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We prepared cupric oxide (CuO) photocathode films by dip coating from Cu(NOs), aqueous solutions
containing poly(vinylpyrrolidone) (PVP). The addition of PVP modified the wettability of FTO glass
substrates by the aqueous coating solutions, resulting in the formation of CuO coating layers on the

substrates. The thermal decomposition of PVP by provided nanoscale pores in the resultant CuO films,
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Introduction

Cupric oxide (CuO), a p-type semiconductor, is a promising
photoelectrode material due to its small band gap of 0.7-1.6 eV
that enables solar light absorption, including visible light."”” A
CuO photocathode has been reported that provides a theoreti-
cally a maximum photocurrent of 35 mA cm™ > under standard
AM 1.5 irradiation®* and is superior to TiO, (1.1 mA cm ™ ?) and
Fe,03 (10.7 mA cm ™ ?). However, it is difficult to achieve such
a theoretical performance, and most of experimental studies of
CuO photocathode films have demonstrated lower photocur-
rents. Thus, the improvement of the photoelectrochemical
performance of CuO electrodes is urgently required.

The control of the nanostructure of semiconductor electrodes
is one of the typical strategies for enhancing the photo-
electrochemical properties.”**** Since the photoelectrochemical
reactions occur on the surface of the electrode materials, a larger
surface area of the nanostructured electrodes would result in
more efficient energy conversion. Organic polymers are often
used as a pore-forming agent for fabricating nanostructured
metal oxide film materials."*>* When large amounts of organic
polymers are added into the precursor films, the organic species
completely decompose on heat treatment, creating numerous
nanoscale pores in the resultant metal oxide films. Liu et al
prepared ZnO thin films from Zn(CH3;COO),-2H,0 solutions
containing polyethylene glycol (PEG), wherein the ZnO films
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efficiency (IPCE) values of 8.7% and 3.9% at 300 and 500 nm, respectively.

became porous with increasing PEG content in the precursor
solutions.” Yu et al. reported the preparation of porous TiO,
films from tetrabutylorthotitanate solutions containing PEG,
wherein the addition of PEG led to the formation of a large
number of pores in the resulting films, thus enhancing the
photocatalytic activity.”” These results suggest that adding
organic polymers as a pore-forming agent would allow us to
fabricate porous CuO photocathode films and achieve an
improvement in the photocathodic performance.

Previously, the preparation of metal oxide films by dip
coating into coating solutions containing organic polymers with
amide groups, such as poly(vinylpyrrolidone) (PVP), poly-
(vinylacetamide) and poly(acrylamide), has been reported.”*
Organic additives were used for modifying the wettability of
glass substrates by coating solutions, wherein homogeneous
metal oxide films could be easily deposited onto the substrates
even from aqueous solutions with a high surface tension. In
those cases, however, we intended to make “dense” ceramic
films, and thus only small amounts of organic polymers were
added into the precursor solutions, and the influence of the
additives on the microstructure of the films was not fully dis-
cussed. The addition of large amounts of organic polymers
would lead to the formation of a porous structure in the resul-
tant films, providing a higher photocathodic performance.

In this study, we prepared porous CuO photocathode films
from Cu(NOj3), aqueous solutions containing PVP, and evalu-
ated their photocathodic properties. Herein, an organic poly-
mer, PVP, was used for providing a porous structure in the CuO
films, as well as for modifying the wettability of the glass
substrates by the aqueous coating solutions. We investigated
the effects of the PVP content in the solutions on the porosity

This journal is © The Royal Society of Chemistry 2017
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of the CuO films. Moreover, the influence of the porous struc-
ture on the photoelectrochemical behavior was studied by
measuring the current-potential curves and action spectra
under the irradiation of xenon light.

Experimental
Preparation of porous CuO films

0-2.2 g of PVP (K90, 6.3 x 10° in viscosity average molecular
weight, Tokyo Kasei Kogyo Co., Tokyo, Japan) and 4.8 g of
Cu(NOs), - 3H,0 (Wako Pure Chemical Industries, Osaka, Japan)
were added and dissolved in 40 cm® of purified water under
stirring at room temperature. The resultant blue solutions
served as coating solutions ([Cu(NO;),-3H,0] = 0.50 M, [PVP] =
0-0.50 M), where the concentration of PVP was defined for the
monomer (polymerizing unit).

Precursor films were deposited on the FTO (fluorine doped
tin oxide) glass substrates (20 mm x 40 mm x 1.0 mm) by dip-
coating, where the substrates were withdrawn at 3 cm min~".
The precursor films were directly transferred to an electric
furnace held at 600 °C, and then maintained for 10 min;
furthermore, they were removed and maintained at ambient
atmosphere. The heat treatments on gel films were performed
in air. The dip coating and heat treatment were repeated 1-10
times, and the resultant films were used as samples.

Characterization

The crystalline phases were identified by X-ray diffraction (XRD)
measurements by ordinary 26/6 scan (coupled mode) using an
X-ray diffractometer (Model Rint 2550V, Rigaku, Tokyo, Japan)
with CuKo radiation operated at 40 kv and 300 mA. The
chemical composition was measured by X-ray photoelectron
spectroscopy (XPS) analysis (PHI 5000 Versa Probe, ULVAC-PHI,
Kanagawa, Japan). The microstructure of the thin film samples
was observed using a field emission scanning electron micro-
scope (FE-SEM) (Model JSM-6500F, JEOL, Tokyo, Japan). The
film thickness was also evaluated from the FE-SEM cross-
sectional images of the samples. Optical transmission spectra
were measured on the film samples using an optical spec-
trometer (V-570, JASCO, Tokyo, Japan), where an FTO glass
substrate was used as a reference.

Measurement of the photocathodic properties

Photocathodic properties of the CuO films were evaluated in
a three-electrode cell using a potentiostat (HZ-7000, Hokuto
Denko, Osaka, Japan) consisting of the film electrode sample,
a platinized Pt electrode, and a saturated calomel electrode
(SCE) as the working, counter, and reference electrodes,
respectively, and a buffer solution of pH 7, an aqueous solution
of 0.2 M Na,B,0,, 0.14 M H,SO,, and 0.3 M Na,SO,, as the
supporting electrolyte.

For measuring the current-potential curves, the potential of
the working electrode was scanned from 0.1 to —0.5 Vvs. SCE at
a rate of 20 mV s™'. A 500 W xenon lamp (model UXL-500-D-0,
XB-50101AA-A, UI-502Q, Ushio Denki, Tokyo, Japan) was used
as the white light source where the light intensity was reduced
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to 30 mW at a wavelength of 550 nm using an ND filter. The film
was illuminated for 5 s, and the light was turned off for 5 s. The
light turning on and off was repeated during the scanning of the
working electrode potential.

Action spectra of the films were measured at —0.1 V vs. SCE,
where the xenon lamp light was monochromatized using
a monochromator (SPG-100s, Shimadzu, Kyoto, Japan). The
intensity of the monochromatized light was measured using
a power meter (NOVA, PD300-UV, Ophir Japan, Saitama, Japan),
which was ca. 23 pW at a wavelength of 500 nm. For this
measurement, the film was first illuminated for 10 s, and then
the light was turned off. The difference in current before and
after turning off the light was taken as the photocurrent.
Quantum efficiency and IPCE (incident photon-to-current effi-
ciency) was calculated from the photocurrent and the incident
light intensity.

Results and discussion

Preparation of CuO films from the coating solutions of various
PVP contents

CuO precursor films were deposited onto FTO glass substrates
from the coating solutions of [PVP] = 0-0.50 M by dip coating at
3.0 cm min~ . No films were formed on the substrates when no
PVP was added in the solutions ([PVP] = 0 M), whereas CuO
precursor films were obtained from the solutions of [PVP] =
0.05-0.50 M. This suggests that the wettability of the FTO glass
substrates by Cu(NO;), aqueous solutions was improved by the
addition of PVP.*

The CuO precursor films thus obtained ([PVP] = 0.05-0.50
M) were heat-treated at 600 °C for 10 min in air to obtain CuO
films, where the dip coating and the heat treatment were
repeated 1-10 times. Crack-free, black-colored films were ob-
tained at [PVP] = 0.05-0.40 M (ESI Fig. S1}). On the other hand,
when a larger amount of PVP was added ([PVP] = 0.50 M), the
decomposition of much organic species during the heating
resulted in cracking and delamination of the films. The thick-
ness of the crack-free CuO films prepared at [PVP] = 0.05-
0.40 M by repeating the dip coating and the heat treatment is

Table 1 Thickness of the CuO films obtained from the coating solu-
tions at various PVP contents

[PVP|/M Coating time Thickness“/nm
0.05 3 120
0.05 5 170
0.05 10 250
0.10 3 140
0.10 5 210
0.10 10 410
0.25 3 230
0.25 5 270
0.25 10 650
0.40 2 220
0.40 3 330

“ The thickness was evaluated from the SEM cross-sectional images of
the CuO films.
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Table 2 Thickness of the CuO electrode samples (films PVP0.05-
0.40)

Film [PVP|/M Coating time Thickness“/nm
PVP0.05 0.05 10 250
PVP0.10 0.10 5 210
PVP0.25 0.25 3 230
PVP0.40 0.40 2 220

“ The thickness was evaluated from the SEM cross-sectional images of
the CuO films.

shown in Table 1. The thickness of the films increased with
increasing cycling numbers and PVP content. We chose the CuO
films of 210-250 nm in thickness as the electrode samples for
the photoelectrochemical measurements so that the photo-
cathodic properties were compared between films of similar
thickness. Hereafter, the CuO electrode samples of 210-250 nm
in thickness prepared at [PVP] = 0.05-0.40 M were denoted as
films PVP0.05-0.40, respectively, as shown in Table 2.

Characterization and photoelectrochemical evaluation of CuO
films

Fig. 1 shows the SEM images of films PVP0.05-0.40. CuO
coating layer consisting of fine particles of 50-200 nm in size
that was observed for films PVP0.05-0.25 (Fig. 1la-f), where

Fig. 1 SEM images of films PVP0.05 (a and b), PVP0.10 (c and d),
PVP0.25 (e and f) and PVP0.40 (g and h).
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nanoscale pores were formed between the particles. The
increase in the PVP content from 0.05 to 0.25 led to a reduction
in the particle size and widening of the interparticle pores
(Fig. 1a—f). The thermal decomposition of PVP as a pore-forming
agent was thought to provide nanoscale pores in the coating
layer, resulting in the formation of highly porous CuO films. On
the other hand, a further addition of PVP ([PVP] = 0.40 M)
resulted in the drastic deformation of the films, where wrinkle
patterns appeared on the surface (Fig. 1g-h). Moreover, the
coating layer partially delaminated and the FTO substrate was
slightly exposed for film PVP0.40, as shown in Fig. 1g. These
results suggest that formation of a porous structure with
numerous nanopores was required for moderate amounts of
organic additives.

The XRD patterns of films PVP0.05-0.40 are shown in
Fig. 2. The diffraction patterns of the CuO (ICDD #00-005-
0661) and FTO phases were detected for all the films. The
residual carbon was evaluated by XPS analysis for films
PVP0.05-0.40 (ESI Table S1f). A small amount of carbon
below 2.5 atom% was detected in films PVP0.05-0.25. The
carbon cannot originate from PVP but from the dust adsorbed
on the films. No carbon was detected in film PVP0.40 even
though the film was prepared from a solution with a larger
amount of PVP. Fig. 3 shows the optical transmission spectra
of films PVP0.05-0.40. Films PVP0.05-0.40 exhibited low
transmittance at the wavelength of 300-800 nm, which could
be attributed to the optical absorption by CuO (the band gap
energy of CuO is 0.7-1.6 eV) and light scattering by the porous
layer.

The photocathodic performance of films PVP0.05-0.40 was
evaluated by measuring the current-potential curves and action

V¥ CuO (ICDD #00-005-0661)
V FTO substrate
PVPO0.40
v v v
vy v v
PVP0.25 !
v vy
= v v
8
> | PvPoO.10 v 1
[7] v
c v
g H v
=
PVPO0.05 v Qv
Y v
v v v
FTO substrate
v
v V
20 30 40 50

26 (°) (Cu Ka)

Fig. 2 XRD patterns of the FTO substrate and films PVP0.05-0.40.
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Fig. 3 Optical transmission spectra of films PVP0.05-0.40.

spectra under irradiation of xenon light. The current-potential
curves of films PVP0.05-0.40 are shown in Fig. 4. The curves
were measured under the chopped white light, where the
differences in the current measured in light and dark are
regarded as the photocurrent. Negative photocurrent was
detected at —0.5 to 0.1 V vs. SCE under the light irradiation for
film PVP0.05-0.40 (Fig. 4), which means that all the CuO films
worked as photocathode materials. A dark current was observed
below —0.3 V vs. SCE (Fig. 4). Moreover, we examined the pho-
toelectrochemical stability of films PVP0.05-0.40, where the
current-potential curves of the films were measured for 30 min
at a working electrode potential of —0.1 V vs. SCE under the
white light. The photocurrent values reduced with light-
irradiation time, which is attributed to photocorrosion of the
CuO films.?**® Films PVP0.05-0.40 exhibited a decrease of ca.
80% in the photocurrent after the irradiation of white light for
30 min irrespective of [PVP] (ESI Table S2t), which means that

0.3
Dark\
< g3k
c 0.3
:> Light
‘» -0.6
o
(]
e PVP0.40
s 0.9 — PVP0.25
= — PVPO0.10
o — PVP0.05
-1.2
1.5 1 1 1 I L
-05 -04 -03 -0.2 -0.1 0 0.1

Potential / V (vs. SCE)

Fig.4 Current—potential curves measured under chopped white light
for films PVP0.05-0.40.
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the porous structure of films PVP0.05-0.40 did not affect the
photoelectrochemical stability.

Fig. 5 shows the action spectra of films PVP0.05-0.40, which
were measured at a working electrode potential of —0.1 V vs.
SCE. For all the films, the photocurrent under the mono-
chromatized light was detected at wavelengths between 300-
800 nm, which agreed with the band gap energy of CuO (0.7-1.6
eV). The IPCE increased with increasing [PVP] from 0.05 to 0.25,
where film PVPO0.25 exhibited the maximum IPCE values of
8.7% and 3.9% at 300 and 500 nm, respectively. The highest
photocathodic performance of film PVP0.25 could be attributed
to the large surface area from the highly porous structure. The
further increase in PVP content to [PVP] = 0.40 decreased IPCE,
which could be caused by the partial delamination of the films
due to the addition of a large amount of PVP.

We also examined the effect of the film thickness on the
photocathodic properties because the amount of CuO on the
substrate might affect the photocathodic performance. As shown
in Table 1, we obtained the CuO films with thickness below
200 nm and over 250 nm. We evaluated the IPCE values of all the
samples, and investigated the influence of the amount of CuO on
the photocathodic performance (the action spectra are shown in
ESI Fig. S27). As shown in Fig. S2,T the IPCE values increased with
increasing film thickness up to ca. 200 nm, while a further
increase in thickness over 200 nm did not lead to an increase in
IPCE irrespective of [PVP]. Moreover, the variation in thickness
did not provide a drastic change of the IPCE values compared
with the porosity of the films (Fig. 5). These results also suggest
that the difference in IPCE values among films PVP0.05-0.40,
seen in Fig. 5, is mainly attributed to film porosity.

In the present study, the porous CuO film with thickness of ca.
230 nm (film PVP0.25) exhibited the maximum IPCE value, as
shown in Fig. 5 and S2.1 On the other hand, Saeid et al. reported
the influence of film thickness on the photocathodic perfor-
mance of sputter-deposited CuO film materials, where the CuO
films with a thickness of ca. 550 nm showed the highest photo-
current among their CuO film products.* Since their CuO films,

12
1ol PVP0.40
— PVP0.25

— PVP0.10

8 — PVP0.05

IPCE (%)

300

400

500 600
Wavelength / nm

700 800

Fig. 5 Action spectra of films PVP0.05-0.40. The measurement was
conducted at —0.1 V vs. SCE.
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which were obtained by the sputtering technique, had a highly
dense structure consisting of nanocrystallites, such microstruc-
ture might provide the difference in the optimum thickness for
the photoelectrochemical reaction with our porous CuO films.

Conclusions

Porous CuO films were obtained from Cu(NOj3), aqueous solu-
tions containing PVP ([PVP] = 0-0.50 M). PVP modified the
wettability of FTO glass substrates and also created nanoscale
pores in the resultant CuO films during heat treatment. The
addition of PVP ([PVP] = 0.05-0.50 M) provided good wettability
by the Cu(NO;), aqueous solutions, which enabled film formation
on the substrates. The CuO films became porous as the PVP
content increased ([PVP] = 0.05-0.25 M), while an excess amount
of PVP ([PVP] > 0.40 M) led to film delamination during heat
treatment. The CuO films showed a photocathodic response at
wavelengths of 300-800 nm. The porous structure provided larger
surface area that enhanced the photocathodic performance of the
CuO films. Film PVP0.25 ([PVP] = 0.25 M) exhibited maximum
IPCE values of 8.7% and 3.9% at wavelengths of 300 and 500 nm,
respectively. The synthetic route with PVP can enable us to easily
obtain porous metal oxide films with a good photoelectrode
performance. The simple and convenient technique would be
useful for the fabrication of functional film materials.
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