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tron acceptor, the hybrid photocathode showed a sensitive photocurrent response at —0.2 V bias potential under
405 nm illumination. The CdTe/CNNS hybrid photocathode demonstrates about 100% increase of photocurrent
compared to CdTe QDs modified electrode owing to the formation of heterojunction through contact of two
semiconductor materials. The improved charge separation efficiency was identified by the extension of electron
transit time (74) and electron lifetime (7,,) in this PEC system. The introduction of Cu?>* on the surface of hybrid
photocathode could decrease photocurrent via the exciton trapping quenching effect. A sensitive PEC sensor for
Cu?" was thus developed with a good linear range from 20 nM to 100 uM and a detection limit of 3.3 nM, and was
successfully applied in the detection of Cu** in human hair samples. The CNNS-sensitized photocathode provides
a good alternative for enhancement of the PEC signal transduction and could be widely used in biosensing and
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1. Introduction

Photoelectrochemical (PEC) technique, as a novel strategy integrat-
ing electrochemistry with photochemistry, has attracted growing atten-
tion in various areas such as photovoltaic devices, photocatalysis and
bioanalysis [1-3]. The PEC strategy has exhibited a large number of
unique advantages such as low bias potential, high sensitivity and low
background owing to the separation of excitation signal (light) and de-
tection signal (current) [4]. Various photoelectrochemical biosensors
have been designed based on organic materials [5], metal oxide semi-
conductor [6], quantum dots [7,8], and hybrid materials [9] for the de-
tection of metal ions [10], biomolecules [11], and even cells [12]. For
the amplification strategy of PEC, the hybrid materials provide an effi-
cient way to improve the charge separation efficiency due to the syner-
gic effect among their components. In particular, the assembly of dye-
sensitized semiconductor is a kind of strategy to amplify PEC signal
[13]. Meanwhile, the incorporation of noble metal nanoparticles has
been discovered for enhancing the photoconversion efficiency of TiO,
via surface plasmon resonance [ 14,15]. Here, in order to further improve
the photoelectrochemical conversion efficiency, the carbon nitride
nanosheets are introduced to sensitize quantum dots as a photocathode
for enhancing the PEC activity.

As a medium band gap and metal-free indirect semiconductor mate-
rial, graphite-like carbon nitride (g-C3N4) simply prepared by
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polymerization of melamine possesses well electrical and optical prop-
erties, and excellent stability [16]. Conventionally, the bulk and meso-
porous g-C3N4 have been applied in the areas of photoluminescence
detection, photocatalysis, photodegradation and photovoltaic device
[17-22]. Recently, the exfoliated g-C3N, nanosheets (CNNS) with a
band gap of 2.7 eV was found to be chemically reactive and exhibit ex-
cellently photocatalytic activity [23-26]. More interestingly, combining
CNNS substrates with supported metal nanoparticles could result in
controlled access to metal—semiconductor heterojunction and en-
hanced electron transfer between photoexcited semiconductor and
gold nanoparticles [27]. Therefore, it is rational to design a PEC sensing
platform by using CNNS as supporter to contact with QDs, in which the
injection of electrons might mediate from QDs into CNNS conduction
band (CB) by heterojunction, and improve the photoinduced charge
separation, thus leading to the enhanced photocurrent for PEC
biosensing.

Using copper ions (Cu®") as a model analyte, the PEC behavior and
application potential of this CNNS/CdTe hybrid photocathode was eval-
uated through the quenching effect of Cu>™ on the photocurrent. Cop-
per is an essential trace element for humans, which acts as key
element for activities in some important proteins. However, excess
Cu®™ ions become harmful to humans’ body [28]. Therefore, it’s neces-
sary to develop reliable and sensitive detection strategy of Cu®*. In
this work, a hybrid photocathode was constructed based on CNNS sen-
sitized CdTe QDs as PEC materials via stepwise modified method
(Scheme 1). The heterojunction between CNNS and CdTe was formed
through stacking and contacting of two semiconductor layers, in
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which the Femi energy of CdTe and CNNS adjust to suit each other, and
reach the equilibrium, thus resulting in the high efficiency of charge
separation. The CdTe/CNNS hybrid photocathode demonstrates about
100% increase of photocurrent compared to CdTe QDs modified elec-
trode. The introduction of Cu?>* onto hybrid photocathode generated
exciton-traps, which inhibited the generation of photocurrent [29].
The quenching photocurrent of CdTe/CNNS photocathode is utilized
for the sensitive and selective detection of Cu>* with a 4-order linear
range and a detection limit low to nanomole, and has been successfully
applied in detection of Cu?>* in human hair samples, showing the poten-
tial applications in practice.

2. Materials and methods
2.1. Materials and reagents

Cadmium chloride (CdCl,-2.5H,0) was purchased from Alfa Aesar
China Ltd. Tellurium powder and sodium borohydride were purchased
from Sinopharm Chemical Reagent Co. Ltd. Cupric nitrate
(Cu(NO3);-3H,0) was purchased from Shanghai Sinpeuo Fine Chemical
Co. Ltd. (China). Melamine and 3-mercaptopropionic acid (MPA, =99%)
were purchased from Sigma-Aldrich (China) and used as supplied. All
other chemicals were of analytical grade without further purification.
Tris—HCl buffer (10 mM, containing 0.1 M NaCl as supporting electrolyte,
pH 7.0) was employed as PEC electrolyte during the photoelectrochemical
procedure. Indium tin oxide (ITO) coated glass as the electrode material
was purchased from Zhuhai Kaivo Electronic Components Co. Ltd. The ul-
trapure water (=18 MQ, Milli-Q, Millipore) was used throughout the
experiment.

2.2. Apparatus

Cyclic voltammetric experiments were performed on a CHI 660D
electrochemical workstation (CH Instruments Inc., USA). X-ray photo-
electron spectroscopy (XPS) experiments were operated on an
ESCALAB 250 spectrometer (Thermo-VG Scientific Co., USA) with an ul-
trahigh vacuum generator. The UV-Vis absorption spectra were obtained
with a UV-3600 UV-Vis-NIR spectrophotometer (Shimadzu Co., Kyoto,
Japan). The scanning electron microscopic (SEM) images were obtained
by Hitachi S-4800 scanning electron microscope (Japan). The transmis-
sion electron micrograph (TEM) was obtained using a JEM-2100 TEM in-
strument (JEOL, Japan). Photoelectrochemical measurements were
detected on a Zahner intensity modulated photo Spectrometer (Zahner
Zennium, German) with a LW405 LED light (wavelength at 405 nm) as
the light source. All modified processes were performed under 37 °C,
and all PEC experiments were carried out at room temperature using a
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Scheme 1. Schematic illustration of the photoelectrochemical mechanism through the for-
mation of heterojunction, and the energy levels of CdTe/CNNS hybrid photocathode.

conventional three-electrode system, with a modified ITO electrode, a
platinum wire and a saturated calomel electrode as working, counter
and reference electrodes, respectively.

2.3. Preparation of MPA-CdTe QDs

The synthesis of CdTe QDs was refered to the method reported for
thiol-capped CdTe QDs in aqueous phase [30]. First, the Cd precursor so-
lution was prepared by mixing 26 pL of MPA (~6 mM) solution with
50 mL of 2.0 mM CdCl, solution. After adjusted to pH 9.0 with 1 M
NaOH, 0.80 mL of 0.0625 M N,-saturated NaHTe solution was injected
under a N, atmosphere and vigorous stirring. The resulting mixture so-
lution was heated to 99-100 °C and refluxed for around 10 h to obtain
the MPA-CdTe QDs. Then 900 pL as-prepared QDs solution was mixed
with the same amount of isopropanol. The colloidal precipitate was col-
lected by centrifugation (6000 rpm, 5 min) to remove excess reactants,
and redispersed with ultrapure water. The CdTe QDs solution was
keeped at 4 °C before use.

2.4. Synthesis of C3N, nanosheets

The C3N4 nanosheets (CNNS) were synthesized from bulk graphitic-
phase carbon nitride (g-C3N4) liquid exfoliation route in water accord-
ing to literature [31]. First, the g-C3N4 was synthesized by polymeriza-
tion of melamine. Then 100 mg bulk g-CsN4 powder was added into
100 mL water, and kept ultrasonication for 16 h to dissolve the g-C3N4
precipitate. The well-distributed CNNS was centrifuged at 5000 rmp
for 20 min to remove the excess bulk g-C3N4 and large size of g-C3Ny4
nanoparticles and nanosheets, which offered a pretty uniform size for
the construction of PEC sensors. The as-prepared CNNS solution was
stored at room temperature.

2.5. Construction and Cu?™ detection of PEC sensor

An ITO glass was cut into 4.5 cm x 0.8 cm slices to suit for PEC detec-
tion. ITO slices were cleaned by bathing in 0.5 M NaOH and 10% H,0, for
10 min, sequentially. After bathed in acetone for another 30 min, the
slices were washed by ultrapure water, and then dried at 37 °C. 10 pL
as-prepared CdTe QDs solution was dropped onto the ITO electrode
and dried at 37 °C to obtain CdTe QDs modified electrode. Then the
CdTe QDs modified electrode was coated by certain concentration
CNNS, and dried at 37 °C to construct the CdTe/CNNS photocathode.
The hybrid photocathode was used as the working electrode for PEC de-
tection. For Cu?>* detection, 10 pL certain concentration Cu?* standard
stock solution was dropped onto a working electrode, following dried
at room temperature. After constructing the photocathode, the whole
assay can be achieved in 15 min.

The time-dependent photocurrent, intensity-modulated photocur-
rent spectroscopy (IMPS) and intensity-modulated photovoltage spec-
troscopy (IMVS) measurements were performed under light
excitation of 405 nm in 10 mM Tris-HCI solution containing 0.1 M
NaCl. The intensity of light source was based on specific situation in-
creasing from 10 to 150 W m 2.

The human hair sample was digested with the mixture of 70% (W/
W) nitric acid and 60% (W/W) perchloric acid (3:1 V/V). The as-
prepared sample solution was diluted and neutralized to pH 6 with
1 M NaOH solution before use. The human hair sample was analyzed
in a manner similar to that described above.

3. Results and discussion
3.1. Characterization of CNNS and QDs
The well-distributed CNNS was synthesized by a “green” liquid exfo-

liation route from bulkg-C3N,4. The average diameter of CNNS measured
from the TEM images is around 100 nm (Fig. 1A). Meanwhile, the UV-
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Vis spectrum of as prepared CNNS showed an absorption band in cen-
tered at around 316 nm (Fig. 1B, curve a), which is attributed to its’ in-
trinsic absorption edge and could be a basis of calculating the band gap
(~2.7 eV) of CNNS [31]. These typical characteristic indicates the suc-
cessful preparation of CNNS, and the good dispersibility is favorable
for constructing biosensing platform.

CdTe QDs shows a wide absorption band with an absorption peaks at
565 nm in UV-Vis spectrum (Fig. 1B, curve b). According to the Peng’s
empirical equation [32], the diameter and concentration of the
redispersed QDs solution was estimated to be 3.4 nm and 1.5 pM, re-
spectively. Combining with the redox couple of QDs modified ITO elec-
trode (Fig. 2A), the energy levels of CB and valence band (VB) of QDs are
determined as around 3.65 eV and 5.60 eV, respectively [33]. Based on
the appropriate band alignment between CdTe QDs and CNNS, the
CdTe/CNNS photocathode was constructed for the following
experiments.

3.2. SEM morphology of photocathode

The SEM images of CdTe QDs modified electrode show a uniform dis-
tribution of QDs on the ITO electrode (Fig. 1C), while porous nanosheets
structure were observed on the CdTe/CNNS photocathode (Fig. 1D). The
cross-sectional SEM image for the CdTe/CNNS photocathode shows that
the thickness of the CdTe QDs and CNNS layer is 294 + 2.5 nm and
130 + 2.8 nm, respectively (Fig. 1D, inset). These data identified well
construction of hybrid photocathode via the stepwise fabrication.

3.3. PEC behaviors of photocathode

Fig. 2B depicts the photocurrent responses of CdTe/CNNS photo-
cathode (Fig. 2B, curve a) and CdTe QDs modified electrode
(Fig. 2B, curve b). Under 405 nm light irradiation, the CdTe QDs mod-
ified electrode generated a photocurrent around 750 nA through
charge separation of electron-hole pairs. After hybridizing with
CNNS, around 100% improvement of photocurrent was detected in
the CdTe/CNNS photocathode system. This should be attributed to
the formation of heterojunction between the two materials, which
could force photo-generated electrons and holes moving in the op-
posite direction to avoid charge recombination, thus improving the
charge separation efficiency [34].

Considering the energy levels of CdTe QDs and CNNS [16], the
heterojunction structure on the surface of hybrid photocathode
was confirmed by the current-voltage (I-V) curves. The appearance
of electrical breakdown in I-V curve of photocathode is the typical
characteristic for the formation of heterojunction (Fig. 2C). To fur-
ther understand the improvement of photocurrent, IMPS and IMVS
experiments have been employed to evaluate the electron transit
time (7q) and electron lifetime (7,) of both CdTe QDs modified elec-
trode and CdTe/CNNS photocathode (Fig. 2D). By applying a pertur-
bation signal on the light source, the 74 and 7, were calculated by
the expression 74 = (1/2)mfvps, and 7, = (1/2)fimvs (the fis the fre-
quency of the minimum IMPS and IMVS imaginary component), re-
spectively [35]. As shown in Fig. 2D, with the light intensity
increasing from 10 to 150 W m ™2, the 74 decreased and had negative
correlation with light intensity. The 74 of the CdTe/CNNS photocath-
ode (about 0.8—1.2 ms) under different light intensity is shorter
than that of the CdTe QDs modified electrode (about 1.0—1.4 ms),
which is attributed to the formation of heterojunction, thus leading
to a considerable improvement of photocurrent. Meanwhile, the 7,
which characterizes the recombination processes of electrode, was
measured by IMVS under 100 W m~2. The average lifetime
(Fig. 2D, inset) of CdTe/CNNS photocathode (115.4 ms) was longer
than that of the CdTe QDs modified electrode (78.3 ms), confirming
that the recombination process was inhibited by the formation of
heterojunction. The high efficiency of charge separation significantly
increased the PEC behavior of hybrid photocathode.

34. Quenching mechanism of Cu?*

The photocurrent of the PEC system was quenched obviously, when
Cu?*™ was introduced onto the CdTe/CNNS photocathode surface
(Fig. 2B, curve c). Considering that the sedimentation equilibrium con-
stant of CuS (8 x 1072%) is much smaller than that of CdS (7 x 107%7),
S atoms on the surface of CdTe could strongly adsorbed Cu®*. The XPS
spectrum of Cu2ps,, on the hybrid photocathode incubated with
0.1 mM Cu?* showed the interaction between Cu and S atoms on the
surface of CdTe. The binding energy of Cu2ps, splits into three parts
with peak values of 931.4, 932.3 and 933.3 eV (Fig. 3A), which repre-
sented the existence of Cu', Cu,S at the mixed valence state, and Cu®™,
respectively. The redox energy level of Cu' took place between VB and
CB of the QDs, resulting in the formation of the trapping sites [29], and
thus decreasing the cathode photocurrent response. Meanwhile, the
binding energy of N1s splits into 398.5 (C—N=C), 399.0, 399.6
(N—Cs), 400.7 (C—N—H) and 401.5 eV on the surface of hybrid photo-
cathode (Fig. 3B). The presence of 399.0 and 401.5 eV could be attribut-
ed to complex formation between Cu?™ and amino/imino functions of
CNNS [20], and thus photoinduced electron transfer (PET) should
occur from the CB of CNNS to the complexed Cu®™ [36]. Therefore, the
quenching effect is attributed to the exciton trapping produced on the
surface of CdTe QDs and PET process between CNNS and Cu™, providing
the feasibility for sensitive determination of Cu>*.

3.5. Optimization of detection conditions

To obtain the good performance, the following experiments were
carried out to optimize the several key parameters. Firstly, the pH of
electrolyte significantly influenced the PEC behavior of photocathode
(Fig. 4A). In the examined pH range, with the pH increasing from 6.0
to 9.0, the photocurrent decreased. Considering the slight difference of
photocurrent between pH 6.0 and 7.0, and further application in physi-
ological conditions, pH 7.0 HCI-Tris buffer was chose as the electrolyte.
The light intensity is other important parameter for photocurrent inten-
sity (Fig. 4B). The photocurrent increased with the light intensity in-
creasing from 55 to 130 W m™2. Taking into account the photocurrent
under 100 W m~2 was large enough to construct biosensor, and the en-
ergy saving and biocompatibility, we chose 100 W m~—2 as the detection
light intensity. Also, the photocurrent depended on the concentration of
CNNS modified on the electrode (Fig. 4C). The PEC behavior of hybrid
photocathode reached a maximum value when the concentration of
CNNS is at 1 mg mL™". Therefore, 1 mg mL™" was chosen as the exper-
imental concentration.

3.6. PEC detection of Cu?™*

Under the optimal conditions, the CdTe/CNNS photocathode was
used to establish a PEC sensor for Cu>* (Fig. 5A). Photocurrent (I,) de-
creased with the concentration of Cu?" increasing, and the calibration
plot showed a good linear relationship between the quenching coeffi-
cient (I/Ip) and the logarithm value of Cu?* concentration in a range
of 20 nM to 100 pM (Fig. 5B). The linear equation was calculated to be
I/lo = —0.87 — 0.24 log c with a correlation coefficient of 0.990. The de-
tection limit was calculated as 3.3 nM at 30, which was lower than ZnO/
CdS hierarchical nanosphere based anodic PEC sensor [37]. The low de-
tection limit and wide linear range of the proposed PEC sensor may be
attributed to the low background from separation of excitation and de-
tection signals, and the dual quenching effect of Cu?™ on the hybrid
photocathode.

3.7. Stability of PEC biosensor
The stability of PEC biosensor was investigated by eight mea-

surements of photocurrent peaks, through turning light source on
and off, in the absence and presence of 50 uM Cu?* (Fig. 6). The
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Fig. 1. (A) TEM image of CNNS, (B) UV-Vis absorption spectra of 1 mg mL™"' CNNS (a) and as-prepared QDs (b), SEM images of (C) CdTe QDs modified electrode, and (D) CdTe/CNNS

hybrid photocathode. Inset: Cross-sectional SEM image of CdTe/CNNS photocathode.
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Fig. 2. (A) Cyclic voltammetries in N,-saturated PBS at CdTe QDs modified electrode, Scan rate: 100 mV s~ . (B) Photocurrent of CdTe/CNNS hybrid photocathode (a), CdTe

QDs modified electrode (b) and hybrid photocathode incubated with 0.1 mM Cu?®* (c

) in air-saturated PBS. (C) I-V curves of CdTe/CNNS photocathode (a) and CdTe QDs

modified electrode (b) in air-saturated PBS. (D) Dependence of the electron transit time, 74 of CdTe QDs modified electrode (a) and CdTe/CNNS photocathode (b) under
10, 50, 100, 150 W m~2 measured by IMPS measurement. Inset: IMVS imaginary component under 100 W m~2 of CdTe QDs modified electrode (a) and CdTe/CNNS photo-

cathode (b).

relative standard deviations (RSDs) were 1.7% and 1.8%, which in-
dicated acceptable stability and reliability of the PEC sensor. Mean-
while, the inter-assay precision of five photocathodes was
examined at 50 uM Cu?", and RSD of the five measurements was

4.7%, showing the acceptable fabrication reproducibility. Further-
more, the photocurrent of photocathode decreased to 91.5+ 3.0%
after storage at 4 °C in air condition for 15 days, showed good stor-
age stability.
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3.8. Selectivity of PEC biosensor

To further study the selectivity of proposed PEC biosensor, some cat-
ions such as Mn?™, Mg?™, Co?*, Fe3T, Hg?*, Ni®*, Cd?>* and Pb?>* were
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Fig. 6. Stability of hybrid photocathode before (a) and after (b) incubated with 50 uM
Cu?™.

chosen as interferences, and the photocurrent was detected under the
same conditions (Fig. 7). No significant response was observed at
10 uM of those interferences compared to the same concentration of
Cu?™, indicating a good ability of anti-interference for Cu?>™ detection.

3.9. Application in human hair sample

In order to evaluate the prospects of proposed strategy, the present
PEC sensor was applied to detect Cu element in a human hair sample.
The copper element content detected through our method was
12.6 ug g~ !, which was close to the value of 10.1 pg g~ ' obtained from
inductively coupled plasma spectrometry. When spiked with 3 uM,
6 uM and 12 uM Cu?™ standard solution, the recoveries was detected
tobe92.3 £ 13.9%,103.2 4 4.3% and 92.2 + 2.4%. The experiment result
indicated the good precision of the PEC sensor, showing the potential
application for detection of real samples.

4. Conclusions

The hybrid photocathode was successfully established by stepwise
assembly of CdTe and CNNS as the sensitized PEC materials for
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photoelectrochemical biosensing. The hybrid photocathode demon-
strated an obvious improvement on photocurrent in the absence of
exogenous coreactant due to the formation of heterojunction
through contact of two semiconductor materials. High
photoconversion efficiency in this PEC system can be explained by
the extension of electron transit time and electron lifetime. As a
model analyte, Cu?™ could be selectively adsorbed on both the sur-
face of CdTe and CNNS to decrease the photocurrent. The quenching
effect is conducted to the exciton trapping on the surface of CdTe QDs
and PET process between CNNS and Cu?*. Based on the dual
quenching effect of Cu®?™, the hybrid photocathode showed a good
performance with a wide linear response range, low detection limit
to nanomole and high selectivity, and was successfully achieved
the detection of Cu?>™ in human hair samples. The CNNS-sensitized
photocathode provides a good alternative for enhancement of the
PEC signal transduction and could be widely used in biosensing and
clinical diagnosis.
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