absorption al-
most overlaps with pure CdS nanowires, while a small red–shift of the
absorption edge. This phenomenon indicates an interfacial interaction

between and g-C3N4 and CdS in heterostructure. The obvious absorp-
tions in the visible range suggest that as-prepared g-C3N4/CdS would be
used as an excellent visible-light-activated support to decorate the
traditional electrocatalyst for highly efficient photoelectrocatalyst to-
wards methanol oxidation by utilizing visible light.

Owing to the rich nitrogen polymeric structure in the g-C3N4 matrix,
g-C3N4 has abundant reactive sites for the hybridization with Pt na-
noparticles. Accordingly, the Pt/g-C3N4 nanocomposites were firstly
synthesized. As shown in Fig. 3b, well dispersions of Pt nanoparticles
were decorated on the surface of g-C3N4 nanosheets. Furthermore, the
as-prepared Pt/g-C3N4 nanocomposites were hybridized with 1D CdS
nanowires by same method with above g-C3N4/CdS heterostructures.
As can be seen from Fig. S1a, Pt nanoparticles were uniformly deposited
on the surface of g-C3N4 nanosheets, which are hybridized with CdS
nanowires. The average diameter of Pt nanoparticles was calculated to
2.3 nm (Fig. S1b).

To better resolve the crystal structure and phase, pure g-C3N4, CdS,
and the composites of Pt/g-C3N4 and Pt/g-C3N4/CdS were confirmed by
XRD (Fig. 4A). Firstly, in the pure g-C3N4, a peak at ca. 27.5° is easily
observed, which is attributed to the (002) planes of pure g-C3N4 [23].
Next, in the pure CdS, the various peak at ca. 24.9, 26.5, 28.2, 43.8,
48.1 and 52.1° can be attributed to the (100), (002), (101), (110), (103)
and (112) planes of CdS (JCPDS NO. 41-1049), respectively [34]. In the
Pt/g-C3N4 composites, except the characteristic peak of g-C3N4, three
others characteristic peaks at ca. 39.8, 46.2, and 67.6° were appeared,
which can be assigned to the diffraction of the (111), (200), and (220)
crystal planes, respectively, and match well with the standard pattern of
Pt (JCPDS No. 04-0802) [35]. For the Pt/g-C3N4/CdS composites,
characteristic peaks are all matches with corresponding g-C3N4, CdS,
and Pt, respectively. This result was revealed the successful formation
of Pt/g-C3N4/CdS composites. According to the Scherrer's formula
(D=kγ/Bcosθ, D: crystal diameter, k: Scherrer constant, B: sample

Fig. 1. SEM images of CdS nanowires (a), g-C3N4 nanosheets (b), and g-C3N4/CdS heterostructures (c). EDX spectrum of g-C3N4/CdS heterostructures (d).
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diffraction peak width at half maximum, θ: angle of deviation, γ: the X-
ray wavelength), the particle size of Pt in the composites (Fig. 4A, curve
d) was calculated to 2.4 nm, which is consistent with the results of TEM.
Furthermore, the XRD patterns of the different weight ratio of CdS in
the composites of Pt/g-C3N4/CdS were shown in Fig. 4B. With the
weight radio of CdS increase, the signals for CdS were obviously in-
creasing.

Moreover, to further study the detail components in the composite,
XPS analysis of Pt/g-C3N4/CdS was investigated (Fig. 5). Firstly, three
peaks were fitted at the binding energies of 284.8, 285.9, and 287.9 eV
in the C 1s, which are assigned to the carbon-containing contaminants,
sp3-coordinated carbon bonds (CeN) and sp2-bonded carbon (NeC]
N), respectively [23]. For the N 1s, three peaks were observed at 399.2,
399.9, and 401.2 eV, which are assigned to sp2-bonded N (CeN]C),
tertiary nitrogen N−C3 groups, and amino groups (CeNeH), respec-
tively [23]. The metallic Pt 4f shows doublet peaks originating from the

spin orbital splitting of 4f7/2 and 4f5/2 states, in which at 71.5 and
75.4 eV, respectively [36]. Moreover, the peaks attributed to the
binding energy for Cd 3d5/2 and Cd 3d3/2, S 2p3/2 and S 2p1/2 were
easily observed at 405.4 and 412.2 eV, and 162.2 eV and 163.3 eV,
respectively [36]. These results confirm the successful formation of the
composites of Pt/g-C3N4/CdS.

To evaluate the catalytic activity of samples, the different samples
modified electrodes as working electrodes for the electrocatalytic oxi-
dation of methanol in alkaline condition under dark and visible light
irradiation. We all known that the Pt as the most effective electro-
catalyst towards methanol oxidation. To investigate the optimum
weight ratio of Pt in the composites of Pt/g-C3N4, different weight ra-
tios (5%–30%) of Pt in the Pt/g-C3N4 were carried out. As shown in
Fig. 6A, under dark condition, the catalytic activity is increasing with
increase of the weight ratio of Pt. However, under visible light irra-
diation, owing to the synergistic effects of photocatalysis and

Fig. 2. TEM image (a), HAADF-STEM image of dark-field (b), corresponding EDX elemental mapping of S (c), Cd (d), N (e), and C (f) elements in the g-C3N4/CdS heterostructures.

Fig. 3. UV–vis diffuse reflectance spectra of g-C3N4, CdS, and g-C3N4/CdS heterostructures (a). TEM image of as-prepared Pt/g-C3N4 composites (b).
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electrocatalysis, the optimum weight ratio of Pt is around 20%. This is
because that the total weight of g-C3N4 is decreasing with increasing
weight ratio of Pt. The low amount of g-C3N4 hinders the photocatalytic
properties during the photoelectrocatalytic process.

As introduced in introduction, a type II heterojunction can be
formed by the construction of g-C3N4 and CdS. This result in efficient
separation of the photogenerated charge carriers in the heterostructure
of g-C3N4/CdS and consequently improve the photocatalytic perfor-
mance. Accordingly, different weight ratios of CdS were introduced in
the Pt/g-C3N4/CdS heterostructure. Under dark condition, the catalytic
performance doesn’t show big influence with increasing weight ratio of
CdS. Note that, under visible light irradiation, compared to dark con-
dition, the introduced CdS great improved the catalytic activity of
methanol oxidation under visible light irradiation. The optimum weight
ratio of CdS is around 20wt%, and the forward peak current density of
methanol oxidation is ca. 124.7 mAmg−1

Pt under visible light irradia-
tion, which is 7.4 times than that under dark condition
(16.9 mAmg−1

Pt ). The cyclic voltammetries (CVs) of Pt/g-C3N4 and Pt/
g-C3N4/CdS for the electrocatalytic oxidation of methanol under dark
and visible light irradiation were shown in Fig. 6C. All of curves have

two obvious methanol oxidation peaks in the range of −0.7–0.2 V with
forward (ca. −0.15 V) and backward (ca. −0.2 V) peaks in alkaline
media. The histograms of activities give more clear comparison on the
photo-assisted electrocatalytic process (Fig. 6D).

To further study the photo-enhanced electrocatalytic activity of the
Pt/g-C3N4/CdS, the different scan rates on the methanol oxidation of
Pt/g-C3N4/CdS modified electrode under dark and visible light irra-
diation were investigated. From Fig. 7, the forward methanol oxidation
peak current densities were increased with the increase of scan rate.
The forward peak current (ip) shows a linear relationship with the
square root of the scan rate (v1/2), suggesting that the catalytic oxida-
tion of methanol on Pt/g-C3N4/CdS modified electrode is controlled by
the diffusion process. In order to investigate the different electron-
transfer kinetics of samples under dark and light irradiation, the dif-
fusion coefficients (D) of Pt/g-C3N4/CdS modified electrode under dif-
ferent conditions were compared by use of Eq. (1):

Fig. 4. A: XRD patterns of g-C3N4 (a), CdS (b), Pt/g-C3N4 (c) and Pt/g-C3N4/CdS (d) nanocomposites. B: XRD patterns of different weight ratio of CdS in the Pt/g-C3N4/CdS composites,
5 wt% (a), 10 wt% (b), 20wt% (c), and 30 wt% (d).

Fig. 5. XPS spectra of C 1s (a), N 1s (b), Pt 4f (c), Cd 3d (d), and S 2p (e) of Pt/g-C3N4/CdS composites.
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The ratio of the diffusion coefficients (Dlight/Ddark) is calculated as a
value of 5.5. This result indicates that electron transfer kinetics of the
samples is increased by visible light irradiation, which results in the
better photoelectrocatalytic methanol oxidation performance [8,37].

Furthermore, the linear sweep voltammetric (LSV) and photo-
current behaviors of Pt/g-C3N4/CdS and Pt/g-C3N4 electrodes were also
studied. As shown in Fig. 8A, at a given potential of −0.2 V, the current
density of Pt/g-C3N4/CdS electrode was 138mAmg−1

Pt under visible
light condition, which is ca. 1.9 times higher than that Pt/g-C3N4

electrode with light illumination (72.7mAmg−1
Pt ), and ca. 23 and 5.7

times higher than Pt/g-C3N4/CdS (6.08mAmg−1
Pt ) and Pt/g-C3N4

(24.4 mAmg−1
Pt ) electrodes under dark condition. Secondly, the onset

potential of Pt/g-C3N4/CdS under visible light irradiation is more ne-
gative than others. The increase current density and negative shifts
potential of Pt/g-C3N4/CdS indicate that the introduced CdS increase
photoelectrochemical properties of Pt/g-C3N4.

The photocurrent responses of Pt/g-C3N4 and Pt/g-C3N4/CdS were
measured by on/off of visible light every 30 s (Fig. 8B). After 7 runs, the
current density with on/off for Pt/g-C3N4/CdS electrodes did not show
any obvious decrease. The slight decreasing trend of curve is since the
poisoning of intermediate species on the surface of catalyst during
catalytic process. The average current density of Pt/g-C3N4/CdS is
around 3.9mAmg−1

Pt , which is 3.3 times higher compared to current
density of Pt/g-C3N4 (1.2 mAmg−1

Pt ).
Generally, the effective charger transfer during photo-irradiated

process is crucial step in the enhanced catalytic performance of

photoelectrocatalytic methanol oxidation. To study the charge transfer
in photo-irradiated process, CVs and EIS spectra of the Pt/g-C3N4/CdS
and Pt/g-C3N4 electrodes in a 2.5mMK3[Fe(CN)6]/K4[Fe
(CN)6]+ 0.1M KCl mixture solution with and without visible light il-
lumination were measured. Fig. 9A shows the redox peaks current of
Pt/g-C3N4/CdS modified electrode under visible light irradiation, which
is much higher than those of same electrode under dark condition and
Pt/g-C3N4 electrode both under dark and visible light irradiation. In
addition, Fig. 9B shows that the diameter of the semicircle arc for Pt/g-
C3N4/CdS electrode under visible light irradiation was the smallest than
other conditions. The diameter of semicircle arc is generally used to
evaluate the interfacial charge transport, which the smaller semicircle
arc means the faster interfacial charge transport [38]. Accordingly, the
above investigations suggest that the effective interfacial charge
transport in Pt/g-C3N4/CdS modified electrode can be remarkable im-
proved by photo-irradiated process.

Practically, the long-term stability of catalysts is critical for fuel cells
applications. In order to investigate the long-term of stability of Pt/g-
C3N4 and Pt/g-C3N4/CdS, chronoamperometric and chron-
opotentiometry curves under visible light irradiation and dark condi-
tion are conducted. As shown in Fig. 10A, the current densities of Pt/g-
C3N4 and Pt/g-C3N4/CdS electrodes decrease quickly at the initial
minute, which mainly originate from the formation of Pt oxides and
intermediate species (such as COads) poisoning on the electrode surface
[11,39]. Following, the current densities decay slowly and reach at a
steady-state value. It was found that the current densities of Pt/g-C3N4/
CdS and Pt/g-C3N4 electrodes with visible light irradiation were always
higher than those of without light illumination. This result reveals that
photo-assistance is beneficial for the stability and catalytic perfor-
mance.

Generally, the chronopotentiometry is an approach to evaluate the

Fig. 6. The histogram of activities of the different weight ratio of Pt in Pt/g-C3N4 (A) and CdS in Pt/g-C3N4/CdS composites (B) for catalytic oxidation of methanol under visible light
irradiation and dark conditions. The CVs (C) and histogram of activities (D) for Pt/g-C3N4 (a and c) and Pt/g-C3N4/CdS (b and d) in 1.0 M CH3OH+1.0M KOH solution under dark
conditions (a and b) and visible light irradiation (c and d) with a scan rate of 50mV s−1.
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anti-poisoning abilities of catalysts for methanol oxidation [40–42].
Fig. 10B shows the chronopotentiometry curves of Pt/g-C3N4 and Pt/g-
C3N4/CdS electrodes under visible light irradiation and dark condition
at 20 μA. Firstly, the potential is a gradually increase in beginning. With
the polarization time gradually lengthened, an instantaneous leap of
potential to a much higher potential was observed, owing to the poi-
soning of catalyst. Finally, the potential continues jump to a higher
potential to fulfill the applied current. Accordingly, the time of at which
the electrode potential suddenly jumping to a higher potential is used to
judge catalyst’s poisoning resistance [40–42]. As shown in Fig. 10B, the
sustained time value of Pt/g-C3N4/CdS is 1459 s, which is 3.7, 4.7, and
14.4 times than that of Pt/g-C3N4 under visible light irradiation
(389.8 s), Pt/g-C3N4/CdS (101.8 s) and Pt/g-C3N4 (82.5 s) under dark

condition. These results further prove that Pt/g-C3N4/CdS has the
better catalytic property and poison resistance under visible light illu-
mination.

Accordingly to above results, the Pt/g-C3N4/CdS modified electrode
displays greatly enhanced catalytic performance for methanol oxidation
with visible light irradiation. The mechanism for the photo-assisted
electrocatalytic methanol oxidation is shown in Scheme 1. Firstly, Pt
nanoparticles were well known electrocatalysts for catalytic oxidation
of methanol. Generally, the electrocatalytic oxidation of methanol on Pt
is through direct path way and indirect pathway [1,9,10]. The direct
pathway is via reactive intermediates such as formaldehyde or formate,
while the indirect pathway is via the formation of adsorbed carbon
monoxide (COads). Finally, both the pathways lead to CO2 after

Fig. 7. CVs of Pt/g-C3N4/CdS at different scan rate (A and C) and the dependence of methanol oxidation forward peak current on the square root of scan rates (B and D) in 1.0M
CH3OH+1.0M KOH solution under visible light irradiation (A and B) and dark condition (C and D).

Fig. 8. A: LSVs of Pt/g-C3N4 (a and c) and Pt/g-C3N4/CdS (b and d) in 1.0 M CH3OH+1.0M KOH solution under dark conditions (a and b) and visible light irradiation (c and d). B:
Photocurrent responses of Pt/g-C3N4 (a) and Pt/g-C3N4/CdS (b) under visible light illumination electrodes in 1.0 M CH3OH+1.0M KOH solution at −0.2 V.
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methanol oxidation on the surface of Pt. The above pathways are de-
scribed in Eqs. (2)–(8):

Pt+ (CH3OH)solution→ Pt–(CH3OH)ads (2)

Pt–(CH3OH)ads+ 3OH−→ Pt–HCOads+ 3H2O+3e− (3)

Pt–HCOads+ 2OH−→ Pt–HCOOads+H2O+2e− (4)

Pt–HCOOads→ Pt+CO2+H++e− (5)

Pt–HCOads→ Pt–COads+H++e− (6)

Pt+OH−→ Pt–OHads+ e− (7)

Pt–COads+ Pt–OHads→ CO2+ 2Pt+H++e− (8)

Secondly, when the heterostructures of g-C3N4/CdS are under irra-
diated by visible light, electrons (e−) in the conduction band (CB) and
holes (h+) in the valence band (VB) will be generated on g-C3N4 and
CdS, respectively. From the UV–visible diffuse reflectance spectra
modified by Kubelka–Munk function, the corresponding bandgaps of as-
prepared CdS and g-C3N4 were ca. 2.40 and 2.70 eV, respectively. Fig.
S2 shows the Mott–Schottky plots of CdS and g-C3N4, where 1/C2 as a
function of electrochemical potentials, and the capacitance C is ob-
tained from the impedance measurement. The flat-band potentials of
CdS and g-C3N4 are estimated to be −0.67 and −1.10 V versus NHE,
respectively. In general, the flat-band potential is located near the
conduction band (CB) in n-type semiconductor. Taking into account
that both CdS and g-C3N4 are n-type semiconductor, the approximate
CB bandedge positions of CdS and g-C3N4 were similar to above flat-
band potentials. Based on the UV–vis diffuse reflectance spectra and
flat-band potentials, the CB and VB band positions of CdS and g-C3N4

were −0.67 and 1.73 V, and −1.10 and 1.60 V vs. NHE, respectively.
Based on those energy band positions, a type II heterojunction is

formed at their interface, as shown in Scheme 1 [26–32]. These pho-
togenerated electrons in the CB of g-C3N4 would be easily injected to
the CB of CdS and finally transferred to the circuit by external an
electric field. At the same time, the holes in the VB of CdS would be
transferred to VB of g-C3N4. Finally, these holes in the VB of g-C3N4 will
react with the surface adsorbed methanol and intermediates, which will
be oxidized. The above steps were described in Eqs. (9)–(12). The noble

Fig. 9. CVs (A) and EIS (B) spectra of Pt/g-C3N4 (a and c) and Pt/g-C3N4/CdS (b and d) in 2.5 mMK3[Fe(CN)6]/K4[Fe(CN)6]+0.1M KCl under dark conditions (a and b) and visible light
irradiation (c and d).

Fig. 10. Chronoamperometric curves (A) at−0.2 V and chronopotentiometry curves (B) at 20 μA of Pt/g-C3N4 (a and c) and Pt/g-C3N4/CdS (b and d) electrodes in 1.0M CH3OH+1.0M
KOH solution without (a and b) and with (c and d) visible light illumination.

Scheme 1. Proposed illustration for the electrocatalytic methanol oxidation process on
Pt/g-C3N4/CdS modified electrode under visible light illumination.
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metal Pt nanoparticles in here might be worked as dual function: (i) the
Pt as electrocatalyst and methanol molecules are easily oxidized on the
surface of Pt surface; (ii) as well known cocatalyst and electric con-
ductor, the electrons from CB band of excited semiconductor are easily
to move to Pt surface and then to electrode. Owing to type II hetero-
junction of g-C3N4/CdS, the efficient separation of the photogenerated
charge carriers thereby significantly decreased the recombination of
electron–hole pairs in g-C3N4 and CdS, respectively, improving photo-
electrochemical performance.

g-C3N4+ hν→ g-C3N4+ e−+h+ (9)

CdS+ hν→ CdS+ e−+h+ (10)

CH3OH+6 h+ +6OH−→ CO2+5H2O (11)

Intermediates(COads) + 2 h++2OH−→ CO2+H2O (12)

To indicate the oxidative ability of g-C3N4/CdS in the above pho-
toelectrocatalytic methanol oxidation process, the g-C3N4/CdS compo-
sites together with pure g-C3N4 were used as catalysts to degrade the
organic pollutants molecules (viz. MB). As shown in Fig. 11A, when
pure g-C3N4 was used, only approximately 38% of MB pollutants in the
solution were degraded after 2 h visible light irradiation. After hy-
bridized with CdS wires, an improvement in the MB degradation was
observed (60%) at same condition. The reaction rate constant is cal-
culated from Eq. (13) [43]:

− =d C
d t

kC (13)

where k is the rate constant, C is the concentration of MB pollutants,
and t is reaction time. Fig. 11B shows a good linear correlation between
ln(C/C0) and t, indicating that the degradation reaction of MB

pollutants follows the first-order kinetic. The corresponding rate con-
stants of g-C3N4 and g-C3N4/CdS were determined to be 0.24 and
0.45 h−1, respectively, in which g-C3N4/CdS displays almost 2 times
enhanced photoelectrocatalytic activity compare to pure g-C3N4.
Moreover, the more details experiment condition and effects including
concentration of dye, and light intensities for the photoelectrocatalytic
degradation of MB were provided and shown in Fig. S3.

Fig. 11C shows different catalytic processes including electro-
catalytic, photocatalytic, and photoelectrocatalytic processes for the
degradation of MB pollutants by using g-C3N4/CdS modified electrode.
For electrocatalytic and photocatalytic processes, 29.8% and 37.3% MB
molecules were degraded within 2 h. Hoverer, it is obviously observed
that the photoelectrocatalytic process showed the highest degradation
efficiency. As shown in Fig. 11D, the rate constants of corresponding
different catalytic processes were estimated to be 0.18, 0.23, and
0.45 h−1 for electrocatalytic, photocatalytic, and photoelectrocatalytic
processes, respectively. This result further suggests the advantage of
synergistic effects of photo- and electro-catalysis. The stability of g-
C3N4/CdS was also tested for photoelectrocatalytic degradation of MB
pollutant for five successive runs under visible-light irradiation. As
shown in Fig. 12, no clearly changes in catalytic performance with five
runs, which revealed that g-C3N4/CdS catalytic degradation of MB has
good repeatability.

4. Conclusions

In conclusion, 2D/1D heterojunction of g-C3N4 nanosheet/CdS na-
nowire was designed and used as visible light-activated support to
improve the electrocatalytic activity of methanol oxidation of the tra-
ditional electrocatalyst of Pt. Firstly, compare to dark condition, the as-
prepared Pt/g-C3N4/CdS modified electrode shows 7.4 times enhanced

Fig. 11. Photoelectrocatalytic activities (A) and kinetic linear simulation curves (B) of g-C3N4 (a) and g-C3N4/CdS (b) for the degradation of MB solution under visible-light illumination.
Catalytic activities (C) and kinetic linear simulation curves (D) of the g-C3N4/CdS for the degradation of MB solution pollutants via different catalytic process: electrocatalytic (a),
photocatalytic (b), and photoelectrocatalytic (c) process.
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electrocatalytic methanol oxidation under visible light irradiation.
Moreover, under visible light irradiation, the introduced CdS nanowires
improved 1.4 folds for photoelectrocatalytic methanol oxidation com-
pared to Pt/g-C3N4. Beside the catalytic activity of methanol oxidation,
the stability of corresponding electrode is also significantly improved
with assistance of visible light irradiation. The formation of type II
heterojunction of g-C3N4 and CdS in the composites of Pt/g-C3N4/CdS
results in efficient charger separation and thereby significantly de-
creases the recombination of electron–hole pairs. Such high separation
efficiency of photogenerated carriers leads to the boosting of photo-
electrocatalytic oxidation of methanol performance. This feature ben-
efits to a directional pathway to construct a heterojunction as the
photo-activated support in the application of direct methanol fuel cell.
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