IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Electrochemical Determination of the Density of States of

Nanostructured NiO Films

T. A. Nirmal Peiris,” Jagdeep S. Sagu,” K. G. Upul Wijayantha,” and Jorge Garcfa-Cafiadas**

"Department of Chemistry, Loughborough University, Loughborough LE11 3TU, United Kingdom
*Cardiff School of Engineering, Cardiff University, The Parade, Cardiff CF24 3AA, United Kingdom

© Supporting Information

ABSTRACT: Mesoporous p-type NiO films were prepared by aerosol-assisted

chemical vapor deposition (AACVD) and characterized by X-ray diffraction (XRD).
The nanostructure of the films was investigated by field emission gun scanning electron g
microscopy (FEG-SEM). The density of states (DOS) in these nanostructured films has &
been determined by means of electrochemical impedance spectroscopy and cyclic E.

Bandgapand

/ mono-energetic states

voltammetry. The analysis reveals an exponential distribution of band gap states above : 5

the valence band that extends around 1.5 eV. In addition, monoenergetic states were

' DOS”

also identified which overlap with the exponential distribution. This distribution of

states has an enormous influence in the electronic processes of the devices in which NiO electrodes are employed
(electrochromism, water splitting or energy storage). Especially, in p-type dye-sensitized solar cells (p-DSCs), it is thought that
intra-band-gap states are responsible for the fast observed recombination processes, whose existence and distribution has not
been clearly determined yet and are now confirmed and quantified by our analysis. This provides a better comprehension of the
recombination events which represent one of the main losses in p-DSCs.
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Bl INTRODUCTION

Nanocrystalline nickel oxide (NiO) films have been considered
for various applications, including energy storage,"” electro-
chromism,** and photoelectrocatalysis,” due to its excellent
electrochemical stability and ease of processing. In addition, it is
the most investigated cathodic semiconductor to construct p-
type dye-sensitized solar cells (p-DSCs).>® NiO is typically
deposited in the form of a film containing colloidal nanocrystals
on top of a conducting substrate and then sintered to form a
mesoporous rigid network with high internal surface area. In
the case of p-DSCs, the nanocrystalline film is then sensitized
with a light-absorbing dye and permeated with a redox
electrolyte.

Nanostructured metal oxide films of semiconductors typically
present a band gap distribution of states that plays an enormous
role in the performance and dynamics of the devices.”® The
density of states (DOS) of a nanocrytalline semiconductor in
the energy scale can be determined by a capacitive analysis of
impedance spectroscopy (IS)° and cyclic voltammetry measure-
ments'® applied to a semiconductor/electrolyte junction that
provides the chemical capacitance. Capacitive measurements
frequently show two different contributions to the band gap
DOS: an exponential tail that extends from the band edge
toward the center of the band gap and monoenergetic states
that overlap with the exponential distribution producing
peaks.' "

In NiO based p-DSCs, the main processes that limit the
production of electricity are the very fast (geminate)
recombination rate at the NiO/electrolyte interface and the
low hole mobility.>"* The recombination is believed to occur
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via an intra-band-gap state which could lead to recombination
in a stepwise fashion.'* The hole transport is postulated to
occur by a hopping mechanism between localized surface states,
which also enhance the interfacial charge recombination
losses.'”” To understand both processes and optimize the
performance of the p-DSCs, it is clearly necessary to identify
the DOS in the band gap, which is the main aim of this Article.
To achieve this, we have prepared nanocryalline NiO films by
aerosol-assisted chemical vapor deposition (AACVD), the
phase purity of which was confirmed by X-ray diffraction
(XRD) patterns. Field emission gun scanning electron
microscope (FEG-SEM) images proved the nanocrystalline
and mesoporous nature of the films. Cyclic voltammetry and
impedance spectroscopy (IS) measurements have been
employed to identify the chemical capacitance of the film and
then extract the distribution of states.

B EXPERIMENTAL SECTION

The NiO films were fabricated by the AACVD technique according to
a previously reported method'® onto fluorine-doped tin oxide (FTO)
coated glass substrates (TEC 8 Pilkington, 8 Q/[]). Prior to the
deposition, the FTO glass slides were ultrasonically cleaned
sequentially using deionized water, propanol, deionized water, acetone,
and ethanol for 15 min each. The AACVD precursor solution was
prepared by heating and stirring nickel(II) acetylacetonate and 1 cm®
of N,N-dimethylaminoethanol (to improve the solubility of the
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nickel(II) complex and to enhance volatility) in toluene for 30 min
then allowing the solution to cool down to room temperature. In a
typical deposition, a flask containing the precursor solution was placed
above the piezoelectric modulator of an ultrasonic humidifier to
generate an aerosol. Air at the rate of 210 mL min™" was used as the
carrier gas to transfer the aerosol to the deposition chamber through a
second flask, where the large droplets were filtered from the aerosol
stream, allowing only the fine aerosol droplets to be transferred to the
deposition chamber, where it decomposed on the heated FTO
substrate to form a nanocrystalline NiO film; the flow rate from the
second flask was 2340 mL min~". The substrate temperature was
maintained at 475 °C for 40 min during the deposition, after which
they were removed from the hot plate surface and allowed to cool
down to room temperature. All the chemicals were purchased from
Sigma-Aldrich and used without further purification.

Phase and crystallinity of the deposited films were characterized
using a Bruker D8 XRD operating with monochromatic intensity Cu
Ka (4 = 1.54 A) radiation using a position sensitive detector (PSD).
Surface morphology of the NiO films was studied using a Leo 1530 VP
FEG-SEM at an accelerating voltage of 5 kV and a working distance of
S mm.

Electrochemical measurements were performed in a three-electrode
electrochemical cell. The NiO film was used as the working electrode.
Ag/AgCl in KCl 3 M and Pt electrodes served as reference and
counter electrode, respectively. The electrolyte solution employed
consisted of 0.1 M tetrabutylammonium perchlorate, 0.1 M
tetrabutylammonium iodide and 0.5 M I, in acetonitrile. The
immersed area, A, of the NiO electrode was 1 cm?.

Cyclic voltammetry and IS measurements were performed using an
Eco Chemie PGSTAT302N potentiostat. A 20 mV/s scan rate was
used during the voltammetry experiments, and IS measurements were
performed at 20 mV amplitude at different dc voltages in the 10 mHz
to 15 kHz frequency range. Results were analyzed using Zview
Software. The constant phase element was used in the fit to the
equivalent circuits, and then chemical cagacitance values were deduced
using a previously reported procedure."

B RESULTS AND DISCUSSION

Chemical Characterization and Morphology of NiO
Films. The powder XRD pattern of AACVD deposited NiO
film on FTO glass is shown in Figure 1. The peaks indexed by
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Figure 1. XRD pattern of NiO film deposited by AACVD at 475 °C
for 40 min.

an asterisk (*) correspond to the SnO, layer of the glass
substrate. The reflections of cubic NiO were analyzed and
identified according to the International Centre for Diffraction
Data (ICDD) powder diffraction file (PDF) number 47-1049.
The sharp peaks at 37.5° and 63.2° correspond to the [111]
and [220] reflections, and the less intense peak at 43.6°
corresponds to the [200] reflection of the cubic NiO phase.

This result confirmed the pure phase and the preferential
orientation of NiO in the [111] direction in the films.

The morphology of the NiO films was investigated by using a
FEG-SEM. The surface topographical and cross-sectional SEM
images are shown in Figure 2a and b, respectively. The cross-

Figure 2. SEM images of NiO films deposited on FTO glass at 475 °C
for 40 min. Surface topographical (a) and cross-sectional (b) images.

sectional image shows that there are spikelike nanofeatures of
NiO which are around 0.5 ym in height emerging from a
compact layer of NiO. The compact layer is around 1 um thick,
and the overall film thickness is estimated to be about 1.5 ym.
The surface topographical image (Figure 2a) shows that the
nanofeatures are uniformly distributed and the diameter of each
of them is ranging from 100 to 200 nm. In addition, it can be
observed that the electrode is porous, with large pore sizes.
Electrochemical Analysis. The cyclic voltammograms of
nanostructured metal oxide electrodes frequently show a
symmetrical shape when no redox species are present in
solution and thus all the carriers accumulate in the trap states
available in the semiconductor band gap.”'® This accumulation
of carriers in energetic states due to a variation of the Fermi
level defines a chemical capacitance Cﬂ.18 For example, in TiO,
electrodes, an exponential increase of negative current occurs
when the voltage is scanned toward negative values due to the
filling of the trap states by electrons. When the scan is reversed
toward more positive values, an exponential positive current
rises due to the extraction of the previously accumulated
carriers."” The symmetry of the voltammogram can frequently
be distorted by the voltage drop due to the series resistance.'’
This trend has also been observed in mesoporous NiO."
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When electroactive molecules exist in the electrolyte, the
accumulated carriers react oxidizing or reducing the redox
species and the symmetrical feature of the voltammogram turns
into a cathodic or anodic current which does not change sign
when the scan direction is shifted. This feature was observed in
the cyclic voltammogram of the NiO film (Figure 3). The
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Figure 3. Cyclic voltammogram of NiO performed at 20 mV/s
employing 0.1 M tetrabutylammonium perchlorate, 0.1 M tetrabuty-
lammonium iodide, and 0.5 M I, electrolyte in acetonitrile. The inset
shows a zoom to the mid-voltage region.

exponential cathodic and anodic currents are due to the
reduction of I, and the oxidation of 17, respectively. The inset
of Figure 3 shows a close up of the mid-voltage region where
two peaks can be observed, a minimum and a maximum around
0.1 and 0.7 V, respectivel?r. This is usually due to the presence
of monoenergetic states''> which have been attributed to
Ni(II), Ni(III), and Ni(IV) surface states."®

Analysis of the impedance results allows the quantification of
the distribution of the band gap states. The impedance spectra
obtained were fitted to an equivalent circuit consisting of a
series resistance R, connected in series with two semicircles in
the more positive (V,,, > 1.2 V) and negative (V,,, < —0.4 V)
applied voltage regions. The first semicircle corresponds to the
parallel combination of the film capacitance (represented by a
constant phase element) and the charge transfer resistance R,
with the redox species. The second was attributed to the
Warburg impedance Z; which is observed when the faradaic
reactions become controlled by the ionic diffusion of the redox
species. At mid-voltages (—0.4 < V., < 1.2 V), only the first

app
semicircle was observed in series with R, except at 0.4 <V, <

0.6 V where a transmission element**" due to the presencpeP of
transport resistance R, in the film replaced the first semicircle.
Some of the measured spectra at different dc voltages can be
seen in Figure S1 in the Supporting Information.

Figure 4 shows the variation of the impedance parameters
with the applied voltage. In Figure 4a, the feature of a chemical
capacitance can be observed in the —0.5 < V,,, < 1.5 V range.
This is deduced from the large variation (around 2 orders of
magnitude) experienced by the capacitance values, which
renders unlikely the possibility of Mott-Shottky (dielectric)
behavior at the FTO/electrolyte interface or a double layer
(Helmhotlz) capacitance (usually 10—100 uF cm™) at the
NiO/electrolyte junction.”’ The latter phenomenon begins to

be observed at V,,,, > 1.4 V and is discussed below. In addition,
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Figure 4. Film capacitance (a) and resistance values (b) obtained from
impedance spectroscopy in the applied voltage range. In panel (b), the
charge transfer (black circles), redox diffusion (white circles), and
transport resistances (green squares) are distinguished.

the presence of the transport resistance (Figure 4b) at several
voltages around 0.5 V, which decreases exponentially, indicates
the variation of the carrier concentration in the valence band of
NiO due to the shift of the Fermi level.

Three different regions can be identified in the voltage scale
for the chemical capacitance. A clear exponential increase can
be observed at —0.5 < V,,,, < 0.1 V, indicating the presence of
an exponential distribution of band gap states which increases
toward the valence band. An exponential increase was also
identified for R, in this region (Figure 4b) due to the extraction
of electrons from the NiO by the cathodic reaction 31, + 2e™ —
215" Second, a shoulder appears in Figure 4a at 0.1 < V,,, < 0.5
V due to the presence of monoenergetic states. This correlates
with the minimum observed in R, (Figure 4b) and in the cyclic
voltammogram (inset of Figure 3) at the same voltage region.

Finally, after the capacitive shoulder, a change of the current
sign (from cathodic to anodic) was observed at V,,, > 0.6 V in
the dc current Iy, of the impedance and the cyclic voltammo-
gram (Figure 3). This is due to the extinction of the cathodic
reaction, governed by the concentration of electrons # in the
film (chemical capacitance of electrons C/m)' On the other
hand, the rise of the anodic oxidation (2I;~ + 2h* — 3L,), is
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controlled by the hole h* concentration p (chemical capacitance
of holes C,). In contrast to the previous regions, an
exponential decrease of C,, toward a constant value was
observed when the potential was increased in this zone. This is
due to the fact that p increases when the quasi-Fermi level of
holes Ep, decreases (applied voltage increase) unlike n which
decreases when the electronic quasi-Fermi Level Ep, is
decreased. This is reflected in the opposite signs appearing in
their definitions,**

d
Cop = e

dEy, (1)
Cﬂn — ez dn

Fn (2)

where e is the absolute charge of the electron. The trend of the
capacitance toward a constant value is due to the large increase
of the hole concentration in the film (EFP getting close to the
valence band edge), which makes the reaction become
controlled by the redox diffusion in the electrolyte (see the
redox diffusion resistance values appearing in Figure 4b), and
the accumulation of charge is governed by the Helmholtz
capacitance at the NiO/electrolyte interface. The latter has a
value of 37.6 uF cm™2 at 1.5V, lying in the characteristic range
(10100 pF cm™) for this double layer capacitance® as
mentioned previously. The R, decreases exponentially across
several orders of magnitude (Figure 4b) in this more positive
voltage region toward a constant value in agreement with the
trend experienced by C,,. The presence of additional
monoenergetic states that could be expected from the small
peak observed in the cyclic voltammogram around 0.7 V
(Figure 3) was not clearly detected from Figure 4. However, it
was observed later in the analysis.

In order to quantify the distribution of the DOS, the
impedance parameters were plotted in Figure 5 against the
internal or Fermi level voltage Vi = —(Eg, — E,¢)/e,” which is
the actual voltage drop due to the variation of the quasi-Fermi
level (Eg,, or Ep, when the current is anodic) with respect to
the reference energy level E, . The internal voltage is calculated
as Vg = Voo, — juc(Rs + R/3 + Ryyp), where jy. = I4/A is the dc
current density and Ry is the redox diffusion resistance in the
electrolyte, extracted from the Warburg element. It can now be
observed in Figure Sa the existence of a small minimum at Vi &
0.8 V (also appearing around 0.7 V in the voltammogram of
Figure 3) which relates to the presence of additional
monoenergetic states in a position closer to the valence band
edge.

The chemical capacitance per unit area can be defined using
the approximation of the zero-temperature limit of the Fermi
function as

C, = (1 — a)Le’g(Eg) 3)
where a is the film porosity, L is the thickness and g(Eg) is the
density of band gap states. Thus, C, provides a direct reading of
the DOS when Eg is scanned in the energy scale. For an
exponential distribution, the DOS that extends toward the
valence band edge E, is given by'®

alNy

— exp|a(E, — Ep)/kT
KT xpla( r)/kT] 4)
where «a is a parameter related with the band gap distribution,
Ny is the total number of trap states above the valence band for

g(Ep) =

14991
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Figure S. Film capacitance (a) and resistance values (b) vs the internal
or Fermi level voltage (Vi = V,,, — juc(R, + R/3 + Ryg). In panel (b),
the charge transfer (circles) and transport (squares) resistances can be
distinguished. The three different voltage regimes analyzed are
represented by black, gray, and white circles. Solid lines represent
exponential fits.

the whole film volume, k is the Boltzmann constant, and T is
the absolute temperature. Using the definition of the internal
voltage (Vy = —(Eg, — E.)/e) and eq 4, eq 3 takes the form

ae
C =C —V
TSP ( kT F) (s)
with
aN,
C,=(01- a)LeZk_TL expla(E, — E ) /kT] ©)

In the more negative voltage region of the capacitance
(Figure Sa, black circles), the exponential feature predicted by
eq S is observed with a value a = 0.067 at T = 300 K extracted
from the exponential fit. A similar behavior occurs in the more
positive voltage part (Figure Sa, white circles) with a = 0.059 at
the same T, which is slightly lower than in the first region due
to the influence of the monoenergetic states. It should be noted
that the parameter accounting for the spread of the distribution
is less pronounced than in other mesoporous electrodes such as
TiO, where values of « 0.3 are typically observed,*

~
~
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producing variations of around 2 orders of magnitude in the
chemical capacitance within 0.3 eV change of the quasi-Fermi
level. In the case of NiO, a change of 2 orders of magnitude
requires 1 eV variation. There is also a remarkably large
extension in the energy scale of the band gap distribution, to
around 1.5 eV. This has an important relevance in the dynamics
of p-DSCs as discussed below.

In the central region (Figure Sa, gray circles), the existing
monoenergetic states cause a more significant influence in the
chemical capacitance and R than in the more positive voltage
region and thus clear peaks are observed in Figure 5. This
stronger influence can also be appreciated in the cyclic
voltammogram in Figure 3.

The charge transfer resistance of the band gap states with the
electrolyte is given by’

fom roon 4]

(7)
with
\ kT (EV - Eredox) %
R, =5 exp| a + —
e"Lak ¢ oq0:Vs kT 4kT (8)
with ¢4 being the concentration of acceptor (I, for the

cathodic reaction) or donor species (I;~ for the anodic
reaction) in the electrolyte, 4 being the reorganization energy
of the acceptor species, N; being the total number of band gap
states contributing to the charge transfer, k, being the rate
constant accounting for the kinetics of the reaction, E, 4., being
the energetic redox level in the electrolyte, and f being a
coefficient accounting for nonlinear charge transfer.”* The clear
exponential trends shown in Figure 5b for the more negative
and more positive voltage regions were fitted using eq 7, which
provided = 0.27 and f = 0.55 respectively. These values show
a nonlinear charge transfer behavior (f < 1) and a very
distinctive reaction kinetics for the two different species
involved (I,~ and L,).

Implications of the DOS in the Performance of p-
DSCs. In p-type DSCs based on NiO, two main recombination
paths have been proposed.® First, the injected holes in the
valence band can react with I” species in the electrolyte. This
anodic reaction relates to the more positive voltage region of
our analysis (white circles in Figure 5), and as it was observed it
can take place via both the band gap and the extended states of
the valence band. It would be expected to predominantly occur
via the trap distribution for cells with low photovoltages which
is the region where the hole chemical capacitance is governed
by the band gap distribution. However, the influence of the
valence band is expected to appear quickly since the transport
resistance becomes negligible at voltages very close to the rise
of the anodic reaction (Figure 4b), indicating a sufficient hole
concentration to provide proper hole conductivity.

The second recombination path is related to the capture of
the excited electron in the sensitizer by the NiO instead of the
redox mediator. In principle, this would be presumably
hindered since the lowest unoccupied molecular orbital
(LUMO) is energetically very far from the valence band
edge.”> However, the wide extent of the trap distribution
observed in Figure 3a implies the existence of band gap states
even at negative voltages. These states can overlap with the
LUMO level, which could facilitate the electron injection into
the NiO traps. Once injected, the electron may recombine with
the injected hole in the valence band within the NiO in a

stepwise fashion® or with the I;™ redox species. On the other
hand, the injection of the excited electron in addition to the
photogenerated hole would significantly decrease the photo-
voltage.

B CONCLUSIONS

The distribution of the DOS of a mesoporous NiO film
prepared by AACVD has been analyzed by electrochemical
methods. Chemical and structural characterizations of NiO
films were carried out via XRD and FEG-SEM, respectively.
The data confirmed the pure phase and porous structure of the
deposited NiO film. The presence of an exponential tail of band
gap states has been identified by analyzing the film capacitance
obtained by impedance spectroscopy. The distribution grows
toward the valence band edge and extends ~1.5 eV. In addition,
two monoenergetic state distributions were observed which are
responsible for the peaks observed in the cyclic voltammogram
and in the charge transfer resistance and chemical capacitance.

The quantification of the DOS sets the basis for the proper
understanding of key processes in devices in which mesoporous
NiO films are utilized. In the case of p-type DSCs, many
researchers believe that the recombination and hole transport
takes place via band gap states. The presence of a trap tail has
been confirmed by our study, and due to the large extent of the
distribution of states coupling between traps and the LUMO of
the sensitizer, both quite far in the energy scale from the
valence band edge, becomes possible. This is probably the
origin of the very fast (geminate) recombination.
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Representative impedance measurements at different dc
voltages. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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