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ABSTRACT: Solar-powered photochemical water splitting using
suspensions of photocatalyst nanoparticles is an attractive route for
economical production of green hydrogen. SrTiO3-based photocatalysts
have been intensely investigated due to their stability and recently
demonstrated near-100% external quantum yield (EQY) for water
splitting using wavelengths below 360 nm. To extend the optical
absorption into the visible, SrTiO3 nanoparticles have been doped with
various transition metals. Here we demonstrate that doping SrTiO3
nanoparticles with 1% Rh introduces midgap acceptor states which
reduce the free electron concentration by 5 orders of magnitude,
dramatically reducing built-in potentials which could otherwise separate electron−hole (e−h) pairs. Rhodium states also
function as recombination centers, reducing the photocarrier lifetime by nearly 2 orders of magnitude and the maximum
achievable EQY to 10%. Furthermore, the absence of built-in electric fields within Rh-doped SrTiO3 nanoparticles suggests
that modest e−h separation can be achieved by exploiting a difference in mobility between electrons and holes.
KEYWORDS: photoelectrochemical water splitting, strontium titanate, semiconductor nanoparticle, semiconductor heterojunction,
transition metal doping

INTRODUCTION
Solar-driven water splitting is an attractive route to generate
green hydrogen, an easily storable and clean fuel. Of the
possible schemes currently investigated, approaches based on
nanoparticle photocatalyst suspensions are projected to be
among the most cost−effective.1−5 However, these projections
are based on a >10% solar-to-hydrogen (STH) conversion
efficiency, while current state-of-the-art STH efficiencies do
not exceed6 ∼5% and all large-scale demonstrations are below7

1%. Thus, a dramatic improvement in STH efficiency is needed
to realize a practical photocatalytic (PC) system for solar water
splitting.
The PC water splitting process (Figure 1a) comprises three

basic steps: (1) light absorption, (2) transport of photocarriers
to the surface of the nanoparticle, and (3) hydrogen or oxygen
evolution (often aided with a cocatalyst). Optimizing all three
steps within a single material system is a considerable
challenge. To date, SrTiO3 nanoparticles are among the
most promising due to their high stability8 and demonstrated
ability to perform unassisted solar water splitting.9−11

However, with a bandgap of 3.2 eV, unintentionally doped
SrTiO3 only absorbs a small fraction of the solar spectrum. To

increase visible absorption, dopants like N, C, S and various
transition metals have been introduced with the goal of
forming a midgap impurity band that would effectively lower
the bandgap for optical absorption.12 One of the most well-
studied transition metal dopants in SrTiO3 is Rh (SrTiO3:Rh),
which forms an electron donor level 2.4 eV below the
conduction band minimum (CBM).13 Doping with Rh,
however, can introduce localized midgap acceptor states that
act as efficient traps that severely reduce photocarrier lifetime,
resulting in overall solar to hydrogen efficiencies well below14

1%. Co-doping with La has been proposed to reduce the traps
and thus enhance the hydrogen evolution activity of this
photocatalyst.15 Indeed, in 2016, Wang et al. reported an
efficiency of 1.1% for a Z-scheme system with La- and Rh-
codoped SrTiO3 hydrogen evolution reaction (HER) photo-
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catalyst nanoparticles paired with Mo-doped BiVO4 oxygen
evolution reaction (OER) photocatalysts.16 Unfortunately,
efficiencies substantially exceeding 1% have not been reported
for SrTiO3 since this study.

17

The fact that STH efficiency for SrTiO3:Rh photocatalysts is
low despite substantial absorption in the visible (13% of
photons from a solar blackbody approximation) points to
either photocarrier transport or surface hydrogen evolution as
the rate-limiting step. Poor transport characteristics have been
shown to be the “Achilles heel” of otherwise promising water
splitting materials such as hematite,18−20 and recent results21,22

doping SrTiO3 nanoparticles with aluminum points to carrier
transport as the rate-limiting step in SrTiO3. The electronic
impact of rhodium impurities has never been directly measured
on individual photocatalysts, which is surprising since optically
active impurities can also function as strong recombination
centers.23 Thus, the increased light absorptance (and
corresponding increase in STH) from rhodium doping can

be offset by a decreased charge-carrier lifetime and probability
of reaching the photocatalyst surface.
In addition to a long carrier lifetime, another key

requirement for efficient photoexcited electron−hole separa-
tion is an electric field within the photocatalyst that accelerates
holes (electrons) in n-type (p-type) doped materials.24 Internal
electric fields imply space-charge layers, which can only form if
the free carrier concentration is sufficiently large such that the
Debye length in the semiconductor is well below the
photocatalyst dimensions,25 or >1017 cm−3 for a SrTiO3
particle with diameter of 400 nm. The importance of having
a short Debye length, e.g., LD ≪ Dphotocatalyst, to achieve
efficient photocatalysis in colloidal semiconductor photo-
catalysts was recognized by Albery and Bartlett in their 1984
paper,25 who laid out how the band bending (and the space-
charge regions) needed to separate the photogenerated
electrons and holes cannot be realized if the free carrier
concentration, which dictates LD, is too low. Unfortunately,
while band bending and space charge regions are frequently

Figure 1. (a) Cartoon of a photocatalytic nanoparticle with band-bending (green lines) that separates charge to evolve hydrogen gas and
oxidize a redox mediator (Fe2+) in solution. (b) Gold nanoprobe makes electrical contact with a SrTiO3:Rh nanoparticle within the SEM. (c)
High-magnification TEM image of a SrTiO3:Rh particle resolves 5 nm Pt cocatalysts on its surface. (d) Electrons injected by the primary
electron beam create e−h pairs analogously to irradiation by light. (e,f) Bias-EBIC I−V curves become linear in both unintentionally doped
(e) SrTiO3 and Rh-doped SrTiO3 (f) under e-beam illumination, and the photocarrier lifetimes are extracted assuming ideal
photoconduction. (g) Absent applied bias, EBIC images acquired (i) from the same SrTiO3 particle as (e,h) reveals strong built-in E fields at
both Au-SrTiO3 interfaces. Conversely, EBIC images acquired (k) from the Rh-doped SrTiO3 particle of (f,j) no built-in E field due to a lack
of free carriers. Dashed yellow lines are drawn on the SEM and EBIC images to mark the Au-SrTiO3 interfaces.
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assumed to exist in nanoparticle photocatalysts, they are
seldom measured. Here we apply a well-established method in
semiconductor device characterization,26 electron-beam in-
duced current (EBIC) imaging, to directly map the space-
charge regions in SrTiO3 and SrTiO3:Rh photocatalysts. We
demonstrate that the addition of Rh essentially eliminates the
space-charge regions, consistent with the formation of a large
density of traps which drastically reduce the free carrier
concentration.
The source of free electrons in unintentionally doped

SrTiO3 is often oxygen vacancies.27,28 An oxygen vacancy
contributes one free electron to the conduction band and a
bound polaron with an energy 0.4 eV below the CBM.27 A
high concentration of oxygen vacancies (>1017 cm−3) is
needed to establish internal electric fields within SrTiO3
nanoparticles.29 Even if the oxygen vacancy concentration is
sufficiently large, the free electron concentration may be below
this threshold if free electrons donated by oxygen vacancies are
subsequently trapped within rhodium-induced traps. To the
best of our knowledge, free carrier concentration of electrons
in doped SrTiO3 photocatalyst nanoparticles has never been
measured.
To understand the origins of poor photocarrier separation

and transport, we electrically probe individual SrTiO3 and
SrTiO3:Rh photocatalyst nanoparticles using an environmental
scanning electron microscope (SEM) retrofitted with nano-
manipulators. We observe that carrier transport in SrTiO3:Rh
is dominated by trap-controlled space-charge-limited con-
duction (SCLC), in contrast to band transport in uninten-
tionally doped SrTiO3 nanoparticles. By analyzing current−
voltage profiles measured under illumination with 1−10 keV
electrons (which we call bias-EBIC to distinguish from
unbiased EBIC images), we extract a photocarrier lifetime of
1.4 ps for SrTiO3:Rh versus 71 ps for SrTiO3. We use EBIC
imaging to demonstrate that while space-charge regions are
clearly observed in unintentionally doped SrTiO3 nano-
particles, no such regions exist in SrTiO3:Rh nanoparticles.
The latter is consistent with very low free carrier concen-
tration. We perform our measurements under both high
vacuum and with 0.5 mbar of water vapor to demonstrate that
water adsorption does not significantly change the carrier
separation and transport characteristics. The short carrier
lifetime and lack of built in electric fields to separate carriers
explain why the external quantum yield (EQY) of SrTiO3:Rh
nanoparticles remains low, 1% measured at 405 nm, despite
strong optical absorption at this wavelength. Based on our
observation that SrTiO3:Rh nanoparticles lack built-in electric
fields, we propose that differences in mobility for electrons and
holes drive the photocarrier separation necessary for photo-
catalytic activity.

RESULTS AND DISCUSSION
The unintentionally doped SrTiO3 and SrTiO3:Rh (1 at% Rh)
nanoparticles, with and without Pt cocatalysts, were synthe-
sized using a solid-state reaction (SSR) method previously
described.30 A transmission electron microscope (TEM) image
of a typical SrTiO3:Rh photocatalyst with Pt cocatalysts is
shown in Figure 1c. The attenuation coefficient of 405 nm light
through a SrTiO3:Rh nanoparticle solution, as measured by
UV−vis spectroscopy (Figure S2), is nearly five times higher
than a suspension of similarly sized unintentionally doped
SrTiO3 nanoparticles. This result is in agreement with previous
studies30,31 which demonstrate that rhodium doping adds

midgap traps that extend light absorption of SrTiO3 into visible
wavelengths.
Electronic transport measurements on individual nano-

particles are performed in an SEM retrofitted with nanoprobes
and a heating stage (Figure 1d). The photocatalyst nano-
particles are dispersed from an aqueous mixture onto a Si/SiO2
substrate coated with a Ti/Au (4 nm/100 nm) metallic film.
Prior to dispersion, the substrate is washed with a poly-
(allylamine hydrochloride) solution (0.05 wt %) to improve
nanoparticle adhesion. The Au-coated Si/SiO2 serves as the
back-contact, while a nanomanipulator-controlled, Au-coated
W tip with a radius of 100 nm serves as the front contact.
A typical current−voltage (I−V) curve (Figure 1e) collected

for an unintentionally doped SrTiO3 nanoparticle under dark
conditions (black trace) shows symmetric, nonlinear behavior.
Further analysis reveals tunneling I−V characteristics (Figure
S3), typical of back-to-back Schottky contacts. When
illuminated with a rastering 10 keV electron beam, the bias-
EBIC current increases by a factor of >103 and becomes linear.
The SrTiO3:Rh similarly displays nonlinear dark I−V
characteristics (Figure 1f) but with a mechanism that is best
described as trap-assisted space-charge-limited conduction
(SCLC). SCLC is a bulk transport mechanism observed for
semiconductors with very low free carrier concentrations,
which we discuss in detail later. Illumination of the SrTiO3:Rh
nanoparticles with a 10 keV electron beam increases
conductivity (G) of the SrTiO3:Rh nanoparticles, analogously
to photoconduction within a semiconductor32 (Figure 1f, red
curve). However, the bias-EBIC is lower than pure SrTiO3 by
at least 3 orders of magnitude (pA versus nA in Figure 1e,f).
The carrier lifetime for unintentionally doped SrTiO3 and
SrTiO3:Rh can be determined

32 from the bias-EBIC (the slope
of a linear fit to the red points of Figure 1e) of the particle, G =
8.5 ± 0.1 pS:

=
I A

A
E
E GD

1
3

b p

F

L

g
2

(1)

where Ib is the beam current, reduced by the ratio of the
projected particle area Ap to the frame area AF since during
95% of its scan the beam is not incident on the particle. EL is
the energy loss (EL = 2460 eV when calculated from the 14.2
MeV cm2/g stopping power33 of SrTiO3 against 10 keV
electrons) of the primary electron beam; 3Eg is the ionization
energy34 of Eg = 3.2 eV bandgap35 SrTiO3, μ is the electron
mobility36 of SrTiO3 (∼10 cm2/(V s)), and D is the
nanoparticle diameter. We note that the electron−hole (e−
h) generation depth (based on the continuous slowing-down
approximation) is calculated to be 870 nm, and therefore, e−h
pairs are generated throughout the volume of a nanoparticle.
For the D = 360 nm SrTiO3:Rh particle shown in Figure 1j, a
carrier lifetime of 1.4 ps is calculated, which is over an order of
magnitude shorter than the 70 ps lifetime calculated for a
similarly sized unintentionally doped SrTiO3 nanoparticle
(Figure 1h). This short carrier lifetime in SrTiO3:Rh
nanoparticles is likely due to rhodium midgap states
functioning as recombination centers.15,37 Our single-particle
measurements of photocarrier lifetime in SrTiO3:Rh nano-
particles agree within a factor of 2 with a previous lifetime
measurement38 of 2.8 ps made with time-resolved diffuse
reflectance in SrTiO3:Rh nanoparticle powder. Other studies in
single-crystal SrTiO3 have measured somewhat longer life-
times39,40 in the range of ps to ns, which is unsurprising due to
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the higher quality of the single-crystal substrates used. We also
note that long-lived electron traps in SrTiO3 may have
lifetimes in excess37 of 10 s, but that here we are measuring the
lifetime of free electrons promoted to the conduction band.
In a diffusive transport regime absent of an internal electric

field, the calculated 1.4 ps lifetime of SrTiO3:Rh corresponds
to a very short diffusion length, L = kT e/ = 5.9 nm. Within
a typical 170 nm radius particle, only the outer shell
corresponding to 10% of its volume will generate photocarriers
that contribute to electrochemical reactions at the surface.
Thus, light absorbed within the inner ∼90% of the particle
generates e−h pairs that rapidly recombine, prior to reaching
the surface, limiting the EQY to a maximum of ∼10%.
Assuming all other processes remain unchanged (and
neglecting size-dependent Mie scattering), it follows that
smaller particles should have higher EQY than larger particles,
since the active volume of a smaller particle is a larger fraction
of its total volume.
Although the photocarrier diffusion length of SrTiO3:Rh is

very short, a built-in electric field could still allow for efficient
e−h separation. We use EBIC imaging to directly map built-in
electric fields within the unintentionally doped and SrTiO3:Rh
(Figure 1g). EBIC imaging is a scanning electron probe
technique that directly maps e−h separation efficiency within a
semiconductor,41−43 and has been used extensively to map
space-charge regions within nanostructure with sub-10 nm
spatial resolution.41,44 Conventional secondary-electron images

(Figure 1h,j) are acquired simultaneously with EBIC images
(Figure 1i,k). Because the transimpedance current amplifier is
connected to the gold substrate, a positive (negative) EBIC
signal indicates electrons (holes) are moving preferentially
toward the substrate and being collected by the inverting
current amplifier. The location and direction of built-in electric
fields can therefore be determined (cyan arrows in Figure 1i),
since no external potential is applied. EBIC acquired from an
unintentionally doped SrTiO3 nanoparticle reveals strong
contrast, and therefore built-in electric fields, at both
SrTiO3/Au interfaces (Figure 1i). The sign of the EBIC flips
across the center of the nanoparticle, indicating that the built-
in electric field changes direction. Based on the sign of the
EBIC, the built-in electric field points from the SrTiO3 to the
gold, consistent with an n-type semiconductor with upward
bending of the conduction band. Conversely, EBIC images of
SrTiO3:Rh nanoparticles at 0 V applied bias (Figure 1k) reveal
a weak EBIC signal that is uniform across the particle,
indicating that the built-in electric field is too weak to separate
e−h pairs.
The lack of built-in electric field by rhodium doping can be

explained by an absence of free carriers, consistent with bulk-
limited SCLC transport. We note that conduction mechanisms
that yield nonlinear characteristics can be broadly divided into
interface-limited transport and bulk limited transport.45−47

Interface-limited transport occurs when Schottky barriers or
tunnel junctions form at the interfaces between the
nanostructure and its contacts. Bulk-limited transport, on the

Figure 2. (a1−a6) SEM micrographs of representative SrTiO3:Rh photocatalyst particles of varying sizes, with (a1−a3) and without Pt
cocatalysts (a4−a6). Dashed-yellow lines are drawn on the SEM images to mark the Au-SrTiO3:Rh interfaces. (b) In dark conditions, I−V
data are nonlinear, indicative of non-Ohmic transport. (c) Transport data from 9 nanoparticles can be linearized on a log−log scale, in
agreement with SCLC conduction. (d) Constant field conductivity (α) exhibits a strong dependence on particle diameter, independent of
the presence of a Pt cocatalyst. (e) Variable field conductivity (β) is, within its error bar, equal to the ideal value of 2 for both platinized and
bare nanoparticles.
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other hand, is observed when the nanostructure has a high
density of electronically active defects, forcing carriers to hop
from trap-to-trap, or when the current density becomes space-
charge-limited due to a low number of free carriers.48 Fitting
our experimental data to the various mechanisms (Figure S4),
we find that bulk-limited single-trap SCLC provides a better fit
compared to interface-limited Schottky or tunnel junction type
mechanisms.
SCLC conduction is a bulk-limited transport mechanism of

the form49,50

=I
A V

D
N
N

e
9

8
r E kT0

2

3
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t

/T

(2)

where I is the measured current, ϵr = 300 is the relative
permittivity51 of the SrTiO3, ϵ0 is the permittivity of vacuum, μ
is the bulk electron mobility36 (10 cm2/V s), A is the contact
area, D is the nanoparticle diameter, ET is the trap energy
below the conduction band minimum (CBM), NT is the trap
density, NC is the density of states in the conduction band, k is
the Boltzmann constant, T is temperature in Kelvin, and V is
the applied bias. States in the conduction band are likely due to
oxygen vacancies in the SrTiO3, which act as n-type dopants.

21

The above expression can be linearized on a log−log plot as

ln[I] = α + β ln[V], where
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T and β = 2.

Current−voltage measurements collected for 9 particles
(Figure 2c) are linearized on a log−log plot, in agreement
with SCLC transport. The mean value of β for this collection
of 9 nanoparticles is 2.1 ± 0.4, equal to the ideal value of 2 to
within the standard deviation of the data set.
Smaller-diameter nanoparticles have dramatically higher

conductivity compared to those with a larger-diameter, in
agreement with SCLC transport. Conductance (α) at 1 V bias
versus particle diameter is plotted on a log−log scale (Figure
2d) and fit to a line with a slope of −4.3 ± 0.6. This diameter
dependence is stronger than expected for ideal SCLC, which
has a D−3 dependence on diameter that would correspond to a
slope of −3 on the plot in Figure 2d. This discrepancy may be
due to the polycrystalline morphology of the SrTiO3
nanoparticles, as larger particles are observed to have more
grain boundaries than smaller particles, which may lower
conductance due to grain-boundary resistance. The larger
conductance observed for smaller diameter photocatalysts also

indicates that surface defects are not the dominant trap of free
carriers. If this were the case, the conductance would decrease
as diameter decreases, due to an increase in surface-to-volume
ratio, as previously observed for III−V semiconductor
nanostructures.52

The addition of Pt cocatalysts to the surface of the
SrTiO3:Rh particles has an insignificant effect on carrier
transport, as seen in Figure 2 d,e, where transport parameters
(α and β) extracted from SCLC fits are plotted for nine
SrTiO3:Rh nanoparticles with Pt cocatalysts alongside 12 bare
SrTiO3:Rh nanoparticles. The slopes (Figure 2d) of the α
versus D plots, along with mean values of β, of the SrTiO3:Rh
nanoparticles with and without Pt cocatalysts overlap within
their respective error bars. This result is not surprising given
that the ∼5 nm diameter of the Pt cocatalysts is much smaller
than a typical 400 nm diameter SrTiO3 particle, meaning that
the 1-D Schottky model will not be accurate.53−55 A better
model for electrostatic screening in this system is a point
charge resting on the surface of a semiconductor,53−55 which is
related to the “pinch-off” effect describing an inhomogeneity
within an ideal Schottky contact.56,57 This “pinch-off” effect
limits the size of the space-charge region (and potential
barrier) beneath small Schottky contacts to the diameter of the
contact.56 Therefore, regardless of free carrier concentration
within the SrTiO3, the ∼5 nm diameter cocatalysts cannot
form a space-charge layer more than approximately 5 nm from
the surface.
Temperature-dependent transport measurements taken on a

single nanoparticle (Figure 3a) demonstrate increasing
conductivity (α) with increasing temperature, consistent with
the exponential temperature dependence of the single-trap
SCLC model eq 2. A linear regression (Figure 3a, inset) of α
versus 1/kT yields a trap depth of ET = 0.34 ± 0.02 eV below
the CBM. According to Janotti et al.,27 oxygen vacancies in
SrTiO3 can trap two polarons localized on neighboring Ti
atoms. The first polaron is easily ionized at room temperature
and becomes a free electron in the conduction band, while the
second polaron remains trapped in a state (VO

2+) 0.4 eV below
the CBM (Figure 3b). This state corresponds to an optical
transition of 2.8 eV (0.4 eV less than the 3.2 eV bandgap35 of
SrTiO3). We observe this state as a peak in photoluminescence
(PL) spectra in both unintentionally doped and SrTiO3:Rh
nanoparticles (Figure 3c), confirming this state is not due to
rhodium. The energy of this state (0.4 eV below the CBM) is

Figure 3. (a) Temperature-dependent conduction in a single SrTiO3:Rh nanoparticle. (b) Energy band diagram for SrTiO3:Rh with oxygen
vacancy and Rh trap levels. (c) Photoluminescence taken from unintentionally doped and SrTiO3:Rh nanoparticles confirms the presence of
an oxygen vanacy trap at 2.8 eV above the valence band (marked with dashed-blue line). The PL intensity of SrTiO3:Rh is 84 times lower,
presumably due to nonradiative recombination via rhodium states.
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close enough to the electronically measured trap energy (ET =
0.34 ± 0.02), to conclude this trap is responsible for SCLC.
The very low free carrier concentration we observe in
SrTiO3:Rh is likely due to the empty Rh4+ states58 (1.7 eV
below the CBM) trapping the free carriers donated by oxygen
vacancies, while the remaining electrons, trapped in the form of
small polarons, must overcome the 0.34 eV activation barrier
for conduction. From eq 2, using a conduction band density of
states29 of NC = 7.9 × 1020 cm−3, an oxygen vacancy
concentration of NT = 2.2 × 1020 cm−3 is calculated. At room
temperature, the probability that a polaron will escape to the
conduction band is =p N

N
C

T
exp[−ET/kT] = 8.9 × 10−6. The

effective free carrier concentration is thus reduced by this
factor to 2.0 × 1015 cm−3, more than 4 orders of magnitude
smaller than the oxygen vacancy concentration.
The bulk nonradiative carrier lifetime extracted from the

SrTiO3 powder PL data (Figure 3c) is consistent with bias-
EBIC measurements made on individual nanoparticles. The
intensity (IPL) of a PL peak is proportional to the ratio of the
radiative carrier recombination rate,59 Rrad, to the total
recombination rate, Rtot = Rrad + Rnonrad, where Rnonrad is the
nonradiative recombination rate. Therefore, IPL ∝ Rrad/Rtot =
τrad−1/τtot−1. Assuming that τrad ≫ τnonrad, the intensity of a peak is
proportional to τnonrad/τrad. Rhodium doping decreases the
intensity of the VO

2+ polaron peak by a factor of 84. Assuming
τrad is unaffected by rhodium midgap states, τnonrad will be
reduced by this same factor, which agrees well with our
previous single-particle betaconduction measurements.
Although characterizing individual nanoparticles with PL is
difficult due to their small (subwavelength) diameter, other
techniques such as SEM cathodoluminescence could provide
relative photocarrier lifetime measurements of individual
photocatalyst particles.
Given our measurement of 1.4 ps photocarrier lifetime, we

simulate EQY for a solution of SrTiO3 nanoparticles, and find
that smaller particles will yield higher EQY. Photocarriers can
diffuse an average of 5.9 nm before recombining; therefore, the
active volume of a nanoparticle will be a spherical shell of
width 5.9 nm extending from the surface. As a function of
particle diameter, EQY per particle (illuminated with 405 nm
light) will initially increase due to increased light absorption
(Figure 4a), plateau at ∼150 nm diameter, and decrease at
larger diameters since the fraction of a particle’s active volume
shrinks. Within a suspension of particles (0.5 g/L), total EQY
will decrease monotonically with diameter (Figure 4b) since
the mass density of the solution (and therefore total light
absorption) is held constant. To experimentally validate these

simulations, we suspend SrTiO3:Rh/Pt nanoparticles (0.5 g/L)
in a solution of 10% v/v methanol (aq) and SrTiO3:Rh and
irradiate with a 405 nm laser. Mass spectroscopy is used to
measure H2 evolution, with an EQY 1.8 ± 0.4% under 11.6
mW/cm2 (Figure 4c), which is consistent with performance
reported in previous studies of similarly prepared photo-
catalysts.6 The measured EQY of 1.8 ± 0.4% corresponds to a
particle diameter of 1.8 μm, larger than our SEM-measured
average particle diameter of ∼400 nm. This result suggests that
either nanoparticles are clustering within the solution, lowering
the observed EQY, or that there are other inefficiencies in the
water-splitting process which are not accounted for in our
model.
The space-charge region of a semiconductor nanoparticle

contacting metal (or surrounded by electrolyte) is geometri-
cally limited when the radius of the particle is less than the
space charge width, (W) within the semiconductor.25 In the 1-
D Schottky model, the space-charge width is equal to

=W
qN
2

C
. For unintentionally doped SrTiO3 nanoparticles,

the free carrier density will be simply the oxygen vacancy
concentration (NC = 2.2 × 1020 cm−3) and the barrier height
was measured (Figure S3) via transport (ϕ = 0.11 eV). Using
these two values in the 1-D Schottky model yields a space-
charge width of 4 nm, well below the diameter of a
nanoparticle. However, the free carrier concentration in
SrTiO3:Rh nanoparticles is dramatically reduced to 2.0 ×
1015 cm−3, extending the width of the space-charge region to
1.3 μm, approximately three times as large as the diameter of
an average nanoparticle. In this regime, the maximum built-in
potential is limited (Supporting Information) to VS = D2qNC/
24ϵ = 0.8 mV, over an order of magnitude smaller than room
temperature thermal voltage. It should be noted that this
expression for maximum built-in potential also applies to free
holes within a p-type semiconductor. Rhodium atoms within
SrTiO3 can introduce free holes, converting SrTiO3 to a p-type
semiconductor.13 If the free hole concentration is sufficiently
high, the space-charge region width will be smaller than the
nanoparticle diameter, resulting in downward band-bend-
ing.13,37 In our SrTiO3:Rh nanoparticles, we calculate the
oxygen vacancy concentration (2.2 × 1020 cm−3) to be higher
than the Rh dopant concentration (1.6 × 1020 cm−3). Even if
each rhodium atom donated a free hole to the valence band,
due to dopant compensation, these nanoparticles would still be
n-type due to a higher concentration of oxygen vacancies. We
emphasize that although the oxygen vacancy concentration is
high within these SrTiO3:Rh nanoparticles, we nevertheless
measure photocatalytic hydrogen evolution (Figure 4c).

Figure 4. (a) EQY for 405 nm light is simulated for a single SrTiO3:Rh nanoparticle. (b) Total EQY for 405 nm light of a SrTiO3:Rh (0.5 g/
L) suspension is simulated versus particle diameter. (c) Mass spectroscopic signal at m/z = 2 corresponding to H2 evolved during chopped
light irradiation (405 nm) of SrTiO3:Rh particles (0.5 g/L) with Pt cocatalysts in an aqueous CH3OH solution (10% v/v).
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The built-in potential of a SrTiO3:Rh nanoparticle does not
depend on the barrier height between the nanoparticle and its
contact, and thus even if nanoparticles are submerged in an
electrolyte we expect the built-in potential will still be 0.8 mV.
Indeed, single-particle transport measurements of SrTiO3:Rh
with Pt cocatalysts with an atmosphere of 0.5 mbar of water
vapor show no significant change in either dark current or bias-
EBIC compared to a high-vacuum environment (Figure S8).
This result is consistent with our hypothesis that bulk rather
than surface states are responsible for trapping free carriers and
SCLC conduction in Rh-doped SrTiO3.
A recent demonstration21 of near 100% EQY for SrTiO3:Al

is consistent with our findings, since Al does not appear to
introduce traps in SrTiO3, thereby allowing for band-bending
and efficient e−h separation. Unfortunately, light absorption of
SrTiO3:Al does not extend into visible wavelengths, and
therefore its overall STH efficiency is still low. A new dopant is
needed, that combines the long lifetimes of aluminum with the
good visible-light absorption of rhodium, to achieve efficient
solar-powered water splitting.
It is perhaps surprising that even modest e−h separation in

SrTiO3:Rh nanoparticles can occur without an internal electric
field, since one might expect charge carriers in a photo-
generated e−h pair to be attracted to each other and
immediately recombine. However, SrTiO3 (ϵr = 300, me* =
10m0, mH* = 10m0) will efficiently screen51,60,61 Coulomb
attraction between an electron and hole, resulting in a low
Wannier exciton energy62 of 0.8 meV. This energy is well
below room temperature kT, implying photogenerated carriers
will freely diffuse within the nanoparticle. However, the
electron mobility36 in SrTiO3 (∼10 cm2/(V s)) greatly
exceeds that of holes63 (∼5 × 10−3 cm2/(V s)). This disparity
suggests that following optical absorption, photoexcited
electrons will diffuse to the SrTiO3/Pt or SrTiO3/electrolyte
interfaces well ahead of the holes. These electrons can then
drive proton reduction reactions via hydrogen adsorption onto
the Pt cocatalysts (Volmer step), and/or by facilitating
hydrogen evolution through the Heyrovsky step at the same
Pt sites. Alternatively, the electrons can react with spilled over
H atoms and protons on the SrTiO3 surface, as previously
observed64 for Si/SiO2 photocathodes decorated with Pt
cocatalysts. Once reduction reactions consume an electron, the
SrTiO3:Rh nanoparticle has a net positive charge, which favors
an oxidation reaction to eliminate the excess charge.

CONCLUSIONS
In summary, we have electrically probed individual SrTiO3
nanoparticles, with and without rhodium doping, and found
that rhodium-induced traps decrease photocarrier lifetime by
over an order of magnitude and free carrier concentration by
over 105. Both of these factors dramatically reduce the
maximum achievable EQY. Low free carrier concentration
reduces the electric field due to the band-bending needed to
effectively separate and transport the photocarriers to the
nanoparticle surface. The maximum EQY is instead limited by
the electron diffusion length, which is small due to a short
photocarrier lifetime. In this regime of sub-ns photocarrier
lifetime the standard drift-diffusion model is not accurate since
more than one electron−hole pair is not present within a
nanoparticle at a given time. A new model of quantized charge
separation is needed, that takes into account the large
difference in mobility between electrons and holes in SrTiO3.
Future research in SrTiO3 nanoparticles for water splitting

should search for either (i) a codopant to passivate Rh-induced
traps or (ii) a new dopant that creates midgap states to absorb
visible light, without significantly degrading photocarrier
lifetime.

EXPERIMENTAL SECTION
Electrical measurements are performed within an FEI Nova
NanoSEM 230, equipped with nanomanipulators and electrical
feedthroughs. Transport measurements were acquired with a Keithley
237 sourcemeter. EBIC images were acquired with a Keithley 428
transimpedance amplifier set to 109 V/A.
To assess the photocatalytic activity of the Pt/SrTiO3:Rh

nanoparticles, a Hiden HPR-20 EGA mass spectrometer/residual
gas analyzer (MS/RGA) system was used to continuously monitor the
gas composition of the headspace of photocatalyst solution (0.5 mg of
nanoparticles suspended in 1 mL of 10% v/v aqueous CH3OH
solution) in the reactor cuvette. A Thorlabs L405G1 laser diode was
used as the light source. The carrier gas used was argon (99.999%
ultrahigh purity), and a calibration process of injecting a known
amount of hydrogen (99.999% ultrahigh purity) gas into the reactor
cuvette was performed at the end of the MS experiment (data not
shown). EQY was calculated using m/z = 2 (hydrogen) partial
pressure readings after system reached quasi-steady-state near the end
of each light on period. Caution was taken when selecting the m/z = 2
partial pressure for EQY calculations. Notably, due to the mechanical
energy introduced by the stir bar and local heating by the laser, water
molecules can vaporize from liquid phase into gas phase, causing
sporadic spikes in Figure 4c data (16 other mass to charge ratios were
also measured, water m/z = 18 correlated best to the spikes). For all
EQY calculations, m/z = 2 pressure readings were taken when m/z =
18 (water) pressure readings were stable/at steady state to minimize
the contribution of water in hydrogen signal. The reported 1.8% EQY
is for the lowest light intensity, as light intensity further increases, QY
decreases.
X-ray photoelectron spectroscopy (XPS) measurements were

performed using a Kratos AXIS Supra photoelectron spectrometer
with monochromic Al Kα radiation (supplementary Figure S9).
CasaXPS software was used for XPS data analysis. To minimize
sample charging, a flood gun was used. To correct for any charges on
the sample that the flood gun was unable to neutralize, all samples
were referenced to the adventitious carbon 1s peak at a binding
energy of 284.8 eV. Using a Shirley type background, all data was
fitted using a Gaussian−Lorentzian (50:50) line shape. For spin
doublet peaks, based on total angular momentum (j) values, peak area
ratio restrictions were applied.
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