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Cu,0 Photocathode with Faster Charge Transfer by Fully
Reacted Cu Seed Layer to Enhance Performance of
Hydrogen Evolution in Solar Water Splitting Applications

Kichang Jung,”™® Taehoon Lim,” Hyojung Bae,'® Jun-Seok Ha,'“* and

Alfredo A. Martinez-Morales*® ¢

In this work, we study the effect of Cu,O film obtained from a
fully reacted Cu seed layer as a photoelectrode in photo-
electrochemical cells. The full reaction of the Cu layer shows an
enhanced photocurrent density and improved efficiency in
hydrogen evolution. The photocurrent density of textured Cu,O
(0.58 mAcm™ at 0V vs. RHE), without an unreacted Cu layer is
two times higher than films containing an unreacted Cu layer
(029 mAcm™ at OV vs. RHE), under AM 1.5 illumination
(100 mWcm™). The thickness of the unreacted Cu layer

Introduction

Hydrogen is a promising renewable fuel with the potential to
be used as an energy source to alleviate the higher demand for
energy driven by population growth. Hydrogen has a high mass
energy density and is an eco-friendly material. These two
characteristics make it an attractive energy source for address-
ing current and future energy needs." The efficient and cost-
effective harvesting and storing of hydrogen gas are critical for
its utilization across various fields and applications.>” The use
of photoelectrochemical (PEC) cells for water splitting applica-
tions as a method to efficiently harvest hydrogen gas using
solar energy has been carried out extensively by various
research groups.”® PEC cells convert sunlight to chemical
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influences significantly the charge transfer process at the
interface between the Cu,0 and electrolyte. The enhanced
photoelectrochemical performance of textured Cu,O is attrib-
uted to the reduced charge recombination resulting from a
longer carrier lifetime in the Cu,O layer. Experimentally we
confirmed that the unreacted Cu layer inhibits the photo-
electrochemical performance of Cu,0-based photocathodes.
The elimination of the unreacted Cu layer leads to higher
photocurrent density.

energy by splitting water molecules for generating hydrogen
gas.” Therefore, research focused in improving the efficiency
in PEC cells is imperative to make hydrogen a more competitive
technology. Among materials used to produce hydrogen gas
using PEC cells, Cu,0 is a good candidate because it is cost-
competitive and an abundant material in the earth.'*" Cu,0 is
a p-type semiconductor material with a band gap of 1.6-2.2 eV,
absorbance in the visible light range (563-775nm), and a
suitable band edge alignment that is amenable for generating
chemical energy."*'¥ In a PEC device, the absorbed sunlight at
the Cu,0 surface generates excited electrons by reducing
protons to hydrogen gas at the interface between the photo-
electrode and the electrolyte.l'*""13'3

Cu,0 has a theoretical hydrogen conversion efficiency of
18% in PEC cells and a power conversion efficiency of 20% in a
solar cell.">" However, low hydrogen generation and instability
are two challenges that prevent the usage of Cu,0 as a
photocathode in PEC cells.'” The low efficiency is attributed to
the high charge recombination caused by the slow carrier
transfer rate at the Cu,O surface.”” To increase the efficiency of
Cu,0, a thick film around 10 pm is necessary for the effective
absorption of sunlight.?'*? However, minority carrier (electrons)
in the Cu,0 reacting with protons have less than a 200 nm
diffusion length, resulting in an inefficient reaction.” The
charge diffusion length and the carrier transfer rate are
important factors to improve the efficiency of hydrogen gas
generated from excited electrons® In the literature, the
properties of Cu,0 have been engineered for increasing the
charge diffusion length and improving the carrier transfer rate
as well. There are various research methods to improve Cu,O
performance such as doping,” high temperature processing
for enhancing the crystal quality,"” engineering an
overlayer,"***?¥ and modifying the morphology to reduce the
electron pathway length.”*” Despite these efforts to improve

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Comparison of Cu,0 samples with different Cu seed layer thickness. (a), (c), (e) and (g) top view. (b), (d), (), and (h) cross-sectional SEM images of the

samples synthesized from 100, 200, 300, and 500 nm samples, respectively.

the generation efficiency, the utilization of Cu,O still requires
more research to improve its low photocurrent density in PEC
cells.

In this paper, we report the improved hydrogen generation
properties of textured Cu,0 photocathode film, via the full
reaction of the Cu seed layer between the Cu,0 and the fluorine
doped tin oxide (FTO) substrate. The textured Cu,O has a higher
PEC efficiency due to its larger surface area compared to thin-
film structures. Via our solution base synthesis method, we
successfully synthesized a textured Cu,O film on FTO substrate
from a Cu seed layer film. When Cu,O is used as a photo-
electrode, any unreacted Cu greatly impacts the hole transfer in
the PEC cell. In this work, the relationship between electron/
hole recombination and carrier transfer rate is investigated.
Photoelectrochemical reaction measurements are analyzed to
determine the reaction at the interface betweenCu,0O and
electrolyte. The material properties are characterized in terms of
their morphology, crystallinity, and light absorbance.

Results and Discussion

Four samples with different thickness are synthesized via a
solution method. The synthesized samples show a textured
Cu,0O film on the FTO substrate as observed by scanning
electron microscopy (SEM) characterization (shown in Figure 1).
The morphology of these samples is rougher than the CuO layer
synthesized on FTO substrate by thermally oxidizing the Cu
seed layer (Figure S1). In contrast to the CuO film which
maintains the FTO surface topography, the Cu,0 forms a
morphology that is independent of the FTO substrate. The
samples show that the textured Cu,O films have a peak to peak
distance around 80 nm (Figure S2 and S3). Although the thick-
ness of the Cu seed layer is different for each sample, the

ChemCatChem 2019, 11,4377 -4382 www.chemcatchem.org

atomic force microscopy (AFM) topography results show a
similar root mean square roughness value for all samples,
ranging from 17 to 20 nm. This is evidence that the synthesized
Cu,O films on the FTO substrate have a similar morphology
regardless of the starting Cu seed layer thickness. However, the
cross-sectional SEM images show that the resulting thickness of
the Cu,O layer on the FTO substrate is limited by the reaction
time of solution-based synthesis process (shown in Table 1).

Table 1. Thickness of target Cu seed layer and measured Cu,0 on FTO
substrate after annealing process.

Target Cu seed Measured

layer [nm] Cu,0® [nm]
Sample 1 100 114428
Sample 2 200 132433
Sample 3 300 114421
Sample 4 500 137+41

[a] Deviation calculated by ImageJ.

4378

The combined thickness of the unreacted Cu and textured Cu,O
is dependent to the starting Cu seed layer thickness as shown
in Figure S4. Particularly, double layers are observed for samples
2, 3, and 4, whereas a single layer is observable for sample 1.
The unreacted layer thickness between the Cu,O top layer and
FTO is 115 and 300 nm in sample 3 and 4, respectively. Through
SEM morphology analysis, we conclude that while the synthe-
sized Cu,0 films have different thickness because of the
unreacted layer, in all instances textured Cu,O films possessing
similar morphology are synthesized successfully.

The crystallinity of the synthesized samples is analyzed by
X-ray diffraction (XRD) characterization from 26 =35° to 60°, as
shown in Figure 2. The peaks for Cu,0, Cu, and FTO are labelled

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. X-ray diffraction patterns of samples with and without the unreacted Cu layer with indexes taken from JCPDS: Cu,O #05-0667, Cu #04-0836, FTO

#41-1445 (a) from 20 =35° to 60° and (b) from 20 =35° to 46°.

with their corresponding crystal planes. All samples show the
peaks for Cu,0 (111) and (020) crystal planes. On the other
hand, sample 2, 3, and 4 show two additional peaks at 20 =
43.5° and 51.6°, corresponding to the cubic Cu (111) and (200)
crystal planes (JCPDS 04-0836). Intensity of the Cu peaks
increase with increasing thickness of the unreacted Cu seed
layer, while the intensity of the Cu,0 peaks remained
unchanged. These results are in support of the observations
from cross-sectional SEM analysis. The unreacted layer between
Cu,O and FTO is the Cu layer identified in the XRD results. All
the synthesized samples show a textured Cu,O film with similar
crystallinity, irrespective of the unreacted Cu layer thickness
between Cu,0 and FTO substrate.

Optical properties of the synthesized samples are analyzed
by UV-Vis-NIR spectroscopy. The absorption spectra versus
wavelengthare shown in Figure 3. There are specific absorption
peaks at 680 and 640 nm wavelength for sample 1 and 2,

Sample 1
Sample 2
Sample 3
Sample 4

Absorbance

650 700 750
Wavelength / nm

Absorbance

T
1100

400

500

L

600

700 800 900
Wavelength / nm

1000

1200

Figure 3. The absorption spectra in the range of UV/Vis/NIR of samples with
and without the unreacted Cu layer. The inserted spectra shows the
absorbance of the samples after subtracting the baseline.
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respectively. Both are absorption peaks by the Cu,O layer,
verified by the bandgap (1.6 to 2.2eV) of Cu,0 with an
absorption wavelength range from 563 to 775nm. The
obtained bandgap is in the range of reported values in the
literature."*'® Even though sample 3 and 4 have a Cu,0 layer
with similar thickness, the absorption peak by the Cu,O layer in
sample 4 is not noticeable. In sample 3, the absorption peak by
Cu,0 can be weakly observed (Figure 3 inset). Moreover, sample
4 shows a plateau for the entire range, indicative that the
unreacted thick Cu layer with 300 nm prohibits light penetra-
tion from the top layer to the FTO substrate. The absorption
intensity from unreacted Cu layer increases with thicker
unreacted Cu layer thickness as observed in samples 3 and 4.
Additionally, sample 2 has a higher absorption peak intensity
than sample 1. These results point out to the absorption
properties of the Cu,0/Cu/FTO structure being dominated by
the Cu layer thickness, which blocks the incoming light when
the seed layer is thicker than 100 nm.

The performance of the textured Cu,O film as the photo-
cathode in PEC cells is measured. The photocurrent density is
measured under illumination to analyze the photocatalytic
operation of the photocathode, as shown Figure 4. The highest
photocurrent density 0.58 mAcm™ at 0V vs RHE is achieved
from sample 1 photocathode under illumination. On the other
hand, both sample 3 and 4 show the lowest photocurrent
density among the synthesized samples. This is attributed to
the unreacted Cu layer (thicker than 100 nm) that reduces
photocurrent density. The unreacted Cu layer acts as a carrier
blocking layer between Cu,0 and FTO. Therefore, the unreacted
Cu layer negatively impacts the separation and transportation
of the electrons and holes generated from the Cu,O layer.
Sample 2 shows a reduced performance compared to sample 1
due to a very thin unreacted Cu layer characterized by XRD
spectra at 20=42.7°, that affects the photocurrent density
irrespective of the amount of absorbed light at the Cu,O layer.
In order to enhance the photocurrent density, a textured Cu,O

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Photoelectrochemical performance measurement (J-V curve)
under dark and illuminated conditions (AM 1.5 G, 100 mWcm™2).

film without the unreacted Cu layer must be synthesized, as
demonstrated by the sample 1.

Electrochemical impedance spectroscopy (EIS) is used to
study the interface reaction between the photoelectrode and
the electrolyte in the fabricated PEC cells. The EIS measure-
ments are conducted under illumination in a frequency range
from 10° to 107" Hz, with an amplitude of 10 mV at an open
circuit potential. Nyquist plots for the samples are presented in
Figure 5. The charge transfer process is expressed as a semi-
circle in the Nyquist plot. The diameter of the semicircle in a
Nyquist plot is equal to the charge transfer resistance (R.),
shown in Table 2. The R, increases with the unreacted Cu layer
thickness under illumination. The decrease in electron con-
ductivity is affected by the unreacted Cu layer at the photo-
cathode/FTO interface. Even in the case when the thin
unreacted Cu layer is not distinguishable by cross-sectional SEM
analysis it increases the R,. Sample 3 and 4 with an unreacted

-6
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Figure 5. Nyquist plots of samples based on photocathodes under illumina-
tion (AM 1.5G, 100 mWcm™2, 10 mV open circuit potential, 10°-107' Hz
frequency range, 0.1 M Na,SO,).
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Table 2. The charge transfer resistance (R.), carrier density (N,), flatband
potential (Vg), and carrier lifetime (z) measured and calculated from the
fitting parameters from Nyquist, Mott-Schottky, and Bode plots from the
samples.

Sample R. [Q] N, [cm™] Vi [V] 7 [ms]
1 7.7%x10° 2.74x10" 0.492 134
2 8.9x10° 3.04x10" 0.486 29
3 145%10° 2.17x10" 0.496 33
4 15.9x%10° 2.97x10" 0.486 35

Cu layer thicker than 100 nm show two times higher R, than
sample 1 and 2. The results show that the unreacted Cu layer
between Cu,0 and FTO reduces the charge transfer process at
the interface between Cu,O surface and electrolyte. This is
because the generated carriers cannot be effectively separated
and recombine before can be collected. The capacitance on the
photoelectrode/electrolyte are measured in order to calculate
the flat band potential (V) and carrier density (N,), shown in
Figure 6.

20
——Sample 1
—0O—Sample 2
—A—Sample 3
15 —CO—Sample 4
le ’
A J
g
D10t
)
~
~N
“‘% 0.5+
0.0 TR ~
0.2 0.3 0.4 0.5 0.6

Potential / V vs. RHE

Figure 6. Mott-Schottky plots of samples (10° Hz frequency, 0.1 M Na,SO,).

Parameters are calculated from 1/C? vs. applied potential
plot (Mott-Schottky plot) at a fixed frequency of 10°Hz. The
measured 1/C? is expressed in the Equation (1) below:

1 2 kT
@ZNATSOE{(VS—Vm)—?} )

N, e, &, & k, T and V; are the hole density, the elementary
charge, the permittivity of the vacuum, the relative permittivity
of photocathode (Cu,O is 10.26), the Boltzmann constant,
temperature, and the applied potential, respectively."'” Based
on this equation, the hole density in the Cu,O layer can be
calculated from the slope of the curve. The carrier density of
the samples ranges from 2.17x 10" to 3.04x 10" cm3, shown
in Table 2. The tangential point from the extrapolated linear
part of the curve is the Vj, of the photocathode. The negative
slope of the linear part in the curve shows p-type semi-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Bode plot of samples under illumination (AM 1.5 G, 100 mWcm™).

conductor behavior. The V,, is 0.486 to 0.496 V vs. RHE. These
results indicate that the unreacted Cu layer does not affect the
carrier density and Vj,

Moreover, the Bode plot displaying the phase as the
response against the frequencies endow the information of the
carrier transport/recombination process in the semiconductor
(Figure 7). The Bode plot determines the information of carrier
lifetime () inside the PEC under illumination. Measured
frequencies at the maximum phase were used to calculate the
carrier lifetimes 7=1/2nf,,,.>"> The hole lifetime decreases
significantly with the existence of the unreacted Cu layer.
Longer carrier lifetime (13.5 ms) is obtained in sample 1. The
three samples with an unreacted Cu layer show shorter carrier
lifetime ranging from 2.9 to 3.5 ms. The PEC cell using sample 1
achieved the best efficiency among the samples due to the
longer carrier lifetime that leads to a slow recombination rate.
The Cu,O film without the unreacted Cu layer improve the
carrier lifetime while its carrier density and V,, are not affected
(Figure S5). From our analysis, we conclude that the enhanced
photocurrent density using Cu,O is attributed to the longer
carrier lifetime.

Conclusions

Cu,0 photocathodes with fully reacted Cu layer have been
developed via a solution based process. These samples show
superior electrochemical properties in PEC cells compared to
samples with an unreacted Cu layer. A 100% enhancement in
photocurrent density under sunlight illumination for a water
splitting application is measured. We confirmed that the
enhancement is attributed to the improvement in the charge
transfer rate and carrier lifetime. Therefore, the sample with
fully reacted Cu layer presents low charge transfer resistance at
the interface between the Cu,O surface and electrolyte.

ChemCatChem 2019, 11,4377 -4382 www.chemcatchem.org
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Experimental Section

Materials and Methods

All chemicals in this paper are purchased from Sigma Aldrich. FTO
on glass substrate (surface resistivity ~13 Q/sq, Sigma Aldrich) is
used as a substrate. FTO is cleaned using a detergent solution in
deionized (DI) water, acetone, and isopropyl alcohol (IPA) in an
ultrasonication bath for 5 min for each step. A nitrogen gun is used
to dry the FTO after the IPA rinse. A Cu seed layer is deposited by
e-beam evaporation on the FTO substrate patterned with a 1 x
1 cm? window. The deposition rate is maintained at less than 1.2 A/
sec. Various Cu film thicknesses are deposited. These samples are
denoted sample 1, 2, 3, and 4. The solution for making the textured
Cu,0 is prepared as detailed by Chattopadhyay’s group.'” The
initial solution is mixed with 0.038 M ammonium persulfate
((NH,),S,05) and 0.191 M sodium hydroxide (NaOH). The reaction
solution is prepared by adding 4 ml in 160 ml DI water. The solution
is stirred until fully mixed. The prepared samples with Cu seed layer
are dipped into the solution for 1 h at room temperature without
stirring. The residue on the surface of sample is rinsed by DI water
for 5 min and dried by nitrogen gun. The samples are annealed by
rapid thermal annealing at 550°C for 1 min under nitrogen
condition. In order to compare the surface morphology of a flat
uniform film (as a control sample), a Cu film on FTO glass is
thermally oxidized at 600 °C for 1 h under air.

Materials Characterization

The morphology of the synthesized materials on the FTO glass are
characterized by scanning electron microscopy (SEM, FEI NovaNa-
noSEM450) and atomic force microscopy (AFM, MFP-3D from
Asylum Research). Crystallinity of the samples is analyzed by X-ray
diffraction (XRD, PANanlytical X'Pert X-ray diffractometer) using Cu
Ko radiation (1.540598 A). Optical properties are measured by
double beam scanning UV-Vis-NIR spectrophotometry (Varian Cary
500).

Photoelectrochemical Measurements

Photoelectrochemical performance of the synthesized samples, as
photocathodes for PEC devices, is measured by a potentiostat with
a 3-electrode setup using Ag/AgCI/KCl as the reference electrode,
Pt wire as the counter electrode, and the synthesized film as the
working electrode. 0.1 M Na,SO, electrolyte solution is used for the
testing of the PEC. A solar simulator (Newport, Oriel Sol3A Class
AAA Solar Simulator, 450 W Xenon) is used as the light source (AM
1.5 G, 100mW cm?). The solar simulator was calibrated by a
monoclinic silicon solar cell (Newport, Oriel® Reference Solar Cell &
Meter, 91150 V). The scan rate for the linear sweep voltammetry is
0.05V/s and the applied potential is —0.05 to 0.4V vs. RHE.
Electrochemical impedance spectroscopy (EIS) is conducted at open
circuit potential from 10° to 10" Hz frequency under illumination to
study interfacial charge transfer between the photocathode and
the electrolyte. Measuring the capacitance against potential at
10® Hz frequency is performed under dark from 0.2 to 0.6 V vs RHE
to characterize the Vg,

Notes
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