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ABSTRACT: Owing to their high extinction coeflicient and moderate band 8
gap, cadmium chalcogenides are known as common semiconductors for
photoelectric conversion. Nevertheless, no ideal cadmium chalcogenide with
proper band structure is available yet for photoelectrochemical hydrogen
evolution. In this work, we modified the band structure of CdTe via alloying
with Se to achieve a ternary compound (CdSe,¢Te,,) with n-type conduction, a
narrower band gap, and a more negative band position compared to those of
CdSe and CdTe. This novel material exhibits strong light absorption over a
wider spectrum range and generates more vigorous electrons for hydrogen
reduction. As a result, a photoelectrode based on nanoflake arrays of the new
material could achieve a photocurrent density 2 times that of its CdSe
counterpart, outperforming similar materials previously reported in the
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literature. Moreover, the quick transfer of holes achieved in the novel material
was found to depress photocorrosion processes, which led to improved long-term working stability.

1. INTRODUCTION

Hydrogen, as a clean and eflicient energy source, is an ideal
solution to the energy shortage and environment related issues.
As an effective way to obtain hydrogen and because of their
direct use of solar energy, photoelectrochemical (PEC)
hydrogen evolution processes have attracted much attention
since the discovery of the Honda-Fujishima effect in 1972."
Making a high-performance photoanode is known as one of
the key points in achieving PEC cells with high solar-to-
hydrogen (STH) conversion.” An efficient photoanode
should meet the following three requirements. (1) It should
be based on an n-type semiconductor, with the majority of its
carriers being electrons that can move quickly to the counter
electrode and avoid any recombination.’ (2) Its band gap
should be appropriate for highly efficient light harvesting,
implying both efficient light absorption and eflicient carrier
separation.” (3) Its conduction band should be high enough for
excited electrons to reduce protons adsorbed on the electrode.”
Among semiconductors commonly used in photoelectric
conversion, cadmium chalcogenides such as cds,’*
CdSe,"*™"* and CdTe'® have attracted significant attention
because of their high extinction coefficient, moderate band gap,
and proper band structure. Of these three, CdTe has been
extensively applied in thin-film and quantum-dot solar cells,
exhibiting ultrahigh light-harvesting efficiency (LHE) resulting
from its narrow band gap (1.4 eV). However, its p-type
character and low conduction band hinder its application in
PEC hydrogen evolution. A possible solution would be to
adjust the conduction type of CdTe material via alloying while

-4 ACS Publications  © 2017 American Chemical Society

6457

keeping its band gap unchanged. For example, CdTe could be
alloyed with CdSe so that a ternary compound with n-type
conduction, a narrow band gap, and proper band position is
achieved.'®

Apart from the material type and properties, the morphology
of the photoanode also plays a key role in its performance.
Three-dimensional (3D) structures such as nanorod arrays'’~"
and inverse opal'"**™** were previously reported as those
enhancing light absorption and improving the photocurrent.
Recently, we found that another nanostructure, nanoflake
arrays (NFAs), can also be attractive for photoelectric and
photoelectronic applications (Figure 1).** First, NFAs exhibit
an intriguing light-trapping effect, as incident light can be
reflected many times and thus entirely absorbed by them, which
is expected to increase their LHE tremendously. Second, thin
nanoflakes provide a shortcut for the diffusion of minority
carriers to the surface, which can accelerate charge separation
and the transportation of minority carriers along the thickness
direction. Third, vertical nanoflakes can provide a quick path
for electron flow, reducing possible losses of carriers. Forth, the
large specific surface of NFAs should facilitate their contact
with electrolytes, expediting the consumption of minority
carriers and reducing their accumulation.**~>°

On the basis of the above considerations, in the present
study, we attempted to engineer an anode based on n-type
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Figure 1. (a) Experimental setup for PEC water splitting and (b) schematic structure of the photoanode based on NFAs developed in this study.

semiconductor NFAs with a composition of CdSeygTe,.
Although CdSe,Te, , materials have been widely used as
efficient light absorbers,””*® their application for PEC hydrogen
evolution has not been reported. We first synthesized Cd NFAs
by thermal evaporation and then converted them into CdSe
NFAs via a gas-phase selenization process, after which the CdSe
NFAs were alloyed through anion exchange. Upon subsequent
annealing, the as-prepared CdSeygTe,, NFAs were applied to
PEC water splitting and hydrogen evolution. The novel ternary
photoanode achieved a photocurrent density of as high as 6.5
mA/cm?, which was 2 times that of its CdSe counterpart. In
contrast, CdTe NFAs with similar morphology showed no
photocurrent under the same test conditions. The superior
performance of the new photoanode is attributed to its n-type
and improved light absorption by its NFAs. Our work
demonstrates that energy band engineering is an effective
strategy for photoanodes with high PEC performance.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Cadmium sulfide (CdS, 98% purity), selenium
powder (Se, —325 mesh particle size, 99.5% purity), tellurium powder
(Te, —200 mesh particle size, 99% purity), sodium hydroxide (NaOH,
99% purity), and ethanol (C,H;OH, absolute) were purchased from
Alfa Aesar and directly used without further treatment or purification.
Hydrochloric acid (HCI, 38 wt %) was purchased from Jiangtian
Chemical Technology Co., Ltd.

2.2. Preparation of the Cd NFA Template. The Cd NFAs were
prepared using a CVD method previously reported elsewhere.”® In
brief, 0.15 g of CdS, as a Cd source, was placed into a quartz tube and
then heated in the middle of the vacuum tube furnace. A slide of FTO
glass, sputter-coated with an ultrathin TiO, layer as a buffer and a seed
layer (which was used to prevent any electricity leaks during
photoelectrochemical measurements), was put next to the furnace
(downstream) as the substrate. N, (200 sccm) and air (40 sccm) were
allowed to flow through the tube. During the deposition (30 min), the
temperature was set at 650 °C and the pressure was kept at 8.5 Torr.
During the temperature increase, the pressure was kept at 200 Torr.
The as-deposited template was immersed in dilute NaOH (pH 9) to
remove absorbed SO, generated during the formation of Cd NFAs
and then rinsed with deionized water and kept for further experiments.

2.3. Preparation of CdSe and Alloyed NFAs. CdSe NFAs were
prepared from the raw template via a gas-phase selenization process.
Se powder (0.1 g) was put in the middle of a quartz tube, which was
then placed into a vacuum tube furnace, while the template with Cd
NFAs was set downstream, next to the tube. The furnace was heated
to 300 °C for 30 min while N, flowed at 30 sccm at a pressure of 2.5
Torr. The as-prepared CdSe NFAs were then annealed at 500 °C in
N, to get rid of residual raw materials and reduce the number of
defects.

As the final stage, CdSesTe,, NFAs were prepared through partial
gas-phase anion exchange reported for the first time. For this, 0.1 g of
Te powder was placed in the middle of the vacuum tube furnace while
the sample with CdSe NFAs to be alloyed was placed downstream,
next to the Te source. The reaction temperature was set at 500 °C, and
30 sccm of N, gas flowed for 15 min. Finally, the obtained CdSe,gTe,,
NFAs were annealed at 500 °C to get rid of residual raw materials and
reduce the number of defects.

2.4. Preparation of CdTe NFAs. CdTe NFAs were prepared
through a previously described put-in heating process.” In a few
words, a one-end thin quartz tube was placed into a furnace tube with
0.05 g of Te powder set at the closed end and a sample with Cd NFAs
kept at a distance of 10 cm. The whole system was evacuated and
flushed with N, gas to remove residual oxygen. Then, the furnace was
heated to 420 °C, after which the tube with initial materials was rapidly
put into the furnace and kept there for 20 min under a continuous flow
of N, (50 sccm).

2.5. Photoelectrochemical Measurements for Hydrogen
Evolution. A standard three-electrode system was applied for PEC
water splitting with the as-prepared materials as working electrodes,
HgO/Hg in 1 M KOH solution as the reference electrode, and Pt foil
as the counter electrode. The results were recorded with a Versastat3
potentiostat electrochemistry workstation. The whole system was
placed under standard AM 1.5G solar illumination simulated by Xe
light (Perfect Light Pls-sxe300c, 300 W) as shown in Figure 1. A
solution of 0.25 M Na,S/0.35 M Na,SO; was used as the electrolyte
and sacrificial agent.

2.6. Characterization. Scanning electron microscopy (SEM,
Hitachi S-4800 with accelerating voltage S kV) and transmission
electron microscopy (TEM, Tecnai G2 F20 equipped with a field-
emission gun operating at 200 kV) were used to acquire the
morphology of each sample. An energy-dispersive spectroscopy (EDS)
module attached to the TEM instrument was used to analyze the
elemental composition. X-ray diffraction (XRD, Bruker-D8) analysis
was applied to study the crystalline structure. Inductively coupled
plasma—mass spectrometry (ICP—MS) measurements were acquired
with an Agilent 7700X, and UV—vis absorption spectra were recorded
with a Hitachi 4100 UV-—vis absorption spectrometer. X-ray
photoelectron spectroscopy (XPS) analyses were carried out with a
PHI-1600 ESCA spectrometer (with a monochromatic Al Ka X-ray
source, 1486.6 eV) to analyze the chemical composition and bonding
states of elements. SEM, XRD, XPS, UV—vis absorption spectra and
photoelectrochemical measurements were made using samples
prepared on FTO, and TEM and EDS were performed with the
product transferred onto Cu grids. Finally, for ICP-MS, NFAs were
first dissolved in concentrated nitric acid at 150 °C and then diluted
with deionized water to obtain the solution for analysis.

3. RESULT AND DISCUSSION

The top-view SEM images of three samples are presented in
Figure 2a—c and Figure S1. As seen in Figure 2a, the Cd
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Figure 2. Morphology of initial Cd NFAs (a), CdSe NFAs (b), and CdSeysTe,, NFAs (c) and their XRD patterns (d). Scale bars in (a—c) indicate
10 pym.

Table 1. Peak Positions for Each Sample in the XRD Patterns and x Values Calculated from Them

(100) (002) (110)
sample position/deg spacing/A position/deg spacing/A position/deg spacing/A x value
CdSe 23.825 3.7317 25.339 3.5120 41.896 2.1545 1
CdSeqsTeos 23.681 37581 25.056 3.5546 41485 2.1814 0.8
CdTe 22.319 3.9800 23.707 3.7500 39.222 2.2950 0
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Figure 3. (a) TEM image of a single CdSeygTe,, nanoflake. (b) Higher-resolution TEM image of the flake and corresponding elemental mapping
for three detected elements: Cd (yellow), Se (red), and Te (purple). Scale bars in (b) indicate SO nm. (¢, d) Narrow-scan XPS Te 3d and Cd 3d
spectra, respectively, for CdSe, CdTe, and CdSe,gTe,, NFA samples. Corresponding survey-scan spectra of the same samples as well as narrow-scan
Se 3d spectra are shown in Figure S10.
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nanoflakes grew vertically on the substrate and formed a
network of arrays. The latter NFA morphology was preserved
after ion exchange and annealing, when CdSe and CdSeygTey,
materials formed (Figure 2b,c). The height of nanoflakes over
the substrate was about 8 ym, according to the cross-sectional
SEM image in Figure S2. The XRD patterns shown in Figure
2d indicate that the Cd, CdSe, and CdSe;sTe,, NFAs possess
hexagonal wurtzite phase structure, whereas the CdTe NFAs
have zinc-blende phase structure (Figure SS). The HRTEM
image and corresponding fast Fourier transformation (FFT)
pattern confirm that the CdSe,gTe,, product obtained after ion
exchange inherited the crystal structure of CdSe NFAs (Figure
S3). The interplanar spacings for three main crystal planes
deduced from XRD patterns are presented in Table 1.
According to Vegard’s law, the alloy lattice constant of
CdSe,Te,_, varies linearly with x;* therefore, the x value can
be deduced from the XRD results through simple interpolation.
According to the results shown in Table 1, the CdSe,Te,_,
alloy material prepared in this study possessed an x value of
about 0.8. This value is consistent with the composition derived
from ICP—MS results, which demonstrated atomic ratio Cd/
Se/Te to be 1:0.76:0.21, as well as with EDS results (Figure
S4), which showed the contents of Cd, Se, and Te to be 53.5,
37.1, and 9.4 atom %, respectively. In parallel, another alloy
with the composition of CdSey¢;Te,3; was also prepared to
demonstrate the effect of reaction time during anion exchange
on the composition of the final product (Figure S6).

The bright-field TEM image in Figure 3a indicates that each
individual nanoflake has pores of several tens of nanometers in
size. A high-angle annular dark-field (HAADF) TEM image and
corresponding elemental distribution are shown in Figure 3b.
The HAADF image illustrates that the nanoflake consists of
tiny particles, thus being polycrystalline in nature. In the
elemental mapping images (Figure 3b), Cd, Se, and Te are all
distributed homogeneously, suggesting a pure alloy phase
without phase separation or element segregation.

The bonding states of each element in the novel semi-
conductor material were characterized by XPS (spectra
presented in Figure 3c,d and Figure S10b). The peak located
at 54.4 eV (Figure S10b) is characteristic of Se®~ anions,”’ and
the two peaks centered at 572.4 and $583.1 eV observed in
Figure 3c indicate the presence of Te*~ anions.”” The Cd 3d
peak positions in Figure 3d are seen to shift gradually from
405.8 and 412.2 eV (CdSe) to 405.3 and 412.0 eV
(CdSeysTey,) and then to 405.1 and 411.8 eV (CdTe),”"
suggesting that Te atoms with lower electronegativity gradually
substitute for Se atoms in the semiconductor materials.

The prepared sample with CdSey4Te;, NFAs was evaluated
as a photoanode for PEC hydrogen evolution and tested in a
standard three-electrode system under solar illumination of AM
1.5 as shown in Figure 1. The CdSe and CdTe samples
prepared using similar Cd NFA templates were also evaluated
for comparison. Figure 4a displays the current density—
potential (J—V) curves recorded both in the dark and under
illumination. The CdSeygTe,, photoanode demonstrated
higher values of the photocurrent density (red symbols in
Figure 4a) than did its CdSe counterpart. At 0 V vs the Hg/
HgO reference, the newly developed alloy electrode achieved a
photocurrent density of 6.8 mA/cm?, which was almost 2 times
larger than that of the CdSe electrode (4 mA/cm?). At the
same time, the CdTe electrode showed practically no
photocurrent in the region. The other alloyed photoanode
(with a composition of CdSeys;Teys;) had a much lower
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Figure 4. PEC performance of three semiconductor photoanodes. (a)
Linear sweep voltammetry measurements of electrodes with CdSe,
CdTe, and CdSe,3Te,, NFAs under 1 sun AM 1.5G illumination and
in the dark. (b) Photocurrent stability of CdSe and CdSeysTe,,
electrodes under 1 sun AM 1.5G illumination and at 0 V vs the Hg/
HgO reference electrode.

current density (Figure S6b), which is why it was not studied in
greater detail in the present work. The plateau photocurrent
exhibited by the CdSe,gTe,, electrode in Figure 4a is believed
to arise from its better electron conductivity compared to that
of the CdSe electrode. The stability of the CdSe and
CdSeygTey, electrodes during their performance was evaluated
at 0 V vs Hg/HgO under continuous illumination of AM 1.5,
with the results shown in Figure 4b and Figure S7. The
photocurrent density—time (J—t) curve of the alloyed electrode
proves to be more stable: only an ~10% decay during nonstop
1 h measurement was observed, whereas the performance of
the CdSe electrode degraded by about 25% during the same
testing period. The experimentally measured quantities of
produced hydrogen matched very well those calculated
assuming 100% Faradaic efficiency (Figure S8), indicating
that almost all photoelectrons produced by the alloyed
electrode contributed to hydrogen reduction.

To understand the reasons behind the excellent PEC
performance demonstrated by the ternary chalcogenide
NFAs, we applied a variety of techniques to analyze how the
three electrodes worked. First, we compared how the three
photoelectrodes absorbed light. The LHE plots presented in
Figure Sa were calculated by subtracting the reflected and
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transmitted light from the total incident light (Figure S11). The
observed results demonstrated the absorption efficiency above
90% over the visible light region for all three samples. This
implies that the NFAs trap light very efficiently, which agrees
well with what was previously reported for CdS NFAs.”’ The
absorption band edge for CdSey4Te,, is located at 930 nm, and
those for CdTe and CdSe are blue-shifted by 40 and 180 nm,
respectively (Figure Sa), suggesting that the ternary electrode
could absorb light within a somewhat broader wavelength
range. The UV—vis absorption spectroscopy and corresponding
Tauc plots (Figure S12) reveal that a narrower band gap (1.43
eV) was achieved for the ternary semiconductor compared to
its binary counterparts (1.48 eV for CdTe and 1.68 eV for
CdSe). The narrowing band gap that was found is believed to
result from the disordered crystal lattice caused by mixed
anions, which was previously proven both theoretically’>** and
experimentally.”**°

The Mott—Schottky (M—S) analysis was carried out to
determine the p/n type of the samples. Both the CdSe and
CdSe(sTey, NFA anodes showed positive slopes in their plots,
which indicated that electrons were their major carriers (Figure
Sb). This implies that these two materials are n-type
semiconductors. In addition, the flat-band potential, which is
determined by the tangent line of the plot, was —0.16 and
—0.08 V for the CdSe;sTe,, and CdSe samples, respectively,
being in agreement with the literature’””" and showing that the
novel CdSeygTey, material had a more negative conduction
band edge. Meanwhile, their slopes were almost the same (red
and blue curves in Figure Sb), which means that the carrier
concentration in the two samples was close, at least of the same
order of magnitude. The M-S plot for the CdTe sample
showed an asymmetric peak (green curve in Figure Sb), with its
right shoulder having a lower slope than the left side. This
implies that the major carriers in the CdTe material are holes,*
with the sample being a p-type semiconductor with a flat-band
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potential of 1.75 eV, in good agreement with previous
reports.**~*

Charge separation dynamics in the three photoanodes was
characterized by electrochemical impedance spectroscopy
(EIS). Figure Sc shows the Nyquist plots tested at 0 V vs
Hg/HgO and under illumination of AM 1.5. The correspond-
ing equivalent circuit model is shown in the inset of Figure Sc,
where R is the electrolyte resistance, CPE is the constant phase
element, and R is the charge-transfer resistance between the
photoanode and the electrolyte. By fitting the Nyquist plots
with the given model, the values of R, for the CdSe and
CdSe(¢Te,, electrodes were determined to be 655 and 621 Q,
respectively. This indicates that the rate of holes reacting with
electrolyte on the surface of the two electrodes was almost at
the same level. The rapid charge separation taking place in the
two electrodes was also proven by open circuit photovoltage
decay spectra (Figure S13). Compared to the CdTe material
(1541 Q), the reaction between holes and electrolyte was more
favorable for these two electrodes. The reason might be that the
valence band position of the CdTe material is more positive,
which slows down the reaction kinetics.

On the basis of the above results, the novel ternary
photoelectrode reported here demonstrates several attractive
features that contribute to its superior performance during PEC
hydrogen evolution. As was mentioned above, the band
structure of the photoelectrode plays a crucial role in its
performance. According to the light absorption spectra and the
flat-band potentials derived from the M-S curves, the band
structures of the samples are shown in Figure 5d. Among the
three semiconductors, the CdSe;¢Te,, anode exhibits the
narrowest band gap. Its relatively narrow band gap can improve
light harvesting and generate more photocarriers. At the same
time, its negative conduction band edge (—0.16 eV, Figure 5d)
should lead to photoelectrons with higher energy, also speeding
up reactions related to hydrogen generation. Therefore, the
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CdSeygTey, material can produce many more electrons with
higher energy than its counterparts with CdSe and CdTe NFAs.
Meanwhile, doping CdSe with Te atoms does not cause any
recombination centers or deteriorated charge separation.
Therefore, the CdSeygTe,, photoanode achieves a photo-
current about 2 times larger than that of its CdSe counterpart.
As for the poor PEC performance of the CdTe material, p-type
semiconductors are known to be unfavorable for electron
transfer because electrons are minor carriers in such materials.
Regarding long-term durability, photoelectrodes are often
known to suffer from photocorrosion (caused by accumulated
holes), which proceeds through the following reaction:**

CdX + 2h" — C&* + X% (X = Se, Te)

In the CdSey3Te,, and CdSe NFAs, some hole accumulation
was proven by sharp spikes in the photocurrent transient
response (Figure S14)."* Nevertheless, the charge-transfer
resistance of the CdSeysTey, sample (621 Q) was somewhat
lower than that of the CdSe material (655 ) while being much
lower than that of CdTe (1541 Q). As a result, the CdSeysTe,,
photoanode exhibited the best stability. Its thin-nanoflake
structure provided a shortcut for hole diffusion, and it reacted
with electrolyte, giving rise to the superior long-term durability
of the novel material when compared to similar materials
reported in the literature."*~"*

4. CONCLUSIONS

We report on ternary CdSe,sTe,, nanoflake arrays prepared
via anion exchange that demonstrate high performance as
photoanodes for photoelectrochemical water splitting. Owing
to the band gap bowing effect caused by alloying, light
absorption of the new material was expanded to a wider range
and its photogenerated electrons were more energetic for
hydrogen reduction. As a result, the as-prepared CdSe,gTe,
photoelectrode could achieve a photocurrent density almost 2
times that of its CdSe counterpart, outperforming similar
materials previously reported in the literature. Moreover, the
quick transfer of holes achieved in the novel material was found
to depress photocorrosion processes, which led to improved
long-term working stability. The results suggest that the simple
fabrication method described in this work provides an efficient
way to prepare ternary semiconductors that are promising as
photoanodes for photoelectrochemical systems designed for
hydrogen evolution.
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