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Abstract: Solar  water  splitting  is  a  promising  strategy  for  the  sustainable  production  of  renewable  hydrogen  and  solving  the
world’s crisis of energy and environment. The third-generation direct bandgap semiconductor of zinc oxide (ZnO) with proper-
ties  of  environmental  friendliness  and  high  efficiency  for  various  photocatalytic  reactions,  is  a  suitable  material  for  photoan-
odes  because  of  its  appropriate  band  structure,  fine  surface  structure,  and  high  electron  mobility.  However,  practical  applica-
tions of  ZnO are usually  limited by its  high recombination rate of  photogenerated electron–hole pairs,  lack of  surface reaction
force, inadequate visible light response, and intrinsic photocorrosion. Given the lack of review on ZnO’s application in photoelec-
trochemical (PEC) water splitting, this paper reviews ZnO’s research progress in PEC water splitting. It  commences with the ba-
sic  principle  of  PEC water  splitting and the  structure  and properties  of  ZnO.  Then,  we explicitly  describe  the  related strategies
to solve the above problems of ZnO as a photoanode, including morphology control, doping modification, construction of het-
erostructure,  and  the  piezo-photoelectric  enhancement  of  ZnO.  This  review  aims  to  comprehensively  describe  recent  findings
and  developments  of  ZnO  in  PEC  water  splitting  and  to  provide  a  useful  reference  for  the  further  application  and  develop-
ment of ZnO nanomaterials in highly efficient PEC water splitting.
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1.  Introduction

Under the demand of global sustainable development, sol-
ar  energy  and  hydrogen  energy  are  two  clean  and  environ-
mentally  friendly  new  energy  sources  that  attract  full  atten-
tion.  With  the  help  of  photocatalysts,  artificial  simulation  of
photosynthesis  in  green  plants  can  simultaneously  achieve
the absorption and utilization of sunlight and the production
of hydrogen and oxygen by solar water splitting.

In  1972,  Fujishima et  al.  from  Japan  discovered  that  un-
der  the illumination of  near-ultraviolet  light  (380 nm),  the ru-
tile  TiO2 single crystal  electrode could split  water  into H2 and
O2 at normal temperature[1], providing the possibility of gener-
ating  hydrogen  directly  by  solar  water  splitting.  Scientists
called  this  technology  of  producing  hydrogen  and  oxygen
only  by  sunlight  and  water  as  “one  of  the  ideal  technologies
for humans”.  From the perspective of solar energy utilization,
producing  hydrogen  by  solar  water  splitting  mainly  uses  the
ultraviolet  and  visible  part  of  solar  radiation.  At  present,  two
technologies,  including  photoelectrocatalysis  (PEC)  and  pho-
tocatalysis  (PC),  are  applied  to  prepare  hydrogen  from  solar

water  splitting.  PC  technology  is  used  to  disperse  the  pho-
tocatalyst  in  the  form  of  fine  powder  in  the  electrolyte  to
form  a  particulate  suspension  system.  Although  the  PC  sys-
tem is regarded as the lowest-cost system for solar water split-
ting,  its  practical  application is  hampered by the high recom-
bination  rate  of  photogenerated  charge  carriers,  limited  vis-
ible-light  absorption  range,  and  low  solar  energy  conversion
efficiency  of  the  photocatalyst.  Compared  with  light  excita-
tion, the electric field is a more efficient driving force to separ-
ate  the  photogenerated  carriers  for  solar  water  splitting.  In
this way, the PEC system, which is a combination of light excit-
ation  and  the  externally  applied  voltage,  is  constructed,  and
the  separation  efficiency  of  the  photogenerated  carriers  can
be  significantly  improved[2].  Even  if  the  participation  of  bias
voltage can enhance the separation of  photogenerated carri-
ers, the PEC system still requires efficient semiconductor mater-
ials  as  photoelectrodes.  Among  multitudinous  semiconduct-
ors, ZnO is highly accepted with its high electron mobility (typ-
ically  10–100  folds  more  elevated  than  that  of  TiO2

[3])  and
low cost[4].

Considering  the  extensive  application  of  ZnO  in  PEC  wa-
ter splitting and the lack of relevant reviews, this paper will sys-
tematically describe the research of ZnO as a photoanode for
solar  water  splitting.  Firstly,  the  basic  principle  of  PEC  water
splitting  and  the  essential  properties  of  ZnO,  as  well  as  re-
lated applications, are indispensably introduced. Secondly, sev-
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eral  methods  for  enhancing  the  absorption  efficiency  of  vis-
ible light, improving the efficiency of electron and hole separa-
tion,  and  improving  the  effectiveness  of  the  surface  catalytic
reaction  of  ZnO-based  photoanodes  are  described  in  this
review,  respectively,  including  morphology  regulation,  ele-
ment  doping,  construction  of  the  heterogeneous  structure,
and  ferroelectric  enhancement.  This  review  aims  to  summar-
ize recent findings and developments of ZnO-based photoan-
odes and to provide some useful guidance for the design and
preparation  of  high-efficiency  ZnO-based  photoanodes  for
solar water splitting.

1.1.  The fundamental of photoelectrochemical water

splitting

With a semiconductor material fixed on a conductive sub-
strate  and  working  as  an  electrode,  photogenerated  elec-
trons or  holes  are forced to move towards the opposite elec-
trodes under an applied bias voltage, and thus the photogen-
erated carriers are separated. It is called the PEC method. Com-
pared with photocatalytic water splitting using a powder-pho-
tocatalyst,  PEC  water  splitting  can  not  only  compensate  the
valence  band  (VB)  or  conduction  band  (CB)  potentials  and
overpotential of the semiconductor but also promote the sep-
aration  of  electrons  and  holes.  Attributed  to  the  existence  of
applied bias, PEC water splitting is expected to solve the prob-
lems of the high probability of electron–hole pair recombina-
tion, low apparent quantum yield, and low solar energy conver-
sion  efficiency  of  photocatalyst[2].  Besides,  the  PEC  system
has lower requirements on the CB and VB position of semicon-
ductor  materials,  which  means  higher  material  selectivity.
The  PEC  water  splitting  system  has  a  simple  mechanism  and
an  environmentally  friendly  process.  It  can  be  perfectly  com-
bined with the existing photovoltaic technology, which is con-
ducive  to  further  industrial  development[5].  The  preparation
of  photoelectrode  with  low  cost,  stable  and  high  photoelec-
tric conversion efficiency is the key to this technique, which is
generally composed of a photocatalyst formed on a glass sub-
strate  such  as  electrically  conductive  fluorine-doped  tin  ox-
ide (FTO).

In  general,  as  depicted  in Fig.  1,  there  are  three  types  of
PEC  water  splitting  system:  (a)  the  PEC  system  with  n-type
semiconductor  materials  as  the  photoanode  and  hydrogen
evolution at  the counter electrode;  (b)  the PEC system with a
p-type semiconductor as the photocathode and oxygen evolu-
tion  at  the  counter  electrode;  (c)  the  PEC  system  with  n-type
and p-type semiconductor as the photoanode and photocath-

ode  respectively,  and  hydrogen  and  oxygen  evolution  simul-
taneously.

For  a  photoelectrochemistry  device  with  an  n-type semi-
conductor  worked  as  the  photoanode  and  hydrogen  evolu-
tion  at  the  counter  electrode,  the  whole  process  at  the  pho-
toanode can be divided into the following four  steps  (Fig.  2):
(a) the absorption of light by the photoanode and the genera-
tion  of  photogenerated  carriers;  (b)  the  separation  of  carriers
within the photoanode and at the solid–liquid interface; (c) car-
riers transport inside the photoanode; and (d) surface chemic-
al  redox reactions  at  the solid–liquid  interface.  In  each of  the
above  steps,  there  are  energy  losses,  such  as  recombination
and the capture of charge carriers, slow kinetics due to overpo-
tential,  and  interruption  of  carrier  transport.  Therefore,  the
key to improving the conversion efficiency of PEC cells is to im-
prove  the  photoanode  performance  of  materials  and  minim-
ize unnecessary energy losses.

The selection of photoanode semiconductor nanomateri-
als for PEC cells is the top priority in the construction of an effi-
cient  PEC  system.  Four  core  problems  corresponding  to  the
above  four  steps  must  be  considered:  (1)  the  light  absorp-
tion  capacity  of  the  photoanode  and  the  generation  efficie-
ncy  of  photogenerated  carriers;  (2)  separation  and  transport
efficiency  of  photogenerated  electron–hole  pairs;  (3)  carriers
extraction at the photoanode/electrolyte interface and genera-
tion of  electrochemical  products;  (4)  stability  of  the photoan-
ode in the electrolyte solution. Only by taking the above four
factors into full consideration can a photoanode with high pho-
toelectric  conversion  efficiency  be  obtained,  so  as  to  further
improve the performance of the PEC water splitting system.

1.2.  Characteristics and related applications of ZnO

Among copious semiconductor materials, the third-gene-
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Fig. 1. (Color online) PEC water splitting in (a) the n-type semiconductor-based PEC system, (b) p-type semiconductor-based PEC system, and (c)
tandem system[6].
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Fig. 2. (Color online) Main processes of PEC water splitting for n-type
semiconductors.
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ration semiconductor ZnO nanomaterials are one of the most
importantly  exploited  objects.  ZnO  is  an  n-type  direct  wide
bandgap (Eg = 3.37 eV)[7] and a II–VI group metal  oxide semi-
conductor.  The  large  bandgap  endows  ZnO  with  high  break-
down voltage, strong ability to maintain the electric field, low
electronic  noise,  and  high  tolerable  power.  The  bottom  of
ZnO’s  CB  is  formed  by  the  4s  state  of  Zn2+ ion  or  the  anti-
bond  state  of  sp3  hybrid  orbital,  and  the  top  of  its  VB  is
formed  by  the  occupied  state  of  O2– 2p  orbital  or  the  bound
orbital  of  sp3  hybrid  orbital[8].  ZnO  has  a  high  exciton  bind-
ing  energy  up  to  60  meV,  which  is  much  higher  than  that  of
other  large  bandgap  semiconductor  materials  such  as  ZnSe
(22 meV) and GaN (25 meV), so it can be applied at room tem-
perature[9] or  even  higher  temperatures.  ZnO  is  widely  used
in the fields of optics, electricity, photoelectronic, sensing, en-
ergy,  and catalysis  due to its  unique photoelectric,  piezoelec-
tric,  thermoelectric  properties,  electric  transport,  field  emis-
sion, dilute magnetism and wave absorption. ZnO nanomateri-
als  are  environmentally  friendly,  abundant,  and  easy  to  pre-
pare. Also, among the obtained nanomaterials, ZnO has relat-
ively  high  biosecurity  and  biocompatibility  and  is  an  excel-
lent bio-adaptive semiconductor.

Generally, there are three types of crystal phases for ZnO,
including  the  hexagonal  wurtzite  structure,  zinc  blende,  and
rare  rock  salt  structure.  Among  them,  the  wurtzite  structure
with  the  highest  stability[10] under  ambient  conditions  is  the
most  common  crystal  type,  with  the  coordination  number  of
4  :  4,  the  point  group  of  6  mm,  and  the  spatial  group  of
P63mc. As shown in Fig.  3(a),  the lattice constants of  wurtzite
structure  ZnO  are  as  follows: a =  3.2496  Å  and c =  5.2065  Å,
and  the  measured  lattice  constants  are  as  follows: a =
3.24–3.26  Å  and c =  5.13–5.43  Å.  The c/a ratio  is  about  1.60,
which  is  close  to  the  ideal  hexagon  ratio  of  1.633.  The  struc-
ture of  ZnO can be described as  follows:  the dense hexagon-
al accumulation of oxygen and zinc are nested in a reverse dir-
ection,  that  is,  the  O2– and  Zn2+ planes  in  numerous  layers
are  superimposed alternately  along the  direction of  the c-ax-
is, while the O2– or Zn2+ in two adjacent layers form a tetrahed-
ral  structure[7].  This  bonding  state  and  geometry  lead  to  a

non-central  symmetry  and  a  sizeable  anisotropic  property
of  ZnO,  which  exhibits  intense  spontaneous  polarization
(0.047  c/m2)  and  high  electron  mobility  (at  300  K,  ca.400
cm2V–1s–1)  along the  (0001)  crystal  plane,  resulting in  piezoe-
lectric  and thermoelectric  effects  along its c-axis.  The centers
of  positive  Zn2+ cations  and  negative  O2– anions  shift  re-
versely when external strain is applied, leading to a dipole po-
larization (ionic  charges)  together  with a  built-in  electric  field
(Fig.  3(b)).  At  present,  the  research  of  ZnO  nanomaterials
mainly  focuses  on,  based  on  the  controllable  preparation  of
ZnO nanomaterials with high yield and the regulation of struc-
ture and performance,  the realization of the assembly of pro-
totype functional  devices,  the testing and evaluation of  devi-
ce  performance,  and  the  theoretical  calculation  and  simula-
tion work.  Among the characteristics listed above, ZnO’s suit-
able band structure,  earth-abundance of elements,  high elec-
tron  mobility,  and  the  piezoelectric  effect  caused  by  lattice
structure also contributes a lot to its application in PEC water
splitting.

2.  Application of ZnO in PEC water splitting

In the past few decades, many metal oxide semiconduct-
or materials, including TiO2, ZnO, α-Fe2O3, BiVO4, WO3, and per-
ovskite materials,  have been widely studied and employed as
photoanodes in PEC water splitting due to their excellent optic-
al-electrical characteristic, suitable band structure (the VB posi-
tion  should  be  more  positive  than  the  redox  potential  of
O2/H2O to ensure the oxidation characteristics of photogener-
ated holes,  which is more conducive to the oxygen evolution
reaction), the appropriate onset potential, high catalytic activ-
ity,  and  low  cost  in  the  process  of  the  water  oxidation  reac-
tion[12, 13].  In  addition  to  these  advantages,  ZnO  is  widely  ap-
plied  for  PEC  water  splitting  due  to  its  comparable  efficiency
to TiO2 in many catalytic reactions.

As  shown  in Fig.  4,  the  bottom  of  the  CB  for  ZnO  is
slightly more negative than the reduction potential  of  hydro-
gen,  while the top of  VB is  far  more positive than that of  wa-
ter  oxidation.  Thus,  as  a  photoanode,  ZnO  has  excellent  ad-
vantages  in  conducting  holes  to  water,  which  can  enhance
the  separation  of  photogenerated  electron–hole  pairs  at  the
photoanode  and  promote  the  PEC  conversion  efficiency  of
the whole system effectively.

The advantages of  ZnO nanomaterials  in PEC water split-
ting are as follows: (1) ZnO nanomaterials usually have low re-
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flectivity and strong light capture ability due to the fine nano-
structure  on  the  surface,  which  can  endow  ZnO  with  a  high
light absorption performance; (2) the surface of ZnO usually ad-
sorbs  abundant  O2 molecules  due to  the  existence of  a  large
number of surface states. It then tends to capture photogener-
ated holes, which ultimately prolongs the lifetime of photogen-
erated electrons and improves the separation efficiency of pho-
togenerated  electron-hole  pairs;  (3)  ZnO  single  crystal  nano-
structures  with  excellent  crystallization  performance  pre-
pared  by  various  methods  have  high  electron  mobility[14] so
that  the  carrier  transport  efficiency  can  be  guaranteed;  (4)
the  fine  surface  structure  size  of  ZnO  nanomaterials  matches
the  diffusion  length  of  minority  carriers,  thus  improving  the
ability of charge extraction and ultimately enhancing the col-
lection  of  carriers;  (5)  the  band  structure  of  ZnO  endows  the
photogenerated  holes  with  a  strong  oxidation  ability.  There-
fore, ZnO is suitable for the photoanode material.

However,  ZnO  has  a  wide  bandgap  and  a  band  absorp-
tion  edge  at  about  368  nm.  It  can  only  utilize  the  ultraviolet
light,  which  accounts  for  only  4%  of  the  solar  spectrum[15].
There are also other problems with ZnO nanomaterials as pho-
toanodes, as shown in Fig. 5: (i) the fast recombination of pho-
togenerated carriers in the photoanode[16]; (ii) the fast recom-
bination  of  electrons  and  holes  at  the  interface  between  the
photoanode  and  the  electrolyte  solution;  and  (iii)  insufficient
surface reactivity.  Given the above problems, there are sever-
al  effective  strategies  to  improve  the  photoelectrocatalytic
activity  of  ZnO,  including  expanding  the  absorption  spec-
trum to the visible light region, enhancing the separation effi-
ciency  of  photogenerated  electron–hole  pairs,  and  improv-
ing the surface reaction rate. These strategies are mainly imple-
mented from the electrode/electrolyte  interface  or  the  inside
of the electrode. For the electrode/electrolyte interface,  there
are  usually  four  approaches:  (1)  constructing  a  hierarchical
structure;  (2)  applying  co-catalysts  at  the  electrode/electro-
lyte interface; and (3) coating the passivation layer on the elec-
trode  at  the  electrode/electrolyte  interface.  For  the  inside  of
the  electrode,  it  is  mainly  solved  by  element  doping  modi-
fication and constructing a heterojunction structure.

2.1.  The morphology control of ZnO

At  present,  various  morphologies  of  ZnO  nanostructures
can  be  prepared  by  a  variety  of  deposition  methods,  physic-
al  and  chemical  synthesis  methods,  including  nanoparticles
of  various  shapes,  nanowires,  nanorods,  and  nanosheets,  as
well  as  relatively  uncommon  nanopencil  and  nanotetrapod
structures.

In  the  photocatalytic  reaction,  the  low  dimension  cataly-
tic  nanomaterials  have  short  photogenerated  carrier  migra-

tion  paths,  fast  carriers  migration  efficiency,  and  a  large  sur-
face  area[17],  resulting  in  excellent  catalytic  performance.
Among  almost  all  nanostructures,  one-dimensional  nano-
materials  are  the  most  suitable  structural  units  for  construct-
ing  nanoelectronics  devices[18].  When  the  photoanode  is  a
porous  membrane  composed  of  nanoparticles,  the  dis-
ordered  accumulation  of  zero-dimensional  structure  makes
the porous membrane have a large number of grain boundar-
ies,  and  the  photogenerated  holes  are  easy  to  recombine  at
the  grain  boundaries  during  the  irregular  transmission  pro-
cess, which restricts the further improvement of photocatalyt-
ic  performance  to  some  extent.  For  arrays  of  the  single-crys-
tal  structure  perpendicular  to  the  conductive  base  (such  as
nanotubes,  nanorods,  nanowires,  nanotubes),  a  few  photo-
generated  holes  produced  in  the  photoanode  can  quickly
spread  to  the  surface  of  the  nanowire  radially  and  react  with
the  adsorbed  water  molecules  to  produce  oxygen.  Mean-
while,  the  corresponding  photogenerated  electrons  can  be
transferred  rapidly  through  the  one-dimensional  axial  chan-
nel under the external voltage to produce hydrogen by the re-
duction reaction between the electrode and water.

ZnO's  one-dimensional  nanostructure  significantly  im-
proves  its  photoelectric  and  power  transmission  perform-
ance and is widely used in solar cells, PEC cells and other pho-
toelectric  conversion  devices[19],  or  ultraviolet  detection,  bio-
sensors,  and  other  information  sensors.  Due  to  its  high  elec-
tron mobility,  low onset  potential,  high intrinsic  stability,  and
good environmental friendliness, one-dimensional ZnO is con-
sidered  as  a  promising  material  for  the  preparation  of  a  PEC
photoanode.  A  ZnO  nanorod  array  particularly  has  apparent
advantages  in  the  process  of  solar  water  splitting:  its  fewer
grain  boundaries  provide  a  fast  channel  for  electron  trans-
port;  the  scattering  of  incident  light  between  the  nanorods
can improve the light absorption of the material;  besides, the
nanorod array grows directly on the substrate, which is bene-
ficial to the recovery and reuse of photocatalyst.

Zhang et  al.[20] applied  three  different  deposition  meth-
ods,  which  are  normal  pulsed  laser  deposition  (PLD),  pulsed
laser oblique-angle deposition (OAD), and electron-beam glan-
cing-angle  deposition  (GLAD),  to  prepare  nanostructure  ZnO
films.  It  showed  that  the  grain  size  of  the  dense  film  pre-
pared  by  normal  PLD  was  200  nm.  Fish  scale-shaped
nanosheets  were  prepared  by  OAD  with  the  particle  size  of
450–900  nm,  while  the  crosslinked  films  with  high  porosity
and  particle  size  of  15–40  nm  were  produced  by  GLAD.  For
the  above  three  deposition  methods,  the  solar-to-hydrogen
(STH) efficiency was 0.1%, 0.2%, and 0.6%, respectively. The cor-
responding  results  showed  that  the  three  kinds  of  thin  films’
PEC properties  depended on the porosity,  crystal  defect  con-
centration,  carrier  transport,  and  space  charge  layer.  In  this
work,  the brown ZnO films prepared by the PLD method had
a  more  extensive  optical  response  range  than  those  pre-
pared  by  OAD  and  GLAD,  which  was  caused  by  two  defects
of  oxygen  vacancy  (VO)  and  Zn  interstitial  atoms  (Zni).  ZnO
GLAD nanoparticle PEC cells  generated the highest IpH (initial
photocurrent)  because of  the improved charge transport,  de-
creased  defect  density,  and  enhanced  electron–hole  separa-
tion  caused  by  an  increased  semiconductor–electrolyte  in-
teraction.  In  comparison  to  PLD/OAD  PEC  cells,  GLAD  charge
transport  via  diffusion  from  nanoparticle  to  nanoparticle  was
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superior.
Li et  al.[21] first  prepared  ZnO  nanowires  by  the  hydro-

thermal  method,  then  calcined  them  in  an  ammonia  atmo-
sphere,  and  introduced  the  N  element  to  prepare  the  N-
doped ZnO nanowire array photoanode. The N doping concen-
tration  was  controlled  by  mediating  the  calcination  time.
IPCE  (incident-photon-to-current-efficiency)  test  showed  that
compared with undoped ZnO nanowires, ZnO:N nanowires ar-
ray  had significantly  enhanced optical  response in  the visible
region,  and  its  solar-to-hydrogen  efficiency  was  0.15%  at
0.5  V  vs.  Ag/AgCl.  By  reducing  the  nanowires’  diameter  to
increase  the  active  surface  area,  optimize  the  width  of  the
depletion  layer,  and  minimize  the  resistance  between  the
nanowires  and  ITO  (indium  tin  oxide)  substrate,  the  PEC  wa-
ter splitting efficiency was improved.

Yang et  al.[22] synthesized  secondary  branching  and  the
N-doped  ZnO  nanotetrapod  for  the  study  of  PEC  water  split-
ting.  It  had  good  vectorial  electron  transmission  characterist-
ics  and  cross-networking  characteristics.  The  photocurrent  of
the N-doped ZnO nanotetrapod was up to 0.99 mA/cm2 (0.31
V vs.  Ag/AgCl).  On the one hand, the improvement of  photo-
current  was  due to  the  increased roughness  of  the  ZnO nan-
otetrapod,  which  could  enhance  the  light  capture  capability
of  ZnO dramatically;  on  the  other  hand,  the  doping of  N  ele-
ment could reduce the bandgap of ZnO and enhance the vis-
ible light absorption capability of ZnO.

Gong et  al.[23] synthesized  a  ZnO  nanopencil  array  modi-
fied  with  Au nanoparticles  for  PEC water  splitting study.  ZnO
nanopencil  arrays  were  grown  on  FTO  (F  doped  SnO2)  by  li-
quid-phase chemical growth technology and then were modi-
fied  with  Au  nanoparticles  by  photoreduction  technology.
The  photocurrent  of  Au–ZnO  nanopencil  arrays  reached  1.5
mA/cm2 at 1 V vs. Ag/AgCl, which was much higher than that
of ZnO nanorods. The improved PEC performance of Au–ZnO
nanopencils was due to the prolonged lifetime of photogener-
ated  electron–holes  caused  by  the  surface  plasmon  reson-
ance  (SPR)  effect  of  Au  nanoparticles  and  the  more  efficient
light absorption of nanopencils than that of nanorods as well.

Li et  al.  firstly  fabricated  open  bird-nest  (BN)  structured
ZnO/TiO2 and  sealed  core-shell  (CS)  structured  ZnO/TiO2

(Fig.  6)[24].  The  BN  ZnO/TiO2 showed  the  photocurrent  den-

sities  of  1.05  mA/cm2 at  0.6  V  (vs.  RHE)  and  2.75  mA/cm2 at
1.23  V  (vs.  RHE),  which  were  1.98  and  1.38  times  higher  than
that  of  CS  ZnO/TiO2, respectively.  Also,  the  BN  ZnO/TiO2 re-
tained  96.2%  of  the  initial  photocurrent  after  eight  hours  of
continuous  irradiation,  which  is  much  better  than  CS
ZnO/TiO2 (73.5%).  The  high  surface  area  in  BN  ZnO/TiO2 led
to  the  higher  performance  of  PEC  water  splitting,  because
the  larger  interface  contacting  areas  with  electrolyte  effi-
ciently  enhanced  light-harvesting  by  forming  a  light  trap
and  promoted  carriers  kinetics  processes  significantly  due
to  more  direct  pathways  for  fast  separation  and  transfer
of carriers.

The purpose of controlling the morphology of ZnO nano-
materials  is  mainly  to  increase  the  contact  area  between  the
semiconductor materials  of  photoanode and electrolyte or to
change the surface roughness of the photoanode, so as to ex-
pose more reaction sites and reduce the carrier migration dis-
tance.  Control  of  morphology  is  a  fundamental  method  in
the  study  of  the  material  system,  and  it  is  generally  com-
bined  with  other  means  to  improve  PEC  water  splitting  effi-
ciency.

2.2.  The element doping of ZnO

Through physical or chemical methods, the extra ions are
injected into the semiconductor materials, and this method is
called  element  doping.  Additional  doping  can  increase  the
donor  concentration  based  on  a  certain  number  of  electron
donors[25];  in  addition,  it  can  also  change  the  original  lattice-
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type  or  form  a  defect  energy  level,  thus  affecting  the  mobil-
ity  of  charge  carriers  in  semiconductor,  adjusting  their  band
structure or distribution, and then changing the PEC perform-
ance  of  the  semiconductor  materials.  The  effect  of  element
doping on band structure is shown in Fig. 7.

In order to improve the electronic and optical properties,
and  to  inhibit  inherent  photocorrosion  defects  of  ZnO  as
much as possible, several impurity atoms can be permeated in-
to  the  lattice  of  ZnO.  Currently,  the  common  doped  ele-
ments  include  Fe,  Al,  Cu,  Co,  Cr,  Ni,  C,  Cl,  and  N  elements[26],
as  well  as  relatively  uncommon  yttrium  (Y)  and  solid  com-
pound solution.  When doped elements enter the ZnO lattice,
point defects will be generated, original electron energy level
structure and Fermi-level of ZnO will be affected, thus narrow-
ing the bandgap width and increasing the visible light absorp-
tion and conductivity.

Theoretically,  N-doping to replace significant  amounts  of
the  lattice  oxygen  with  nitrogen  (N2p  orbitals  are  energetic-
ally more negative than O2p orbital) is a strategy designed to
shift  the  VB  higher[28].  Tong et  al.  synthesized  a  C  and  N-
doped  ZnO  nanorod  array  for  PEC  hydrogen  evolution[29].
The  enhanced  photocurrent  and  stability  of  the  CN/ZnO  na-
norods were due to the enhanced light capture capability, re-
duced  surface  defects,  and  increased  electron  donor  density.
Shen et  al.  synthesized  N-doped  ZnO  nanorods  by  ion  im-
plantation  for  the  study  of  PEC  water  splitting  in  visible
light[15].  The  N-doped  gradient  distribution  was  realized
along  the  vertical  direction  of  the  ZnO  nanorod.  At  1.1  V  vs.
SCE  (saturated  calomel  electrode),  the  photocurrent  reached
160 μA/cm2 in  visible  light,  which  was  two  orders  of  mag-
nitude  higher  than  that  of  the  pristine  ZnO  nanorod  array.
The  N-doped  gradient  distribution  extended  the  optical  ab-
sorption  edge  of  ZnO  to  the  visible  region  and  formed  a
stepped  band  structure,  which  could  effectively  drive  photo-
generated electrons and holes (Fig. 8(a)).

Commandeur et  al.  first  synthesized  Y-doped  ZnO  ver-
tically  aligned  nanorods  using  a  unique  rapid  microwave-
assisted  method[30].  The  0.1%  Y-doped  ZnO  samples  showed
a 47% enhancement  of  PCE with  a  photocurrent  of  0.84  mA/

cm2 at  1.23  V  (vs.  RHE)  and  a  more  favorable  geometry  with
higher  aspect  ratio  along  with  reduced  crystallinity  because
of  substitutional  defects,  YZn.  They indicated that  the Y acted
as  a  shallow  n-type  donor,  which  could  increase  the  donor
density in the ZnO NRs, leading to increased conductivity and
reduced bandgap due to new states at  the edge of  the CB.  Y
doping  resulted  in  faster  electron  mobility  compared  with
pristine ZnO because of the filling of trap states. Overall, Y ad-
dition  altered  the  formation  energies  of  VZn and  VO and  led
to  higher  concentrations  of  VZn and  less  VO,  further  impact-
ing mobility and increasing hole concentration (Fig. 8(b)).

2.3.  The heterostructure construction of ZnO

The  construction  of  heterostructure  with  rational  band
alignment  seems  to  be  a  very  effective  method  to  improve
the  performance  of  photoanode  semiconductors  in  PEC  wa-
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Fig.  8.  (Color  online)  (a)  Schematic diagram of  N gradient doped ZnO nanorods and stepped band structure to promote carrier  separation[15].
(b) Morphological benefits of Y doping and schematic of increased electron mobility from trap filling[30].
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ter  splitting.  In  the  existing  research,  the  heterostructure  of
ZnO is mainly constructed by utilizing the carrier separation ef-
fect  of  type-II,  Z-scheme  heterojunction  or  p–n  junction,  the
quantum dot sensitization,  the surface plasmon resonance of
noble  nanometals,  the  passivation  layer  of  the  heterojunc-
tion  and  the  modified  OER  co-catalyst  for  the  application  of
PEC  water  splitting.  These  are  described  in  the  categories  as
below.

2.3.1.    Construction of the ZnO-based heterojunction

structure
When  other  semiconductor  materials  are  compounded

with  ZnO  nanomaterials,  three  possible  kinds  of  heterojunc-
tion will be formed, including a type-II junction, p–n junction,
and  Z-scheme  system  junction.  The  electron  transport  of
these  three  heterojunctions  is  shown  in Figs.  9(a)–9(c).  The
type-II  heterojunction  is  defined  as  the  staggered  alignment
of  the  energy  bands  at  the  interface[3].  In  the  type-II  hetero-
junction,  electrons  flow  into  the  semiconductor  with  a  more
positive  electrochemical  potential  corresponding  to  the  CB’s
bottom. At the same time, holes are restricted in the semicon-
ductor  with  a  more  negative  potential  corresponding  to  the
VB’s  top.  For  the  heterojunction of  the  Z-scheme system,  the
electron  transfer  between  two  materials  is  the  profile  of  Z
due to  the  electron transfer  arranged according to  the  redox
potential  height.  The  built-in  potential  with  the  direction
from  an  n-type  semiconductor  to  a  p-type  semiconductor  is
the salient feature of a p–n junction, and it makes the p–n junc-
tion an efficient way of separating electron–hole pairs. The het-
erojunction  of  type-II,  Z-scheme  system,  and  p–n  junction
can  effectively  reduce  the  recombination  rate  and  accelerate
the separation and migration rates of the photogenerated car-
riers, thus improving the efficiency of PEC water splitting.

Wannapop  and  Somdee[31] synthesized  the  ZnWO4/ZnO
heterostructure  (the  ZnWO4 was  grown  on  the  hexagonal

ZnO  NRs)  by  a  two-step  hydrothermal  method  using  TiO2

seed  layers,  which  was  applied  as  the  photoanode  for  the
PEC  water  splitting  cell  (as  shown  in Fig.  10(a)).  Among  all
samples,  the  50ZnW/ZnO  sample  showed  the  best  perform-
ance of the PEC water splitting than others due to its more ex-
ceptional  charge transfer  between the photoanode and elec-
trolyte,  which  was  signified  by  the  smaller  arc  compared  to
ZnO NRs in  the Nyquist  plot.  In  comparison to the pure ZnO,
the  ZnWO4/ZnO  required  the  lower  bias  voltage  to  generate
H2 and O2 according to the applied bias photo-to-current effi-
ciency (ABPE) analysis.

Amorphous MoSx was decorated on the surface of vertic-
ally  grown  ZnO  thin  sheets  via  the  electrodeposition  tech-
nique  in  Sharma’s  work[32].  The  determined  band  alignment
of ZnO and MoSx indicated the formation of the type-II hetero-
structure,  which  allowed  facile  charge  carrier  separation.  The
sensitization  of  MoSx on  the  ZnO  surface  resulted  in  en-
hanced  photocurrent  density  and  increased  photoconver-
sion  efficiency.  The  photocurrent  density  and  carrier  density
were three times and 7.4-times higher than that of bare ZnO,
respectively,  and  photoconversion  efficiency  of  0.934%  was
gained  in  the  MoSx adorned  ZnO.  Besides,  ZnO@MoSx thin
sheets  showed  excellent  stability  even  up  to  1000  s  under
the chopped illumination condition (Fig. 10(b)).

The p–n heterojunction of CuO/ZnO in nanorod array pho-
toanodes  was  reported[33],  and  it  showed  simultaneous  en-
hancement in charge separation and light-harvesting. A signi-
ficant  negative  shift  of  150  mV  in  the  onset  potential  and  an
approximately  4-fold  enhancement  in  the  photocurrent  at
1.23  V  (vs.  RHE)  compared  with  those  of  pristine  ZnO  NRs
that were acquired in the application of CuO/ZnO heterojunc-
tion photoanode for PEC water splitting.

Zhang et  al.[19] designed  and  prepared  a  photoanode
composed of  optimized ZnO/CdS/PbS nanotube arrays (ZnO/
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Fig. 10. (Color online) Schematic illustration of the proposed mechanism for the charge transfer (a) in ZnWO4/ZnO photoanode[31], (b) between
ZnO and MoSx co-catalyst[32], (c) for the system of ZnO/CdS/PbS ONTs[19], and (d) ZnO–Au–SnO2

[34].
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CdS/PbS  NTs)  with  a  multi-heterojunction  structure  via  a
three-step  process,  i.e.,  hydrothermal  treatment,  chemical
bath  deposition  and  successive  ionic  layer  adsorption  reac-
tion (SILAR). The photocurrent density and PEC hydrogen evol-
ution efficiency of the top-opened ZnO/CdS/PbS NTs reached
up to 14.2 mA/cm2 and 5.5 mL/(cm2·h) at 0.0 V vs. Ag/AgCl, re-
spectively.  It  turned  out  that  the  high  PEC  performance  was
ascribed  to  the  large  surface  area  of  the  top-opened  nan-
otube  structure  and  the  well-matched  band  energy  edge  of
the multi-heterojunction (Fig. 10(c)). These two kinds of optim-
ization  led  to  efficient  light  absorption,  rapid  mass  transport,
and efficient electron highways to deliver electrons, and a de-
creased  recombination  rate  of  photogenerated  carriers,  re-
spectively.

Hsu et  al.  firstly  synthesized the ZnO–Au–SnO2 Z-scheme
system  photoanode  for  PEC  water  splitting,  and  the  sample
was  prepared  by  the  deposition  of  a  thin  layer  of  SnO2 on
ZnO  nanorods  modified  with  Au  nanoparticles[34].  For
ZnO–Au–SnO2 nanorods,  the embedded Au mediated the in-
terface  charge  transfer  by  facilitating  electron  transfer  from
the  CB  of  SnO2 to  the  VB  of  ZnO  (Fig.  10(d)).  This  directional
charge  transfer  led  to  the  accumulation  of  photogenerated
electrons  in  ZnO  and  photogenerated  holes  in  SnO2,  so
ZnO–Au–SnO2 had a high redox capacity. Compared with ori-
ginal  ZnO,  Au-modified  ZnO,  and  type-II  SnO2 coated  ZnO
nanorods,  ZnO–Au–SnO2 system  nanorods  as  the  photoan-
ode had higher PEC water splitting activity.

As  mentioned  earlier,  due  to  the  Z-scheme  heterostruc-
ture  formed  between  ZnO  and  TiO2,  the  PEC  performance  of
the  open  BN  ZnO/TiO2 fabricated  by  Li et  al.[24] was  signific-
antly  increased,  and  the  Z-scheme  band  alignment  for  ZnO/
TiO2 heterojunction was beneficial for suppressing the recom-
bination of photogenerated carriers.

2.3.2.    The construction of ZnO heterogeneous structure

based on quantum dot sensitization
By  modifying  the  quantum  dot  semiconductor  materials

on  the  ZnO  photoanode  system  and  combining  it  with  the
light absorption performance of the quantum dot, it is expec-
ted to solve the problem that the absorption region of ZnO is
concentrated  in  the  ultraviolet  region.  The  modified  ZnO-
based  semiconductor  composite  system  with  various  band
gaps  has  a  broader  spectral  response  range,  resulting  to  the
improved  light  absorption  efficiency  of  ZnO.  Semiconductor
materials  CdS  and  CdSe  are  widely  used  as  modified
quantum  dots  due  to  their  narrow  bandgap  of  2.42  and
0.52  eV,  respectively,  and the  corresponding light  absorption
cut-off wavelengths are 513 and 2387 nm, respectively. In addi-
tion to narrow-band gap semiconductors, low-dimensional car-
bon  materials  can  also  be  used  as  sensitizers  to  promote  the
light absorption of ZnO.

Liu et al.  prepared single-layer CdTe quantum dot sensit-
ized  ZnO  nanowire  array  photoelectrodes  and  realized  the
sensitization  of  CdX  quantum  dots  to  ZnO  nanowires  under
the non-sacrificial agent electrolyte for the first time. The max-
imum  PCE  of  the  system  was  up  to  1.83%,  which  was  200%
higher  than  that  of  the  original  ZnO  nanowires[35].  Li et  al.
used  graphene  quantum  dots  (GQDs)  as  green  sensitizers  to
modify  ZnO  nanowire  arrays  for  PEC  water  splitting[36].  Com-
pared  with  the  pristine  ZnO  nanowire  photoelectrode,  the
open-circuit  voltage  and  short  circuit  current  density  were

significantly improved.
Li et  al.  prepared  a  co-sensitized  ZnO  nanowire  array  of

double-sided  CdS  and  CdSe  quantum  dots  for  PEC  hydrogen
evolution[37]. The double-sided design provided a structure sim-
ilar  to  a  simple  series  pool,  with  dense  ZnO nanowires  arrays
growing  on  both  ITO  substrates,  and  sensitized  by  CdS  and
CdSe  quantum  dots  respectively  (Fig.  11(a)).  The  composite
photoelectrode exhibited strong absorption in the whole vis-
ible region, with the absorption limit of the long-wave reach-
ing  650  nm,  and  its  IPCE  value  was  up  to  45%  at  0  V  vs.
Ag/AgCl. Under 100 mW/cm2 white light irradiation, the photo-
current  density  reached  12  mA/cm2 under  0.4  V  vs.  Ag/AgCl.
Compared  with  the  single  quantum  dot  sensitized  structure,
the  enhancement  of  photocurrent  and  IPCE  value  of  double
quantum dot sensitized structure was due to the band match-
ing of CdS and CdSe in the electrolyte. In this work, two differ-
ent  kinds  of  semiconductor  quantum  dots  with  specific
bandgap were first prepared for the integration of the bilater-
al  nanowire photoanode,  and it  was proved to be efficient  in
PEC hydrogen evolution.

Tian et  al.[38] initially  prepared  ZnO  nanorod/ZnFe2O4

nanosheet  core/shell  nanoarray  as  a  stable  heterojunction
photoelectrode  with  rational  band  alignment  and  compon-
ent  control.  This  heterojunction  was  proved  to  enhance  the
visible  light  absorption  significantly,  accelerate  charge  carri-
ers  transfer  and  separation,  and  inhibit  photocorrosion,  thus
improving the performance of  PEC water  splitting.  To further
promote  charge  transport  and  enhance  visible  light  absorp-
tion  of  the  photoelectrode,  PbS  quantum  dots  were  decor-
ated  on  it  (Fig.  11(b)).  The  optimized  ZnO/ZnFe2O4/PbS
photoanode  showed  a  significantly  enhanced  photocurrent
density and excellent PEC stability measured in 0.1 M Na2SO4

electrolyte using a standard three-electrode configuration.  Its
photoconversion  efficiency  was  1.34  and  3.54  times  higher
than  that  of  ZnO/ZnFe2O4 and  ZnO  nanorod  array  photoan-
odes, respectively, and 87.4% of the initial photocurrent dens-
ity was obtained after 2 h light irradiation. The IPCE of ZnO/Zn-
Fe2O4/PbS reached 54.99% at 350 nm, which was higher than
that of ZnO/ZnFe2O4 NRs (45.18%) and ZnO NRs (28.65%).

Han et  al.  explored the application of  a  unique combina-
tion  of  metal–organic  framework  (MOF)-decorated  ZnO  1D
nanostructures  as  the  host  and  nitrogen-doped  carbon  dots
(N-CDs)  as  the  guest  species  in  PEC  water  splitting[39].  In  this
work,  the  superior  photocurrent  density  was  ascribed  to  the
enhanced  absorption  efficiency  in  the  visible  region.  Carbon
dots  shows  excellent  potential  as  photosensitizers;  neverthe-
less,  the  non-homogeneous  anchoring  and  weak  bonding
between  carbonaceous  materials  and  semiconductor  materi-
als limit overall  efficiency. Hence, N doping and the introduc-
tion of MOF were applied to overcome the challenges associ-
ated with the fabrication of  well-arrayed CDs with  many oth-
er photocatalytic heterostructures.

2.3.3.    The construction of heterostructure of ZnO based

on the surface plasmon resonance
When  the  frequency  of  the  light  is  the  same  as  the  fre-

quency of the electrons themselves on the surface of the met-
al,  the  valence  electrons  of  some  nano-sized  metal  particles
(mainly  precious  metals,  e.g.,  Au,  Ag  and  Pt)  oscillate  collect-
ively. In other words, resonance happens when the electron os-
cillation  and  the  oscillating  electric  field  have  the  same  fre-
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quency;  at  this  point,  the  metal  nanoparticles  show  the  light
absorption  ability.  This  phenomenon  is  the  surface  plasmon
resonance  effect  of  precious  metals.  Based  on  this,  when
noble metal nanoparticles are loaded on the ZnO matrix com-
posite  surface,  the excited energy transferred from the nano-
metals  could  improve  the  absorption  and  scattering  effi-
ciency of the adjacent semiconductors. The hot electron injec-
tion to the semiconductor (as shown in Fig.  9(d))  and the en-
hanced  local  electric  field  are  responsible  for  the  improve-
ment of PEC performance[3].

Kang et  al.  prepared  a  3D  branched  ZnO  nanowire  array
modified  with  nano  Au  for  PEC  water  splitting.  This  compos-
ite  electrode  exhibits  excellent  PEC  activity  in  both  the  ult-
raviolet and visible region. The enhancement of optical  activ-

ity  in  the  visible  region  was  due  to  the  surface  plasmon  re-
sonance  effect  of  Au  nanoparticles.  The  metal/semiconduct-
or  interface  was  conducive  to  the  extraction  of  hot  electrons
from  nanometer  Au,  so  the  PEC  efficiency  was  improved
(Fig.  12(a))[40].  Sun et  al.  prepared  Ag-modified  ZnO  nanor-
ods in  the flexible  polyethylene terephthalate (PET)  substrate
for  PEC  water  splitting[41].  Plasma  absorption  enhancement
was  mediated  by  controlling  the  Ag  thickness  to  inhibit  the
surface  recombination  rate  and  enhance  the  migration  rate
of  charge  carriers.  Photon  capture  and  absorption  were  fur-
ther  enhanced  by  controlling  the  degree  of  curvature  of  the
PET  substrate  (Fig.  12(b)).  When  the  thickness  of  Ag  film  was
10 nm,  and the  bending radius  of  the  substrate  was  6.0  mm,
the  short-circuit  current  density  (Jsc)  reaches  0.616  mA/cm2
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Fig. 11. (Color online) (a) Bilateral CdS–ZnO–ZnO–CdSe nanowire array photoanode structure and corresponding energy level diagram[37]. (b) Syn-
thetic route diagram and (c) schematic of the potential energy diagram of the ZnO/ZnFe2O4/PbS nanorod arrays electrode[38].
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Fig. 12. (Color online) (a) The main mechanism of Au/3D ZnO nanowire photoelectrode[40]. (b) Schematic diagram of bending the sample to bend-
ing radius R under light[41].
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and  the  photoelectric  conversion  efficiency  (PCE)  reaches
0.81%, which were 7 times and 10 times higher than the pure
ZnO nanorods grown on the PET substrate, respectively. Gold
nanoparticles  were  decorated  on  ZnO/CdS  nanotube  arrays
(NTAs) to get plasmon-enhanced PEC water splitting perform-
ance[42].  In  this  work,  the  highest  photocurrent  density  of
21.53 mA/cm2 at 1.2 V vs. Ag/AgCl and 3.45% PCE were exhib-
ited when the optimized ZnO/CdS/Au NTAs photoanode was
applied.  The  hot  electrons  generated  by  Au  NPs  greatly  en-
hanced  the  transportation  of  photogenerated  electrons,  thus
allowing more electrons to participate in PEC water splitting.

2.3.4.    Construction of ZnO heterogeneous structure

based on the passivation layer and co-catalyst
The oxidation potential of ZnO lies above the oxidation po-

tential  of  water[43];  this  means  that  ZnO could be oxidated in
preference  to  water  during  the  catalytic  reaction,  especially
in  acidic  solution,  which  is  called  photocorrosion  phenom-
ena. Besides, the excitation of ZnO by an electrical bias or irra-
diation  with  sunlight  causes  additional  decomposition  pro-
cesses[44]. The reduced chemical stability of ZnO in the electro-
lyte,  to  a  certain  extent,  limits  its  practical  application  in  PEC
water splitting.  Coating the protective layer on the surface of
ZnO  could  not  only  help  to  passivate  the  surface  states,
thereby prolonging the lifetime of the photogenerated holes,
but  also  helps  to  suppress  photocorrosion  by  avoiding  a  dir-
ect  interface  of  ZnO  and  the  electrolyte[45],  and  the  energy
level  matching  and  stability  problems  should  be  considered
when  selecting  the  passivation  layer.  The  co-catalyst  for  oxy-
gen  evolution  on  the  surface  of  ZnO  can  also  promote  the
rate  and  efficiency  of  the  water  oxidation  reaction,  thus  inhi-
biting the photocorrosion of ZnO.

Zhang et  al.  constructed  an  ultra-thin  TiO2 shell  struc-
ture to improve the photocatalytic activity and chemical stabil-
ity of the nanowires photoanode. The coating TiO2 could pas-
sivate  the  surface  capture  state  of  ZnO  effectively,  and  com-
pared  with  pure  ZnO  nanowires,  the  composite  electrode
had a 25% PEC efficiency improvement[46]. Duan et al. synthes-
ized  a  ZnO  nucleus-layered  double  hydroxide  (LDH)  shell,
and  this  composite  electrode  achieved  effective  electron–

hole separation due to the unusual electrocatalytic activity of
the ZnO nucleus and LDH shell[47].

Bamboo  shoot-shaped  FeVO4 (FVO,  a  novel  and  seldom
studied  n-type  indirect  bandgap  semiconductor)  passivated
ZnO  heterojunction  nanorods  photoanode  was  prepared  for
solar  water  splitting  only  by  the  spin-coating  and  calcination
method[48].  The optimal photoanode without loading any co-
catalyst afforded 130 mV negative shift in onset potential and
2.4  times  augment  in  photocurrent  density.  The  good  stabil-
ity and effective performance compared to pristine ZnO were
attributed  to  the  establishment  of  the  heterojunction.  The
FeVO4-passivated  layer,  which  has  excellent  chemical  stabil-
ity  and  high  selectivity,  was  proved  to  eliminate  the  surface
trapping state, thus increasing the photovoltage and promot-
ing the interface charge transfer  kinetics.  The proposed band
alignment  model  to  describe  the  charge  transfer  behavior  of
FVO/ZnO  photoanodes  during  PEC  water  oxidation  is  shown
in Fig.  13,  where krec and kct represent  photogenerated
charge  carrier  recombination  in  the  bulk  and  transfer  at  the
electrode-electrolyte interface, respectively.

Metal–organic  framework  (MOF)-based  transparent  sur-
face  passivation  layer  modified  ZnO  nanorod  arrays  with
Ni(OH)2 nanosheets  grafted  on  as  the  co-catalyst  were  intro-
duced  for  PEC  water  splitting[49].  The  optimized  Ni(OH)2/ZIF-
8/ZnO/NF  photoanode  exhibited  a  2-times  higher  photocur-
rent density of 1.95 mA/cm2 and also a 2-times more massive
incident  photon  to  the  current  conversion  efficiency  of
40.05% (350 nm) at 1.23 V (vs.  RHE) than that of ZnO/NF. The
ZIF-8  overlayer  decreased  the  surface  defects  and  improved
the  hole  utilization,  while  the  Ni(OH)2 nanosheets  worked  as
a water oxidation co-catalyst. This synergetic modification led
to  the  prolongation  of  carrier  lifetime,  the  enhancement  of
charge  transfer,  and  the  decrease  of  overpotential  for  water
oxidation.

2.4.  The piezo-photoelectric enhancement of ZnO

Wurtzite  ZnO  exhibits  an  inherent  piezotronic  effect  and
piezo-phototronic effect[50] with the internal coupling of piezo-
electric,  semiconducting,  and  photonic  properties[51].  When
subjected to  an external  mechanical  force,  ZnO will  generate
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Fig. 13. (Color online) Schematic band alignment of charge transport and recombination models in (a) ZnO and (b) FVO/ZnO photoanodes[48].
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a  piezotronic  potential  (piezopotential),  which  could  modu-
late  the  migration  and  separation  of  internal  charge  carriers,
and  subsequently  rearrange  band  level,  finally  enhancing
photocatalytic performance[52].

In  order  to  further  solve  the  limited  light  utilization  and
fast charge carrier recombination of ZnO, the piezoelectric ef-
fect  of  ZnO also  plays  a  particular  role  in  PEC water  splitting,
realizing the synergy of piezocatalysis and photoelectrocatalys-
is.  Under  light  and  mechanical  stress,  the  piezoelectric  ZnO
can  generate  charge  carriers  directly[53],  and  the  piezopoten-
tial  of  ZnO  can  reduce  the  Schottky  barrier  formed  between
ZnO  and  plasmonic  metals.  Specifically,  the  built-in  electric
field  caused  by  mechanical  stimulation-induced  polarization
can serve as a flexible autovalve to modulate the charge-trans-
fer pathway in designed directions and facilitate carrier separa-
tion both in the bulk phase and at the surfaces of the semicon-
ductors[54].

Initially,  the  electrons  in  the  conduction  band  of  an  n-
type semiconductor in a loop current tend to drift toward the
semiconductor side due to the bent banding upward in the in-
terface between the semiconductor and electrolyte, and then
transport  to  the  counter  electrode  through  the  external  cir-
cuit.  At  the  same  time,  the  holes  in  the  valance  band  can
move  toward  the  electrolyte  directly.  When  a  tensile  strain  is
applied,  the  side  directly  interfacing  with  the  electrolyte  will
have a negative piezopotential,  which can lead to an upward
bending of  the band edge,  thus efficiently  reducing the local
resistance or threshold voltage for the surface oxidation reac-
tion. In comparison, if a compressive strain is applied, a posit-
ive piezopotential will be generated, which will lower and flat-
ten  the  band  edges  at  the  semiconductor/electrolyte  inter-
face,  thus reducing the driving force of electron–hole separa-
tion and reducing the redox efficiency (Fig. 14)[11].

In order to generate high piezopotential along with c-ax-
is under axial stress, Wang et al. fabricated a vertically aligned
ZnO nanorod array  with a  high aspect  ratio,  and they further
deposited Au NPs only at the tip of the ZnO nanorods via se-
lective ZnO tip  exposure (Fig.  15).  It  showed that  asymmetric
gold–zinc  oxide  (Asy–Au–ZnO)  could  facilitate  the  separation
and  migration  of  the  electron–hole  pairs  to  the  material  sur-
face  to  enhance  the  PEC  performance.  However,  high  piezo-
photocatalytic  performance with  a  catalytic  efficiency of  95%
in 75 min for dye degradation rather than water splitting was

gained  in  this  work[53].  Even  so,  it  can  still  be  assumed  that
this approach, which relies on the piezoelectric effect of ZnO,
will provide a new approach for available PEC water splitting.

3.  Summary and prospects

The  third-generation  direct  bandgap  semiconductor  of
ZnO  possesses  various  advantages  in  the  application  in  PEC
water splitting as the photoanode, such as suitable band struc-
ture,  high  electron  mobility,  environmental  friendliness,  fine
surface  structure  and  comparable  efficiency  for  various  pho-
tocatalytic  reactions  compared  with  TiO2;  nevertheless,  due
to its  wide bandgap,  ZnO has  a  relatively  low visible  light  re-
sponse.  Besides,  it  has fast  recombination of  photogenerated
charge  carriers  and  poor  chemical  stability  resulting  from  in-
trinsic  photocorrosion.  As  a  result  of  the  above  drawbacks,
the application of ZnO in PEC water splitting is  limited to the
experimental  stage  and  cannot  be  carried  out  on  a  large
scale  in  practice.  To  this  end,  various  photoanodes  based  on
ZnO nanomaterials for efficient PEC water splitting have been
constructed  through  many  regulations  and  much  engineer-
ing,  including  morphology  control,  element  doping,  hetero-
structure  construction,  and  piezo-photoelectric  enhance-
ment. In this paper, we systematically reviewed the relevant re-
search on optical model optimization, the energy band struc-
ture regulation, heterojunction band matching design, the ef-
fects of surface plasmon resonance of noble nanometals,  and
surface passivation. Based on the above strategies, the behavi-
ors  of  the  photogenerated  charge  carriers,  including  genera-
tion,  separation,  and  recombination  within  the  semiconduct-
or  photoanode,  are  effectively  controlled,  and  excellent  PEC
properties are obtained.

The engineering of  a  nanostructured ZnO photoanode is
not a single project, but a combination of various means to im-
prove PEC water splitting efficiency. At present, a one-dimen-
sional ZnO nanoarray structure, combined with element dop-
ing  or  the  construction  of  a  surfaced  heterogeneous  struc-
ture,  modified  with  a  quantum  dot  sensitizer  or  noble  metal,
is  a  more concerned and efficient PEC water splitting system.
The piezoelectric effect in wurtzite ZnO is beneficial for modu-
lating  the  migration  and  separation  of  internal  charge  carri-
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ers,  resulting  in  the  improved  performance  of  the  PEC  water
splitting  system.  Unfortunately,  there  are  few  pieces  of  re-
search  on  the  piezoelectric  effect  of  ZnO,  specifically  for  PEC
water splitting.

Even  though  many  strategies  have  been  developed  to
modulate  ZnO nanomaterials  for  PEC water  splitting,  the  low
solar-to-hydrogen  conversion  efficiency  of  the  ZnO-based
PEC  water  splitting  systems  hinders  it  for  large-scale  applica-
tions. Therefore, further studies and new strategies are deman-
ded. The future research of ZnO as an efficient PEC water split-
ting  photoanode  can  be  mainly  carried  out  from  the  follow-
ing  aspects:  (1)  design  and  construction  of  multi-heterojunc-
tion  to  enhance  visible  light  absorption  and  electron–hole
pair  separation;  (2)  preparation  and  application  of  various
one-dimensional  ZnO  nanoarray  structures;  (3)  application  of
piezoelectric effect to enhance the separation of photogener-
ated  carriers;  and  (4)  radial-gradient  element  doping  of  ZnO
one-dimensional  structures  to  change  the  band  structure  of
ZnO.
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