
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 5

/1
7/

20
24

 5
:4

5:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A one-pot hydro
Key Laboratory of Analytical Chemistry

Education), College of Chemistry and Molec

430072, Hubei Province, P. R. China. E-m

68754067; Tel: +86-27-68752701

† Electronic supplementary informa
10.1039/c7ra09075g

Cite this: RSC Adv., 2017, 7, 45792

Received 16th August 2017
Accepted 19th September 2017

DOI: 10.1039/c7ra09075g

rsc.li/rsc-advances

45792 | RSC Adv., 2017, 7, 45792–4579
thermal synthesis of graphene/
CdS:Mn photocatalyst for photoelectrochemical
sensing of glutathione†

Huili Ye, Hao Wang, Faqiong Zhao and Baizhao Zeng *

A stable graphene (GR)/CdS:Mn photocatalyst was synthesized through a simple and straightforward one-

pot hydrothermal method, and it exhibited enhanced photoelectrochemical (PEC) response to glutathione.

The catalyst was characterized by X-ray diffraction, X-ray photoelectron spectroscopy, Raman

spectroscopy and UV-vis diffuse reflectance spectroscopy. It showed efficient separation of

photogenerated charge carriers and low photo-corrosion. The doped Mn2+ effectively improved the

band structure of CdS. Meanwhile, the introduced GR greatly enhanced and facilitated visible light

absorption as well as electron transport. The GR/CdS:Mn based PEC sensor displayed more sensitive

photocurrent response to glutathione than the pure CdS, CdS:Mn and GR/CdS based sensors.

Furthermore, the response of the sensor was rapid and stable. The details of the additions and specific

effects of each component were discussed. Under the optimized conditions, it presented wide detection

range of 0.01 mM to 100 mM, low detection limit, as well as good reproducibility. The sensor could be

applied to the determination of glutathione in tomato and ketchup samples.
1. Introduction

Glutathione (GSH), an abundant non-protein and low-
molecular-weight mercapto compound, plays many signicant
roles in biological processes, including elimination of free
radicals, maintenance of cellular homeostasis, radiation
protection, detoxication and antioxidation.1 Its concentration
level is closely associated with some diseases, such as diabetes,
rheumatoid disease, HIV, Alzheimer's syndrome and cancers.2

Hence, the evaluation of GSH level is of vital signicance.
Hitherto, spectral,3 chromatographic,4 and electrochemical5,6

techniques have been proposed for its quantication. Never-
theless, the spectral and chromatographic methods are
complicated due to pre-treatment procedures, while electro-
chemical detection suffers from the interference of some easily
oxidative substances or a relatively high oxidation potential.7–9

Photoelectrochemical (PEC) sensing is a novel and prom-
ising analytical technique, it has attracted considerable atten-
tion.10 Owing to the complete separation of excitation source
(light) and detection signal (current), PEC sensor has low
background noise and high sensitivity in comparison with
conventional pristine optical and electrochemical methods.11 It
for Biology and Medicine (Ministry of
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can detect some hard-oxidation analytes at low applied poten-
tial, even at 0 V. Furthermore, simple analysis device, high-
speed response and relatively low-cost also make PEC sensor
a competitive tool.12 The property of PEC sensor depends on the
properties of photoactive materials. So far, most PEC sensors
are based on nano-semiconductor materials, such as TiO2,13

ZnO,14 CdS15,16 and their derivatives.17 Among them, CdS is
a popular visible-light sensitive material, it demonstrates
unique photoelectrochemical properties and has good appli-
cation potential.18,19

Unfortunately, CdS displays poor stability and sensitivity due
to its photo-corrosion. To overcome the shortcomings, it is
essential to promote the separation or inhibit the recombina-
tion of photoexcited electron–hole pairs. For CdS, two strategies
have been tried. One is to introduce electron acceptor and
transport matrix, such as graphene (GR),20 which could enhance
light absorption and facilitate charge transport and separation.
What's more, GR serves as a supporting material for CdS
dispersion, simultaneously preventing its aggregation. Another
is to introduce transition metal ions as they might improve the
electronic and physical properties and band structure of CdS,
inhibiting its light corrosion.17,21 The doped metal ions also can
promote the charge separation.22,23 So far, Mn2+ is used most
frequently for such purpose.

However, such modied CdS materials are mainly applied in
photodegradation,24 solar cell,25 and hydrogen production,26

only a few reports concern PEC sensors. In addition, most
strategies for preparing CdS semiconductors adopt a two-step
chemical method,18 otherwise in need of organic solvents,
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic diagram of the preparation of the composites.
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such as ethylene glycol24 and DMSO.25 What's more, in the
systems of Mn-doped CdS quantum dot sensitized solar cells
reported by P. K. Santra et al.19 and a ternary complex of CdS,
graphene and Mn fabricated by Shen's group,27 the researchers
seldom explore the roles of doped Mn and other components.
Therefore, the states of the dopants such as the valance and
present form of Mn element and specic effects of each
components need to be further discussed.

In this work, we have prepared a GR/CdS:Mn nanohybrid
photocatalyst via a simple one-step hydrothermal method
(Scheme 1). Water as a solvent is not only inexpensive and
environmentally friendly,28 but also responsible for the hydro-
thermal reduction of graphitic oxide. CdS serves as the basic
photoactive material, while the doped Mn element improves its
band structure. Meanwhile, the GR helps to enhance the light
absorption and electron transition rate. Owing to the exposed
sulydryl group, GSH can be adsorbed on the surface of GR/
CdS:Mn composite through S–Cd bond, and it can be oxidized
by photogenerated hole to glutathione disulde (GSSG). At the
same time, photogenerated electronmigrates to GR through the
mid-gap of Mn, and nally transports to the ITO electrode,
resulting in sustained and stable anodic photocurrent. The GR/
CdS:Mn composite shows efficient separation of photo-
generated charge carriers and low photo-corrosion, the result-
ing PEC sensor displays much higher photocurrent response to
GSH than that of pure CdS, CdS:Mn and GR/CdS based sensors.
2. Experimental
2.1. Reagents and apparatus

Graphitic oxide (GO, purity: 99%) was purchased from Nanjing
XF NANO Materials Tech Co., Ltd. (Nanjing, China). Cd(CH3-
COO)2$2H2O, Na2S$9H2O, Mn(CH3COO)2$4H2O, Na2SO4,
K2SO4, CaCl2, Mg(NO3)2$6H2O, FeCl3$6H2O, dopamine (DA),
lactic acid (LA), uric acid (UA), ascorbic acid (AA), bovine serum
albumin (BSA), glucose and glycine (Gly) were obtained from
Sinopharm Chemical Regent Co., Ltd. (Shanghai, China).
CuSO4$5H2O, GSH and GSSG were acquired from Aladdin
Chemistry Co., Ltd. (Shanghai, China). All the chemicals were
used without further purication. All the aqueous solutions
were prepared with ultrapure water (18.25 MU). ITO substrates
were from Zhuhai Kaivo Electronic Components Co., Ltd.
(China).

The samples were characterized and analyzed by eld
emission scanning electron microscopy (FESEM, Zeiss,
This journal is © The Royal Society of Chemistry 2017
Germany) with an accelerating voltage of 20 kV, X-ray diffraction
data (XRD, Bruck D8 diffractometer, Germany) using Cu Ka
radiation (40 kV, 40 mA) with a Ni lter, X-ray photo-electron
spectroscopy (XPS, Thermal Fisher ESCALAB 250Xi, USA) with
Al Ka X-ray radiation excitation, energy-dispersive X-ray spec-
troscopy (EDS, Hitachi X-650 SEM, Japan), UV-vis diffuse
reectance spectra (DRS, Shimadzu UV-3600, Japan), Fourier
transform infrared spectroscopy (FT-IR, Thermal Fisher, Is10,
USA), and Confocal Raman Microspectroscopy (Raman,
Renishaw, RM-1000, Britain) with laser of Ar+ at excitation
wavelength of 514.5 nm. The photoelectrochemical experiments
were performed on a CHI 830D electrochemical workstation
(CH Instrument Company, Shanghai, China). The visible light
source was a 500 W Xe lamp (SOFN instrument Co., Ltd. China).
Filters of different wavelengths were from THORLABS (USA). All
experiments were conducted at room temperature except
mentioned otherwhere.

2.2. Synthesis of GR/CdS:Mn nanocomposites

The hydrothermal synthesis of GR/CdS:Mn hybrid was referred
to the reported method with minor modications.27 First of all,
a certain amount of GO was dispersed in 20 mL ultrapure water,
0.7995 g Cd(CH3COO)2$2H2O and 0.1020 g Mn(CH3COO)2-
$4H2O were dissolved in 20 mL water. Then they were mixed
under stirring. Aer that, 20 mL Na2S solution (3 mmol) was
added dropwise to the mixture. The obtained mixture was
transferred into a 100 mL Teon-lined autoclave and heated at
200 �C for 12 h. Aer cooled to room temperature, the precip-
itation was ltrated and washed with water for several times,
and then freeze-dried to obtain GR/CdS:Mn. The mass
percentage of GO (i.e. 0.23 wt%, 1.40 wt%, 3.50 wt%,
7.00 wt%, wt% meant the mass ratio of GO in the composite)
and molar percentage of Mn (i.e. 3 mol%, 6 mol%, 10 mol%,
15 mol%, 20 mol%, mol% was the molar ratio of Mn to Cd) were
altered to prepare different GR/CdS:Mn composites. For
controlling experiments, GR, CdS, CdS:Mn and GR/CdS were
synthesized. The as-prepared composites were dispersed in
water to prepare 1 mg mL�1 suspensions for ITO modifying.

2.3. Pretreatment of real samples

The samples were bought from a local supermarket and the
pretreatment procedure was similar to the previous reports.29,30

The tomato and ketchup sample (10 g) were chopped and
mashed, aerwards, they were ultrasonically extracted with
20 mL 0.10 M Na2SO4 for 2 h and then ltrated to get the
extraction. The extraction procedure was repeated twice. The
ltrate was transferred to a 50 mL volumetric ask and diluted
to the scale with water.

2.4. Preparation of PEC sensors

The ITO glasses (1 cm � 2 cm) were cleaned with NaOH (1 M)
(in ethanol–water, v/v: 1 : 1) solution, washed with acetone,
ultrapure water and ethanol, and dried in a oven at 60 �C. The
sensors were fabricated according to our previous report.31 The
area of ITO glass was controlled at 0.0706 cm2 using 3 M tape
(Fig. S1a†). Then 15 mL of GR/CdS:Mn composite dispersion was
RSC Adv., 2017, 7, 45792–45798 | 45793
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coated on the ITO glass (Fig. S1b†), and dried at 60 �C, followed
by assembling to electrode clamp to obtain ITO/GR/CdS:Mn
working electrode (Fig. S1c†).
2.5. Measurement of PEC current

The PEC experiments were performed on a homebuilt photo-
electrochemical system. A Xe lamp equipped with a mono-
chromator was used as the visible light irradiation source. The
photocurrent was recorded by a CHI 830D electrochemical
workstation, with a conventional three-electrode system
including a modied ITO electrode as the working electrode
(WE), a Pt wire as the auxiliary electrode (AE) and a saturated
calomel electrode (SCE) as the reference electrode (RE). The
supporting electrolyte was 0.10 M Na2SO4 aqueous solution.
The distance between light source and the electrode was xed at
10 cm. Before PEC experiments all the solutions were
adequately deaerated by purging high pure nitrogen for 15 min.
Fig. 1 The SEM images and photos (insert) of (A) CdS, (B) CdS:Mn, and
(C) GR/CdS:Mn composite; (D) EDS patterns of GR/CdS:Mn
composite; SEM (E) elemental mapping of the composite, Mn (F), Cd
(G) and S (H).

Fig. 2 (A) XRD patterns of GO (a), GR (b), CdS (c), CdS:Mn (d),
GR/CdS:Mn (e); (B) XPS spectra of the GR/CdS:Mn composite and
high-resolution XPS spectra of Mn 2p (insert).
3. Results and discussion
3.1. Characterization of GR/CdS:Mn

Fig. 1A–C shows the typical FESEM images and photos of the
samples. As for yellow CdS (Fig. 1A), the particles are uniform
and the sizes are about 30–40 nm. Aer doping Mn2+ ions, its
colour becomes a little darker and the structure becomes looser
(Fig. 1B). As GR forms a 3D network structure, the loaded
CdS:Mn nanoparticles are well dispersed on GR sheets with
high coverage rate and show brown colour (Fig. 1C). As SEM-
EDS of the GR/CdS:Mn composite shown in Fig. 1D, Mn
element can be detected which indicates the successful intro-
duction. From the EDS-mapping of the composite (Fig. 1E–G),
low abundance of Mn can be found compared with Cd and S.
Considering the trace amount of O from EDS, all Mn can't be
MnO, and the homogenous distribution of Mn in the composite
opposes to discrete collections of MnO and proves the possible
existence of MnS.

The XRD pattern of pristine GO (Fig. 2A) presents a sharp
peak at 10.4�, corresponding to the (001) reection of GO.32 For
GR the strong diffraction peak of GO disappears and a broad
weak peak at 25� is observed, indicating the reduction of GO.18

There are three main peaks at 26.9�, 44.2� and 52.2� for the CdS
crystal, which are related to the (111), (220) and (311) cubic
crystal plane (JCPDS no. 65-2887).33 Aer doping Mn2+, the XRD
pattern of CdS:Mn displays little difference, and some peaks
decline slightly, demonstrating that no extra impurity crystals
form besides some lattice defects. Similar results are obtained
for the GR/CdS:Mn. However, no peak of GR is observed,
probably because of its relatively low diffraction and the
masking effect of CdS peaks.34

XPS analysis is further used to conrm the formation of GR/
CdS:Mn composite and the reduction of GO to GR. As can be
seen in Fig. 2B and S2,† the binding energies of Cd 3d5/2 and Cd
3d3/2 are 404.8 and 411.5 eV respectively, while the binding
energies of S 2p3/2 and 2p1/2 are 161.3 and 162.4 eV respectively,
indicating the successful generation of CdS.35,36 The binding
energies of Mn 2p3/2 and 2p1/2 (insert of Fig. 2B) locate at
45794 | RSC Adv., 2017, 7, 45792–45798
640.8 eV and 652.1 eV, respectively. It proves the doping of
Mn2+.37,38 In addition, the high-resolution XPS spectra of C
(Fig. S2C and D†) shows that the C element presents as sp2

carbon because of the decrease of oxygen-containing groups
such as C–O, C]O and C–OH in comparison with the original
GO. It indicates that GO has been reduced to GR during the
hydrothermal treatment.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09075g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 5

/1
7/

20
24

 5
:4

5:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The similar results can be obtained from the FTIR spectra of
pristine GO, GR and GR/CdS:Mn. As can be seen in Fig. S3B,†
for GO, the strong band around 3420 cm�1 can be assigned to
the stretching vibration of –OH groups. The typical character-
istic peaks of other oxygen-containing groups of GO (curve a)
locate at 1723 cm�1, 1622 cm�1, 1224 cm�1, 1050 cm�1,
belonging to the C]O vibration of –COOH at the edge of GO
sheets, the absorption of –OH bending vibration and C–O–C
epoxy skeleton ring vibration, C–OH and C–O vibration of the
alkoxy group. For GR and GR/CdS:Mn, the representative
absorption bands of GO, including hydroxyl, carboxyl and
epoxide groups, decrease greatly or almost completely disap-
pear aer hydrothermal treatment, indicating the successful
reduction of GO. The band of 1568 cm�1 can be ascribed to the
skeletal vibration of C]C in GR sheets, affirming the recovery
of the SP2 hybrid carbon skeleton. The band at 1209 cm�1

results from the C–O bond of ester, which illustrates the small
amount of lactone groups forming in the hydrothermal
process.39,40

Fig. 3A shows the Raman spectra of CdS, CdS:Mn and GR/
CdS:Mn. The features at about 300 and 600 cm�1 correspond
to the 1 longitudinal optical (1LO) and second-order LO phonon
(2LO) scattering peaks of CdS, respectively.41 The intensity of the
LO phonon is greatly enhanced in the CdS:Mn. In addition, the
1LO phonon peak of the Mn-doped CdS composite shis
slightly from 290 cm�1 to 305 cm�1. The blue shi can be
attributed to the strain effect induced by the extrinsic defects in
the interstitial sites (Mn dopants).42

The UV-vis diffuse reectance spectra (DRS) of CdS, CdS:Mn
and GR/CdS:Mn are shown in Fig. 3B. The band gap energy of
CdS, which shows light absorption below 550 nm, can be
calculated as 2.26 eV according to the following equation:43

Eg ¼ 1240/l

where Eg is the band gap energy (eV) and l is the wavelength
(nm) of the absorption edge in the spectrum. Aer doping with
Mn, the DRS spectra of CdS:Mn displays a red shi, which
indicates that the band gap has been narrowed. The value can
be calculated as 2.19 eV, meaning that the doped Mnmakes the
band gap energy of CdS decrease and improve its band struc-
ture. The GR/CdS:Mn composite demonstrates enhanced
visible-light absorption due to the introduction of GR, which is
benecial to PEC sensing to some extent.
Fig. 3 (A) Raman spectra and (B) UV-vis diffuse reflectance spectra
(DRS) of CdS (a), CdS:Mn (b) and GR/CdS:Mn (c).

This journal is © The Royal Society of Chemistry 2017
3.2. PEC properties of ITO/GR/CdS:Mn

To investigate the PEC properties of GR/CdS:Mn composite, the
photocurrent density of the modied ITO electrodes has been
measured. Fig. 4A illustrates the photocurrent response of CdS,
CdS:Mn, GR/CdS and GR/CdS:Mn modied electrodes to 1 mM
GSH in 0.10 M Na2SO4 aqueous solution at 0 V (vs. SCE). The
photocurrent density of ITO/GR/CdS:Mn (d1) in the blank
solution is higher than that of ITO/CdS (a1), ITO/CdS:Mn (b1)
and ITO/GR/CdS (c1), due to the improved electron transport
rate and reduced recombination of photogenerated charges.
However, aer adding GSH, its photocurrent response is also
much higher than the former three electrodes. Here, the
photocurrent response of ITO/GR/CdS:Mn (DI, dened as the
difference of photocurrent density with and without GSH) is
4.30 mA cm�2, while those of CdS, ITO/CdS:Mn and ITO/GR/CdS
are 0.88 mA cm�2, 2.42 mA cm�2 and 2.65 mA cm�2, respectively.
In a word, the GR/CdS:Mn composite shows efficient separation
of photogenerated charge carriers and low photo-corrosion,
which displays more favourable and sensitive response to
GSH. It is clear that both GR and Mn can improve the PEC
activity of CdS. When they co-exist, their synergistic effect
occurs and ensures a lager photocurrent enhancement.

The applied potential is of signicant importance to the
photocurrent response. Linear sweep voltammetry (LSV)
method has been conducted to investigate its inuence. As
shown in Fig. 4B, without illumination (a), the photocurrent
density of ITO/GR/CdS:Mn in Na2SO4 electrolyte is low. Under
irradiation (b), it achieves a relatively high photocurrent
density. The LSV corresponding to irradiation on/off presents
a comparable and instantaneous photocurrent response due to
PEC effect (c). It can be seen that the anodic photocurrent
increases as the applied potential rises. This is because a posi-
tive potential can provide a driving force for electron transfer
and facilitate the oxidization of GSH by hole. In contrast,
a negative potential can inhibit the electron transfer of anode
photocurrent, resulting in reduction of photocurrent.44,45

Nevertheless, when the potential is too high, the electro-
chemical oxidization of GSH occurs, producing an interference
current. In addition, lower applied potential is benecial to the
elimination of interference from other reductive species. Thus,
0 V (vs. SCE) is adopted for the PEC measurement in this case.
Fig. 4 (A) Photocurrent response of ITO/CdS (a), ITO/CdS:Mn (b), ITO/
GR/CdS (c) and ITO/GR/CdS:Mn (d) in the dark (1) and under illumi-
nation (2); (B) LSV of ITO/GR/CdS:Mn sensor in 1 mM GSH under dark
condition (a), light irradiation (b) and light “on/off” condition (c).
Applied potential: 0 V (vs. SCE); irradiation wavelength: 470 nm.

RSC Adv., 2017, 7, 45792–45798 | 45795

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09075g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 5

/1
7/

20
24

 5
:4

5:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The cyclic voltammograms (CV) of ITO/GR/CdS:Mn in the
absence and presence of GSH with visible-light irradiation of
470 nm are recorded (Fig. S4A†). GSH does not cause current
peak under this conditions so that the direct detection of elec-
trochemical oxidation signal is hard to achieve. The slow
electron-transfer rate in the oxidation of GSH lead to a high
overpotential.46 To further understand this point, amperometric
curves are also recorded. As shown in Fig. S4B,† in the dark
condition, no current responses for the successive addition of
GSH can be observed at 0 V. It indicates that the EC oxidation of
GSH cannot occur at such low applied potential. However, in
the light condition the current response signal is quite sensi-
tive. This indicates that the current signal detected at 0 V results
from PEC, not from the electrochemical oxidation of GSH.

3.3. Optimization of experimental conditions

The irradiation wavelength is one of the most important factors
inuencing the PEC properties. As illustrated in Fig. 5A, the
photocurrent density increment (DI) decreases as the exciting
wavelength increases from 430 nm to 580 nm. At 470 nm, the DI
is 77.5% of that at 430 nm. Aerward, DI sharply decreases with
further increase of irradiation wavelength. In general, light of
long wavelength is benecial for the detection of biological
samples as it has lower energy and weaker damage.47 Therefore,
470 nm is chosen for PEC sensing of GSH.

GR plays a signicant role in the separation of photo-
generated charges and in the enhancement of photocurrent
density. In order to achieve an optimal photoactivity enhance-
ment for GR-semiconductor composites, the weight addition
ratio of GR in the semiconductor matrix is generally no more
than 5 wt%,48 although the greater addition ratio of GR is able to
inhibit the recombination of electron–hole pairs photo-
generated from the semiconductor. As shown in Fig. 5B, the DI
increases with the amount of introduced GO increasing from
0.23 wt% to 3.5 wt% during the synthesis of the hybrid. This is
Fig. 5 Effects of (A) excitation wavelength, (B) content of GR, (C)
content of doped Mn, and (D) dropping amount of GR/CdS:Mn on the
increment of photocurrent density in 0.10 M Na2SO4 containing 1 mM
GSH.

45796 | RSC Adv., 2017, 7, 45792–45798
related to the fast electron transfer of GR. However, the DI
decreases when the amount of GO is increased further (e.g. to
7 wt%). It should be ascribed to the light absorption of black
GR, which affects the light absorption of the photoactive
material to some extent. The photos of GR/CdS:Mn composite
with different GO contents can be seen in Fig. S5.† The color of
the composite becomes darker as GO content increases. Here,
the best content of GO is 3.5 wt% in the synthesis solution.

Fig. 5C shows the inuence of Mn2+ content on photocurrent
density. The doped Mn2+ in the CdS semiconductor can cause
some lattice defects and further improve its band structure.
Generally, lattice defects can form capture centres for the pho-
togenerated electron–hole pairs, inhibiting the recombination
of charge carriers. However, if lattice defects are too much,
photocatalysis will be depressed. Herein, 10 mol% (in the
synthesis solution) Mn2+ is adopted in the preparation of
composite.

Besides, the inuence of modifying amount of GR/CdS:Mn
composite has been investigated and 15 mL of GR/CdS:Mn
suspension (1 mg mL�1) is selected as the optimized coating
amount for preparing electrode (Fig. 5D).
3.4. PEC detection of GSH

The developed ITO/GR/CdS:Mn photoelectrochemical sensor is
applied to GSH determination. The PECmeasurement is carried
out in 0.10M Na2SO4 electrolyte under the irradiation of 470 nm
light at 0 V (vs. SCE). Fig. 6 illustrates the photocurrent response
of GSH. It can be found that the photocurrent density is
proportional to the logarithm of the concentration of GSH over
a wide range from 0.01 mM to 100 mM (Fig. 6A and B). It is wider
than that of the reported electrochemical sensors based on
Fig. 6 (A) Photocurrent response of ITO/GR/CdS:Mn to GSH in 0.10 M
Na2SO4 solution. GSH concentration: 0, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 5,
10, 50, 100 mM (from a to k); (B) plot of photocurrent density vs.
concentration. Inset: linear calibration curve; (C) influence of 50 mM
Na+, K+, Ca2+, Mg2+, Cu2+, Fe3+, and 10 mM DA, LA, AA, UA, BSA,
glucose, Gly, GSSG on the response of 5 mMGSH; (D) time-dependent
photocurrent response of ITO/GR/CdS:Mn in 0.10 M Na2SO4 solution
with light on/off.

This journal is © The Royal Society of Chemistry 2017
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ordered mesoporous carbon49 and Cu(OH)2–carbon ionic
liquid,6 and that of PEC sensors based on ower-like Cu2O/
ZnO,50 IrO2–hemin–TiO2 (ref. 46) and porous TiO2–Pt.51 The
linear regression equation can be expressed as DI/mA cm�2 ¼
27.1 + 1.96 log c/mM (R2 ¼ 0.9995). The detection limit is 0.01
mM (based 3S/N), which is lower than that of electrochemical
methods concerning Hg/Pd,52 electrochemiluminescence of
CdTe QD–GO53 and PEC sensors based on Au NPs@ZnO14 and
FeTPPS–TiO2.47 The detailed comparisons are shown in Table
S1.† As can be seen, the ITO/GR/CdS:Mn sensor presents good
performance in monitoring GSH.

3.5. Selectivity, stability and reproducibility

The selectivity of the ITO/GR/CdS:Mn sensor is evaluated by
measuring the photocurrent response of various potential
interferents and other similar hole scavengers (Fig. 6C). As can
be seen, the studied mental ions (i.e. 50 mMNa+, K+, Ca2+, Mg2+,
Cu2+, Fe3+), common chemicals and biological molecules (i.e. 10
mM DA, LA, AA, UA, BSA, glucose, Gly, GSSG) shows much
smaller or negligible signals, which indicates that those co-
existents have little inuence on the detection of GSH. A
reasonable explanation for the good selectivity is the possibility
of GSH adhering to the particles surface. Fig. 6D shows the
time-dependent photocurrent response of the ITO/GR/CdS:Mn
at repeated on/off cycles for 600 s under visible illumination.
The stable photocurrent density indicates the inhibition of the
photo-corrosion of CdS and the light stability of the hybrid.
Here, the relative standard deviation (RSD) of the photocurrent
density for 5 mM GSH is 2.3% for ve successive measurements
(Fig. S6†), and the RSD for 5 different ITO/GR/CdS:Mn is 5.4%,
reecting its good reproducibility. What's more, the sensor
remains 91% of the initial photocurrent response aer storing
for 12 days at room temperature, indicating the good structural
stability of the fabricated photo-anode material.

3.6. Application

To demonstrate the application feasibility of the as-prepared
ITO/GR/CdS:Mn PEC sensor, the determination of GSH in
tomato and ketchup has been conducted and the results are
listed in Table 1. Their contents are determined by this
analytical method and ca. 5.93 mg kg�1 and 0.97 mg kg�1 for
tomato and ketchup, respectively. The detected content of
tomato is close to the report30 and the result of ketchup agrees
Table 1 Determination results of GSH in samples

Samples Add (mM)
Found
(mM)

Recovery
(%)

RSD (%)
(n ¼ 3)

Tomato 0 3.86 — 2.5
5.00 8.57 94.2 5.3
10.00 14.36 105 6.6
20.00 24.46 103 4.6

Ketchup 0 0.63 — 4.6
5.00 5.19 91.2 1.7
10.00 10.49 98.4 3.4
20.00 19.99 96.8 5.0

This journal is © The Royal Society of Chemistry 2017
with the declared content. The recoveries for spiked GSH are
91.2% to 105%, which is acceptable. This indicates that the PEC
sensor can be used for the detection of GSH in real samples.
4. Conclusions

In summary, a GR/CdS:Mn composite has been synthesized and
characterized. The detail states of the additives and their
specic effects have been discussed. The GR/CdS:Mn composite
demonstrates good PEC properties and low photo-corrosion
and the resulting PEC sensor displays sensitive and selective
response to GSH under visible illumination at 0 V. This is
related to the doped Mn2+ and the introduced GR, which
effectively improve the separation of photo-induced charges.
Under the optimized conditions, the ITO/GR/CdS:Mn sensor
presents wide detection range of 0.01 mM to 100 mM, a low
detection limit of 0.01 mM, as well as good reproducibility. It can
be used for the detection of GSH in real samples.
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