
Understanding the Role of Surface States on Mesoporous NiO Films
Lei Tian, Robin Tyburski, Chenyu Wen, Rui Sun, Mohamed Abdellah, Jing Huang, Luca D’Amario,
Gerrit Boschloo, Leif Hammarström, and Haining Tian*

Cite This: J. Am. Chem. Soc. 2020, 142, 18668−18678 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Surface states of mesoporous NiO semiconductor films
have particular properties differing from the bulk and are able to
dramatically influence the interfacial electron transfer and adsorption of
chemical species. To achieve a better performance of NiO-based p-type
dye-sensitized solar cells (p-DSCs), the function of the surface states has
to be understood. In this paper, we applied a modified atomic layer
deposition procedure that is able to passivate 72% of the surface states
on NiO by depositing a monolayer of Al2O3. This provides us with
representative control samples to study the functions of the surface states on NiO films. A main conclusion is that surface states,
rather than the bulk, are mainly responsible for the conductivity in mesoporous NiO films. Furthermore, surface states significantly
affect dye regeneration (with I−/I3

− as redox couple) and hole transport in NiO-based p-DSCs. A new dye regeneration mechanism
is proposed in which electrons are transferred from reduced dye molecules to intra-bandgap states, and then to I3

− species. The intra-
bandgap states here act as catalysts to assist I3

− reduction. A more complete mechanism is suggested to understand the particular
hole transport behavior in p-DSCs, in which the hole transport time is independent of light intensity. This is ascribed to the
percolation hole hopping on the surface states. When the concentration of surface states was significantly reduced, the light-
independent charge transport behavior in pristine NiO-based p-DSCs transformed into having an exponential dependence on light
intensity, similar to that observed in TiO2-based n-type DSCs. These conclusions on the function of surface states provide new
insight into the electronic properties of mesoporous NiO films.

■ INTRODUCTION

NiO crystalline mesoporous films have drawn widespread
attention in the past decades,1,2 partly due to NiO being a
metal-deficient p-type semiconductor, having valuable elec-
tronic,3−5 magnetic,6,7 and catalytic properties.8−10 Another
important aspect is that nanocrystalline NiO films combine
NiO’s properties into a mesoporous structure which provides a
surface area several orders of magnitude larger, compared to
the same geometric area in a planar structure.11 This is directly
beneficial for electrocatalysis12 or photocatalysis13,14 because of
the increased amount of active sites. Another well-known
example is p-type dye-sensitized solar cells (p-DSCs), where
the large surface area increases dye loading by thousands of
times.1 Meanwhile, mesoporous NiO has unique electronic
properties, distinguishing it from non-porous bulk NiO. The
mesoporous NiO films are generally composed of 10−20-nm-
size nanoparticles.11 The size of the particles should be much
smaller than the space charge region between non-porous bulk
NiO and the electrolyte. This suggests that significant amounts
of holes can be stored or transported in the mesoporous NiO
films without inducing macroscopic electric fields.15 In
addition, electronic properties on NiO surfaces are significantly
different from those in the crystalline bulk. Nanoscale NiO
particles, allowing for lattice deformations, will significantly
increase the occurrence of structural defects. The atomic
position disorder will induce energy disorder and then lead to

an altered band structure and distribution of the density of
states (DOS).16 The high surface area-to-volume ratio even
accents the influence of the surface atoms on the electronic
properties of mesoporous NiO films. Thus, the electronic
properties and functions of surface sites on mesoporous NiO
films need to be understood.
The electrochemical17 and electrochromic18 properties of

mesoporous NiO films have been studied in some detail.
Generally, two pairs of redox peaks are observed by cyclic
voltammetry (CV), which are assigned to the two respective
transformations between Ni2+ and Ni3+, as well as Ni3+ and
Ni4+, on the surface of the NiO films. The surface species seem
to be significantly affected by cations adsorbed on the surface.
In aqueous solution, the peaks shift by −61 mV per pH unit,
suggesting the involvement of protons in the reaction.19 Later
researchers suggested that intra-bandgap states of Ni3+ and
Ni4+ 20 are trap centers, causing significant charge recombina-
tion in p-DSCs.21−23 Very recently, Mayer and co-workers
provided a clearer understanding of a proton-coupled electron-
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transfer (PCET) reaction on a NiO surface.24 However, there
is still debate about the true chemical nature of the surface
species. Cahoon suggested that the first redox peak should not
be Ni2+ to Ni3+ states, but related to oxygen-localized defect
states. The redox reaction is not related to the PCET reaction
since the oxygen-localized defect states can have similar pH
dependence.25,26 Some researchers have also shown indirect
evidence that Ni+ is present on NiO surfaces.27 However, there
is still a lack of solid evidence for the presence of either Ni+ or
Ni4+ on mesoporous NiO films.
In this paper, we define those surface species involved in the

two pairs of redox reactions as surface states. A modified
atomic layer deposition (ALD) procedure was designed in
order to passivate the surface states on NiO by an Al2O3
monolayer. Eventually, we had a NiO film as prepared with
rich surface states (named as NiO) and a passivated NiO with
less surface states (named as NiO-A). The conductivity on
mesoporous NiO films was studied under ambient conditions.
The conductivity and the conductivity mechanism on NiO
mesoporous films are highly important and determine how
charges are transported through the NiO matrix to the external
circuit in liquid p-DSCs. We experimentally prove that surface
states, not the bulk, dominate the conductivity of NiO
mesoporous films. To our knowledge, this has not been
proven in previous studies.
Surface states (with energies located states in the bandgap)

on NiO were reported to be the recombination center in liquid
p-DSCs.22 In this study, we found that electron injection into
intra-bandgap states indeed can decrease the halftime of
reduced dye. However, electron injection into intra-bandgap
states should not be simply treated as charge recombination,
causing detrimental effect in solar-to-electricity conversion
efficiency. In NiO-based p-DSCs, electron injection from
reduced dye into intra-bandgap states of NiO actually is the
step of dye regeneration; namely, an electron will inject into
intra-bandgap states of NiO first and then transfer to redox
couple in electrolyte. We instead propose a dye regeneration
mechanism, in which I3

− reduction is mediated by intra-
bandgap states. The new proposed dye regeneration diagram is
significantly distinguished from the conventional one in which
electron transfer is processed from reduced dye into redox
couple (e.g., I3

− in I−/I3
− redox couple). In addition, a

particular charge transport has been constantly observed in p-
DSCs in which charge transport time is independent of light
intensity. Such a light-independent behavior has not been
clearly explained yet. Clear evidence in the study herein shows
that charge transport is influenced by the density of the surface
states. When the surface states on NiO are significantly
reduced (from 4 per nm2 to 1 per nm2), the light-independent
charge transport can transform into having an exponential
dependence on light intensity.

■ EXPERIMENTAL SECTION
Mesoporous NiO Films. Mesoporous NiO films were prepared

from a reported method.11,21 Briefly, a Ni sol−gel was deposited on a
clean fluorine-doped tin oxide (FTO) glass by the doctor-blading
method and annealed at 450 °C for 30 min. The whole procedure was
repeated twice to obtain a target thickness of ca. 1.3 μm. Details of Ni
sol−gel preparation are described in Supporting Information (SI).
Preparation of NiO-A Mesoporous Films by a Modified ALD

Procedure. The ALD procedure was modified after considering the
particular structure of a mesoporous film. The precursors for ALD of
Al2O3 were trimethylaluminum (TMA) and deionized water (H2O)
which were stored at 18 °C without additional heating. The

temperature in the ALD deposition chamber was set at 70 °C
which was stabilized for 60 min before ALD. The pressure inside the
deposition chamber was ca. 300 Pa. The pulse time was 0.1 s and
purge time of N2 was 8 s for TMA (0.1 s:8 s for TMA:N2 purge). The
pulse time was 0.1 s and purge time of N2 was 20 s for H2O (0.1 s:20 s
for H2O:N2 purge). The pulse:purge cycle of TMA was solely run 200
cycles before pulsing H2O. Then, the pulse:purge cycle of H2O was
run 200 cycles to react with the saturated adsorbed TMA inside the
mesoporous NiO films. The conventional ALD procedure is, TMA
pulsing:N2 purge:H2O pulsing:N2 purge (called one cycle); the
modified ALD procedure is, (TMA pulsing:N2 purge) × 200 times:
(H2O pulsing:N2 purge) × 200 times (called one cycle). When the
deposition was finished, the sample was taken out from the deposition
chamber immediately, and cooled down under the ambient
temperature.

Electrochemical Measurements. Cyclic voltammetry (CV) was
performed with a standard three-electrode electrochemical setup
inside a glovebox (H2O < 0.1 ppm; O2 < 0.1 ppm). The reference
electrode was Ag/AgNO3 soaked in 1.0 mM AgNO3 of acetonitrile
(ACN) solution. Platinum (Pt) was used as the counter electrode.
100 mM tetrabutylammonium hexafluorophosphate (TBAPF6) in dry
ACN was used as one of the electrolytes. The 5 mM I−/I3

− (5 mM I2
and 10 mM LiI) redox couple and 100 mM TBAPF6 in dry ACN were
used as the other electrolyte. In this paper, all potentials were referred
to Ag/AgNO3 reference electrode (soaked in 1.0 mM AgNO3 of
acetonitrile (ACN) solution) unless otherwise stated. For CV
characterization of NiO and NiO-A, samples had ca. 80 nm sputtered
NiO blocking layer on FTO glasses before doctor-blading
mesoporous NiO films, in case of the influence of FTO on the CV
characterization.

Conductivity Measurements. Mesoporous NiO films (thickness
d = 1.3 μm) were prepared on a glass with multiple stripes of FTO on
it (Scheme S1). The FTO layers were rectangles with a width (W) of
5 mm and a length (L) of 10 mm. Four of the FTO layers were
chosen as the contacting electrodes for the four-probe resistance
measurement (so the contact effect can be ignored). The outer two
electrodes (#1 and #4) were used to force a current, I, while the
potentials of the inner two electrodes (#2 and #3), U2 and U3, were
monitored at the same time. The resistance of one FTO stripe can be
determined by R = (U2 − U3)/I. The conductance can be described

by G =
R
1 = κ L

W
d , from which κ (conductivity) can be calculated. The

details can be found in the SI.
p-Type Dye-Sensitized Solar Cell (p-DSC) Fabrication. NiO

and NiO-A films (5 mm × 5 mm active area) were used to fabricate p-
DSCs. The films were sensitized in 0.2 mM PB6 dye34 in
ACN:propanol (1:1 in volume) solution overnight. The films were
sealed together with a platinized FTO counter electrode by a 25 μm
hot-melt film (Surlyn, Solaronix, 6 mm × 6 mm). The electrolyte with
0.05 M I2 and 0.1 M LiI in ACN was filled through a hole pre-drilled
in the back of the counter electrode, and the hole was sealed
eventually by a glass and Surlyn film.

J−V Measurements. A Newport solar simulator, model 91160,
equipped with a Keithley 2400 source meter, was used for J−V
measurements. The solar simulator of model 91160A was used with
one sun light intensity of 100 mW·cm−2, AM 1.5 G, calibrated by a
reference silicon solar cell (Fraunhofer-Institut für Solare Energiesys-
teme ISE). The photoactive area was about 0.25 cm2 for the solar cell
measurement.

Transient Photocurrent Measurements. In transient photo-
current measurements, the light intensity was calibrated by a reference
silicon solar cell (Fraunhofer-Institut für Solare Energiesysteme ISE).
The target light intensity was achieved by adjusting the applied
voltage of the LED light (white light, Luxeon Star 1 W). Light
intensity of 15, 36, 64, 100, 140, and 186 mW·cm−2 was obtained with
applied voltage at 2.7, 2.8, 2.9, 3.0, 3.1, and 3.2 V, respectively. The
transient photocurrent measurement was performed by using of a
Dyenamo tool-box DN-AE01 system. A fixed light intensity (15, 36,
64, 100, 140, and 186 mW·cm−2) was applied first, and then a small
square-wave light intensity modulation was added upon the fixed light
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intensity. The corresponding transient current was recorded by a 16-
bit resolution data acquisition board (DAQ National Instruments)
under the short-circuit condition. The transport time was extracted by
fitting the decay of the transient photocurrent.
Femtosecond Transient Absorption Spectroscopy (fs-TAS)

Measurements. The detailed experimental procedure for the fs-
transient absorption measurements has been described elsewhere.28

Briefly, 800 nm laser pulses from a mode-locked Ti:sapphire laser with
temporal widths of roughly 100 fs were amplified by a regenerative
amplifier operating at 3 kHz, split, and used to generate pump and
probe pulses. Pump pulses were generated by optical parametric
amplification. White probe light was generated by focusing the pulse
onto a moving CaF2 crystal. The delay between pump and probe
pulses was generated by leading the probe pulse through a mechanical
delay stage. A chopper, operating at 1.5 kHz, was used to block half of
the incoming pump pulses. The difference in intensity of the probe
light after the sample with and without pump at wavelengths from
roughly 350 to 700 nm was measured with a diode array, and changes
in absorbance were calculated. A pump pulse of 300 nJ at wavelength
560 nm was used to excite the PB6 dye molecules. All experiments
were done in air at room temperature.

■ RESULTS AND DISCUSSIONS
A uniform monolayer adsorption of the ALD precursor in the
mesoporous films is a crucial factor for achieving the desired
configuration. For mesoporous NiO films (1.3 μm thickness),
the inner surface area is ca. 100 times higher than its geometric
area; this requires a precursor that diffuses windingly inside the
mesoporous film, forcing more collisions and longer diffusion
time to reach a uniform monolayer adsorption. Thus, achieving
a monolayer adsorption of the ALD precursor in mesoporous
films should be more difficult than that in planar films. For the
work described in this paper, we prepared Al2O3-passivated
mesoporous NiO films by one cycle of the modified ALD
procedure in order to obtain a monolayer deposition of Al2O3
on the NiO inner surface.
After ALD of Al2O3, NiO films were visibly bleached from a

dark brown into a lighter brown color (Figure S1). As is shown
in the transmittance spectra (Figure S2), NiO-A has ca. 10%
more transmittance compared to NiO films from 550 to 800
nm. Both NiO and NiO-A films show identical X-ray
diffraction patterns, corresponding to a typical mesoporous
NiO structure29 (Figure S3). Thus, color transformation does
not originate from the bulk, but from the surface of NiO
particles.
The observed color bleach is consistent with previously

published studies25,30 which commonly ascribe it to the change
of electronic states localized at the surface of NiO. Here, the
surface was characterized by CV, where two clear broad redox
peaks were observed, as shown in Figure 1. These redox
reactions should occur at the surface of NiO nanoparticles,
since the peak current density depends linearly on the scanning
rate19 (as reported previously in ref 19 and shown in Figure
S8). In contrast to the non-passivated NiO films, the CV of the
NiO-A films is significantly altered. The peak around 0.5 V is
diminished, and the peak around −0.5 V is not observed. This
can be attributed to the loss of surface states or to the surface
states being physically covered by Al2O3. Note that only one
ALD cycle is performed, indicating a monolayer or sub-
monolayer of Al2O3 being present on the NiO films. Such an
Al2O3 layer is expected to be virtually transparent to electrons.
Additionally, the redox peaks (ca. 0.5 V and ca. −0.5 V in
NiO) are asymmetrically diminished after ALD of Al2O3,
which cannot be explained by the surface states being
physically covered by Al2O3. Since both of the redox reactions

are one-electron-transfer processes, the diminished area
(proportional to charge) of the peaks should be relatively
similar.19 Therefore, the significant change in the CVs after the
ALD procedure is ascribed to removal of the surface species
active in these reactions.
The density of states (DOS) in the pristine mesoporous

NiO films prepared by the well-known sol−gel method has
been characterized.23 In this study, the DOS as a function of
potential was derived from the cathodic scanning curve of CV
(see SI for the detailed calculations).25,31 The DOS obtained is
similar to that reported in a previous study, where the DOS of
surface states was extracted from the impedance spectra in an
identically prepared NiO films.23 Therefore, we conclude that
the capacitance of NiO films is mainly caused by chemical
capacitance from redox reactions of the surface states, while
the influence of the double-layer capacitance on the measured
capacitance can be ignored.
In pristine NiO sample, DOS is about 2.9 × 1020 cm−3,

integrated from 0.6 to −0.9 V, and the DOS is ca. 8.1 × 1019

cm−3 in NiO-A from the identical potential range. 72% of the
surface states were removed in NiO-A with insertion of Al2O3.
The potential of valence band maximum (VBM) in crystalline
NiO is labeled at ca. 0.02 V in Figure 2. Above the VB, there is
supposed to be a wide bandgap range (3.5 eV) until the
conduction band minimum (3.52 V). We found a significant
amount of surface states above the VB in NiO, with the DOS

Figure 1. CV of NiO and NiO-A films collected in 100 mM TBAPF6
in ACN solution at a scan rate of 100 mV·s−1. The vertex in the CV of
NiO-A is from cutoff of the CV after 0.5 V, and the full CV can be
found in Figure S15.

Figure 2. DOS of NiO and NiO-A films at different potentials,
calculated from the cathodic CV in Figure 1. Details can be found in
the SI. The valence band position is labeled with a blue line based on
refs 17 and 32.
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of ca. 1.95 × 1020 cm−3 integrated from 0.02 to −0.9 V. We
named those surface states in the bandgap of NiO as the intra-
bandgap states. The DOS value is consistent with other
reported values of mesoporous NiO films.23,25 However, the
DOS decreased to ca. 3.68 × 1019 cm−3 in same potential range
(0.02 to −0.9 V) in NiO-A films. This means that 80% of those
intra-bandgap states have been removed after ALD of Al2O3.
Similar passivation in mesoporous films has been reported,
indicating that ALD of Al2O3 is able to passivate the surface
states in NiO25 or SnO2

33 with a single ALD cycle. In addition,
the VBM of NiO-A shows a positive shift of 0.23 V compared
to that in NiO, measured by X-ray photoelectric spectroscopy
(XPS). The quasi-Fermi level in NiO-A shows a similar
positive shift of 0.27 V, confirmed by charge extraction under
open-circuit conditions (this measurement was done in an
intact p-DSCs based on NiO and NiO-A; more information
will be given below). Both of those positive shifts result from
the loss of the intra-bandgap states (Figures S4 and S5).
The DC dark conductivity of both films was measured under

ambient conditions (temperature of ca. 21 °C, humidity of ca.
42%) with four-probe resistance measurements (see details in
the SI). The conductivity measurements were performed on an
identical NiO film before/after ALD Al2O3. The whole
measurement avoids any direct connection with the top
surface of the NiO and NiO-A films. The resultant
conductivity values of NiO and NiO-A films are (1.7 ±
0.25) × 10−4 and (2.4 ± 0.27) × 10−6 Ω−1 cm−1, respectively,
as shown in Figure 3. This corresponds to a decrease in

conductivity of the NiO-A film by a factor of 70 after ALD of
Al2O3, indicating that the conductivity of the as-prepared NiO
films is mainly from the surface states, not the bulk. The
dominant conductivity by surface states suggests that hopping
conductivity should be the conductivity mechanism in the
mesoporous NiO films. As a control experiment, we also
prepared 140 nm non-porous NiO films by sputtering, and an
identical ALD of Al2O3 was performed. The conductivity of the
NiO films before/after deposition of Al2O3 does not change
(see SI, p S15). This also supports the unique electronic
properties of surface states on mesoporous NiO films.

The influence of dye adsorption on the conductivity of NiO
and NiO-A was studied as well. NiO-PB6 and NiO-A-PB6
films were obtained after sensitization with the previously
reported PB6 dye.34 The conductivity of NiO decreases by a
factor of 4, being (4.1 ± 0.46) × 10−5 Ω−1cm−1 in NiO-PB6. A
conductivity loss of only a factor of 2 is observed on NiO-A
(1.0 ± 0.11) × 10−6 Ω−1cm−1) after the dye sensitization. The
dye molecules themselves may act as conductors on the films,
and therefore an increase in conductivity may be expected. The
observed loss in conductivity suggests that sensitization
decreases the density of surface states. The chemical nature
of these surface states may be transformed by covalent band
formation. The effect being smaller for the passivated NiO-A-
PB6 films can be explained by their lower density of surface
states, leading to a lower probability for occupation of surface
states.
Intra-bandgap states are often assigned as the main reason

for the significant charge recombination and poor energy
conversion efficiency in p-DSCs.21,22,35 Here, 80% of these
intra-bandgap states are removed through surface passivation
(Figure 2), making the NiO-A film a seemingly more “ideal”
semiconductor. This encouraged us to investigate the effect of
removal of NiO surface states on the performance of p-DSCs.
The two types of films, NiO and NiO-A, were therefore
employed to fabricate p-DSCs with PB6 dye as the
photosensitizer and I−/I3

− as the redox couple. J−V curves
of the solar cells are shown in Figure 4. The NiO-A-based

device shows twice the open-circuit voltage (Voc = 0.20 ±
0.009 V) as that in NiO-based p-DSCs (0.105 V). The
improved Voc is ascribed to suppression of charge recombina-
tion and the fact that the quasi-Fermi level of NiO is positively
shifted after the removal of surface states from the bandgap.
Nevertheless, the short-circuit current (Jsc) of NiO-A-based
solar cells is surprisingly low, 0.022 ± 0.002 mA·cm−2. This is 2
orders of magnitude lower than that of the NiO-based solar
cells, 3.32 ± 0.14 mA·cm−2 (Figure 4 and Table S2).
In addition, photoelectrochemical properties of NiO-PB6

and NiO-A-PB6 photocathodes were characterized with linear
sweep voltammetry under dark, light, and chopped light
conditions (see Figure S7). Dark current and photocurrent are
clearly distinguishable for each of photocathodes, indicating
that the light absorbed by the PB6 dye makes a contribution to
the photocurrent. The photocurrent density in NiO-PB6
photocathode is ca. 150 times larger than that in the NiO-A-

Figure 3. Effect of current density on applied potential in a dark DC
conductivity measurement of NiO (black squares) and NiO-A (red
circles) films. Conductivities are extracted by linear fits to the function
IW
A

= κ κ= =( )V G J
V

A
W

, where I is current, A is the surface area of

the cross section (L × d), W is the distance current passes, and κ is
the conductivity.

Figure 4. J−V curves of NiO- and NiO-A-based p-DSCs under one
sun illumination. The electrolyte is 0.05 M I2 and 0.1 M LiI in ACN.
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PB6 photocathodes, similar to the trend of Jsc in solar cells
mentioned above.
To understand the low photocurrent observed, CV

measurements were performed with NiO and NiO-A as
working electrodes and in I−/I3

− redox electrolytes (see Figure
5). Platinum, glassy carbon, FTO, and TiO2 were also chosen

as working electrodes to perform control experiments. With Pt,
the CV shows two pairs of redox peaks corresponding to the
oxidation of 3I− − 2e− → I3

− at −0.02 V (Ox1, the peak
potential) and the reduction of I3

− + 2e−→ 3I− at −0.35 V
(Re1), and the oxidation of 2I3

− − 2e− → 3I2, 0.42 V (Ox2)
and the reduction of 3I2 + 2e− → 2I3

− at 0.28 V (Re2) (Figure
S9). The results are consistent with those reported in the
literature.36,37 [The redox reaction of I−/I3

− is rather complex
since many one-electron transfer processes could potentially
happen.38] The Re2 peak is missing on the glassy carbon
electrode, and both reduction peaks (Re1 and Re2) essentially
disappear with the FTO as the working electrode. This
indicates that both glassy carbon and FTO are not suitable
catalysts for these reactions (see Figures S10 and S11).
Interestingly, two redox peaks are clearly observed with NiO as
the working electrode, giving Ox1 at 0.20 V, Re1 at −0.55 V,
Ox2 at 0.70 V, and Re2 at 0.13 V. These redox reactions
require a larger overpotential (0.25 V more) for each oxidation
or reduction reaction with respect to that from Pt electrode.

But without doubt, NiO possesses catalytic ability in the
reduction of I2 and I3

−.
After removal of surface states, NiO-A shows a completely

different CV in the presence of the I−/I3
− redox couple. Two

oxidation peaks are observed at 0.37 V of Ox1 and at 0.87 V of
Ox2. However, no reduction peaks are detected. This could be
due to the surface states acting as the catalyst for reduction of
I3
−. The removal of the surface states certainly passivates the

catalytic process. In other words, those active surface atoms
which were involved in I3

− reduction on NiO have changed
their chemical properties after ALD Al2O3. Another possibility
is that loss of these surface states causes loss of conductivity,
resulting in electrons not being able to access the catalytic sites.
Note that the DOS in the bandgap of the NiO-A films still is
ca. 4 × 1019 cm−3 eV−1, which is comparable to the DOS of
bandgap states in ZnO and TiO2 mesoporous semiconductor
films.39,40 [The concentration of the bandgap states is 3.68 ×
1019 cm−3 in NiO-A, similar as that of TiO2 mesoporous
films31,41 (e.g., 2.5 × 1019 cm−3 31).] This indicates that the
conductivity should not be the limiting factor preventing the
charge accessibility to these remaining intra-bandgap states in
NiO, in consideration of the trapping/detrapping charge
transport mechanism in n-DSCs (both ZnO and TiO2-based
n-DSCs). The charges should be able to access remaining
intra-bandgap states in the NiO-A. The removed surface states
from the intra-bandgap states, named as NiOIBS‑R, determine
the catalytic reduction of I3

− + 2e− → 3I− at −0.35 V (Re1).
Annealing has been reported to change the color of NiO

films and reduce the surface states.30 Here, we annealed NiO
films at 200 °C under an inert Ar atmosphere. We found that
the Re1 peak still cannot be detected in CV, although a high
current density (Jsc = 0.3 mA·cm−2 at least) flows through the
NiO films (Figure S16). This further confirms that the
conductivity should not be the limiting factor and that the
inactivation of Re1 results from the loss of catalytic sites after
the removal of intra-bandgap states (Figures S15 and S16).
The passivation by annealing is not permanent, and the states
can recover during the scanning process of CV, as shown by
the recovery of the R1 peak in Figure S17.
Based on the discussion above, to complete the Re1

reaction, a suitable catalyst is needed. The low photocurrent
observed in the NiO-A-based solar cells indicates that the loss
of surface states can affect the dye regeneration in p-DSCs with
I−/I3

− as the redox couple. More specifically, intra-bandgap
states of NiOIBS‑R are involved in the dye regeneration. The

Figure 5. CV of NiO and NiO-A films in 5 mM I−/I3
− (5 mM I2 and

10 mM LiI) and 100 mM TBAPF6 in ACN at a scan rate of 100 mV·
s−1.

Figure 6. Left: Kinetics traces of the fs-TAS signal of PB6− at 650 nm in NiO-PB6 and NiO-A-PB6 films. The halftime inserted was obtained
directly from the raw data in Figure 6. The blue lines are from a triple-exponential fitting (fitting parameters are given in SI, p S13). Right:
Simplified scheme of electrons transfer from PB6− to holes in VB labeled as Path I, to NiOIBS‑R labeled as Path II.
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low photocurrent in the NiO-A-based p-DSCs derives from the
inefficient dye regeneration. The dye regeneration efficiency
has been estimated to be 50% in NiO-PB6-based p-DSCs,42

while the halftime of charge recombination on NiO-dye is ca. 5
ps.34 This suggests that the dye regeneration halftime should
be ca. 5 ps in order to achieve the estimated dye regeneration
efficiency. The required dye regeneration rate is, however, far
beyond the diffusion limitation of I3

− in the electrolyte: 50 mM
I3
− gives an upper-limit pseudo-first-order diffusion rate

constant of 5 × 108 s−1, if the diffusion-limited rate constant
of regeneration with I3

− is 10−10 M−1 s−1.43 Therefore, the fast
dye regeneration predicted is contradictory to the conventional
dye regeneration mechanism in p-DSCs, in which reduced dye
molecules transfer electrons to the I3 species in electrolyte.
To understand dye regeneration in p-DSCs, fs-TAS was

applied to study the electron transfer process in NiO-PB6 and
NiO-A-PB6 films after excitation with a 560 nm laser pulse
(300 nJ/pulse). Reduced PB6 (PB6−) with an absorption peak
around 650 nm was observed in NiO-PB6 film. In a NiO-A-
PB6 sample, a similar absorption peak at 650 nm was observed
after electron injection from excited PB6 (PB6*) molecules
into the VB of NiO (see Figure S19). Thus, the kinetic decay
of PB6− can be followed at 650 nm. There are two
distinguishing charge-transfer processes causing the decay of
PB6−. One is the charge recombination between PB6− and
injected hole from PB6* (labeled as Path I in Figure 6 (right));
the other is charge injection from PB6− into NiOIBS‑R (labeled
as Path II in Figure 6 (right). In Figure 6 (left), the halftime of
PB6− in NiO-PB6 film is ca. 6 ps, similar to previously reported
results, whereas PB6− with t1/2 = 29 ps was confirmed in NiO-
A-PB6 sample. With consideration of mono-/sub-monolayer of
Al2O3, a negligible influence on electron tunneling was caused
by the insulating layer of Al2O3. The enhanced halftime of
PB6− in NiO-A-PB6 sample is attributed to the suppression on
path II. Although removal of the intra-bandgap states indeed
increased the halftime of PB6−, the long-lived PB6− clearly
cannot efficiently transfer the electrons to I3

− (dye
regeneration), since a much lower Jsc was observed in Figure
4 (red line). Thus, in NiO-A-PB6-based p-DSCs, dye
regeneration should be the main limiting factor on the
unsatisfactory Jsc.
In the NiO-PB6 film, it is more efficient for PB6− to inject

electrons into NiOIBS‑R by Path II (80%), leading to a shorter
halftime of PB6−. The short-lived PB6−, however, can
efficiently reduce I3

−, leading to 2 orders of magnitude
enhanced Jsc compared to that of NiO-A-PB6-based p-DSCs
(Figure 4). The reason is that Path II is an intermediate step to
reduce I3

−. In other words, reduction of I3
− requires two steps

in NiO-based p-DSCs: electron injection into NiOIBS‑R by Path
II, resulting in NiOIBS‑R

−, and electron transfer from NiOIBS‑R
−

into I3
− to fulfill the reduction of I3

−. Herein, Path II in NiO-
PB6-based p-DSCs should be reasonably treated as a dye
regeneration process, which is completely different with
respect to that in NiO-A-PB6-based p-DSCs. In addition,
intra-bandgap states in NiO-based DSC should not be simply
ascribed to the charge recombination centers, leading to
unsatisfactory solar-to-electricity conversion efficiency.
I3
− species probably are in association with the NiO surface,

similar to the reduction of I3
− at the platinum electrode.44

Indirect evidence is from electrochemical reduction of I3
− on

NiO that is significantly affected by a mono-/sub-monolayer of
Al2O3, implicating an inner-sphere reaction in which reactants,
intermediates, or product often adsorb on the surface of

electrodes.45 In previous findings, in dye-free NiO, the filled
intra-bandgap states ((NiOIBS‑R)

−) recombine with holes on a
100-ns time scale, indicating that the lifetime of trapped
electron is much long-lived compared to the lifetime (e.g., t1/2
= 6 ps) of PB6− on NiO.23 I3

− species seem to have reasonable
time to diffuse near NiOIBS‑R

− in order to complete electron
transfer. In any case, reduced dye molecules will first transfer
electrons to NiOIBS‑R, and then (NiOIBS‑R)

− will transfer the
electron to the associated I3

− or solvated I3
−. Here, we

proposed two dye regeneration mechanisms in NiO-based p-
DSCs, as shown in Schemes 1 and 2.

Note that, in Scheme 1, the reduced dye (Dye−) transfers an
electron into a NiOIBS‑R site associated with I3

− (a). The
reduced surface state proceeds to reduce I3

−, with the product
being stabilized by the surface state (b). (NiOIBS‑R)···I is
reduced by a neighboring NiOIBS‑R site trapped with an
electron (c). In Scheme 2, the reduced dye injects an electron
into a NiOIBS‑R site (a). NiOIBS‑R

− is diffusionally quenched by
I3
− (b). I2

−• is the diiodide radical from one-electron
reduction.38,46 I3

− in Scheme 1 is not necessary adsorbed on
the NiOIBS‑R, but should be near the NiOIBS‑R. [Strictly,
NiOIBS‑R

− should be written as (h+)NiOIBS‑R
−, since the injected

hole from the excited dye should still exist inside NiO after
electron injection from the reduced dye in Path II. When the
electron transfers from NiOIBS‑R

− to I3
−, the hole will diffuse to

back contact to produce photocurrent in NiO-based p-DSCs.]
In n-DSCs, the I3

− + 2e− → 3I− reaction (Re1) also happens
as a charge recombination process between the injected
electron in TiO2 and I3

− in electrolyte,47 and the regeneration
of I− by I3

− reduction at the counter electrode.44 The charge
recombination (electrons in TiO2 and I3

−) has been proved
significantly low (ms time scale48) in TiO2 matrix, but the
reasons have not been well-understood. As mentioned by
Meyer and co-workers: “why the injected electrons do not
reduce I3

− efficiently is unknown”,49 especially diffusing
through tens of micrometers of TiO2. Willig stated that the
concentration of the oxidized redox species involved in
recombination should be small in the electrolyte. The bulk
electrolyte I3

− should not be the oxidized species, but a species
after the I−I bond cleavage from I3

−.50 Durrant experimentally
proved that the recombination with I2 is more efficient than
that with I3

−.46 Meyer provided a reasonable speculation that
the oxidative specie should be I2

−• from dye regeneration in n-
DSCs. However, accumulation of I2

−• is impossible because of
the rapid disproportionation of I2

−•.51 These conclusions
suggest that I3

− cannot be the oxidative species that recombine
with the electron in TiO2. But reducing I3

− to regenerate I− is
significantly efficient on the counter electrode with suitable
catalyst, like Pt.44,52 It is interpreted as that activation barrier of
iodine dissociation on platinized counter electrode should be
lower than that of in TiO2.

46 One electron reduction of I3
− to

Scheme 1

Scheme 2
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I2
−• seems to be the kinetic limiting process, requiring

assistance of a suitable catalyst.
Surface modification of mesoporous NiO films changes their

electrical conductivity dramatically. It may also change the
charge transport behavior in DSC devices. Here, the charge
transport behavior was characterized by deriving the charge
transport time from transient photocurrents measurements.
Otherwise identical NiO-PB6- and NiO-A-PB6-based p-DSCs
were prepared to study charge transport in intact solar cells.
NiO-PB6-A-based p-DSCs were also fabricated to further
prove the influence of surface states on charge transport, for
which an Al2O3 monolayer was deposited after PB6
sensitization. Since a typical high concentration of electrolyte
(0.05 M I2 and 0.1 M LiI in ACN) was used for all the p-DSCs,
the charge transport time in the devices can be reasonably
approximated as the hole transport time based on an ambipolar
diffusion model.53

The typical charge transport behavior in NiO-based p-DSCs
is that hole transport time does not depend on light
intensity.32,42,54−66 This is commonly explained by hole
hopping on the NiO/electrolyte interface, first proposed by
Boschloo and co-workers.32 Here, we further develop this
hypothesis and try to draw a comprehensive physical picture in
order to understand hole transport in NiO-based p-DSCs.
opping is an important charge transport mechanism in

disordered semiconductors and is most often described by the
Miller−Abrahams model.67,68 In this model, the carrier jump
rate is exponentially dependent on the distance and energy
difference between two localized sites. The most probable
hopping events should occur around the quasi-Fermi level
from the occupied sites to the empty ones (more empty sites
around the occupied one). The quasi-Fermi level is light
intensity dependent, since, with increasing the light intensity,
more localized states can be filled by photoinduced charges
from the deep traps to the shallow ones. This means the
hopping rate could change with light intensity.
The hopping transport can also be simplified through an

assumed concept called effective transport energy, which is the
energy level responsible for charge transport. Charges localized
in shallow traps need less time release to this effective transport
level.67 The trapping/releasing events are affected by the quasi-
Fermi level and light intensity. In NiO, the energy distribution
of intra-bandgap states seems more approaching a Gaussian
DOS. The distribution could change the charges trapping
behavior, but it should not change the fact of light intensity
dependence of the charge transport. In addition, Bisquert
simulated the hopping transport in the Gaussian DOS, in
which the diffusion coefficient still depends on light intensity.69

In NiO-PB6-based solar cells, the independence of transport
time on light intensity is observed. Hole hopping should be the
transport mechanism, since surface states dominate the
conductivity. We therefore propose that the carriers trapped
in surface states of NiO are not fully localized, but more
delocalized because of the percolation effect.69 The densities of
the surface states are estimated: 4 surface states per nm2 in
NiO, and 1 surface state per nm2 in NiO-A (see SI). The
concentration of surface states in NiO could surpass the
percolation threshold.70 The percolation effect causes charges
to be essentially delocalized on surface states. The activation
energy of hopping between two surface states becomes much
smaller. Therefore, the charge transport time is independent of
the light intensity in the p-DSCs, as illustrated in Scheme 3.

Cation adsorption is able to alter the transport time, but the
process remains independent of light intensity, as reported in
the literature.32 A similar behavior is the conductivity of NiO-
PB6 films, decreasing by 4 times after dye adsorption. The
non-dependence behavior on light intensity kept as well in
NiO-PB6-based solar cells. These phenomena suggest that the
percolation effect still holds since the surface states loss is not
significant. Although the transport routes are likely altered, the
concentration of surface states appears to still be above the
percolation threshold. Thus, even though longer transport
times are observed, they are still independent of light
intensity.32,63

When the surface states are reduced significantly, the hole
transport mechanism is highly different. In NiO-A films, the
charge transport time is exponentially dependent on the light
intensity, similar as in TiO2-based n-DSCs. As proved, 72% of
the surface states were removed in NiO-A films, resulting in its
DC dark conductivity decreases by 70 times. This could
suggest that the concentration of surface states is lower than
the percolation threshold. The DOS within the bandgap likely
follow an exponential distribution in NiO-A film (see Figure
2). A multi-trapping/detrapping model,71 commonly applied
in TiO2-based n-DSCs, can be applied to account for the hole
transport in the NiO-A-based solar cells, as shown in Scheme
3.
In addition, the DC photoconductivity of NiO-PB6 and

NiO-A-PB6 was investigated under one sun condition. No
conductivity change is observed for the NiO-PB6 films under
light or dark (Table S1). However, the photoconductivity of
NiO-A-PB6 is increased by a factor of 2 over its dark
conductivity, which is likely from an increased hole
concentration in the VB of NiO under illumination.
As for NiO-PB6-A, PB6 dye adsorption can occupy part of

the surface states, but the influence on surface states is less
than that of the ALD Al2O3, as confirmed by the different
conductivity responses. Thus, the pre-adsorbed PB6 dyes are
analogous as a protection layer of surface states before ALD of
Al2O3. The hole transport time also shows an exponential
dependence on light intensity. Here, an interesting difference is
that hole transport time in NiO-PB6-A device is less
dependent on the light intensity than that in NiO-A-PB6.
This is reflected by the slope of NiO-PB6-A being smaller than
that in NiO-A-PB6, but higher than that in NiO-PB6 in Figure
7. Note that the transport time on both NiO-A-PB6 and NiO-
PB6-A is 1−2 orders of magnitude longer than the transport
time on NiO-PB6 at a low light intensity. At high light
intensity, the transport times in different samples get closer.

Scheme 3. Proposed Charge Transport Mechanism in NiO-
and NiO-A-Based p-DSCs: Left, Percolation Hoping
Mechanism and Right, Multi-Trapping/Detrapping
Transport
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This could indicate that the hole mobility in the VB of NiO-A-
PB6 is comparable with that in surface states of NiO. Jsc ≈ 200
μA·cm−2 is detected at the high intensity (186 mW·cm−2) in
NiO-A-PB6-based devices, and Jsc exhibits the tendency to
approach a higher value with greater light intensity,
considering the slope of NiO-A-PB6 (Figure 7).
On the basis of the aforementioned discussions, we will

make some comments on two applications of mesoporous NiO
films-based devices, (1) p-DSCs and (2) p-type dye-sensitized
photoelectrochemical cells (p-DSPECs) for H2 evolution. The
low performance of p-DSCs is widely known, although it has
been studied for 20 years.1 In this work, we found that surface
states affect the dye regeneration and the reduction of I3

−

species. In addition, the photoinjected holes in the VB of NiO
are able to oxidize I3

− or I−, as confirmed by the two oxidation
peaks of the CV (Figure 5). This can cause charge
recombination during hole diffusion through the NiO matrix.
Hole transport involves hopping among the surface states on
NiO, which could even enhance the charge recombination
between holes in NiO and electrolytes. The surface states of
NiO seem able to influence many electronic properties of
mesoporous NiO films. For instance, high surface states will
improve hole transport rate, facilitate dye regeneration, and
increase Jsc, but they lead to more charge recombination and a
lower Voc as well. Balancing all the parameters simultaneously
is contradictory. This could be the reason why it is so
challenging to enhance the performance of p-DSCs.
Similar to p-DSCs, the performance of p-DSPECs is also

unsatisfactory. It is difficult for the photocatalytic current
density for H2 evolution to surpass 100 μA·cm−2 under one
sun condition.29 H2 evolution from a dye-sensitized NiO
photocathode system could be limited by catalysts or dye
loading, but is also likely affected by the NiO itself. One
possibility is that the surface states of NiO could be involved in
the catalytic reaction, no matter if there is an extra catalyst on
the surface. Simonov and co-workers have shown that dye-
sensitized mesoporous NiO films have the ability to catalyze
the H2 evolution reaction without an additional catalyst. They
concluded that the interfaces are the photoactive sites for H2
evolution. More specifically, the metal Ni is suggested as the
catalyst formed during the H2 evolution reaction.14 In this
work, photocurrent was observed from NiO-PB6 and NiO-A-
PB6 photocathodes in a p-DSPECs setup (Figure S24).
Photocurrent on NiO-PB6 is enhanced with decreasing pH. In
the NiO-A-PB6 photocathode, photocurrent is much lower

and independent of pH. This indicates that surface states could
be involved in the catalytic cycle of the H2 evolution reaction.

■ CONCLUSION
In this paper, we applied a modified ALD procedure to achieve
a better control on the surface passivation of mesoporous NiO
films by a monolayer of Al2O3. This results in a removal of 72%
of the surface states of NiO. The resultant NiO-A films showed
ca. 70 times lower DC dark conductivity compared to NiO
films. This implies that surface states, and not the bulk, are
responsible for the conductivity of mesoporous NiO films. A
much lower photocurrent is observed in NiO-A-based dye-
sensitized solar cells with I−/I3

− redox electrolyte. This is
ascribed to the fact that dye regeneration requires the
assistance of intra-bandgap states on NiO. Specifically, dye
regeneration is finished by injection of an electron into
NiOIBS‑R on NiO, which then transfers to I3

−. Additionally, a
more complete charge transport mechanism is suggested to
explain the independence of hole transport time on light
intensity in p-DSCs. Hole transport on NiO is proposed as a
percolation hopping process which can be significantly affected
by the concentration of surface states. After 72% of surface
states are removed in NiO-A films (1 surface state per nm2),
the dependence of hole transport time on light intensity
transformed into an exponential dependence, commonly
observed in TiO2-based n-DSCs. We suggest that the hole
transport mechanism is altered from the percolation hopping
into a multi-trapping/detrapping mechanism.
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