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ABSTRACT: RuO2/TiO2 catalysts have shown broad use in promoting a
variety of photocatalytic phenomena, such as water splitting and the
photodecomposition of organic dyes and pollutants. Most current methods of
photodepositing ruthenium oxide species (RuOx) onto titanium dioxide
(TiO2) films involve precursors that are either difficult to produce and prone
to decomposition, such as RuO4, or require high-temperature oxidations,
which can reduce the quality of the resulting catalyst and increase the risks
and toxicity of the procedure. The present work demonstrates the
photodeposition of RuOx onto TiO2 films, using potassium perruthenate
(KRuO4) as a precursor, by improving substantially a procedure known to
work on TiO2 nanopowders. In addition to demonstrating the applicability of this method of photodeposition to TiO2 films, this
work also explores the importance of the material phase of the TiO2 substrate, outlines viable concentrations and photodeposition
times at a given optical intensity, and demonstrates that the morphology of the photodeposited nanostructures changes from
cauliflower-like spheroids to a matted, porous sponge-like structure with the addition of methanol to the precursor solution. This
morphology change has not been documented previously. By providing an explanation for this difference in the morphology, this
work provides both newer insights into the photodeposition process and provides an excellent foundation for future procedures,
allowing a more targeted and controlled deposition based on the desired morphology.

1. INTRODUCTION
In recent years, catalytic nanoparticles made of materials
including platinum, gold, indium, and manganese have been
used to greatly improve the efficiency and ability of
photocatalytic materials, such as titanium dioxide (TiO2).

1

TiO2 is attractive on its own because of its low cost, low
toxicity,2 and general stability.3 Further, TiO2 has a broad
range of uses without modification, which include water
splitting4 and the catalytic removal of various pollutants.5−7

Although TiO2 has a broad band gap8,9 and high charge-
carrier recombination rate,10 the impact of these properties can
be minimized by the addition of metallic and semiconductor
cocatalysts through effects such as boosting the separation and
translation of charge carriers within the composite catalyst11−13

or by effectively narrowing the band gap of the material and
increasing the probability of photoactivation.14 This results in
improvements such as lowering the activation energy of the
catalysis,15 suppressing photocorrosion,12 enhancing charge
separation,12 and in the case of noble metal cocatalysts,
providing plasmonic photocatalytic enhancement.16

Ruthenium(IV) oxide (RuO2) has shown significant promise
as the cocatalyst with TiO2 because of its synergy with the
bandgap of TiO2.

14 Hybrid RuO2/TiO2 catalysts have been
demonstrated to promote catalytic phenomena such as the
production of hydrogen by photoreforming and water
splitting17,18 and the photodecomposition of organic dyes.19

When deposited on a TiO2 substrate, RuO2 is capable of

serving as a catalyst on photovoltaic junctions,18 protecting
TiO2 against corrosion,12 and acting as nucleation sites for
carbon nanotube growth.20 For these reasons, the ability to
selectively deposit RuO2 nanoparticles onto semiconductor
substrates, such as TiO2, is still of significant interest. However,
many of the methods of depositing RuO2 onto TiO2 surfaces
involve toxic precursors, such as RuCl3 or RuO4, which is both
highly toxic and unstable at room temperature.21

Potassium perruthenate (KRuO4) has shown appreciable
promise as a less-toxic replacement for RuCl3. Previous work
discussed a method for synthesizing a combined RuO2/TiO2

catalyst using an aqueous KRuO4 precursor solution and a
Degussa P-25 titanium nanoparticle powder catalyst, which is a
commercially available TiO2 nanopowder that contains both
rutile and anatase phases.22 This photodeposition theoretically
utilizes the following pathway
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Through this, the dissolved potassium perruthenate is
reduced onto the TiO2 nanopowder to form a hybrid
nanocatalyst. However, the effects of the crystallinity of the
TiO2 nanopowder, the initial precursor concentrations used,
and the presence or effect of hole scavengers, which are
commonly used in such photodepositions, have not been
thoroughly reported. Further, the process described is solely
focused on the photodeposition of RuOx onto a TiO2
nanopowder suspension and does not explore the parameters
required for photodeposition onto a substrate.
Though other works have looked at the deposition of RuOx

onto a TiO2 substrate using KRuO4, they have utilized
different techniques such as galvanostatic photodeposition18 or
electrochemical anodization.23 These techniques may be
impractical in the case of small samples or nonconducting
sample substrates, as it may not always be feasible to fabricate
electrical contacts onto small samples. The method put
forward in this work, in contrast, is purely photodriven and
does not require an external voltage source or current to be
applied to the sample or solution. This allows it to be used in
the absence of electrical contacts, which expands the types and
morphologies of surfaces it can be deployed on and
theoretically allows for better control of the deposited areas
via techniques such as photomasking, should a specific catalyst
loading be desired.
This work aims to examine and characterize the photo-

deposition of KRuO4 onto anatase and amorphous titanium
dioxide substrates under comparable photodeposition con-
ditions. This will provide a baseline for further study, including
viable precursor concentrations and minimum photodeposition
times at a given power. This work will also demonstrate that
the presence or absence of a hole scavenger (methanol)
completely alters the morphology of the photodeposited
material, an effect which has not been previously described
or explored in the literature. Primarily, the literature rarely
mentions photodeposition that takes place even in the absence
of a charge carrier scavenger or sacrificial reagents: this has
been documented in literature only when arguing that the
photodeposition of metals in the absence of a hole scavenger
leads to the formation of oxides instead of metals.24−26 Indeed,
in general, literature has rarely focused on the roles of
scavengers27 and usually it reflects on the different
morphologies only when comparing different techniques28 or
different scavengers.27 By taking care to clearly spell out all
steps and experimental parameters, this will provide a recipe
that is straightforward to reproduce and is easily modified. This
information will better allow future works to build off this safer,
one-pot photodeposition process. Further, by demonstrating
that the morphology can be controlled via the presence or
absence of methanol, we provide a mechanism allowing future
researchers and fabricators to better tailor the structure of the
photodeposited RuO2 to suit their purposes.

2. RESULTS

A droplet (150 μL) of a solution of KRuO4 (1 mM) was
placed on a TiO2 substrate and then exposed under a
photomask to UV light. Table 1 presents the list of samples
and experimental conditions, each sample was fabricated

under, including substrate crystallinity, methanol concentra-
tion, and photoexposure time.

Initial visual observation shows an immediate difference
between exposed and unexposed areas on anatase samples with
longer deposition times, samples A and F, shown in Supporting
Information Figure S1. Further, there is a noticeable difference
in the color of the photodeposited material on these two
samples, indicating that the presence or absence of methanol
has either changed the structure or the chemistry of the
deposited material, allowing a quick quantitative check of the
process. This is covered in more detail in the Supporting
Information. Conversely, the samples exposed on amorphous
TiO2, samples I and J, do not show any obvious signs of
photodeposition. To further investigate these differences and
characterize the results of the deposition attempt, SEM
micrographs of the samples were taken, and to confirm the
presence of Ru on the surface and to characterize the
photodeposited structure, energy-dispersive X-ray spectrosco-
py (EDX) maps were generated, and X-ray photoelectron
spectroscopy (XPS) measurements were performed. For ease
of comprehension, we will present the samples without and
with methanol in separate subsections.

2.1. Deposition without Methanol on Anatase TiO2.
Overall, the deposition of KRuO4 onto anatase TiO2 in the
absence of methanol showed the formation of discrete
spheroidal, cauliflower-like RuOx nanoparticles. Although
some nonspecific growth was noticed in unexposed areas, a
far greater particle density was seen in the photoexposed area.
Additional analysis showed that the primary deposition was in
the form of RuO2, specifically.
Figure 1a,b shows micrographs of the exposed and

unexposed areas, respectively, of sample A, where the
photodeposition took place in the absence of a hole scavenger
(methanol) over a period of 45 min. The exposed region
(Figure 1a) clearly has larger and far more densely packed
nanoparticles than the unexposed area (Figure 1b) and while
some deposition does occur in the unexposed region, the
deposition is far less dense, and the particles present are much
smaller. Figure 1c is a closeup of the photoexposed region of
the sample. This closer examination shows that the deposition
has resulted in rough nanospheroids, with the larger particles
varying from 90 to 250 nm in diameter. In several cases, two or
more spheroids have merged together to form more oblong
structures. A few small particles with a diameter of
approximately 10 nm or smaller can also be observed.

Table 1. List of Samples, Outlining the Crystallinity of the
Substrate, Exposure Time, and vol % Methanol for Each
Sample

sample TiO2 crystallinity exposure time (min) % vol methanol

A anatase 45 0
B anatase 30 0
C anatase 15 0
D anatase 5 0
E anatase 45 10
F anatase 30 10
G anatase 15 10
H anatase 5 10
I amorphous 90 0
J amorphous 90 10
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Figure 1d,e shows micrographs of sample D, photoexposed
for 5 min in the absence of methanol. The particles present are
much smaller than those shown in Figure 1a−c (sample A),
with the diameter of the larger spheres ranging from 60 to 95
nm. Additionally, far fewer of these larger particles can be seen,
placing a lower bound of 5 min on the photoexposure time
needed to promote the photodeposition of several larger
nanospheres at this optical power. A large quantity of the very
small nanospheres are still visible in Figure 1e. Micrographs of
samples B and C, with photoexposures of 30 and 15 min,
respectively, can be found in the Supporting Information
Figure S2. The deposition on these samples is closer to that
seen in sample A but with smaller spheres, suggesting that the
sphere size increases with exposure time.
The occupied area (as a percentage of the total area), mean

particle area, and mean particle diameter were calculated from
atomic force microscopy (AFM) measurements (see Figure 2

and Supporting Information Figure S3) and are listed in Table
2. With the exception of sample C, we can see a continuing
trend of a smaller occupied area and smaller mean particle
diameter as the exposure time decreases, which matches what
we see in the SEM images.
EDX measurements of sample A reveal large quantities of

silicon, along with Ru, Ti, O, and N. Figure 3a shows an SEM
image of sample A while Figures 3b and 2c show EDX maps
for Ru and O, in the same area. It can be seen that the areas of

high Ru density shown in Figure 3b correspond to the larger
nanoparticles seen in Figure 3a, confirming that the structures
on the surface contain Ru. There is also some correlation in the
EDX map for O (Figure 4c), though it is partially obscured by
the oxygen in the TiO2 substrate.
To confirm the oxidation of the Ru, we turn to XPS. Figure

3d shows the C 1s XPS measurements of sample A. The peak

Figure 1. SEM micrographs of two samples photoexposed in the absence of methanol (samples A and D). (a) Photoexposed area on 45 min
exposure sample (sample A). (b) Unexposed area on the 45 min exposure sample (sample A). (c) Closeup (200k× zoom) of large RuOx particles
in the photoexposed area of sample A. (d) Photoexposed area of sample with 5 min of photoexposure (sample D). (e) Closeup of photoexposed
area on sample D.

Figure 2. AFM map taken from the exposed area of sample A, used to
calculate coverage and average particle size.

Table 2. Size and Coverage Statistics of RuOx Deposited in
the Absence of Methanol

sample
exposure
time (min)

occupied
area (%)

Mean Particle
Area (μm2)

mean particle
diameter (nm)

A 45 14.75 84 × 10−3 264
B 30 3.58 31.7 × 10−3 163
C 15 6.63 40 × 10−3 176
D 5 0.34 8.6 × 10−3 87

Figure 3. SEM image (a) and EDX maps of Ru (b) and O (c) for
sample A, exposed without methanol for 45 min. (d) XPS spectra of
sample A, showing peaks corresponding to RuO2 and carbon.
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at approximately 281.3 eV in Figure 3d corresponds to the
mean Ru (3d5/2) RuO2 peak and is not present in the TiO2
reference sample (Supporting Information Figure S4).29 This
strongly indicates the presence of ruthenium in the RuO2
oxidation state.
2.2. Deposition with Methanol on Anatase TiO2.

Overall, the deposition of KRuO4 onto anatase TiO2 in the
presence of methanol showed the formation of a near-
continuous sponge-like RuOx structure. Although some
minute-quantity nonspecific growth was noticed in unexposed
areas, it was negligible compared to the deposition seen in
exposed areas. Additional analysis showed that the primary
deposition was in the form of RuO2, specifically.
Figure 3a,b shows micrographs of the exposed areas of

sample E, photoexposed for 45 min on anatase in the presence
of a hole scavenger (methanol). The coverage and structure of
the photodeposited RuOx are completely different than that
seen in Figure 1, forming a more porous, sponge-like structure,
rather than an assortment of large nanospheres. These
structures cover much of the available area, leaving little of
the TiO2 substrate exposed. Closer inspection, shown in Figure
4b, makes the porous, sponge-like structure more apparent and
also shows some of the same small particles seen in Figure 1c,e.
Figure 4c shows the unexposed area of sample E, showing that
there is almost no deposition of either morphology visible.
This close examination does show some degree of nonspecific
photodeposition in the form of tiny particles, but it is minute
when compared to the deposition seen in the exposed areas.
Figure 4d,e shows sample H, photoexposed for 5 min in a

10% vol methanol solution. As with the photodeposition
without methanol, shorter exposure times lead to less coverage,
and very little can be seen in Figure 4d. Closer inspection,
shown in Figure 4f, does reveal some structure growth, but
there is very little, setting the necessary photodeposition size
for generating larger structures, a lower bound of 5 min of
photoexposure at this optical power. As in the samples without
methanol, very small spheres can be seen in these images.
Images of sample F and sample G, exposed 30 and 15 min,
respectively, in a solution containing 10% methanol, can be

found in Supporting Information Figure S5. They show less
coverage than that seen in Figure 4a but far more than seen in
Figure 4e.
Figure 4f shows a side-view of the growth region of sample

E, selected so that both the RuOx growth and TiO2 substrate
are visible. When compared with the 40 nm thick TiO2
substrate, it is clear that the RuOx layer is on the order of a
few nm thick. Similar images can be seen for sample F and
sample G in the Supporting Information section (Supporting
Information Figure S6).
Although sample E had a longer deposition time, sample G

was chosen for EDX mapping because of having more areas
where both RuOx structures and bare TiO2 were present.
Figure 5a shows an SEM image of the exposed area of sample
G while Figure 5b,c shows the EDX maps for Ru and O,
respectively.
Given the sprawling nature of the photodeposited structure,

the correlation in the EDX mapping is not as strong as in the
case in Figure 4. Still, a correlation can be seen between the
brightest spots on the left- and right-hand sides in Figure 5a
and the denser ruthenium mapping shown in Figure 5b,
indicating that the porous deposition is also RuOx. No clear
correlation can be seen in the O map, and possible reasons for
this are damage to the material from the EDX measurement,
the thinness of the photo-deposited material, and the ubiquity
of oxygen in the TiO2 substrate, or some combination of the
three.
We can get a clearer picture of the oxygen content by

turning, instead, to XPS. Figure 5d shows the C 1s XPS
measurements for sample E. Figure 5d is remarkably similar to
Figure 3d, with the strong peak at 281.3 eV, confirming that a
majority of the Ru deposited on the surface is likely in the
RuO2 state.29 Additionally, it can be seen that the peak at
approximately 281.3 eV is higher relative to the 286 eV peak
than in sample A (Figure 2d), which implies that there is a
larger RuO2 content, or at least a much broader coverage,
which is consistent with the images shown in Figure 4.

2.3. Deposition on Amorphous TiO2. In contrast to the
above samples, relatively little photodeposition was found on

Figure 4. SEM micrographs of samples E and H, photoexposed in a solution with 10% methanol content for 45 and 5 min, respectively (a)
Photoexposed area of the 45 min photoexposure sample (sample E). (b) Closeup of RuOx particles in the photoexposed area of sample E. (c)
Closeup (100k× zoom) of the unexposed area of sample E. (d) Exposed area of sample photoexposed for 5 min (sample H). (e) Closeup of
exposed area of sample H. (f) Edge-on image of the exposed area of sample E, taken at an 80° angle.
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samples using amorphous TiO2, even at exposure times of 90
min. Supporting Information Figure S7 is a representative
micrograph of the exposed and unexposed areas of sample I,
where the photoexposure took place on amorphous TiO2 in
the absence of methanol. Although some very minor particle
deposition can be seen, there is no clear difference between the
exposed and unexposed areas, and when compared to samples
on anatase with a third of the exposure time, no major
evidence of photodeposition is present. Sample J, where the
photodeposition took place on amorphous TiO2 in the
presence of methanol, shows slightly better results, as seen in
the Supporting Information Figure S8. Although a very minor
degree of difference can be seen between the exposed and
unexposed areas of the sample, very little deposition appears to
have taken place, even with a photoexposure time double that
used for sample E, shown in Figure 4a, which had an anatase
substrate.

3. DISCUSSION
From the above results, we can determine that the quantity and
morphology of the RuOx depended on three major factors.
The most obvious of these was the presence or absence of
methanol, which heavily altered the morphology of the
deposited material. The two other factors are the crystallinity
of the TiO2 substrate (amorphous vs anatase), which
determined whether the deposition could occur at all, and
the photoexposure of the sample (time and exposed vs
unexposed), which primarily determined the quantity of the
deposited material. By examining each of these factors, we can
both better understand the deposition process, convincingly
demonstrate that this is a photodriven process, and expand
how altering the variables can affect the final RuOx deposition.
In both deposition cases, it can be noted that the deposition
was (according to XPS analysis) primarily RuO2.
3.1. Effect of Methanol. Much has been written on the

role of hole scavengers in the photocatalytic process, as their
presence allows electrons to more easily participate in
reductive photocatalysis by hindering electron−hole recombi-
nation.30 This can alter the speed of the reaction and even alter

the favorability of certain reactions, making some interactions
more or less likely. When studied in this work, the presence or
absence of methanol had a definite, easily observed effect on
the morphology of the photodeposited material, which was
discernible to the naked eye as a difference in color at longer
exposure times. When methanol was absent, the RuOx formed
into nanospheroidal, cauliflower-like particles during the
photodeposition process, as seen in Figure 1 and Supporting
Information Figure S2. Similar structures have been found in
other RuOx deposition processes.31 When methanol was
present, the photodeposited RuOx formed a fibrous, sponge-
like structure, as seen in Figure 4 and in Supporting
Information Figure S5. These structures bear visual similarity
to amorphous RuO2 structures that were created via other
deposition methods, such as galvanostatic photodeposition,
but these have not been linked to the presence of a hole
scavenger.32,33,33

The effects of isopropanol, ethanol, and thiol on the
evaporative deposition of RuCl3 obtained sols have been
previously investigated34 but this cannot explain the morpho-
logical differences we see here. Although some of the reported
differences, such as faster deposition in the presence of a hole
scavenger (2-propanol), are similar to results described in this
work, they do not report observing a complete change in the
morphology of the structures between the purely aqueous
deposition and the hole scavenger-aided deposition. Further-
more, the deposition process described utilizes RuCl3, which
has a different deposition pathway, and utilizes evaporative
deposition of sols, which is completely different from the
method outlined in this paper.
Figure 6 builds off the currently accepted photodeposition

processes for similar materials and proposes a mechanism that

describes a probable cause for the structural difference
observed between the photodeposition processes with and
without methanol. Both photodeposition pathways ultimately
rely on reaction (3), in which four hydrogen ions and four
perruthenate (RuO4) ions reduce onto TiO2 to form RuO2.

22

Though described as a one-step process here, this is actualy an
energetically favorable two-step process.35 This two-step
reaction is what generates the RuOx nanostructures and
nanoparticles on the TiO2 surface. Further, this step primarily
results in the deposition of RuO2, which is consistent with the

Figure 5. SEM image (a) and EDX maps of Ru (b) and O (c) on
sample G (photoexposed for 15 min in a 10% by volume methanol
solution). (d) XPS spectra of sample E, showing peaks corresponding
to RuO2 and carbon.

Figure 6. Photodeposition of RuOx on TiO2 in the presence and in
the absence of methanol: (1) photogenerated holes are scavenged by
a methanol molecule, which oxidizes into CH2OH and a positively
charged hydrogen ion; (3) four hydrogen ions and four perruthenate
ions reduce onto TiO2 to form the RuOx. Once RuOx exists on the
surface, it itself becomes a catalytic site capable of scavenging holes
and generating hydrogen ions (2), allowing for further deposition on
the existing deposit through (3). Alternatively, in the absence of
methanol, the dissociation of water (water splitting) on the surface of
TiO2 in its anatase form provides an initial amount of positive
hydrogen ions for reaction (3), according to the oxygen evolution
reaction, 2H2O → 4H+ + O2 + 4e−.
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XPS measurements. The difference in morphology, we posit,
comes from how and where the hydrogen ions are generated.
When photodeposition is carried out in the presence of

methanol, a photogenerated hole can be scavenged by a
methanol molecule (1), which oxidizes into CH2OH and a
positively charged hydrogen ion. This photocatalytic process
has been observed previously, such as on platinum−TiO2
composite catalysts.36−38 Next, the previously described
deposition of RuOx (3) occurs, using these hydrogen ions.
Once a deposit of ruthenium oxide has formed, it can also
become a catalytic site for scavenging the holes that are
photogenerated in TiO2 to generate hydrogen ions, (2), which
leads to the formation of more RuOx on the existing
deposit.39,40

At higher methanol concentrations, such as 10% by volume,
we suggest that process (1) dominates as the hydrogen ion
production mechanism, outcompeting process (2) and
allowing process (3) to occur anywhere on the substrate,
which leads to a broad distribution of ruthenium deposition
sites. This, in turn, would lead to the thin, fibrous, spongy, and
broadly distributed structure we see in the deposition, where
methanol was present, seen in Figure 4, and in Supporting
Information Figures S5 and S6, as a large number of active
growth sites would be created across the substrate, and
additional new growth sites could be created throughout the
process without depleting the available methanol. This would
also result in films that are not noticeably thicker even at
longer deposition times, which is what we see in the edge-on
images (Figures 4f and S6). This deposition process would
only be limited by the amount of available methanol and by the
photoactivity of the surface, which could be reduced as the
RuOx coverage increased.
In situations where no methanol is present, the hydrogen

ions cannot come from process (1). In this scenario, the source
of the initial four hydrogen ions can be through water splitting,
which TiO2 is capable of.

41,42 Once initial nucleation sites have
formed, process (2) becomes the mechanism for creating
additional H+ and continues to deposit RuOx on these initial
growth sites through process (3). This would favor the growth
of existing particles over new growth sites, which would lead to
the very large particles seen in Figure 1 and in Supporting
Information Figure S2.
Some support for this mechanism can be found in the results

presented in Tilley et al.,18 where the galvanostatic photo-
deposition of RuOx onto amorphous titanium formed under
different ALD conditions (hydrogen peroxide vs water
precursors) resulted in very different deposition morphologies.
One explanation presented by Tilley et al. is that the different
ALD precursors caused the TiO2 films to have different
nucleation and growth sites, which then in turn lead to very
different RuOx morphologies. This is similar to our own
explanation, where the presence of a large quantity of methanol
vastly increases the number of possible nucleation sites. This
said, it should be noted that the experiment in Tilley et al. is
distinct from oursour deposition mechanism is purely
photodeposition, our TiO2 substrate is in the anatase phase,
and we vary the hole-scavenger concentration, rather than the
substrate formation process. Nevertheless, their findings do
help lend some support to our own.
Further, we can rule out other possible explanations for the

morphology differences. If this structural difference was caused
simply by the presence of a hole scavenger greatly speeding up
the photodeposition process, then samples photoexposed in

the presence of a hole scavenger for shorter times (such as
samples F and G, shown in Supporting Information Figure S5,
and sample H, shown in Figure 4d,e) should show some
similarity to the samples photoexposed without a hole
scavenger for long time periods (such as sample A, Figure
1a−c). However, no such similarity was found, and beyond
both samples showing signs of very small (approximately less
than 10 nm in diameter) particles, there were no structures in
samples A−D that were similar to structures found in samples
E−G and vice-versa. Similarly, we can rule out the possibility
that the methanol is simply causing uncontrolled chemical
deposition of RuOx. As we did see a difference between these
two regions in samples with exposure times above 5 min
(samples E, F, and G), we can be certain that this remained a
photodriven or photoassisted process, and that the formation
of RuOx structures was not solely the chemical deposition of
the RuOx because of the presence of methanol.

3.2. Effect of Photodeposition Time. Our results also
confirm that both forms of this process (with and without
methanol) are photodriven or photoassisted process. This is
made clear when examining the data: A major difference can
be seen between the exposed and unexposed areas of samples
A−C and of samples E−G, with far less deposition present in
the unexposed areas of these samples than in the exposed
areas. Although some nonspecific growth did occur, there is
still a massive degree of difference between the exposed and
unexposed areas.
Additionally, we saw that the size and quantity of the

deposited RuOx could be manipulated by altering the
deposition time, with longer deposition times, resulting in
larger and more numerous deposits. For very short exposure
times (sample D and sample H, shown in Figures 1d,e and
3d,e, respectively), very little deposition occurred in the
photoexposed areas, setting a lower bound on the exposure
times necessary for successful deposition of larger nano-
particles and nanostructures at this illumination power:
approximately 5 min at a power of 150 μW/cm2. When
looking closer at the samples at shorter photodeposition times
(e.g., Figure 1d,e, and Supporting Information Figure S2), a
large quantity of small, sub-10 nm particles can be seen in the
photoexposed areas. Similar small particles can also be seen
when the deposition occurred in the presence of methanol
(Figure 4b, Supporting Information Figure S5), therefore,
depending what size of nanoparticle is desired, shorter
deposition times on the order of less than 5 min may also
be viable. As exposure time increased to 10, 15, 30, and 45
min, the fabricated structures were shown to grow larger in all
cases (see Supporting Information Figures S2 and S3 for
growth without methanol and Supporting Information Figures
S5 and S6 for growth with methanol, both available online).
The data in Table 2 support this general trend (with the
exception of sample C), showing both increased particle size
and coverage as exposure time increases. This is consistent
with the explanation laid out in the previous section, where the
generation of hydrogen is driven/accelerated by the photo-
catalysis of either water or methanol by the TiO2 and/or RuOx.

3.3. Effect of the TiO2 Phase. No growth was seen on the
amorphous TiO2 substrates, demonstrating that the crystal-
linity of the samples is deeply important and should be taken
into account and explicitly considered in this deposition
process. The amorphous TiO2 samples, shown in Supporting
Information Figure S5 and Supporting Information Figure S8,
showed little or no photodeposition activity with either
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solution, even with a greatly extended photoexposure times of
90 min, indicating that the reaction proceeds extremely slowly
on amorphous TiO2, if at all, when compared with photo-
deposition on anatase TiO2. In contrast, photodeposition
proceeded on the anatase TiO2 substrates shown in Figures 1
and 3 at shorter exposure times, becoming faintly discernible
after only 5 min of photoexposure, seen in Figures 1d,e and
3e,f for samples D and H, respectively. Possible reasons for this
difference include amorphous TiO2, presenting fewer viable
nucleation sites, such as the lack of grain boundaries and
functional sites, and the difference in electrical properties
between the two morphologies. Although there is also a band
gap difference between the two phases, this was accounted for
by changing the wavelength of the light used in the
photodeposition process with the amorphous titanium
samples. Further, the difference in photon flux between the
anatase and amorphous samples was approximately 9%. It
should be noted that previous research using different
deposition techniques, such as galvanostatic photodeposition18

or electrochemical anodization,23 have deposited RuOx onto
amorphous TiO2 substrates. This strongly suggests that the
lack of deposition on the amorphous samples was also
influenced by the known lower photocatalytic activity of
amorphous, untreated TiO2.

43

4. CONCLUSIONS
Our results have demonstrated the photodeposition of RuOx
onto thin TiO2 anatase films, set a lower bound of 5−15 min
for the total photoexposure necessary to promote photo-
deposition of larger particles at an illumination of 150 μW/
cm2, briefly outlined the effects of different parameters that
have an effect on the photodeposition process, demonstrated
how the morphology can be dramatically altered via the
addition of methanol, and provided a possible explanation for
the different morphologies obtained by photodeposition in the
presence and absence of a hole scavenger. The two parameters
that caused the largest differences in the photodeposition
process were the crystallinity of the TiO2 and the presence (or
absence) of a hole scavenger while the photodeposition time
primarily governed the size and density of the photodeposited
nanostructures. The crystallinity of the TiO2 determined
whether the photodeposition would proceed at all, with
amorphous TiO2 proving unfavorable for the RuOx photo-
deposition while the reaction proceeded readily on anatase
TiO2.
The most significant and novel finding is how the presence/

absence of methanol had an evident effect on the morphology
of the photodeposited RuOx. When present at a concentration
of 10% in the deposition solution, fibrous sponge-like
structures formed. When absent, cauliflower-like nanosphe-
roids formed instead. Further study of the effect of methanol
on the photodeposited structure is warranted, especially
attempts to determine what methanol concentrations are
needed to create hybrid morphologies. XPS analysis showed
that the photodeposited RuOx was primarily RuO2 in both
deposition mechanisms, with the XPS results of the methanol-
deposited sample, suggesting a higher proportional percentage
of RuO2. We show that the deposition takes place only in the
illuminated region of the sample, making this method suitable
for deposition areas from a few millimeters in size to full
wafers. The process is fast, works at room temperature, and
involves no other high stress steps, making it compatible with
wide range of different workflows.

Planned future work includes an investigation to determine
the optimal catalytic loading and morphology (fibrous sponge
vs nanospheres) for this deposition process. This would
include investigating the effect of additional parameters such as
postprocessing, and solution pH, as well as exploring the
deposition over a wider range of methanol concentrations, in a
process similar to the work in Tossi et al.25 Ideally, this would
also find a method to reduce the nonspecific deposition,
potentially by reducing the concentration of the KRuO4
solution. This work could then be used to attempt to develop
a submersible, self-contained water-splitting photodevice or
explored with an eye toward other catalytic processes.

5. MATERIALS AND METHODS

5.1. Reagents and Materials. KRuO4 was purchased from
Sigma-Aldrich. Methanol was acquired from Honeywell.
Silicon substrates were purchased from Siegert Wafer.

5.2. Substrate Formation. Anatase and amorphous TiO2
substrates were grown via ALD deposition on the polished
surface of a silicon wafer in Beneq TFS-500 ALD at 250 °C for
anatase and 150 °C for amorphous. The TiCl4 and H2O were
used as the precursor chemicals for both substrates, with TiCl4
being set at a pulse length of 200 ms, H2O being set at a pulse
length of 150 ms, and both precursors were set to a flow rate of
200 sccm. The deposition was carried out over 1000 cycles,
and the final thickness of the films was confirmed to be
approximately 45 nm using a standard ellipsometer.

5.3. Precursor Solutions. A 1 mM stock solution of
KRuO4 was formed by adding 2 mg of powdered KRuO4 to 10
mL of DI water and stirring vigorously. The solution was then
purged with nitrogen to prolong its lifespan. Although the
original method22 does not explicitly list a hole scavenger as
part of the photodeposition process, other papers mention the
necessity of a hole scavenger when discussing similar
deposition techniques, such as galvanostatic photodeposi-
tion.18 In order to clarify the effect of a hole scavenger on
photocatalysis, a second stock solution was created by adding
200 μL of methanol to 1.8 mL of the stock 1 mM KRuO4 to
create a solution that was 10% methanol by volume.

5.4. Photodeposition. Sample substrates were rinsed with
ethanol, isopropanol, and water, and then blown dry and
placed faceup in the sample holder. A 100 μL droplet of the
precursor solution was placed on the sample area, and then the
sample was covered by a cover slip held up by two silicon
shims to create a cavity. Afterward, the photomask was placed
over the sample, and the sample was exposed for varying
deposition times, as outlined previously in Table 1.
Light was emitted by a Zahner TLS03 tuneable light source,

then reflected downward using a mirror. It passed through a
photomask and a thin glass coverslip before striking the sample
with a measured power of 150 μW/cm2 at the sample location.
In order to ensure that the photon energy was greater than the
band gap in all materials, a 345 nm wavelength was used for
anatase samples, and a 315 nm wavelength was used for
amorphous titanium samples. Because of this, the amorphous
samples exposed to 315 nm light experienced a photon flux
approximately 9% lower than the anatase samples, but this
difference was more than accounted for with the increase in
the photoexposure time.
A schematic of the exposure setup is shown in Figure 7.
Afterward, the samples were removed, rinsed gently in DI

water, and blown dry with compressed nitrogen.
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5.5. Sample Characterization. Surface imaging was
carried out by a Zeiss Supra 40 field-emission scanning
electron microscope (SEM) using the Inlens primary electron
detector. Edge images were taken by bisecting a sample to
create an exposed edge inside the photoexposure region and
then imaged in SEM at an 80° angle using same SEM. EDX
measurements were taken using an EDAX probe in a Helios
600 Focused Ion Beam system with a current of 2.7 nA and a
beam power of 10 keV. XPS analysis was carried out using a
Kratos Axis Ultra ESCA system. AFM measurements were
carried out with Dimension Icon AFM by Bruker. Analysis of
AFM measurements was carried out using Gwyddion analysis
software.
5.6. Safety. Standard laboratory practices apply. PPE

should include nitrile/latex gloves, protective eyewear, and a
well-ventilated fume hood or other chemical preparation
environment. The potassium perruthenate, as purchased, is a
very fine powder, which should be taken into account to
prevent inhalation, ingestion, or exposure to eyes. Please
consult the MSDS for additional information.
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Figure 7. Diagram of the exposure setup. UV light is reflected down
onto the sample surface after passing through a photomask. The
KRuO4 precursor solution is kept on the sample surface via a glass
coverslip, held up by two silicon shims.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.9b04077
ACS Omega 2020, 5, 10671−10679

10678

https://pubs.acs.org/doi/10.1021/acsomega.9b04077?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04077/suppl_file/ao9b04077_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erich+Michael+See"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2418-4580
http://orcid.org/0000-0003-2418-4580
mailto:erich.see@aalto.fi
mailto:erich.see@aalto.fi
mailto:serich@vt.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Camilla+Tossi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0450-6995
http://orcid.org/0000-0002-0450-6995
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lassi+Ha%CC%88llstro%CC%88m"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2592-2848
http://orcid.org/0000-0003-2592-2848
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilkka+Tittonen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2985-9789
http://orcid.org/0000-0002-2985-9789
https://pubs.acs.org/doi/10.1021/acsomega.9b04077?ref=pdf
https://dx.doi.org/10.1016/j.apmt.2018.02.002
https://dx.doi.org/10.1016/j.apmt.2018.02.002
https://dx.doi.org/10.1016/j.apmt.2018.02.002
https://dx.doi.org/10.1016/j.apmt.2018.02.002
https://dx.doi.org/10.1039/b907933e
https://dx.doi.org/10.1039/b907933e
https://dx.doi.org/10.1039/c2ee22618a
https://dx.doi.org/10.1039/c2ee22618a
https://dx.doi.org/10.1039/c2ee22618a
https://dx.doi.org/10.1039/c2ee22618a
https://dx.doi.org/10.1039/b809111k
https://dx.doi.org/10.1039/b809111k
https://dx.doi.org/10.1039/b809111k
https://dx.doi.org/10.1016/j.surfrep.2008.10.001
https://dx.doi.org/10.1016/j.surfrep.2008.10.001
https://dx.doi.org/10.1016/j.jhazmat.2011.11.050
https://dx.doi.org/10.1016/j.jhazmat.2011.11.050
https://dx.doi.org/10.1021/jp981644k
https://dx.doi.org/10.1021/jp981644k
https://dx.doi.org/10.1021/jp981644k
https://dx.doi.org/10.1039/b800489g
https://dx.doi.org/10.1039/b800489g
https://dx.doi.org/10.1039/c2ta01205g
https://dx.doi.org/10.1039/c2ta01205g
https://dx.doi.org/10.1039/c2ta01205g
https://dx.doi.org/10.1039/c3cs60425j
https://dx.doi.org/10.1039/c3cs60425j
https://dx.doi.org/10.1039/c3cs60425j
https://dx.doi.org/10.1021/ar300227e
https://dx.doi.org/10.1021/ar300227e
https://dx.doi.org/10.3390/ma12050814
https://dx.doi.org/10.3390/ma12050814
https://dx.doi.org/10.3390/ma12050814
https://dx.doi.org/10.1007/s10853-011-5860-6
https://dx.doi.org/10.1007/s10853-011-5860-6
https://pubs.acs.org/doi/10.1021/acsomega.9b04077?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04077?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04077?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04077?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.9b04077?ref=pdf


(16) Zhang, P.; Wang, T.; Gong, J. Mechanistic Understanding of
the Plasmonic Enhancement for Solar Water Splitting. Adv. Mater.
2015, 27, 5328−5342.
(17) Sobczynski, A.; Jakubowska, T.; Zielinski, S. Hydrogen
Photoevolution from Water-Methanol on Ru/TiO2. Monatsh. Chem.
1989, 120, 101−109.
(18) Tilley, S. D.; Schreier, M.; Azevedo, J.; Stefik, M.; Graetzel, M.
Ruthenium Oxide Hydrogen Evolution Catalysis on Composite
Cuprous Oxide Water-Splitting Photocathodes. Adv. Funct. Mater.
2014, 24, 303−311.
(19) Uddin, M. T.; Babot, O.; Thomas, L.; Olivier, C.; Redaelli, M.;
D’Arienzo, M.; Morazzoni, F.; Jaegermann, W.; Rockstroh, N.; Junge,
H.; et al. New Insights into the Photocatalytic Properties of RuO2/
TiO2 Mesoporous Heterostructures for Hydrogen Production and
Organic Pollutant Photodecomposition. J. Phys. Chem. C 2015, 119,
7006−7015.
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