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ABSTRACT: Band gap localized states and surface states play a dominant role in the
application of nanocrystalline metal oxides to photovoltaics and solar fuel production.
Electrons injected in nanocrystalline TiO2 by voltage or photogeneration are mainly
located in band gap states. Therefore, charging a nanoparticulate semiconductor network
allows one to recover the density of states (DOS) in the energy axis. However, shallow
traps remain in equilibrium with the conduction band electrons, while deep traps do not.
We show that the characteristic peak of the apparent DOS mixes an exponential DOS and
a monoenergetic surface state. A model that incorporates the trap’s kinetics proves to be
very efficient to assess the important parameters that determine both contributions via
variation of charging rate. Contrary to the common theory, we demonstrate that the
peculiar capacitance peak of nanocrystalline TiO2 can be mainly attributed, in some cases,
to deep traps in the exponential distribution.

SECTION: Physical Processes in Nanomaterials and Nanostructures

Nanocrystalline TiO2 has been widely studied for
application in photovoltaics,1,2 solar photocatalysis,3

solar fuel production,4 and lithium batteries.5 The photovoltaic
materials normally consist of colloidal particles or crystallites,
sintered on top of a conducting glass to form a rigid framework
with high internal surface area. Early work on nanocrystalline
TiO2 showed that electronic trap filling has enormous influence
on the long-time dynamics of the dye-sensitized solar cells,6 and
thereafter, electron-transport measurements have been widely
interpreted in terms of the multiple trapping model.7,8

However, the nature and kinetic behavior of localized electronic
states in nanocrystalline anatase has not been determined yet.
In this Letter, we show that a combination of voltage- and time-
dependent charging−discharging scans reveals the dominant
contributions of the localized states in the band gap of the
metal oxide semiconductor.
The density of states (DOS) of a semiconductor in the

energy axis can be established by capacitance techniques
applied to a semiconductor/electrolyte junction9,10 that provide
the chemical capacitance,11 also termed a thermodynamic
DOS.12 The capacitive behavior of random nanoparticulate
TiO2 films has been widely studied,13−16 and the measurements
show two distinct components of the DOS, as shown in Figure
1a and b. The first feature at negative potentials is an
exponential band tail that enters the gap of the semiconductor
from the conduction band or mobility edge at energy Ec, with
effective DOS Nc, toward the center of the gap, g(Et) = NL/
(kBT0) exp[(Et − Ec)/kBT0] (note that the voltage has an
opposite sign with respect to the electron energy). Here, kB is
the Boltzmann constant, NL is the total density of localized

states, and T0 is a parameter with temperature units that
determines the depth of the distribution. This type of
distribution is a common feature of many disordered bulk
semiconductors.17,18 In the case of nanosized TiO2 particles, a
quantum mechanical density functional theory (DFT) calcu-
lation indicates that the DOS originates from undercoordinated
four-fold-coordinated surface Ti atoms mainly lying at the
(100) edges found at the intersections between (101)
surfaces.19 Uncoordinated Ti surface ions are often identified
as the origin of the second capacitive feature found at more
positive potentials, which is a peak situated 0.3−0.5 eV below
Ec.

20−23 Oxygen vacancies and/or Ti interstitials have been
identified as a possible cause of these surface states.24−26 The
latter have also been obtained by first-principles quantum
calculations when the TiO2 cluster is coupled with a continuum
solvation model.27 These states should be especially abundant
at corner positions of anatase nanoparticles, and a DFT
calculation indicates that electronic states at these low-
coordinated Ti sites become more localized with increased
nanoparticle size.28

In small perturbation techniques such as impedance
spectroscopy (IS), both capacitive features discussed above
give distinct contributions in the capacitance voltage plots. For
techniques using larger perturbations, such as voltammetric
techniques, it may seem to be the case too, as suggested by the
capacitance measurements of Figure 1a and b obtained by cyclic
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voltammetry. However, below, we show that the peak observed
at a more positive potential contains not only the component of
the monoenergetic states but also components from the
exponential DOS. This is revealed by the fact that the
amplitude of the peak depends on the scan rate, as depicted
by Figure 1c. In order to distinguish between both features of
the TiO2 DOS previously pointed out, we develop in the
following a method to extract the energetic and kinetic
parameters of the traps from capacitance measurements at
various scan rates.
We describe the kinetics of localized states in terms of the

exchange of electrons with the extended states of the
conduction band edge. The conservation equation models
such exchanges for a localized state at energy Et with fractional
occupancy f as follows

β ε
∂
∂

= − −
f
t

n f f[1 ]n c n (1)

Here, nc is the number of electrons in the transport state
(conduction band edge), βn is the time constant per unit
volume for electron capture, usually given in terms of the
thermal velocity of the electrons, vth, and the capture cross
section, σnc, (βn = vthσnc), and εn is the rate constant for
electron release, obtained by detailed balance at temperature T,
εn(Et) = βnNce

(Et−Ec)/kBT.
At this stage, it is useful to stress upon the main difference

between the behaviors of the trapped carriers when performing
a small or large perturbation measurement. For a small
perturbation, eq 1 becomes
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In the above equation, x ̂ and x,̅ respectively, refer to a small
perturbation and a steady-state quantity. Equations 1 and 2 are

equivalent to stating that a localized state at energy Et is filled
by electrons from the conduction band at a rate τtr and those
released at a rate τdtr, where τtr = (βnn̅c)

−1 is the response time
for trapping, defined by
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Here, EFn is the electron Fermi level with value EF0 at
equilibrium, and τ0 is the trapping lifetime of free electrons at
equilibrium.29 τdtr is the response time for release
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Thus, we can define a characteristic decay time, τdc, of the
fractional occupancy f ̂ such that
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τdc can be also written using eqs 3−5 as
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From eq 6, it is clear that when traps are thermalized to a
common Fermi level, the decay, for states in which EFn < Et, is
controlled by τdtr, so that the traps are unoccupied and available
for electron capture. On the contrary, for traps such that Et <
EFn, the decay is controlled by the release time.
For larger perturbation techniques such as voltammetric

measurements, the occupancy of band gap states may depart
substantially from the thermal equilibrium value. Indeed,
because the release time τdtr increases exponentially with the
depth of the state in the band gap, not all of the states below
the Fermi level can equilibrate with the substrate in a charge−
discharge measurement with fast voltage sweep. Consequently,
a large perturbation technique is a way to probe the internal
kinetics of electrons in a semiconductor electrode. For this kind
of measurements, it is therefore necessary to distinguish
between the dynamics of two types of traps, as indicated in
Figure 2, shallow traps that remain at equilibrium with the
substrate (via transport of free carriers in the conduction band)
from deep traps that do not (due to kinetic limitations). The

Figure 1. Evolution of the trap’s chemical capacitance with voltage,
obtained from cyclic voltammetries at scan rates ranging from 340
mV/s to 780 mV/s for the TiO2 submicrometer particles (a) and
nanoparticles (P25) (b). The black dotted line corresponds to the
shallow trap capacitance. Evolution of the deep trap chemical
capacitance with varying scan rate for the TiO2 submicrometer
particle (c) and P25 samples (d).

Figure 2. (a) Scheme of TiO2 energetics, including the edges of the
conduction Ec and valence Ev bands and the characteristic exponential
DOS of band gap localized states. The trapping/detrapping dynamics
are also shown by the down/up orientated arrows. The demarcation
level Ed indicates the separation between the dynamics of the shallow
and deep states. (b) Typical capacitance−voltage patterns of two
shallow localized states at the energies E1 and E2 (E1 > E2) and two
deep localized states at the energies E3 and E4 (E3 > E4) above and
below Ed, respectively.
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energetic level that separates both kinds of traps will be herein
referred as the demarcation energy level Ed, which will be
calculated later on. Note that the faster the scan rate ν of the
charge−discharge measurement, the higher the number of traps
that are not at equilibrium with the substrate. As a
consequence, the demarcation level must shift up with scan
rate. Note that this demarcation level is different from, though
analogous to, the one introduced by Bisquert et al.30 in the
presence of recombination at the interface semiconductor/
electrolyte or by Orenstein and Kastner31 in the case of carrier
relaxation into deep band gap states after photoexcitation by a
laser pulse.
As discussed in a previous work32 and shown in Figure 2b,

the apparent chemical capacitance associated with deep traps
reaches a peak when charging the material and remains zero
when subsequently discharging it. Besides, in the dynamic
regime, deep traps, unlike shallow traps, exclusively depend on
the trapping rate and are therefore independent of the energy
level of the localized states. As a consequence, the capacitance
of any deep trap reaches a peak at the same applied voltage,
independently of the energy of those traps (Figure 2b). Thus, it
is impossible to distinguish between the deep traps of the
exponential DOS (first capacitive feature) and the mono-
energetic level of deep traps (second capacitive feature) from a
single capacitance measurement. However, the capacitance
peak must depend on the number of deep traps and thus on the
scan rate. By increasing the scan rate of the charging
measurement, it is therefore possible to vary the capacitance
peak and the voltage at which the capacitance reaches this peak.
This behavior was evidenced through charging−discharging

measurements by cyclic voltammetry with submicrometer
particles and nanoparticles (P25) on FTO substrate that we
synthesized following the method given in ref 33. More
information can be found in the Supporting Information (SI)
concerning the TiO2 film preparation method. The nano-
particle sizes ranged between 250 and 350 nm for the
submicrometer particles and were of the order of 20 nm for
the nanoparticles. The submicrometer particles present the
advantage to have a well-defined crystalline morphology and
geometrical structure, as shown by Figure 3. They hence
constitute an ideal system for our investigation, even though
these particles might present some internal field distribution
that we neglect here. The total thickness L of the active layer
was estimated (by HRSEM examination of the sample cross
section) to be 10 μm for the submicrometer particle electrode
and 14 μm for the nanoparticle one (see the SI for the P25
HRSEM cross section).
The chemical capacitance was extracted from charge−

discharge experiments by application of a linear potential.
Measurements were performed using a FRA coupled PGSTAT-
302 Autolab potentiostat controlled with Nova 1.10 software. A
conventional single-compartment three-electrode cell consist-
ing of a 1 cm2 geometric area FTO/TiO2 working electrode, a
Pt net counter electrode, and a Ag/AgCl (3 M KCl electrolyte)
reference electrode (−0.27 V versus RHE) was employed. In
order to minimize the effect of the FTO substrate, the exposed
FTO surface, not covered by TiO2 particles, was passivated by a
nonconductive resin. The electrolyte was an aqueous solution
of 0.1 M HCl. Charge−discharge measurements were recorded
from 1.1 to −0.4 V versus RHE at different scan rates ranging
from 340 to 780 mV s−1. Indeed, at lower scan rates (inferior to
the 340 mV s−1 step), the capacitance amplitude for the
submicrometer particles was too small to reliably measure it,

while at higher scan rates (superior to 780 mV s−1), the scan
sweep was too fast to let the time to the trap states be filled, and
the trap capacitance decreased. Prior to each scan, the working
electrode was held at 1.1 V versus RHE for 1 min in order to
set up the same electrode initial state. The stability of the
working electrode was assessed by sequentially repeating the
experiments three times. The results of the capacitance
measurements are summarized in Figure 1. The details on
the method of extraction of the capacitances of Figure 1 are
given in the SI.
In order to assess the density of localized states and the

kinetics of the system from the experimental data of Figure 1c
and d, we calculated the capacitance for both types of capacitive
features. It should be noted that for deep traps, the quasi-static
approximation, used for techniques such as IS, is no more valid,
and a nonequilibrium approach must be applied. We explain
our approach as follows. During the charging experiment, the
probability f of any deep trap to be occupied by an electron
from the conduction band at the metal/substrate contact obeys
eq 1. The voltage decreases linearly with time and displaces the
electron Fermi level as V(t) = −(EFn(t) − EF0)/q = V0 − νt,
where V0 is the initial potential (here, V0 = 1.1 V). Assuming
that the electron cannot be detrapped to the conduction band,
we have τdtr

−1 ≪ df/dt [equivalent to writing τdtr ≫ τν = kBT/
(qν)32], which leads to

τ= −−f
t

t f t
d
d

( )(1 ( ))tr
1

(7)

The demarcation level can be estimated when τdtr = τν, and we
get

Figure 3. (a) HRSEM top-view image of a low surface area
submicrometer anatase TiO2 electrode. (b) Scheme of an anatase
submicrometer particle. (c) HRSEM cross section of the same
electrode.
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with ν0 = kBT/(qτ0). The occupation probability of deep
localized states at any time can be obtained by analytically
solving eq 7, assuming that traps are initially empty [f(t=0) =
0]. Hence, f(t) = 1 − e(τν/τtr(0)−τν/τtr(t)). It is now possible to
assess the voltage of the capacitance peak by solving the
equation d2f/dt2 = 0. Assuming that τtr(t) ≪ τtr(0) at the peak
voltage, it follows that e−qVpeak/kBT = ν/ν0, where Vpeak is the
voltage corresponding to the deep trap capacitance peak. The
total chemical capacitance for both the deep traps of the
exponential DOS and the monoenergetic level of deep traps
(Nt traps per unit volume) can consequently be recovered,
assuming that Ed ≫ Eν
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where α = T/T0, NL0 = NLe
α(EF0−Ec)/kBT and e = exp(1).

Equation 9 clearly displays both capacitive contributions, the
capacitance from the deep traps of the exponential DOS that
increases with scan rate (first term on the right-hand side of eq
9) and the capacitance associated with the monoenergetic level
of states that is independent of scan rate (second term on the
right-hand side of eq 9).
From Figure 1c and d, it is clear that the submicrometer

particle electrode displays both capacitive contributions, while
the P25 electrode is featured by a scan-rate-independent
capacitive peak. This does not necessarily mean that for the P25
particles the exponential band tail of traps does not penetrate
deep enough in the band gap (i.e., α too large). Instead, this
absence of contribution from the deep traps of the exponential
DOS can be due to fast kinetics of trapping/detrapping. This
issue is discussed further below in this Letter and in the SI.
From now on, we will focus only on the case of interest, which
is the submicrometer particle electrode where both contribu-
tions can be directly observed. For the latter case, the
experimental data of Figure 4 (red dots), extracted from
Figure 1c (see the SI for more details) were fitted to eq 9, as
shown by the blue solid lines of Figure 4, which allowed us to
estimate the values of the densities of localized states as well as
the depth of the exponential distribution and the trapping
kinetics. The resulting parameters are summarized in Table 1.
From Table 1, it is now clear that Nt ≪ NL. Contrary to the

common belief, the peculiar capacitive behavior of TiO2 cannot
necessarily be attributed to a monoenergetic level of traps. In
fact, for the submicrometer particle electrode, the mono-
energetic states at the anatase surface are in negligible quantity
due to the crystalline features of our samples and the use of an
acidic electrolyte. However, the inherent undercoordinated
four-fold-coordinated surface Ti atoms are still present, as
demonstrated by ref 19. In this configuration, electrons are
mainly stored in the exponential DOS of TiO2. Recombination
should therefore be reduced with respect to classical TiO2

nanoparticles where parasitic monoenergetic states can be
observed. It should be pointed out that the contributions of
g(E) and the monoenergetic surface state are dependent on
sample composition, surface conditions, and even previous
treatments. In fact, it is far from the scope of this Letter to
discuss further the nature of these localized states.
In the determination of the chemical capacitance by IS, the

nanostructured TiO2 is at an equilibrium situation with respect
to the given potential, and kinetic effects of traps are not usually
observed.35 Therefore, the peak observed in IS should
correspond to the monoenergetic state. Indeed, measurements
of IS for our samples, shown in Figure 5, indicate the presence
of such a peak, and the determination of parameters for both
DOS contributions is in good agreement with that of the
multiple scan rate method developed above (see the SI for
further explanations).
We shall now comment on the equilibrium trapping time, τ0,

obtained in Table 1. Note that τ0 is inversely proportional to
the electron capture kinetics (βn), as indicated by eq 3. τ0 is of
particular importance in the observation of the contribution of
deep traps. When τ0 is on a small time scale, that is, when
trapping/detrapping kinetics is fast, higher scan rates are
required in order to leave a substantial part of trapped carriers
off thermodynamic equilibrium and observe the deep trap
capacitance peak in charge−discharge measurements. Large
scan rates are not desirable though because nonlinear effects

Figure 4. (a) Boltzmann type exponential factor calculated at the
voltage of the deep trap capacitance peak versus scan rate. (b) Deep
trap capacitance peak versus normalized scan rate. The red dots
indicate the experimental data extracted from charge−discharge
experiments, while the blue solid lines correspond to the fitting with
the model developed in this Letter. The parameters used for the fitting
are Ec = 0.4 eV,34 kBT = 26 meV, and L = 10 μm. Both plots were
obtained from Figure 1c for the case of the submicrometer particles.

Table 1. Extracted Parameters from Fitting of the
Experimental Data of Figure 4

parameters submicrometer particles

α 0.32
NL 8 × 1018 cm−3

Nt 2 × 1016 cm−3

τ0 24 ms
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may influence the measurements. Besides, for devices
applications, τ0 plays a critical role when the system, in steady
state, is off equilibrium. For solar cells and solar fuel
applications, the usual processes that break trap’s equilibrium
are illumination and charge transfer from the traps to another
acceptor state. In the case of supra-band gap illumination, the
electron trapping/detrapping kinetics must be compared to the
one of the holes, which can be determined by IS.29,36 In the
case of charge transfer from the localized states to electrolyte
species, the electron trapping kinetics must be compared to the
charge-transfer rate37 in order to understand the main
recombination paths.
In summary, we have probed the kinetics and density of

localized states of anatase TiO2 submicrometer and P25
particles through chemical capacitance measurements by
varying the scan rate of charge−discharge experiments. After
establishing a general theoretical model for the localized states
kinetics, we showed that it is possible to distinguish between
two components of the DOS, that is, a monoenergetic level of
deep traps and the deep traps of the exponential DOS of TiO2.
Our results have shown that for both types of electrodes that
we have studied, TiO2 does display a peculiar capacitive peak
that can be attributed to deep monoenergetic traps for the P25
particles as well as the deep traps of an exponential tail of
localized states for the submicrometer particles. Those results
constitute the first successful attempt to access the kinetics and
density of localized states of nanocrystalline TiO2 particles.
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