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High-quality CdS quantum dots sensitized ZnO nanotube array films
for superior photoelectrochemical performance

Qian-Qian Gong(宫倩倩), Yun-Long Zhao(赵云龙), Qi Zhang(张奇), Chun-Yong Hu(胡春永), Teng-Fei Liu(刘腾飞),
Hai-Feng Zhang(张海峰), Guang-Chao Yin(尹广超)†, and Mei-Ling Sun(孙美玲)‡

School of Physics and Optoelectronic Engineering, Shandong University of Technology, Zibo 255000, China

(Received 28 September 2021; revised manuscript received 6 January 2022; accepted manuscript online 19 January 2022)

The surface characteristics of ZnO were synthetically optimized by a self-designed simultaneous etching and W-
doping hydrothermal method utilizing as-prepared ZnO nanorod (NR) array films as the template. Benefiting from the
etching and regrowth process and the different structural stabilities of the various faces of ZnO NRs, the uniquely etched
and W-doped ZnO (EWZ) nanotube (NT) array films with larger surface area, more active sites and better energy band
structure were used to improve the photoelectrochemical (PEC) performance and the loading quality of CdS quantum dots
(QDs). On the basis of their better surface characteristics, the CdS QDs were uniformly loaded on EWZ NT array film with
a good coverage ratio and interface connection; this effectively improved the light-harvesting ability, charge transportation
and separation as well as charge injection efficiency during the PEC reaction. Therefore, all the CdS QD-sensitized EWZ
NT array films exhibited significantly enhanced PEC performance. The CdS/EWZ-7 composite films exhibited the optimal
photocurrent density with a value of 12 mA·cm−2, 2.5 times higher than that of conventional CdS/ZnO-7 composite films
under the same sensitization times with CdS QDs. The corresponding etching and optimizing mechanisms were also
discussed.

Keywords: ZnO nanotubes, W-doping, CdS quantum dots

PACS: 81.07.De, 81.07.Ta DOI: 10.1088/1674-1056/ac4cc2

1. Introduction
ZnO is a typical semiconductor material that has been

widely applied in solar cells, photocatalysis, water split-
ting and other photoelectrochemical (PEC) fields[1–8] due to
its advantages such as non-toxicity, low cost, suitable en-
ergy band position, good chemical stability and resistance to
photocorrosion.[9–12] In spite of this, it must be pointed out
that there are two inherent drawbacks of ZnO for its appli-
cation in PEC devices. The first is the wide band gap of
ZnO (Eg = 3.37 eV for wurtzite ZnO), which results in a
low utilization efficiency of sunlight (only in the ultraviolet
region).[13] The other problem is the relatively high recom-
bination rate of photogenerated electron–hole pairs, which
leads to a relatively low quantum efficiency.[14] Both the above
drawbacks are disadvantageous for PEC performance. There-
fore, ways to overcome the above drawbacks to effectively en-
hance the PEC performance of ZnO-based materials has al-
ways been an important research topic.

Up to now many strategies have been adopted to
improve the PEC performance of ZnO-based materi-
als, such as the nanostructure design (nanorods,[15,16]

nanotubes,[17] nanofibers,[18] nanowires,[19] nanoflowers,[20]

nanopowders,[21] etc.), element doping (C,[22,23] N,[24,25]

Ni,[26] Na,[27] etc.), sensitization of quantum dots (QDs) with
narrow band gap materials (PbS,[28] CdS,[29] CdSe,[30] etc.),

and so on. Previous studies have proved that the nanostruc-
ture design and element doping can improve the PEC perfor-
mance of ZnO-based materials by optimizing the light scatter-
ing paths and charge transmission paths, but these improve-
ments are relatively limited due to the lack of any improve-
ment in the light absorption ability.[31] Therefore, the further
sensitization of QDs with narrow band gap materials is very
necessary to significantly improve the PEC performance of
ZnO-based materials. This is mainly due to the following
points: (i) QDs with a narrow band gap can extend the light
absorption range to the visible region and have better light ab-
sorption ability. (ii) The unique multiple exciton effect of QDs
can effectively improve quantum efficiency. (iii) The estab-
lishment of a built-in electric field on the QD/ZnO interface
can effectively promote the transport and separation of photo-
generated electrons and holes. However, it is unfortunate that
the PEC performance of QD/ZnO composites is still far lower
than expected; this is mainly related to the poor loading qual-
ity of QDs on ZnO-based materials (low coverage ratio, local
agglomeration and poor interface connection). Therefore, op-
timizing the loading quality of QDs on ZnO-based materials
is vital for enhancing the PEC performance of QD/ZnO com-
posites.

It is well known that the loading quality of QDs is deeply
related to the surface characteristics of materials such as sur-
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face area, active sites and electronic structure.[32] Therefore, a
variety of relevant strategies have been selected to optimize the
surface characteristics of ZnO-based materials to improve the
loading quality of QDs. For example, Vinoth et al. designed a
one-dimensional ZnO nanorod (NR) array to increase the sur-
face area for the loading of QDs and effectively improved the
PEC performance of ZnO-based solar cells.[33] Zheng et al.
used three-dimensional TiO2/ZnO heterostructures for load-
ing of CdS QDs, promoting the efficient conversion of solar
energy.[34] Kim et al. increased the loading of QDs by intro-
ducing yttrium into the ZnO nanostructure, thus improving the
PEC performance of QD-sensitized solar cells.[35] Previous in-
vestigations have indicated that structural design, surface treat-
ment and element doping can all play important roles in the
loading quality of QDs. However, until now the surface mod-
ification of ZnO materials has mainly focused on improving
some or other aspects of QD loading, and there is a lack of
studies on the synergistic optimization of surface characteris-
tics and then improving the loading quality of QDs. By taking
advantage of the synergistic effect of surface modifications to
synthetically optimize the loading quality of QDs it is hoped
that superior PEC performance of QD/ZnO composites can be
obtained.

In this context, in the present work synergistic optimiza-
tion research has been done by utilizing uniform ZnO NR
array films as templates and CdS QDs as the sensitized ma-
terial. The surface area, active sites and electronic struc-
ture of materials were simultaneously optimized by a self-
designed simultaneous etching and W-doping hydrothermal
method. Uniquely etched and W-doped ZnO NT array films
with a rough surface were constructed; these exhibited an ob-
viously enhanced PEC performance compared with ZnO NR
array film. More importantly, benefiting from the better sur-
face characteristics of the etched and W-doped ZnO NT array
films, the CdS QDs were uniformly loaded onto ZnO NT ar-
ray films with a good coverage ratio, loading distribution and
interface connection. The CdS QD/ZnO NT array films exhib-
ited significantly enhanced PEC performance. This work will
shed light on improving the loading quality of QDs and then
enhancing the PEC performance of semiconductor materials.

2. Experimental details
All reagents were of analytical grade and used without

any further purification. The transparent conductive F-doped
tin oxide (FTO) glass used as the substrate was ultrasonically
cleaned in dilute hydrochloric acid, acetone and isopropanol
for 30 min in turn, and then dried in nitrogen for the next step.
A schematic illustration of the preparation process is shown in
Fig. 1, which is explained in detail in the following.

Nanorods

Nanorods

n cycles

Fig. 1. Schematic illustration of the preparation process for CdS/EWZ
composite films on an FTO substrate (EWZ, etched and W-doped ZnO;
HMTA, hexamethylenetetramine; SILAR, successive ion-layer adsorp-
tion and reaction).

2.1. Preparation of ZnO NR array films on an FTO sub-
strate

The ZnO NR array films were grown on an FTO substrate
via a facile hydrothermal method assisted by a ZnO seed layer.
Firstly, the ZnO seed layer was obtained by dip-coating. In de-
tail, 0.21028 g diethanolamine and 0.439 g zinc acetate were
added to 40 ml of anhydrous ethanol, and a transparent ZnO
seed solution was obtained after 30 min of magnetic agita-
tion. Then, the FTO substrate was immersed in and pulled
out of the seed solution at the same rate of 0.8 mm·s−1 using
a puller. Subsequently, the FTO substrate with the seed solu-
tion was dried at room temperature for 2 h, and then calcined
in a muffle furnace at 400 ∘C for 10 min. The above steps
were repeated twice to get a perfect ZnO seed layer. Next, the
growth solution was prepared by using 40 ml of deionized wa-
ter, 0.59498 g zinc nitrate and 0.308418 g hexamethylenete-
tramine. Afterwards, the FTO substrate with the seed layer
and growth solution was transferred into a hydrothermal kettle
and hydrothermally treated at 95 ∘C for 6 h. Finally, the ZnO
NR array films were obtained on the FTO substrate after re-
peatedly rinsing with deionized water and anhydrous ethanol,
and then drying at 60 ∘C for 2 h.

2.2. Simultaneous etching and W-doping treatment of
ZnO NR array films

The as-prepared ZnO NR array films were further opti-
mized by a self-designed simultaneous etching and W-doping
hydrothermal method. Firstly, 0.18125 g hydroxylamine hy-
drochloride, 0.3 g sodium sulfide hydrate and 0.463 g sodium
tungstate were added to 30 ml of deionized water under stir-
ring, respectively, and a faint yellow etching solution was ob-
tained after 30 min of magnetic agitation. Then, the ZnO
NR array films and the etching solution were transferred to
a teflon-lined stainless steel autoclave and hydrothermally
treated at 180 ∘C for different times (10 min, 20 min, 30 min,
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40 min, 50 min, and 60 min). Finally, the etched and W-doped
ZnO (EWZ) array films were obtained after repeatedly rinsing
with deionized water and ethanol and then drying in nitrogen.
For simplicity, the as-prepared EWZ samples are denoted as
EWZ-10, EWZ-20, EWZ-30, EWZ-40, EWZ-50, and EWZ-
60 according to the reaction time.

2.3. Preparation of CdS QD-sensitized EWZ (CdS/EWZ)
composite films

Based on the optimal EWZ array films, the CdS QDs
were sensitized onto EWZ array films via a successive ion-
layer adsorption and reaction (SILAR) method. Typically, the
as-prepared EWZ array films were immersed into methanol
cadmium nitrate mixed solution and sodium sulfide solution
for 5 min in turn. After the respective immersions, the sam-
ple was rinsed with anhydrous ethanol and deionized water,
respectively, and then dried in nitrogen. Each of the above
processes is regarded as one SILAR cycle, and the SILAR
cycles were repeated 1, 3, 5, 7, 9, and 11 times, respec-
tively. Finally, the obtained CdS/EWZ composite films were
annealed at 300 ∘C for 2 h in a muffle furnace. For sim-
plicity, the as-prepared CdS/EWZ composite films are de-
noted as CdS/EWZ-1, CdS/EWZ-3, CdS/EWZ-5, CdS/EWZ-
7, CdS/EWZ-9, and CdS/EWZ-11 according to the number of
SILAR cycles.

2.4. Characterization

The morphology, microstructure, phase characterizations
and optical properties of the samples were characterized
by field emission scanning electron microscopy (FESEM;
SU8010), high-resolution transmission electron microscopy
(HRTEM; Jeoljem-2200fs), x-ray power diffraction (XRD;
Bruker AXS D8 Advance) and double-beam spectrophotom-
etry (Shimadzu UV-3600 Plus), respectively. The chemi-
cal composition and valence status of samples were exam-
ined by x-ray photoelectron spectroscopy (XPS; AXIS Ultra
DLD). Electrochemical impedance spectroscopy (EIS) tests
were conducted using an electrochemical workstation (CH
Instruments, model CHI760E) in the frequency range from
106 Hz to 10−2 Hz at open circuit potential (0.5 V).

2.5. PEC measurements

The PEC experiments were performed using a CHI760E
electrochemical workstation with a standard three-electrode
system under simulated sunlight at room temperature. In the
test, the samples, Pt wire and Ag/AgCl electrode were used as
the working electrode, counter electrode and reference elec-
trode, respectively. A mixed aqueous solution of 0.25 M Na2S
and 0.35 M Na2SO3 was used as the electrolyte. The PEC

measurements were performed under a solar simulator with a
photocurrent intensity of 100 mW·cm−2.

3. Results and discussion
3.1. Characteristics of ZnO NR array films

The characteristics of as-prepared ZnO NR array films
(morphology, crystal phase and microstructure) are shown in
Fig. 2. It is clear from the SEM image (Fig. 2(a)) that the
ZnO NRs are arranged in an orderly manner on the FTO sub-
strate, with an average length and diameter of about 2 µm and
100 nm, respectively. In the XRD patterns (Fig. 2(b)), be-
sides the identified peaks of the FTO substrate, all the observed
peaks can be well indexed to hexagonal wurtzite ZnO (JCPDS
card No. 36-1451), which indicates that the as-prepared ZnO
NRs have a hexagonal wurtzite phase. Moreover, the promi-
nent (002) diffraction peak implies that the growth orientation
of the ZnO NRs is along the (002) direction.[36] The TEM and
HRTEM images (Figs. 2(c) and 2(d)) indicate that the ZnO
NRs have good crystallization, and the observed lattice spac-
ing of 0.281 nm is well consistent with the {100} lattice plane
of wurtzite ZnO. The uniform distribution, high aspect ratio
and good crystallization of ZnO NRs are very conducive to
PEC reactions and further design optimization.[37]
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Fig. 2. Cross-sectional SEM image (a), XRD patterns (b), TEM image (c)
and HRTEM image (d) of ZnO NR array films.

3.2. Effect of simultaneous etching and W-doping on ZnO
NR array films

Based on the as-prepared ZnO NR array films, a simulta-
neous etching and W-doping treatment was performed to syn-
thetically optimize the surface characteristics. Figure 3 shows
cross-sectional SEM images of EWZ array films obtained un-
der different reaction times (10 min, 20 min, 30 min, 40 min,
50 min, and 60 min). Obviously, with continuous etching, the
surface of ZnO NRs gradually becomes rough, and more and
more nanoparticles emerge on the surface of the ZnO NRs.
This can be attributed to the fact that the etching process is
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accompanied by a regrowth process (see Fig. S1), resulting
in the regrowth of a number of ZnO nanoparticles. When
the reaction time reaches 40 min, the surface roughness of
EWZ reaches the highest level while maintaining the original
morphology and distribution. More notably, the etching ef-
fect causes the original ZnO NRs to become top-blocked ZnO
NTs; this can be directly demonstrated by further TEM mea-
surements. The reason for this is likely to be related to the
structural stability of the different faces of ZnO NRs. A hexag-
onal wurtzite ZnO NR is composed of two polar faces and six
side faces. The two polar faces are active because they are
in a metastable state, while the non-polar surfaces are stable
and chemically inert.[38] Therefore, the top faces of ZnO NRs
are preferentially etched during the etching process, and top-
blocked EWZ NTs gradually form with the continuous etch-
ing and final accumulation of regrowing nanoparticles. Ac-
cording to previous studies,[39] the NTs will be more benefi-
cial for electron transport than the NRs due to the formation
of directional electron transport channels with a proper thick-
ness. However, as the reaction time is prolonged to 50 min
or 60 min, the morphology of EWZ array films is obviously
damaged; in particular the walls of EWZ NTs are etched too
thinly, resulting in the cracking or even collapse of NTs as well
as the blocking of the internal space between NTs. This will
not only affect the light scattering but will also increase the
recombination of electrons with the electrolyte, which has a
negative impact on PEC performance.

Fig. 3. (a)–(f) Cross-sectional SEM images of EWZ array films obtained un-
der different reaction times (10 min, 20 min, 30 min, 40 min, 50 min, and
60 min).

To further explore the effect of simultaneous etching and
W-doping on the microstructure, TEM, HRTEM and EDS-
mapping investigations were performed, as shown in Fig. 4. In

the TEM image (Fig. 4(a)), it is obvious that EWZ NTs with
a rough surface are formed after the simultaneous etching and
W-doping treatment, which is consistent with the SEM results.
In the HRTEM image (Fig. 4(b)), the observed lattice spacing
of 0.309 nm can be well indexed to the (100) crystal plane of
wurtzite ZnO, but is slightly larger than the original spacing of
the (100) crystal plane of wurtzite ZnO. This can be attributed
to the influence of W-doping in the form of substitution and in-
terstitial introduction.[40] In detail, the ionic radius (62 pm) of
the W6+ ion is similar to that (74 pm) of the Zn2+ ion, which
can thus either substitute for or be interstitially introduced into
the ZnO lattice structure.[41] But general substitutional doping
cannot induce an obvious lattice expansion, so should be ac-
companied by interstitial doping. In addition, the EDS map-
ping of EWZ nanotubes is shown in Fig. 4(c): Zn, O, and W
elements are observed and are uniformly distributed, helped
by the etching and regrowth process.

ZnO (100)
d=0.309 nm

ZnO (100)
d=0.309 nm

ZnO (100)
d=0.309 nm

Fig. 4. TEM image (a), HETEM image (b) and energy dispersive x-ray spec-
troscopy elemental mapping (c) of EWZ-40 array films.

The chemical composition and element valence state of
EWZ array films were analyzed by XPS spectroscopy, as
shown in Fig. 5. From the whole XPS spectrum (Fig. 5(a)) Zn,
O, and W elements are observed besides C in air. In detail, for
the Zn 2p region (Fig. 5(b)), two standard peaks of Zn 2p3/2

and Zn 2p1/2 were detected at 1022.2 eV and 1045.2 eV, re-
spectively, which indicates that the valence state of elemental
Zn in EWZ array films is +2 (Zn2+).[42] For the W 4f region
(Fig. 5(c)), two peaks corresponding to W 4f7/2 and W 4f5/2

are positioned at 35.6 eV and 37.7 eV, respectively, indicating
that the corresponding valence state of W in EWZ array films
is +6 (W6+).[43] It is worth noting that the valence state of
W6+ ions is higher than that of Zn2+ ions, so more electrons
will be introduced by the W-doping process, further resulting
in an increase in internal electron density. Therefore, the elec-
trical conductivity of EWZ array films will be significantly in-
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creased by W-doping. In addition, the O 1s spectrum can be
divided into two peaks centered at 530.4 eV and 531.8 eV after

Gauss fitting (Fig. 5(d)), which corresponds to the O2− ions of
Zn–O and O–H bonds, respectively.[40]
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Fig. 5. XPS spectra of EWZ-40 array films.
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Additionally, the effects of simultaneous etching and
W-doping on the crystal structure, optical properties, elec-
tron transport and PEC performance were further investigated
with XRD patterns, UV–vis absorption spectra, EIS and J–V
curves, as shown in Fig. 6. In the XRD patterns (Fig. 6(a)),
no new diffraction peaks were observed in EWZ array films
in contrast to the ZnO NR array films, which implies that the
synchronous etching and W-doping treatment does not change
the crystal structure of ZnO, consistent with the TEM results.

In the UV–vis spectra (Fig. 6(b)), a typical absorption
peak of ZnO is observed at ∼ 370 nm owing to its wide band
gap (3.37 eV). After the simultaneous etching and W-doping
treatment, the absorption edge of EWZ array films shows a
slight red shift, which should be attributed to the W-doping
that can form proper lattice defects, gap states and intermedi-
ate levels to reduce the band gap of ZnO.[40] Furthermore, the
light absorption intensity of EWZ array films first enhances
and then decreases that of ZnO NR array films with increas-
ing reaction time. This is mainly related to the following fac-
tors. Firstly, the rough etched surface can provide more scat-
tering paths to improve the utilization efficiency of incident
light. Secondly, the W-doping can reduce the band gap of ZnO
and optimize the electron transition mode to improve the light-
harvesting ability.[40] However, as the reaction time exceeds
40 min, the blocking of the space between etched nanotubes
and the cracking or collapsing of etched nanotubes will result
in a significant reduction in light-harvesting ability. There-
fore, the light absorption intensity of EWZ array films exhibits
the above trend, and the EWZ-40 array films show the highest
light absorption intensity.

Similar to the optical properties, the electron transport
characteristics of EWZ array films were also effectively im-
proved after the simultaneous etching and W-doping treat-
ment, as shown in Fig. 6(c). In comparison with ZnO NR
array films, all EWZ array films display smaller electron trans-
port resistances. As the reaction time is less than 40 min,
the electron transport resistance of EWZ array films gradu-
ally decreases with increasing reaction time, mainly for the
following three reasons. Firstly, the NT structure obtained by
etching can provide more direct electron transmission chan-
nels than the initial NRs.[40] Secondly, the intermediate lev-
els introduced by W-doping can promote charge transport and
separation.[40] Thirdly, the internal electron density of EWZ
array films is effectively increased due to the different valence
states of W6+ and Zn2+ ions.[40] However, when the reaction
time exceeds 40 min, the etched NTs are cracked or collapsed
and the space between etched NTs is blocked; polymerization
centers are also formed by excessive W-doping. As a result,
the electron transfer resistances of EWZ array films gradually

increase due to the reduced surface areas and the increased
number of recombination centers. Therefore, the EWZ-40 ar-
ray films exhibit the smallest electron transport owing to their
morphology and W-doping level.

Further investigations of the PEC performance of ZnO
NR array films and EWZ array films were conducted with
the traditional three-electrode system under simulated sunlight
(AM 1.5G 100 mW·cm−2) and the J–V curves are shown in
Fig. 6(d). It is clear that the photocurrent density of EWZ array
films is significantly higher than that of ZnO NR array films,
a benefit of the synergistic effect of etching and W-doping.
In detail, the etching effect results in a rough surface and the
generation of NT structure, which contributes to an improved
utilization efficiency of incident light and the quick transporta-
tion of electrons. Simultaneously, the uniform W-doping can
introduce an intermediate level and more electrons as well as a
narrow band gap, thereby improving the light-harvesting abil-
ity, promoting charge transportation and separation as well as
increasing the internal electron density. Therefore, the pho-
tocurrent density of EWZ array films is significantly enhanced.
However, the photocurrent density of EWZ array films also
tends to decrease as the reaction time exceeds 40 min, con-
sistent with the above optical properties and electron transport
characteristics. This behavior is primarily ascribed to the de-
stroyed morphology and the formation of W-doping polymer-
ization centers with the increased reaction time. In conclu-
sion, the optimal reaction time for the simultaneous etching
and W-doping treatment is 40 min. The photocurrent density
of EWZ-40 array films is 3.5 mA·cm−2, which is ∼ 2.8 times
higher than that of ZnO NR array films.

3.3. Characteristics of CdS/EWZ composite films

Based on the synchronous etching and W-doping treat-
ment, CdS QDs with a narrow band gap were sensitized on
the optimal EWZ-40 array films to further improve PEC per-
formance. Figure 7 shows the cross-sectional SEM images,
TEM image, HETEM image and EDS mapping of CdS/EWZ
composite films. In the SEM images (Figs. 7(a) and 7(b)), it is
clear that the CdS QDs densely and uniformly cover the EWZ
NRs, giving a rough etched surface that can provide a larger
surface area and more active sites for the loading of CdS QDs.
The TEM and HRTEM images (Figs. 7(c) and 7(d)) imply that
good heterojunction interfaces are formed between CdS QDs
and EWZ, which will be very favorable for the transportation
and separation of photogenerated charges. The observed lat-
tice spacings with a value of 0.309 nm and 0.358 nm corre-
spond well to the (100) crystal plane of ZnO and the (100)
crystal plane of CdS,[40] respectively. Additionally, the EDS
mapping (Fig. 7(e)) indicates that the elements (Zn, O, W, S,
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and Cd) comprising CdS/EWZ composite films are evenly dis-
tributed.

d=0.358 nm

d=0.309 nm

d=0.358 nm

Fig. 7. Cross-sectional SEM images [(a), (b)], TEM image (c), HETEM im-
age (d) and EDS mapping (e) of CdS/EWZ composite films.

The XRD patterns, UV–vis absorption spectra, J–V
curves and EIS spectra of CdS/EWZ composite films are dis-
played in Fig. 8. From the XRD patterns (Fig. 8(a)), a weak
diffraction peak (24.8∘) corresponding to the (100) plane of
CdS is observed in CdS/EWZ composite films as well as the

diffraction peaks of the FTO substrate and EWZ array films,
directly proving the existence of CdS QDs. In the UV–vis ab-
sorption spectra (Fig. 8(b)) it is clear that the light absorption
edge of the CdS/EWZ composite films displays an obvious red
shift and extends to the visible light region, in contrast to the
EWZ array films (Fig. 6(b)), due to the introduction of CdS
QDs with a narrow band gap.[40] In addition, as the number
of SILAR cycles increases, the light absorption edge of the
CdS/EWZ composite films appears red-shifted. This is be-
cause the size of the QDs will affect the band gap of CdS due
to the quantum confinement effect. When the size of the CdS
QDs is smaller than the Bohr radius, there will be a strong blue
shift phenomenon.[44] This is because the near-continuous en-
ergy band will be transformed into discrete energy levels,
causing the band gap to widen, and the wide band gap will
shift the absorption range to the short wavelength band. How-
ever, the gradual increase in the size of CdS QDs will cause
the blue shift phenomenon to weaken and disappear.[45] There-
fore, as the number of SILAR cycles increases, the size of the
CdS QDs also gradually increases,[46] and the light absorption
edges of the CdS/EWZ composite films gradually appear to
red shift. Simultaneously, the light absorption intensities of
CdS/EWZ composite films also display obvious enhancement
benefitting from the excellent light-harvesting ability of CdS
QDs.
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As shown in Fig. 8(c), the charge transfer resistances
of CdS/EWZ-7 and CdS/ZnO-7 composite films are better
than that of EWZ-40 film. This is because CdS/EWZ and
CdS/ZnO heterojunctions are formed after compounding CdS
QDs, which is not only conducive to increasing the number of
charges but also to improving the separation and transport per-
formance of electron–hole pairs. Furthermore, the CdS/EWZ-
7 composite film has better electron transport performance
than the CdS/ZnO-7 composite film. This is because the sur-
face area of the EWZ NTs is increased compared with the ZnO
NRs. Therefore, the heterojunction area of the CdS/EWZ-7
film is larger than that of the CdS/ZnO-7 film, which is more
conducive to the separation and transmission of photogener-
ated charges.

Based on the better light utilization efficiency and charge
transport performance, the CdS/EWZ composite films exhibit
remarkably enhanced photocurrent densities compared with
the EWZ array films, as shown in Fig. 8(d). Moreover, with in-
crease in the number of SILAR cycles, the photocurrent densi-
ties and voltages of CdS/EWZ composite films display a firstly
increased and then decreased trend. When the number of
SILAR cycles is less than 7, the photocurrent density and volt-
age of the CdS/EWZ composite films increase with increase in
the number of SILAR cycles. This is because as the number of
cycles increases, the number of CdS QDs gradually increases,
thereby increasing the CdS/EWZ heterojunction area and im-
proving the light absorption performance. The CdS/EWZ-7
composite film exhibits the highest photocurrent density and
voltage. The maximum photocurrent density at 0 V versus
Ag/AgCl is 12 mA·cm−2, which is 3.4 times higher than that
of the EWZ-40 array film. The maximum voltage at a pho-
tocurrent density of zero is 1.014 V, which is also higher than
that of the EWZ-40 array film. The remarkable enhancement
of photocurrent density and voltage is mainly related to the
high-quality loading of CdS QDs on EWZ-40 array film and
the improved light utilization efficiency. In comparison with
ZnO NR array films, EWZ array films can provide a larger
surface area and more active sites for CdS QDs to effectively
increase the loading of CdS QDs. Furthermore, the uniform
distribution of CdS QDs and the good interface connect be-
tween CdS QDs and EWZ-40 array films (see Figs. 7(c) and
7(d)) can effectively promote the separation of electron–hole
pairs and avoid the recontact of electrons with the electrolyte.
Therefore, the CdS/EWZ-7 composite films exhibit a 2.5 times
higher photocurrent density and 2.2 times lower electron trans-
port resistance than the CdS/ZnO-7 composite films for the
same number of SILAR cycles (see Figs. 8(c) and 8(d)). How-
ever, when the number of SILAR cycles is more than 7, excess
CdS QDs will aggregate to form larger particles. The aggre-
gation of CdS QDs not only results in the loss of the quantum

constraint effect but can also prevent the effective transporta-
tion and separation of photogenerated charges, thereby leading
to an obvious reduction in photocurrent density and voltage.

The mechanism of further enhancement of the PEC per-
formance of CdS/EWZ composite films is analyzed in Fig. 9.
Typically, a heterostructure can be formed between CdS and
ZnO owing to the different level positions, and then a built-
in electric field is established to provide the driving force for
charge transportation and separation. Therefore, the photo-
generated electrons in the conduction band (CB) of CdS will
transfer to the CB of ZnO, while the photogenerated holes in
the valence band (VB) of ZnO will transfer to the VB of CdS,
thereby realizing the effective transportation and separation
of photogenerated electron–hole pairs. Compared with the
common CdS/ZnO composite films, the CdS/EWZ composite
films have the following advantages for enhancing PEC per-
formance. Firstly, the etching treatment can introduce larger
surface areas and more active sites for high-quality loading of
CdS QDs. The increased number of CdS QDs can elevate the
utilization efficiency of light, while the uniform distribution
and good heterojunction interface can elevate the injection ef-
ficiency of photogenerated electrons from CdS to EWZ by pre-
venting the electrons from recontacting the electrolyte. Sec-
ondly, the etched NT structure can provide more direct elec-
tron transmission channels to promote the quick transportation
and separation of photogenerated charges. Thirdly, W-doping
can introduce the proper intermediate levels to optimize the
electron transmission mode and further promote charge trans-
portation and separation by providing a stronger driving force.
Fourthly, the W-doping can introduce more electrons to in-
crease the internal electron density owing to the different va-
lence states of the W6+ and Zn2+ ions, and thus enhance pho-
tocurrent density. Therefore, the CdS/EWZ composite films
exhibit a significantly enhanced PEC performance compared
with the common CdS/ZnO composite films.
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4. Conclusion
In summary, the surface characteristics (surface area, ac-

tive sites and electronic structure) of ZnO NR array films were
synthetically optimized by a self-designed simultaneous etch-
ing and W-doping treatment. In contrast to ZnO NR array
films, the etched and W-doped ZnO NT array films have a
larger surface area, more active sites and better energy band
structure for PEC reactions. More importantly, they are more
advantageous for the high-quality loading of CdS QDs. There-
fore, a high performance was obtained for CdS/EWZ compos-
ite films due to the remarkable improvement in their optical–
electrical characteristics. The optimal photocurrent density of
CdS/EWZ composite (12 mA·cm−2) is 9.6 times higher than
that of ZnO NR array films. This study provides an effective
strategy for significantly improving the PEC performance of
ZnO-based materials.
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