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A B S T R A C T

Hydrogen production from solar water splitting over semiconductors shows great potential in solving the urgent
energy and environmental issues, but its energy conversion efficiency is always restricted by the insufficient
utilization of photogenerated charge carriers. Introducing built-in electric fields is a promising strategy for
achieving efficient charge utilization in photocatalysts. However, the representative examples of built-in electric
fields reported to date all have their own insurmountable shortcomings. Herein, we demonstrated that the
zincblende-wurtzite (ZB-WZ) superlattice structure which widely spreads in II-VI and III-V group semiconductors
is a promising candidate for the sufficient utilization of photogenerated charge carriers. We developed the ZB-
WZ superlattice structures in a model semiconductor photocatalyst, Cd1−xZnxS, by employing the oriented-
attachment growth mechanism, and realized highly efficient photocatalytic hydrogen production under visible
light irradiation with an excellent apparent quantum yield of 48.7% at 425 nm. Then the huge impact of the ZB-
WZ superlattice structure on the photocatalytic performance was proved by the strong reciprocal relationships
between the percentage of the nanocrystals with superlattice structures and the photoluminescence intensity, as
well as that between the photoluminescence intensity and the photocatalytic activity. Moreover, theoretical
simulation demonstrated that the spatial separation and alternate accumulation of electrons and holes around
ZB/WZ interfaces is dominated by the polarization-induced saw-tooth potential distribution in the ZB-WZ su-
perlattice rather than the staggered band alignment, and the intensities of built-in electric fields in adjacent ZB
and WZ segments can be tuned by changing the specific configuration of the ZB-WZ superlattice. These findings
open a new pathway for the development of novel and efficient semiconductor photocatalysts by tuning the
superlattice structure with atomic precision, which will greatly benefit the solar water splitting area.

1. Introduction

Hydrogen production from solar driven water splitting over semi-
conductor photocatalysts has attracted great attention for its enormous
potential to solve the urgent energy crisis and environmental pollution
problems [1]. But the conversion efficiency of solar energy into che-
mical fuels remains comparatively low, due in large part to the un-
derutilization of electrons and holes generated in semiconductor pho-
tocatalysts [2–4]. To ensure sufficient charge utilization, a
photocatalyst should harmonically guarantee high efficiencies of the
entire charge separation, migration and collection processes instead one
of them. Although the fundamental requirements are pretty clear, the
research progress in this area is quite limited, as there have not been
any configurations that can fully meet all these criteria to date.

Introducing built-in electric fields is one of the most effective strategies
for realizing efficient charge utilization at the present stage [5,6], since
the electric field causes photogenerated electrons and holes to move in
opposite directions, leading to the spatial separation of reduction and
oxidation half reactions. Nevertheless, the typical examples of built-in
electric fields to achieving this goal, including those in Schottky junc-
tions, heterojunctions, and polymorph junctions [6], are all interfacial
electric fields that can only be active around the heterointerface, i.e.,
they have no beneficial effects on the utilization of electrons and holes
generated in bulk phase. Thus, the collection of charge carriers gener-
ated deep inside the semiconductor crystals is very often difficult, as
considerable amount of the photogenerated charge carriers recombine
before they can migrate to the crystal surface. In addition, the above
junctions suffer from severe interface problems which greatly restrict
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them from playing their full potentials for charge utilization. For in-
stance, the abrupt composition change and large lattice mismatch at the
heterointerface always cause the instability of interface and lead to the
formation of interface defect states [7–9], both of which are detrimental
to the transfer of charge carriers across the interfaces. Under this con-
text, ferroelectrics, which possess a spontaneous polarization arisen
from the displacement of the centers of the positive and negative
charges in their unit cells, have attracted considerable attention in re-
cent years [5]. Because these ferroelectrics materials are not merely
perfect for avoiding the above interface problems, but also can, to some
extent, promote the utilization of charge carriers in bulk phase. Yet, the
performance of those ferroelectric materials is still far from satisfactory
or even lower than conventional systems, owing to their notably large
band gaps, intrinsically poor conductivities, as well as relatively con-
fined carrier accumulation regions which only distribute on the polar-
ized surfaces. Therefore, the construction of built-in electric fields for
the sufficient utilization of photogenerated electrons and holes in the
entire semiconductor crystals remains a pivotal challenge for highly
efficient photocatalytic water splitting.

To remedy this situation, here we propose an innovative and pro-
mising superlattice structure to tentatively overcome the above pro-
blems. II-VI and III-V group semiconductors as known generally adopt
either cubic zincblende (ZB) or hexagonal wurtzite (WZ) crystal struc-
ture in nature. The atomic stacking sequence of ZB structure along its
close-packed [111] direction can be denoted as A-B-C-A-B-C, while the
WZ structure employs a stacking sequence of A-B-A-B in the [0001]
direction [10,11]. In most cases, the two crystal structures have ap-
proximate lattice constants in their close-packed planes. Hence, ZB-WZ
superlattice, a special type of polymorph junction which is completely
free from interface instability and defect formation problems, can be
developed by bridging ZB and WZ segments along the [111–0001] or-
ientation alternately (Fig. 1a) [12]. Meanwhile, owing to the staggered
band alignment between ZB and WZ allotropes [13,14], the photo-
generated electrons and holes in the ZB-WZ superlattice are spatially
localized into ZB and WZ segments respectively (Fig. 1b) [15–18].
Moreover, spontaneous polarization exists along the [0001] crystal
orientation of WZ structure, whereas ZB structure is highly symmetric
and polarization-free, thus resulting in a saw-tooth potential profile in
the ZB-WZ superlattice (Fig. 1c) [18–22], which will promote the spa-
tial separation of electrons and holes as well as their alternate accu-
mulation at ZB/WZ interfaces. Therefore, under the synergetic effect of
the Type II band alignment and the spontaneous polarization induced
saw-tooth potential profile, the photogenerated electrons and holes in
the ZB-WZ superlattice will be naturally separated and alternately ac-
cumulated around ZB/WZ interfaces without substantial bulk re-
combination. Though the spatial charge localization usually leads to the
deterioration of the charge transfer ability along [111–0001] direction
of the ZB-WZ superlattice [23,24], the spatially separated electrons and
holes are able to migrate in the close-packed (111) and (0001) planes
without hindrance [25], and the dramatically reduced overlap of
electron and hole wave functions also causes the extension of the carrier
lifetime [15,16]. That is, highly efficient utilization of photogenerated
electrons and holes can be expected in the ZB-WZ superlattice structure,
because the electrons and holes that alternately accumulated around
the ZB/WZ interfaces can readily migrate to the crystal surface along
the direction perpendicular to [111–0001] orientation, and then be
consumed in the reduction and oxidation reactions effectively. Fur-
thermore, considering the excellent solar spectrum responses and sui-
table band positions of II-VI and III-V group semiconductors [26–36], it
is evident that the ZB-WZ superlattice structure holds enormous po-
tentials for the application in photocatalytic water splitting.

Despite the unique structural and electric features of the ZB-WZ
superlattice, the performance for solar hydrogen production of the
semiconductors having this configuration remains scarcely explored, as
the controlling of nanocrystal structures at the atomic scale is still a
daunting challenge in nanoscience and technology. Earlier this century,

Banfield et al. discovered an oriented-attachment growth mechanism
when they were investigating the coarsening of nanocrystals [37–39],
and found that planar defects including twin boundaries and stacking
faults were the inevitable products during the oriented-attachment
growth process of ZnS nanocrystals. Though the precise control of the
lattice stacking sequence was not achieved, these findings have opened
an important opportunity for us to primarily explore the roles of the ZB-
WZ superlattice structure during photocatalytic water splitting process.
Hence, we developed the ZB-WZ superlattice structures in Cd1−xZnxS
crystals via the oriented-attachment mechanism by solvothermally
treating the nanocrystals obtained after an ultrasonic assistant pre-
cipitation procedure (Here Cd1−xZnxS as a typical II-VI group semi-
conductor is selected as the model photocatalyst because of its excellent
solar spectrum response and suitable conduction band position for
water reduction). Then we systemically investigated the interdependent
relationship among the atomic-scale structure, the photoluminescence
property, and the photocatalytic performance of the synthesized na-
nocrystals, and found that the gradual formation of the ZB-WZ super-
lattice structures caused a significant decrease in the photo-
luminescence intensity of these nanocrystals, and the reduced
recombination of photogenerated electrons and holes resulted in much
higher photocatalytic hydrogen production activity, implying that the
highly efficient hydrogen production activity was closely associated
with the existence of the ZB-WZ superlattice structures. Finally, in
combination with the first principle calculation based on density
functional theory (DFT), we further demonstrated that the spatial se-
paration and alternate accumulation of electrons and holes at the ZB/
WZ heterointerfaces, which was dominated by the spontaneous polar-
ization induced saw-tooth-like potential profile in the ZB-WZ super-
lattice, should take the major responsibility for the excellent photo-
catalytic hydrogen production performance.

2. Results and discussion

The morphology change and the lattice structure evolution of the
nanocrystals during the entire synthesis process were systemically in-
vestigated by recording the transmission electron microscopy (TEM)
and HRTEM images of the nanocrystals at different reaction stages
(Fig. 2). It is clear in Fig. 2a and b that the nanocrystals with size of
5–8 nm are formed under ultrasonic wave irradiation, and no planar
defect can be seen in these nanocrystals. After solvothermal treatment
for 1 h, the size of nanocrystals increases to 15–20 nm, and bright/dark
contrast stripes emerge in individual nanocrystals (Fig. 2c and d),
which is the characteristic feature of nanocrystals with stacking faults.
Further increasing the solvothermal time to 3 h, the bright/dark con-
trast stripes arise in almost every nanocrystal, indicating the massive
formation of stacking faults (Fig. 2e) [40]; meanwhile, the crystal size
further increases to 50–80 nm, and amorphous layers with a thickness
of 2–3 nm exist on the surface of the nanocrystals (Fig. 2f). Notably, the
morphology of nanocrystals undergoes a dramatic change when the
solvothermal time is no more than 3 h, accompanying with the si-
multaneous formation of stacking faults in these nanocrystals. After-
wards, the solvothermal time was prolonged to 6 and 12 h. From the
TEM and HRTEM images (Fig. 2g-j), it can be seen that the bright/dark
contrast stripes are well preserved, implying that the prolonged sol-
vothermal treatment has no influence on the lattice structure of nano-
crystals, while the only change is that the amorphous layer completely
disappears, along with the formation of a well-developed crystal sur-
face.

The growth process of the nanocrystals was carefully investigated.
When the solvothermal time is no more than 3 h, the growth of the
nanocrystals is indeed dominated by the oriented-attachment me-
chanism [41,42]. The evidences supporting this inference can be found
in the TEM and HRTEM images. For example, the adjacent nanocrystals
in Fig. S1a share a common crystal orientation, meeting the prerequisite
for oriented-attachment; Fig. 2e and S1b show that a nanocrystal is
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attached to another, accompanied with perfectly matching lattice
fringes at the interface, which provides direct evidence for the oriented-
attachment growth mechanism. In addition, the irregular and rough
surface in Fig. S1c is also one of the characteristic features of nano-
crystals grown via oriented-attachment mechanism. Hence, the forma-
tion of stacking faults was definitely the inevitable results of the or-
iented-attachment growth process [37–39]. As for the disappearance of
amorphous layers at prolonged solvothermal time, it should be due to
the occurrence of an Ostwald-ripening process [38].

To verify the formation of the ZB-WZ superlattice structure, we
drilled down into the morphology and the lattice structure of the na-
nocrystals obtained after solvothermal treatment for 24 h. The XRD
pattern in Fig. S2 shows distinctive diffraction peaks corresponding to
the (111), (220), and (311) peaks of zincblende structure, which locate
between the peaks of cubic CdS and ZnS, confirming the formation of
Cd1−xZnxS solid solution with a major zincblende structure. And the
(220) and (311) peaks are obviously broadened which could be related
to the existence of stacking faults [43,44]. The scanning electron mi-
croscopy (SEM) image (Fig. 3a) shows that nanocrystals with sizes
ranging from 50 to 150 nm spread over the entire micrograph, and most
of them possess an irregular polyhedral morphology with ridges and

valleys on their surfaces (See the inset), suggesting the presence of
stacking faults [45,46]. Meanwhile, in the TEM image (Fig. 3b), the
characteristic feature of stacking faults, i.e., the bright/dark contrast
stripes, are ubiquitous [40]; repetitive stacking faults as well as occa-
sionally arisen twin boundary can be easily found in Fig. 3c. To thor-
oughly explore the lattice structures of these nanocrystals, we analysed
the zoomed-in HRTEM image and identified the atomic stacking se-
quence along the [0001] direction as denoted in Fig. 3d. Distinctly, the
segments with stacking sequences of B-A-B-A and C-A-C-A belong to WZ
structure, and the others are in ZB environment. Therefore, the co-ex-
istence of ZB and WZ segments in one nanocrystal is confirmed, im-
plying that the ZB-WZ superlattice structure is successfully developed in
metal sulphide nanocrystals via the oriented-attachment growth me-
chanism.

Given the successful synthesis of the desired model semiconductor
nanocrystals, our next step is to explore the impact of the ZB-WZ su-
perlatticle structures on the behaviour of photogenerated charge car-
riers. Hence, the photoluminescence spectra of the nanocrystals with
different solvothermal time were recorded in Fig. 4a. With the increase
of the solvothermal time, both the intensities of the near band edge
emission peak located at ~ 620 nm and the defect state emission peak

Fig. 1. (a) The atomic model for a ZB-WZ superlattice structure.
The purple and blue balls represent cations and anions respec-
tively. Each capital letter represents a cation-anion bilayer. The
dot lines denote the stacking fault lines between different struc-
tures. (b) The typical staggered band alignment between ZB and
WZ structures without consideration of spontaneous polarization.
The corresponding charge transfer across their interface (Black
arrows) is denoted. (c) The spontaneous polarization induced
saw-tooth-like potential profile along the [111–0001] direction
and the corresponding opposite built-in electric fields in adjacent
ZB and WZ segments. The migration of charge carriers in different
segments is shown, and tetrahedron units are drawn for ZB and
WZ structures respectively to illustrate the difference in their
detailed structures.
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around ~ 690 nm rapidly decrease to only several percent of their in-
itial levels. That is, the radiative recombination of the photogenerated
electrons and holes is significantly reduced. To rule out the possible
contribution of the difference in the light absorption ability and the
external quenching effect of the surface absorbed groups for this de-
creased photoluminescence intensity, the synthesized nanocrystals
were characterized by UV–Vis diffuse reflectance spectra and FT-IR
spectroscopy respectively. The results in Fig. S3 and S4 clearly de-
monstrate that there is negligible difference in the light responses and

the surface absorbed groups of the nanocrystals obtained at different
reaction stages. Accordingly, the reduction in the radiative re-
combination should be the direct reflection of the enhanced charge
separation efficiency of the synthesized nanocrystals. To further in-
vestigate the relationship between the improved charge separation
ability and the emerged ZB-WZ superlattice structures, we counted the
percentages of the nanocrystals with stacking faults in the synthesized
samples, and correlated the variation of this percentage with the change
in the photoluminescence intensity. It was found that the

Fig. 2. TEM and the corresponding HRTEM images of the nanocrystals obtained at different reaction stages. (a) and (b), TEM and HRTEM images of the nanocrystals obtained after
ultrasonic treatment; (c) - (j), TEM and HRTEM images of the nanocrystals obtained after solvothermal treatment for 1, 3, 6, and 12 h, respectively. Scale bars: 20 nm for all TEM images
in the first row, 5 nm for all HRTEM images in the second row.

Fig. 3. (a) SEM, (b) TEM and (c) HRTEM images of the nanocrystals after solvothermal treatment for 24 h. The lattice distance of 0.32 nm is equivalent to the interplanar spacing of (111)
planes in ZB structure or (0001) planes in WZ structure. (d) The zoomed-in image of the selected area in (c) with the atomic stacking sequence labelled by an orange folding line. The
segments with different close-packed arrangements are identified.
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photoluminescence intensity is antidependent on the percentage of the
nanocrystals with stacking faults in the synthesized samples (Fig. 4b).
Therefore, a preliminary conclusion that the formation of ZB-WZ su-
perlatticle structures promotes the charge separation efficiency of the
synthesized nanocrystals can be drawn from these results. Afterwards,
we evaluated the photocatalytic hydrogen production properties under
visible light irradiation of the synthesized nanocrystals. The variation of
hydrogen production activity along with the increase of the sol-
vothermal time is illustrated by the green curve in Fig. 4c. It is clear that
the average hydrogen production rate increases rapidly when the sol-
vothermal time is no more than 3 h, and then remains at a relatively
stable level as the solvothermal treatment is longer than 6 h (Here the
photocatalytic activity under visible light irradiation was originated
from Cd1−xZnxS nanocrystals other than ZnS impurities as evidenced by
the EDS mapping results in Fig. S5 and S6, and the impact of shape and
size on the water splitting performance can be neglected according to
the detailed analysis in Supplementary note 1). Then we compared the
variation of photocatalytic activity with the change in the photo-
luminescence intensity and found a significant inverse correlation be-
tween them (Fig. 4c), implying that the separated photogenerated
electrons and holes are efficiently utilized in photocatalytic water
splitting reactions. We also calculated the exact value of hydrogen
production rate and apparent quantum yield (AQY), and found that our
Cd1−xZnxS nanocrystals with ZB-WZ superlattice structure outperform
those purity-phase WZ or ZB Cd1−xZnxS nanocrystals reported in lit-
eratures [47–49]. The highest initial H2 evolution rate is 44 mL h−1,
with an excellent AQY of 48.7% at 425 nm. This value is among the best
results of the metal sulphide photocatalysts without using co-catalysts

to date [36], and about 20% higher than that of the nanoparticles with
twinning structures [50]. In addition, there is no significant decrease in
the hydrogen production rate during the 4 cycles, displaying the ex-
cellent stability of the Cd1−xZnxS nanocrystals with the ZB-WZ super-
lattice structures.

To further prove the above conclusion, we performed the first
principle calculation based on DFT by selecting CdS and ZnS as model
materials (Fig. 5 and S4) [51]. Here, the macro-averaged electrostatic
potential profiles as well as the plane averaged partial charge density
distributions in the superlattice were both calculated by taking both the
band alignment between ZB and WZ structures and the spontaneous
polarization in WZ structure into consideration. Since the main findings
in these theoretical simulations are quite similar by using either ZnS or
CdS as the model material, analogous findings are supposed to be ob-
tained in Cd1−xZnxS solid solution (see Fig. S7 and relate explanation
for detailed analysis).

As shown in Fig. 5a, three typical (3C)m(2H)n supercells including
(3C)6(2H)6, (3C)6(2H)18, and (3C)12(2H)12 were built by bridging ZB
and WZ CdS segments with different thicknesses repetitively. Here,
(3C)6(2H)6 and (3C)12(2H)12 have the same thickness ratio of ZB to WZ
segment (i.e., m/n) but different minimum repetitive periods (i.e., m
+n), while (3C)6(2H)18 and (3C)12(2H)12 have the same minimum
repetitive periods but different in the thickness ratios. So the simulation
results can not only reveal the spatial distribution of charge carriers in
the ZB-WZ superlattice structure, but will also shed some light on the
relationship between the charge carrier distribution and the specific
configuration of the ZB-WZ superlattice.

According to the calculated electrostatic potential profiles and the

Fig. 4. (a) Photoluminescence spectra of the nanocrystals obtained at different reaction stages. (Excitation wavelength, 448 nm; BE, near band edge emission; DE, defect state emission.)
(b) The antidependence of the photoluminescence intensity on the statistical percentage of the nanocrystals with stacking faults (SFs). (c) The inverse correlation between the photo-
catalytic hydrogen production activity and the photoluminescence property of the synthesized nanocrystals. (d) Long-term photocatalytic hydrogen production over the nanocrystals
obtained after solvothermal treatment for 24 h.
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partial charge density distributions in Fig. 5b, the saw-tooth-like po-
tential profiles exist in all of these supercells [18,52–54], thus the
electrons in the CBM and holes in the VBM are accumulated alternately
around the ZB/WZ heterointerfaces, rather than being dragged into the
inner part of the neighbouring ZB and WZ segments. Furthermore, the
slopes of the electrostatic potential curves in the above three supercells
are different from each other, meaning that both the change of the
minimum repetitive period and the thickness ratio will cause the var-
iation in the intensity of built-in electric field. Hence, we conclude that
it is the spontaneous polarization induced saw-tooth-like potential
distribution rather than the staggered band alignment that dominates
the spatial separation and regional accumulation of charge carriers in
the ZB-WZ superlattice, and the charge separation ability of the su-
perlattice could be tuned by changing the specific configuration of the
ZB-WZ superlattice [15–18,21,22]. This is rational, because the polar-
ization in WZ structure are always neutralized by free charge at the
surface of the crystal, hence free charges will locate at each interface
between ZB and WZ segments in the ZB-WZ superlattice, leading to the
formation of opposite built-in electric fields in the neighbouring ZB and
WZ segments; once the configuration of the ZB-WZ superlattice varies,

the polarization effect of WZ segment would be altered, thus changing
the spatial accumulation of charge carriers around the ZB/WZ inter-
faces, finally leading to the fluctuation of the built-in electric field in-
tensity [19–22]. Therefore, tuning the structure of the ZB-WZ super-
lattice at an atomic scale will be a promising strategy for the design of
highly efficient II-VI or III-V group semiconductor photocatalysts in the
future.

3. Conclusions

In summary, we elaborated the promising prospect of the ZB-WZ
superlattice structure for the application in photocatalytic water split-
ting field and successfully developed such a superlattice structure in a
typical II-VI group model semiconductor, Cd1−xZnxS, via innovatively
utilizing the oriented-attachment growth mechanism during the coar-
sening of nanocrystals. Afterwards, we found a negative correlation
between the formation of the ZB-WZ superlattice structures and the
photoluminescence intensity, and also observed that the variation of
the photocatalytic hydrogen production activity is antidependent on
the change of photoluminescence intensity, hence primarily proving

Fig. 5. (a) Structures of (3C)m(2H)n CdS superlattice models for theoretical simulation and (b) the corresponding macro-averaged electrostatic potential profiles and plane averaged
partial charge density distributions in CBM and VBM of the (3C)m(2H)n superlattices.
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that the ZB-WZ superlattice structure is indeed promising for photo-
catalytic water splitting. Finally, with the aid of theoretical simulation,
we demonstrated that the spatial separation and alternate accumulation
of electrons and holes at the ZB/WZ heterointerfaces was dominated by
the spontaneous polarization induced saw-tooth-like potential profile in
the ZB-WZ superlattice rather than the staggered band alignment.
Hence, we propose that tuning the structure of the ZB-WZ superlattice
with atomic precision will be a promising strategy for developing highly
efficient II-VI and III-V group semiconductor photocatalysts in the fu-
ture [55–57]. These findings can contribute greatly to the solar water
splitting area.
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