Identifying champion nanostructures for solar water splitting
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Charge transport in nanoparticle-based materials underlies many emerging energy
conversion technologies, yet assessing the impact of nanometer-scale structure on charge
transport across micron-scale distances remains a challenge. Here we develop an approach
for correlating the spatial distribution of crystalline and current-carrying domains in
entire nanoparticle aggregates. We apply this approach to nanoparticle-based a-Fe;O;
electrodes that are of interest in solar-to-hydrogen energy conversion. In correlating
structure and charge transport with nanometer resolution across micron-scale distances,
we have identified the existence of champion nanoparticle aggregates that are most
responsible for the high photoelectrochemical activity of the present electrodes. Indeed,
when electrodes are fabricated with a high proportion of these champion nanostructures,
the electrodes achieve the highest photocurrent of any metal oxide photoanode for
photoelectrochemical water splitting under 100 mW cm’ air mass 1.5 global sunlight.

Batteries, fuel cells, and solar energy conversion devices have emerged as a class of
important technologies that increasingly rely upon electrodes derived from nanoparticles'. These
nanoparticle-based materials provide a unique challenge in assessing structure-property
relationships because of the disordered arrangement of nanocrystals that results when
nanoparticles collide and aggregate”°. The morphological evolution that follows aggregation
further obscures the influence of particle size, shape, and interfacial characteristics in defining
the physical properties of these materials”*. For the nanoparticle-based electrodes used in solar
energy conversion, structural defects such as grain boundaries define pathways for charge
transport by creating potential barriers and by promoting recombination’. Because of the
complexity of these materials, within a single electrode there may exist a small proportion of
“champion” nanostructures—by analogy with champion solar cells'*'", these are nanostructures
that provide the highest solar conversion efficiencies—that contribute the majority of the
electrode’s photocurrent. Further improvement of device performance requires an analytical



approach that identifies these champion nanostructures, quantitatively relating their
microstructural features to their charge transport characteristics.

Among the nanoparticle-based electrodes used in solar water splitting, a-Fe,O3 (hematite)
has emerged as one of the most promising materials'>>’. Hematite is attracting broad interest for
use in water photoelectrolysis for hydrogen production because iron is one of the least expensive
and most abundant metals and hematite has a high theoretical solar-to-hydrogen conversion
efficiency of 14 to 17%, which corresponds to a photocurrent of 11 to 14 mA cm™ **. In spite of
performance improvements to as high as 3 mA c¢m™ under standard air mass (AM) 1.5
illumination'>*’, it has remained a challenge to identify the structural characteristics of hematite
nanoparticle aggregates that most influence performance. In particular, although it has been
proposed that the synthesis of nanostructures with increasingly small dimensions will improve
photocurrent by decreasing electron-hole recombination'”*’, little is known about the influence
of the structural defects that accompany such nanostructuring strategies.

The hematite electrodes used in this study were prepared by vapor phase deposition of an
iron oxide aerosol onto a heated fluorine-doped tin oxide (FTO) substrate; in a previous study it
was found that deposition at higher gas flow rates and substrate temperatures produced
electrodes with improved photocurrents. In this study, we compare electrodes prepared at heater
set temperatures/air flow rates of 475 °C/2 L min”' (hereafter labelled “2L”) and 545 °C/6 L
min™ (labelled “6L)*°. Because the flow of air cools the substrate, the surface temperatures of
the two samples are 415 and 425 °C, respectively. The electrodes used here were aged one month
in air at room temperature followed by electrochemical cycling in the dark for two hours from
0.7 to 1.7 V vs. RHE, during which an improvement in photocurrent occurred (see
Supplementary Information for further details). Light intensity readings were taken before and
after the cycling to ensure that instrument drift did not influence measurements.

Photoelectrochemical measurements under AM 1.5G light achieved a photocurrent for
water splitting (water oxidation to oxygen gas on the hematite photoanode, water reduction on a
platinum counter electrode) of 4.0 + 0.1 mA cm™ at 1.53 V vs. RHE (Fig. 1) for the 6L electrode,
the highest yet achieved for hematite as well as any metal oxide photoanode. The 2L sample
produced a photocurrent of 2.6 = 0.1 mA cm™ at 1.53 V vs. RHE. The improved photocurrent
with ageing was observed in all samples and was typically 22 + 2% in the 6L electrodes and 26 +
3% in the 2L electrodes.

To account for the different photocurrents between the 2L and 6L electrodes, we began
an analysis of electrode structure using traditional characterization techniques, including SEM
(Fig. 2a,b), bright-field transmission electron microscopy (BF-TEM) (Fig. 2c-f), and powder x-
ray diffraction (PXRD). The electrodes were composed of separated aggregates of nanoparticles,
each of which exhibited a tree-like structure’’. SEM, BF-TEM, and PXRD measurements found
small or statistically insignificant structural differences between the 2L and 6L samples. For
example, the difference between 2L and 6L areal densities and lengths of nanoparticle aggregates
were statistically insignificant. A gradient in particle size was observed for the 2L / 6L electrodes
of 30 + 3 nm / 35 + 4 nm for particles at the base of aggregates (near the substrate) to 5+ 1 nm /
10 + 2 nm for particles at the tip of aggregates. PXRD also showed that the Scherrer domain size
was 24 + 2 nm /29 + 3 nm for 2L / 6L and that the crystallites in these electrodes were almost
randomly oriented (Supplementary Fig. S22).



Despite the small particle and domain sizes, high resolution TEM (HR-TEM) revealed
that lattice fringes with similar orientations extended for hundreds of nanometers across the
nanoparticle aggregates (Supplementary Fig. S24). Quantitative analysis of crystallinity by HR-
TEM was impossible, however, because of the varying thickness of the nanoparticle aggregates,
the overlap of multiple crystallites, and the small area that could be visualized simultaneously at
high resolution. While HR-TEM is useful in providing information about a material’s
microstructure, the small volume of the material that is probed makes it difficult to
systematically assess the impact of microstructure on micron-scale charge transport in
polycrystalline nanoparticle percolation networks.

We therefore developed a two-part strategy that relies on: (1) experiments that correlate
the spatial distribution and orientation of crystallites within entire nanoparticle aggregates with
the size and shape of the percolation networks that conduct majority carriers (Fig. 3) and (2) a
new theoretical model that quantitatively assesses the impact of crystal-crystal interfaces—i.e.,
grain boundaries—on the experimentally measured photocurrent. In the first part of our strategy,
we adapt a dark field TEM (DF-TEM) method based on the crystal-by-crystal imaging of entire
nanocrystal aggregates, which provides information about the spatial distribution of high and low
angle grain boundaries (Fig. 3a). By using conducting atomic force microscopy (C-AFM), we
measure the majority carrier charge transport characteristics of these nanoparticle aggregates
(Fig. 3b). The DF-TEM images, by themselves, allow the extent of minority charge carrier
recombination at grain boundaries to be estimated. In combination with the C-AFM analysis, we
demonstrate that it is possible to identify the types of grain boundaries that most influence
majority charge carrier transport. In the second part of our strategy, we develop a model for the
photocurrent that relates the most important structural features of grain boundaries—namely,
their prevalence within nanostructures and their surface state concentration—to the
experimentally measured photocurrent (Fig. 1). Because the model allows for a quantitative
comparison of previously disparate experimental observations, it provides a powerful test for
whether these structural features need to be invoked to understand charge transport processes in
complex, nanostructured materials.

To distinguish and accurately image complex crystals by DF-TEM, we have searched for
regions in these nanoparticle aggregates where the crystallites do not overlap. The diffraction
patterns acquired from non-overlapping regions are used to determine crystal orientation and are
further used to create DF-TEM images of the entire crystallite. This is repeated for each region
with a distinct orientation. Subsequently, we colorized and merged the dark field images to map
crystallite orientation within the nanoparticle aggregates (see Supplementary Information for a
full description of methods and additional data). By distinguishing overlapping crystals, this new
DF-TEM technique provides some of the information content achieved by three-dimensional
DF-TEM?*’ while retaining the simplicity of traditional two-dimensional DF-TEM***

Using this approach, we first examined the 2L hematite nanoparticle aggregates (Fig. 4a-
f). A representative aggregate is analysed, showing the BF-TEM image (Fig. 4a), diffraction
pattern (Fig. 4b), and composite DF-TEM image (Fig. 4c). The observation of several diffraction
patterns revealed that multiple crystal orientations were present. The DF-TEM images provided a
spatial resolution of 1.2 nm, which was sufficient to examine the smallest nanoparticles present
in the electrodes. Most notable in Fig. 4c are the large regions with similar crystallographic
orientation that extend for up to 400 nm. The size mismatch between these regions and the
Scherrer domain size suggests that these regions are not single crystals but are mosaics of



nanocrystals with similar but not identical orientations (see Supplementary Fig. S1 for a
discussion of terminology). The smearing of the diffraction spots into incomplete rings by as
much as 14° (see, e.g., the 220 reflection in Fig. 4b and Supplementary Fig. S23) and HR-TEM
images with high concentrations of edge dislocations (Supplementary Fig. S24) further supports
this conclusion. Each region with similar orientation appears contiguous (Supplementary Fig.
S6), which is consistent with growth by oriented attachment™®,

Within the 2L electrodes, a second, less common type of aggregate was also observed
(Fig. 3d-f). Instead of containing several distinct mosaics (Fig. 3¢), these aggregates comprised a
single mosaic—i.e., a single principle orientation of nanocrystals (Fig. 3e¢). When a DF image
was created from a single diffraction spot, only a portion of the aggregate was imaged (Fig. 3f).
To image the entire length of the mosaic, four diffraction spots were used. The need to use
multiple diffraction spots typically arises when there is a small amount of bending (a few mrads)
across a nanostructure. This can arise from the presence of small angle grain boundaries
throughout the mosaic, although bending induced by sample preparation cannot be entirely ruled
out.

This analysis was applied to the 6L hematite electrodes (Fig. 4g-j). Several nanoparticle
aggregates were analysed in each image and, as before, evidence for rotation was observed
within the diffraction patterns and DF images, indicating that these mosaics are also not a single
crystal. The composite DF images (Fig. 4h,j) reveal that the most significant difference between
2L and 6L samples is that there are many fewer mosaics per nanoparticle aggregate, on average,
in the 6L sample. An analysis of 17 nanoparticle aggregates from the 6L sample revealed that
82% of the aggregates had a single principal crystallographic orientation and that 18% had two
or more orientations. In comparison, we examined 40 nanoparticle aggregate structures in the 2L
sample, which revealed that only 25% of the aggregates had a single principal orientation and
that 75% had two or more orientations. The difference in the number of high angle grain
boundaries per nanoparticle aggregate is statistically significant: the probability that a test-
statistic is at least as extreme as the one observed, p, is 6.0 X 10>

We hypothesized that high angle grain boundaries could decrease photocurrent in two
ways: first, because these grain boundaries have a high concentration of interface states, they
may act as recombination centers’’; second, the grain boundaries can generate a potential barrier
that blocks majority carrier charge transport between adjacent crystals’'. In the present materials
the relatively small volume fraction of the hematite that is near a high angle grain boundary—
i.e., within a typical diffusion and drift delivery length of 2 to 10 nm**—suggests that the first
possibility does not explain most of the difference in photocurrent between 2L and 6L electrodes.
Instead, we focus on the possible formation of potential barriers at the grain boundaries.

These potential barriers can limit photocurrent via two mechanisms. First, thermionic
emission over potential barriers formed at high angle grain boundaries limits majority carrier
transport’' and, second, the potential drop at high angle grain boundary barriers decreases the
potential that falls at the electrode-electrolyte interface. The first effect could limit current
transport through large regions and effectively render them inactive for water splitting. The
second effect, which has not previously been described for water splitting photoelectrodes, could
be especially significant in hematite because photocurrent generation primarily relies on light
absorbed within the electrode-electrolyte space charge layer'?, the width of which increases with
the square root of the potential that falls within this layer”. The possibility that potential barriers
at high angle grain boundaries in the present electrodes limit charge transport is consistent with



earlier electrical transport measurements on sintered polycrystalline hematite with a similar
charge carrier density, for which a grain boundary potential barrier of 0.7 eV was found™. A
barrier height of this magnitude is expected to limit charge transport for the voltages that these
electrodes experience under typical conditions.

To examine whether grain boundaries impede electron transport in these electrodes, we
performed several types of electrical conductivity measurements. First, to determine whether
charge transport can occur directly between neighbouring tree-like nanoparticle aggregates, we
grew hematite on insulating substrates (glass and sapphire) and performed van der Pauw
electrical conductivity measurements (see Supplementary Information for full details). For all
samples, the measured resistance exceeded the dynamic range of our ohm-meter, suggesting an
in-plane conductivity of less than 10® S cm™. This is significantly lower than the intrinsic
conductivity of the present samples, 0.3 S cm™', suggesting that electrical transport does not
occur between most adjacent nanoparticle aggregates.

The absence of lateral electrical transport between adjacent nanoparticle aggregates
suggested that the vertical charge transport properties of individual nanoparticle aggregates
grown on FTO could be probed by conducting atomic force microscopy (C-AFM, Fig. 3b). In C-
AFM, an electrically conductive tip is placed in contact with the nanoparticle aggregates, thereby
completing a circuit and allowing the charge transport properties of single aggregates to be
probed. If high angle grain boundaries create large potential barriers in these electrodes, the size
of the current-carrying regions and the magnitude of current passing through them should
correlate with the structural features observed by DF-TEM (Fig. 3). We hypothesized that such a
DF-TEM/C-AFM approach, when performed on a sufficiently large number of nanostructures,
would allow inferences to be made about the impact of microstructural features on macroscopic
properties—namely, the water splitting characteristics of these electrodes as shown in Fig. 1.

The C-AFM experiment acquired topography and current maps with nanometer and
picoampere to nanoampere resolution over multiple regions of each sample. To carry out a
meaningful statistical analysis of the C-AFM data, we investigated ten randomly selected square
regions (350 x 350 nm) of each sample. Every location was repetitively scanned, incrementing
the applied tip-sample potential by 3 V between successive scans from 0 to 12 V. Representative
examples of topography and current maps recorded at 9 V are shown for the 6L (Fig. 5a,b) and
2L electrodes (Fig. 5d,e). The measurements reveal that regions of high and low current can be
observed in each sample and that there is correspondence between topographic features and
regions with similar current transport.

The sizes of regions with similar current differed greatly between the 2L and 6L
electrodes: in electrode 2L, regions with similar current were typically smaller than 60 nm but in
electrode 6L they were between 60 and 200 nm. These sizes are much larger than the 5-10 nm
nanoparticles at the tip of the aggregates but are similar to the size of the nanocrystalline mosaics
in each sample (Fig. 4). These observations provide additional evidence that current transport is
mediated primarily by high angle grain boundaries rather than low angle grain boundaries—
thereby implying that many or most of the high angle grain boundaries create potential barriers
that limit current transport. Moreover, a qualitative comparison of these representative current
maps also shows that charge transport in the 2L sample is substantially slower than the 6.
sample. This result is expected for materials in which the primary distinction is the presence or
absence of high angle grain boundaries with potential barriers.



The topographic and current maps did not significantly depend on the scan direction or
tip work function (gold and platinum were used), and appeared reproducible at higher voltages:
successive scans at 6, 12, and 6 V showed that the two 6 V images were similar (Supplementary
Fig. S10). These control experiments show that the measured currents are not an artifact of
sample damage or a locally varying Schottky barrier at the sample-tip contact but instead provide
insight into the charge transport within the hematite nanostructures. Indeed, earlier experiments
showed that Schottky barriers do not form at gold-hematite interfaces because of Fermi level
pinning'’.

To better understand the origin of the observed current variations within an image, we
quantified the current transport characteristics in each of the two samples. A useful indicator is
the maximum current (/,,,,) measured in either the 2L or 6L electrodes at a given voltage. The
current could be directly compared between the two samples because they had similar carrier
concentrations and Si doping levels, as determined by ToF-SIMS and Mott-Schottky analysis
(see Supplementary Information). Because the electronic mobility of hematite varies with crystal
orientation by up to one order of magnitude®, it may be possible to expect a variation in current
by this amount. We therefore set a threshold for the current that is one-tenth the value of 7,4,:
below this threshold the limited current is attributed to resistance at grain boundaries. Using this
threshold, we found that 99% of the 2L sample had a current limited by grain boundaries versus
61% for the 6L sample (Fig. 5g); the ratio of these areas (Fig. Sh) provides an estimate of the
relative contribution of grain boundary-limited current. Regardless of the threshold chosen to
indicate the presence of grain-boundary limited current (Fig. Sh), the 2L sample always has a
larger area dominated by grain boundaries (Fig. Sh). These findings are consistent with DF-TEM
measurements, which showed that 75% of the 2L nanoparticle aggregates have high angle grain
boundaries as compared to 18% for the 6L electrode. It should be noted that a fully quantitative
agreement between the two techniques would be surprising for two reasons. First, only the high
angle grain boundaries parallel to the hematite-FTO interface will prevent current transport.
Second, the magnitude of a potential barrier is a function of the interface state density and
energy’': although most high angle grain boundaries have high densities of interface states, there
may be a small proportion with relatively low concentrations of interface states™.

An analysis of the I-V characteristics derived from C-AFM images showed that the 2L
and 6L samples exhibit sub- and super-ohmic behavior, respectively (Supplementary Fig. S9).
This can be explained by the presence of a higher interfacial trap density at grain boundaries in
the 2L sample’'’, and is also consistent with an increased density of high angle grain
boundaries. Although these results have to be considered with caution because the slow wearing
of the C-AFM tip that occurs with each scan can introduce a systematic error in the
measurements, repeated scans in the same area yielded similar results and suggested that the
systematic error was small (Supplementary Fig. S10).

The DF-TEM and C-AFM measurements provide a consistent picture of majority carrier
charge transport mediated by high angle grain boundaries. To relate the structure (Fig. 4) and
majority carrier current transport characteristics (Fig. 5) to the photocurrent (Fig. 1), we have
developed the first model (Supplementary Information) that takes into account the ways in which
a potential barrier at a grain boundary influences photocurrent in a water splitting device. In this
model, thermionic emission across a grain boundary limits majority carrier current and a
potential drop at a grain boundary is subtracted from the potential drop within the space charge
layer at the electrode-electrolyte interface. The model revealed that in the absence of grain



boundary barriers, a photocurrent of approximately 5 mA cm™ is expected, whereas a sample in
which all current must pass over a grain boundary barrier has little or no photocurrent (Fig. 6a).
The variation in photocurrent between the 2L and 6L electrodes could be explained within the
framework of our model by using a linear combination of these two extremes. The model
predicted that approximately 19% of the volume of the 6L sample and 52% of the volume of the
2L sample has grain boundary-limited photocurrent (see Supplementary Information for
discussion). Although these models have many free parameters, the calculated photocurrents
(Fig. 6b) are qualitatively similar to the experimental results (Fig. 1) and, furthermore, the
predicted volume fraction of each electrode that is affected by grain boundary barriers is
consistent with DF-TEM and C-AFM analyses of high angle grain boundary concentration. This
provides evidence that the potential barriers that are observed in the dark by C-AFM are still
present under illumination.

The examination of grain boundary effects in nanocrystalline electrodes, particularly in
the context of percolation theory, allows several phenomena that have been previously reported
to be re-interpreted within a simpler framework. For example, it has been frequently suggested
that the alignment of hematite’s high mobility planes perpendicular to the substrate was
necessary to achieve good electron transport through the material>2***** because a correlation
between texturing and photocurrent was observed. A calculation of the potential drop across the
bulk in hematite electrodes—about 6 pV—rules out this possibility, however (see Supplementary
Information). In fact, Somorjai’s hematite single crystals, which were a millimeter thick and had
the most conductive planes parallel to the semiconductor-water interface, still achieved an
impressive incident photon-to-current efficiency of 30% at a low applied potential*'. We
therefore propose that the correlation between highly textured hematite electrodes and improved
photocurrents can be attributed to the removal of high angle grain boundaries with large potential
barriers. This is consistent with observations of poor electron transport in polycrystalline
hematite electrodes, where it was observed that the photocurrent decreases with increasing film
thickness when the film is illuminated through the electrolyte but not when illuminated through
the substrate'****2. This is also consistent with the observation that the photocurrent decreases
more rapidly in the 2L samples than the 6L samples with increasing film thickness>, which
again suggests that these samples have fewer grain boundary barriers.

In many nanocrystalline electrodes that are prepared from colloids, the electrode is
inactive for water splitting until it is heated to a critical temperature—in the case of hematite, this
temperature is usually 800 °C'****. We propose that this temperature-dependence can be
explained, in part, by considering the role of grain boundaries. Only when sufficient thermal
energy is provided to re-orient adjacent grains, activate dopants, or move passivating species to
grain boundaries will the potential barriers at high angle grain boundaries be lowered sufficiently
such that a percolation network that facilitates electronic transport can form. To test this
hypothesis and generalize the conclusions of our model, we prepared electrodes from colloidal
particles with several different carrier concentrations and interfacial state densities
(Supplementary Information), which are the two parameters that most influence the formation of
potential barriers™. When the doping level is low and the interface state concentration is high,
large potential barriers are expected to form; conversely, high doping levels and low interface
state concentrations yield negligible barriers**. These predictions agreed with the experimentally
measured photocurrent and charge transport characteristics measured by C-AFM (Supplementary
Information). From these experiments, we conclude that both the orientation and interface state
density of adjacent nanoparticles must be controlled to maintain low potential barriers at grain



boundaries. In particular, percolation pathways through nanocrystalline electrodes will occur
only when interface traps are passivated, when nanocrystals are depleted of charge carriers, or
when high angle grain boundaries are entirely removed from the material (Supplementary
Information).

In conclusion, we have developed a combined DF-TEM and C-AFM approach for
examining nanocrystalline mosaics in which grain boundaries and current transport are
visualized with nanometer spatial resolution across micrometer distances. This allows
meaningful information to be extracted from materials with high structural complexity. It is
likely that even further insight will be gained by extending the analysis using three dimensional
orientational imaging®’, although the relative simplicity of the DF-TEM technique developed
here is compelling. Our studies suggest that there are champion nanoparticle aggregates that are
largely responsible for the high photocurrent in the present samples. These champion
nanoparticle aggregates may have photon-to-current efficiencies approaching the theoretical
limit. If the structural properties of these aggregates can be more fully understood, it is likely that
the performance gap between the new benchmark reported in this work and the maximum
theoretical efficiency can be bridged. More generally, we have shown how the structural
variations that naturally arise in materials derived from nanoparticles provide an exciting
opportunity to identify those structures that enable champion performance.
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Figure 1 | Photoelectrochemical response of nanostructured hematite electrodes. The plot
displays the photocurrent (solid lines) and dark current (dashed lines) for the 2L (red) and 6L

(blue) electrodes.



Figure 2 | Classical structure analysis by SEM and BF-TEM. Cross sectional SEM images of
hematite films viewed from a 45° angle of 2L, a, and 6L, b, electrodes. The areal densities of
nanoparticle aggregates (1 aggregate per 0.27 pm square for 2L and per 0.26 pm square for 6L)
differed by a statistically insignificant amount (the two-tailed p-value was 0.37); the lengths (500
nm) were also similar. ¢-f, TEM images of nanoparticle aggregates that have been removed from
the films and are supported on continuous carbon ¢,d, or lacey carbon e,f. Nanoparticle
aggregates removed from the 2L ¢,d and 6L e.f electrodes.



Figure 3 | Identification of champion nanostructures. a, A dark-field (DF)-TEM analysis
allows each region of a nanoparticle aggregate with a unique crystallographic orientation to be
imaged separately. Incident electrons (red and yellow lines) pass through two regions of a
nanoparticle aggregate that have two distinct crystalline orientations (red, yellow). The incident
electrons are diffracted into multiple beams, of which just three are shown for each crystalline
region. The electrons pass through a transparent sample support (grey), are focused through a
lens (blue) and selected using an aperture (orange). A two-dimensional projected image of the
yellow region of the nanoparticle aggregate is produced on a viewing screen (black). Moving the
aperture allows the selection of different diffracted beams. b, Analysis by conducting-atomic
force microscopy (C-AFM) examines the charge transport properties of individual
nanostructures. Each color represents a different crystal orientation.
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Figure 4 | Imaging the crystalline structure of nanoparticle aggregates. Imaging analysis of
the 2L a-f and 6L g-j samples. a,d BF-TEM, b,e diffraction patterns with indexing of diffracted
beams, and ¢,f composite DF images for two different nanoparticle aggregates. The aggregate
shown in a-c has multiple distinct orientations of crystallites. The aggregate shown in d-f has one
primary orientation of the crystallites. Each set of parallelograms defines the crystallographic
orientation of the corresponding region of the DF-TEM. The parallelograms are oriented to be
parallel to the top and bottom surfaces (a-b plane) of the hexagonal unit cell, which are also
shaped as a parallelogram (see Supplementary Fig. S2) and therefore define the directions of
highest electronic mobility. g,h Bright field TEM images and i,j corresponding composite DF-
TEM images of the 6L sample. The magenta mosaic in j is unlabeled because of the complexity
of its diffraction pattern (see Supplementary Fig. S7). The region of contact that each
nanoparticle aggregate made with the substrate is annotated in the BF-TEM images by a white
arrowhead.
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Figure 5 | Analysis of charge transport by conducting atomic force microscopy. The images
show a,d topography and b,e current maps at a tip-sample voltage of 9 V. The color scales
represent a total height variation of (a) 140 nm and (d) 100 nm and a current variation from 0
(black) to 5 nA (b, e). Regions with similar current can often be correlated with topographic
features, such as the 50 x 200 nm® region with low current in the lower half of Fig. 5a,b,
indicated by a white arrow. ¢,f, Statistical analyses of the current maps: the curves represent the
fraction F' of the surface area exhibiting a current larger than the current i displayed on the
horizontal axis, for different applied voltages. Direct comparison of the curves obtained for both
samples is provided in g for 9 V (orange) and 12 V (green). The 3 V and 6 V measurements are
not shown because only a small proportion of the areas is above the noise level of 0.3 nA. The
ratio of surface attributed to grain boundaries (with current lower than i, see text) is given in h
for 0.3 nA <i <3 nA. The data in ¢,f,g, and h represent statistics from over 10 locations for each
sample. Note the log-scale for the current in these plots. Similar results could be obtained on the
same samples with a Au-coated tip (Supplementary Fig. S12).
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Figure 6 | Modeling the water splitting photocurrent for electrodes with grain boundaries. The
photocurrent model accounts for thermionic emission over a potential barrier as well as the reduced
potential drop at the electrode-electrolyte space charge layer due to the potential drop at the grain
boundary. a, The model predicts that the photocurrent depends on the grain boundary’s interface
state concentration. Three scenarios are calculated: (i) no grain boundary (interfacial charge
density, O; = 0), (ii) a modest interfacial state density (Q; =5 x 10" cm™), and (iii) a high
interfacial state density (Q; =9 x 10" cm™). b, Comparison of 6L (i) and 2L (ii) electrodes.
Experimental data (black) was obtained by subtracting the dark current from the photocurrent.
The modeled data (orange) is a linear combination of the photocurrent for an electrode without
grain boundaries (Fig. 6A, trace 1) and an electrode in which all current must pass a grain
boundary (a, trace iii).



