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N ano pil lar composite electrodes 
for solar‑driven water splitting
Mikk Lippmaa,* Seiji Kawasaki, Ryota Takahashi, and 
Takahisa Yamamoto

Spontaneous noble metal dopant segregation in an oxide lattice can lead to the formation 
of metallic clusters and extended acicular inclusions. In a thin-film process, the shape and 
orientation of such noble metal inclusions are governed by the crystal growth direction, giving 
rise to a composite material with lattice-matched metal nanopillars embedded vertically in an 
insulating or semiconducting oxide matrix. An interesting application of such composites is 
in photoelectrochemical cell electrodes, where the metallic nanopillars take on three distinct 
roles: forming a Schottky junction with the host matrix, providing a low-loss current path from 
bulk to surface, and creating an efficient electrocatalytic active site on the electrode surface. In 
particular, we discuss the application of vertically aligned metal–oxide nanopillar composites in 
photoelectrochemical water-splitting cells used for direct solar-powered hydrogen generation.

Introduction
The ubiquitous availability of water and sunlight on Earth 
makes hydrogen gas an excellent fuel candidate for a clean 
and sustainable energy cycle, provided that the hydrogen fuel 
is obtained in a sustainable solar-powered process. Among the 
various options for harvesting and storing solar energy in the 
form of hydrogen, photoelectrochemical (PEC) water splitting, 
illustrated in Figure 1, is the most direct method, where the 
splitting of water and the evolution of either hydrogen or oxy-
gen gas occur on the surface a semiconductor photoelectrode, 
which is essentially a simplified solar cell placed in water. In 
terms of band structure, an oxygen evolution photoelectrode 
consisting of an n-type semiconductor, such as  SrTiO3, exhib-
its an upward band bending in the space–charge layer that 
forms at the water interface. This internal field drives the pho-
togenerated holes to the electrode surface where oxygen gas 
is produced in an electrocatalytic water oxidation reaction. In 
a similar manner, a p-type semiconductor would be used for a 
hydrogen evolution electrode, where photogenerated electrons 
arriving at the water interface reduce water to hydrogen gas. 
A practical PEC cell requires two reacting surfaces to achieve 
water splitting into hydrogen and oxygen. The hydrogen gas 

can be collected at the PEC electrode surface and stored or 
transported in liquefied bulk form, to be consumed at a time 
and location where it is needed for a particular application, 
such as powering a fuel cell vehicle or feeding ammonia syn-
thesis in a fertilizer plant (Figure 1). Ultimately, the consump-
tion of the hydrogen leads to the generation of water, and the 
energy harvesting and consumption cycle can repeat.

Solar‑energy collection efficiency
Despite the conceptual simplicity of the design of a PEC 
electrode, numerous unsolved materials challenges remain 
and even for the best photoelectrodes reported to date, the 
efficiency of energy conversion from sunlight to hydrogen is 
either too low or the working life too short for PEC water split-
ting to replace methane reforming or water electrolysis as a 
major source of hydrogen.1,2 Considering solar-powered water 
electrolysis, assuming a solar-panel efficiency of 20% and 
water electrolysis efficiency of 50%, a PEC water-splitting cell 
would have to reach an overall energy-conversion efficiency 
of about 10% to be competitive. The materials challenges that 
limit the efficiency of practical PEC electrode materials can be 
understood by looking at the band-edge energy versus depth 
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diagram in Figure 1, which illustrates the operation of n-type 
 SrTiO3 as a PEC oxygen evolution electrode. Doped  SrTiO3 is 
one of the best model semiconductors for this application and 
sufficiently stable in water for long-term operation.3

It is instructive to trace the various losses that are inevitable 
in the PEC energy-conversion process.4 Starting with sunlight 
shining on a  SrTiO3 electrode in water, a reflective light loss of 
2% occurs at the air–water interface (nwater = 1.33) and another 
8% is lost at the water–SrTiO3 interface (nSTO = 2.4). Once 
a photon has entered the  SrTiO3 crystal, useful absorption 
that generates carriers in the conduction and valence bands 
can only occur if the photon energy exceeds the band gap, 
which is 3.2 eV for  SrTiO3 but can be reduced to a more suit-
able 2 eV by doping. The smallest usa-
ble band gap is 1.23 eV, which is the 
energy barrier for splitting water, but 
a slightly larger energy of about 2 eV 
is targeted in practical doped semicon-
ductors used in PEC electrodes. For the  
standard sunlight photon flux spec-
trum, the fraction of photons with 
an energy exceeding 3.2 eV is only 
1.6 percent. This fraction increases 
to 21% if the band gap is reduced to 
2 eV and thus, at best, 19% of avail-
able photons generate a photocarrier. 
The ratio is slightly more favorable in 
terms of energy. Although any extra 
photon energy above the band gap is 
lost to heat though rapid thermalization 

to the conduction band bottom after the 
absorption event, the available solar 
photon flux is strongly skewed toward 
the infrared part of the spectrum, which 
means that about 26% of the incident 
light energy can be converted to pho-
tocarriers in a doped semiconductor 
photoelectrode. Band-gap engineer-
ing is therefore of great importance in 
optimizing the energy-harvesting effi-
ciency of oxide photoelectrodes.

Once a photon is absorbed and an 
electron–hole pair is formed, only a 
small fraction of the excited charge 
carriers can actually participate in the 
water-splitting reaction at the surface. 
We can identify three regions in the 
photoelectrode heterostructure, as illus-
trated in Figure 2a. A space–charge 
region generally forms at the semicon-
ductor–water interface due to the align-
ment of the chemical potential in the 
semiconductor with the redox poten-
tials of water. The illustration shows 
an n-type semiconductor that exhib-

its carrier depletion at the water interface and thus promotes 
oxygen evolution in a water oxidation reaction driven by the 
photoexcited holes. The direction of band bending would be 
reversed for a p-type semiconductor but the essential aspects 
of the carrier transport are the same. Efficient carrier separa-
tion and transport of electrons or holes to the surface can only 
occur in the space–charge region. Due to the low intensity of 
sunlight and hence the low carrier density, the space–charge 
region depth is primarily determined by the permittivity of 
the semiconductor and can be estimated to be a few tens of 
nanometers for titanate semiconductors. The electric field 
in the deeper layers of the semiconductor is negligible, and 
excited charge movement is primarily diffusive, similar to a 
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Figure 1.  A photoelectrochemical water-splitting cell contains a photoactive semicon-
ductor electrode in water. Carriers generated by light are transported to the surface by the 
internal field close to the water interface where electrons and holes can lead to the evolu-
tion of hydrogen and oxygen, respectively. In a hydrogen fuel cycle, the hydrogen can 
be transported and used by fuel cell vehicles and the chemical industry. Water released 
when hydrogen is consumed can be returned to the environment.
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Figure 2.  (a) Carrier transport is driven by the internal field in the space–charge region 
close to the surface of a semiconductor in water. No internal field is present in the dif-
fusive transport region where recombination probability is high. Transport is Ohmic in the 
conducting substrate region. Light absorption length is typically much larger than the 
electrode thickness. (b–e) Several possible nanostructure designs that have been studied 
to resolve the conflict between short charge-carrier escape length and long light absorp-
tion length.
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thick single-crystal silicon solar cell, with the exception that 
the nonequilibrium carrier lifetime is much shorter in oxides 
than in Si-reported values are in the nano- or even picosecond 
range.5,6 The primary reasons for the short carrier lifetime are 
trapping at shallow trap sites that may be related to oxygen 
vacancies or other lattice defects and the presence of unoc-
cupied mid-gap states in nominally p-type systems, such as 
Rh:SrTiO3. Trap-mediated carrier recombination is the domi-
nant excited carrier loss mechanism even in nondoped  SrTiO3 
crystals, as shown by a sharp increase of photoconductivity 
at low temperatures,7 similar to defect-rich CdSe and CdS 
semiconductors.

Besides the space–charge layer thickness, the total thick-
ness of the electrode layer is defined by the light absorption 
length. The absorption coefficient of intrinsic  SrTiO3 above the 
band-gap energy is on the order of  105 cm−1,8 which means 
that to absorb most of the incident light, the semiconductor 
layer thickness should be on the order of 100 nm. However, 
since intrinsic  SrTiO3 has a band gap of 3.2 eV, this absorp-
tion level only applies to interband transitions induced by 
ultraviolet light. Doping is required to reduce the band gap 
and obtain visible light absorption down to 2 eV, but doping 
levels must be limited to a few percent to avoid carrier trap-
ping and recombination at doping-induced defects. The visible 
light absorption is, thus, at least an order of magnitude lower 
than for band-gap excitations and would require an even larger 
light absorbing layer thickness, on the order of a micrometer. 
This length scale mismatch between the carrier extraction and 
light absorption lengths is illustrated in the bottom part of 
Figure 2a.

Finally, the heterostructure requires a mechanical and elec-
trical support, which forms a third layer in the structure and 
may be provided by a metallic Nb-doped  SrTiO3 substrate as 
shown in Figures 1 and 2a or a metallic electrode layer that is 
a good epitaxial lattice match for the photoactive part of the 
heterostructure. For  SrTiO3-based compositions, a  SrRuO3 or a 
 Sr2RuO4 electrode layer may be used.9 The PEC electrode can 
then be attached to an electric circuit that connects the photo-
electrode to a passive metallic counter electrode or in a tandem 
configuration to another PEC electrode of opposite polarity.2 
Regardless of the particular cell design, the electrode support 
has to be a good metal to minimize Ohmic losses in the circuit 
that connects the two electrodes. For thin-film PEC devices, 
sufficiently low defect densities in the surface space–charge 
region can be achieved only by growing the electrodes epitaxi-
ally on single-crystal substrates, such as Nb-doped  SrTiO3. 
However, even moderately highly doped  SrTiO3 is not opti-
cally inert—although the Nb doping raises the Fermi level to 
the bottom of the conduction band, a clear photoresponse can 
still be seen in an oxygen evolution reaction on the surface of 
Nb:SrTiO3 crystals. If a  SrTiO3 PEC electrode is grown on a 
heavily doped Nb:SrTiO3 substrate while gradually reducing 
the Nb doping level from 1% to 0, the local Ohmic conduc-
tivity of the electrode can be matched to the depth-dependent 
carrier mobility. In this way, maximum charge extraction 

efficiency can be achieved in the space–charge region where 
carrier drift is driven by the strong internal electric field, while 
Ohmic losses are minimized in the drift region of the electrode 
by Nb doping.10 Other methods of improving carrier mobil-
ity have also been studied, such as making the use of exciton 
 mobility11 or co-doping to reduce the density of unoccupied 
traps.5,6

The design of an efficient oxide energy-harvesting mate-
rial, thus, presents us with a seemingly irreconcilable mix of 
mutually exclusive properties. The most serious conflict is the 
requirement of doping to achieve the optimal band gap and 
visible light absorption while any doping scheme also carries 
the risk of creating structural defects that lead to trapping or 
reduce the lifetime and mobility of photoexcited carriers. The 
search for a high-performance water-splitting photocatalyst 
materials and related PEC electrode development has a long 
history, starting with the original report in 1972 by Fujishima 
and Honda on hydrogen generation from water on the surface 
of  TiO2.12 So far, no perfect material has been found that has 
a sufficiently narrow band gap, a suitable alignment of the 
conduction- and valence-band edges with the water redox 
potentials, and sustains high photocarrier mobility near room 
temperature. It is still an open question whether this is a fun-
damentally impossible proposition, as halide perovskites do 
show exceptionally long carrier lifetimes,13 but unfortunately, 
degrade rapidly in the presence of water. Developing a water-
compatible oxide material with similarly efficient defect 
screening has so far failed, which means that the only feasible 
approach is to reduce the length scale of excited carrier trans-
port by suitable nanostructuring.

Nanostructured photoelectrochemical electrodes
A number of nanostructured light-harvesting materials designs, 
illustrated in Figure 2b–e, have been proposed and tested. The 
most obvious approach from a synthesis and cost point of view 
is the use of a layer of nanoparticles on a conducting support 
(Figure 2b).14 The classic approach is to synthesize a semi-
conductor material in bulk powder form in a ceramic process 
and spread the powder with a squeegee on a carrier, such as a 
glass sheet coated with an indium tin oxide (ITO) electrode. 
This surprisingly simple technique also creates a heterostruc-
ture between the water-exposed surface of a particle and the 
contact point with the ITO electrode. This is probably the most 
widely studied method of nanostructuring due to the techni-
cal simplicity and low cost of synthesis. Numerous improve-
ments can be made while maintaining the basic powder design, 
such as using core–shell nanoparticles with additional inter-
nal space–charge regions for more efficient carrier separation,  
utilizing the work function differences between different facets 
of single-crystalline nanoparticles, and the coating of nanopar-
ticle surfaces with uniform or even site-selective cocatalysts.3 
Despite a large effort that has been put into the development of 
nanoparticle-based photoelectrodes, the light absorption length 
mismatch has been only partly solved. Although light trans-
mitted through a single nanoscale particle can be absorbed in 
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another particle, the surface reflection and scattering losses 
tend to negate any benefits of increased absorption.

To minimize scattering and reflection losses, it is possible 
to use nanopillars, nanotubes, or other elongated nanostruc-
tures (Figure 2c) that are electrically connected to a conduct-
ing substrate. As with the nanoparticles on a glass sheet, the 
nanopillars or nanotubes minimize the transport of excited 
carriers in the radial direction. For a diameter of less than 
100 nm, essentially the whole volume of a nanopillar is taken 
up by the surface space–charge region, and electron–hole 
separation is driven by the large internal field. When such a 
nanopillar array is illuminated along the surface normal of 
the substrate, the light absorption length is defined by the 
length of the nanopillars, which can be designed to match 
the visible light absorption length. The charge collection 
inside the nanopillars can be further enhanced by using a 
multilayer design, forming a coaxial heterostructure.15,16 A 
major drawback of the pillar designs is the complexity of 
the synthesis process, especially for multilayer  pillars16 and 
the short working life of a pillar array. From a cost per-
spective, a hydrogen-generation panel should operate over 
similar time scales as a photovoltaic solar panel and it is 
unlikely that surface fouling can be prevented to sustain the 
water-splitting reaction over a period of several years. An 
additional issue with closely spaced nanostructures is the 
release of gas. Since the photoelectrode is a gas generation 
device, gas bubbles need to be quickly removed from the 
surface. Any hydrogen or oxygen bubbles attaching to the 
electrode surface reduce the effective reaction area.

The third approach to solve the light absorption length 
mismatch problem is to use an artificial composite material 
with many internal interfaces, as illustrated in Figure 2d.17 
Light-induced electron transfer from donor to acceptor 
regions naturally separates the charges, and the bicontinu-
ous network of heterojunctions provides a current extraction 
path.

It is possible to combine the favorable aspects of all the 
structures described here by embedding metallic nanopillars 
inside the photoactive semiconductor matrix, as shown in Fig-
ure 2e.18 The light absorption length is defined in this struc-
ture by the thickness of the nanopillar composite, a cylindrical 
space–charge region can form coaxially around each pillar if the 
work function of the pillar material is chosen suitably, and the 
charge extraction length is defined by half of the average dis-
tance between the metallic nanopillars. A nanopillar composite, 
thus, effectively separates the charge generation region in the 
bulk of the composite film from the electrocatalytically active 
regions at the tips of the nanopillars that protrude into water.

The key to synthesizing such nanopillar composites with-
out resorting to an expensive lithographic microfabrication 
process is self-organization, whereby two materials sponta-
neously phase separate. If the phase separation occurs con-
tinuously at the growth front of a thin film, extended verti-
cal pillars of the segregated minority phase may form in the 
dominant host matrix. Indeed, there are a number of examples 

of such structures forming spontaneously in various materials 
systems. For our discussion, the interest is primarily in oxide 
hosts and either  oxide19,20 or  metal21,22 nanopillars forming in 
an oxide host lattice.

Choice of materials for water splitting
Testing of many photocatalyst and PEC electrode materials 
has shown that doped  SrTiO3 is an excellent starting point, 
with the best candidate materials being Rh:SrTiO3, Ir:SrTiO3, 
Al:SrTiO3, and various co-doped systems, such as (Rh, La)
SrTiO3.3,14,23 Among these candidate materials, Al:SrTiO3 is 
primarily interesting as a model system, since Al doping does 
not reduce the band gap of the  SrTiO3 host, and it can thus 
only absorb in the weak ultraviolet end of the solar spectrum.

Besides aluminum, the choice of noble metals as dopants 
in an oxide host system may appear counterintuitive at first, 
since, as the name implies, these elements tend not to oxidize 
and are expensive or rare, something that should be avoided 
in a large-scale energy-harvesting application. However, there 
are several good reasons why noble metals such as Pt, Ir, Pd, 
Au, and Rh, might be used in PEC electrodes. Most impor-
tantly, doping  SrTiO3 with Rh or Ir reduces the band gap from 
3.2 to 2.7 eV and 2 eV, respectively, which means that light 
in the visible part of the solar spectrum can be absorbed.24,25 
These dopant materials are quite special in the context of 
applications that rely on the high energy of electrons pho-
toexcited to the conduction band because for both Rh and Ir, 
the dopant-related 4d or 5d states are located just above the 
valence band top of the  SrTiO3 host. This means that the band 
gap is reduced by raising the energy of the valence-band edge, 
rather than changing the Ti 3d-character conduction band of 
 SrTiO3. This scheme is particularly favorable for hydrogen 
evolution electrode materials where the relatively high energy 
of the conduction band edge relative to the water redox poten-
tials is essential for transferring electrons from the semicon-
ductor to water. An additional motivation that combines an 
oxide semiconductor host material with noble metals is the 
excellent electrocatalytic performance of metallic Ir and Pt 
in the water-splitting reaction.26 This means that noble metal 
doping can be a viable approach even for electrodes that col-
lect holes for oxygen evolution and transfer electrons to a 
metallic counter electrode for hydrogen generation.

Synthesis challenges
From the point of view of oxide thin-film growth, combin-
ing noble metals with transition-metal oxides such as titan-
ates presents several interesting challenges related to oxidation 
kinetics and oxide volatility. Thin films of suitable oxide host 
materials, particularly titanates such as  SrTiO3, are normally 
grown at temperatures of around 600°C to 800°C and ambient 
oxygen pressures of anywhere from  10−7 Torr to 100 mTorr. 
However, thin films grown under these conditions are gener-
ally not suitable for solar-energy-harvesting applications due 
to the high density of intrinsic defects that lead to rapid carrier 
trapping and recombination. Improved crystal quality can be 
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achieved by growing films by molecular beam  epitaxy27 or by 
pulsed laser deposition at very high temperature of 1300°C 
and strongly reducing oxygen pressure of just  10−7 Torr.28,29 
These conditions are problematic for many potential candidate 
dopant metals due to the high vapor pressure of the corre-
sponding oxides, such as PdO,  PtO2,  RhOx, or  IrOx.30 Grow-
ing a noble-metal-doped  SrTiO3 is thus difficult in the sense 
that too low growth temperatures will lead to a defect-rich 
material in which the recombination rate is too high for practi-
cal energy harvesting, whereas high-temperature growth will 
lead to evaporative loss of noble metal dopants. Likewise, for 
oxygen pressure, low oxygen pressure is preferred for titan-
ate growth to avoid cation segregation,31,32 but it may lead 
to the formation of segregated metal, while too high oxygen 
pressures promote rapid oxidation and evaporative loss of the 
noble metal oxides. This problem is particularly severe for 
high-temperature growth of Ir-doped titanates due to the for-
mation of  IrO3 at just slightly higher oxygen pressures than 
the formation of stable  IrO2. Since  IrO3 has no stable solid 
phase, even slightly over-oxidizing conditions will lead to the 
evaporative loss of Ir from the film.33 For many other potential 
metal dopants, suppression of evaporative loss can be achieved 
by increasing the oxygen pressure to the mTorr range, albeit at 
the risk of generating Sr vacancies.31

Segregation mechanism
Segregation of a secondary phase in thin-film or bulk-ceramic 
synthesis is usually considered a sign of failure. Nevertheless, 
nanoscale metal segregation offers an interesting route to the 
synthesis of metal oxide composite materials in a simple sin-
gle-step process that does not require microfabrication or pat-
terning. In the context of catalysis, for example, spontaneous 
metal segregation is the basis of the so-called self-regenerating 
catalyst design, which responds to the ambient atmosphere by 
reversibly oxidizing or segregating Pd metal nanoparticles in 
an oxide host.34

The segregation of a secondary metal phase during oxide 
crystal growth is controlled mainly by the growth tempera-
ture and the ambient oxygen pressure. Selecting a suitably 
low oxygen pressure that prevents full oxidation of the dopant 
metal is therefore necessary. For thin-film growth, there is 
the important additional parameter of growth rate, which 
for pulsed laser deposition, PLD is on the order of 10 s for 
a single perovskite unit cell layer of 4 Å thickness. Since the 
oxidation of the film and the surface migration of adatoms 
occur on similar time scales,35,36 the growth rate can be used 
to control the self-organized formation of metal clusters dur-
ing film deposition. This effect can be seen in Figure 3 for the 
growth of Ir-doped  SrTiO3 at 700°C and an oxygen pressure of 
1 mTorr when the deposition rate is varied from 8 to 312 s/nm. 
The segregated metal clusters are visible in the atomic force 
microscope (AFM) images as white dots on the surfaces of the 
films. While the three-dimensional structure of the segregated 
metal cannot be determined from the AFM images, it is clear 
that the metal clusters are not present on the surface for the 

slowest growth rate, presumably lost due to gradual evapora-
tion of slowly forming  IrO3.

A transmission electron microscope (TEM) image of a film, 
where metal segregation does occur (Figure 3e), shows that 
the clusters form directly at the substrate interface and take 
the shape of a nanodots.37 The most interesting structure is 
obtained in the intermediate growth rate range if the condi-
tions are such that a stable surface concentration of the metal 
adatoms can be maintained. In this case, vertically aligned 
nanopillars will form, as shown in Figure 3f, h.18 The nanopil-
lar diameter is uniform throughout the composite crystal, as 
is the lateral pillar spacing. The image also shows that the pil-
lar growth may spontaneously terminate, presumably because 
the surface density of the Ir atoms does not remain constant 
(Figure 3f).37

At this point, we can consider the mechanisms that lead to 
the formation of a vertical aligned nanopillar (VAN) composite 
structure. For oxide–oxide nanocomposites, the driving force 
for spontaneous phase separation may be related to miscibility 
limits or the preference for different crystal structures by the 
two component materials, such as a perovskite and a spinel or 
rutile and corundum.20,38 For noble metals and perovskites, 
the lattice matching is nearly perfect, since most noble metals 
form a face-centered cubic (fcc) lattice that has a mismatch 
of less than 5% with  SrTiO3. Platinum, in particular, is an 
interesting case because while at room temperature, the Pt 
lattice parameter is larger than that of  SrTiO3 (3.92 Å versus 
3.905 Å), its thermal expansion coefficient is smaller, which 
means that at about 700°C, Pt and  SrTiO3 are perfectly lattice 
matched and the system is completely strain free. Despite the 
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Figure 3.  (a–d) Atomic force microscope images of 20-nm-thick 
Ir:SrTiO3 films grown at various deposition rates at 700°C and 1 
mTorr of oxygen. The growth rates are shown in the images. The 
image area is 1 µm × 1 µm. Fast growth produces a nanodot array 
as shown in (e). Bright regions in the film are shown to be Ir rich 
by in situ energy-dispersive x-ray spectroscopy. Slower growth 
rates (b, c) produce an array of nanopillars in the film (f, h). A 
plan view of (h) is shown in (g). The horizontal white lines in the 
cross-sectional transmission electron microscope images mark 
the substrate–film interface. No metal segregation is observed in 
(d).18,37,39
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nonexistent strain, platinum still forms faceted islands when 
deposited on  SrTiO3 at around 700°C with island sizes in the 
hundreds of nanometers range with similar island spacing 
length scales.39,40 This shows that the migration rate of the 
metal adatoms on the surface is much larger than for oxide 
species.  SrTiO3 itself would exhibit layer-by-layer growth on 
a stepped substrate surface at around 700°C,36 which means 
that the migration length of oxide species is on the order of 
tens of nanometers (i.e., an order of magnitude lower than for 
metals such as Pt or Ir under identical temperature and oxygen 
pressure (Figure 4)].

It is, thus, reasonable to interpret the phase separation and 
the formation of metal nanopillars in an oxide host as being 
enabled by the large difference in the surface migration rates 
of the component adatom species. While long-range migration 
of unoxidized noble metal atoms leads to the formation of 
large metal clusters, the oxide host lattice grows in the layer-
by-layer mode due to the much smaller length scale of clus-
tering associated with the lower migration rate of the oxide 
species. The segregation of a noble metal codeposited with an 
oxide can be viewed as a type of kinetic phase separation,41 
which is known to occur for crystallization of multicomponent 
materials from a melt. In this case, however, no liquid state is 
present, but the nanopillar formation shows that the nonequi-  
librium surface layer of a composite film that exists for the 
brief periods of relaxation between the laser ablation pulses 
behaves in a sense more like a liquid than a solid or a gas. It is 
also important to note that outside of the growth window for 
pillar formation (temperature, oxygen pressure, growth rate), a 
homogeneously doped thin film is obtained instead.18,39 Bulk- 
ceramic synthesis of the Ir (5 at.%):SrTiO3 target pellet also 
leads to a homogeneous material with no indication in x-ray 
diffraction scans of macroscopic metal segregation, which sug - 
gests that the 5% doping does not exceed the solubility limit of 
Ir in  SrTiO3. Indeed, for Ir, bulk metal segregation is unlikely 
because  SrIrO3 exists as a stable solid phase under similar 

process conditions.42,43 The metal segregation that leads to 
nanopillar growth only happens in a strongly nonequilibrium 
surface migration process during thin-film growth in a metal-
specific process parameter window, and the mechanism is, 
thus, different from well-known bulk phase-separation mech-
anisms, such as the spinodal separation of  TiO2 and  VO2.44 
Composition analysis by in situ energy-dispersive x-ray spec-
troscopy (EDX) shows that the average Ir content in the film 
is 4 at.%, slightly below the original 5 at.% doping level of the 
PLD target. EDX analysis is usually not possible for a doped 
 SrTiO3 film grown on a  SrTiO3 substrate. However, when pol-
ished into a wedge shape, it is possible to obtain a TEM plan-
view sample where the substrate part has been completely 
removed close to the sample edge. This type of measurement 
is illustrated in Figure 5 for a nanopillar composite film. The 
EDX analysis indicates that the kinetic phase separation leads 
to approximately half of the Ir being conglomerated in the 
nanopillars, reducing the average film doping level to 2 at.% 
Ir. This remaining doping level has important implications for 
the PEC performance of the nanocomposite film.

Besides the surface migration kinetics, the second aspect 
that appears to be important for the formation of vertically 
aligned pillars as opposed to some form of laterally expanded 
structure or random nanodot formation is the anisotropic sur-
face energy of noble metal clusters on an oxide surface.45–47 
Surface energy anisotropy defines the shapes of various self-
organized metal or oxide nanostructures and is not limited to 
the noble metals discussed here.48,49

Near-perfect lattice matching between the fcc metal and 
perovskite occurs in a cube-on-cube orientation that would 
expose the metal (001) plane at the surface. This lattice con-
figuration does indeed occur inside the composite crystal but 
is unfavorable at the surface due to the significantly lower sur-
face energy of the fcc (111) facets.50 As shown in Figure 6, the 
facet formation is visible at the exposed tips of Ir, Pt, Pd, and 
Rh nanopillars in  SrTiO3. The preference for the (111) facets 
is particularly clear in the case of Pt, which is perfectly lat-
tice matched with  SrTiO3 at the growth temperature. When Pt 

Pulsed
deposition

Surface
relaxation

Sr

SrPt

O

O

Ti
Ti

Figure 4.  In PLD film growth, periods of near-instantaneous 
deposition with high supersaturation of adatoms are followed by 
long periods of surface relaxation during which the deposited 
adatoms can migrate on the surface. Metal pillar formation can 
occur when the noble metal (gray) migration length is much larger 
than the oxide host material (green) migration length. The migra-
tion process ends when the next deposition pulse arrives on the 
surface.

film

substra
te

pillar
pillar and substratefilmTi 28%

Sr 25%
Ir 47%

Ti 40%
Sr 58%
Ir 2%

Ti 28%
Sr 38%
Ir 34%

Figure 5.  Energy-dispersive x-ray spectroscopy (EDX) analysis of 
nanopillar composite film composition on the edge of a wedge-
polished thin-film sample. Wide-area average Ir content is 4 at.%. 
Narrow-beam film composition far from nanopillars shows 2 at.% 
Ir content. Pillar composition on the edge of the film is 47 at.% Ir. 
It should be noted that while the electron beam is narrower than 
a nanopillar, secondary electron scattering means that the EDX 
probes the average composition over a slightly wider area than 
the electron beam width.18
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metal is deposited on an atomically flat  SrTiO3 (001) surface 
at high temperature, the metal forms epitaxial faceted islands 
instead of a uniform two-dimensional layer.39 This behav-
ior explains why pillar growth is favored at moderately low 
growth rates, where metal adatoms have time to find the (111) 
facets of nanopillars on the film surface and, thus, promote the 
growth of existing pillars, rather than form new isolated metal 
clusters. If the growth rate is increased, the available migra-
tion time for surface adatoms is reduced before the next batch 
of deposited adatoms arrives and random nanodot formation 
dominates over pillar formation, as was shown in Figure 3.

Despite the preference for exposing the (111) facets at the 
pillar growth front, the metal lattice of the pillars is growing 
approximately in the [001] direction, as can be seen in an x-ray 
diffraction Ir (111) pole figure in Figure 7b. Four slightly 
elongated diffraction peaks appear at 45° positions relative 
to the [100] and [010] in-plane directions of the  SrTiO3 host 
lattice. This shows that the Ir metal does indeed grow in the 
[100]

Ir
|| [100]

SrTiO3

 cube-on-cube configuration illustrated in 
Figure 7a and shown in the cross-sectional and plan views of 
Ir nanopillars in Figure 7c, d.

Although noble metals are fairly well lattice matched with 
 SrTiO3, strains of up to 5% are still present at room tempera-
ture. The strain relaxation inside a thin nanopillar occurs by 
lattice tilting,51 which can be observed in both cross-section 
and plan-view STEM images as a spread of the metal lat-
tice into streaks corresponding to atomic planes, rather than 
showing individual atomic columns similar to the undistorted 
 SrTiO3 lattice. The Ir pillars in particular show that multi-
ple metal grains are present with different tilt directions. 

Presumably, the multigrain structure 
allows strain to be relaxed in all three lat-
tice directions. The plan-view image of 
a large-diameter pillar in Figure 7d also 
shows that the pillars are not round but 
show distinct in-plane faceting along the 
(100) and (110) lattice planes. The shape 
of the nanopillars is mainly determined 
by the competition between the strain 
energy and interfacial energy. The strain 
energy dominates over interfacial energy 
in large pillars, and the pillars exhibit 
square or faceted shapes. The interfa-
cial energy dominates in small pillars, 
which, therefore, exhibit a circular shape 
(Figure 7).21,22

Benefits of nanopillars for water 
splitting
The functional benefits of the nanopil-
lar composite material for a PEC elec-
trode can be seen in a cyclic voltammetry 
experiment in a PEC cell that is shown in 
Figure 1. A bias is applied on a test elec-
trode in an electrolyte, and the current is 

recorded as shown in Figure 8a. The current is proportional to 
the charge generated by light and injected into the electrolyte 
(or water), and it is proportional to the number of hydrogen 
or oxygen molecules that are generated. The magnitude of the 
current is, thus, a measure of how well an electrode performs 
under identical light illumination conditions. In this case, sev-
eral Ir nanopillar composite films are compared with homoge-
neously doped Ir:SrTiO3 films, and it is clear that the observed 
current is larger by nearly an order of magnitude. No current 
flows for either type of electrode in dark conditions, when no 
photocarriers are generated.

In a homogeneously doped film, shown in Figure 8b, only 
a thin surface layer sustains a space–charge layer and is, 
thus, electronically active, while most of the incident light 
is absorbed deeper in the thin-film electrode where the gen-
erated photocarriers are lost to recombination. In contrast, 
the high work function of Ir metal ensures that a Schottky 
junction forms at every nanopillar interface with the n-type 
Ir (2%):SrTiO3 host lattice, forming coaxial space–charge 
regions around each nanopillar as shown in Figure 8c. In this 
composite material, essentially the whole volume of the film 
becomes electronically active while the electron collection 
length in the semiconductor is minimized and the Ir metal 
nanopillars provide an efficient charge transport path from 
deep layers of the film to the surface. Luckily, Ir is also an 
excellent electrocatalyst,26 promoting the water-splitting reac-
tion at the tips of the nanopillars. The nanocomposite material, 
thus, separates the functional regions of light absorption and 
charge generation from the site where water splitting occurs 
but does so without the need for patterning or heterostructure 

lr Pt

Pd Rh

Figure 6.  Faceting at the tips of Ir, Pt, Pd, and Rh nanopillars. The face-centered-cubic 
lattices of these metals prefer to expose the (111) facets due to the lower surface energy. 
The Pd and Rh images show the exposed tips of pillars at the film surface. Ir and Pt 
images show terminated pillar growth inside the film. All images are 30 × 20 perovskite 
unit cells (12 nm × 8 nm).18,39
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growth. The material is formed by self-
organized nanopillar segregation in a 
film growth process that is identical to 
conventional oxide thin-film growth by 
PLD.

The excellent PEC performance 
of the nanopillar composite films 
also shows that the rule of thumb that 
catalysts require large surface areas 
is not necessarily true for composite 
PEC electrodes where the water split-
ting occurs mainly at the tips of the Ir  
nanopillars. The nanocomposite struc-
ture, thus, focuses charge collected 
from a large area to the nanoscale 
reaction points, and even though the 
total area of the nanopillar tips is only 
about 1% of the total film surface area, 
the total current injected into water is 
an order of magnitude higher than for 
a planar film.

Summary
The PEC response of the Ir nanopil-
lar–Ir:SrTiO3 composite electrodes is in 
a sense a lucky case, because Ir doping 
of  SrTiO3 forms a semiconductor with 
a sufficiently high Fermi level to form 
a Schottky junction with Ir metal. This 
behavior is not universal for other noble 
metals that we have looked at. Based 
on powder photocatalyst studies, Rh 
is likely to be the best dopant for con-
structing a p-type hydrogen evolution 
electrode. While a Rh nanopillar com-

posite can be grown (Figure 6), the work function of Rh metal 
matches the deep Fermi level position of Rh:SrTiO3, which 
means that no Schottky-type space–charge regions form. In 
the case Pt, which has the best lattice match with  SrTiO3, we 
have observed excellent nanopillar growth, but since Pt dop-
ing does not lead to gap narrowing of  SrTiO3, the composite 
material is not useful as a visible light PEC electrode. Several 
metals are known to form nanopillars in  SrTiO3, and the list of 
elements is likely to be broader than the four examples shown 
here (Pt, Pd, Ir, Rh). A clear difference between the various pil-
lars is the growth habit. Pt clearly follows the crystallographic 
[001] direction in  SrTiO3, while other metals, especially Pd, 
appear to prefer growth along the [011] direction, creating 
meandering pillars.18 While nanopillars other than Ir appear 
to have no direct applications for water-splitting applications, 
these nanowires create nanoscale Schottky point contacts with 
an n-type substrate such as Nb:SrTiO3 at the bottom of each 
pillar. It is also possible to electrochemically etch the metal 
nanopillars, forming well-defined pores with a diameter of a 
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SrTiO
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SrTiO
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Figure 7.  The metal nanopillars grow in a cube-on-cube configuration (a), as shown by 
the presence of four Ir (111) diffraction peaks, offset by 45° from the  SrTiO3 [100] direc-
tion, in an X-ray diffraction pole figure (b). The cross-sectional (c) and plan-view (d) scan-
ning transmission electron microscope images of a small (c) and a large (d) pillar show 
the presence of the Ir metal planes. Due to strain relaxation, the metal lattice is tilted from 
the host lattice by up to about 1°, which is why individual metal atom columns cannot be 
distinguished, but spread out into line shapes. Lattice plane tilting is visible in (c). Both 
pillars contain multiple grains, with each grain tilted around the a-, b-, or c-axis direction 
to relax the lattice mismatch strain between the metal and the  SrTiO3 host crystal.18
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Figure 8.  (a) Comparison of the photoelectrochemical per-
formance of homogeneously doped Ir:SrTiO3 water-splitting 
electrodes and Ir pillar—Ir:SrTiO3 nanocomposite electrodes. 
The observed current density of the composite electrodes is an 
order of magnitude higher than for the homogeneous films. The 
measurement is done with visible light illumination from a 1 kW 
xenon lamp filtered with a 420-nm-long pass filter in a 0.1 M KOH 
electrolyte.18 (b) Only the surface layer is active for a homogene-
ous film. (c) Charge from the whole film volume can be collected 
in the nanocomposite device.
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few nanometers but a length of tens or hundreds of nanometers 
in the oxide host material.
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