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Abstract: UV transparent conductive electrodes based on transferable ITO nanowire networks were
prepared to solve the problem of low UV light utilization in conventional photoelectrochemical UV
detectors. The mutually cross-linked ITO nanowire network achieved good electrical conductivity
and light transmission, and the novel electrode had a transmission rate of more than 80% throughout
the near-UV and visible regions. Compared to Ag nanowire electrodes with similar functionality,
the chemical stability of the ITO nanowire transparent conductive electrode ensured that the device
worked stably in iodine-based electrolytes. More importantly, ITO electrodes composed of oxides
could withstand temperatures above 800 ◦C, which is extremely critical for photoelectrochemical
devices. After the deposition of a TiO2 active layer using the high-temperature method, the response
range of the photoelectrochemical UV detector was extended from a peak-like response between
300–400 nm to a plateau-like response between 200–400 nm. The responsivity was significantly
increased to 56.1 mA/W. The relationship between ITO nanowire properties and device performance,
as well as the reasons for device performance enhancement, were intensively investigated.

Keywords: ITO nanowires; physical template method; photoelectrochemical; high-temperature
resistant; response range

1. Introduction

In recent years, photoelectrochemical (PEC) ultraviolet (UV) detectors have attracted
extensive research interest because of their advantages, such as a simple process, low energy
consumption, and fast response [1–5]. The photoanodes, electrolytes, and counter electrodes
that constitute PEC UV detectors have been extensively studied, with the most important
research having been conducted on photoanodes, which are composed of transparent con-
ductive electrodes (TCEs) and photoactive layers [6–8]. The research on photoanodes has
mainly focused on regulating the photoactive layer, on studying materials (such as TiO2,
SrTiO3, CdS/ZnO, etc.), and on nanostructures (nanosheets, nanospheres, nanorod arrays,
nano-branched heterojunctions, etc.) [9–11]. There is less research on TCEs in PEC UV
detectors, but the TCE is sometimes more important as a window into the device than the
photoactive layer [12]. The most important properties of the TCE are its light transmittance
and electrical conductivity, which entails maintaining good electrical conductivity while
achieving high transmittance [13,14]. For UV devices, the TCE needs to have good trans-
mittance over the entire UV–Vis range to ensure that the device has a wide response range.
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Various types of TCEs that can be applied to PEC UV detectors have been investigated,
including metal nanowires (NWs), graphene, nano-patterned metal grids, ZnO/Ag and
NWs/ZnO multilayer films, stainless steel nets, semiconductor NWs, and so on [15–21].
Many schemes have also been studied to improve the optical and electrical properties of
the TCE, such as increasing the connectivity through thermal annealing, removing sur-
face organic impurities using laser irradiation, and removing impurities through solution
washing [22,23]. At present, most PEC UV detectors use FTO\ITO glass as the TCE, but
they have a serious UV filtration problem; that is, they cannot pass through UV light
below 300 nm, and there is absorption of the 300–400 nm range of UV light. As a result,
conventional PEC UV detectors can only operate in the 300–400 nm range, thus showing a
unimodal response curve [3]. To solve this problem, researchers have carried out various
research efforts to try to extend the response range of the device. On the one hand, Wei
et al. [24] prepared special collector built-in devices based on macroscopic metal braided
networks (such as stainless steel mesh and titanium mesh), thereby successfully avoiding
the effect of the TCE on UV light. However, the insufficient active material load and specific
surface area of the photoanode seriously limited the performance improvement. On the
other hand, we prepared a TCE composed of Ag NWs with a high UV transmittance using
the physical template method. The use of this electrode can ensure that the UV light reaches
the semiconductor active layer efficiently, which plays a positive role in improving the
performance of the device. However, the introduction of metal NWs brought a serious
problem, which is that the electrode could only withstand temperatures of about 360 ◦C,
thus meaning that the active layer could only be prepared using the low-temperature
method with low performance [12]. At the same time, many metallic materials are ex-
tremely chemically unstable in iodine-based electrolytes. We believe that, among the many
strategies, designing a TCE with a high transmittance in the UV–Vis range that has good
stability (a heat resistance temperature greater than 600 ◦C and that is chemically stable) is
the best way to achieve high performance PEC devices. Compared with metal NWs with
poor thermal stability, a transparent conductive oxide (TCO, such as FTO and ITO) has
good optical properties, mechanical stability, chemical stability, and thermal stability. As
mentioned above, a TCO generally does not transmit UV light, and solving this problem is
the key to carry out our research. We surmised that the effective idea was to discretize the
continuous TCO film.

Here, we prepared a transferable single-layer ITO NW network through a special
physical template method, and after covering it on a quartz substrate, we successfully
obtained a TCE with a good transmittance in the whole UV band. The ITO NWs act as
conductive channels to ensure electron transfer from the electrodes, while the voids in the
NWs allow light of any wavelength to pass through efficiently. After optimization, the ITO
NW TCE (INTCE) could achieve 80% transmittance in the near UV region (200–400 nm),
while the traditional TCEs used for PEC UV detectors cannot transmit UV light below
300 nm. The INTCE also showed good chemical stability and could be used in iodine
electrolyte devices. In the case of low transmittance, the fuse temperature of the INTCE
reached 800 ◦C, which is much higher than the annealing temperature of the ordinary active
layer. Under the guarantee of excellent heat resistance, a TiO2 active layer was prepared
using the high-temperature sintering method. The response range of the PEC UV detector
using INTCE was widened, and the responsivity was also significantly improved.

2. Materials and Methods

All the chemical reagents used in the experiment were analytically pure. The process of
preparing the INTCE and PEC UV detectors is shown in Figure 1. The whole experimental
flow included (1) electrospinning to prepare PVP NW network templates; (2) magnetron
sputtering to deposit ITO layer on the templates; (3) transferring the ITO NW network to
the quartz substrate; (4) deposition of the TiO2 active layer; (5) device encapsulation; and
(6) performance testing.
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Figure 1. Preparation process of ITO NW networks and PEC UV detector.

2.1. Preparation of INTCE

We slowly poured 0.7 g of polyvinyl pyrrolidone (PVP) into 10 mL of anhydrous
ethanol and magnetically stirred the solution for 15 min. The stirred solution was poured
into the needle of an electrospinning device, and we adjusted the distance between the
electrospinning needle and the collecting metal ring to 15 cm. The spinning parameters
were adjusted to the working voltage of 15 kV, and the spinning time was 30 s; hence, the
preparation of the PVP template was completed. At this time, the PVP nanonetwork was
covered on the metal ring, thus forming a suspended film. Then, using this as a template,
the corresponding nanonetwork could be obtained by depositing the target material on the
PVP NWs. The ITO layer was deposited on the PVP template by magnetron sputtering. The
parameters of magnetron sputtering were the following: vacuum degree was 8 × 10−4 Pa,
working pressure was 0.5 Pa, sputtering power was 50 W, deposition time was 10 min,
and the sputtering target was the ITO. The quartz glass was cleaned with deionized water
and ethanol, and ITO NW network was transferred to the quartz glass. We simply sleeved
the metal ring over the substrate when transferring it. Finally, the ITO NWs/quartz was
prepared as TCE for PEC UV detector.

2.2. Preparation of TiO2 Photoactive Layer

(1) Low-Temperature method:

Added 1 mL of acetic acid and 2 mL of deionized water to 30 mL of ethanol. Slowly
added 15 mL of titanium isopropoxide to the mixed solution and stirred with magnetic
force for 30 min. Placed the mixed solution in a drying oven at 70 ◦C for 5 h, and then
placed the resulting white powder in a muffle furnace at 550 ◦C for sintering for 2 h. The
mixed solution was prepared with 5 mL anhydrous ethanol, 0.5 mL ammonia, and 0.5 mL
deionized water. An amount of 1 g TiO2 powder was obtained and dissolved in the mixed
solution, and the mixed solution was stirred magnetically for 10 min. Then, the prepared
solution was dropped onto the INTCE with a pipette, and the INTCE was placed in a
drying oven at 80 ◦C for 30 min.

(2) High-Temperature method:

TiO2 photoactive layer was prepared by sol gel method and high-temperature an-
nealing method. Dissolved 2.5 mL of titanium isopropoxide in 10 mL anhydrous ethanol
and stirred magnetically for 5 min (solution i). An amount of 2.5 mL acetic acid and 1 mL
hydrochloric acid were added to 5 mL ethanol and stirred magnetically for 5 min (solution
ii). An amount of 1.5 mL OP emulsifier and 0.3 g PVP were dissolved into 8 mL anhydrous
ethanol and magnetically stirred for 15 min (solution iii). The three solutions were mixed
together and magnetically stirred for 15 min. The prepared mixed solution was dripped
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onto the INTCE and transferred to a muffle furnace at an annealing temperature of 550 ◦C
for 2 h.

2.3. Encapsulation of the PEC UV Detector

The PEC UV detector consisted of a counter electrode, electrolyte, and photoanode.
The preparation process of the counter electrode involved the following: H2PtCl6 was
spin-coated on an FTO substrate and annealed for 20 min in a muffle furnace at 400 ◦C in
atmospheric environment. The electrolyte was located between the photoanode and counter
electrode and was composed of 0.1 M lithium iodide dissolved in acetonitrile solution, 0.6 M
1,2-dimethy l-3-propylimidazolium, 0.05 M iodine, and 0.5 M 4-tert-butylpyridine. Finally,
the counter electrode, the photoanode, and the electrolyte were packaged into a sandwich-
shaped device. The electrolyte filled between the photoanode and the counter electrode
and diffused into the gaps of the active layer material to participate in charge exchange.

2.4. Characterization

The transmittances of the different TCEs were measured using a UV–Vis spectropho-
tometer. The heat resistance temperatures of the INTCEs were tested by annealing samples
in muffle furnace. The conductivity of the INTCE was characterized by measuring the
sheet resistance with four probes. The morphology and structure of the nanomaterials
were characterized using scanning electron microscopy (SEM) and X-Ray diffraction (XRD).
An electrochemical workstation was used to characterize the photovoltaic performance
of devices. The photovoltaic characteristic curve, Nyquist diagram, spectral responsivity
curve, and switching performance curve were tested under different wavelength light
sources using xenon lamps and monochromators. EIS measurements were carried out in
the frequency range from 0.01 Hz to 100 kHz. The time response curves were tested at
0 V bias.

3. Results and Discussion

The physical image of the ITO NWs prepared on a metal ring using electrospinning
and magnetron sputtering methods is shown in Figure 2a. The ITO NWs were evenly
distributed on the metal ring, and the entire film was self-supporting and could be easily
transferred to any substrate as it was. The nanowire networks are so thin that they are
almost invisible. The illustration in Figure 2b is a physical image of the INTCE, which was
obtained by transferring the ITO NW networks to a quartz substrate. Figure 2c,d shows the
SEM image of the ITO NWs, which overlapped to form a network structure with a single
ITO NW having a diameter of about 800 nm. The connected ITO NWs were responsible for
transporting electrons. The gaps in the NW networks allowed UV light to pass through
without barriers.

Figure 3a shows that the FTO and ITO had significant UV light filtering problems
and could not transmit UV light below 300 nm. Therefore, the UV light below 300 nm
cannot reach the photoactive layer, thereby resulting in the failure of conventional PEC
UV detectors to respond to this region. Three INTCEs with different densities of ITO
NWs were prepared. The transmittance of the three INTCEs at 254 nm were 81.0%, 66.3%,
53.1%, respectively, and the sheet resistances were 11,150 Ω/sq, 4547 Ω/sq, and 2140 Ω/sq,
respectively (they are abbreviated as INTCE-L3, INTCE-L2, and INTCE-L1). It can be seen
that the INTCEs had stable light transmittance in the wavelength range of 200–850 nm.
The maximum transmittance of the INTCE of UV light at 200–400 nm was about 80%. The
light transmission and conductivity of the TCEs composed of conductive NWs usually
have a synergistic relationship, meaning that the improvement of the light transmission
will reduce the conductivity and vice versa. It should be noted that the sheet resistance
of the INTCE is close to the internal resistance of the PEC UV detector, which will have
an important impact on the device performance, so it is very important to choose the
appropriate combination of transmittance and sheet resistance.
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The above INTCEs showed excellent UV transmittance, which is very beneficial to
broaden the response range of the PEC UV detector. We first deposited a TiO2 active
layer on the above electrode using the low-temperature method to study its UV response



Nanomaterials 2023, 13, 2086 6 of 11

performance. The morphology and structure of TiO2 porous films prepared using the
low temperature method are shown in Figure S1. As shown in Figure 3b,c, we tested
the volt–ampere characteristic curves of the INTCE-Based PEC UV detectors. Whether at
365 or 254 nm of radiation, the devices showed a certain photoelectric conversion perfor-
mance; it should be noted that the traditional device was not responsive at 254 nm. Among
the three devices, the INTCE-L2 featured a moderate transmittance and conductivity, as
well as showed the best performance, which was the result of the competition between the
light excitation efficiency and carrier collection efficiency. Compared with the INTCE-L2,
the INTCE-L1 had better electrical conductivity, but too few photons passed through it,
thus making it is difficult to excite enough photogenerated carriers. The INTCE-L3 had
a transmittance of up to 80%, but the conductivity was too poor to effectively collect the
photogenerated carriers. Electrochemical impedance spectroscopy was used to further
analyze the differences in device performance (as shown in Figure 3f). The series impedance
of the three devices increased successively, which was mainly due to the linear influence
of the impedance of the ITO NWs, which was also consistent with the increasing trend of
the impedance of the INTCE. The INTCE-L2 exhibited the lowest interfacial charge trans-
fer impedance and polarization impedance, which was the main reason for its superior
performance. The equivalent circuit for the electrochemical impedance testing is shown
in Figure S2. As shown in Figure 3d, when the UV light was periodically turned on/off,
the device showed good periodic repeatability. Figure 3e shows the response spectrum of
the INTCE-L2. As expected, the device showed a stable response in the whole range of
200–400 nm, with a peak response of 5.2 mA/W.

However, the performance results of the above devices were not ideal; at 1200 µW/cm2

of irradiation, the response current density was only about 6 µA/cm2. The zigzag shape
of the switching curve in Figure 3d is another indication of poor performance. In our
experience, the switching curve of high-performance devices should be rectangular. This
was mainly due to the problems of low-temperature deposition of the semiconductor
thin films, which involve the following: (1) a poor crystallinity of the material and a
high interfacial resistance, thereby resulting in difficult carrier diffusion; (2) a serious
carrier recombination caused by impurities and defects; and (3) poor contact between the
semiconductor and electrode. In many PEC fields, the low-temperature method has always
been insufficient to obtain high-performance devices. In previous studies, we also obtained
a UV TCE with excellent performance using Ag NWs [12], but, because it could only
withstand temperatures up to about 360 ◦C and was extremely unstable in the electrolytic
liquid system, it was difficult to apply to PEC UV detectors. Therefore, we further studied
the heat resistance of the INTCE in this work and tried to deposit a TiO2 active layer using
the high-temperature sintering method.

As shown in Figure 4, we selected three INTCEs with different transmittance rates
for treatment at different temperatures, and we studied the thermal stability through the
change in sheet resistance. When the transmittance of the INTCE was low, that is, when the
ITO NWs were relatively dense, the sheet resistance of the film was less affected by thermal
treatment, and no significant impedance increase occurred, even at 800 ◦C. As the ITO NWs
became sparser, the heat resistance of the samples with higher transmittance rates gradually
decreased. To our satisfaction, the INTCEs could always maintain good thermal stabilities
below 600 ◦C, which was sufficient for the preparation of the TiO2 active layers. In addition,
compared to metallic materials, ITO NW conductive networks do not have to consider the
oxidation problem when exposed to air. It is interesting that the sheet resistance values of
the INTCEs showed a paradoxical decrease in the early stage of the heat treatment (around
220 ◦C). We believe that this was due to the dissolution and decomposition of the PVP
template prompting the formation of better links at the intersection of different ITO NWs.
This phenomenon also occurred during our previous study of metallic NWs.
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Figure 4. The change in sheet resistance of INTCEs after sintering at different temperatures.

As permitted by good thermal stability, we prepared the TiO2 active layers using
the sol gel method and through high-temperature sintering at 550 ◦C. The structure and
morphology of the film are shown in Figure 5. As shown in Figure 5a, the left half of
sample is the electrode that serves to connect the external circuit and transfer electrons to
the external circuit, and the right half is the TiO2 photoactive layer that absorbs UV light
and produces electron hole pairs. As shown in Figure 5b, the prepared TiO2 photoactive
layer makes up a mixture of rutile phase and anatase phase. It can be seen from Figure 5c,d
that the film prepared by high-temperature sintering was very uniform and dense, and the
porous structure facilitated the diffusion of the electrolyte and electron exchange.
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INTCEs with different transmittance rates were selected to deposit TiO2 active layers
using the high-temperature method. The four samples were recorded as INTCE-H1, INTCE-
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H2, INTCE-H3, and INTCE-H4, respectively, and the corresponding transmittance rates
were 18.0%, 42.3%, 61.0%, and 81.8%, respectively.

As shown in Figure 6, the performance results of the devices were significantly im-
proved compared with the low-temperature method. When irradiated by UV light with a
wavelength of 365 nm, the devices’ performance results decreased as the INTCEs’ transmit-
tance rates increased. When the transmittance rate reached 18.0%, the device performance
of the INTCE-H1 was the best, with an open circuit voltage of 0.47 V and a short circuit
current density of 30.3 µA/cm2. When we tested at 254 nm wavelength radiation, the
INTCE-H2 (transmittance rate of 42.3%) showed the best performance, which was slightly
higher than the INTCE-H1. Whether tested at 365 or 254 nm, the performance results of
the samples gradually decreased with the increase in the transmittance rate, which was
consistent with our analysis in the low-temperature test, mainly because the sharp increase
in the sheet resistance seriously affected the charge transport. The performance of the
device was reduced to almost zero when the transmittance rate reached 81.8% (INTCE-
H4), at which point the sheet resistance of the electrode was 22,470 Ω/sq. The significant
improvement in device performance illustrates that the preparation of active layers using
high-temperature methods is very necessary to obtain high-performance devices. The
electrochemical impedance test shows (Figure 6c) that the impedance of the devices pre-
pared using the high-temperature method was substantially reduced, both in terms of
series impedance and interfacial charge exchange impedance. As shown in Figure 6d,
the switching performance of the device was also significantly improved, with the 0-bias
response current showing a distinct rectangular wave shape instead of a sawtooth wave
shape under a 10 s switching cycle test. This means that the device had a larger switching
ratio with a faster response rate. The response time and recovery time of the detector are
labeled in Figure 6e as 0.57 s and 0.94 s (365 nm, 1200 µW/cm2), respectively, which were in
line with the traditional advantages of PEC UV detectors. Figure 6f shows the good linear
light intensity response characteristics of the device.
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Most importantly, we tested the spectral response performance results of PEC UV
detectors based on INTCEs and high-temperature sintering methods. For comparison, we
prepared a conventional FTO-based device using the same active layer deposition process.
As shown in Figure 7, owing to the advantages of the broadband semiconductors, the
devices all exhibited good visible light-blind characteristics. The FTO-based device was
affected by the light filtering effect and only gave a peak response at 300–400 nm. In line
with our expectations, the INTCE-Based PEC UV detectors had a continuous response in
the 200–400 nm range and achieved appreciable responsiveness, which is of key importance
for the application of the device in the UVB (275–320 nm) and UVC (200–275 nm) ranges.
Benefiting from the advantages of the high-temperature method, the response of INTCE-H1
was substantially better than that of the low-temperature device, with a peak response at
332 nm of 56.1 mA/W. This value was also much higher than similar devices based on Ag
NW electrodes (15.1 mA/W) [12].
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We believe that the synergistic relationship between the light transmission and elec-
trical conductivity of an INTCE can continue to be optimized; for example, this can be
achieved by adjusting the diameters of the NWs, thereby improving the connectivity of the
NWs and subsequently achieving a more desirable electrical conductivity at a higher trans-
mission rate. The deposition process of the active layer can be referred to from other excel-
lent research results, but this was not the focus of this work. Therefore, an INTCE provides
a broad research idea for the continuous improvement of PEC UV detector performance.

4. Conclusions

For the problem of the low utilization of UV light sources in conventional PEC UV
detectors, we believe that it is an effective idea to use nanoconductive networks through
their skeletonization as electrodes. In this work, high UV transmission TCEs based on
quartz/ITO NW networks were prepared using a special physical template method. Impor-
tantly, this idea effectively solves the problem of the poor thermal and chemical stability
of metal NW electrodes, thereby allowing the deposition of a semiconductor active layer
through a high-temperature sintering process that ensures that the device can be operated
in an iodine-based electrolyte. After optimization, the UV–visible transmittance rate of the
INTCE could reach more than 80%, and the heat-resistant temperature exceeded 600 ◦C
and could reach 800 ◦C under certain conditions. The dense TiO2 active layer with good
crystallization was prepared using the high-temperature method. Benefitting from the
large reduction in the electrochemical impedance and the improvement of the optical
absorption performance, the performance of the PEC UV detector was greatly enhanced,
with the response range extended from 300–400 nm to 200–400 nm and the magnitude
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of the responsivity reaching 56.1 mA/W, thus far exceeding that of the low-temperature
method applications and previous work.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13142086/s1, Figure S1: The photoactive layer prepared using
the low-temperature method; Figure S2: Equivalent circuit for electrochemical impedance testing
of devices.

Author Contributions: Conceptualization, Y.W.; Formal analysis, M.Z.; Funding acquisition, H.Q.
and Y.W.; Investigation, Y.X., B.L., Y.F., M.Z. and Z.W.; Methodology, Y.X. and Y.W.; Resources, Y.X.
and H.Q.; Software, W.W.; Writing—original draft, Y.X., B.L., W.W. and M.L.; Writing—review and
editing, Y.W. All authors have read and agreed to the published version of the manuscript.

Funding: This project was financially supported by the National Natural Science Foundation of
China (No. 61804092), the Shaanxi Science and Technology Resources Open Sharing Platform (Grant
No. 2021PT-006) and the Key R&D Plan Projects in Shaanxi Province (Grant No. 2019SF-262).

Data Availability Statement: The data are contained within the article and supplementary materials.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Zhang, J.; Jiao, S.; Wang, D.; Gao, S.; Wang, J.; Zhao, L. Nano tree-like branched structure with α-Ga2O3 covered by γ-Al2O3 for

highly efficient detection of solar-blind ultraviolet light using self-powered photoelectrochemical method. Appl. Surf. Sci. 2021,
541, 148380. [CrossRef]

2. Jiang, M.; Zhao, Y.; Bian, L.; Yang, W.; Zhang, J.; Wu, Y.; Zhou, M.; Lu, S.; Qin, H. Self-powered photoelectrochemical (Al, Ga)
N photodetector with an ultrahigh ultraviolet/visible reject ratio and a quasi-invisible functionality for 360 omnidirectional
detection. ACS Photonics 2021, 8, 3282–3290. [CrossRef]

3. Zhou, J.; Chen, L.; Wang, Y.; He, Y.; Pan, X.; Xie, E. An overview on emerging photoelectrochemical self-powered ultraviolet
photodetectors. Nanoscale 2016, 8, 50–73. [CrossRef]

4. Chen, K.; Zhang, D.; Shao, P.; Zhi, T.; Zhao, J.; Sang, Y.; Hu, W.; Ye, Y.; Xue, J.; Chen, D. Ordered GaN nanorod arrays for
self-powered photoelectrochemical ultraviolet photodetectors. ACS Appl. Nano Mater. 2022, 5, 13149–13157. [CrossRef]

5. Peng, J.; Li, X.; Liu, Y.; Zhuge, W.; Zhang, C.; Huang, Y. Photoelectrochemical sensor based on zinc phthalocyanine semiconducting
polymer dots for ultrasensitive detection of dopamine. Sens. Actuators B Chem. 2022, 360, 131619. [CrossRef]

6. García-Ramírez, P.; Ramírez-Morales, E.; Cortazar, J.C.S.; Sirés, I.; Silva-Martínez, S. Influence of ruthenium doping on UV-and
visible-light photoelectrocatalytic color removal from dye solutions using a TiO2 nanotube array photoanode. Chemosphere 2021,
267, 128925. [CrossRef]

7. Vaghasiya, J.V.; Sonigara, K.K.; Prasad, J.; Qureshi, M.; Tan, S.C.; Soni, S.S. Contribution in light harvesting by solid ionic
conductors for efficient photoelectrochemical cells: An effect of an identical donor molecule in sensitizers and electrolytes. ACS
Appl. Energy Mater. 2020, 3, 7073–7082. [CrossRef]

8. Huang, G.; Zhang, P.; Bai, Z. Self-powered UV—Visible photodetectors based on ZnO/graphene/CdS/electrolyte heterojunctions.
J. Alloy. Compd. 2019, 776, 346–352. [CrossRef]

9. Selcuk, H.; Bekbolet, M. Photocatalytic and photoelectrocatalytic humic acid removal and selectivity of TiO2 coated photoanode.
Chemosphere 2008, 73, 854–858. [CrossRef]

10. Cao, S.; Yan, X.; Kang, Z.; Liang, Q.; Liao, X.; Zhang, Y. Band alignment engineering for improved performance and stability of
ZnFe2O4 modified CdS/ZnO nanostructured photoanode for PEC water splitting. Nano Energy 2016, 24, 25–31. [CrossRef]

11. Zhang, X.; Chen, Z. Enhanced photoelectrochemical performance of the hierarchical micro/nano-structured TiO2 mesoporous
spheres with oxygen vacancies via hydrogenation. RSC Adv. 2015, 5, 9482–9488. [CrossRef]

12. Ren, P.; Wang, Y.; Liu, M.; Zhang, M.; Wu, W.; Wang, H.; Luo, D. UV–Vis Transparent Conductive Film Based on Cross-Linked Ag
Nanowire Network: A Design for Photoelectrochemical Device. Inorganics 2022, 10, 164. [CrossRef]

13. Collivignarelli, M.C.; Abbà, A.; Carnevale Miino, M.; Bertanza, G.; Sorlini, S.; Damiani, S.; Arab, H.; Bestetti, M.; Franz, S.
Photoelectrocatalysis on TiO2 meshes: Different applications in the integrated urban water management. Environ. Sci. Pollut. Res.
2021, 28, 59452–59461. [CrossRef] [PubMed]

14. Peng, Y.-P.; Peng, L.-C.; Chen, K.-F.; Chen, C.-H.; Chang, K.-L.; Chen, K.-S.; Dang, Z.; Lu, G.-N.; Sun, J. Degradation of
trichloroethylene by photoelectrochemically activated persulfate. Chemosphere 2020, 254, 126796. [CrossRef] [PubMed]

15. Gou, L.; Chipara, M.; Zaleski, J.M. Convenient, rapid synthesis of Ag nanowires. Chem. Mater. 2007, 19, 1755–1760. [CrossRef]
16. Bang, J.; Coskun, S.; Pyun, K.R.; Doganay, D.; Tunca, S.; Koylan, S.; Kim, D.; Unalan, H.E.; Ko, S.H. Advances in protective

layer-coating on metal nanowires with enhanced stability and their applications. Appl. Mater. Today 2021, 22, 100909. [CrossRef]

https://www.mdpi.com/article/10.3390/nano13142086/s1
https://www.mdpi.com/article/10.3390/nano13142086/s1
https://doi.org/10.1016/j.apsusc.2020.148380
https://doi.org/10.1021/acsphotonics.1c01105
https://doi.org/10.1039/C5NR06167A
https://doi.org/10.1021/acsanm.2c02910
https://doi.org/10.1016/j.snb.2022.131619
https://doi.org/10.1016/j.chemosphere.2020.128925
https://doi.org/10.1021/acsaem.0c01111
https://doi.org/10.1016/j.jallcom.2018.10.225
https://doi.org/10.1016/j.chemosphere.2008.05.069
https://doi.org/10.1016/j.nanoen.2016.04.001
https://doi.org/10.1039/C4RA13300E
https://doi.org/10.3390/inorganics10100164
https://doi.org/10.1007/s11356-021-12606-5
https://www.ncbi.nlm.nih.gov/pubmed/33570731
https://doi.org/10.1016/j.chemosphere.2020.126796
https://www.ncbi.nlm.nih.gov/pubmed/32335441
https://doi.org/10.1021/cm070160a
https://doi.org/10.1016/j.apmt.2020.100909


Nanomaterials 2023, 13, 2086 11 of 11

17. Zhang, X.; Li, Y.; Zhao, J.; Wang, S.; Li, Y.; Dai, H.; Sun, X. Advanced three-component ZnO/Ag/CdS nanocomposite photoanode
for photocatalytic water splitting. J. Power Sources 2014, 269, 466–472. [CrossRef]

18. Li, H.; Xiao, S.; Zhou, J.; Zhao, J.; Liu, F.; Li, G.; Zhang, D. A flexible CdS nanorods-carbon nanotubes/stainless steel mesh
photoanode for boosted photoelectrocatalytic hydrogen evolution. Chem. Commun. 2019, 55, 2741–2744. [CrossRef]

19. Kim, C.-L.; Jung, C.-W.; Oh, Y.-J.; Kim, D.-E. A highly flexible transparent conductive electrode based on nanomaterials. NPG Asia
Mater. 2017, 9, e438. [CrossRef]

20. Li, X.; Zhu, Y.; Cai, W.; Borysiak, M.; Han, B.; Chen, D.; Piner, R.D.; Colombo, L.; Ruoff, R.S. Transfer of large-area graphene films
for high-performance transparent conductive electrodes. Nano Lett. 2009, 9, 4359–4363. [CrossRef]

21. Han, B.; Pei, K.; Huang, Y.; Zhang, X.; Rong, Q.; Lin, Q.; Guo, Y.; Sun, T.; Guo, C.; Carnahan, D. Uniform self-forming metallic
network as a high-performance transparent conductive electrode. Adv. Mater. 2014, 26, 873–877. [CrossRef] [PubMed]

22. Liang, J.; Li, L.; Tong, K.; Ren, Z.; Hu, W.; Niu, X.; Chen, Y.; Pei, Q. Silver nanowire percolation network soldered with graphene
oxide at room temperature and its application for fully stretchable polymer light-emitting diodes. ACS Nano 2014, 8, 1590–1600.
[CrossRef] [PubMed]

23. Banisharif, A.; Khodadadi, A.A.; Mortazavi, Y.; Firooz, A.A.; Beheshtian, J.; Agah, S.; Menbari, S. Highly active Fe2O3-doped TiO2
photocatalyst for degradation of trichloroethylene in air under UV and visible light irradiation: Experimental and computational
studies. Appl. Catal. B Environ. 2015, 165, 209–221. [CrossRef]

24. Wei, K.; Li, B.; Gong, C.; Zhu, Z.; Zhang, Y.; Liu, M.; Ren, P.; Pan, X.; Wang, Y.; Zhou, J. Full near-ultraviolet response
photoelectrochemical ultraviolet detector based on TiO2 nanocrystalline coated stainless steel mesh photoanode. Nanotechnology
2021, 32, 475503. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jpowsour.2014.06.165
https://doi.org/10.1039/C9CC00050J
https://doi.org/10.1038/am.2017.177
https://doi.org/10.1021/nl902623y
https://doi.org/10.1002/adma.201302950
https://www.ncbi.nlm.nih.gov/pubmed/24510662
https://doi.org/10.1021/nn405887k
https://www.ncbi.nlm.nih.gov/pubmed/24471886
https://doi.org/10.1016/j.apcatb.2014.10.023
https://doi.org/10.1088/1361-6528/ac1b57
https://www.ncbi.nlm.nih.gov/pubmed/34359054

	Introduction 
	Materials and Methods 
	Preparation of INTCE 
	Preparation of TiO2 Photoactive Layer 
	Encapsulation of the PEC UV Detector 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

