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ABSTRACT: Self-powered  photoelectroche-
mical (PEC) photodetectors hold great promise
for  underwater  optical  applications,  yet  suffer
from  sluggish  carrier  dynamics  and  limited
stability.  Herein,  high-performance,  self-
powered,  and  stable  PEC  ultraviolet  (UV)
photodetectors  were  fabricated  using  metal-
organic-framework  derived  ZnO  nanocages
(NCs). These topography-engineered ZnO NCs
synchronously  enhance  UV  absorption,
facilitate  photogeneration  carrier  separation,
and  promote  charge  transfer  at  the
ZnO/electrolyte  interface,  thus  optimizing  the
overall  photoresponse  performance.  The  ZnO
NCs-based  PEC  device  achieves  an  ultrahigh
responsivity  of  300.6  mA/W under  365  nm UV
light  irradiation,  a  fast  response  time  of
10/20 ms, outstanding spectra selectivity (UV/visible rejection ratio of 2000), and excellent cycling stability (10,000 cycles),
which is one of the best reported PEC UV photodetectors. Furthermore, the self-powered ZnO-based PEC PDs have good
underwater optical imaging capability. This work provides a new idea for designing high-performance UV photodetectors for
application in underwater environments.
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1    Introduction
In  underwater  applications,  ultraviolet  photodetectors  (UV  PDs)
offer the advantages of low background noise and high selectivity in
detecting substances compared to other wavelengths, such as visible

and  infrared  light  [1−5].  As  emerging  self-powered  PDs,
photoelectrochemical  (PEC)  UV  PDs  with  high  sensitivity  and
simple  structure  driven  by  the  solid/liquid  interfacial  built-in
electric field, have been investigated in several fields, including UV
monitoring,  medical  testing,  and  underwater  optical
communication [6−9]. However, most photoelectrodes suffer from
high  photogenerated  carrier  recombination  rates  and  sluggish
interfacial electrochemical reaction kinetics, restricting their overall
PEC  UV  detection  performance  [10].  p-n  junctions  and  surface
modification  have  been  explored  to  enhance  PEC  UV
photoresponse by facilitating photogenerated carrier separation and
accelerating interfacial charge transfer [11, 12]. However, achieving
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desirable  UV  photoresponse  and  reducing  the  complexity  of
fabrication processes  remain significant  challenges  [13].  Therefore,
the  exploration  of  single  active  materials  with  suitable
nanostructures  that  possess  efficient  UV  photoelectric  conversion
and fast interfacial electrochemical kinetics remains a research focus
on PEC UV PDs [14, 15].

Currently,  various  wide-bandgap  nanomaterials  with  a  strong
UV  photoresponse  have  been  explored  for  designing  PEC  UV
PDs [16, 17],  such  as  TiO2 [18],  Ga2O3 [19],  SnO2 [20],  and  ZnO
[21, 22].  Among them,  a  third-generation  semiconductor  material
ZnO  stands  out,  which  is  favorable  for  UV  detection  due  to  the
wide bandgap of approximately 3.37 eV and good stability [23, 24].
Li et al.  [25] used purified water as the electrolyte and fabricated a
ZnO  nanorod  array  as  a  PEC  UV  PD  photoanode.  The  device
achieved  a  maximum  responsivity  (R)  of  22  mA/W  within  the
wavelength range of 350–550 nm and a response time of less than
0.1 s. Lin et al. [26] developed a ZnO/ZnS core–shell nanorod array
as the photoanode for a PEC UV PD. The ZnO/ZnS n-n junction
and  core–shell  structure  enhanced  light  absorption  and  improved
photoresponse. The PD exhibits a fast response time of 0.04 s and a
high R of 56 mA/W at 340 nm, which is 1.8 times higher than that
of sole ZnO-based PD. Tang et al. [27] fabricated a Ga-doped ZnO
PEC  PD  with  an  ultra-high R of  233.26  mA/W  under  365  nm
illumination  and  a  fast  response  time  of  159/150  ms  without
external  bias  voltage.  However,  the  cycling  stability  is  only
maintained for 1 h (1800 cycles) with almost no attenuation of the
photocurrent density (Jph). Doping and heterojunction are powerful
strategies  for improving the performance of  ZnO-based PEC PDs,
but  the  corresponding  fabrication  processes  are  complicated.  It  is
still  a  great  challenge  to  achieve  high-performance  PEC
photodetectors based on sole ZnO.

In  this  study,  we  successfully  developed  high-performance  self-
powered PEC UV PDs based on ZnO nanocages (NCs).  The PDs
exhibit  an  ultrahigh R of  300.6  mA/W  under  365  nm  irradiation
and  maintain  nearly  no  decay  photoresponse  after  5.56  h  of  light
exposure  (10,000  cycles),  demonstrating  outstanding  stability.  The
boosting  photoresponse  of  ZnO  PEC  UV  PDs  can  be  ascribed  to
the NCs morphology, which not only enhances UV absorption but
also  promotes  the  separation  of  photogenerated  carriers  and
accelerates  ZnO/electrolyte  interfacial  electrochemical  reaction
kinetics. Furthermore, the devices show fast response speed and are
successfully  applied  in  the  underwater  optical  imaging  system
demonstrating  a  proof-of-concept  application.  The  high-
performance  ZnO  NCs  PEC  UV  PDs  exhibit  great  promise  in
underwater  UV  detection  and  imaging,  laying  a  solid  foundation
for practical application. 

2    Experimental
 

2.1    Materials
2-Methylimidazole  (2-C4H6N2,  98%),  methanol  (99%),  zinc  nitrate
hexahydrate  (Zn(NO3)2·6H2O,  99%),  potassium  hydroxide  (KOH,
99%),  sulfuric  acid  (H2SO4,  99%),  and  fluorine-doped  tin  dioxide
(FTO)  glass  were  purchased  from  Shanghai  McLean  Biochemical
Technology  Co.  All  materials  were  used  without  additional
purification. 

2.2    Synthesis of ZnO NCs
First,  the  FTO  substrate  was  ultrasonically  treated  with  acetone,

ethanol,  and  deionized  water  for  10  min,  respectively.  After
washing,  the FTO was immersed in concentrated H2SO4 (18.4  M)
for  6  h  and  then  was  washed  and  blown  dry.  A  40  mL  methanol
solution  containing  Zn(NO3)2·6H2O  (0.594  g)  and  2-C4H6N2
(0.328 g) was stirred for 1 h. Next, the FTO substrate was placed flat
in the mixed solution for 24 h. Finally, the Zn-ZIF-8 films (1 cm ×
1  cm)  were  obtained  by  placing  them  in  a  60  °C  vacuum  drying
oven.  The  as-prepared  Zn-ZIF-8  films  were  calcined  in  a  muffle
furnace at 400 °C in air for 3 h (heating rate: 5 °C/min).

ZnO nanoparticles (ZnO NPs): The ZIF-8 solution was collected
and  annealed  in  a  400  °C  muffle  for  3  h.  5  mg  of  ZnO  NPs  was
weighed  and  dissolved  in  1  mL  of  DMF  by  ultrasonication.  A
200 µL drop of the sample mixture was taken on an FTO (1 cm ×
1 cm) and dried in a vacuum oven at 60 °C overnight. 

2.3    Materials characterization
The crystalline structure was analyzed via X-ray diffraction (XRD)
at  room temperature  (Shimadzu XRD-6100 with  Cu Kα radiation
(λ =  1.5406  Å)).  UV–visible  (UV–vis)  absorption  spectra  were
recorded via  a  UV-3000 spectrophotometer.  The morphology and
microstructure  were  further  investigated  by  scanning  electron
microscopy  (SEM,  JSM-7500F)  and  transmission  electron
microscopy  (TEM,  JEM-200  operated  at  200  keV).  Elemental
composition was determined by X-ray photoelectron spectroscopy
(XPS)  performed  with  monochromatic  Al  Kα radiation  (Thermo
Scientific  K-Alpha).  Photoluminescence  (PL)  spectra  were
measured by a spectrometer (PerkinElmer LS 55) with an excitation
laser at 250 nm. 

2.4    Photoresponse measurements
The performance of the PEC PDs was evaluated in a three-electrode
system  which  was  achieved  on  an  electrochemical  workstation
(CHI660E,  CH  Instruments)  under  a  power-adjustable  laser  with
wavelengths of 365 and 405 nm. The fabricated photoelectrodes, Pt
sheet,  and  saturated  calomel  electrodes  (SCE)  were  used  as
photoanode,  counter  electrode,  and  reference  electrode,
respectively. The electrolytes were 0.1 M KOH, 0.1 M Na2SO4, and
simulated  seawater.  The  PEC  PDs  were  characterized  using  a
polytetrafluoroethylene  reaction  cell  with  a  transparent  quartz
optical  window.  For  underwater  light  imaging,  a  hollow “LXH”
logo made of steel plate was used as the test pattern and installed in
front  of  the  365  nm  laser.  The  imaging  system  was  placed  on  a
computer-controlled  electric  translation  stage  that  can  move
continuously  in  the X and Y directions.  The  incident  light  first
passed through the imaging object and then illuminated the surface
of  the detector.  The electrical  signals  generated by the device were
collected  in  real-time  by  the  source  meter  (Keithley  6482)  and
oscilloscope.  The  computer  recorded  the  position  information  of
the translation stage while collecting signals from the detector, and
ultimately obtained a pattern consistent with the imaging object. 

3    Results and discussion
 

3.1    Characterization of ZnO NCs
The XRD pattern of ZIF-8 agreed with the simulated crystal model
from  the  Ref.  [28]  (as  shown  in  Fig.  S1  in  the  Electronic
Supplementary Material (ESM)), proving the successful preparation
of  ZIF-8  samples.  As  shown  in  Fig.  S2  in  the  ESM,  the  ZIF-8
exhibits  a  dodecahedra  structure  with  an  average  crystal  size  of
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approximately  800  nm. Figure  1(a) shows  a  digital  image  of  ZnO
NCs  on  FTO  substrate  with  high  transparency.  The  transmission
spectra  of  the  FTO substrate  and ZnO NCs on FTO substrate  are
compared  (Fig.  1(b)),  and  ZnO  NCs  on  the  FTO  exhibit  a
transmittance  of  approximately  75%  in  the  400–800  nm  range,
which is close to the FTO substrate.  Due to their high visible light
transmittance and strong UV absorption, ZnO NCs are suitable for
transparent  UV optoelectronic  devices  and UV-blocking materials
[29, 30]. Figure  1(c) shows  the  XRD  pattern  of  ZnO  NCs.
Excluding the peak of  the FTO substrate,  the other peaks at  31.7°,
34.4°,  36.2°,  47.5°,  56.6°,  62.8°,  66.3°,  67.9°,  69.0°,  and  72.5°  match
well  with  the  ZnO  standard  pattern  (PDF#76-0704)  [27, 31],
demonstrating  the  successful  fabrication  of  ZIF-8-derived  ZnO
(further discussion can be found in Fig. S3 in the ESM). SEM and
TEM  were  employed  to  examine  the  morphology  and
microstructure  of  the  ZIF-8-derived  ZnO.  As  shown  in Fig.  1(d),
the  ZnO  sample  retains  the  dodecahedral  structure.  However,
compared to the ZIF-8 sample, the surface of ZIF-8-derived ZnO is
significantly roughened with porous structure and the average size
is  reduced  to  about  500  nm  (Fig.  S4  in  the  ESM),  which  is
consistent with the previous report [32]. The unique morphological
structure of ZnO provides more active sites and ion transfer routes,
improving the interfacial electrochemical reaction kinetics [33, 34].
Figure 1(e) presents a high-resolution TEM image of the ZnO NCs
and  the  lattice  spacing  is  0.282  nm,  corresponding  to  the  (100)
plane of the ZnO NCs. Figure 1(f) displays the selected area electron
diffraction (SAED) pattern of ZnO NCs. The SAED pattern reveals
several  diffraction  rings  corresponding  to  the  (100),  (110),  (112),
(101),  and  (102)  planes  of  ZnO,  which  agrees  well  with  the  XRD
pattern, indicating the polycrystalline nature of the ZnO NCs.

The  PEC  photoresponse  of  ZnO  NCs  was  assessed  by  a  three-
electrode  system,  where  ZnO  NCs  photoelectrodes,  Pt  wire,
saturated  calomel  electrode,  and  0.1  M  KOH  aqueous  solution
served as working electrode, counter electrode, reference electrode,
and  electrolyte.  When  n-type  ZnO  contacts  the  electrolyte,  an
upward  band  bending  forms  at  the  ZnO/electrolyte  interface
pointing  from  ZnO  to  electrolyte  due  to  the  establishment  of

electrochemical equilibrium. Under UV irradiation, photogenerated
holes  migrate  toward  the  ZnO  surface,  where  they  undergo
oxidation reactions with hydroxide ions (OH−) to produce hydroxyl
radicals (OH*). Meanwhile, photogenerated electrons flow through
the  external  circuit  to  the  counter  electrode.  The  generated  OH*
then  undergoes  a  reduction  reaction  with  the  photogenerated
electrons  at  the  counter  electrode,  producing  a  positive
photocurrent (Fig. S5 in the ESM) [14]. Figure S6 in the ESM shows
the  voltage-dependent  photoresponse  of  the  ZnO  NCs  PEC  PDs
under 365 nm irradiation (level I). The device exhibits weak voltage
dependence  and  good  self-powered  capability.  Both  the
photoresponse  and  dark  current  density  slightly  increase  as  the
voltage  increases,  therefore,  we  focus  on  self-powered
photoresponse  in  the  following.  Then,  the  current  density–time
(J–t)  curves  of  ZnO  NCs  PEC  photoluminescent  devices  were
attained  in  self-powered  mode  under  the  irradiation  of  cyclic
switching wavelength at 365 nm. As shown in Fig. 2(a), the devices
show  stable  and  repeatable  UV  photoresponse.  To  quantitatively
evaluate  the  performance  of  ZnO  NCs  PEC  PDs,  the  key
parameters  including Jph, R,  and  specific  detectivity  (D*)  are
calculated via the following formulas: Jph = Ji − Jd (Ji and Jd represent
the current density with and without irradiation), R = Jph/P, and D*

= R × S1/2/(2q × Jd × S)1/2,  respectively,  where P represents the light
power intensity (see Table S1 in the ESM), S is the effective area of
the ZnO NCs (1 cm × 1 cm), and q denotes the electron charge of
1.60  ×  10−19 C.  Apparently,  the Jph increases  with  the  elevated P,
and Jph is  about  26.75  μA/cm2 at  level  I,  which  increases  to
333.12  μA/cm2 at  level  V  (more  details  in  Table  S2  in  the  ESM).
The R and D* of ZnO NCs are as high as 300.6 mA/W and 3.58 ×
1011 Jones, as shown in Fig. 2(b), and Tables S3 and S4 in the ESM.

Spectral  selectivity  is  a  key parameter  for  visible-blind UV PDs,
representing the ability to anti-interference visible light in complex
environments,  denoted  as  the  UV–visible  rejection  ratio
(R365 nm/R405 nm). The UV–visible rejection ratio (R365 nm/R405 nm) of
the  ZnO NCs PEC PDs was  calculated  to  be  2000,  demonstrating
excellent  spectral  selectivity  (Fig.  2(c)).  The  fast  response  speed  is
crucial  for  practical  applications,  reflected  by  rise  time  (tris)  and

 

Figure 1    Characterization of the ZnO NCs. (a) Digital image of ZnO NCs photoanode. (b) Transmission spectra of ZnO NCs and FTO. (c) XRD patterns of ZnO NCs
samples. (d) SEM image of ZnO NCs. Inset: SEM at high magnification. (e) HRTEM image of ZnO NCs. (f) SAED image of ZnO NCs.
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recovery  time  (trec).  The tris (trec)  is  defined  as  the  time  that Jph
increases (decreases) from 10% (90%) to 90% (10%). The ZnO NCs
exhibit a tris of 10 ms and trec of 20 ms, indicating the fast response
speed,  as  shown  in Fig.  2(d).  Excitingly,  ZnO  NCs  PEC  PDs
showed  excellent  stability  over  5.56  h  (10,000  cycles)  with  the Jph
remaining with almost  no attenuation.  As shown in Fig.  S7 in the
ESM,  the  ZnO  NCs  are  without  structural  degradation  after  the
5.56 h multicycle test, further demonstrating excellent stability. We
intercepted the  multi-cycle J–t curves  at  different  time intervals  to
further demonstrate good multi-cycle stability (as shown in Fig. S8
in the ESM). In addition, after two months of storage under drying
at  room  temperature, Jph decreased  from  26.19  to  20.42  μA/cm2

under  365  nm  irradiation  (level  I),  maintaining  78%  of  the  initial
value (Fig. 2(e)), indicating good long-term stability. The long-term
stability  of  ZnO  NCs  photoanodes  can  be  further  enhanced  by
coating  the  hydrogel  protective  layer  [35].  To further  demonstrate
the advantages of ZnO NCs, we also explore the UV photoresponse
of ZIF-8 derived ZnO NPs, and the photoresponse performance is
shown  in  Fig.  S9  in  the  ESM.  The  ZnO  NPs  PEC  UV  PDs  show
inferior  UV  detection  capability  with  a  low  responsivity
(41.35  mA/W),  slow  response  speed  (200/300  ms),  low  spectral
selectivity  (UV/visible  rejection  ratio  of  100.36),  and  poor  stability
(Jph retaining  76%  after  500  cycles).  Compared  with  previously
reported self-powered PEC UV PDs, our ZnO NCs PEC UV PDs
stand  out  due  to  ultrahigh  UV  responsivity,  outstanding  spectral
selectivity,  excellent  cyclic  stability,  and  fast  response  speed  (Table
S5  in  the  ESM  and Fig.  2(f)),  making  them  promising  candidates
for high-performance UV photodetection applications.

Another effective way to modulate the performance of PEC PDs
is  by  controlling  the  mass  transfer  process  and  interfacial  redox
reaction  kinetics  by  regulating  electrolyte  concentration  [36].
Therefore,  we  further  investigated  the  impact  of  electrolyte

concentration on the performance of PEC PDs. Specifically, the Jph
is  13.80  μA/cm2 in  0.01  M  KOH,  which  increases  to  24.33  and
26.19 μA/cm2 as the concentration of the KOH solution increases to
0.05  and  0.1  M  (Fig.  S10(a)  in  the  ESM),  indicating  the Jph were
close to saturation as the KOH solution concentration is larger than
0.05 M. Therefore, higher electrolyte concentrations were not used
in  our  experiment.  The  electrochemical  impedance  spectroscopy
(EIS)  of  ZnO  NCs  PEC  UV  PDs  in  varying  electrolyte
concentrations  were  measured  to  illustrate  the  effect  of  electrolyte
concentration  on  PEC  properties.  The  EIS  results  and
corresponding  equivalent  current  diagrams  are  presented  in  Fig.
S10(b)  and  Table  S6  in  the  ESM.  At  higher  electrolyte
concentrations,  the  devices  exhibit  smaller  equivalent  series
resistances  (Rs)  and  charge  transfer  resistances  (Rct),  indicating
improved  ionic  conductivity  and  charge  transfer  kinetics,  which
result in enhanced UV photoresponse [37].  To further explore the
application  of  ZnO  NCs  in  different  aqueous  environments,  we
tested  them  in  0.1  M  Na2SO4 and  simulated  seawater  as  in  Figs.
S10(c) and S10(d) in the ESM. The results show that the Jph of ZnO
NCs  in  these  two  electrolytes  are  9.93  (0.1  M  Na2SO4)  and
5.70  μA/cm2 (simulated  seawater)  at  level  I,  demonstrating  good
UV photoresponse in diversified environments.

To  clarify  the  high-performance  UV  photoresponse  of  ZnO
NCs,  we  analyze  the  light  absorption  properties,  photogenerated
carrier  separation,  and  interfacial  electrochemical  reaction  kinetics
of  both  ZnO  samples.  As  shown  in Fig.  3(a),  ZnO  NCs  provide
superior  UV  absorption  due  to  the  light  multiple  reflection
absorption induced by the NCs structure [49]. The morphology of
ZnO NPs is shown in Fig. S11 in the ESM, where they are formed
by  the  stacking  of  irregular  small  particles,  which  results  in
weakened light absorption. The corresponding optical bandgaps of
ZnO  NCs  and  NPs  calculated  from  the  Tauc  plot  are  3.36  and
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Figure 2    Photoresponse of self-powered ZnO NCs PEC UV PDs. (a) J–t curves irradiated by 365 nm with different light power intensities. (b) The corresponding R and
D* values. (c) J–t curves of ZnO NCs PEC VBUV PDs irradiated at 365 and 405 nm. Inset: J–t plot at 405 nm. (d) Intervals between tris and trec of ZnO NCs. (e) Cyclic
stability test of ZnO NCs at 365 nm for 10,000 cycles (level I). (f) Performance comparison of recently reported self-powered PEC UV PDs. ZnO:Ga [27], ZnO NWs [38],
ZnS/ZnO [26], ZnO NR/In2S3 [39], GaN/Cu2O NWs [40], 2D InSe [41], In2O3 MRs [14], Bi2O2S NSs [42], GaN [43], In2O3 Nas [44], AlGaN/Rh-Cr2O3 [45], a-Ga2O3

films [46], Ga2O3/Al2O3 [47], and AlGaN [48].
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3.25  eV  (Fig.  S12  in  the  ESM).  The  slightly  decreased  optical
bandgap  of  ZnO  NPs  is  due  to  a  little  increased  oxygen  vacancy
(VO)  concentration,  demonstrated  by  the  XPS  and  electron
paramagnetic  resonance  (EPR)  results  (more  detail  in  Fig.  S13  in
the  ESM)  [50, 51]. Figure  3(b) displays  the  PL  spectra  of  both
samples,  providing  insight  into  the  effect  of  morphology  on
photogenerated carrier separation. Compared to ZnO NPs, the PL
intensity  of  ZnO  NCs  is  significantly reduced,  indicating  more
efficient  photogenerated  carrier  separation  and  suppression  of
photogenerated electron-hole recombination [52, 53].

To  thoroughly  investigate  interfacial  electrochemical  behavior,
we  conducted  EIS  (Fig.  3(c))  and  open-circuit  potential  (OCP)
testing (Fig. 3(d)). The Rs and Rct values of ZnO NCs and ZnO NPs
are  given  in  Table  S7  in  the  ESM.  A smaller Rs can  accelerate  the
transport of charge carriers and reduce the response delay [54, 55].
Therefore, the response speed of ZnO NCs (10 ms) is much faster
than that of ZnO NPs (200 ms). The Rct of ZnO NCs and ZnO NPs
are 105.3 and 2452.0 Ω, respectively, indicating that the porous NCs
can  dramatically  accelerate  the  interfacial  charge  transfer  and
improve the interfacial electrochemical reaction kinetics. As shown
in  Fig.  S14  in  the  ESM,  the  electrochemical  active  surface  area  of
ZnO NCs (4.0) is estimated to be larger than that of ZnO NPs (1.4)
based on the cyclic voltammetry curves, which further suggests that
ZnO  NCs  can  provide  more  electrochemical  reaction  sites  and
promote  electrochemical  reaction  kinetics,  agreeing  well  with  EIS
results.  The  OCP  of  ZnO  NCs  rapidly  reaches  saturation  under
irradiation, demonstrating a faster photocarrier separation process.
The  photovoltage  (ΔOCP,  ΔOCP  =  OCPlight − OCPdark)  of  ZnO
NCs  recovers  86%  (0.249/0.214  V)  within  10  s  after  the  light  is
turned off, which is larger than the 72% recovery observed in ZnO

NPs (0.198/0.142 V), indicating that the photogenerated carriers in
ZnO  NCs  possess  faster  relaxation  process  [53, 54].  The  rapid
photogenerated  carrier  transport  capability  and  relaxation  process
enable ZnO NCs to exhibit fast photoresponse speed. In the second
cycle of the test, the OCPdark is mainly determined by the unrelaxed
charges,  which  significantly  reduces  the  photovoltage  [13, 56].  In
the  second  cycle,  after  the  light  is  turned  off,  the  photovoltage  of
ZnO  NCs  (0.243  V)  is  almost  equal  to  that  of  the  initial  cycle
(0.249 V) and larger than that of ZnO NPs (0.165 V), accelerating
the interfacial charge transfer, which agrees well with EIS results.

To  further  validate  the  performance  of  ZnO  PEC  PDs  in
underwater optical imaging capability, the device is employed as the
single  point-like  sensing  pixel  in  an  imaging  system  as  shown  in
Fig.  4(a).  The  system  consists  of  a  365  nm  laser  source,  source
meter,  oscilloscope,  computer,  and a  hollow board with an “LXH”
hollow mark. The object can be precisely moved in both horizontal
and  vertical  directions  (x–y plane),  with  this  controlled  by  the
computer  system.  We  also  provide  a  digital  image  of  the
underwater optical imaging system in Fig. S15 in the ESM. A 370 ×
120  pixel  image  can  be  obtained  at  a  bias  voltage  of −0.5  V  as
shown in Fig. 4(b). The image demonstrates high fidelity, featuring
distinct boundaries and exhibiting a high degree of correspondence
with the shape of the target object. Additionally, Fig. 4(c) shows the
intensity profile of the blue line region in Fig. 4(b), where the sharp
intensity  variations  (rapid  rises  and  falls)  further  demonstrate  that
the  system  has  a  high  dynamic  range,  capable  of  accurately
capturing  subtle  variations  in  the  image.  These  good  imaging
results highlight the significant potential of ZnO NCs PEC UV PDs
in underwater optical imaging applications, confirming its reliability
and effectiveness in high dynamic range imaging. 

 

Figure 3    (a) UV–vis diffuse reflectance spectra. (b) Photoluminescence spectra. (c) EIS of ZnO samples. (d) ΔOCP is the difference in voltage between the dark and λ =
365 nm illumination conditions.
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4    Conclusions
This work demonstrates that topography engineering is a powerful
tool  to  improve  the  UV  photoresponse  of  ZnO  PEC  PDs  and
proves  the  high-performance  PEC  UV  PDs  based  on  ZnO  NCs.
The  ZnO  NCs-based  PEC  PDs  have  achieved  high-performance
self-powered  photoresponse  at  365  nm,  with  a R of  up  to
300.6 mA/W, a fast response time (10/20 ms), outstanding spectra
selectivity,  and  excellent  cycling  stability  (10,000  cycles).  The
outstanding  UV photoresponse  is  attributed  to  the  NCs  structure,
effectively  improving  UV  absorption,  promoting  photogenerated
carrier  separation,  and  accelerating  interfacial  electrochemical
reaction  kinetics.  Furthermore,  the  self-powered  ZnO-based  PEC
PDs  have  good  underwater  optical  imaging  capability.  This  work
offers  a  new  insight  into  designing  high-performance  underwater
UV optoelectronic devices. 

Electronic  Supplementary  Material: Supplementary  material
(methods  and  additional  characterization  results,  including  Figs.
S1–S15 and Tables S1–S7) is available in the online version of this
article at https://doi.org/10.26599/NR.2025.94907403. 
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