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Abstract
Nickel oxide as one of few p-type semiconductors exhibits great potential application
in construction of photovoltaics and solar fuel production devices. The present work
focuses on understanding the surface structure of NiO with controlled surface Ni
species (e.g. NiO(OH) structure) that accompany the electrochemical processes in
NiO/liquid electrolyte interfaces. By the aid of Mott-Schottky method,

electrochemical impedance spectroscopy and photocurrent-voltage correlation testing,
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the variety of NiO surface structure are correlated to the observed changes in band
energies, energetic distribution of the trap states density, charge interface transfer,
charge transport, and as result p-type DSSCs device performance. The primary results
demonstrate NiO(OH) species act as recombination center and cause worse interface
recombination. Furthermore, we also offer an effective way of reducing surface
NiO(OH) structure by Ni(CH3;COOH), post-treatment method, resulting in 31.3%
increased photovoltaic performance. Our work provides good guidance for design and

fabrication of solar energy-related devices employing NiO electrode.

Keywords: NiO photocathode, interface, photoelectrochemical, p-type DSSCs

1. Introduction

Recently, p-type oxide semiconductors have become a more active field of research,
as p-type oxide cathodes integrating with n-type oxide anodes to produce tandem
photovoltaic devices, will improve the performance and reduce the cost of solar
harvesting system" *. Nickel oxide (NiO) is a promising candidate for wide band gap
p-type semiconductors®. Usually, NiO is a non-stoichiometric crystal which reveals
p-type characteristics by hole transport originated from nickel vacancies and/or
oxygen interstitials*’. Because of this interesting combination of electrical and optical
properties, NiOy has attracted attention as an electrode material for electrochromic

window® ®, optoelectronic devices® ,dye-sensitized solar cells, photoelectrochemical
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191" and photoelectrochemical producting chemical fuels'>.

water splitting
Be similar with the n-type solar energy-related device, the essential processes of
photogeneration, separation and recombination of charge carriers all occur primarily
in the heterointerface, such as NiO/organic photoactive layer (NiO/P3HT)",
NiO/organic emitting layer (NiO/CBP and Ir-(mppy)s3)°, NiO/organic-inorganic hybrid
photoactive layer (NiO/CH3NH3Pb13)14 or NiO/liquid electrolyte (NiO/acetonitrile,
NiO/water et al.). Thus the interfacial energetics and kinetics of these heterointerface
are of paramount importance in determining devices performance'.

It is known that NiOx materials have complex chemical structure (e.g. NiO, Ni,O3),
meanwhile, which are susceptible to bond to many types of atmospheric molecules, as
well as to form several hydroxide structures (e.g. Ni(OH),, NiIOOH )* '® 7. Greiner et
al. found that the surface properties of NiO can affect organic energy-level alignment
in the NiO/organic hole-transport materials (a-NPD) interfaces'®. Recently, Wang et al.
have reported the formation of NiO(OH) at NiO/P3HT interface leads to increase in
the work function, resulting in enhanced polymer solar cells performance'. Liu et al.
found that more nickel oxyhydroxide species existing at NiO/organic emitting layer
interface show higher hole injection and organic light-emitting efficiency of organic
light-emitting device®. However, in electrochemical systems with nanoporous
NiOx/liquid electrolyte interfaces, few researchers studied the chemically resolved
surface electronic structure of electrode and its related influence for interfacial

energetics, charger carriers transfer and relaxation dynamics, as well as the charge

recombination rates.
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In this work, our goal is to gain the deeper understanding the nature of NiO surface
changes that accompany the electrochemical processes in NiO/liquid electrolyte
interfaces. Here we adopted post-treatment such as thermal and UV-ozone method to
control NiO structure, meanwhile represents a series of characterizations of
NiOx/liquid interfaces, and establishes the relativity between complex surface
chemistries of NiO film and its band energies, energetic distribution of the trap states
density, charge transfer rates relevant to p-type DSSCs. In addition, investigations of
the current density-voltage (J-V) properties and device performance, employing the
bare and post-treatment NiO films, help to know the key influence of interface
structure on kinetics of photoelectrochemical process occurring in p-type DSSCs, but
also clear what kind of surface structure of NiO film can obtain well photovoltaic
performance. In the final, we find the surface or interface treatment method to
eliminate or passivate the surface defects, resulting in the enhancement of

photovoltaic performance.

2. Experimental Section

2.1 Preparation of Bare and Post-treatment NiO Photocathode

A precursor solution of NiO was prepared by mixing NiCl, (1 g), co-polymer F108 (1
g), Milli-Q water (3 g) and ethanol (6 g) according to the literature®'. The as-prepared
NiO films were made by doctor-blading method on FTO (8 Q) and dried at room

temperature for at least 30 min, followed by sintering in an oven at 450°C for 30 min,
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and repeat three times (sample NiO). To study how the surface changes of NiO film
affect the electrochemical processes, three designs were taken into account: i) one
more calcination at 450°C for 30 min (sample NiO-S), ii) putted the NiO film in
UV-ozone cleaning machine for 30 min (sample NiO-ozone) and iii) applied the NiO
film by soaking in 20 mM Ni(CH;COOH), water solution for 30 min at 70C,
followed by a water rinse and drying at 70°C (sample NiO-Ac). The thickness d of all

resulting NiO films are 1.1£0.02 um and the active area is 5.0 mm x 5.0 mm.

2.2 Fabrication of p-type DSSCs

To study the relativity between complex surface chemistries of NiO photocathode and
the kinetics of photoelectrochemical process, the resulting NiO films as
photocathodes were assembled into p-type DSSCs. Firstly, the resulting NiO films
were allowed to heat to 110°C for 30 min, before being immersed in a C343 dye
solution (0.3 mM in acetonitrile) for 16 h. The counter electrodes were platinized by
thermal decomposition of H,PtClg from isopropanol on an FTO at 450°C for 30 min.
A 60 pm meltonix polymer spacer (Solaronix) was used as the primary sealing
material. Then, an electrolyte composed of 1.0 M Lil and 0.1 M I, in acetonitrile
solvent was injected through the hole predrilled on the counter electrode. The hole

then sealed with a glass slide.

2.3 Characterization

Morphology observation photoelectrodes were verified by electron microscopy (SEM)
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on JEOL JSM-700F. X-Ray diffraction (XRD) measurements were taken on a Rigaku
D/MAX-RB X-ray diffractometer using Cu Ka radiation (40 kV, 20 mA) and a
secondary beam graphite monochromator to study the crystal structure of the films.
X-ray photoelectron spectroscopy (XPS, Mg K-L3 = 1253.6 eV) was performed in a
Perkin-Elmer PHI 5000C ESCA system equipped with a dual X-ray source and a
hemispherical energy analyser. Spectra were calibrated in energy using Cls = 284.6
eV as reference, and the resolution was estimated at about 0.9 eV.

The Mott-Schottky (MS) plots of bare NiO and post-treated NiO films were measured
in aqueous electrolyte by PGSTAT 128N potentiostat (Switzerland, Autolab). The
measurements were carried out in a glass electrolytic cell, in a three-electrode
configuration. The electrolyte used was a 0.1 M PB aqueous (solution of 0.2 M
sodium dihydrogen phosphate mixed with 0.2 M sodium hydrogen phosphate) with 1
M potassium chloride as supporting electrolyte. The pH of the electrolyte was
adjusted to 7.0. The reference electrode was Ag/AgCl in saturated KCl, and a porous
graphite stick was used as the counter electrode. Nitrogen was passed for 15 min
through the electrolyte to remove any dissolved oxygen.

After the assembly of the cell, the electrochemical impedance was measured with an
PGSTAT 128N potentiostat (Switzerland, Autolab) in the frequency range of 1 x 10’
to 1 x 10" Hz. The AC amplitude was 10 mV. The working electrode was connected
to the NiO electrode, and the counter and reference clectrode were connected to the
platinized counter electrode. The cells were measured in the dark at various potential.

The EIS data was analyzed using Nova software with the transmission line equivalent
6
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circuit. The fitting results and detailed explanation can be found in the Supporting
Information. The photovoltaic properties were measured using a Keithley 2400
Source Meter under the irradiation of simulated sunlight (100 mW cm™) provided by

an Oriel Sol 3A Class AAA solar simulator with an AM 1.5 filter.

3. Results and Discussion

3.1 Surface Chemical Structure

X-ray photoemission spectroscopy (XPS) used to characterize various different
oxidation states of Ni in NiO film, which probe changes in near surface composition
of modified NiO photocathode. Fig. 1 and 2 show the Ni 2p and O 1s XPS spectra of
bare and modified NiO film. All samples contain the main peaks in the Ni 2ps,, at ~
853.7 eV and O 1s at ~529.3 eV signals, which are corresponding to the
stoichiometric NiO'®**2*. To further investigated the species, the shoulder peaks in
the Ni 2p;/, signals were fitted with signals from the Ni(OH), peaks at ~855.1 eV and
NiO(OH) peaks at ~856.0 eV(fitting results given in Fig.1 and Table 1)**. As shown in
Table 1, the amounts of the NiO(OH) species in NiO film reduced after the additional
thermal treatment. Especially, the peaks of the surface Ni** species (e.g. NiO(OH)
species) in the sample NiO-S film are too weak to deconvolute. By compared with the
bare NiO film, the Ni 2p spectrum shifts higher binding energy after the UV-ozone

treatment. As show in Table 1, the calculated content of NiO(OH) species of sample
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NiO-ozone shows obvious increase. Accordingly, the O 1s spectrum (as shown in Fig.

2) of sample NiO-ozone shows dramatically change compared with sample NiO and

NiO-S, with the shoulder peak for NiO(OH) component becoming more pronounced'®.

Both of these results prove that the UV-ozone treatment can introduced more dipolar
NiO(OH) species on the NiO film surface. Obviously, the post-treatment such as
thermal or UV-ozone treatment can influence the surface chemical structure of NiO
film, and the effect of these surface chemical structure changes on p-type DSSCs

device performance will discuss below.
3.2 Band-edge Movement and Acceptor Density

Further analysis of energy band structure of bare and post-treatment modified NiO
film was performed using Mott-Schottky (MS) Equation®,

1/C2. = -2(E

wr —Ep —k,T/e)/ (eg,xN ,A%) (1)
where C, €, €0, K, Eqpp, Em, kn, T, Na and A are capacitance, the fundamental charge
constant, vacuum permittivity, dielectric constant, applied potential bias, flat-band
potential, Boltzmann constant, temperature, density of acceptors within the space
charge region, effective surface area of the semiconductor, respectively. Plotting
I/CSC2 vs applied potential E,,, enables the estimation of Ns and Eg,, as show in Fig. 3
and Table 2. The linear parts of the MS plots reveal flat-band potentials (listed in
Table 2) are 0.40, 0.44 and 0.38 V vs NHE for sample NiO, NiO-S and NiO-ozone,

respectively. A larger slope represents lower acceptor density (Na). As show in Table

2, sample NiO-ozone shows highest acceptor density (Ny= 8.44x10'®/cm’), followed

8
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by sample NiO (No= 7.75x10"*/cm’) and sample NiO-S (Nx= 7.56x10'*/cm’). Namely,
the sample NiO-S demonstrates a positive shift of Eg,, compared with the sample NiO,
which was attributed to the decreasing the surface states by additional thermal
treatment. In the case of sample NiO-ozone, more dipolar nickel oxyhydroxide
(NiO(OH)) species added through UV-ozone treatment affect the chemical
environment of NiO-solution interface, leading to an obvious negative movement of
Ew. Since the Eg, associate with the Fermi level of NiO, as a result, the movement of

Eg will affect the open circuit of DSSCs 26,27

3.3 Charge Transport and Recombination

3.3.1 General Description of Impedance Spectroscopy

To study the relationship between complex surface chemistries of NiO photocathode
and the kinetics of photoelectrochemical process occurring in p-type DSSCs, the cells
employing the bare and modified NiO photocathode were fabricated. Then,
electrochemical impedance spectroscopy (EIS) was carried out in dark at the different
bias voltages (Vapp). Their typical Nyquist and Bode plots are shown in Fig. 4. In the
Nyquist plots, two semicircles are clearly visible, a smaller one in the high frequency
region corresponding to the charge transfer at the electrolyte/counter electrode
interface, a larger one in the low frequency region resulting from the hole transfer at
the NiO/dye/electrolyte interface (recombination resistance) and hole transport in the

NiO photocathode (hole transport resistance) **°. In the Bode plots, the frequency
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peak position related to the charge transfer at NiO/dye/electrolyte interface is shifted.
And the peak frequency of the larger semicircle is inversely proportional to the
lifetime (t,) of hole in a photocathode. The hole lifetime estimated from the
expression 7, =1/27f,  (fmax 1s the peak frequency) is sample NiO-S>sample
NiO>sample NiO-ozone in order. To fit the experimental data, the transmission line
model was used and the corresponding parameters obtained by the equivalent circuit

are listed in Table S1 and Fig. 5.

3.3.2 Chemical Capacitance and Trap States Distribution

As shown in Fig. 5A, the chemical capacitance (C,) exhibits an exponential trend as a
function of corrected potential (Vo the corrected method as shown in SI), which
arises from the energetic distribution of the trap states density above the valence
band-edge® !, The depth of the trap energy distribution is governed by the parameter
o according to:

C, =Cyexp(gal,,, [k,T) 3)
Where kg is the Boltzmann constant, T is the absolute temperature, Cy is the factor of
the exponential increase and q is the elementary charge™. o is a parameter that
accounts for the depth of the trap energy distribution. As show in Table S2, the fits
give a values ranging between 0.02 and 0.05, which are more smaller than those of
n-type dye sensitized solar cells for which is reported to range between 0.2 and

0.4, Small values of a indicates the broadening of the trap distribution. Thus, the

wider and deeper trap states energy distribution of NiO photocathode reveals that the

10
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serious charge recombination problems is dominant factor of the photovoltaic

36-38
performance™ ™".

3.3.3 Charge Recombination

The interfacial recombination resistance (Ry) at the NiO/dye/electrolyte interface is
related with the recombination of the photo-injected hole from the NiO valence band
with the reduced species of electrolyte. As shown in Fig. 5B, the Ry of all the cells
decreases exponentially with the increase of the corrected voltages (Fig. 5B), due to
the increased the hole density in the valence band®. It also clearly shows that the cell
based on sample NiO-S shows a higher R, than bare NiO cell at the same external
bias. This observed higher R, of sample NiO-S can be attributed to the decrease of
surface defect by addition thermal treatment, which can inhibit hole back transfer
from the NiO to electrolyte.

In contrast, the cell employing sample NiO-ozone film revealed relatively lower Ry
compared with bare NiO cell. The UV-ozone treatment can introduced more
(NiO(OH)) species onto the NiO photocathode surface (supported by XPS results)lé.
Wang et al reported that Ni*™ is also an acceptor for electron®. Besides, NiO(OH)
species have the dipole moment pointing toward the NiO surface. Thus, NiO(OH)
species could intensify electron injection from the reduced species of electrolyte into

NiO, and then cause the recombination with injected hole in the valence band.

3.3.4. Hole Lifetime, Charge transport time and Collection Efficiency

11
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The hole transport resistance (R;), transport time (1) and hole lifetime (1) of the cells
employing the bare and modified NiO photocathode are plotted in Fig. 5B and C as
function of corrected bias voltage. Obviously, R, and 1y, for modified NiO DSSCs do
not change much with the addition thermal or UV-ozone surface treatment.
Significantly, the order of t, is sample NiO-S>sample NiO>sample NiO-ozone.
Generally, efficient charge collection is a prerequisite for the efficient conversion of
light to electrical energy. The collection efficiency (1) reflects by the competition
between transport and recombination of hole, which are calculated and shown in Fig.
5D and Table S1. It noted that 1 was sample NiO-S>sample NiO>sample NiO-ozone

in order.

3.4 Photovoltaic Performance

Fig. 6 and Table S3 show the current-voltage characteristics of p-type DSSCs based
on bare and modified NiO photocathode as measured under AM 1.5 irradiation. The
reference cell (bare NiO photocathode, sample NiO) produced Ji. of 1.18 mA/ecm?,
Voo of 74mV, and FF of 37.7, corresponding to n of 0.032%. Additional thermal
treatment (sample NiO-S) decreased the Ji. to 1.13 mA/cm?, it was explained by the
reduction of dye absorption amount from 4.07 to 3.92x 10" mol/cm?. It is notable that
the additional thermal treatment (sample NiO-S) markedly raises the Vo to 81mV,
resulting the n of 0.036%. Apparently, the enhanced efficiency is ascribed to the
increased V. Based on the EIS analysis, the higher R, of sample NiO-S, and thus as

result of effective hole collection, plays positively role in the V. of cell. With regard

12
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to the surface modified NiO photocathode by UV-ozone treatment, sample NiO-ozone
exhibits obvious decrease in V. of 66 mV and J,. of 0.72 mA/cmZ, leading to about
37.5% decrease of the 1 (0.020%) compared with bare NiO photocathode (0.032%).
This result can be related to the fact that low R of sample NiO-ozone leading to
relatively serious interfacial charge recombination, which brings about low J. and
Voc.

Combination of above surface microstructure and photoelectrochemical properties
analysis, the surface chemistries of NiO photocathode are considered to determine the
interface recombination resistance and play a significant role in the effect on p-type
DSSCs device efficiency. Therefore, another important issue is to find an way to
modified NiO photocathode with less surface defect species, especially of the
NiO(OH) structure, but with less negative effect on other properties such as dye
absorption amount and hole transportation et al., which can be predicted to result well
photovoltaic performance. In present study, we employed the Ni(CH3;COOH), post
treatment method to modify NiO photocathode. Compared with the bare NiO
photocathode (sample NiO), the Ni(CH3;COOH), post treatment method successfully
reduce the surface NiO(OH) structure without effect on the crystal structure,
morphology and dye absorption ability (supported by XRD, SEM and XPS results, as
shown in Fig. S1, S2, S3 and Table S4). Thus, the Ni(CH;COOH), post treatment
method could passivate surface defect states and prevents the traps from playing part
in the hole back reaction. In the aspects of photovoltaic performance (as shown in Fig.

S4 and Table S3), the cell employing Ni(CH3COOH), surface modified NiO
13
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photocathode exhibits an obvious increase in Vo, to 80 mV and Jg to 1.45 mA/cm?,
which lead to the cell efficiency to reach n = 0.042% (Fig. S5 and Table S3).

Although even after treatment, it seems both the open-circuit voltage and the
short-circuit current density are rather small. We consider that another tempting
direction to further improve the energy conversion efficiency is to construct an
efficient p-type sensitizer. Recently, Wang huan et al. have reported that p-type
DSSCs based on organometal halide perovskite-sensitized NiO have gained an
enhancing short current density (9.47 mA/cm®) and efficiency (0.71 %)*'. If p-type
semiconductor is be adopted in a working solar cells with both a photoanode and a
photocathode, the optimized NiO surface and using efficient p-type sensitizers are

both necessary to further improve the performance.

4. Conclusion

In this present work, we provided a good understanding of the surface chemistries,
surface composition, interfacial energetics and kinetics of bare and post-treated NiO
films, combining the results of the XPS, MS and EIS. The results will help us to
elucidate the relativity between complex surface chemistries of NiO photocathode and
kinetics of photoelectrochemical process occurring in solar energy-related devices.
The study herein shows that more NiO(OH) species on the NiO film surface can be
introduced by the UV-ozone post-treatment, while the surface Ni*™ species (e.g.
NiO(OH) structure) obviously reduced by additional thermal treatment.

Mott-Schottky measurements demonstrate the more dipolar NiO(OH) species form,

14
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the more acceptor density exist in the NiO film. Moreover, the more dipolar NiO(OH)
species added through UV-ozone treatment lead to an obvious negative movement of
En. Other remarkable result was NiO photocathode has deeper trap states energy
distribution than those of n-type DSSCs, as result bringing about more serious charge
recombination problems, which proved that understating and controlling NiO surface
and/or interface structure is dominant factor of the photovoltaic devices performance.
Furthermore, EIS analysis reflects that NiO(OH) species act as recombination center,
and as result worsening interface recombination. Thus, modified NiO photocathode
with less surface defect species, especially the NiO(OH) structure, can be predicted to
result excellent photovoltaic performance. We also offer an effective way of reduction
surface NiO(OH) structure by Ni(CH3;COOH), post-treatment method, resulting in a

31.3% increased photovoltaic performance.
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Tables and Fig. captions

Table 1. Surface analysis by XPS spectra for the bare and post-treatment NiO.

Table 2. Values of acceptor-state densities, apparent flat-band potentials for bare and
post-treated NiO Films.

Fig. 1. Ni 2p spectra for NiO films, form bottom to top: (a) NiO, (b) NiO-S and (c)
NiO-ozone. Raw data is given by (@) and with fitted components (orange lines).

Fig. 2. O 1s spectra for NiO films, form bottom to top: (a) NiO, (b) NiO-S and (c)
NiO-ozone. Raw data is given by (@) and with fitted components (orange lines).

Fig. 3. Mott-Schottky polts for NiO, NiO-S, and NiO-ozone films against an aqueous
electrolyte containing 0.1 M PB (0.2 M NH,PO,, 0.2M Na,HPO,), 1 M KCl, and pH
adjusted to 7.0.

Fig. 4. (A) Bode plots and (B) Nyqusit plots of p-type DSSCs employing NiO, NiO-S
and NiO-ozone films at 60 mV bias in the dark.

Fig. 5. (A) chemical capacitance, (B) Hole recombination resistance, hole transport
resistance, (C) Hole liftetime , hole transport time and (D) collection efficiency of
device employing bare and post-treatment NiO photocathodes as a function of
corrected voltage obtained from impedance spectra (sample NiO: black, sample
NiO-S: red and sample NiO-ozone : blue ).

Fig. 6. Current-voltage characteristics of NiO, NiO-S and NiO-ozone devices

understandardized AM 1.5 illumination of 100 mW/cm? (active area 0.25 cm?).
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Table 1. Surface analysis by XPS spectra for the bare and post-treatment NiO

Ols Ni 2ps
NiO Ni(OH), NiOOH NiO Ni(OH), NiOOH
sample

(529)* (530.7~531.3)" (532)" (853.7~854.1)" (854.9~855.6)" (856.4) (NiO:Ni(OH),:NiOOH)*

[eV] [eV] [eV] [eV] [eV] [eV]
NiO 529.23 530.93 - 853.68 855.13 856.00 1:2.15:1.03
NiO-S 529.00 530.76 - 853.44 855.14 - 1:3.44:-¢

NiO-ozone 529.39 530.87 532.33 853.83 855.13 856.01 1:2.29:1.47
42,43

* The peak position for O 1s obtained by literature.

®The peak position for Ni 2p;/, obtained by literature. 164443

¢ The percentage composition of NIOOH was calculated from Ni 2p;,, fitting data.

4 The radio is the value of NiO:Ni(OH),.
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Table 2. Values of acceptor-state densities and apparent flat-band potentials for bare

and post-treated NiO films

Na En

Sample  [x10"%/cm’] [V vs NHE]

NiO 7.75 0.40

NiO-S 7.56 0.44

NiO-ozone 8.44 0.38
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Fig. 1. Ni 2p spectra for NiO films, form bottom to top: (a) NiO, (b) NiO-S and (c)

NiO-ozone. Raw data is given by (@) and with fitted components (orange lines).
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Fig. 2. O 1s spectra for NiO films, form bottom to top: (a) NiO, (b) NiO-S and (c)

NiO-ozone. Raw data is given by (@) and with fitted components (orange lines).
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Fig. 3. Mott-Schottky polts for NiO, NiO-S, and NiO-ozone films against an aqueous
electrolyte containing 0.1 M PB (0.2 M NH,PO4, 0.2M Na,HPO,), 1 M KCl, and pH

adjusted to 7.0.
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Fig. 4. (A) Bode plots and (B) Nyqusit plots of p-type DSSCs employing NiO, NiO-S

and NiO-ozone films at 60 mV bias in the dark.
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Fig. 5. (A) chemical capacitance, (B) Hole recombination resistance, hole transport
resistance, (C) Hole liftetime , hole transport time and (D) collection efficiency of
device employing bare and post-treatment NiO photocathodes as a function of
corrected voltage obtained from impedance spectra (sample NiO: black, sample

NiO-S: red and sample NiO-ozone : blue ).
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Fig. 6. Current-voltage characteristics of NiO, NiO-S and NiO-ozone devices under

standardized AM 1.5 illumination of 100 mW/cm? (active area 0.25 cm?).
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