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ABSTRACT: In this paper, we report a novel matchlike zinc
oxide (ZnO)/gold (Au) heterostructure with plasmonic-
enhanced photoelectrochemical (PEC) activity for solar
hydrogen production. The matchlike heterostructure with Au
nanoparticles coated on the tip of ZnO nanorods is in situ
grown on a zinc (Zn) substrate by using a facile hydrothermal
and photoreduction combined approach. This unique
heterostructure exhibits plasmonic-enhanced light absorption,
efficient charge separation and transportation properties with
tunable Au contents. The photocurrent density of the
matchlike ZnO/Au heterostructure reaches 9.11 mA/cm® at

ZnO/Au heterostructure

an applied potential of 1.0 V (vs Ag/AgCl) with an Au/Zn atomic ratio of 0.039, which is much higher than that of the pristine
ZnO nanorod array (0.33 mA/cm®). Moreover, the solar-to-hydrogen conversion efficiency of this special heterostructure can
reach 0.48%, 16 times higher than that of the pristine ZnO nanorod array (0.03%). What is more, the efficiency could be further
improved by optimizing the Au content of the heterostructure. The formation mechanism of such a unique heterostructure is
proposed to explain the plasmonic-enhanced PEC performance. This study might contribute to the rational design of the visible-
light-responsive plasmonic semiconductor/metal heterostructure photoanode to harvest the solar spectrum.

KEYWORDS: photoreduction, matchlike ZnO/Au heterostructure, surface plasmon resonance, photoanode, PEC water splitting

1. INTRODUCTION

Photoelectrochemical (PEC) water splitting using semiconduc-
tor photoelectrodes for hydrogen generation has been
extensively explored because of its importance in the
development of clean and renewable energy.' > Among various
semiconductor photoanode materials, metal oxides such as
titanium dioxide (TiO,), zinc oxide (ZnO), tungsten trioxide
(WO;), and hematite (a-Fe,O;) have been widely studied for
their high photoelectric performance.*”® As a common and
inexpensive semiconductor, ZnO materials with various
nanostructures have emerged as promising photoanodes”'%~"?
because of their excellent electron mobility and electron-
transfer efficiency (115—155 cm®V~"s7"),'* intrinsic stability,
and favorable environmental compatibility. It has been reported
that such a semiconductor photoanode can achieve a theoretical
maximum photocurrent of 0.6 mA-cm™"® Vertically oriented
ZnO nanorod/wire arrays provide optimal architectures as
photoanodes because of their large surface area, long light-
irradiation pathway, low recombination losses, and short
diffusion length.'®'” Nevertheless, their large band gap limits
light absorption in the visible region of interest, which imposes
a fundamental restriction on the overall photo-to-hydrogen
efficiency.

Recently, the localized surface plasmon resonance (SPR)
effect enhanced photoelectric conversion via a strong light
scattering, and local field enhancement has received much
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attention."®™* SPR is a collective oscillation of the free
conduction-band electrons at the interface between noble metal
nanoparticles and dielectrics driven by the electromagnetic field
of incident light in the visible and IR regions.25 For gold (Au)
nanoparticles, they can also absorb UV light because of their
electron interband transitions from Sd to 6sp.*® Also,
importantly, Au nanoparticles are stable enough for preventing
corrosion during the photoreaction. Many efforts have been
attempted to design Au-nanoparticle-based plasmonic nano-
structures for solar water splitting. Typically, Lee et al.”’
reported Au-decorated silicon/hematite core/shell nanowire
arrays for sunlight-driven solar water splitting with an achieved
efficiency of 6.0%. Lu et al.*° demonstrated Au-modified TiO,
electrodes with enhanced photoactivity by manipulating the
shape of the Au nanostructures. Wang et al*® reported
plasmonic Au nanocrystals coupled to TiO, nanotubes for
visible-light-driven PEC water splitting, achieving a photo-
conversion efficiency of 1.1%. However, these synthesis
procedures usually involve a complicated and time-consuming
seed-mediated process and various harsh reaction conditions.
Therefore, it is highly desirable to develop a simple and cost-
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Figure 1. (a) Schematic illustration of the synthesis of a matchlike ZnO/Au heterostructure. (b and c) Top views. (d) Cross-sectional-view SEM
images of ZnO nanorod arrays. (e and f) Top views. (g) Cross-sectional-view SEM images of the typical matchlike ZnO/Au heterostructure. The
insets of parts d and g show substrate photographs of pristine ZnO nanorod arrays and the typical ZnO/Au heterostructure, respectively.

effective strategy for the scalable synthesis of a plasmonic
heterostructure with light harvesting.

Herein, we report a novel matchlike ZnO/Au plasmonic
heterostructure for PEC solar hydrogen production. This novel
heterostructure is synthesized via a facile hydrothermal and
photodeposition reduction process. First, the well-aligned ZnO
nanorod array is directly grown on a zinc (Zn) foil through a
hydrothermal approach without involving any seed-mediated
process. Then a photoreduction method was used to deposit
Au nanoparticles on the tip of ZnO nanorods, resulting in the
formation of a matchlike ZnO/Au heterostructure. The amount
of decorated Au nanoparticles can be rationally tailored by
varying the reaction time. To the best of our knowledge, this is
the first time to report a matchlike ZnO/Au heterostructure for
plasmonic PEC water splitting. Importantly, such a novel
heterostructure compared with other related studies presents
some prominent merits: (1) in situ growth of the ZnO/Au
heterostructure is simpler and more controllable; (2) the
photoreduction process is green without using any surfactants;
(3) the plasmonic effects of the tipped Au nanoparticles greatly
promote light harvesting and accelerate charge transportation,
which are important for enhancing the solar-to-hydrogen
conversion efficiency. Therefore, the present work might be
important for providing a facile protocol to prepare semi-
conductor/metal heterostructures with a plasmonic-enhanced
PEC performance under the entire solar spectrum.

2. EXPERIMENTAL SECTION

2.1. Large-Scale in Situ Growth of ZnO Nanorod Arrays. The
well-aligned ZnO nanorod arrays on a Zn foil were synthesized
according to a modified hydrothermal method*® In a typical
procedure, the commercial Zn foil (99.9%, 1 X 3 cm) was polished
and washed with ethanol and deionized water sequentially under
ultrasonication for 10 min. Then, a 1,6-hexanediamine aqueous
solution consisting of 4 mL of 1,6-hexanediamine melted at 50 °C, and
36 mL of deionized water was transferred into a 50 mL Teflon-lined
stainless steel autoclave, followed by immersion of the treated Zn foil
into the solution. The autoclave was sealed and heated in an oven at
180 °C for 5 h, which was then allowed to cool to room temperature

naturally. The Zn foil covered with a light-blue precipitate on both
sides was thoroughly rinsed with distilled water and ethanol and then
dried in a vacuum at 60 °C for 12 h.

2.2. Photoreduction Synthesis of Matchlike ZnO/Au Hetero-
structures with Tunable Au Contents. The matchlike ZnO/Au
heterostructure with tunable Au contents was obtained via a
photodeposition reduction process. Briefly, 1.5 mL of HAuCl, (3
mM) was first diluted into S0 mL of an aqueous solution with distilled
water, which was then transferred into an 80 mL quartz glass tube.
Subsequently, the as-prepared Zn foil covered with ZnO nanorod
arrays was inserted into the solution with one side against the light
source, which was then illuminated by a 300 W xenon lamp for 4 h to
reduce Au* to Au’. Finally, a uniform black film formed against the
light side was washed with distilled water and ethanol several times
and then kept in a vacuum at room temperature. The content of the
decorated Au nanoparticles can be tailored by optimizing the
irradiation time.

2.3. Characterization. Scanning electron microscopy (SEM)
images were acquired with a Zeiss Supra 40 scanning electron
microscope at an acceleration voltage of S kV. The transmission
electron microscopy (TEM), energy-dispersive spectrometry (EDS),
selected-area electron diffraction (SAED) pattern, and high-resolution
transmission electron microscopy (HRTEM) images and scanning
transmission electron microscopy energy-dispersive spectrometry
(STEM-EDS) element mapping were obtained using a JEOL-2010F
TEM instrument with an acceleration voltage of 200 kV. Prior to the
measurements, the ZnO nanorod arrays and the matchlike ZnO/Au
heterostructures were detached from the Zn substrate, ultrasonically
dispersed in ethanol, dipped onto a copper grid with a lacey carbon
film, and dried under ambient conditions. A powder X-ray diffraction
(XRD) pattern was obtained using a Philips X'Pert PRO SUPER X-ray
diffractometer equipped with graphite-monochromated Cu Ko
radiation (4 = 1.54056 A). X-ray photoelectron spectroscopy (XPS)
measurement was performed on an X-ray photoelectron spectrometer
(ESCALab MKII). Inductively coupled plasma results were obtained
using an Optima 7300 DV instrument. Room temperature photo-
luminescence (PL) spectra were recorded using a fluorescence
spectrophotometer (Hitachi F-4500) with an excitation wavelength
of 390 nm. The UV—vis spectra were recorded with a spectropho-
tometer (Hitachi U-3900).

2.4. PEC Measurements. To perform the PEC tests, one end of
the substrate was completely scratched to expose the Zn surface for
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connecting the electrode clamp. A three-electrode PEC cell using a
100 mL 0.1 M Na,SO, aqueous solution (pH = 7.0) as the electrolyte
was carried out for the current density measurements. Also, before use,
the electrolyte solution had been bubbled with a dinitrogen flow for 1
h to exclude the dissolved oxygen. The pristine ZnO nanorod array
and matchlike ZnO/Au heterostructure substrates were used as the
working electrodes, Ag/AgCl (1 M KCl) as the reference electrode,
and a platinum foil as the counter electrode. Illumination was provided
by a solar simulator using a 150 W xenon lamp and equipped with a
1.5 AM filter. The light power intensity at the sample positions was
about 100 mW-cm™. An electrochemical workstation (CHI660D) was
used to record the current density. A scan rate of S mV-s~™' was
performed for linear sweep voltammetry (LSV; J—V curves). The
amperometric I—t photoresponse was investigated under a bias voltage
of 0.5 V (vs Ag/AgCl) with a light on—off interval of 100 s. Impedance
measurements were carried out in the dark with the alternating-current
(ac) voltage at 10 mV.

3. RESULTS AND DISCUSSION

The schematic illustration for the synthesis of a matchlike
ZnO/Au heterostructure photoanode on a Zn foil is shown in
Figure la. After immersion of a Zn foil into a 1,6-
hexanediamine aqueous solution at an elevated temperature, a
well-aligned ZnO nanorod array is in situ grown on the Zn foil
surface. Then the as-prepared ZnO array is introduced into a
HAuCl, aqueous solution, followed by irradiation of the xenon
lamp to generate a ZnO/Au heterostructure. Typical SEM
images of ZnO nanorod arrays are presented in Figure 1b—d.
As can be seen, ZnO nanorods are vertically grown on the Zn
foil surface with a high cover density. Also, the well-aligned
nanorods present a smooth surface and tip. Importantly, these
homogeneous nanorod arrays can be obtained over a large area
on a Zn substrate (1 X 3 cm), as shown in the inset in Figure
1d. The length of the nanorods is about 4 ym with an average
diameter in the range of 300—400 nm. Parts e—g of Figure 1
shows the typical SEM images of the ZnO/Au heterostructure.
It can be clearly seen that spherical Au beads with a size of ca.
200 nm are located on the tips of the ZnO nanorods. It is worth
noting that the spherical beads are composed of numerous
small-sized Au nanoparticles. Interestingly, the obtained
heterostructure seems like a match. The above results reveal
that site-selective deposition and epitaxial growth occurred
during the photoreduction process.

To further investigate the detailed structure of the as-
prepared matchlike ZnO/Au heterostructure, TEM measure-
ments were performed as well. It can be clearly seen from
Figure 2a that the tip of the ZnO nanorod is fully covered by
spherical Au nanoparticles compared to the pristine ZnO
nanorod (Figure S1 in the Supporting Information, SI). This is
in agreement with the SEM observations. The HRTEM image
and SAED pattern shown in Figure 2a—d confirm that the as-
prepared ZnO nanorods are composed of single-crystalline
structures and are defect-free. The measured fringe spacing is
0.242 nm, which corresponds to the (101) plane of the
hexagonal phase ZnO.*® The SAED pattern in the inset of
Figure 2c also proves the single-crystalline nature of the as-
prepared ZnO nanorod. Figure 2d presents the HRTEM image
of the as-prepared matchlike ZnO/Au heterostructure. As can
be seen, the surface-deposited Au nanoparticles have an average
diameter of 6.5 £ 0.5 nm. Furthermore, the small-sized Au
nanoparticles display a polycrystalline nature with different
lattice orientations. The fringe spacing is ca. 0.201 nm, which
corresponds to the (200) plane of a face-centered-cubic Au
nanocrystal.”® Noticeably, no other contaminations are

Figure 2. (a and b) TEM images of the typical matchlike ZnO/Au
heterostructure. (c) HRTEM image of the ZnO nanorod. (d)
HRTEM image of the typical matchlike ZnO/Au heterostructure.
(e—h) STEM image and high-resolution element mappings of the
ZnO/Au heterostructure. The insets of parts a and ¢ present the SAED
pattern of the typical ZnO/Au heterostructure and ZnO nanorod,
respectively.

observed, possibly indicating that their interface between the
ZnO nanorod and Au nanoparticles is “clean”. Moreover, the
SAED pattern shown as an inset in Figure 2a presents very
bright concentric rings, which can be attributed to (111),
(200), (220), and (311) planes from inner to outer, further
suggesting that the decorated Au nanocrystals are polycrystal-
line. Parts e—h of Figure 2 show STEM-EDS element mapping
of the heterostructure. As can be seen, the Zn (red) and O
(green) elements are homogeneously distributed; however, the
Au element (yellow) is mainly located in the tip region of the
nanorods. The composition of the as-prepared matchlike
heterostructure is further examined by energy-dispersive X-ray
(EDX) measurement, as shown in Figure S2 in the SI. Besides
the C and Cu signals arising from the copper grid, Zn, O, and
Au peaks were identified, which is consistent with the
heterostructure configuration. No other inorganic ligands,
such as Cl, were found on the surface of the sample. Perhaps,
the Cl was eliminated by sufficient washings, and the resultant
Cl in the sample is lower than the detection limits of EDX
measurement. The O/Zn and Au/Zn atomic ratios are about 1
and 0.032, as calculated from the EDX spectrum, respectively.
The above results suggest that Au nanoparticles are decorated
on the tip region of ZnO nanorods with a pure crystalline phase
and are defect-free.

To investigate the morphological evolution of the matchlike
ZnO/Au heterostructure, time-dependent experiments were
carried out (Figure 3). At the initial photoreduction stage (0.5
h), a few of the Au nanoparticles are separately and randomly
anchored on the tips of the ZnO nanorods, as shown in Figure
3a. With increasing reaction time to 1 h, Au nanoparticles are
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Figure 3. SEM images of the as-prepared ZnO/Au heterostructures
obtained at different reaction stages of 30 min (a), 60 min (b), 120
min (c), and 180 min (d), respectively.

fully covered on the tips of the ZnO nanorods (Figure 3b).
After a reaction time of 2 h (Figure 3c), a Au bead is formed on
the tips of the ZnO nanorods. With a further increase of the
reaction time to 3 h, it can be observed from Figure 3d that the
Au bead on the tip of the ZnO nanorod is not continuously
increasing in size with prolonged reaction time but begins to
deposit the small-sized Au nanoparticles. Therefore, it reveals
that site-selective deposition of Au nanoparticles occurred
during the photoreduction process. More specifically, the
deposition sites of Au nanoparticles on ZnO nanorods can be
tailored by adjusting the reaction time. The possible mechanism
for the formation of a matchlike ZnO/Au heterostructure is
explained as follows: the electrons are first generated in the
conduction band of ZnO nanorods under illumination, as
expressed in eq 1. The photoexcited electrons are known to be
transported much faster along the ¢ axis (the growth direction
of ZnO nanorods) than other orientations (eq 2). As a result,
the electrons are enriched at the tips of the ZnO nanorods,
which can reduce the adsorbed Au®" to Au’, as shown in eq 3.
Once the nucleation sites of Au nanocrystals are formed on the
tips of the ZnO nanorods, the subsequent reduction of Au®*
would proceed at the preexisting nucleation sites and then
result in the formation of a matchlike ZnO/Au heterostructure.

ZnO — ZnO(e + h) (1)
ZnO(e + h) - ¢ + h' (2)
AuCl,” + 3e” = Au + 4Cl” (3)

The composition and crystalline structure of the as-prepared
typical matchlike ZnO/Au heterostructure are further inves-
tigated by the XRD pattern and XPS measurement. Figure 4a
exhibits the XRD pattern of the matchlike ZnO/Au
heterostructure. It can be clearly seen that all diffraction
peaks in the sample correspond to the standard diffraction of a
hexagonal ZnO crystal (JCPDS 79-0206). Moreover, there are
four weak peaks such as (100), (101), (102), and (103) planes
in this pattern, which are attributed to the characteristic
reflections of a Zn foil, confirming that ZnO nanorods are
developed directly on the Zn foil substrate. The intense peaks
at 20 = 34.52° for both samples are assigned to the (002) plane
of the ZnO nanorods, further illustrating the vertical orientation
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Figure 4. (a) XRD pattern. (b) Survey XPS spectrum of the typical
matchlike ZnO/Au heterostructure. (¢ and d) High-resolution XPS
spectra for Zn 2p and Au 4f, respectively.

of ZnO nanorod arrays. No impurity peaks are detected, further
indicating the high purity of the product. However, the
diffraction peaks in Figure 4a are similar to that of the pristine
ZnO nanorod array shown in Figure S3 in the SI. No diffraction
peaks of the Au nanocrystal are observed. It is probably due to
the low content of the Au nanoparticles in the as-prepared
heterostructure. In order to clarify the existence of metallic Au
nanoparticles in the sample, XPS analysis is performed. The
survey XPS spectrum in Figure 4b reveals the existence of Zn,
O, Ay, and C elements in the matchlike heterostructure. High-
resolution spectra of Zn and Au species obtained from the
matchlike sample are shown in parts ¢ and d of Figure 4,
respectively. The binding energy of Zn 2p;,, at 1020.7 eV in
Figure 4c is attributed to Zn**>! which confirms that the Zn
species exists mainly in the Zn** chemical state on the sample
surface. The two peaks centered at 83.2 and 87.1 eV in Figure
4d can be attributed to Au 4f,,, and Au 4f;,, respectively. The
peak position of Au 4f;/, slightly shifts negative (0.8 eV) to
lower binding energies compared with those of bulk Au (4f,,,
at 84.0 eV). The binding energy shift of Au is mainly attributed
to electron transfer from oxygen vacancies of ZnO to Au,
leading to a lower binding energy of Au 4f,/, in the matchlike
ZnO/Au heterostructure.”> Thus, the as-prepared matchlike
ZnO/Au heterostructure with verified electron-transfer charac-
teristics would create a high local electromagnetic response for
improving the photoelectric activity.

The light-absorption ability of the as-prepared pristine ZnO
nanorod array and the typical matchlike ZnO/Au hetero-
structure is shown in Figure Sa. As can be seen, the pristine
ZnO nanorod array displayed a sharp absorption edge in the
UV-light region with a wavelength below 390 nm due to their
large band gap (3.4 eV). This coincides with the results
previously reported by other groups.*®> However, after
deposition of Au nanoparticles on ZnO nanorods, the
absorption edge is extended to the visible-light region. Also,
the absorption intensity is obviously strengthened, which is
possibly due to the band-gap transition of the ZnO semi-
conductor.** The strong absorption band is centered at around
480 nm, probably corresponding to the localized SPR effect of
the Au nanoparticles. The localized SPR peak is reported to be
sensitive to the size, shape, and surrounding environment.>® For
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Figure . Diffuse reflectance UV—vis absorption spectra (a) and PL
spectra (b) of the pristine ZnO nanorod and typical ZnO/Au
heterostructure.

spherical Au nanoparticles with a size of 10 nm in an aqueous
solution, their localized SPR peak is usually centered at 520
nm.’**® The localized SPR peak around 480 nm is probablg
due to the low refractive index of the ZnO nanorod (1.9).°
This is another convincing proof that the Au nanoparticles
modified on the ZnO nanorods and contributed to the visible-
light absorption. Thus, because of the SPR effect of surface Au
nanoparticles, such a unique matchlike heterostructure
facilitates light harvesting. Figure Sb exhibits the room
temperature PL spectra (excitation at 390 nm) of the as-
prepared pristine ZnO nanorod array and matchlike ZnO/Au
plasmonic heterostructure. The broad green emission around
540 nm can be assigned to the recombination of photoexcited
holes, with electrons occupying the singly ionized oxygen
vacancies in the ZnO nanorod surface.>®** After deposition of
Au nanoparticles on the tips of the ZnO nanorods, the PL peak
greatly decreased in intensity, which may be due to the electron
trapping effect.* The plasmonic-enhanced heterostructure
improves the separation of electrons and holes, indicating
that their recombination has been suppressed. Therefore, the
plasmonic effect is very beneficial to enhancing the photo-
activity of the as-prepared matchlike ZnO/Au heterostructure.
PEC water splitting is used to evaluate the photoelectric
performance of the as-prepared pristine ZnO nanorod array
and matchlike ZnO/Au plasmonic heterostructure. Figure 6a
shows the LSV curves of the as-prepared samples under full
spectrum light illumination. As can be seen, the ZnO nanorod
photoanode exhibits a very low dark current from 0 to 1.1 V (vs
Ag/AgCl) in the range of 10~ mA-cm ™2 Under illumination,
the ZnO nanorod photoanode shows a pronounced photo-
current starting at 0.1 V and continues to increase to 0.33 mA-
cm™? at 1.0 V (vs Ag/AgCl). The matchlike ZnO/Au plasmonic
heterostructure photoelectrode exhibits larger photocurrent
density in the whole potential window than the corresponding
pristine ZnO nanorod photoelectrode. The photocurrent
density is as high as 9.11 mA-em™ at 1.0 V (vs Ag/AgCl).
This result suggests that the deposition of Au nanoparticles on
ZnO nanorods plays an important role in enhancing the
photoelectrode activity. The photocurrent enhancement is
explained as plasmonic-improved light absorption and
quickened charge separation and transportation. Because of
the SPR effect of the surface Au nanoparticles, the
heterostructure absorbs the incident low-energy photons,
which makes the absorption spectrum extend to the visible
range with a significant enhancement of light harvesting.
Meanwhile, the SPR-induced electromagnetic field effects
facilitate electron and hole generation and separation.*"**
When Au is replaced with Pt in the matchlike heterostructure,
as shown in Figure S4 in the SI, the ZnO/Pt heterostructure
also displays an enhancement of the PEC performance in the
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Figure 6. (a) LSV curves recorded for pristine ZnO nanorod arrays
and the typical matchlike ZnO/Au heterostructure (the Au/Zn atomic
ratio is 0.039) with a scan rate of 50 mV-s™' in the applied potentials
from 0 to +1.25 V under AM 1.5G simulated solar light at 100 mW-
cm™2 (b) LSV curves collected from the typical matchlike ZnO/Au
heterostructure under different light power densities. (c) Photo-
conversion efficiency of the PEC cell with the ZnO nanorod and
typical ZnO/Au heterostructure electrode as a function of the applied
potential (vs RHE). (d) Photocurrent retention performance over
2000 s of the typical ZnO/Au heterostructure electrode at an applied
voltage of +0.50 V vs Ag/AgCl under 100 mW-cm™> light illumination.
The inset exhibits the amperometric I—t curves of the pristine ZnO
nanorod arrays with 50 s light on—off cycles.

potential range. However, the hydrogen generation ability of
the ZnO/Pt heterostructure is smaller than that of the ZnO/Au
heterostructure. Most importantly, Au nanoparticles with the
plasmon effect coated on ZnO nanorods are more stable
compared to Pt nanoparticles, which is very important for PEC
measurements. In addition, power-dependence LSV curves, as
shown in Figure 6b, show that the photocurrent density of the
matchlike ZnO/Au heterostructure photoanode linearly in-
creases with the incident light power. The result reveals a
continuous photoelectric response of the photoelectrode with
the light power density. This is very important for the
development of practical solar-concentrated PEC cells.

Furthermore, the photoconversion efficiency (1) for PEC
water splitting of the photoanode that requires an applied
voltage can be evaluated using the following equation:

(123 = V)
}7 =_-
Plight

V,pp is the applied external potential versus RHE. I is the
externally measured current density at V. Pygy is the power
density of the incident light. The potential was measured
against a Ag/AgCl reference and converted to RHE potential
using the equation E(RHE) = E(Ag/AgCl) + 0.1976V +
0.059pH. As shown in Figure 6c, the maximum photo-
conversion efliciency of the pristine ZnO nanorod photoanode
is 0.03% at an applied voltage of +1.03 V vs RHE, whereas the
maximum efficiency of the matchlike ZnO/Au plasmonic
heterostructure is as high as 0.48% at an applied voltage of
+1.05 V vs RHE under the same conditions. The obtained value
is slightly smaller than the result reported by Zhang et al, a
high solar-to-hydrogen efficiency (0.52%) for plasmonic PEC
water splitting. It is obtained from plasmonic Au nanoparticles
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decorated on 3D-branched ZnO nanowire arrays.** Meanwhile,
the efficiency is 16 times higher than that for the pristine ZnO
nanorod. The enhanced PEC activities benefit from its unique
feature of the matchlike ZnO/Au plasmonic heterostructure.
In addition to the generation of high photocurrent, the
photostability of the electrodes is another key factor for the
development of an efficient PEC hydrogen generation system.
Thus, the stability of the photoanodes is also measured and
exhibited in Figure 6d. It shows quick photocurrent decay for
the pristine ZnO nanorod photoanode during 400 s. The
reason for this low stability originates from the hole
accumulation at the ZnO nanorods in operation, resulting in
photocorrosion of the ZnO nanorods. The result can be
confirmed from Figure SS in the SI; the ZnO nanorods almost
disappeared after PEC evaluation. However, the as-prepared
ZnO/Au plasmonic heterostructure photoanode exhibits a very
stable photoresponse with 2000 s of continuous light
illumination. The matchlike ZnO/Au heterostructure is kept,
and photocorrosion does not occur during the PEC measure-
ment (Figure SS in the SI). The reason for the stability
difference is possibly that Au nanoparticles grafted on the tips
of the ZnO nanorods can greatly separate the electrons and
holes, protect the surface photocorrosion, and increase the
stability. The results reveal that the high efficiency and good
stability of a matchlike ZnO/Au plasmonic heterostructure can
retain its original structure after long-term PEC water splitting.
To explain the energy conversion enhancement with the
wavelength of incident light, incident photon-to-current
efficiency (IPCE) measurements in the visible region for the
pristine ZnO nanorod array and the matchlike ZnO/Au

18
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Figure 7. IPCE curves for the pristine ZnO nanorod array and
matchlike ZnO/Au plasmonic heterostructure photoanode measured
in the wavelength range from 380 to 600 nm at an applied voltage of
+0.60 V vs Ag/AgClL

plasmonic heterostructure are performed (Figure 7). As
reported, IPCE can be expressed as*®

12401
4 X 100%

IPCE (%) =
light

where I is the photocurrent density (mA-cm™), 1 is the
incident light wavelength (nm), and Py, (mW-cm™) is the
power density of monochromatic light at a specific wavelength.
In comparison with the pristine ZnO nanorod array, the
matchlike ZnO/Au plasmonic heterostructure shows an
obviously enhanced IPCE performance and a red shift toward
500 nm, which is in accordance with its J=V curves and the

diffuse-reflectance characteristics. As can be seen, the IPCEs of
the pristine ZnO nanorod array and matchlike ZnO/Au
plasmonic heterostructure at an incident wavelength of 500
nm are 2.8 and 6.7%, respectively. The wavelength is closed to
the prominent SPR absorption in the diffuse-reflectance UV—
vis curve (Figure Sa). The IPCE is thought to be affected by the
efficiencies of three fundamental processes including charge
generation, charge transport within the material, and charge
collection at the electrode/electrolyte interface.*>*® Thus, the
observed enhanced IPCE performance could be ascribed to the
plasmonic-improved light absorption and resulted in a large
increase in charge generation. Possibly, the good conductivity
of Au nanoparticles also has an important role in enlarging the
IPCE activity of the matchlike ZnO/Au heterostructure. The
Au coating layer with an overall reduced charge-transfer
resistance facilitates electron transfer from the ZnO nanorods
to the electrolyte.

To confirm the contribution of the Au content on the
photocurrent enhancement, PEC performances of the match-
like ZnO/Au plasmonic heterostructures with various Au/Zn
ratios are carried out. Figure S6 in the SI shows the LSV curves
of the as-prepared matchlike ZnO/Au plasmonic hetero-
structures with various Au/Zn ratios. The changes of the
photocurrent densities measured at 1.0 V (vs Ag/AgCl) against
the Au/Zn ratio are shown in Figure 8. The photocurrent

A\ —A—Au:Zn

A
i
N \
A

Current density (mA/cm?)
~.

000 002 004 006 008
Atomic ratio

Figure 8. Plot of the obtained photocurrent density as a function of
the ZnO/Au heterostructure photoanode with various Au/Zn atomic
ratios at a scan rate of 50 mV-s™' under 100 mW-cm™ light
illumination.

densities of these photoanodes are enhanced as the Au/Zn ratio
is increased from 0 to 0.023 and then decreased with further
increases of the ratio. When the ratio of Au/Zn in the
heterostructure is 0.023, the photocurrent density achieves the
maximum (10.90 mA-cm™2). The improved photocurrent with
an increased Au/Zn ratio is believed to be the result of
extending the light absorption range and improving the
separation of electrons and holes. However, excessive
deposition would possibly make Au nanoparticles the center
for electron and hole fast recombination, resulting in
photocurrent decay.

To discover the relationship between a matchlike ZnO/Au
plasmonic heterostructure and the enhanced photocurrent and
IPCE performances, electrochemical impedance measurements
are carried out. The capacitance is obtained at each potential
with 10 kHz frequency in the dark. Mott—Schottky plots are
generated from the capacitance values. Both of the samples
show a positive slope in the Mott—Schottky plots, indicating
that they are n-type semiconductors with electrons as majority
carriers (Figure 9a). The slopes determined from the Mott—
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Figure 9. (a) Mott—Schottky plots of the pristine ZnO nanorod array
and typical ZnO/Au heterostructure in the dark at a frequency of 1
kHz and an ac current of 5 mV with a three-electrode system. (b)
Nyquist plots of electrochemical impedance spectra of the pristine
ZnO nanorod array and typical ZnO/Au heterostructure photoanode
measured at 10 mV (vs Ag/AgCl) in a 0.1 M Na,SO, aqueous solution
in the dark.

Schottky plots are used to estimate the carrier density using the
following equation:

Ny = (2/eyeg,)[d(1/C?)/dV]!

where ¢, is the electron charge, € the dielectric constant of
ZnO, g, the permittivity of the vacuum, Ny the dopant density,
and V the potential applied at the electrode. With an & value of
10 for ZnO and the permittivity of the vacuum (g, = 8.85 X
107" F-cm™), the electron densities of the pristine ZnO
nanorod array and matchlike ZnO/Au plasmonic hetero-
structure photoanodes are estimated to be 1.88 X 10'® and
1.78 x 10Y em3, respectively. The ZnO/Au plasmonic
heterostructure exhibits an increase of about 9.5 orders of
magnitude in the carrier density compared to the pristine ZnO
nanorod array. The enlarged electron density in the ZnO/Au
plasmonic heterostructure is believed to be a major
contributing factor for the pronounced photocurrent density
enhancement.

Moreover, electrochemical impedance spectroscopy was
employed to investigate the oxidation process kinetics at the
electrode surface. Nyquist plots collected for the photoanodes
exhibit a capacitive arc in the dark, suggesting that the Faradaic
charge transfer is limiting for the oxidation process at the
electrode surface (Figure 9b). Obviously, the arc diameter for
the typical ZnO/Au heterostructure is much smaller than that
of the pristine ZnO nanorod array. This indicates that Au
nanoparticles enhance the electron mobility by suppressing the
recombination of photoexcited electrons and holes in the ZnO/
Au heterostructure photoanode. The reduced charge-transfer
resistance is thought to be another key factor for enhancing the
PEC performance of the matchlike ZnO/Au heterostructure.

On the basis of the above results, the electron-transfer
mechanism of the matchlike ZnO/Au plasmonic heterostruc-
ture in PEC water splitting has been proposed, as shown in
Scheme 1. As convinced by the XRD pattern and HRTEM
image, the pristine ZnO nanorods show single-crystalline
structure and a clean interface with Au nanoparticles. It is
reported that the defect-free well-crystallized structure can help
to improve the charge-transfer efficiency.”” Meanwhile, the
well-defined interface between ZnO nanorods and Au nano-
particles can also play important roles in their photoactivity
enhancement. When Au nanoparticles are anchored on the tips
of the ZnO nanorods, the electrons are photoexcited from the
valence band to the conduction band of the ZnO nanorods,
with the same amount of holes left behind in the valence band.
Then because the newly formed Fermi energy level of the

15058

Scheme 1. (a) Schematics of the PEC Cell? and (b)
Schematic Illustration of the Enhanced Light-Harvesting and
Charge-Separation Process of the Typical ZnO/Au
Plasmonic Heterostructure Photoanode

a)

h*h*h*h
VB |
Znfoil ZnO

“The as-prepared nanostructure serves as the anode, saturated Ag/
AgCl as the reference electrode, and Pt foil as the counter electrode for
hydrogen evolution.

heterostructures is lower than the energy level of the bottom of
the conduction band of the ZnO nanorod, the photoexcited
electrons would be transferred from ZnO to Au driven by the
energy difference to reduce their recombination. A theoretical
calculation reported by Han et al. confirmed the presence of
abundant emspty states within the ZnO band gap in ZnO/Au
composites.4 Meanwhile, because of SPR excitation, Au
nanoparticles absorb the resonant photons to generate hot
electrons. At last, the leaving holes in the valence band of the
ZnO nanorods are immediately consumed to produce oxygen,
and the electrons are injected into the Pt electrode via the
conduction band of ZnO nanorods to generate hydrogen.

4. CONCLUSIONS

In summary, the matchlike ZnO/Au plasmonic heterostructure
as the photoanode for PEC water splitting has been prepared
via a facile and large-scale two-step method. The content and
deposition site of Au nanoparticles can be controlled by varying
the precursor concentration and reaction time. In comparison
to the pristine ZnO nanorod array, the matchlike ZnO/Au
heterostructure photoanode shows a plasmonic-enhanced
photocurrent density and IPCE performance. The hetero-
structure presents the highest photocurrent density of 9.11 mA-
cm™? at a low bias of 1.0 V (vs Ag/AgCl) and the highest
efficiency of 0.48%, which is 16 times higher than that of the
pristine ZnO nanorod array. Also, the IPCE reaches 6.7% at
500 nm, over 2 times higher than that of the pristine ZnO
nanorod array. These results provide useful insight into the
design of unique plasmonic semiconductor/metal heterostruc-
ture photoanodes for solar harvesting.
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