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ABSTRACT: Photochemical charge generation, separation, and transport at nano-
crystal interfaces are central to photoelectrochemical water splitting, a pathway to
hydrogen from solar energy. Here, we use surface photovoltage spectroscopy to probe
these processes in nanocrystal films of HCa2Nb3O10, a proven photocatalyst. Charge
injection from the nanoparticles into the gold support can be observed, as well as
oxidation and reduction of methanol and oxygen adsorbates on the nanosheet films. The
measured photovoltage depends on the illumination intensity and substrate material, and
it varies with illumination time and with film thickness. The proposed model predicts
that the photovoltage is limited by the built-in potential of the nanosheet−metal
junction, that is, the difference of Fermi energies in the two materials. The ability to
measure and understand these light-induced charge separation processes in easy-to-fabricate films will promote the development
of nanocrystal applications in photoelectrochemical cells, photovoltaics, and photocatalysts.

SECTION: Energy Conversion and Storage; Energy and Charge Transport

Photochemical charge separation on the nanoscale is of
central importance for solar energy conversion with

inorganic nanocrystals.1 Analytical methods for this process
rely mostly on the measurement of electrical currents2−7 or
optical changes.8 Surface photovoltage spectroscopy (SPS) is a
contactless technique that probes contact potential difference
changes (ΔCPD) in thin films upon excitation with light.9,10

The sensitivity of the method is higher than that of
photoelectrochemistry because even small charge carrier
concentrations (1010 per cm2) yield potentials on the mV
scale. Historically, SPS has been applied to the characterization
of bulk semiconductors and surfaces, but in recent years, the
method gained popularity for the study of integrated devices
and microheterogeneous systems, notably by Thomas Dittrich’s
group.11−16 In our research, SPS has been used to characterize
nanoscale photocatalysts for water splitting reactions17,18 and
recently also for organic polymers employed in photovoltaics
and organic light-emitting devices.19 In these systems, the
origin of the photovoltage is not always easy to elucidate. It can
arise from the reorientation of permanent dipoles in the films,
charge separation at the surface, inhomogeneous illumination
(Dember effect),20,21 and other processes. The identification of
the mechanism then becomes central to the interpretation of
the data. Here, we describe the results of a comprehensive SPS
study on nanostructured crystalline films, where the light
intensity, film thickness, substrates, and ambient were varied.
Both intrinsic and surface states in the nanocrystals, redox
reactions on the nanocrystal surface, and charge injection into
the substrate can be resolved as a function of photon energy.
The sign and size of the photovoltage signals can be
quantitatively understood on the basis of a thermodynamic
model for an illuminated semiconductor−metal junction. These
results provide the basis for more systematic studies on
photochemical charge transport and separation in nanocrystal

films. They are relevant to the development of nanocrystal-
based excitonic solar energy conversion systems.
Nanocrystal Films. Tetrabutylammonium-supported

TBAxH(1−x)Ca2Nb3O10 nanocrystals are known to promote a
water splitting reaction upon band gap (3.5 eV) excitation.22−24

These nanocrystals have a perovskite structure consisting of
Nb(μ2-O)6 octahedra with Ca

2+ cations filling the voids (Figure
1A) and adopt a 2-D sheet-like morphology (Figure 1B).
According to TEM images, nanosheets are ∼1.2 nm thick25 but
have lateral dimensions above 1 μm.
Thin films of the sheets on gold substrates were obtained by

drop-coating from a dilute suspension, followed by drying at
100 °C for 10 min. The film thickness was varied from 57 to
6000 nm, depending on preparation conditions. In these films,
nanosheets adopt a preferential coplanar orientation with
regard to the substrate, as shown in Figure 1C/D. For SPS
measurements, nanosheet films were placed in a vacuum
chamber, and their changes in contact potential difference were
measured as a function of photon energy.
Surface Photovoltage Spectra. A typical photovoltage spectrum

has four distinct features I−IV (Figure 2A). Feature I is a
negative ΔCPD signal at photon energies below the band gap
of the material. This sub-band gap feature is attributed to the
excitation of midgap defect states, likely at the surface of the
nanosheets, and it becomes significant in the case of a poorly
prepared sample, as shown in Figure 2B. The negative sign of
the voltage indicates electron transfer toward the gold substrate.
Feature II is the dominant negative ΔCPD signal in the
spectrum, which is assigned to the photochemical charge
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separat ion under direct band gap exci tat ion of
TBAxH(1−x)Ca2Nb3O10. This assignment is supported by the
overlap of feature II with the optical absorption of the
nanosheets (green region in Figure 2A). Features III and IV are
also due to separation of charge carriers generated under band
gap excitation. The dip of the signal at 3.8 to 4.0 eV is caused
by the lower density of states (DOS) in this region, which is
observed also in the optical absorbance spectrum. As suggested
by DFT calculations on KCa2Nb3O10, the high- and low-energy
DOS can be assigned to the NbO6 units at or away from the
surface, respectively.26

As shown in Figure 2C, the main photovoltage features I/II
(and to a lesser extent III/IV) depend on the film thickness.
This dependence is plotted for feature (I+II) in Figure 2D.
When the film thickness is below 1350 nm, the photovoltage
increases linearly with film thickness, but above this value, the
photovoltage remains constant. As will be discussed below, this

behavior agrees with the metal−semiconductor junction model
in Figure 4.
In order to study the dependence of features I/II on the light

intensity, a nanosheet film was exposed to 3.75 eV (330 nm)
illumination with various flux intensities. As shown in Figure
3A, both the size of the ΔCPD signal and its growth rate

increase with flux. A logarithmic plot of the steady-state signal
versus the monochromatic flux (Figure 3B) is nearly linear.
This is expected from the thermodynamics for an illuminated
metal−semiconductor junction, as will be described below.
SPS was used also to detect the photochemical reactions of

TBAxH(1−x)Ca2Nb3O10 nanocrystals with methanol and oxygen.
When a film was briefly exposed to drops of methanol before
bringing it back into vacuum, the voltage at 3.75 eV nearly
doubled (Figure 3C). This is attributed to the photochemical
oxidation of surface-adsorbed methanol via photogenerated
holes, which enables more electron transport to the gold
substrate. On the other hand, when the spectrum was recorded
in air (Figure 3D), feature II was greatly reduced, and a new
positive signal appeared at 2.4−3.2 eV, which can be assigned
to the photoreduction of oxygen from air. The low onset (2.4
eV) of this oxygen reduction signal suggests that midgap

Figure 1 . (A) S t ruc tu r a l mode l and (B) TEM of
TBAxH(1−x)Ca2Nb3O10 nanosheets. (C) Top and (D) side SEM
view of a nanosheet film on a gold substrate.

Figure 2 . (A) Sur face photovo l t age spec t rum of a
TBAxH(1−x)Ca2Nb3O10 nanosheet film on Au, along with its diffuse
reflectance spectrum. (B) Photovoltage spectral comparison between
low-de fec t and r i ch -de fec t samples . (C) Spec t ra of
TBAxH(1−x)Ca2Nb3O10 nanosheet films with a set of various
thicknesses. (D) Peak photovoltage (ΔCPDmax) at 3.75 eV (330
nm) from (C) plotted as a function of film thickness.

Figure 3. (A) Photovoltage responses of a nanosheet film (thickness >
1400 nm) under monochromatic illumination with a variable intensity
(0.0015−0.035 mW/cm2 at 330 nm, 3.75 eV). (B) Plot of ΔCPD
versus the photon flux and power density from (A). (C) Photovoltage
spectra of nanosheets in vacuum before versus after methanol
treatment. (D) Photovoltage spectra of a nanosheet film in vacuum
versus air. (E) Photovoltage spectra of nanosheets on a Au substrate
with or without 40 nm poly(3,4-ethylenedioxythiophene) poly-
(styrenesulfonate) (PEDOT/PSS). (F) Comparison of time-depend-
ent photovoltage signals for a thin film of a TBAxH(1−x)Ca2Nb3O10
nanosheet on ITO between front-side and back-side illumination
configurations under a ∼25 mW/cm2 Xe full spectrum.
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surface defects are involved in this electron transfer process.
Reduction of oxygen27 and oxidation of methanol28 are
important chemical processes at illuminated semiconductor
surfaces. Similar redox reactions involving trap states likely also
played a role in earlier SPS studies on CdSe and TiO2.

29−31

In order to determine the mechanism for charge separation
in nanosheet films, spectra were recorded in the presence of a
hole-selective, electron-blocking PEDOT/PSS interlayer be-
tween the nanosheet and the gold substrate (Figure 3E). It can
be seen that this interlayer greatly diminishes the ΔCPD signal
from the nanosheet film. This suggests that the photovoltage
arises from electron transfer across the nanocrystal−gold
interface or into states at the interface. The small residual
photovoltage (−0.1 V at 3.5 eV) is assigned to the direct
excitation of states at the nanosheet−PEDOT/PSS interface
and PEDOT/PSS itself.
Previous photovoltage studies on C60 films have attributed

charge separation to the Dember effect,21 that is, to charge
transport driven by carrier concentration gradients in
inhomogeneously illuminated films.20 In order to determine the
presence of such a Dember photovoltage effect in the present
system, a front versus back illumination experiment was
conducted with a nanocrystal film exposed to the full spectrum
of Xe illumination. As shown in Figure 3F, the photovoltage
signal shows no significant change when the illumination
direction is reversed. This suggests that the photovoltage does
not arise from the Dember effect but from preferential electron
transfer toward the gold substrate.
Mechanism of Charge Separation. The data in Figures 2 and 3

supports the semiconductor−metal junction model proposed in
Figure 4. Due to their large band gap and low doping level,
TBAxH(1−x)Ca2Nb3O10 nanosheets do not contain a sufficient
concentration of free charge carriers to achieve an electro-
chemical equilibrium with the gold substrate in the dark (Figure
4A). The loose packing of the nanocrystals also does not
promote charge transfer. As a result, the nanosheet film on a
gold substrate stays electrically neutral, and the initial CPD
signal measured by the Kelvin probe is due only to the
difference between work functions of the Kelvin probe and the
metal support, including dipoles (e.g., water molecules) at the
back interface. This situation changes under defect or band gap
excitation, which generates charge carriers in the nanocrystal
film. Of these carriers, the more mobile photoelectrons can
inject into the gold support, while the photoholes accumulate
on the nanocrystals in the film. The associated positive charging
shifts the electric film potential to more positive values, which
results in the observed contact potential change ΔCPD. In
principle, a steady state is reached when the quasi-Fermi level
EF,n in the illuminated nanosheet film and the Fermi level EF of
the gold support become equal. For a sufficiently thick film
(>1350 nm) under 3.75 eV illumination (0.035 mW/cm2), the
maximum signal is measured as ΔCPD = −1.025 V (Figure
3B). Theoretically, for TBAxH(1−x)Ca2Nb3O10 nanosheets at
pH = 7, the built-in potential at the back interface is larger,
EF(Au) − EF,n(TBAxH1−xCa2Nb3O10) = −5.3 eV32 − (−3.5
eV)22 = −1.8 eV. The lower experimental value of −1.025 V is
probably due to the fact that electron transfer from the
nanocrystals to the gold is accompanied by the competing hole
transfer. The voltage is further limited by the finite illumination
intensity and by the effects of permanent dipoles at the
nanosheet−gold interface (Figure 4).9,33 As shown in Figure
2C/D, the experimental ΔCPD values also strongly depend on
the film thickness. This can be attributed to the charge

screening effect. In thin films (<1350 nm), the negative charge
that accumulates at the gold−nanosheet interface (Figure 4B)
is not completely screened by the spread-out positive charge in
the nanosheet film. This negative charge is then felt at the film
surface and reduces the positive electric potential of the film.
Because the photoholes in the film are not mobile (they have
previously been shown to generate surface peroxides),23 the
positive potential increases almost linearly with film thickness
within the space charge layer, as observed in Figure 2D. The
thickness w of this space charge layer is defined by the total
charge separated at the gold nanosheet film interface and by the
hole concentration on the nanocrystals in the film. Theoret-
ically, the photovoltage is also limited by the finite light
penetration depth of the niobates, which reduces the effective
light intensity at the bottom part of the film. However, no such
shading effect is observed within the thickness regime studied
here. The observed dependence of the ΔCPD signal on the
photon flux (Figure 3A/B) follows the thermodynamics of
metal−semiconductor junctions. According to eq 1 (for
symbols, see the Figure 4 caption), EF,n depends on the
logarithm of the steady-state electron concentration ne in the
niobate conduction band. Because ne scales with the absorbed
photon flux,3,24 ΔCPD has a logarithmic dependence on the
photon flux (Figure 3B). Deviations from this trend could be
due to the competitive hole transfer to the gold substrate and
the trapping of electrons at defects or residual oxygen in the
film.9,33

Figure 4. Energy diagrams for the metal−nanosheet−vacuum−Kelvin
probe configuration in the dark (A) and under band gap illumination
(B). Symbols: e: electron charge, φ: electric potential; CPD: contact
potential difference; ΔCPD: light-induced CPD change; w: space
charge layer width; μi: chemical potential (work function) of
TBAxH(1−x)Ca2Nb3O10, metal substrate, or Kelvin probe; VDip:
potential drop from the interfacial dipole; EF: Fermi level (electro-
chemical potential) in the dark; EF,n: quasi-Fermi level of electrons
under illumination, ne: electron concentration; NCB: effective DOS in
the conduction band.

The Journal of Physical Chemistry Letters Letter

dx.doi.org/10.1021/jz500136h | J. Phys. Chem. Lett. 2014, 5, 782−786784

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮



= −E E kT
n

N
lnF,n CB

e

CB (1)

As seen in Figure 3C/D, the presence of redox-active
molecules (O2, CH3OH) in the nanosheet film has a significant
effect on ΔCPD. These molecules react with the photo-
generated charge and thus act as local electron or hole sinks
and alter the charge separation. Although a quantitative analysis
of these ΔCPD data might provide additional useful
information about the thermodynamics of these reactions,
this analysis is beyond the scope of this Letter. Suggested by the
proposed model in Figure 4, charge separation is largely
determined by the build-in potential at the nanosheet−metal
back interface; therefore, the photovoltage ΔCPD value varies
significantly with an interlayer of PEDOT/PSS but remains
when the illumination direction is reversed, as observed in
Figure 3E/F.
In summary, we have demonstrated that SPS resolves charge

transfer processes at solid−solid and solid−adsorbate interfaces
in nanocrystal films, as a function of excitation energy.
Variations in the DOS of the nanocrystals can be clearly
observed, as well as effects resulting from surface defects,
molecular adsorbates, and interfacial electron transfer barriers.
Analysis of thickness-, substrate-, and intensity-dependent
photovoltage data provides support for the metal−semi-
conductor junction model in Figure 4, which interprets the
light-induced photovoltage as a result of the electrochemical
equilibrium between the illuminated nanocrystals and the metal
support. For sufficiently thick films (>w), the light-induced
voltage can be used to evaluate the efficiency of photochemical
charge separation at the sample−support interface, which in the
ideal limit becomes equal to the built-in potential at the
junction, that is, the difference of EF(Au) and EF,n(sample). The
ability to apply SPS to evaluate photochemical charge
separation in easy-to-fabricate nanocrystal films will aid
nanocrystal applications in photoelectrochemical cells, photo-
voltaic devices, and photocatalysts.

■ EXPERIMENTAL METHODS
Chemical. Potassium carbonate (K2CO3), calcium carbonate
(CaCO3), niobium oxide (Nb2O5), and tetrabutylammonium
hydroxide (TBAOH, 40 wt % aqueous solution) were obtained
from Acros Organics, and HNO3 (70%) was from Sigma−
Aldrich. Chemicals were of reagent quality and used as received.
PEDOT/PSS (Clevios P AI 4083) was used in the hole-
conductive electron-blocking interlayer experiment. Au-coated
(∼80 nm) glass and ITO substrates (Resistance 4−8 Ω/sq,
transmittance > 78%) were purchased from Thermo Scientific
and Delta Technologies LTD, respectively, and cleaned before
use. Pure water with a resistivity of >18 MΩ·cm from a
Nanopure II water purifying system was used consistently
through this study.
TBAxH(1−x)Ca2Nb3O10 Synthesis and Film Preparation.

TBAxH(1−x)Ca2Nb3O10 nanosheets were synthesized according
to a published procedure23 and stored in an excess TBAOH
aqueous solution at a pH > 10 to keep the nanosheets
suspended without restacking. Before use, nanosheets were
washed five times by centrifugation and resuspension in water
to remove the excess TBA cations and bring the pH to neutral.
The concentration of the nanosheets was determined by
gravimetric analysis and diluted to 1 mg/mL for film
preparation. Substrates of gold were cleaned by 30 wt %
H2O2 aqueous solutions with 0.05 M KOH added and then

rinsed with water thoroughly before use. ITO substrates were
cleaned by a series of consecutive sonications in acetone,
methanol, and isopropanol, followed by a final rinse with pure
water. Unless stated otherwise, films of TBAxH(1−x)Ca2Nb3O10
nanosheets were prepared by applying various volumes of 1
mg/mL nanosheet dispersion onto 1 × 1 cm2 gold or ITO
substrates and drying at 100 °C for 10 min. The resulting films
have a thickness ranging between 50 nm and 6 μm, depending
on the volume applied during film preparation. In the hole-
conductive electron-blocking interlayer experiment, an inter-
layer of 40 nm PEDOT/PSS was spin-coated on a gold
substrate before depositing TBAxH(1−x)Ca2Nb3O10 nanosheets.
Characterization. Transmission electron microscopy (TEM)

images of exfoliated TBAxH(1−x)Ca2Nb3O10 nanosheets were
taken with a Phillips CM-12 transmission electron microscope
at an accelerating voltage of 120 kV. To prepare the TEM
sample, TBAxH(1−x)Ca2Nb3O10 nanosheets were washed and
dispersed in water. Then, the particle dispersion was drop-
casted onto a carbon-coated copper grid, followed by rinsing
with water and air drying. Scanning electron microscopy
(SEM) images of TBAxH(1−x)Ca2Nb3O10 nanosheet films were
obtained on a FEI XL30 high-resolution scanning electron
microscope with an operating voltage at 5 kV. In the study of
thickness dependence, film thickness was measured by a Veeco
Dektak profilometer. UV−vis diffuse reflectance spectra of
TBAxH(1−x)Ca2Nb3O10 nanosheet films were recorded on a
Thermo Scientific Evolution 220 UV−vis spectrometer
equipped with an integrating sphere. The reflectance data
were converted to the Kubelka−Munk function by f(R) = (1 −
R)2/(2R) and plotted versus energy.
Surface Photovoltage Spectroscopy Measurements. Contact

potential differences (CPDs) were recorded using a gold
mesh Kelvin probe (3 mm diameter, Delta PHI Besocke) as the
reference and controlled by a Kelvin control 07 (Delta PHI
Besocke) with a sensitivity of 1 mV. Surface photovoltage
spectroscopy (SPS) measurements were conducted using a 175
W Xe arc lamp (Atlas Specialty Lighting) as the light source, in
conjunction with a monochromator (Cornerstone 130) to
provide monochromatic illumination with an average peak
FWHM of 15 nm. A typical photovoltage spectrum was
recorded by monitoring CPD during a monochromatic scan
from 1.2 to 5 eV (1000 to 250 nm). In the case of a time-
dependent photovoltage measurement, a monochromatic
illumination at 3.75 eV (330 nm) was applied. Meanwhile,
the CPD signal was monitored over time to probe the
photovoltage development upon illumination and decay when
the illumination was off. In the case of a front versus back
illumination experiment, the sample was deposited on an ITO
substrate and placed in air outside of the vacuum chamber to
enable the variation of the illumination configuration. Instead of
a monochromatic illumination, a Xe full spectrum irradiation
with an intensity of 25 mW/cm2 on average was used in this
case to enhance the photovoltage response in air. In all
photovoltage measurements, the sample−probe distance was
kept consistent (∼1 mm) over various samples, and all
measurements were performed under vacuum (10−7 bar) in a
customized vacuum chamber powdered by a Pfeiffer HiCube 80
Eco turbo pump station, except for the front versus back
illumination case, as specified above. Surface photovoltage
results were corrected for signal drift due to the vacuum
variation during the measurements by subtracting a linear drift
background from the raw data, and all reported CPD values in
Figure 2 and 3 are referenced against the dark CPD voltage.
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