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ABSTRACT: Exfoliated nanosheets derived from Dion−
Jacobson phase layer perovskites (TBAxH1−xA2B3O10, A =
Sr, Ca, B = Nb, Ta) were grown layer-by-layer on fluorine-
doped tin oxide and gold electrode surfaces. Electrochemical
impedance spectra (EIS) of the five-layer nanosheet films in
contact with aqueous electrolyte solutions were analyzed by
the Mott−Schottky method to obtain flat-band potentials
(VFB) of the oxide semiconductors as a function of pH.
Despite capacitive contributions from the electrode−solution
interface, reliable values could be obtained from capacitance
measurements over a limited potential range near VFB. The
measured values of VFB shifted −59 mV/pH over the pH range
of 4−8 and were in close agreement with the empirical
correlation between conduction band-edge potentials and optical band gaps proposed by Matsumoto (J. Solid State Chem. 1996,
126 (2), 227−234). Density functional theory calculations showed that A-site substitution influenced band energies by
modulating the strength of A−O bonding, and that subsitution of Ta for Nb on B-sites resulted in a negative shift of the
conduction band-edge potential.
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■ INTRODUCTION
Nanosheets that are made by intercalation and exfoliation of
layered metal oxides are two-dimensional crystals, which are
used as building blocks of materials that exploit their electronic,
magnetic, dielectric, optical, catalytic, and ion-exchange proper-
ties.1,2 Metal oxide nanosheets that contain d0 transition metal
ions such as Ti4+, Nb5+, and Ta5+ have been of special interest
as light absorbers, electron acceptors, and electron transfer
mediators in solar photochemical applications.3 Domen and co-
workers introduced the photochemistry of these materials 30
years ago, showing that layered niobates intercalated with
transition metal catalysts could generate hydrogen photochemi-
cally from aqueous methanol solutions,4 and split water when
excited with UV light.5 Layered metal oxides intercalated with
transition metal catalysts and photosensitized with dye
molecules were later shown to photolyze HI to hydrogen and
I3
− in visible light.6−8 The development of techniques for

growing nanosheets layer-by-layer on surfaces,9,10 and for
making scrolls and other kinds of structured nanosheet
colloids,11,12 has enabled the study of more complex
molecule−nanosheet photochemical assemblies.13−21 In these
cases, the nanosheets mediate electron transfer reactions
between electron donors and acceptors, and the quantum
yield for productive photochemistry represents a kinetic
competition between forward and back electron transfer
reactions. It is thus of paramount importance to control these
rates, which in turn requires knowledge of the energetics of the
electron transfer reactions. While it is straightforward to

measure the bandgaps of oxide semiconductors (either in
bulk form or as exfoliated nanosheets) by optical methods, the
band-edge potentials, which determine the driving forces of
electron transfer reactions, have been more challenging to
measure directly.
Metal oxide nanosheets such as titanates, niobates, and

tantalates are typically n-type semiconductors in which Fermi
level (EF) is located close to conduction band minimum. In
(photo)electrochemistry, EF is equivalent to the flat-band
potential (VFB) when band bending at the semiconductor
surface disappears.22 Two methods are typically used to
characterize VFB of semiconductors in solution, the photo-
current-onset potential method and the Mott−Schottky
method.23 Using the first method, Sakai et al.24 and Akatsuka
et al.25 characterized VFB of representative titanate and niobate
nanosheets in LiClO4/propylene carbonate solutions. These
measurements, unfortunately, do not give VFB of the nano-
sheets under aqueous conditions, because in nonaqueous
solvents VFB can be affected by the type of supporting salts
and their concentrations.26 Chamousis et al.27 conducted
photocurrent-onset potential measurements in methanol to
determine VFB of calcium niobate nanosheets restacked from
different solutions, demonstrating that specific ion adsorption
can affect the energetics of the nanosheets (and hence their
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photocatalytic activities). So far, no systematic study of the flat-
band potentials of single- or few-layer metal oxide nanosheets
in aqueous solutions has been reported. The challenge for
photocurrent measurements in aqueous solutions arises from
the fact that the nanosheets are wide band gap oxides that
absorb only UV light, and kinetic barriers for catalytic
photoreactions can shift the photocurrent onset away from
VFB (typically in the anodic direction for n-type mateirals).23

VFB values for metal oxide nanosheets have been estimated
by using empirical rules developed for three-dimensionally
bonded oxide semiconductors. An early study by Butler and
Ginley developed a correlation based on band gap energies and
the average electronegativities of constituent elements to
estimate VFB values of metal oxide semiconductors.28 Later,
by correlating the band-edge potentials and band gaps of a large
number of oxide semiconductors, Matsumoto29 proposed the
empirical correlation between conduction band-edge potentials
(ECB) and band gap energies (Eg) of a metal oxide
semiconductor given in eq 1:

= −E
E

(V vs RHE) 1.23
(eV)

2CB
g

(1)

Although this equation has been widely used to estimate the
VFB of metal oxide nanosheets,17,30,31 its reliability for
molecularly thin nanosheets is unknown because it was derived
from data on bulk, three-dimensionally bonded oxide semi-
conductors.
The other method used to characterize the VFB of

semiconductors in contact with solutions is the Mott−Schottky
method, which relates the differential capacity of the space
charge layer to the applied potential. This method has been
widely used for bulk as well as thin film semiconductors.22,32−34

Recently, Maeda and co-workers reported band-edge tunable
perovskite nanosheets of HCaxSr2−xNbyTa3−yO10 and explored
how the band-edge potential influenced their photocatalytic
properties.30,35 Here, we apply the Mott−Schottky method to
measure VFB of few-layer nanosheets of these materials in
contact with aqueous solutions as a function of pH. From these
measurements, we can observe a quantitative correlation
between the composition of the nanosheets and VFB. We also
used first-principles electronic structure calculations based on
density functional theory (DFT) to correlate the composition
of the nanosheets with their corresponding band diagrams.

■ EXPERIMENTAL SECTION
Preparation of Layered Metal Oxide Nanosheets. Calcium

niobate nanosheets (TBA1−xHxCa2Nb3O10, TBA = tetra(n-butylam-
monium)) and strontium niobate nanosheets (TBA1−xHxSr2Nb3O10)
were prepared as previously described.36,37 Briefly, the layered metal
oxides KCa2Nb3O10 and CsSr2Nb3O10 were synthesized by calcining a
mixture of K2CO3 (99%, Alfa Aesar), Sr2CO3 (99.9+%, Aldrich),
CaCO3 (99.95+%, Sigma-Aldrich), and Nb2O5 (99.99%, Sigma-
Aldrich) with elemental ratios K:Ca:Nb = 1.05:2:3 and Cs:Sr:Nb =
1.2:2:3 at 1373 K for 12 h in air. An excess of the alkali metal
carbonate was used to compensate for the volatilization at high
temperature. The obtained powders were treated with 2 M HCl
aqueous solution for 3 days to replace the alkali ions with protons. The
proton-exchanged materials were then dispersed in 100 mL of an
aqueous solution that contained an equimolar amount of tetra(n-
butylammonium) hydroxide (TBAOH, prepared from a 40% solution
in water, Fluka) and were shaken for at least 1 week at ambient
temperature. The nanosheet suspensions were collected after the
removal of the unexfoliated particles by centrifugation. In the case of
TBA1−xHxCa2Nb3 ‑yTayO10 nanosheets, the layered oxides

RbCa2Nb3−xTaxO10 were prepared by the polymerized complex
method reported by Maeda et al.35 Nanosheets with x values of 2.25
and 1.5 were prepared. In a typical synthesis, NbCl5 (99+%, Strem
Chemicals, Inc.) and TaCl5 (99.99%, Acros Organics) powders were
dissolved in 100 mL of methanol with stirring, followed by the
addition of CaCO3, RbCl (99%, Alfa Aesar), citric acid (CA,
anhydrous, 99.5%, Alfa Aesar), and ethylene glycol (EG, 99+%,
Sigma). The molar ratio of Rb/Ca/(Nb+Ta)/Ca/EG was 1.4/2/3/
30/120. The solution was then heated to about 65 °C to allow the
solvent to evaporate. The esterification reaction between EG and CA
was promoted by heating the mixture to about 130 °C, which yielded a
slightly brown glassy resin after 1 h. Pyrolysis of the resin was
conducted in air at 450 °C for 1 h to produce black powders, which
were then heated in an alumina crucible at 600 °C for 4 h in air. The
obtained white powders underwent a final calcination in air at 1100 °C
for 12 h. The subsequent acid-exchange and exfoliation processes were
carried out in a similar fashion to KCa2Nb3O10 and CsSr2Nb3O10.

Layer-by-Layer (LBL) Assembly of the Nanosheets. Sub-
strates, including fluorine-doped tin oxide-coated glass (FTO, 8 Ω/
cm2, Hartford Glass Company), quartz (Chemglass Life Sciences),
silicon wafers (University Wafer), and gold-coated glass slides
(Deposition Research Lab Inc.) were cleaned by sonication in soapy
water, isopropyl alcohol, and Nanopure water (each for 10 min),
respectively. Poly(diallyldimethylammonium chloride) solution (2 wt
%) (PDDA, Mw = 1−2 × 105, 20 wt % in water, Aldrich) and a diluted
nanosheet suspension (∼0.5 mg/mL) were prepared for LBL
assembly. The clean substrate was first immersed in PDDA solution
for 20 min to anchor the positively charged polymer and was then
thoroughly rinsed with water and dried in a compressed air stream
before being immersed in the nanosheet solution for another 20 min
to produce a PDDA/nanosheet bilayer. The deposition was repeated n
times to construct n layers of PDDA/nanosheets.

Electrochemical Measurements. Electrochemical measurements
were carried out in a three-electrode cell with Ag/AgCl (3.0 M NaCl,
+0.210 V vs NHE) as the reference electrode and Pt gauze (100 mesh,
1 × 2 cm2) as the counter electrode. Working electrodes were
prepared by depositing five layers of nanosheets onto clean FTO-glass
and gold-coated slides using the LBL technique described above. Prior
to the electrochemical measurements, the electrodes were heated at
200 °C for 30 min to remove solvent and then exposed to UV
irradiation (Black-Ray B100-AP lamp, UVP, LLC) for about 3 days to
decompose polycations, exploiting the photocatalytic property of the
nanosheets. Aqueous 0.1 M KCl containing 10 mM acetate buffer for
pH 3 to 6, or 10 mM phosphate buffer for pH 6 to 8, was used as the
electrolyte. Accurate pH values were determined by using a pH meter
(VWR sympHony SP70P). The electrolyte was purged with nitrogen
for 15 min prior to each set of measurements. Electrochemical
impedance spectroscopy (EIS) was conducted using Autolab
potentiostat with a FRA32 M module. A frequency range of 10−1−
104 Hz and an amplitude of 10 mV were used. EIS measurements at
each pH for every material were repeated three times with three
different samples to avoid artifacts arising from electrode polarization.
All electrode potential values are given with respect to the Ag/AgCl
reference electrode unless otherwise noted.

Characterization. Samples were characterized by X-ray powder
diffraction (XRD, PANalytical Empyrean, Cu Kα radiation), trans-
mission electron microscopy (TEM, JEOL 1200 EXII, accelerating
voltage 80 kV), field-emission scanning electron microscopy (FESEM,
FEI NanoSEM 630, accelerating voltage 10 kV), and atomic force
microscopy (AFM, Bruker Icon microscope, PeakForce Tapping
mode). Ultraviolet−visible (UV−vis) absorption spectra of the
nanosheets were collected using a Varian Cary 6000i spectropho-
tometer.

Electronic Structure Calculations. All calculations were
performed within the framework of DFT as implemented in
CASTEP.38 The structure of a HCa2Nb3O10 monolayer was created
as reported elsewhere.39 Initial structures of HCa2Ta3O10 and
HSr2Nb3O10 monolayers were generated by replacing metal ions at
the corresponding sites in the HCa2Nb3O10 structure. For geometry
optimization, the general gradient approximation (GGA) in the
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Perdew−Burke−Ernzerhof (PBE) form40 and a cutoff energy of 400
eV for the plane-wave basis set were employed with a convergence
threshold of 2.0 × 10−5 eV/atom for energy and 0.05 eV/Å for force.
Integration over the Brillouin zone was performed by using a
Monkhorst−Pack (MP) grid of 2 × 2 × 1. The work function was
determined as the potential difference between the vacuum level and
the Fermi level. Bond orders were analyzed using the Mulliken
method.41 For electronic structure calculations, we used the hybrid
functional HSE0642 with a cutoff energy of 800 eV. Band structures
were generated along the following high-symmetry points in k-space
with a spacing of 0.08/Å: G (0, 0, 0), F (0, 0.5, 0), and B (0.5, 0, 0).
The partial density of states (PDOS) was calculated with a MP grid of
5 × 5 × 1.

■ RESULTS AND DISCUSSION

Preparation of Nanosheets. The layered metal oxides
examined in this study belong to the Dion−Jacobson (D-J)
structural family of layer perovskites with a general formula of
A′An−1BnO3n−1.

43 A′ is an alkali metal cation that separates
An−1BnO3n−1 perovskite blocks, in which the A cations occupy
cubooctahedral sites surrounded by eight corner-sharing BO6
octahedra and n denotes the number of BO6 repeat units along
the stacking axis in each block. When the parent solids are
exfoliated into nanosheets, the A′ cations are replaced by
protons and TBA+ cations to preserve neutrality. In subsequent
discussion, we denote the n = 3 TBA1−xHxA2B3O10 nanosheets
by the shorthand notation A2B3O10. XRD patterns (Figure 1a)

confirmed the successful synthesis of the layered perovskites as
well as the proton-exchanged products. TEM images (Figure
1b, left) show that the proton-exchanged products are
delaminated into nanosheets. Energy-dispersive X-ray spectros-
copy (EDS) was used to determine the compositions of
Ca2NbxTa3−xO10 nanosheets (Table S1, Supporting Informa-
tion) and showed that the experimental Nb:Ta ratios for
Ca2Nb2.25Ta0.75O10 and Ca2Nb1.5Ta1.5O10 nanosheets were very
close to the 3:1 and 1:1 target ratios, respectively. These
nanosheets were further found by AFM to form patchy
monolayers in the first step of LBL assembly on Si substrates,
despite the presence of a small fraction of multilayer
nanoparticles (Figure 1b, right). The thicknesses of the
monolayer nanosheets were measured at the edges where the
sheets overlapped in order to avoid different tip interaction
forces between the substrate and nanosheets. Based on the
average five measurements, the thicknesses of the nanosheets
were as follows: Sr2Nb3O10, 1.73 ± 0.16 nm; Ca2Nb3O10, 1.60
± 0.07 nm; Ca2Nb2.25Ta0.75O10, 1.79 ± 0.06 nm;
Ca2Nb1.5Ta1.5O10, 1.78 ± 0.07 nm.

Layer-by-Layer Assembly. Exfoliated nanosheets were
assembled onto different substrates by sequential adsorption of
PDDA and nanosheet solutions.44 Layer-by-layer assembly of
nanosheets on quartz was monitored by UV−vis spectroscopy
(Figure 2). The linear growth of the absorbance at 265 nm with
increasing layer number indicates that approximately the same

Figure 1. (a) XRD patterns of as-prepared layer perovskites and their corresponding proton-exchanged products. (b) TEM (left) and AFM (right)
images of the exfoliated nanosheets.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b02901
ACS Appl. Mater. Interfaces 2016, 8, 11539−11547

11541

http://pubs.acs.org/doi/suppl/10.1021/acsami.6b02901/suppl_file/am6b02901_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b02901


amount of nanosheets was deposited in each adsorption cycle.
Note that the background absorption (λ > 350 nm) also
increased with layer number due to Rayleigh scattering from
the nanosheets and unexfoliated particles.
Band Gap Determination. The optical band gaps (Eg) of

the nanosheets were determined by converting their UV−vis
absorbance spectra into Tauc plots using eq 2:

να νℏ = ℏ −A E( ) ( )n1/
g (2)

where ℏ is Planck’s constant, ν is the frequency, α is the
absorption coefficient, and A is a proportionality constant. The
exponent n denotes the nature of photon absorption, where n =
1/2 and n = 2 are used for direct and indirect band gaps,
respectively. A linear fit from the point where (ℏνα)1/n begins

to increase linearly with ℏν intercepts Eg on the ℏν axis. The
absorption coefficients of nanosheets used in eq 2 were taken as
proportional to the absorbance values at 265 nm, because at
this wavelength only the nanosheets, not PDDA nor TBA ions,
show strong light absorption. The nanosheets used in this study
are indirect band gap semiconductors, because their direct band
gap values fitted from n = 1/2 were larger than indirect ones.
Direct transformation of the UV−vis absorption spectra gives
the Tauc plots shown in Figure 3a, where an artifactual
decrease in band gap due to particle light scattering is observed.
For a more accurate determination of the band gap, the spectra
were corrected by subtracting a linear baseline, which was made
by extrapolating a tangent line to the absorbance in the ∼400−
500 nm region across the spectrum. The resulting corrected
plots are shown in Figure 3a. It is worth noting that this

Figure 2. UV−vis absorption spectra of nanosheet multilayers deposited on quartz substrates.

Figure 3. (a) Original and scattering-corrected Tauc plots for one- to ten-layer films of Sr2Nb3O10 nanosheets. (b) Scattering-corrected Tauc plots
for one- to-ten-layer films of nanosheets of different compositions.
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method can only partially remove the scattering contribution
from the spectra because the scattering efficiency increases as
1/λ4.45

Scattering-corrected Tauc plots were constructed for other
nanosheet compositions as shown in Figure 3b, and band gap
values of Sr2Nb3O10, Ca2Nb3O10, Ca2Nb2.25Ta0.75O10, and
Ca2Nb1.5Ta1.5O10 were estimated to be 3.77 ± 0.03, 3.81 ±
0.04, 3.88 ± 0.03, and 3.97 ± 0.04 eV, respectively. The trends
we observe are that A-site Sr gives a slightly smaller bandgap
than A-site Ca, and that the substitution of Ta for Nb on the B
site increases the band gap. These trends are consistent with
earlier reports by Maeda et al.,30,35 although they reported
smaller band gaps, possibly because their UV−vis diffuse
reflectance measurements were made with restacked nano-
sheets instead of few-layer nanosheet films.
Mott−Schottky Experiments. The flat-band potentials of

nanosheets at various pH values were evaluated by electro-
chemical impedance spectroscopy using the Mott−Schottky
method,32 which is based on eq 3:

εε
= − −

⎛
⎝⎜

⎞
⎠⎟C eN

V V
k T

e
1 2

2
0 D

FB
B

(3)

where C is the interfacial capacitance normalized to the
electrode area, ND is the donor density, V is the applied voltage,
kB is Boltzmann’s constant, T is the absolute temperature, e is
the electronic charge, and ε and ε0 are the dielectric constant of
the semiconductor and the permittivity of free space,
respectively. With an ideal semiconductor−solution interface,
a plot of 1/C2 against V yields a straight line and its intercept
on the V axis corresponds to VFB.
Working electrodes were prepared by depositing five layers

of PDDA/nanosheets onto FTO glass. In order to ensure good
contact between nanosheets, the electrodes were heated to 200
°C and then exposed to UV light for 3 days to remove the
solvent and decompose the polycations entrained between the
sheets. To evaluate the effectiveness of this process, ten layers
of PDDA/nanosheets were deposited on quartz by the LBL
technique. We examined XRD patterns of the heat-treated
nanosheet films before and after UV exposure (Figure S1,
Supporting Information), from which we can see a shift of the
basal plane reflections toward higher angle, indicating a
decrease in the interlayer distance in the film.
In the frequency range investigated, a Randles circuit was

found to model the response of the system adequately (Figure

4): RS represents the series resistance from the electrodes,
electrolyte, and contacts; RCT describes the charge transfer
resistance at the electrolyte−electrode interface. A CPE
(constant phase element) was used to describe the capacitance
behavior of the electrode, which deviates from ideal capacitor
due to surface nonhomogeneity.34 The impedance of a CPE
follows eq 4,

ω
=Z

T j
1

( )nCPE
(4)

where ω is the applied frequency, and T (0 ≤ T ≤ 1) and n are
frequency-independent parameters. Although a CPE gave good
fits to the data, the parameter T represents capacitance only
when n = 1. Two models are proposed to determine the
effective capacitance from a CPE.46 Considering that nano-
sheets spread both laterally and vertically on the substrate, the
surface distribution model developed by Brug et al.47 was used
here with the following expression:

=
+

−⎛
⎝⎜

⎞
⎠⎟C T

R R
R R

n
n n

CPE
1/ S CT

S CT

(1 )/

(5)

although a normal-distribution model48 was found to give very
similar results. The capacitance of the CPE was treated only as
the space−charge capacitance of the nanosheets and FTO,
because the double layer capacitance was considered to be
much larger than space−charge capacitance and thus a small
contributor to the series capacitance in the Mott−Schottky
equation.33,49

Mott−Schottky plots of five-layer Ca2Nb3O10 nanosheet
films and the bare FTO substrate at pH = 7.8 are shown in
Figure 5, where three regions of different slopes can be
observed. When the applied potential is more positive than
−0.7 V (regions 1 and 2), the space−charge region of the
nanosheet film is depleted and the capacitance of the working
electrode is similar to that of the bare FTO electrode. A linear
fit of region 1 gives VFB of FTO glass to be about −0.5 V, which
is more positive than the value fitted from a bare FTO sample
(∼−0.6 V). The latter is comparable to other reported values
when adjusted to an equivalent pH with a pH-dependence of
−59.2 mV/pH.33 As the applied potential approaches values
more negative than −0.7 V (region 3), a dramatic increase in
the capacitance is observed. Our interpretation of this increase
is that the space charge region of the nanosheets begins to

Figure 4. (a) Equivalent circuit (Randles circuit) used for fitting of EIS data. Nyquist and (b) and Bode plots (c) of EIS data from five-layer
Ca2Nb3O10 nanosheet films on FTO at −0.7 V in a pH 7.8 aqueous electrolyte.
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contribute to the measured capacitance. We can then determine
VFB of the nanosheets via a linear fit in this region to be −0.944
± 0.004 V based on three measurements. A positive slope in
region 3 indicates that the Ca2Nb3O10 nanosheets are n-type,
which was also true of the other nanosheets investigated.
Ideally, if the thin semiconducting film is in good contact

with the substrate, one should observe only two regions of
different slopes, one from the substrate and one from the
film.33,34 The crossing point of the two slopes indicates the
potential at which the depletion layer reaches the thin film/
substrate interface. However, in our experiments, there is an
additional region, region 2 in Figure 5, which can be interpreted
as a capacitive contribution due to specific ion adsorption
between the FTO surface and the nanosheets. Although
decomposition of PDDA was achieved via UV exposure, some
ion-exchange capacity still remains and intimate contact
between the nanosheets and the FTO substrate is not
guaranteed.50 The adsorption of cations may also explain the
positive shift of the measured VFB of the nanosheet-covered
FTO substrate relative to clean FTO.
On the basis of the Mott−Schottky equation, we can also

estimate the thickness of space-charge region, Lsc, from eq 6:

εε
= − −

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟L

eN
V V

k T
e

2
sc

0

D

1/2

FB
B

1/2

(6)

Using a dielectric constant of 210,51 we calculated the space-
charge region thickness of the five-layer Ca2Nb3O10 nanosheet
film to be about 15 nm, which is comparable to the value
estimated from AFM data (5 × 1.6 = 9 nm).
Equation 6 also suggests that the potential width of region 3

scales with the square of the thickness of the nanosheet layer,
which, however, is not supported experimentally, because the
width of region 3 appears to be independent of the number of
layers deposited. We repeated the measurements on gold-
coated slides (which have a smoother surface than FTO) and
no significant correlation between the width of region 3 and the
thickness of the nanosheet film was found (Figure 6). One
explanation may be that the measured capacitance arises not
only from the nanosheet film but also from the electrical double
layer at the electrode surface, especially if the solution can
penetrate between the nanosheets.
Nanosheets of other compositions were also characterized by

EIS, and their flat-band potentials at different pH values are
summarized in Figure 7. The flat-band potentials of all
nanosheets show a pH dependence close to ∼59 mV per pH,

which can be explained by proton adsorption/desorption at the
surface oxide groups of the semiconductor.52 Consistent with
expectations from eq 1, we find that Sr2Nb3O10 has a more
positive VFB value than Ca2Nb3O10, and that the introduction of
Ta into Nb sites shifts VFB of the nanosheets to more negative
values.
To gain more insight into the correlation of composition

with electronic properties, we performed DFT calculations of
the electronic structure of the nanosheets (Figure 7b; see
Figure S2, Figure S3, and Table S2 in Supporting Information
for optimized structures, band structures, and work functions,
respectively). It is worth noting that although DFT calculations
systematically underestimate band gaps even when the hybrid
functional HSE06 is adopted, they can provide useful
information about trends in energies and about the
contributions of atomic orbitals to the energy bands. The
calculated variation in band gaps is consistent with our
measurements. The partial density of states analysis (Figure
S4, Supporting Information) indicates that 2p orbitals from
oxygen and 3d orbitals from B-site cations contribute the most
to the valence band and conduction bands, respectively.
Therefore, substitution on the B site can directly influence
the energy of the conduction band edge. A-site cations,
although not directly contributing to the frontier orbitals, may
alter the electronic structure through changes in A−O bond
strength. We observed that the average Mulliken bond order for
A−O bonds decreased from 0.06 for HCa2Nb3O10 to 0.05 for
HSr2Nb3O10 in our calculations. The smaller bond order
implies a more ionic (less covalent) bond for Sr−O relative to
Ca−O, which is consistent with the results of a study of ABO3
perovskites by Chen et al.53

We also applied Matsumoto’s empirical eq 1 to estimate the
conduction band-edge potentials of the nanosheets. In this
correlation, the energy difference between the conduction band
edge and Fermi level was estimated from the conductivity of
the semiconductors. For wide band gap semiconductors such as
those in this study (>104 Ω·cm resistivity54), 0.4 eV was used.
The estimated Fermi level potentials of the nanosheets are
plotted in Figure 7a (assuming a pH dependence of −59 mV/
pH), from which we can see that the empirical equation gives
reasonably good predictions.
When extending the EIS measurements to other layered

metal oxide nanosheets including Sr2Ta3O10, Ca2Ta3O10, TiOx,
and TiNbO5, we found two problems in obtaining useful
Mott−Schottky plots. First, tantalate compounds are expected
to possess a very negative VFB (<−1.2 V in neutral solution),
and EIS measurements in this potential range require the
inclusion of a Warburg element in an equivalent circuit to
account for diffusion-controlled phenomena, which complicates

Figure 5. Mott−Schottky plots of five-layer Ca2Nb3O10 nanosheets
and a bare FTO substrate at pH = 7.8. Shaded regions 1, 2, and 3
correspond to potential ranges in which the capacitance is dominated
by the FTO substrate, the FTO/nanosheet interface, and the
semiconducting nanosheet film.

Figure 6. Mott−Schottky plots of gold-coated slides with different
numbers of Ca2Nb3O10 nanosheet layers at pH 6.7.
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the determination of the nanosheet capacitance. Second, for
TiOx and TiNbO5 nanosheets, the Randles circuit did not give
good fits to the EIS spectra collected at all scanned potentials.
We found that as the potential approached the expected value
of VFB, the measured EIS spectra deviated from the Randles
circuit fit (Figure S5, Supporting Information). We suspect that
electrochemical reduction of TiOx and TiNbO5 nanosheets at
negative potentials may complicate the analysis in these cases.

■ CONCLUSIONS

Molecularly thin perovskite nanosheets A2B3O10 with different
atomic compositions, including Sr2Nb3O10, Ca2Nb3O10,
Ca2Nb2.25Ta0.75O10, and Ca2Nb1.5Ta1.5O10, were grown as
multilayer films on different substrates by LBL adsorption of
polycations and nanosheets. The band gaps of these nanosheets
could be determined by constructing scattering-corrected Tauc
plots. Mott−Schottky analysis of electrochemical impedance
measurements indicated that all nanosheets in this family were
n type semiconductors and had a pH dependence of their flat-
band potentials close to −59 mV per pH. DFT calculations
indicated that the electronic structure can be affected by the
strength of A−O bonding and by substitution of Ta for Nb on
B-sites. As long as the materials are robust and the equivalent
circuit is consistent throughout the whole measurement, one
can use the Mott−Schottky analysis to measure the flat-band
potentials of the exfoliated metal oxide nanosheets in contact
with aqueous solutions. The results of these measurements
support Matsumoto’s empirical correlation of conduction band-
edge positions with band gaps for metal oxide semiconductors.
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