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ABSTRACT: Hindering the recombination of a photogenerated carrier is a
crucial method to enhance the photoelectrochemical performance of ZnO due to
its high exciton binding energy. Herein, the intramolecular donor−acceptor
compensated semiconductor ZnO (I-D/A ZnO), introducing C dopants and
oxygen vacancies, was prepared with the assistance of ascorbic acid (AA).
According to the DFT calculations, the asymmetry DOS could lead to the longer
carrier lifetime and the smaller electron transfer resistance. Then, the
photoelectrochemical biosensor toward glucose was regarded as a model to
discuss the application of ZnO in biosensors. As a result, the biosensor based on I-
D/A ZnO showed good performance with high sensitivity, low limit of detection,
and fine anti-interference, meaning that I-D/A ZnO is a promising semiconductor
for photoelectrochemical biosensors.
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1. INTRODUCTION

Photoelectrochemical technologies have been widely used in
various fields including energy conversion,1−4 detection,5,6 and
photoelectrochemical biosensors.7−12 For photoelectrochem-
ical biosensors, a consensus has been reached that the
semiconductor plays the crucial roles in achieving high
performances.13−16 ZnO as a well-known semiconductor for
photoelectrochemical technology could provide many advan-
tages such as low toxicity, environmental sustainability,
piezoelectric properties, and high electron mobility.17−20

However, the large band gap of ZnO limits the light response
range,21 and large exciton binding energy results in the short
lifetime of photogenerated carriers.22 According to the
literatures, C-doping could introduce the acceptor levels
above the valence band maximum (VBM) in ZnO,17,23,24

and oxygen vacancy could introduce the donor levels below the
conduction band minimum (CBM).25−28 As a result, both are
the feasible methods to reduce the band gap and prolong the
carrier lifetimes of ZnO, accordingly improving the photo-
electrochemical performances. However, either C-doping or
introducing oxygen vacancies in ZnO could not stabilize the
photogenerated electrons and photogenerated holes simulta-
neously.
Building donor−acceptor (D/A)-conjugated organic semi-

conductors is an effective method toward adjusting the
electronic structures of organic semiconductors. Due to the
advantages in dissociating excitons,29 spatially separating
charges,29 tuning the charge-transfer-based emission,30 rapid

charge transfer,31 and generating long-lived charge-transfer
states,32 D/A-conjugated organic semiconductors have been
extensively investigated and applied in solar energy conversion
systems.33−39 According to the research results of D/A-
conjugated organic semiconductors and ZnO, it was proposed
that the intramolecular D/A compensated semiconductor ZnO
(I-D/A ZnO) with high performance could be prepared via C-
doping and creating oxygen vacancies simultaneously because
of the effectively dissociating excitons.
Herein, I-D/A ZnO containing C dopants and oxygen

vacancies was prepared with the assistance of ascorbic acid
(AA) in this work. The structures and photoelectrochemical
performance of the resultant I-D/A ZnO have been system-
atically characterized. Then, the density functional theory
(DFT) calculation was carried out to discuss the relationship
between photoelectrochemical performances and the elec-
tronic structures of I-D/A ZnO. It found that I-D/A ZnO with
the asymmetry DOS results in the longer carrier lifetime and
the smaller electron transfer resistance, which lead to the better
photoelectric performance. Finally, the glucose enzyme
biosensor was constructed as a model to determine the
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application potential of I-D/A ZnO in the photoelectrochem-
ical biosensors.

2. EXPERIMENTAL SECTION

2.1. Preparation of I-D/A ZnO. All chemicals were analytical-
grade reagents without further purification. In a typical experiment, a

solution containing 40 mM Zn(NO3)2·6H2O, 0.2 M urea, 50 mM

cetyltrimethlammonium bromide (CTAB), and 5 mM AA was

prepared. Then, the aforementioned solution and the cleaned FTO

were transferred into a Teflon-lined autoclave at 100 °C for 6 h. Then,

the sample was marked as AA−ZnHC. Subsequently, AA−ZnHC was

calcinated at 350 °C for 6 h to obtain I-D/A ZnO. For comparison,

Figure 1. SEM images of AA−ZnHC (A,B) and I-D/A ZnO (D,E) and TEM images of AA−ZnHC (C) and I-D/A ZnO (F).

Figure 2. XRD spectra of (A) ZnHC and AA−ZnHC and (B) ZnO and I-D/A ZnO; XRD pattern refinements of (C) ZnO and (D) I-D/A ZnO;
and (E) XRD refinement results of ZnO and I-D/A ZnO.
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ZnO was prepared without AA, and the detail is given in the
Supporting Information.
2.2. Fabrication of the Photoelectrochemical Biosensor

Electrode. The photoelectrochemical biosensor was fabricated as
follows: 50 μL of Au nanoparticles (Au NPs, the synthesis process is
given in the Supporting Information) was deposited onto the surface
of I-D/A ZnO and dried at 50 °C. Then, 20 μL of glucose oxidase
(GOD, 10 mg/mL) was deposited onto its surface and stored at 4 °C.
The detection performance toward glucose was investigated using the
electrolyte containing 10 mM AA, and the details are given in the
Supporting Information.

3. RESULTS AND DISCUSSION
As shown in Figure 1, AA−ZnHC (Figure 1A,B) is composed
of nanoflakes and the morphology could be maintained after
annealing (Figure 1D,E). Compared with the samples of
ZnHC and ZnO (Figure S1), both AA−ZnHC and I-D/A
ZnO show nanoflakes being thinner in a high density of
growth. Furthermore, the nanoflakes of I-D/A ZnO are made
of nanoparticles (Figure 1F), but the nanoflakes of ZnO are
complete units with nanopores (Figure S1F). In addition,
HRTEM was used to analyze the crystalline interplanar spacing
of the samples. According to Figure S2, the crystalline
interplanar spacing of ZnHC and AA−ZnHC was related to
Zn4CO3(OH)6·H2O (PDF#11-0287), while the crystalline
interplanar spacing of ZnO and I-D/A ZnO belongs to (101)
in ZnO (PDF#36-1451). Meanwhile, the lattice fringes of I-D/
A ZnO was unclear compared with that of ZnO, suggesting the
low crystallinity of I-D/A ZnO, which is consistent with the
results of SAED (inset in Figures 1 and S1).
The XRD patterns of ZnHC and AA−ZnHC belong to

Zn4CO3(OH)6·H2O (PDF#11-0287) without any impurity
peaks (Figure 2A). The broadened peaks of AA-ZnHC
indicate its low crystallinity (Figure 2A), in accordance with
the TEM results (Figures 1 and S1). After annealing, the peaks
of ZnO and I-D/A ZnO (Figure 2B) were assigned to wurtzite

ZnO (P63mc, PDF#36-1451). To analyze the difference of the
fine structure between I-D/A ZnO and ZnO, the XRD
refinement has been employed,40 and the results are shown in
Figure 2C−E. The XRD spectra of ZnO and I-D/A ZnO could
be fitted well with the acceptable Rw of 6.99% (Figure 2C) and
7.45% (Figure 2D), respectively. However, the crystal lattice
parameters extracted from the refinement results of I-D/A
ZnO are shrunken as compared with those of ZnO, which may
be resulted from the defect production in the crystal lattice.
Moreover, the grain size of I-D/A ZnO becomes smaller due to
the high nucleation rate when AA was added.
Raman, XPS, and EPR were implemented (Figure 3) to

investigate the defects in I-D/A ZnO and ZnO. The peaks in
Raman spectra at 99 and 437 cm−1 are assigned to wurtzite
ZnO (Figure 3A), while the broadened peaks from 500 to 600
cm−1 are attributed to the oxygen defects.41,42 In addition, the
peak area of I-D/A ZnO from 500 to 600 cm−1 is larger than
that of ZnO, which suggests that more oxygen defects
appeared in I-D/A ZnO compared with ZnO. Furthermore,
the oxygen defects were characterized by XPS and EPR. In the
O 1s XPS spectra (Figure 3B), the peak 1 at ∼531.6 eV
belongs to the loosely bound oxygen in the defects, and the
peak 2 at ∼530.3 eV belongs to the lattice oxygen. Then, the
higher area ratio of the peak 1 for I-D/A ZnO indicates the
larger number of loosely bound oxygen in I-D/A ZnO.
Meanwhile, more oxygen vacancies in I-D/A ZnO could be
confirmed from the EPR results. The stronger peak near g =
1.95 for I-D/A ZnO in comparison with that for ZnO at the
EPR spectra suggests more oxygen vacancies in the surface
(Figure 3C). Meanwhile, an additional peak at g = 1.998 in
EPR of I-D/A ZnO (Figure 3C) explains the existence of VO

+

in the sample. Based on the abovementioned systematic
analysis, I-D/A ZnO contains more oxygen vacancies
compared with ZnO. To clarify the chemical states of C in
samples, Zn 2p high-resolution XPS spectra were recorded

Figure 3. (A) Raman spectra, (B) O 1s high-resolution XPS spectra, (C) EPR spectra, and (D) Zn 2p resolution XPS spectra of ZnO and I-D/A
ZnO.
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(Figure 3D). Two peaks could be recognized from the Zn 2p
XPS peak (Figure 3D) in I-D/A ZnO, which correspond to
Zn−O and Zn−C bonds and indicating that carbon was doped
in I-D/A ZnO. Meanwhile, only one peak belonging to the
Zn−O bond could be found in the XPS of Zn 2p in ZnO
(Figure 3D), negating the C-dopants in ZnO. In addition,
photoluminescence (PL) spectroscopy is an important method
to characterize the defects in ZnO. According to the result
(Figure S3D), the PL peaks at ∼513.2 and ∼523.2 nm are
attributed to the existence of different oxygen vacancies.
However, a new peak at 492.4 nm could be only found in I-D/
A ZnO, which is due to the C-dopants in I-D/A ZnO.
Based on the abovementioned analysis, addition of AA

during the preparation process could lead to low crystallinity,
small grain size, and the coexistence of C-doping and oxygen
vacancies in I-D/A ZnO. Actually, AA plays the essential roles
in adjusting morphology and composition of ZnO during the
synthesis. When AA was added, the complex [CTAB−AA−
Zn2+−AA]n formed, which could hinder the desorption of
CTAB from ZnHC.43 Therefore, the crystals grow slowly and
the fusion among crystals is obstructed. Consequently, I-D/A
ZnO shows low crystallinity and small grain size. On the other
hand, AA is an effective reducing agent and usually used as a
carbon dopant source, simultaneously. Therefore, oxygen
vacancies could be introduced into I-D/A ZnO during the
annealing process due to the reduction effect of AA on ZnO,
and C-doping could be created in I-D/A ZnO via diffusion of
carbon species from AA decomposition.
The photoelectrochemical response was investigated in the

electrolyte at 0.4 V versus Ag/AgCl (Figure S3A). It showed
that the photocurrent of I-D/A ZnO was 1.7 times higher than
that of ZnO, while the result of UV−vis diffuse reflectance
spectroscopy (UV−vis DRS) indicated that the absorbance
and band gaps (∼3.14 eV) of two samples were similar (Figure
S3B,C). Thus, variations on light absorption are not the main

reasons for improving the photoelectrochemical response of I-
D/A ZnO. To investigate the reasonable explanation for
enhancement of performances, carrier dynamic behavior in
different samples was discussed.
The open-circuit photovoltage decay (OCPVD) was used to

analyze the lifetimes of photogenerated carriers (τ) in
accordance with the following equation (Figure 4A)6,44

τ =
−i

k
jjj

y
{
zzz

k T V
te

d
d

B OC
1

(1)

where kB is the Boltzmann constant, T is the thermodynamic
temperature, e is the elementary charge, VOC is the open-circuit
voltage, and t is the detection time.
According to eq 1, the plots of lifetime versus open-circuit

voltage are shown in Figure 4B. It could be found that the
lifetime of photogenerated carriers in I-D/A ZnO is longer
than that of ZnO. According to Table 1, the lifetime of carries

in I-D/A ZnO is about two times longer than that of ZnO,
suggesting the synergistic effect of C-doping and oxygen
vacancy self-doping on prolonging the carrier lifetime. The
electrochemical impedance spectra (EIS) and the equivalent
circuit fitting were used to compare the interface electron
transfer behaviors of ZnO and I-D/A ZnO (Figure 4C,D). The
electron transfer resistance (R2) and the Warburg resistance
(W2) were estimated from EIS spectra and are listed in Table
1. Compared with ZnO, R2, and W2 for I-D/A ZnO become

Figure 4. (A) Open-circuit photovoltage decay curves and (B) lifetime of photogenerated carriers of ZnO and I-D/A ZnO; EIS spectra and their
equivalent circuits of (C) ZnO and (D) I-D/A ZnO.

Table 1. Comparison of Electronic Behaviors Between ZnO
and I-D/A ZnO

ZnO I-D/A ZnO

τ at 0 V (s) 2.36 4.93
R2 (Ohm) 2121 1790
W2 (Ohm·s−1/2) 20,800 13,816
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smaller, suggesting the excellent performance of the interface
electron transfer. The reduction of R2 in I-D/A ZnO should be
attributed to the co-doping of carbon and oxygen vacancies,
while the reduction of W2 should be attributed to the
nanoflake structure with nanoparticles.
To comprehensively understand the differences of perform-

ances between ZnO and I-D/A ZnO, the resistivity (Table S1)
and Mott−Schottky curves (Figure S4) were recorded for

analyzing their conductive and carrier concentration. As shown
in Table S1, the resistance of ZnO is higher than that of I-D/A
ZnO. According to law of resistance, the resistivity could be
estimated. Also, the results show that the resistivity of ZnO
(0.033 Ω·cm) is lower than that (0.041 Ω·cm) of I-D/A ZnO,
which suggests a better electric conduction toward ZnO. On
the other hand, Mott−Schottky claimed the higher carrier
density (ND) in ZnO, which is in accordance with the

Figure 5. Comparison of the total and projected density of states of (A) ideal ZnO, (C) ZnO, and (E) I-D/A ZnO. The atomic structures of (B)
ideal ZnO, (D) ZnO, and (F) I-D/A ZnO.
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resistivity results. All these results imply that I-D/A ZnO is a
donor−acceptor compensated semiconductor, and further
proof and discussion will be shown by DFT calculations.
The electronic densities of state (DOSs) in ideal ZnO (i-

ZnO), ZnO, and I-D/A ZnO were calculated with the DFT.
According to the calculation results, a band gap of ∼2 eV
(Figure 5A) could be obtained for i-ZnO (Figure 5B), which is
much smaller than the experimental value (∼3.27 eV). This
result is attributed to the shortcoming of the GGA function in
DFT calculation.45,46 When the oxygen vacancy was
introduced (Figure 5C), the projected density of states
(PDOS) of O 2p in the CB is reduced; however, the PDOS
of Zn is expanded to the position below the CBM as a donor
level. This result suggests that ZnO is the n-type semi-
conductor with a smaller band gap (3.14 eV according to the
experiment). Compared with ZnO, introduction of carbon into
ZnO (Figure 5E) could not only create new acceptor levels,
which composed of the PDOS of C 2p and O 2p above the
VBM, but also remain the donor level, which composed of the
PDOS of Zn below the CBM. In other words, the donor level
and acceptor level coexist in I-D/A ZnO. This result proved
that I-D/A ZnO is the donor−acceptor compensated semi-
conductor. The conclusion is consistent well with the
photoluminescence spectroscopy, resistivity, and Mott−
Schottky test results.
Furthermore, compared with ZnO, I-D/A ZnO shows a

higher DOS near the Fermi level (Figure 5C,E), which may
provide more electrons for taking part in the electrochemical
reactions. Moreover, the asymmetry DOS near the VBM and
CBM in I-D/A ZnO implies that unpaired electrons are
allowed to exist in I-D/A ZnO (Figure 5E), which would
increase the electrochemical reaction activity. As a result, I-D/
A ZnO shows the better photoelectrochemical performance.
On the other hand, the acceptor and donor levels play

synergistic roles in enhancing the photoelectrochemical
performance of I-D/A ZnO. In fact, the acceptor and donor
levels could stabilize photogenerated holes and photogenerated
electrons, respectively. As a result, the photogenerated excitons
could be easily dissociated by the donor−acceptor levels, and
the recombination of photogenerated carriers could be
effectively hindered, which may prolong the lifetime of carries,
statistically.
To evaluate the application potential of I-D/A ZnO in the

photoelectrochemical biosensors, the glucose enzyme bio-
sensor was constructed as a model. For the preparation of a
photoelectrode, Au NPs were decorated on the electrode to
immobilize GOD and enhance the photoelectrochemical
performance due to the surface plasmon resonance (SPR),
which is similar to the gas sensor.47,48 The detection was
processed with the competition mechanism in the electrolyte
containing AA according to our previous work.49 AA as a core
reagent could introduce a competitive response to improve the
performance of the glucose photoelectrochemical biosensor,
and the detection mechanism is described in detail as follows.
In the case of the electrolyte without glucose, AA will be

oxidized into dehydroascorbic acid (DHAA) by photo-
generated holes (equation 2 in Figure 6), and photogenerated
electrons in the CB will flow throughout the external circuit to
form a stable photocurrent response. In this state, the
photocurrent response is the strongest. Once glucose was
added in the electrolyte, glucose will be oxidized into gluconic
acid and H2O2 by GOD (equation 3 in Figure 6). The
generated H2O2 will reduce the photocurrent through the

following two paths: (1) H2O2 could be reduced by the
photogenerated electrons in the CB (equation 4 in Figure 6)
and thus the photocurrent would be abated because of the
consumption of photogenerated electrons in the CB; (2) H2O2
could react with AA to produce H2O and DHAA (equation 5
in Figure 6), cutting down the concentration of AA at the
electrode surface. As a consequence, the reaction rate of
photohole-induced oxidation of AA will be decreased
(equation 2 in Figure 6), and thus, the photocurrent would
be further reduced. In this detection system, as both H2O2 and
photogenerated holes could consume AA, a competitive
response could be built between equations 2 and 5 in Figure
6, which could be used to effectively detect the concentration
of glucose. Also, photocurrent weakened with the increase of
glucose concentration.
Figure 7A shows that the photoelectrochemical responses

decreased with the increase of the concentration of glucose
(Figure 7B), and the responses include two linear ranges (0−
10 and 10−15 mM). A high sensitivity of 8.58 μA·cm−2·mM−1

and a low limit of detection of 39 μM (S/N = 3) could be
observed at the low concentration range (0−10 mM), and a
sensitivity of 3.86 μA·cm−2·mM−1 and a limit of detection up
to 15 mM could be found at the high concentration range
(10−15 mM). In summary, the glucose photoelectrochemical
biosensor consisting of I-D/A ZnO shows a good performance
with the large detection range up to 15 mM, low limit of
detection of 39 μM, and considerable sensitivity of 8.58 μA·
cm−2·mM−1 in low concentration (0−10 mM). Meanwhile, the
glucose photoelectrochemical biosensor based on ZnO was
analyzed under the same condition (Figure 7C,D). As a result,
the lower sensitivity of 6.49 μA·cm−2·mM−1, higher limit of
detection of 360 μM (S/N = 3), and the narrower linear range
from 1 to 8 mM could be obtained, which shows poor
performance than that of the biosensor based on I-D/A ZnO.
These results imply that I-D/A ZnO is a better material than
ZnO for the photoelectrochemical biosensor. At last, the
detection performances were given in previous literature
reports (Table S2) and were used for comparison. It is
found that the photoelectrochemical biosensor-based I-D/A
ZnO toward glucose shows good performance in sensitivity
and detection linear range.
To further evaluate the performance of the glucose enzyme

photoelectrochemical biosensor-based I-D/A ZnO, anti-
interference capability and stability tests were carried out.

Figure 6. Detection mechanism for the glucose photoelectrochemical
biosensor and the related reaction equations.
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The stability was determined by measuring the photo-
electrochemical response 10 times under the same conditions,
and the result shows excellent stability with a low RSD of 2.8%.
For analyzing the anti-interference capability, NaCl, dopamine,
AA, and sucrose were selected as the references. Also, the
concentration of NaCl was 1 mM, and those of others were
one-tenth that of glucose. The photoelectrochemical response
of glucose was set as 100%. As shown in Figure S5, the
photoelectrochemical responses of references were −0.47% for
NaCl, −4.67% for dopamine, 4.43% for AA, and −3.15% for
sucrose. All of them were lower than 5%, which suggest the
fine anti-interference capability toward NaCl, dopamine, AA,
and sucrose. Meanwhile, the application of the biosensor based
on I-D/A ZnO in serum was assessed. The serum was not
pretreated, except diluted with the electrolyte. The actual
concentration of glucose was detected in the hospital through
the hexokinase method. As a result, the recovery of the sample
was 104.5% for 4.4 mM. In summary, the biosensor based on I-
D/A ZnO shows good performance with high sensitivity, low
limit of detection, excellent stability, and fine anti-interference
capability, which is mainly attributed to the coexistence of
donor levels and acceptor levels, which optimizes carrier
behaviors of I-D/A ZnO.

4. CONCLUSIONS

I-D/A ZnO with the coexistence of C-dopants and oxygen
vacancies was successfully prepared with the assistance of
ascorbic acid. C dopants and oxygen vacancies result in the
coexistence of donor and acceptor levels in I-D/A ZnO, which
has been proven through the analysis of DOS according to
DFT calculations. I-D/A ZnO with an asymmetry DOS
exhibits the prolonged carrier lifetime and reduced electron
transfer resistance, resulting in an enhanced photoelectro-
chemical performance. Finally, the excellent photoelectro-
chemical detection performances toward glucose suggest that

I-D/A ZnO is a promising semiconductor for applications on
photoelectrochemical biosensors.
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