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mical enzymatic sensor for
glucose based on Au@C/TiO2 nanorod arrays†
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In this work, a photoelectrochemical (PEC) glucose biosensor was synthesized on the basis of a type of

Au@C/TiO2 composite by using an unsophisticated secondary hydrothermal strategy. The compounded

Au@C/TiO2 material was characterized by XRD, SEM, TEM, UV-vis, and XPS to identify the composition

and the purity of the phase. Glucose oxidase (GODx) was immobilized on the Au@C/TiO2. The PEC

biosensor presented satisfactory stability and outstanding reproducibility. The range and the sensitivity of

the linear measurement were 0.1–1.6 mM and 29.76 mA mM�1 cm�2, respectively, and the detection limit

was low (0.049 mM). The GODx/Au@C/TiO2/FTO biosensor presented excellent efficiency in detecting

glucose, suggesting the great potential application of this synthesized material in PEC biosensors.
1. Introduction

Photoelectrochemical (PEC) biosensors have drawn great
attention recently because of many advantages, such as low
background, low cost, and high sensitivity.1 PEC biosensors are
dependent on photoactive semiconductor nanomaterials and
exhibit excellent performance. Particularly, its photoactivity has
an essential part in the determination of the function of
biosensors in analysis.2,3

TiO2, a semiconductor with a wide n-type band gap, is
considered as a promising material in the detection of
biomolecules in the heterogeneous photocatalysis due to its
high chemical stability, low cost, nontoxicity, and excellent
oxidizing power.4–7 Compared with other semiconductor mate-
rials, TiO2 is suitable to be applied in photocatalytic activities
because of its high photoactivity and porosity.8,9 Nonetheless, as
a kind of photocatalyst, TiO2 is not used extensively due to large
band gap energy (Eg ¼ 3.2 eV), and fast recombination rate of
photoelectron–hole pairs, which limits the utilization of TiO2 in
the visible light range.10,11 Several methods, such as dye bonding
on the surface of TiO2, metal nanoparticles and nonmetal
deposition, connecting narrow-band gap semiconductors, can
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be used to enhance the activity of the visible light for TiO2 and
solve the aforementioned problems.12–14

Glucose (Glu) is considered as the main source for gener-
ating energy in cellular modulation and metabolism and shows
an important position in the cellular growth. The lack or the
excess of Glu may cause adverse effects on the function of cells.
The sensitive and rapid assessment of the level of Glu, as one of
the indicators for diabetes, in the urine and the blood is
important.15–18

Generally, carbon (C) owns inherent benets, including high
stability, low cost, and improved electrical conductivity, and
better biocompatibility. Moreover, C materials can improve the
adsorption of enzymes and increase the detection range and the
sensitivity of the enzyme sensors. Given that metal NPs(nano-
particles) can concentrate light near the semiconductor/liquid
junction to generate photocarriers that can reach the inter-
face, the proper integration of the surface plasmon resonance
(SPR) enhanced photoelectrochemistry and well-designed bio-
logical reactions is possible and provides great opportunities for
new biomolecule detection.19 Moreover, the nanoparticles made
of noble metal can produce intermediates that can capture or
transfer photo-generated electrons.20

Therefore, TiO2 nanorods, a novel enzyme Glu sensor, is
constructed by integrating the advantages of C and Au. The
synthesis of Au@C/TiO2 nanorod arrays (NRAs) is shown in
Scheme 1. The TiO2 NRAs are obtained using a common
hydrothermal approach. Au nanoparticles and the C shell are
deposited onto the surface of TiO2 NRAs by using the secondary
hydrothermal approach. The PEC biosensor of Glu is developed
using Glu oxidase (GODx) over the surface of Au@C/TiO2 NRAs,
which is coated with the electrode of F-doped SnO2 (FTO). The
acquired PEC biosensor presents satisfactory reproducibility
and outstanding stability. Additionally, the detection limit is
low (0.049 mM). The range of linear measurement and the
RSC Adv., 2020, 10, 44225–44231 | 44225
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Scheme 1 Au@/C/TiO2/FTO fabrication.
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sensitivity of the PEC biosensor are 0.1–1.6 mM and
29.76 mA mM�1 cm�2, respectively.

2. Experimental
2.1. Reagents and materials

Outhwaite New Energy Company provided FTO glasses. Tetra-
butyl titanate (C16H36O4Ti) was available from Tianjin Fuchen
Chemical Reagent Factory. Ethanol (CH3CH2OH), isopropyl
alcohol (CH3CH3CHOH), and hydrochloric acid (HCl) were the
products of the Xilong Science Corporation. Glucose anhydrous
(C6H12O6) was provided by Guangzhou Chemical Reagent
Factory. Glucose oxidase (GODx) was gained from Shanghai
Bioengineering Co. Ltd. HAuCl4$4H2O was from Sinopharm
Chemical Reagent Co., Ltd. Materials were not further puri-
cation. Liquid solutions prepared by ultrapure water.

2.2. Synthesis of TiO2 NRAs

TiO2 NRAs were grew on the FTO glass substrate by using
a previously reported hydrothermal method.21 First, FTO glass
substrates were ultrasonically cleaned by sonicating in iso-
propyl alcohol, acetone and ultrapure water. Second, 20 ml HCl
was added into 20 ml ultrapure water, and the solution was
stirred for 10 min, added with 0.4 ml tetrabutyl titanate, stirred
vigorously for about 30 min and added with Teon (30 ml). The
mixture was placed onto a clean FTO glass substrate at an angle
lying against the Teon wall. The Teon was sealed and heated
for 4 h at 150 �C in an oven, and the autoclave was cooled to
room temperature naturally. Finally, the sample was dried,
washed with ultrapure water, and annealed for 2 h at 400 �C in
air.

2.3. Synthesis of C/TiO2 NRAs

C/TiO2 NRAs were constructed using a simple hydrothermal
approach. Anhydrous Glu (0.36 g) was added with 20 ml ultra-
pure water, and the Glu solution was stirred for 10 min, added
with Teon, and placed onto the FTO glass substrate with TiO2

NRAs at an angle lying against the Teon wall. The Teon was
sealed and heated for 4 h at 180 �C in an oven, and the autoclave
was cooled to room temperature naturally. Finally, the sample
was dried, washed using ultrapure water, and annealed for 2 h
at 550 �C in an N2 atmosphere.

2.4. Synthesis of Au/TiO2 NRAs

Au/TiO2 NRAs were synthesized using a simple hydrothermal
approach. HAuCl4$4H2O (0.02 ml, 1%) was added with 20 ml
ultrapure water, and the mixture was stirred for 10 min, added
44226 | RSC Adv., 2020, 10, 44225–44231
with the Teon, and placed onto the FTO glass substrate with
TiO2 NRAs at an angle lying against the Teon wall. The Teon
was sealed and heated for 4 h at 180 �C in an oven, and the
autoclave was cooled to room temperature naturally. Finally, the
sample was dried, washed using ultrapure water, and annealed
for 2 h at 550 �C in an N2 atmosphere.

2.5. Synthesis of Au@C/TiO2 NRAs

Au@C/TiO2 NRAs were synthesized using a hydrothermal
approach. Anhydrous Glu (0.36 g) was added with 20 ml ultra-
pure water, and the solution was stirred for 10 min, added with
1% HAuCl4$4H2O (0.02 ml), stirred for 10 min, added with the
Teon, placed onto the FTO glass substrate with TiO2 NRAs at
an angle lying against the Teon wall. The Teon was sealed
and heated for 4 h at 180 �C in an oven, and the autoclave was
cooled to room temperature naturally. Finally, the sample was
dried, washed using ultrapure water, and annealed for 2 h at
550 �C in an N2 atmosphere.

2.6. Constructing of the PEC electrode

The Au@C/TiO2 NRAs FTO electrode and the GODx solution
(10 mg ml�1) were prepared to establish the biosensor of GODx/
Au@C/TiO2 NRAs. The GODx solution 20 mL was used on the
Au@C/TiO2 NRAs FTO electrode, which was dried at 4 �C for
48 h.

2.7. Detection and instruments

The morphology characteristics of the surface of the PEC elec-
trode were assessed with the eld emission scanning electron
microscope (FESEM, Hitachi S-3000 4800). The images of TEM
were obtained by using the transmission electron microscopy
(Tecnai G2 20). The crystal structures were measured by using
the analysis of X-ray diffraction (XRD) instrument of D8 Tools
XRD. The voltage was set as 40 kV, and the current as 30 mA
with Cu-Ka radiation (k ¼ 1.5406 Å). The UV-vis absorption
spectrophotometer (JASCO, UV-550) was used to obtain the UV-
vis absorption spectrum, and the wavelength was set as 300–
800 nm. We used the multifunctional imaging electron spec-
trometer (Thermo ESCALAB 250XI) to perform X-ray photo-
electron spectroscopy (XPS). The CHI 660C workstation (CHI
Instruments, Chenhua, Shanghai, China) combined with
a 500 W Xenon lamp was applied to perform the PEC tests.
Traditional electrochemical system with three electrodes was
utilized in the PBS buffer (pH ¼ 7.4) solution in room temper-
ature, and the GODx/Au@C/TiO2 electrode was used as the
working electrode. Meanwhile, Pt foil functioned as the counter
electrode and Ag/AgCl as the reference electrode.

3. Results and discussion

Fig. 1 shows the XRD patterns of the samples. The peaks of FTO
substrates were indexed in accordance with the database of
JCPDS (46-1688), whereas the peaks of samples were indexed in
accordance with the database of JCPDS (21-1276). The samples
were discovered to own rutile TiO2 tetragonal structures. The
peaks at 27.45�, 36.08�, 54.32�, 62.74�, 69.01�, and 69.79� were
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 XRD patterns of TiO2, C/TiO2, Au/TiO2, and Au@C/TiO2.
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associated with the planes of (110), (101), (211), (002), (301), and
(112), respectively. The Au/TiO2 and the Au@C/TiO2 samples
were indexed in accordance with the database of JCPDS (04-
0784), and Au nanoparticles were found. The C/TiO2 and the
Au@C/TiO2 samples had a slightly increased peak between 20�

and 25� (Fig. S1†) and showed that the C shell had successfully
grown on the TiO2.22

Fig. 2 shows the SEM images of TiO2, C/TiO2, Au/TiO2 and
Au@C/TiO2. As shown in Fig. 2A–C, rutile TiO2 NRAs were
successfully attached to the FTO substrates. The diameter and
the length of TiO2 NRAs were approximately 60–120 nm and
about 1–2 mm, respectively. As shown in Fig. 2D–F, with the
addition of C, no evident change was observed in C/TiO2

compared with TiO2. Only parts of the TiO2 NRAs were covered
with a thin layer of C. As shown in Fig. 2G–I, some Au nano-
particles with size of 5–40 nm were attached onto TiO2 NRAs. As
shown in Fig. 2–L, with the addition of C and Au nanoparticles
at the same time, Au@C composites covered TiO2 NRAs. The
thickness of the Au@C composites was approximately 200–
Fig. 2 SEM images of (A–C) TiO2, (D–F) C/TiO2, (G–I) Au/TiO2, (J–L)
Au@C/TiO2.

This journal is © The Royal Society of Chemistry 2020
300 nm and Au nanoparticles had a size of about 5–40 nm. The
Au@C composites structure may facilitate the transport of
photogenerated electrons, thereby inhibiting the recombina-
tion of photogenerated electrons and holes.

The HRTEM and the TEM images of Au@C/TiO2 and TiO2

are shown in Fig. 3A–F, respectively. The Au@C/TiO2 and the
TiO2 samples demonstrated similar morphological features in
TiO2 nanorods. The diameter of TiO2 nanorods was approxi-
mately 120 nm. Given that the C and the Au gradually attached
to the TiO2 nanorods, these nanorods were covered with the
Au@C composites. Au nanoparticles had a size of about
5–40 nm. The lattice margins of Au@C/TiO2 and TiO2

(Fig. 1B and E) were 0.324 nm, which corresponded to the (110)
crystal plane of the rutile TiO2. The lattice fringe of Au@C/TiO2

(Fig. 1F) was 0.235 nm, which corresponded to the (111) crystal
plane of Au nanoparticles. The composition of Au@C/TiO2 was
revealed using elemental mapping and HAADF-STEM imaging
(Fig. 1G). Ti, O, C, and Au elements were uniformly distributed
in Au@C/TiO2. Moreover, the C encased the Au particles, which
were scattered on the surface of the TiO2 nanorods. The co-
existence of Au and C would facilitate the transmission of
electrons. At the same time, the Au@C composites structure
would facilitate the adsorption of GODx.

The UV-vis spectra of Au@C/TiO2, Au/TiO2, C/TiO2 and
TiO2are shown in Fig. 4A. Their bandgap values were obtained
using the Kubelka–Munk function (Fig. 4B).23 The absorption
band and the bandgap value of the TiO2 was at about 405 nm
(Fig. 4A) and 3.06 eV (Fig. 4B), respectively. TiO2 was a typical
rutile. C/TiO2 showed an escalated absorption peak (416 nm,
Fig. 4A) and lower bandgap value (2.98 eV, Fig. 4B) in compar-
ison with TiO2, suggesting that the C was successfully deposited
onto the TiO2 surface, and a small amount of C was doped into
the TiO2. The absorption band and the bandgap value of Au/
TiO2 were about 406 nm (Fig. 4A) and 3.06 eV (Fig. 4B),
respectively. The Au/TiO2 was observed with an evident
absorption band from 500 nm to 600 nm (Fig. 4A), which was
attributed to the SPR absorption of the Au nanoparticles. This
Fig. 3 (A) TEM, (B) HRTEM of TiO2. (C and D) TEM, (E and F) HRTEM, (G)
HAADF-STEM and element mappings of Ti, O, C, Au of Au@C/TiO2.

RSC Adv., 2020, 10, 44225–44231 | 44227
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Fig. 4 (A) UV-vis absorption spectra, (B) plots of (F(R)hn)1/2 vs. E (eV)
for TiO2, C/TiO2, Au/TiO2 and Au@C/TiO2.
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result implied the deposition of Au nanoparticles on the TiO2

surface. The Au@C/TiO2 had higher absorption peak (416 nm,
Fig. 4A) and lower bandgap value (2.98 eV, Fig. 4B) compared
with the TiO2. These results implied that the C and the Au were
deposited onto the TiO2 surface and that the Au@C was formed
on the TiO2 surface. A small amount of C may be doped into
TiO2. A new peak at 500–600 nm was observed in Au@C/TiO2

(Fig. 4A) and attributed to the SPR absorption of Au
nanoparticles.

As shown in Fig. 5A, the XPS survey spectra suggested that
the Au@C/TiO2 consisted of Au, C, Ti and O. Fig. 5B displays the
O 1s spectra. Three intense peaks at 531.6, 530.3, and 529.1 eV,
corresponding to the C]O bonds, C–O, and Ti–O bonds (lattice
O), respectively, were observed in the samples.24 The C 1s
spectra are shown in Fig. 5C. The peaks at 287.8 and 284.6 eV
might result from the bonds of C–O and C–C.24 Fig. 5D shows
the Ti 2p spectra of the core level with a high resolution. The
Fig. 5 XPS patterns of (A) survey spectra, (B) O 1s, (C) C 1s, (D) Ti 2p, (E)
Au 4f.

44228 | RSC Adv., 2020, 10, 44225–44231
XPS peaks of Ti 2p1/2 and 2p3/2, which had excellent symmetry
with the TiO2 sample, appeared at about 463.6 and 457.9 eV,
suggesting that the chemical valence of Ti4+ appeared to have an
octahedral coordination with O.25 The binding energy difference
(DE) between Ti 2p3/2 and Ti 2p1/2 was about 5.7 eV, indicating
that the chemical state of Ti was Ti4+.24 In Fig. 5E, the XPS
spectra of Au@C/TiO2 presented the peaks of Au 4f5/2 and Au
4f7/2 centered at 86.5 and 82.8 eV, respectively. The spin energy
separation of 3.7 eV was highly consistent with the published
results about Au 4f5/2 and Au 4f7/2 in Au nanoparticles.26

In Fig. 6, the electrochemical and the PEC experiments were
performed to detect the PEC performance of TiO2, Au/TiO2,
Au@C/TiO2, and C/TiO2 samples under illumination. In Fig. 6A,
linear sweep voltammograms (LSV) highlighted the conclusions
as follows. (1) C/TiO2, Au/TiO2, and Au@C/TiO2 samples showed
enhanced photocurrent densities than TiO2, indicating that the
inter-bands in C–Au, C, and Au-depositions and the SPR from
Au nanoparticles created a light response for the TiO2-based
photoelectrode. (2) The Au@C/TiO2 demonstrated the highest
photocurrent density among all samples and had signicantly
higher photocurrent density than the C/TiO2 from the Au/TiO2

samples.
The inherent electronic features were detected using elec-

trochemical impedance spectra (EIS) and open-circuit photo-
voltage decay (OCPVD) experiments to further understand the
performance of PEC. OCPVD experiments were performed, and
the electron lifetime generated by photo was estimated in
accordance with the following formula:27

s ¼ kBT

e

�
dVOC

dt

��1
:

In the equation, s represents the photoelectron lifetime
dependent on the potential, T represents temperature, kB
represents the Boltzmann's constant, VOC stands for the open-
circuit voltage at time t, and e represents the charge in
a single electron. As shown in Fig. S2,† the Au@C/TiO2 sample
presented the longest lifetime of the electron, which contrib-
uted to the high performance of PEC. The EIS was considered as
one of the powerful tools in the study of the interfacial features
of photoelectrodes. Fig. 6B presents the Nyquist plots. The
Au@C/TiO2 demonstrated the smallest diameter of the semi-
circle, indicating the lowest resistance in charge transfer and
the fastest mobility of the electron. The measurement of
capacitance of the electrolyte/electrode was performed to detect
Fig. 6 Photoelectrochemical performance of TiO2, C/TiO2, Au/TiO2,
Au@C/TiO2 in (A) linear-sweep voltammograms, collected at a scan
rate of 0.1 V s�1 under illumination, (B) electrochemical impedance
spectra of Nyquist plots.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (A) The j(photo)–t responses of TiO2, C/TiO2, Au/TiO2, Au@C/
TiO2 and GODx/Au@C/TiO2 in 0.1 M pH 7.4 PBS at 0.4 V vs. Ag/AgCl,
(B) the j(photo)–t responses of GODx/Au@C/TiO2 toward Glu at
increasing concentration from 0 mM to 1.6 mM in the supporting
electrolyte of 0.1 M pH 7.4, (C) linear calibration ([Glu] vs. j(photo))
curve. (D) Stability of GODx/Au@C/TiO2 electrode with 1.6 mM
glucose, (E and F) Effect of interferences on the response photocur-
rents. Experiments were performed in 0.1 M pH 7.4 PBS containing
1.6 mM of Glu with NaCl, Suc, AA, UA, Fru, Lac and DA with light ON.
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the carrier density (ND) in accordance with the following
formula:28

1

C2
¼ 2

NDe303

�
ðUS �UFBÞ � kBT

e

�
:

In this equation, C stands for the capacitance of the space
charge in the semiconductor, ND represents the density of the
electron carrier, e is the elemental charge, 30 represents the
vacuum permittivity, 3 is dened as the relative permittivity of
the semiconductor, US is the applied potential, T represents
temperature, and kB stands for the Boltzmann constant. The ND

was measured as 1/C2 vs. potential (Fig. S3†) by using the Mott–
Schottky (MS) plots through the equation as follows:28

ND ¼ �
�

2

e330

� d

�
1

C2

�

dðUSÞ

0
BB@

1
CCA

�1

:

The calculated donor densities followed the order: TiO2 < Au/
TiO2 < C/TiO2 < Au@C/TiO2. The signicantly increased ND

conrmed that the C–Au-deposition could improve the electric
conductivity, and accelerate the electron transfer.

Photocurrent responses used C/TiO2, TiO2, Au@C/TiO2, Au/
TiO2and GODx/Au@C/TiO2 as the photoanodes under irradia-
tion. The photocurrent–time curves of these samples are
demonstrated in Fig. 7A. The photocurrents in the ve samples
were remarkably raised to the net saturated values and
decreased to 0, which was consistent with the irradiation by
light turned off and on. The results of PEC demonstrated that
the j(photo) values followed the order: Au@C/TiO2 > C/TiO2 >
Au/TiO2 > GODx/Au@C/TiO2 > TiO2. The Au@C/TiO2 showed
the largest photocurrent (362 mA cm�2), which was followed by
C/TiO2 (309 mA cm�2), Au/TiO2 (305 mA cm�2), GODx/Au@C/
TiO2 (274 mA cm�2), and TiO2 (268 mA cm�2). The photocurrent
of C/TiO2 was 1.15 times that of TiO2. This may be due to the
fact that the TiO2 was coated with the carbon layer, and the
carbon shell was benecial to absorb light. At the same time,
the carbon itself had good conductivity, which was benecial to
the transmission of electrons. And it reduced the coincidence of
photo-generated electrons and holes to improve its photoelec-
tric performance. The photocurrent of Au/TiO2 was 1.14 times
that of TiO2. Due to the SPR effect of gold nanoparticles, its light
absorption in the visible light region was enhanced. The
conductivity of gold nanoparticles themselves was also excel-
lent, and their electron transfer ability was enhanced, resulting
in photocurrent improve. Approximately 1.35-fold increment in
the produced photocurrent was acquired from TiO2 to Au@C/
TiO2 due to two main reasons. First, the SPR from Au nano-
particles and the electrons transfer to the C shell and the TiO2.
Second, the C–Au-deposition process accelerated the electron
transfer and enhanced the separation efficiency for photo-
generated electron–hole pairs.

As shown in Fig. 7B, the photocurrent increased as the Glu
concentration increased on the GODx/Au@C/TiO2 electrode,
which demonstrated a sensitive reaction to the concentration of
This journal is © The Royal Society of Chemistry 2020
Glu. As shown in Fig. 7C, the linear regression equation
between Glu concentrations and the photocurrent was j
(mA cm�2) ¼ 29.76X + 273.32 (mM). Thus, the sensitivity was
measured as 29.76 mA mM�1 cm�2 at Glu concentration of
0.1 mM to 1.6 mM. The detection limit (3S/N) was 0.049 mM.
Where S was the slope of the calibration curve and N was the
standard deviation of blank samples signals. Moreover, the
GODx/Au@C/TiO2 biosensor stability was featured through the
responses of j(photo)–t, whereas the light was turned OFF/ON
iteratively 10 times in PBS (0.1 M, pH 7.4; Fig. 7D). If light
was turned on, the j(photo) response increased rapidly and
stayed stable in seconds. The GODx/Au@C/TiO2 biosensor
remained stable and uctuated negligibly with time even aer
10 cycles.

The effects of highly probable coexisting and usual molec-
ular interfering species (such as NaCl, sucrose (Suc), ascorbic
acid (AA), uric acid (UA), fructose (Fru), lactose (Lac) and
dopamine (DA)), which may inuence the response of the
GODx/Au@C/TiO2 biosensor, was investigated. PEC experi-
ments were performed under the same conditions as the
detection of PEC Glu to discover the selectivity of the biosensor
of GODx/Au@C/TiO2. In addition, the interfering species (0.1
mM) was added into the solution (Fig. 7E). The variance of
j(photo) aer the addition of interfering species was calculated
using the plots of j(photo)–t. In Fig. 7E and F, no signicant
response was found in the detection of PEC Glu following the
RSC Adv., 2020, 10, 44225–44231 | 44229
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Table 1 Comparisons of analytical characteristics between the specific sensor and the other sensors used in detecting glucose

Biosensor composition Linear range/(mM)
Sensitivity/
(mA mM�1 cm�2) Reference

GODx/SnS2/Naon/GCE 0.025–1.10 7.6 29
GCE/GODx/Naon/Br[Demim]/TNT-AuNP 0.01–1.2 5.1 30
Naon/GODx/Ag-Pdop@CNT/GCE 0.05–1.10 3.1 31
GODx/TCS-TiO2/chitosan/GCE 0.005–1.32 23.2 32
GODx/CNx-MWCNT/GCE 0.02–1.02 13 33
GODx/Au@C/TiO2/FTO 0.1–1.6 29.76 This work
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addition of the molecular interfering species. This response
may result from the facilitation by the surface GODx xed on the
Au@C/TiO2. Results proved that the constructed PEC biosensor
in accordance with the GODx/Au@C/TiO2 showed outstanding
and specic selectivity to the Glu biosensor.

The analytical performance of the GODx/Au@C/TiO2/FTO
biosensors was compared with those of other Glu sensors
(Table 1) and showed good results in terms of sensitivity and
linear range.

The plausible mechanisms for the PEC Glu detection on the
GODx/Au@C/TiO2/FTO biosensor under light ON were
determined.

As shown in Scheme 2, the C and the Au deposited on the
surface of TiO2 was essential in the migration process of
generated electrons and holes of the PEC and could minimize
their recombination. Under light illumination, the SPR effect of
Au nanoparticles and electrons were transferred to the C shell.
The electrons in the TiO2 valence band were excited to the
conduction band. Electrons were transferred to the conduction
band of TiO2 from the C shell. Finally, electrons were trans-
ferred to the FTO substrate. The process accelerated the elec-
tron transfer rate and inhibited the recombination rate of the
hole–electron pairs. The process prolonged the electron lifetime
and increased the concentration of carriers. The group of the
avin adenine dinucleotide (FAD) redox in the GODx could
oxidize Glu analytes into gluconic acids, which turned into the
reduced avine adenine dinucleotide (FADH2) with enhanced
shiing and close attachment to the PEC. The GODx on the
Au@C/TiO2 surface could reduce O2 into H2O2. At the same
Scheme 2 Mechanism of the PEC detection of glucose at the GODx/
Au@/C/TiO2/FTO biosensor.

44230 | RSC Adv., 2020, 10, 44225–44231
time, the photogenerated holes from the valence band of TiO2

could move. Electrons could migrate onto the Au@C/TiO2

surface, which was consumed by H2O2 to form a ow of charge.
4. Conclusions

In summary, our research has successfully developed a PEC
biosensor for Glu on the basis of a type of Au@C/TiO2

composite, which had been synthesized using a common
secondary hydrothermal approach. The SPR of Au nanoparticles
and the introduction of the C shell accelerated the electron
transport rate. The C–Au-deposition on the surface of the TiO2

decreased the recombination rate of hole–electron pairs. Their
synergistic inuence enhanced the performance of PEC, pro-
longed the lifetime of photogenerated electrons, and increased
the concentration of carriers. As a result, the obtained GODx/
Au@C/TiO2/FTO PEC biosensor presented outstanding stability
and satisfactory reproducibility. The range of linear measure-
ment and the sensitivity were 0.1–1.6 mM and 29.76 mA mM�1

cm�2, respectively, and the limit of detection was low (0.049
mM). The GODx/Au@C/TiO2/FTO biosensor exhibited excellent
performance in detecting Glu, which suggested a possible
application potential in the prepared composite of the PEC
biosensors. The C–Au-deposition on the surface of TiO2 also
laid the foundation for the application of other PEC biosensors.
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