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ABSTRACT: For most semiconductors, especially the visible-
light-absorbing ones, the carrier diffusion length is significantly
shorter than the light penetration depth, limiting their photo-
activities. This limitation could be mitigated through the use of
subwavelength semiconductor-based metasurfaces and metamate-
rials. In this paper, a large-scale compatible metasurface photo-
cathode, made of densely packed disordered p-type chromium
oxide (CrOX), is developed to be utilized in photoelectrochemical
(PEC) hydrogen generation. For this purpose, first, tightly packed
random Cr nanorods are fabricated using an oblique angle
deposition technique. Afterward, an annealing step is applied to
the sample to transform these metallic units into a semiconducting
p-type CrOX-based metasurface. Based on the experimental characterization results and numerical simulations, the proposed design
can provide strong light−matter interactions in an ultra-broadband-wavelength range, mainly due to its multidimensional random
geometry and ultrasmall gap sizes. Finally, to substantiate the activity of the CrOX nanorods, a core−crown geometry is developed
where the NiOX capping layer catalyzes the hydrogen evolution reaction (HER). The proposed heterostructure metasurface absorber
can impose photocurrent values as large as 50 μA cm−2 with a photocurrent spectral response extended up to 500 nm. Moreover, the
electrode shows outstanding operation under light irradiation for 9 hours. This work demonstrates a simple, scalable design strategy
to fabricate low-cost and stable photocathodes for PEC hydrogen evolution.
KEYWORDS: metamaterials, metasurfaces, photoelectrochemical water splitting, hydrogen generation, p-type metal oxide, Mie resonance

1. INTRODUCTION
The conversion of sunlight into electricity and chemical energy
constitutes two major paths for producing green energy.
Photoelectrochemical (PEC) hydrogen generation using
photoactive materials is one of the most popular routes.
Among all of the types of materials, semiconductors are the
main building blocks of these photoconversion systems.1,2

However, in most semiconductors, the diffusion length is much
shorter than the light penetration depth.3 The electron−hole
pairs generated inside the bulk medium could recombine
before they reach to the electrode surface, which, in turn, limits
their photoactivity. Therefore, in an ideal scheme, the design
should be electrically thin and optically thick enough to
promote the participation of a large density of carriers in a
hydrogen evolution reaction (HER). This brought researchers
to a new field of study, which is the design of subwavelength
ultrathin light-trapping metasurface absorbers.3 The design of
metal-based metamaterial perfect absorbers has attracted much
attention in recent years.4−6 Like metallic nanounits, high-
index semiconductor nanounits can also confine light and
harvest it in a broad wavelength range.7,8 However, unlike
metallic particles that can only support electrical dipole (ED)
and quadrupole (EQ) modes (due to the strong light decay

rate inside its bulk), high-index semiconductor units can
further couple light to magnetic dipole (MD) and quadrupole
(MQ) resonances. In one of the pioneer studies in the field of
metasurface-based water splitting, authors designed a multi-
thickness Fe2O3 nanograting to provide an efficient platform
for water oxidation reactions.9 It was shown that the excitation
of Mie resonances is the responsible mechanism for light
absorption in this design. A similar design architecture was
proposed for Ge thin films.10−12 Subwavelength Ge nano-
gratings are developed for broadband light absorption in
ultrathin-film regimes. However, considering the unpolarized
nature of solar irradiation, these polarization-sensitive two-
dimensional (2D) units cannot fully harvest the incoming light.
Infinite fold symmetric geometries, such as nanodisks13 and
nanoholes,14 were later introduced to suppress this deficiency.
The simultaneous excitation of ED and MD modes provides

Received: November 2, 2021
Accepted: February 28, 2022
Published: March 10, 2022

Articlewww.acsaem.org

© 2022 The Authors. Published by
American Chemical Society

2826
https://doi.org/10.1021/acsaem.1c03363

ACS Appl. Energy Mater. 2022, 5, 2826−2837

D
ow

nl
oa

de
d 

vi
a 

14
9.

0.
12

9.
55

 o
n 

Fe
br

ua
ry

 2
8,

 2
02

3 
at

 1
9:

32
:1

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="T.+Gamze+Ulusoy+Ghobadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amir+Ghobadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oguz+Odabasi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ferdi+Karadas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ekmel+Ozbay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.1c03363&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03363?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03363?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03363?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03363?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03363?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aaemcq/5/3?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/3?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/3?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/3?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.1c03363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


ultrabroadband light absorption in these designs. These
architectures are successfully adopted for both oxygen and
hydrogen evolution at the photoelectrodes. A periodic GaN
nanohole metasurface design was utilized to confine light
inside the gap region and to provide a large surface area for
water diffusion.15 Due to these synergetic effects, the nanohole
array showed a 4.5-fold larger photocurrent compared to the
planar design. Periodic InP nanodisks also revealed an
ultrabroadband antireflection response with large photocurrent
densities (>25 mA cm−2) in the PEC hydrogen evolution
process.16 Recent studies on the design of ultra-broadband-
subwavelength metasurface absorbers demonstrate that the
random (or semiperiodic) arrangement of nanounits can
substantially improve their absorption strength and band-
width.17−20 It was found that the absorption property of
randomly positioned multidimensional Si nanosquares can
outweigh the periodic design.21 In the random design, at every
wavelength, a specific unit is active and the superposition of
these multiresonance modes leads to ultrabroadband light
near-perfect absorption. Similar results were found in a Si
nanopillar meta-absorber.22 The application of this approach
was also demonstrated in PEC hydrogen evolution photo-
cathodes. Using the self-assembly of lamellar block copolymers,

the authors demonstrated a nanogroove-based metasurface
design that can efficiently couple light to the underlying Si
slab.23 It was found that this design architecture can provide
remarkable photocurrent values as high as 30 mA cm−2.
Moreover, the coupling of gap plasmon resonances into
ultrathin semiconductor spacers in a metal−semiconductor−
metal (MIM) configuration was studied for water-splitting
applications.24−27 Besides all of these performance consid-
erations, the fabrication route of these nanounits is also an
important feature for their practical implementation. Unlike
the superior performance of these nanounits, the fabrication of
these devices involves large-scale incompatible and high-cost
routes, such as electron-beam lithography (EBL) and nano-
imprint lithography (NIL). For this aim, in recent years, our
group developed innovative and scalable routes to fabricate the
high-aspect-ratio, densely packed nanostructures in large scales
with no material restriction.18,28,29

In this work, a large-scale compatible subwavelength densely
packed disordered semiconductor metasurface design is
developed for PEC hydrogen generation. In the proposed
design, oblique angle deposition is employed to fabricate
random chromium (Cr) nanorods. Afterward, thermal
oxidation is applied to transform these metallic units into a

Figure 1. (A) Schematic representation of the setup for the oblique angle deposition of Cr nanounits. (B) Formation of nanoislands, (C) their
transformation into the random 3D nanorods due to the atomic shadowing effect, and (D) annealing-induced CrOX semiconductor nanostructures.
Scanning electron microscopy (SEM) images of the resultant (E) Cr and (F) CrOX nanostructures.
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p-type chromium oxide (CrOX) semiconductor. It is shown
that, at an optimal annealing time, near an order of magnitude
enhancement in the photocurrent values can be achieved.
Numerical simulations show that these CrOX nanounits can
ideally support multiple electrical and magnetic modes.
Moreover, from these simulations, the ultrasmall gap regions
can trigger the formation of localized hot spots. These hot
spots not only intensify light absorption in near-surface regions
but also facilitate charge separation and reduce charge transfer
resistance in the semiconductor−electrolyte interface. In
addition to these superior optical and electrical responses,
the fabricated CrOX metafilms reveal promising excited-state
electron dynamics. Femtosecond transient absorption (TA)
spectroscopy demonstrates a nanosecond-scale excited-state
lifetime for the excited carriers. Moreover, this photocathode
design reveals stable operation upon long-term light irradi-
ation. Finally, to substantiate the photocurrent response, a
heterostructure made of CrOX−NiOX is introduced. In this

core−crown configuration, the NiOX layer acts as a HER
catalyst. The proposed heterodesign shows a photocurrent as
large as 50 μA cm−2. Furthermore, the incident photon
conversion efficiency (IPCE) of the design is extended up to
500 nm. The proposed design methodology can be used as a
toolbox to design and fabricate scalable photoelectronic
devices.

2. RESULTS AND DISCUSSION
Figure 1A schematically represents the setup used for the
oblique angle deposition of Cr nanorods. In this approach, the
substrate is placed in a position oblique to the evaporated
adatoms, with an angle α of ∼80°, with respect to the normal
incidence line. When the evaporated flux reaches the substrate,
an additional factor is introduced into the growth process,
which can result in the formation of nanoislands, instead of a
continuous layer. It is generally accepted that the mechanistic
factor controlling the nanostructural evolution of the films is

Figure 2. (A) Proposed periodic model for numerical simulations. (B) Dependence of absorption spectra on the periodicity of the metasurface (the
background depicts the normalized solar spectrum). Two-dimensional absorption contour plots showing the effect of (C) gap and (D) height of
nanorods. (E) E-field distributions and (F) absorption power density profiles across the metasurface design at three resonant wavelengths of 300,
614, and 633 nm.
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the “shadowing effect”, which prevents the deposition of target
particles in regions behind initially formed nuclei (i.e.,
shadowed regions), as shown in Figure 1B. As deposition
continues, the larger nuclei get larger and form three-
dimensional (3D) nanorods. As shown in Figure 1C, the
resultant morphology has multilength/multispacing disordered
nanounits. The length of these nanostructures can be
controlled with the deposition duration. This random
geometry provides the opportunity to achieve strong light−
matter interactions in a broadband wavelength range. This will
be explained, in detail, in upcoming sections. Finally, to
transform these metallic nanorods into p-type semiconductors,
air annealing at 600 °C in a tube furnace is conducted to form
densely packed p-type CrOX nanorods, as shown in Figure 1D.
It should be noted that CrOX shows p-type behavior, due to
the existence of metal deficient sites.30

The structural morphology of the fabricated designs has
been evaluated using scanning electron microscopy (SEM).
SEM images of Cr and CrOX nanostructures are depicted in
Figure 1E,F, respectively. As these panels imply, upon
annealing, the morphology and the surface area of the design
do not alter. Moreover, X-ray diffraction (XRD) analysis shows
the formation of the rhombohedral crystalline phase of
chromium oxide (see Figure S1). Therefore, using this simple
and scalable fabrication route, we have made a strong
absorbing semiconductor metasurface design that can be
potentially employed for PEC hydrogen generation. As
experimentally proven in our previous studies, a disorder in
the geometrics of the produced nanounits can provide strong
light−matter interactions in an ultra-broadband-wavelength
range.18 It was shown that multidimensional plasmonic
nanoantennas can support multiple modes and the super-
position of these modes can lead to an ultrabroadband light
absorption. However, in the present case, the building block
material is a semiconductor with relatively high refractive
index. It is theoretically demonstrated that the electric field (E-
field) distribution in the vicinity of a plasmonic unit can be
mimicked nonplasmonically by a high-refractive-index dielec-
tric nanoparticle.31 To understand the mechanism responsible
for light absorption in this semiconductor-based metasurface,
numerical simulations, using the Lumerical finite-difference-
time-domain (FDTD) package,32 are utilized. Although the
output structure is a random design, the periodic model is
employed to understand the impact of every geometry on the
overall absorption response of the structure. As shown in
Figure 2A, three main dimensions are studied in these
simulations: (i) the periodicity (P) of the design, (ii) the
gap (G) between adjacent nanorods, and (iii) the height (H)
of nanorods. Keeping the H and G parameters at 200 and 50
nm values, the impact of periodicity on the overall response of
the design is investigated. As shown in Figure 2B, in the
ultraviolet (UV) region (λ < 350 nm), a constant near 0.8
absorption existed in all samples, which originates from the
above bandgap light absorption of the CrOX semiconductor. In
addition, the nanorod design imposes a resonant light
absorption in the visible range, a feature that is absent in the
planar design. As we can see from this panel, the peak response
is made of two partially overlapping resonance modes
(annotated as λ1 and λ2). As periodicity increases, the spectral
separation between these modes reduces and, at P = 500 nm,
the response becomes a single-peak resonance. Moreover, a
weaker higher-mode resonance is also seen at lower wave-
length values, i.e., 455 nm. Besides these features, sweeping the

P values from 300 to 500 nm causes a steady redshift in the
peak resonance wavelength. Therefore, it can be envisioned
that a semiperiodic (with multiple equivalent P’s) design can
provide enhanced light absorption in a large portion of the
solar spectrum. A more realistic parameter is the gap (G)
between the nanorods. This time, P and H are fixed at 400 and
200 nm, and G is swept in the 10−100 nm range. To have a
better visualization, the spectra are brought into 2D contour
plots (see Figure 2c). As this plot implies, the double-
resonance peaks in the visible range are present in all G values.
However, the spectral position of these peaks gradually shifts
toward longer wavelengths as the gap size reduces. Therefore,
same as periodicity, the randomness in the distance between
the nanorods can tune the absorption peak positions and the
superposition of these peaks can lead to ultrabroadband light
absorption. Similar behavior can be seen in the H geometry, as
shown in Figure 2D. Taking all into consideration, compared
to a planar bulk design, a metasurface made of tightly packed
CrOX nanorods can add up resonant light absorption in the
visible range. However, the origin of these resonance peaks,
their absorption profile, and E-field distribution across the
metasurface are important factors defining the generation,
separation, and collection of photocarriers. Generally, near-
surface absorption is desired to maximize the collection
efficiency of the carriers. Figure 2E exhibits the field
distribution and vector profiles throughout a normal plane
crossing the metasurface, at three different wavelengths of 300
nm, λ1 = 614 nm, and λ2 = 633 nm. Moreover, at the same
wavelength values, the absorption power density across the
design has also been plotted, as depicted in Figure 2F. At 300
nm, in which photons have energies above the CrOX bandgap,
bulk absorption, mainly due to the formation of Fabry−Perot
(FP) modes, is the dominant mechanism. Besides that, the
field distribution in the gap region shows the excitation of an
electric quadrupole (EQ) mode. This EQ mode triggers the
formation of hot spots in the gap region, and these spots
efficiently couple the incident light into the semiconductor
layer and provide strong light absorption for the above
bandgap photons. This can be observed from the absorption
profile shown in Figure 2F. Light absorption mostly occurred
in the vicinity of the top surface and nanorod walls, which is
the desired profile for the efficient collection of photo-
generated carriers. Therefore, in the UV region, both FP and
EQ modes are responsible for light absorption. However, in
the visible range, the case is different. As we can see in Figure
2E, for both resonance wavelengths of λ1 and λ2, the profile is a
circulating field within the bulk region and represents the
excitation of a magnetic dipole (MD) mode. Moreover, for
both cases, the field profile in the gap region also represents
the excitation of electric dipole (ED), in which the electric field
is to a large extent oriented parallel to the incident field.
However, for λ1, the dominant field enhancement is within the
particle bulk, while for λ2, the hot spots, in the gap region, have
the highest field intensities. Therefore, the first resonance is
dominantly an MD, and the second resonance is an ED. The
absorption profiles, at these two resonance wavelengths, are
also similar except a higher absorption density near the walls
for the second resonance mode. When considering the random
arrangement of the fabricated designs, it is expected that the
formation of hot spots in the gap region is the main
responsible mechanism for the device performance enhance-
ment.
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Gaining an initial insight on the optical response of tightly
packed CrOX nanorods, in the next step, we moved to device
fabrication. As already stated, in our fabrication route to
synthesize the CrOX semiconductor layer, annealing at 600 °C
is applied on the deposited metallic Cr layer. However, the
elemental composition (the atomic ratio between Cr and O),
which essentially defines the semiconductor optical and
electrical responses, can be controlled with the annealing
duration. To examine this, we fabricated three planar films: (i)
a metallic Cr thin film, and semiconducting CrOX thin films
obtained via annealing for durations of (ii) 30 min (annotated
as CrOX-30) and (iii) 90 min (annotated as CrOX-90).
Afterward, spectroscopic ellipsometry measurements are
utilized to extract the refractive index data for these three
thin films. The extracted data are depicted in Figure 3A. While
CrOX-90 shows a typical optical response of a metal oxide,

CrOX-30 shows the formation of an intermediate metal/oxide
state. The CrOX-90 sample has an absorption edge at ∼410
nm, while this value is extended up to 560 nm for CrOX-30.
Moreover, CrOX-30 has larger extinction coefficient values
compared to CrOX-90. To further confirm the formation of a
mixed state in the 30-min annealed sample, X-ray photo-
electron spectroscopy (XPS) is performed on the CrOX-30 and
CrOX-90 samples. Figure 3B represents the depth profiling of
the chemical composition of two samples. The atomic
percentages near the surface is similar for both cases, but as
we move toward the bulk region, the Cr/O ratio increases for
CrOX-30, while it is almost constant for CrOX-90. Therefore,
90 min annealing at 600 °C fully transforms metal into its
stable oxide form, while a 30 min duration partially oxidizes it
and, consequently, an intermediate state results. This can also
be confirmed by the Cr 3p spectra of the samples. It is known

Figure 3. (A) Extracted refractive index data for planar Cr, CrOX-30, and CrOX-90 thin films. While 90 min annealing fully transforms Cr into its
oxide counterpart, 30 min annealing leads to a mixed state. This has been depicted in the inset. (B) Atomic percentages of C, Cr, and O elements in
the CrOX-30 and CrOX-90 thin films with a total etching time of 1000 s. (C) XPS Cr 3p profiles for CrOX-30 and CrOX-90 planar thin films. (D)
Numerical simulation absorption results of the optimal periodic design, using two different refractive index values of CrOX-30 and CrOX-90. (E)
Diffuse reflectance values of the fabricated Cr, CrOX-30, and CrOX-90 nanorod designs. The inset shows the optical image of the electrodes.
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that binding energies of the Cr 3p peak are located at 42.4 eV
for metallic Cr, 43.0 eV for Cr2O3, and 48.3 eV for CrO3. In
our case, the peak binding energies are 42.95 eV and 46.45 eV
for CrOX-30 and CrOX-90 samples, respectively. Therefore,
CrOX-30 has a binding energy in between those of pure Cr and
Cr2O3 thin films, which is in line with our expectations from
previous data. All in all, from the above data, CrOX-30 has
better optical performance compared to CrOX-90. This has
also been investigated using FDTD simulations. For this
purpose, the absorption response of the proposed periodic
design, shown in Figure 2A, is calculated using the CrOX-30
and CrOX-90 refractive index data. As Figure 3D implies, the
nanorod design made of CrOX-30 has a broader and stronger
absorption response in the visible range, making it a better
choice for photoconversion applications. These findings were
further supported by characterization studies. The diffuse
reflectance spectra for bare Cr, CrOX-30, and CrOX-90
nanorod designs are depicted in Figure 3E. As shown in this
panel, the Cr nanorod is a broadband absorber with a flat near
0.9 absorption value. The CrOX-30 sample shows near-unity

absorption in the UV region, and its tail is expanded toward
the visible range (∼560 nm). The CrOX-90 nanorod film has
an absorption peak of 0.9 at 300 nm and linearly decays to
values below 0.1, with a weak absorption in the visible range.
This response closely follows the extracted n−k data, as shown
in Figure 3A. It should be noted that our model assumes a
periodic arrangement of the nanorods, while the fabricated
samples consist of randomly distributed units. Thus, the
absorption in the visible range reveals a weak and broadband
response, which is essentially a superposition of multiple
adjacent resonant modes rather than just one resonant peak
response (which is characteristic of a periodic design).
However, in the UV region, a good agreement with FDTD
simulation results is obtained, where the formation of FP
modes and strong hot spots are responsible for light
absorption. Therefore, CrOX-30 is a better absorber, and this
could be seen from their optical image, as shown in the inset in
Figure 3E. While the Cr sample is a black absorber and CrOX-
90 has a light green appearance, the CrOX-30 one has a dark
green color. In fact, the CrOX-30 sample exhibits a mixed state

Figure 4. (A) Setup configuration of pump−probe TA spectroscopy. (B) TA spectra of the CrOX-30 film at different delay times. (C) Temporal
decay profiles of the TA signal at four different probe wavelengths of 450, 500, 600, and 700 nm.
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with optical properties between Cr (which is a lossy metal) and
CrOX-90 (which is a low-loss semiconductor). This profile
could also be seen from the extracted n−k data. The extinction
coefficient (k) for the CrOX-30 sample is larger and covers a
broader spectral range compared to CrOX-90. In other words,
CrOX-30 operates as a lossy semiconductor since it exhibits
stronger absorption compared to CrOX-90. Taking everything
into account, from the optical perspective, CrOX-30 is the most
promising one among all of the studied samples for
photoconversion applications. Besides the optical response,
the electrical character of the sample is also a prominent factor.
Hall effect measurements have been performed on this sample
to find the doping type and carrier concentrations. From this
characterization, it was found that both CrOX-30 and CrOX-90
samples are p-type semiconductors with carrier concentrations
of 3.12 × 1012 and 2.31 × 1012 cm−3 and hole mobility values
of 2.18 and 2.38 cm2 v−1 s−1, respectively. Therefore, from the
electrical perspective, both samples have similar responses,
unlike their optical property.

Another factor that defines the efficiency of a semiconductor
in photoconversion applications is its excited-state lifetime.
The absorption dynamics in semiconductors are in ns−fs time
scales, and therefore, ultrafast pump−probe spectroscopy
should be utilized to resolve them. For this aim, femtosecond
transient absorption (TA) spectroscopy is employed. As shown
in Figure 4A, the CrOX-30 sample is pumped with a 400 nm
light and a broadband probe signal (430−750 nm) is sent with
different time delays spanning from 100 fs to 3 ns. Upon
pumping, electrons are excited to the conduction band (CB). If
excited electrons stay on the CB, the probe signal further
excites them to upper levels, and this shows itself as a positive
signal with the so-called excited-state absorption (ESA). If
these excited electrons quickly deactivate into defect-induced
trap states, the TA spectrum shows itself as a negative response
called ground-state bleaching (GSB). Figure 4B plots the TA
spectra of the sample in different time delays. As we can see
from this graph, in short delay times, the spectra are
dominantly a broadband GSB signal. This means that, in
these delay scales, the excited electrons are mainly trapped in

Figure 5. (A) Schematic representation of the three-electrode setup used for PEC experiments. (B) Chopped LSV profiles of the planar CrOX,
nanorod-based CrOX-30, and CrOX-90 photocathodes. (C) Nyquist plots obtained by EIS characterizations for all three samples at a bias of −0.1
VRHE and a frequency range of 100 kHz to 0.1 Hz under AM1.5 solar irradiation. (D) Schematic representation of field-induced charge separation
in the near-surface region in a nanorod design. (E) IPCE values of all three samples at the bias voltage of −0.1 VRHE. (F) Long-term CA
measurement for the CrOX-30 sample, under light irradiation, at a bias voltage of −0.1 VRHE.
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the defect sites that are energetically located inside the
bandgap. Moreover, the broadband response shows the wide
energetic distribution of these defects inside the gap region.
This is expected considering the fact that the p-type behavior
of CrOX originates from the defects, specifically metal
vacancies. As the delay increases, the broadband GSB signal
turn into a broadband ESA signal. This implies that the
trapped electrons are immediately thermalized to the ground
state, while a portion of excited carriers stay on the CB; this
portion generates a broadband ESA signal. In summary, from
these TA data, a major portion of excited electrons
immediately fall back to the ground state through the trap
states. However, the rest of the carriers stay in the CB with
lifetimes in the nanosecond scales. This portion is actually the
active carriers in the photoconversion process. To have a better
qualitative comparison, the temporal decay profiles have been
extracted for four probe wavelengths of 450, 500, 600, and 700
nm. At all wavelengths, for delays above 100 ps, the signal is a
positive ESA signal. Therefore, the CrOX-30 sample not only
has a broadband light-harvesting property but its excited-state
lifetimes are also long enough to achieve the participation of
these photogenerated carriers in the HER.

To examine the PEC performance of these semiconductor
metasurfaces, measurements were performed in a standard
three-electrode cell configuration with CrOX nanorod samples
as the photocathode with an exposed area of 1 cm2, a Pt mesh
as the counter electrode, and Ag|AgCl|KCl(sat) as the
reference electrode. The proposed configuration is schemati-
cally represented in Figure 5A. In a conventional PEC device,
the theory of operation involves three parts: (i) light
absorption to afford charge carrier generation, (ii) charge
separation and diffusion/transportation of the electrons and
holes to the electrode surface, and (iii) charge injection into
the electrolyte to oxidize and reduce water. These catalytic
reactions drive water oxidation (oxygen evolution reaction,
OER) and proton reduction (HER) half-reactions at the
surface of the anode and cathode, respectively, in an aqueous
electrolyte. In theory, the decomposition voltage of water is
1.23 V and the overall water-splitting reaction is endothermic
as follows
CrOx-Photocathode:

E4H 4e 2H (HER, 0 V )2 red RHE+ � =+ Š (1)

Pt-Anode:

E2H O 4h 4H O (OER, 1.23 V )2 2 Ox RHE+ � + = ++ +

(2)

Overall:

E V2H O 2H O ( 1.23 )2 2 2� + � = (3)

As shown in Figure 5A, the HER takes place on the CrOx
photocathode, which is the working electrode, and the OER
takes place on the Pt anode (as the counter electrode). Using
this setup, chopped linear sweep voltammetry (LSV)
measurements are performed under neutral conditions, pH 7.
As expected, disorder nanorod designs have a much stronger
photocurrent response compared to planar designs. Moreover,
the best performance belongs to the CrOX-30 sample (see
Figure 5B). As highlighted in the inset, at −0.1 VRHE, the
difference between dark and photocurrents is found to be 1.7,
13.9, and 21.3 μA·cm−2 for planar, CrOX-30, and CrOX-90
photocathodes, respectively. This is an expected response,

considering the stronger absorption response of the CrOX-30
sample. However, in photoconversion applications, such as
PEC hydrogen generation, besides light-harvesting capacity,
the charge separation of the carriers is also an important factor
that defines the overall activity of the photocathode. In an ideal
case, the generated electrons should be effectively separated
from the holes and participate in the HER before they
recombine within the bulk medium. To explore this factor,
electrochemical impedance spectroscopy (EIS) analysis is
performed on all three photocathodes. The EIS Nyquist
plots, at a bias of −0.1 V (vs RHE) in the frequency range of
100 kHz to 0.1 Hz under solar irradiation, are shown in Figure
5C. The radius of this semicircle shows the charge transfer
resistance through the semiconductor−electrolyte interface.
Therefore, a smaller radius shows better charge separation
dynamics. To have a better quantitative comparison, we also
fitted these data with a circuit model shown in the inset in
Figure 5C. In this model, Rs is the series resistance of the
photocathode (which models the resistance of the fluorine-
doped tin oxide (FTO), electrolyte, etc.), Rct models the
charge transfer resistance in the semiconductor/electrolyte
interface, and Cct corresponds to the double-layer capacitance.
Moreover, a constant phase element (Ø) is employed to model
the imperfect capacitance since a pure capacitance is an
inaccurate choice for describing the semiconductor/electrolyte
solution in the actual PEC process. Based on the findings of
the fitting, Rct values for planar CrOX, CrOX-30, and CrOX-90
are found to be 4.4, 7.5, and 15.7 k� , respectively. As
anticipated, Rct exactly follows the photoactivity order of the
three samples. The photocathode with the highest activity
exhibits the smallest Rct value. This difference is rather
pronounced between the planar and nanorod designs, which
could originate from the near-field-induced charge separation
in the tightly packed nanorods. As shown in Figure 2E, the
formation of ED and EQ modes in the semiconductor
metasurface triggers the formation of strong electric fields in
the gap region (between nanorods). While these hot spots lead
to the generation of a high density of photocarriers, in the
meantime, they facilitate carrier’s separation to direct the
electrons toward the surface, where the HER occurs. This is
schematically shown in Figure 5D. This could be further
supported by the incident photon conversion efficiency
(IPCE) profiles of the samples. As can be seen in Figure 5E,
the CrOX-30 photocathode has the highest efficiencies in both
UV and visible ranges. Moreover, the IPCE tail is extended
toward longer wavelengths for CrOX-30 (compared to that of
CrOX-90), which is in line with the optical properties of the
materials shown in Figure 3A. In addition to the activity of the
photocathodes, their stability under light irradiation is also
another prominent factor defining the long-term operation of
the photocathode. To measure this, chronoamperometry (CA)
is performed on the CrOX-30 sample for an exposure duration
of 9 hours. As shown in Figure 5F, the photocathode retains its
photocurrent response over this period, even after the light
turn off−on cycle. Therefore, all in all, this large-scale
compatible semiconductor metasurface has a stable and
efficient operation for PEC hydrogen generation.

To further substantiate the PEC hydrogen evolution activity
of these nanorods, a proper catalyst could be utilized. The
most common catalysts for this purpose are Pt33 and Ru.
However, both of these metals are precious, rare, and high-cost
elements. A more practical choice could be metal oxides with a
CB just above the HER potential, 0 VRHE. For this aim, NiOX is

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c03363
ACS Appl. Energy Mater. 2022, 5, 2826−2837

2833

www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c03363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


selected as the catalyst layer. There are multiple reasons behind
this selection. First, NiOX is a high-bandgap visible transparent
material, and therefore, it does not lead to parasitic absorption
and transmits the incoming light toward the active NiOX layer.
Second is its proper CB position, which is placed between the
CrOx CB and HER potential.34 Finally, NiOX can be easily
made by thermal oxidation, and therefore, it can be finely
adopted for the CrOx fabrication. The synthesis route of the
proposed CrOx−NiOx is schematically shown in Figure 6A.
Initially, Cr nanorods are generated using oblique angle
deposition, as explained previously. Then, a normal angle is
utilized to deposit Ni nanoislands on the tip of the Cr
nanorods. Finally, the design is annealed at 600 °C for a

duration of 30 min. As can be clearly seen from the elemental
mapping of transmission electron microscopy (TEM) images,
the final architecture is a core−crown shape CrOx−NiOx
heterostructure, as seen in Figure 6B. To act as a HER
catalyst, NiOX should have a proper band alignment with
CrOx. As depicted in Figure 6C, the CB of NiOX is located
slightly below that of CrOx.34 Therefore, upon light excitation,
the electron−hole pairs are generated inside the CrOx bulk and
the excited electrons are immediately injected into the CB of
NiOX. In this way, an efficient charge separation happens and
electrons will be directed toward the electrode surface and
trigger the HER. As a consequence of this modification, the
photocurrent values of the photocathode have also been

Figure 6. (A) Fabrication route of the CrOx−NiOx heterostructure. (B) High-resolution TEM elemental mapping of an individual CrOx−NiOx
nanounit. These mapping data show the formation of a core−crown configuration in this heterodesign. (C) Band alignment between CrOx and
NiOx layers extracted using XPS characterizations, as explained in detail in the Supporting Information (SI). (D) Chopped LSV profile, (E)
Nyquist plot at −0.1 V (vs RHE), and (F) IPCE response of the CrOx−NiOx photocathode and its comparison with that of CrOx-30.
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boosted. As depicted in Figure 6D, at −0.1 VRHE, the difference
between the photocurrent and dark current reaches a value as
high as 54.7 μA·cm−2, which is nearly 2.5 times larger
compared to a bare CrOX-30 photocathode. Therefore, NiOX
has indeed catalyzed the HER via the selective isolation of
carriers in the semiconductor−electrolyte interface. This can
be confirmed in the reduced charge transfer resistance, as
depicted in Figure 6E. The fitting results prove a charge
transfer resistance as small as 2.7 k� for the CrOx−NiOx
heterostructure. Moreover, the IPCE data also show enhance-
ment in the conversion efficiencies for the CrOx−NiOx
heterostructure.

3. CONCLUSIONS
As a conclusion, this work proposes an extendable toolbox to
fabricate perfect absorber metasurface subwavelength designs
via a scalable and easily applicable physical vapor deposition
method, namely, oblique angle deposition, to form columnar
structures. The fabricated nanocolumnar-based photocathodes,
CrOx−30 and CrOx−NiOX core−crown nanostructured
heterojunction, showed photocurrent values of 13.9 and 54.7
μA·cm−2, respectively (at −0.1 VRHE), under the AM1.5
simulated solar light. According to various steady-state optical,
electrical, and transient measurement results, it is found that in
an intermediate metal/oxide state, CrOx nanounits achieve the
best performance with a larger absorption bandwidth and
strength (covering a big portion of the UV range and an
extended response in the visible spectrum). Moreover, TA
findings showed that the synthesized material has nanosecond-
scale excited-state lifetimes. After the application of an NiOX
crown as a HER catalyst, the kinetics at the photocathode
interface has been significantly improved and photocurrent
values increase almost 30 times compared to those of a planar
design (1.7 μA·cm−2 at −0.10 VRHE). In this way, we were able
to bring together densely packed random geometries with a
catalyst to achieve a high-performance PEC photocathode.

4. EXPERIMENTAL SECTION
4.1. Chemicals and Materials. All of the chemicals were used as

received without further purification. FTO-coated glasses (2 mm
thick, 7� ·sq−1, Solaronix) were used. Millipore deionized water
(resistivity: 18 m� ·cm) was used in all of the experiments. An
electrolyte of phosphate-buffered saline (PBS) (0.5 M Na2SO4 in 0.1
M PBS, pH 7 at 25 °C) was used. Potassium phosphate buffer
solutions were prepared using 0.1 M KH2PO4 and 0.1 M K2HPO4.

4.2. Fabrication of CrOx Photocathodes. The disordered CrOx
photocathode is fabricated by employing an oblique angle deposition
technique that offers a large-scale compatible route that can be flexible
and cost-effective. Before deposition, first, diced FTO-coated glasses
in the size of 1 cm × 6 cm were ultrasonicated and thoroughly cleaned
with soap, deionized water, acetone, and ethanol for 30 min,
sequentially, and then dried with N2 gas flow.

The two-step synthesis of the designed structure was initiated with
metal film deposition using a MIDAS PVD 3T model thermal
evaporator system. The 200-nm-thick Cr nanorod layer was deposited
at an initial chamber pressure of 3 × 10−6 Torr (reached to 4 × 10−6

Torr during evaporation), with an evaporation rate of 3 Å s−1. Finally,
the obtained electrode was annealed at 600 °C in a tube furnace to
transform these metallic units into their oxide forms for 30 and 90
min, separately. In the case of the CrOx−NiOx heterostructure, the
same process was repeated.

4.3. Materials Characterization. SEM: Scanning electron
microscopy (SEM, FEI Quanta 200 FEG) was used to characterize
the morphology of the photocathodes and was operated at 15 kV, and
focused ion beam (FIB) was operated at 15 kV. TEM: Transmission

electron microscopy (TEM, FEI Tecnai G2-F30), operating at 200
kV, was used to illuminate the crown−nanorod structure of the
photocathodes. TEM samples were prepared by scratching the coated
nanorods from the FTO samples and then dispersed in ethanol and,
finally, drop-cast on a holey carbon-coated copper grid. XPS: X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific, Al K-α
radiation, hυ = 1486.6 eV) measurement was also performed in survey
mode by operating a flood gun for surface charge neutralization with
30 eV pass energy, 0.1 eV step size, and it was performed for
determining the elemental analysis. The calibration of the binding
energy scale was performed by fixing the aliphatic C 1s component at
284.8 ± 0.1 eV and shifting other peaks in the spectrum accordingly.
To understand the elemental chromium, oxygen, and oxide phases,
the deconvolution of high-resolution XPS spectra over Cr 3p and O
1s was conducted for all of the samples. Depth profiling was also
carried out using XPS with Ar+ ions having an energy of 1000 eV. The
depth profiles of the samples were generated in 50 cycles with a cycle
time of 20 s. PXRD: Powder X-ray diffraction (PXRD) was carried
out using a PANalytical X’Pert Multi-Purpose to identify the phase
structure of the obtained sample, and the patterns were collected in
the 2θ range of 20−70° using the Bragg−Brentano geometry (Cu Kα
radiation, λ = 0.15418 nm). The spectra (Figure S1) revealed that the
diffraction peaks match well with the powder X-ray diffraction pattern
for rhombohedral-phased chromium oxide (JCPDS card no. 01-078-
5436) with cell parameters a = 4.9556 Å and c = 13.5945 Å.

4.4. Optical Characterizations. For the optical characterization
of the electrodes, the UV−visible spectra of the films were collected
using an integrated sphere setup (Carry 5000 UV−Vis−NIR
spectrophotometer) in diffuse reflection and transmission modes.
From the reflection and transmission spectra, the absorption was
calculated using the formula A = 1 − R − T. To extract the
permittivity function of the thin films, we first measured the angular
response of the layer using an ellipsometry tool (V-Vase, J.A.
Woollam Co. Inc., Lincoln, NE). Then, the acquired data were fitted
to proper models. For Cr, a linear sum of the Drude model and the
Kramers−Kronig Lorentz oscillator was used. For CrOX-90, the
Cauchy model was utilized. For CrOX-30, a sum of both the above
models was found to be best-fit matching.

4.5. Femtosecond Transient Absorption Spectroscopy
Measurements. A Ti:sapphire laser amplifier−optical parametric
amplifier system with a 52 fs pulse duration and a 1 kHz repetition
rate (Spectra Physics, Spitfire Pro XP, TOPAS) and a commercial
pump−probe experimental setup (Spectra Physics, Helios) with a
white light continuum probe were used for the experiments. The pulse
duration was measured as 120 fs by cross-correlation inside the
pump−probe setup. The wavelength of the pump beam was chosen
according to the steady-state absorption spectra of studied
compounds. Experimental data were analyzed using Surface Xplorer
software that is supported by Ultrafast Systems.

4.6. Photoelectrochemical Measurements. PEC measure-
ments were performed via Gamry Instruments Interface 1000
potentiostat/galvanostat in a standard three-electrode electrochemical
cell configuration at room temperature. The cell was made of Pyrex
glass and using the CrOx electrode as the working electrode, a Pt
mesh as the counter electrode, and Ag/AgCl as the reference
electrode. All of the calculations were based on the geometric surface
area, unless specified otherwise. As an electrolyte, 0.5 M Na2SO4 in
0.1 M PBS, pH 7, was used, which was saturated with N2 gas
(99.999% purity) before the electrochemical measurements. A solar
light simulator (Sciencetech, Model SLB-300B, 300 W Xe lamp, AM
1.5 global filter) was calibrated to 1 sun (100 mW cm−2). The current
density−voltage (j−V) curves were measured on photocathodes
under dark and light conditions with a scanning rate of 50 mV s−1

between −0.9 and 0.2 V (vs Ag/AgCl) by the chopped linear sweep
voltammetry (LSV) measurements. The potentials were converted to
V vs RHE (reversible hydrogen electrode) using the Nernst equation

V V V V V( ) 0.059 pH ( )RHE Ag/AgCl Ag/AgCl
o= + × + (4)
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where VRHE is the applied potential versus RHE, VAg/AgCl (V) is the
applied potential versus the Ag/AgCl reference electrode, VAg/AgCl

o (V)
is the standard potential of the reference electrode (0.197 VRHE).

Electrochemical impedance spectroscopy (EIS) under light
condition was also conducted. The EIS spectra were recorded in
the frequency range of 100 kHz to 0.1 Hz at a bias of −0.1 VRHE with
an alternating current (AC) voltage of 10 mV.

Incident photon-to-current conversion efficiency (IPCE) measure-
ment was obtained by the illumination of the photocathodes in a
three-electrode setup with light from a xenon lamp. This white light is
entered into a specific monochromator (Oriel 1/8 m Cornerstone,
1200 lines/mm grating), and the output of the monochromator
(dispersed light) is illuminated onto the photocathode with a spectral
step of 10 nm from 300 to 500 nm. At the same time, the
photocurrent was recorded at a constant bias (−0.1 VRHE) using a CH
Instruments potentiostat. For each incident light wavelength, the
current values obtained from the dark and light conditions subtracted
each other, and the portion of the photocurrent is determined. To
calculate the IPCE, the following equation was used

j

P
IPCE (%)

1240
100

light�
= × ×

(5)

where j is the photocurrent density (mA·cm−2), λ is the incident light
wavelength (nm) from monochromatic light, and Plight is the power
density of monochromatic light at a specific wavelength (mW·cm−2).
The standard silicon photodiode (Thorlabs) was used to measure the
power density of monochromatic light.
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