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Abstract: As a photocathode for CO, reduction, zinc-blende
zinc telluride (ZnTe) was directly formed on a Zn/ZnO
nanowire substrate by a simple dissolution—recrystallization
mechanism without any surfactant. With the most negative
conduction-band edge among p-type semiconductors, this new
photocatalyst showed efficient and stable CO formation in
photoelectrochemical CO, reduction at —0.2——0.7 V versus
RHE without a sacrificial reagent.

Zinc telluride, with a direct band gap of 2.26 eV and
a Bohr exciton radius of 6.2 nm,? is a very attractive TI-IV
semiconductor for optoelectronic devices, such as blue—green
light-emitting diodes,” electrooptical detectors,*! and solar
cells.’! ZnTe has been synthesized by various methods, most
of which are based on colloidal synthesis.'"*“ However, it
is still a challenge to obtain stable ZnTe in aqueous solution
without the help of a surfactant. In this study, we fabricated
ZnO/ZnTe heterostructures by a dissolution-recrystallization
mechanism in an aqueous solution. Thus, ZnO nanowires on
a zinc metal substrate were transformed into ZnTe through
areaction with tellurite and hydrazine in an aqueous solution.
This process is the simplest way to synthesize ZnTe in an
aqueous solution without using a surfactant. Since ZnTe is
directly formed on the Zn/ZnO electrode, it could be readily
applied as an electrode for an optoelectronic device.

The conversion of CO, into fuels by the use of a renewable
energy is considered an ideal and practical solution to next-
generation energy problems, as these fuels can be readily
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stored and utilized in the existing infrastructures with minimal
changes. The best available option for the conversion is the
photoelectrochemical (PEC) reduction of CO, in a similar
manner to that operating in natural photosynthesis.'>""*®! The
most important challenge in the successful design of such
a process is the development of photoelectrode materials that
absorb stable solar photons and convert them efficiently into
chemical energy in combination with molecular and/or
inorganic cocatalysts.!*2!

A salient feature of ZnTe is the most negative conduction-
band-edge position (—1.63 V versus the reversible hydrogen
electrode (RHE)) of all p-type semiconductors known so far,
which leads to a large driving force for interfacial electron
transfer from the semiconductor to acceptors.*”! Naturally,
we consider that ZnTe is a very promising photocathode
material, especially for PEC solar-fuel production, in which
sluggish kinetics of CO, reduction lead to high overpoten-
tials.® Surprisingly, however, there has been no report, to the
best of our knowledge, of the use of a ZnTe photocathode for
CO, reduction. In the present study, we investigated a ZnTe
electrode for the first time as a photocathode for PEC CO,
reduction.

Our unique fabrication of a ZnTe film started with the
growth of ZnO nanowires on a zinc metal substrate in a zinc
acetate solution according to a procedure reported else-
where.?! Zinc-blende ZnTe was directly formed on the Zn/
ZnO nanowire substrate by a simple microwave hydro-
thermal reaction in an aqueous solution containing sodium
tellurite and hydrazine monohydrate. Experimental details
are described in the Supporting Information.

The X-ray diffraction (XRD) pattern of the Zn/ZnO
structure (ZA) showed both Zn and ZnO peaks (Figure 1a).
The ZnO peaks could be indexed as a hexagonal wurtzite
ZnO structure with calculated lattice constants of a=
0.3242nm and ¢=0.5201 nm. A relatively high intensity
ZnO (002) peak indicated a high degree of alignment of the
ZnO nanowires. The XRD peak intensity of the Zn/ZnO/
ZnTe structure (ZT) was much lower. The (111), (220), and
other peaks were identified for the zinc-blende ZnTe
structure with a lattice constant of a =0.6039 nm. The UV/
Vis absorption spectra of the ZA and ZT nanostructure arrays
are shown in Figure 1b. ZA showed a strong absorption in the
UV region characteristic of the wide-band-gap ZnO. How-
ever, the absorption of ZT was dramatically shifted into the
visible region. These vastly different absorption spectra are
reflected in the vivid reddish color of ZT in contrast to white
ZA, as shown in Figure 1b; thus, ZT is expected to absorb
a much wider range of the solar spectrum than ZA, which
absorbs only UV light.
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Figure 1. a) XRD patterns of the Zn/ZnO structure (ZA) and the Zn/
ZnO/ZnTe structure (ZT). b) UV/Vis absorption spectra of ZA and ZT.
The inset shows photographs of ZA and ZT under room light.

Figure 2a,b shows SEM images of ZnO nanowires that
are aligned on the Zn substrate (ZA). The average diameter
of these nanowires with smooth surfaces was approximately
70 nm (Figure 2b). After the microwave hydrothermal reac-
tion, ZnTe blocks comprised of cubic-shaped grains capped
the upper part of the ZnO nanowires (Figure 2¢,d). Figure 2¢e
displays the TEM image of a ZnTe block, and its selected-area
electron diffraction (SAED) pattern in Figure 2f shows
hexagonally arranged spots, which indicate the single-crystal-
line nature of the ZnTe grains. Figure 2g shows a high-
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resolution (HR) TEM image of the ZnTe grain marked by the
circle in Figure 2e. The lattice spacing of 0.305 nm corre-
sponds to the distance between the (200) lattice planes of
zinc-blende ZnTe crystals.”! A schematic illustration of the
structure of ZT formed on the ZnO nanowire array is shown
in Figure 2h. As mentioned, this crystal-growth process
represents the simplest way to synthesize ZnTe in an aqueous
solution without using a surfactant.

The mechanism of the ZnO-to-ZnTe conversion appears
similar to the dissolution—recrystallization mechanism
observed for ZnO-to-ZnSe conversion.”*! The source of
Zn for the formation of crystalline ZnTe is the ZnO nano-
wires themselves. Under alkaline conditions in the presence
of hydrazine, hydroxide ions react with ZnO surfaces, and
Zn(OH),*" is released.'>?*%! Tellurite (TeO,>") ions in the
reaction solution are reduced first by hydrazine to tellurium
(Te) atoms or clusters as the reaction temperature increases,
and undergo further reduction or disproportionation in the
alkaline solution to generate Te?~ ions.'**| However, at a low
concentration (0.075M) of hydrazine, only Te metal was
produced, although ZnSe was formed at the same concen-
tration in the ZnO-to-ZnSe conversion.”?” For the conversion
of ZnO into ZnTe, a hydrazine concentration of at least 0.3m
is essential. This difference could arise from the more
negative standard electrode potential of Te (E°=—1.14V)
than that of selenium (E°=—0.91 V). After dissolution of
the Te?” ions, Te?” ions and Zn(OH),* underwent recrystal-
lization to form ZnTe crystallites by heterogeneous nuclea-
tion and growth on the ZnO nanowires.['*!!]

To investigate the band positions of the synthesized ZT
nanostructures, we conducted Mott-Shottky and Tauc anal-
yses (see Figure S1 in the Supporting Information). The flat-
band potentials of the ZT electrodes were determined by
taking the x intercept of a linear fit to the Mott-Schottky plot
as a function of applied potential.”*>” The sign of the slope of
this plot indicates that the ZT electrode is a p-type electrode.
The flat-band potential and thereby the valence-band posi-
tion determined from this plot was 0.68 V (vs. RHE).”*! The
charge-carrier density obtained from the slope of the Mott-

Figure 2. a—d) Tilted SEM images of the Zn/ZnO structure (ZA; a,b) and the Zn/ZnO/ZnTe structure (ZT; c,d); e) TEM image of a ZnTe block;
f) SAED pattern of the structure; g) HR TEM image of the area indicated by the circle in (e); h) schematic illustration of the ZT structure.
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Schottky plots was 5.09x 10" cm™. The optical band-gap
energy of ZT was estimated to be approximately 2.15 eV from
the absorption spectra by using the Tauc plot, in agreement
with the previously reported values (2.1 and 2.26 eV).I'1%
From the results, the conduction-band-edge position was
calculated as —1.48 V versus RHE. This experimental value is
a little less negative than the reported value for ZnTe
(=1.63 V). The obtained flat-band potential could have
been affected by many factors, including the surface compo-
sition, the termination and concentration of trap states, and
coupling with ZnQ.[*

The conduction-band-edge positions of different p-type
semiconductors and the standard reduction potentials for
CO,-reduction reactions are summarized in Figure 3.53 In

ZnTe
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Figure 3. The conduction-band energy levels (in parenthesis) of vari-
ous p-type semiconductors and ZnTe in relation to the standard
reduction potentials of different CO,-reduction reactions.®?*

comparison to other p-type semiconductors reported for CO,
reduction, the conduction-band edge of ZnTe is located at the
most negative energy, at —1.63 V (—1.48 V, experimental),
followed by those of ZnSe and GaP at —1.34 and —1.14V,
respectively.®!! Thus, electrons in the conduction band of
ZnTe have a higher driving force to carry out the reduction
reaction than the other semiconductor photocatalysts.”’

The ZT photocathode was applied to CO, reduction to
gauge its potential in PEC artificial photosynthesis. Since the
reduction potentials for the reduction of CO, to HCOOH,
CO, and HCHO are more negative than that for water
reduction, the most negative conduction-band edge of ZnTe
makes its application for CO, reduction particularly interest-
ing. Figure 4a shows the current—potential curve for the CO,
reduction in 0.5M aqueous KHCO; (pH 7.5) under irradiation
with a 500 W Hg lamp (with >420nm cutoff filter,
490 mW cm2). The photocurrent density of the ZT photo-
cathode approaches 30 and 20 mAcm 2 at —0.9 and —0.7 V
versus RHE, respectively. When a solar simulator
(100 mW cm2) was used, it showed 11.8 and 8.2 mAcm? at
—0.9 and —0.7 V versus RHE, respectively (see Figure S2),
which are more than one third of the values obtained with the
500 W Hg lamp with a cutoff filter (490 mWcm2). The
reasons why the photocurrents do not show a proportional
increase with the increased light intensity could be decreased
absorption efficiency under the high photon flux and the
limited absorption spectrum because of the cutoff filter
(> 420 nm).
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Figure 4. a) Photocurrent—potential characteristics of the H, evolution
and CO, reduction with the Zn/ZnO/ZnTe (ZT) cathode, a Pt anode,
and a Ag/AgCl reference electrode in 0.5 M aqueous KHCO; (pH 7.5)
under irradiation with a 500 W Hg lamp (>420 nm cutoff filter,

490 mWcm™?) at a scan rate of 5 mVs~'. b) Quantity of CO formed as
a function of the reaction time at different potentials (vs. RHE).

Recently reported ZnO/ZnTe core-shell nanowires syn-
thesized by chemical vapor deposition (CVD) showed an
anodic current of only few nA and did not show a cathodic
current.’¥ Even though our synthetic process is based on
a simple solution-phase method, ZnTe synthesized in this
study possessed a very high crystallinity and formed a intimate
heterojunction with ZnO nanowires. These factors may be
responsible for the high photocurrent densities of our ZT
photocathode.

The ZT electrode showed the best performance when the
growth time of ZnO and ZnTe was 1.5 and 2 h, respectively.
When the ZnO nanowire growth time was too short, the
photocurrent was low owing to the limited Zn supply for
ZnTe formation. When the ZnO nanowire growth time was
too long, the photocurrent also decreased owing to the
increased length of the ZnO nanowires. The ZnO nanowires
act as a charge-transfer medium between ZnTe and Zn plate,
and thus excessively long ZnO wires increase the chance of
charge recombination. Likewise, a short ZnTe growth time
results in insufficient ZnTe formation, and excessive ZnTe
formation with too long a growth time leads to a deterioration
in electrolyte permeation. The optimized system showed
a significant reduction current from —1.1 to —0.2 V versus
RHE. Above —0.2V, a negligible reduction current was
observed. The ZA electrode did not show any photoresponse
under the negative potential because ZnO is an n-type
semiconductor.
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The CO,-reduction experiments were carried out between
—0.7 and —0.2 V (Figure 4b). Corresponding chronoamper-
ometry data are shown in Figure S3 of the Supporting
Information. The reduction of CO, resulted in the formation
of CO, whose quantity at different potentials in the KHCO;
medium is shown in Figure 4b; the faradaic efficiencies are
given in Table1 (see also Table S1 in the Supporting

Table 1: Products of the photoelectrochemical reduction of CO, in 0.5m
aqueous KHCO,;.!

Potential Charge Faradaic efficiency [%)]

(V vs. RHE) [q co H,
-0.2 2.2 8.4 56.6
—0.4 14.8 10.7 60.4
—0.5 20.6 18.2 443
-0.7 58.4 22.9 60.7

[a] Products obtained with the Zn/ZnO/ZnTe photocathode and a Pt
anode after irradiation with a 500 W Hg lamp (> 420 nm cutoff filter,
490 mWcm™?) for 1 h.

Information). The amount of CO formed increased with an
increase in potential and time. The faradaic efficiency for CO
remained at around 9% at —0.2 and —0.4 V, then increased
with an increase in bias potential to reach 22.9% at —0.7 V
after 1 h. Besides CO, hydrogen was also obtained during
the reaction, the formation of which accounted for 50-60 %
of the corresponding currents (Table 1; see also Figure S4).
The faradaic efficiency for the formation of CO decreased
but there was no significant change in the amount of H,
formation as the ZnTe underwent photocorrosion during the
reaction (see Table S1 and Figure S4 in the Supporting
Information and Figure 4b).This result indicates that CO,
reduction is more sensitive to the state of ZnTe than hydrogen
evolution.

When the electrolyte was changed to NaHCO;, the
selectivity of the reduction of CO, on the ZT electrode was
dramatically reduced to 11.0, whereas in aqueous tetrabuty-
lammonium bromide (TBABr), the selectivity for CO as the
reduction product increased to 34.9 %, thus showing a notice-
able cation effect’® (see Figure S5 and Table S2). The size of
K™ is larger than that of Na* but smaller than that of TBA™.
The larger TBA™ ion is less solvated by water and is thus
better adsorbed than the smaller Na* ion to the electrode
surface. It can therefore stabilize the CO,” ion species
(intermediate in the formation of CO) and deter adsorption
of the H' ion (intermediate in the formation of H,).’”
However, in both cases, the stability and performance of the
ZT electrode were lower than in KHCO;. These results
illustrate the importance of the appropriate electrolyte for
CO, reduction.

In all experiments described above, the total faradaic
efficiency for the formation of the gas product was not 100 %.
Thus, we tried to identify the liquid products by various
analytical techniques, such as HPLC, NMR spectroscopy, and
mass spectrometry. However, we could not find any liquid
product, thus implying that the rest of the photocurrent must
be balanced, mostly by photocorrosion under the applied bias.

Angew. Chem. Int. Ed. 2014, 53, 5852-5857

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

Even though there was considerable photocorrosion, our ZT
electrode always showed a relatively stable photocurrent and
relatively stable product formation as compared with other
bare ZnTe electrodes, which usually lose their performance in
a few seconds, especially at an applied potential below —0.4 V
versus RHE.P¢!

X-ray photoelectron spectroscopy (XPS) of the ZT
electrode showed the Te*" 3ds, peak at 577.2eV and Te*"
3d;, at 587.5 eV. These peaks correspond to TeO, binding
energies (see Figure S6)P"! and are even higher than those of
ZnTe (Te*” 3ds, peak at 573.4 eV and Te?” 3d;, at 583.9 V).
The atomic ratio of Zn/Te is also lower than 1 (0.73; see
Table S3), thus indicating that there exist TeO, phases on the
surface of crystalline ZnTe phases that seem to be formed
during the cooling process after ZnTe formation. The TeO,
species is amorphous with no distinct XRD pattern. The
shoulder absorption beyond about 580 nm in the UV/Vis
spectrum (Figure 1b) also seems to be due to absorption by
amorphous TeO,.*® Under a high applied potential (—0.7 V
vs. RHE), the Te*” 3ds,/Te*" 3ds, peak ratio decreased from
0.54t0 0.41, and the Zn/Te atomic ratio increased from 0.73 to
1.19 through the photocorrosion of ZnTe to Zn and the Te*~
ion. Under a low applied potential (—0.2 V vs. RHE), the Te?~
3ds,/Te*" 3ds, ratio decreased to 0.46, and the Zn/Te atomic
ratio also decreased to 0.65 through the photocorrosion of
ZnTe now to Te and the Zn?>* ion (see Table S3).° Both
reactions occur under dark conditions and are the reason for
the negative and positive dark currents at low and high
applied bias, respectively (Figure 4 a).

The lowest potentials reported so far for the reduction of
CO, with p-type semiconductors and ZT are compared in
Table S4 of the Supporting Information. There are many
other unlisted examples of CO, reduction with p-type semi-
conductors, but they need much higher overpotentials than
those in Table S4. Among the bare photocatalysts without
a noble-metal cocatalyst, the ZT photocathode shows the
lowest potential for the reduction of CO, to CO, although this
potential is still higher than that of a cocatalyst-loaded
semiconductor (Au/p-Si, —0.09 V) or a hybrid semiconductor
(CuO-Cu,0, + 0.07).**! For example, bare p-type silicon (p-
Si) was reported to require —0.62 or —0.54 V to carry out the
reaction, whereas p-GaP required —0.61 V.P*%*% The only
bare photocatalysts which required comparable potentials to
that of ZnTe were p-CdTe and p-InP with around —0.35 V.*!

To demonstrate that the formation of CO results only
from the reduction of CO,, we carried out a control reaction
under similar conditions by replacing CO, with N,. To rule out
the electrochemical reduction of CO,, we also carried out an
experiment in the dark under similar conditions. Both
reactions did not result in the formation of CO, thus
confirming that CO is formed exclusively by the photo-
electrochemical reduction of CO.,.

We measured the incident-photon-to-current-conversion
efficiency (IPCE) to study the photoresponse of the photo-
cathode as a function of the wavelength of incident light
(Figure 5). The IPCE is defined by the following equation:

IPCE = [J 1240]/[P,,n0 A] @
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Figure 5. Incident-photon-to-current-conversion efficiency (IPCE) of ZT
at —0.9 and —0.7 V versus RHE and UV/Vis spectra of ZT and ZA.

in which J is the photocurrent density (mA cm2), P, is the
light power density (mW cm ™) at 4, and A is the wavelength of
incident light (nm). The IPCE behavior followed the UV/Vis
absorption spectrum fairly well, thus demonstrating that the
majority of the absorbed light of different wavelengths
contributed to photocurrent generation by H, evolution and
CO, reduction. The ZT photocathode exhibited over 60 and
85% IPCE in the range of 400-550 nm at —0.7 and —0.9 V
versus RHE, respectively, thus indicating that ZnTe could be
a highly efficient photocathode.

In summary, the ZnTe/ZnO/Zn electrode was directly
fabricated through the reaction of ZnO nanowire arrays on
a Zn metal substrate with an aqueous solution of tellurite and
hydrazine. The ZT photocathode was applied to photoelec-
trochemical CO, reduction. The formation of CO and hydro-
gen was observed at —0.7-—0.2 V versus RHE in aqueous
KHCO; with high IPCE values (ca. 60 % and ca. 85% at —0.7
and —0.8 V vs. RHE, respectively). The ZT photocathode
also showed a stable photocurrent and CO formation even at
—0.2 V versus RHE. These results demonstrate that ZnTe has
high prospects to be an efficient CO,-reduction photocatalyst.
There is ample room for improvement, particularly in the
selectivity for CO, reduction (instead of water reduction) and
stability against corrosion. The combination of ZnTe with
suitable molecular and/or inorganic cocatalysts could alle-
viate both of these problems,®!*?!l and research in this
direction is under way.
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