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ABSTRACT: Particle−particle interfaces are ubiquitous in
nanostructured photoelectrodes and photovoltaics, which are
important devices for solar energy conversion. These
interfaces are expected to cause performance losses in these
devices, but how much loss they would incur is poorly
defined. Here we use a subparticle photoelectrochemical
current measurement, in combination with specific photo-
electrode configurations, to quantify the current losses from
single particle−particle interfaces formed between individual
TiO2 nanorods operating as photoanodes in aqueous
electrolytes. We find that a single interface leads to ∼20%
photocurrent loss (i.e., ∼80% retention of the original current). Such quantitative, first-of-its-kind, information provides a metric
for guiding the optimization and design of nanostructured photoelectrodes and photovoltaics.
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Increase in energy demand in our daily life, limits in
conventional energy resources, and generation of green-

house gases have motivated much research in harvesting solar
energy.1 Photoelectrodes and photovoltaics, both made of
semiconductor materials, are crucial devices that can harvest
light energy to convert to chemical energy and/or electricity.2,3

Nanostructured photoelectrodes and photovoltaics, for exam-
ple, thin films of semiconductor nanoparticles,4 often offer
enhanced overall performance5−8 resulting from their large
surface-to-volume ratios,9 tunable bandgaps through quantum
confinement,10−13 and possibly different combinations of
exposed surface facets,14−16 which could impact their light
absorption as well as the separation, transport, and
recombination properties of charge carriers.
A ubiquitous feature of nanostructured photoelectrodes or

photovoltaics is the presence of particle−particle interfaces.
The electrical current has to pass through these interfaces,
which are less conductive, leading to current loss and
decreased device performance. Quantifying the current loss
through these interfaces is thus crucial for providing a
fundamental metric to guide material design and device
optimization to minimize loss. This quantification is
challenging experimentally, however, because a nanostructured
film contains a large number of nanoparticles and a
heterogeneous collection of interfaces. Moreover, many
electrical paths are possible; each of them may go through a
different number of interfaces to reach the back contact
electrode.17 All of these make bulk electrical current measure-
ments incapable of dissecting the contributions of individual
interfaces.

Here, we report subparticle photoelectrochemical current
measurements to quantify the losses from single particle−
particle interfaces between single TiO2 nanorods. Our
measurements utilize specific cross geometries between two
nanorods as well as site-selective measurements, in which the
photoelectrochemical current passes zero or merely one
interface; the latter was found to give rise to ∼20%
photocurrent loss under photoanodic operating conditions in
aqueous electrolytes.
We used a microfluidic photoelectrochemical cell with a

three-electrode configuration to perform photoelectrochemical
current measurements on an inverted optical microscope
(Figure 1A). The working electrode is a transparent patterned
indium tin oxide (ITO) electrode, which comprises many long,
100 nm-thick ITO strips, each ∼11 μm in width separated by
∼4 μm on a quartz substrate (Figure S2). We chose rutile TiO2
nanorods18 of 181 ± 7 nm in diameter and a few microns in
length as the photoanode material (Figure S1), as they are
stable as photoanodes for water oxidation,19−21 and we have
previously characterized their photoelectrochemistry at the
subparticle level.22,23 We spin-casted these nanorods on the
ITO electrode at low density and further annealed them at 450
°C for 1 h to improve the contact with the ITO strips (and,
when applicable, nanorod−nanorod contacts). Sometimes two
nanorods form a cross structure (i.e., possessing a single
particle−particle interface) and are located on the quartz part
of the electrode with one arm in contact with the ITO strip
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(Figure 1B,C). More often an isolated nanorod sits across an
ITO-quartz edge (Figure 1D,E). Both configurations are
readily identifiable under scanning electron microscopy and
optical transmission microscopy (Figure 1B−E).
We focused a 375 nm laser (focus diameter ∼380 nm;

Figure S4) to locally generate charge carriers at a single spot on
a cross structure and measured the corresponding photo-
electrochemical current through the ITO electrode in aqueous
electrolyte solutions (Figure 1A). This photocurrent reflects
the local behaviors of the photogenerated charge carriers
because of the charge carriers’ small diffusion length (∼100
nm) in TiO2,

24 as we showed previously,22 and because there
are no significant waveguiding effects by these nanorods under
our experimental conditions (e.g., the nanorods absorb
strongly the 375 nm light, and their diameters are much
smaller than the excitation light wavelength; SI Section 3.1).

The laser focus can be positioned at a spot before the particle−
particle interface (i.e., type-A spots) or after (i.e., type-B
spots), relative to the electrical contact with ITO (Figure 1B).
For the latter, the photocurrent has to go through the single
particle−particle interface to reach the ITO electrode.
In a N2-purged, slightly basic aqueous electrolyte solution

(i.e., 0.1 M pH 8.3 sodium borate buffer with 1 M Na2SO4),
the photoanodic current generated on such TiO2 nanorods is
known to be dominated by water oxidation up to the potential
of ∼1.2 V (all potentials in this study are referenced to the Ag/
AgCl electrode).22 But the efficiency is low because of the low
efficiency of TiO2 surfaces in catalyzing the water oxidation
reaction. To increase the measurable photoanodic current, we
added a hole scavenger SO3

2− in the electrolyte (i.e., 0.6 M
Na2SO3), which is known to enhance the overall photoanodic
current (Figure S9).25−28 The hole scavenger also renders the
semiconductor-to-electrolyte interfacial charge-transfer faster
and thus less rate-limiting in generating the overall photo-
anodic current, making it more likely to observe the effect of a
particle−particle interface in the photocurrent.
We first examined subnanorod measurements at spots where

the photocurrent does not go through a particle−particle
interface (i.e., type-A spots; the red circles in Figure 1B-E). At
a sufficiently positive potential (e.g., + 0.4 V), when the 375
nm laser is turned on or off every 15 s, the electrochemical
current from a single nanorod spot follows a square-wave
behavior with a clear anodic (i.e., positive) photocurrent that
reaches steady state promptly (Figure 1F). At a less positive
potential (e.g., + 0.05 V), the current is less square-wave like,
and the magnitude of the photocurrent is expectedly smaller
(Figure 1G). In this study we focus on the steady-state
photocurrent (iss, Figure 1F,G), in which the background
contribution from the patterned ITO electrode was also
subtracted out (SI Section 2.4).
At the positive potential of +0.4 V and when averaged over

∼150 nanorod spots, the average single-spot photocurrent ⟨iss⟩
scales linearly with the power density of the 375 nm laser in
the range of ∼0.005 to 0.11 MW cm−2 (Figure 2A, open red
circles). The same linear scaling is observed for the bulk
steady-state photocurrent ibulk measured over many TiO2
nanorods on an ITO working electrode in the range from
∼0.16 to 4.35 mW cm−2 (Figure 2A, open blue squares). This

Figure 1. Subnanorod single-spot measurements of photoelectro-
chemical currents. (A) Illustration of subnanorod photoelectrochem-
ical current measurements via focused laser excitation of individual
TiO2 nanorods dispersed on a patterned ITO working electrode in a
three-electrode microfluidic photoelectrochemical cell. (B, C) SEM
(B) and optical transmission image (C) of two nanorods forming a
cross structure, with one arm in contact with the ITO strip. The
circles denote the size and location of the 375 nm laser focus
positioned either before (type-A, red) or after (type-B, green) the
particle−particle interface. (D, E) Same as (B, C) but for a single
nanorod. (F, G) Representative current vs time traces at +0.4 V (F)
and +0.05 V (G) vs Ag/AgCl during three light-on (15 s) and light-off
(15 s) periods in the presence of 0.6 M SO3

2− in a pH 8.3, 0.1 M
borate, and 1 M Na2SO4 aqueous solution. Data measured at the type-
A spot in (B, C).

Figure 2. Averaged single-spot and bulk photocurrent dependences
on light power density and potential. (A) Averaged single-spot steady-
state photocurrent ⟨iss⟩ (red symbols; 150 spots averaged) and bulk
steady-state photocurrent ibulk (blue symbols) vs I375, the 375 nm laser
power density, in the presence (open symbols) and absence of (solid
symbols) of the hole scavenger at +0.4 V. (B) Averaged single-spot
steady-state photocurrent vs potential (averaged over ∼150 spots) in
the presence (open symbols) or absence (solid triangles) of the hole
scavenger SO3

2− and at type-A (red) or type-B (green) spots. I375 =
0.056 MW cm−2.
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linear dependence of the steady-state photocurrent on the light
power density was also observed when TiO2 nanorods were
lying entirely on an ITO electrode, as we showed previously.22

In the absence of the hole scavenger SO3
2−, the steady-state

photocurrents show the same linear dependences on the light
power density, but the magnitudes are ∼10 times smaller, as
expected (Figure 2A, solid symbols). Because of these linear
dependences, we chose the relatively large power density of
∼0.06 MW cm−2 for all subsequent single-spot measurements
so that the photocurrents could still be reliably measured even
at much less positive potentials. It is worth noting that under
this single-spot illumination condition, the light-induced
heating is still insignificant, as heat conduction calculations
show that the temperature at the center of the illumination
spot on the nanorod is <1 K higher than room temperature (SI
Section 3.2).
We next examined how the single-spot photocurrent

depends on the applied potential at type-A spots. In the
absence of the hole scavenger and at a fixed light power
density, the steady-state photocurrent ⟨iss⟩ averaged over many
individual spots shows a clear potential dependence: It onsets
at about −0.4 V and increases toward more positive potentials
(Figure 2B, solid red triangles), analogous to what was
observed previously on TiO2 nanorods that were in full contact
with an ITO electrode.22 In the presence of the hole scavenger,
the onset potential of ⟨iss⟩ shifts positively to ∼0.1 V, in
agreement with ensemble photocurrent behaviors (Figure
S11C and SI Section 3.4). More importantly and expectedly,
its magnitude at positive potentials (e.g., +0.4 V) increases to
∼7 nA, a factor of ∼7 larger than that in the absence of the
hole scavenger (Figure 2B, open red circles vs solid red
triangles).
We then moved onto examining the behaviors at the type-B

spots where the current has to go through a single particle−
particle interface and performed measurements on a total of 59
cross structures of TiO2 nanorods. Strikingly, in the presence
of the hole scavenger, ⟨iss⟩ decreased significantly compared
with that at the type-A spots, although the onset potential stays
essentially unchanged (Figure 2B, open green vs open red
symbols). At the positive potential of +0.4 V, the decrease is
∼2.1 nA, corresponding to ∼31% decrease from that of the
type-A spots and clearly reporting the photocurrent loss
stemming from a single particle−particle interface in the cross
structures of nanorods. It is worth noting that to determine the
contribution of the particle−particle interface, measurement
right at the cross is undesirable because in such a measure-
ment, both the top and the bottom nanorods would be excited
simultaneously.
Although the averaged single-spot behaviors of type-A vs

type-B spots in Figure 2B strongly suggest a photocurrent loss
due to a single particle−particle interface, there is a
complication from their differences in distance (d) to the
electrode edge (Figure 1B). Every spot we measured differs
somewhat in its d, and on average, the type-B spots, which are
located after the cross, are further away from the ITO electrode
edge than the type-A spots. As the electrochemical potential is
applied on the ITO strip electrode and TiO2 nanorods are
semiconductors, a drop in potential is expected along the
nanorod length away from the ITO electrode edge.
Consequently, the distance difference between type-A and
type-B spots will result in their different actual local potentials,
which could contribute to the difference in their measured
photocurrents.

To decouple this effect of distance from the electrode edge,
we examined how the measured iss of each spot depends on its
distance to the electrode edge, d, in the presence of the hole
scavenger at fixed applied potentials. We focused on the more
positive potential range here (i.e., +0.2 to +0.4 V), where the
photoanodic currents are significant. For the type-A spots,
their individual iss vs d shows a lot of scatter (e.g., at +0.4 V;
red points, Figure 3A; and Figure S13 at +0.3 and +0.2 V); this

scatter is not surprising because these nanorods have large
intra- and internanorod heterogeneity at the subparticle level,
as we showed previously,22 which likely stems from the
inhomogeneous distribution of structural defects and impurity
metal atoms on their surfaces. Moreover, position variation of
the laser focus spot perpendicular to the nanorod long axis
could also contribute to this scatter of data points. However,
upon binning and averaging within each bin of similar d, the iss
shows a clear decreasing trend with increasing distance from

Figure 3. Photocurrent loss from a single particle−particle interface
between TiO2 nanorods. (A) Steady-state photocurrent iss at
individual nanorod spots vs their distances to electrode edge d in
the presence of hole scavenger at +0.4 V. Each point is from one spot.
Red points: type-A spots; green points: type-B spots. Total 59 cross
structures of nanorods were measured. (B) Data points from A are
binned every 12 points and averaged to get general trends (symbols);
x, y error bars are s.d. and s.e.m., respectively. Lines are fits with eq 1.
(C−E) Potential dependences of fitted d0, i∞, and iss,0 from B for type-
A (red) and type-B (green) spots. (F) Absolute (open squares, left
axis) and relative (in percentage, solid squares, right axis) photo-
current losses due to a single particle−particle interface calculated
from (E).
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the electrode edge (Figure 3B, red points); it follows an
approximate exponential decay:

= × − + ∞i i d d iexp( / )ss 0 0 (1)

Here the exponential decay function was chosen to empirically
model the behavior of experimental data, while also fulfilling a
few limiting physical constraints with a minimal number of
parameters: (i) at d = 0, the photocurrent should have a finite
value; (ii) with increasing d, the photocurrent should decay
gradually; and (iii) when d becomes very large, the
photocurrent should approach a limiting value. Moreover,
the exponential decay function contains a characteristic
distance scale represented by the decay distance constant d0.
Fitting the data with eq 1 gives an exponential decay

distance d0 here of ∼0.9 μm at the applied potential of 0.2 V
(Figure 3C), and d0 slightly increases with more positive
potentials (Figure 3C, red points). This decay distance likely
reflects a characteristic distance of potential drop along the
length of the nanorod; it could also have contributions from
current losses while traveling through the nanorod (e.g., from
charge carrier scattering by impurities atoms). The residual
photocurrent i∞ is ∼2 nA at 0.2 V (Figure 3D), reflecting a
limiting steady-state photocurrent at long distances away from
the electrode edge under our experimental conditions; a
nonzero residual photocurrent i∞ here is not surprising, as the
nanorod still has a certain potential relative to that of the
electrolyte solution even when the distance is large. Expectedly,
i∞ is larger at more positive potentials (Figure 3D, red points).
More important, we could extrapolate iss to d = 0 (i.e., iss,0);
this value represents the single-spot steady-state photocurrent
when the measured spot is right at the electrode edge (∼4.5
nA at +0.2 V) and is larger at more positive potentials
expectedly (Figure 3E, red points).
For the type-B spots where the photocurrent has to go

through a single particle−particle interface, the individual spots
show the similar heterogeneity (Figure 3A, green points).
Upon binning and averaging, iss follows the similar exponential
decay with increasing d (Figure 3B, green points). However,
the decay distance d0 is longer (Figure 3C) compared with that
of type-A spots, likely reflecting the contribution of the
interface. The residual photocurrent i∞ at long distances is
smaller in general (Figure 3D), and most importantly, the
extrapolated iss,0 at d = 0 is also smaller (Figure 3E), both
reflecting a photocurrent loss due to the presence of a single
particle−particle interface.
We calculated Δiss,0, the average photocurrent loss due to a

single particle−particle interface directly at the electrode (the
photocurrent losses from individual cross structures are
presented in Figure S14). The Δiss,0 varies from about 0.5 to
2 nA in the potential range from +0.2 to +0.4 V under our
experimental conditions (Figure 3F, open squares), represent-
ing about 11−27% photocurrent loss relatively (averaging
∼20%; Figure 3G, solid squares). In other words, after passing
through one particle−particle interface, only ∼80% photo-
current remains. By extrapolation, passage through ∼11
interfaces would lead to the photocurrent to drop below
∼10% of the original (i.e., (80%)11 ≈ 9%).
Although the nature of the interfaces between the nanorods

here is unclear (e.g., there could be a miniature amount of
water), these interfaces were formed using procedures similar
to those in making bulk film photoelectrodes of TiO2
nanoparticles, including the absence of surfactants on the
nanorods, spin-casting for deposition on the electrode, and

subsequent thermal annealing to improve contacts. Therefore,
these interfaces should be similar and thus relevant to those
interfaces in bulk nanoparticle film photoelectrodes.
In summary, we have used a subparticle photoelectrochem-

istry microscopy approach to measure the photocurrent losses
from single particle−particle interfaces in TiO2-nanorod-based
photoanodes. This loss amounts to ∼20% of the photocurrent,
quantifying the significant performance loss from a single
interface. Moreover, this ∼20% loss is largely independent of
the applied electrochemical potential in the range from +0.2 to
+0.4 V (Figure 3F); this independence suggests that the loss
mechanism is likely not due to factors that depend on the
applied potential, such as the depletion region width or the
potential drop across the interface. Overall, such a metric for
photocurrent loss should be a useful quantitative reference for
optimizing and designing nanostructured photoelectrodes (or
photovoltaics) where interfaces are prevalent.
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Villarreal, T.; Goḿez, R. ChemPhysChem 2012, 13, 2824.
(22) Sambur, J. B.; Chen, T.-Y.; Choudhary, E.; Chen, G.; Nissen, E.
J.; Thomas, E. M.; Zou, N.; Chen, P. Nature 2016, 530, 77.
(23) Sambur, J. B.; Chen, P. J. Phys. Chem. C 2016, 120, 20668.
(24) Salvador, P. J. Appl. Phys. 1984, 55, 2977.
(25) Berr, M. J.; Wagner, P.; Fischbach, S.; Vaneski, A.; Schneider,
J.; Susha, A. S.; Rogach, A. L.; Jac̈kel, F.; Feldmann, J. Appl. Phys. Lett.
2012, 100, 223903.
(26) Anthony Byrne, J.; Eggins, B. R.; Dunlop, P. S. M.; Linquette-
Mailley, S. Analyst 1998, 123, 2007.
(27) de Tacconi, N. R.; Mrkic, M.; Rajeshwar, K. Langmuir 2000, 16,
8426.
(28) Kafizas, A.; Ma, Y.; Pastor, E.; Pendlebury, S. R.; Mesa, C.;
Francas̀, L.; Le Formal, F.; Noor, N.; Ling, M.; Sotelo-Vazquez, C.;
Carmalt, C. J.; Parkin, I. P.; Durrant, J. R. ACS Catal. 2017, 7, 4896.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.8b04188
Nano Lett. 2019, 19, 958−962

962

http://dx.doi.org/10.1021/acs.nanolett.8b04188

