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ABSTRACT: In this review, for a variety of metals and semiconductors, an attempt is hv  hv
made to generalize observations in the literature on the effect of process conditions
applied during photodeposition on (i) particle size distributions, (ii) oxidation states of
the metals obtained, and (iii) consequences for photocatalytic activities. Process

parameters include presence or absence of (organic) sacrificial agents, applied pH, b

presence or absence of an air/inert atmosphere, metal precursor type and concentration, »
and temperature. Most intensively reviewed are studies concerning (i) TiO,; (ii) ZnO,
focusing on Ag deposition; (iii) WO5, with a strong emphasis on the photodeposition of

J

Pt; and (iv) CdS, again with a focus on deposition of Pt. Furthermore, a detailed
overview is given of achievements in structure-directed photodeposition, which could
ultimately be employed to obtain highly effective photocatalytic materials. Finally, we provide suggestions for improvements in
description of the photodeposition methods applied when included in scientific papers.
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1. INTRODUCTION

1.1. Principles of Photodeposition of Metal (Oxide)
Nanoparticles on Semiconductor Surfaces

IMumination of a slurry of semiconductor particles in an aqueous-
phase solution of a metal salt often results in deposition of well-
defined metal (oxide) nanoparticles on the surface of the
semiconductor: this phenomenon is generally known as
photodeposition. Photodeposition was already performed in
1965 by Clark and Vondjidis." Using infrared studies, the authors
showed that metallic silver was formed after illumination of a
mixture of titanium dioxide and silver nitrate. However, the
report that really sparked interest in photodeposition was
published by Kraeutler and Bard in 1978.” In their study,
platinum was loaded on titanium dioxide (TiO,, anatase) by
illuminating a slurry containing anatase powder, hexachloropla-
tinic acid (H,PtCly), hydrochloric acid (HCl), sodium carbonate,
and acetic acid, the latter being a sacrificial electron donor (see
Figure 2a). During the reaction, a nitrogen purge was used to
remove O, and CO,, and the slurry system was heated to 55 °C.
The authors showed that well-dispersed nanoparticles of Pt
could be obtained. Since then, interest in photodeposition has
expanded significantly (Figure 1).
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Figure 1. Overview of the number of papers published on “photodepo*
AND photocat*” as a function of years, as searched in Scopus on August
29, 2016. Note: not all research related to photodeposition is included,
as photodeposition is not the only name used for this phenomenon. It is
also known as photoreduction or photochemical deposition.

Photodeposition is thus based on light-induced electro-
chemistry. A generalized equation for reductive photodeposition
of a metal M is

M"(aq) + ne”™ — M(s) (1)

Its counterpart, oxidative photodeposition, is the formation of
metal oxide nanoparticle deposits, for example, through eq 2:

M""(aq) + nh" + nH,0 — MO,(s) + 2nH" (2)

A schematic overview of both reductive and oxidative photo-
deposition is provided in Figure 2.

To allow photodeposition, the reduction/oxidation potential
of the metal (oxides) to be deposited must be at favorable
positions with regard to the energy-band positions of the
semiconductor; that is, the conduction band (E vs NHE scale)

(@) (b)

MO, (s) + 2nH*

M™ (aq) + nH,O

Figure 2. Schematic overview of (a) reductive photodeposition and (b)
oxidative photodeposition. VB, valence band; CB, conduction band; M,
metal; D, (sacrificial) electron donor; A, (sacrificial) electron acceptor;
n, number of electrons (or holes) involved.

must be more negative than the reduction potential of metals,
and the valence band must be more positive (E vs NHE scale)
than the oxidation potential of the species to be oxidized, being a
metal (ion), water, or sacrificial agent. Examples of the band
positions of several semiconductors are depicted in Figure 3;’
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Figure 3. Schematic overview of band positions of several semi-
conductors on an energy scale in electronvolts with reference to the
vacuum level, or in volts, with reference to the normal hydrogen
electrode (NHE), as proposed by Gritzel.’ On the right (in blue), some
reduction potentials of species relevant in photoelectrocatalysis are
provided. Copyright 2001 Nature publishing group.

examples of various reduction/oxidation potentials of metal
precursor salts are depicted in Figure 4. Second, during the
photodeposition process, the photon energy of the incident light
needs to exceed the band-gap energy of the semiconductor.
Third, efficient charge carrier separation and migration needs to
be possible. Last, the semiconductor needs to provide sufficient
active surface sites for photodeposition to take place.
Variations on “classical” photodeposition also exist. For
instance, some authors disperse a semiconductor in a metal
precursor solution in the absence of illumination, after which the
semiconductor is filtered and dried. Then, in nonaqueous gas-
phase conditions, a photon-induced conversion of the surface-
adsorbed precursor to the metal nanoparticles is realized.”"
Metal precursor species might have different compositions in
aqueous and dried conditions, and therefore differences in
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Figure 4. Schematic overview of redox potentials of several aqueous
metal solutions relevant for photodeposition. Please compare to Figure
3 for values of conduction band minima and valence band maxima of
TiO,, ZnO, WO;, and CdS. Values are taken from ref 4.

reactivity, preparation time, and resulting nanoparticle morphol-

ogy can be expected.

1.2. Applications of Photodeposition and Comparison to
Alternative Methods

Metal (oxide) nanoparticles on semiconductor surfaces prepared
by photodeposition predominantly find application in photo-
catalytic solar fuel synthesis,”~'' wastewater treatment,'”" and
air purification.'"” Nanoparticles, in these applications often
referred to as cocatalytic nanoparticles, can significantly improve
performance of semiconductors in light-stimulated reactions,
including their stability.'”'*"'® With an appropriate loading, these
cocatalysts have been proposed to function (i) as a charge-carrier
“beacon” upon photoexcitation of the semiconductor, repressing
electron/hole recombination; (ii) by providing active sites for
charge-transfer reactions; and/or (iii) by providing stimulated
light absorption by plasmonic field effects, particularly in the case
of Au or Ag."”

Besides photodeposition, several methods exist to deposit
cocatalytic nanoparticles on surfaces of (high surface area)
semiconductors, such as impregnation,18 chemical reduc-
1920 electrodeposition, ”*” atomic-layer deposition
! sputtering,”” and physical mixing.”> Compared to
these alternatives, photodeposition is an attractive method:
several techniques need elevated temperatures or an applied
(bias) potential, while in the case of photodeposition,
illumination is sufficient to create well-defined cocatalyst
nanoparticles in a simple slurry reactor. Beneficial features of
photodeposition include control over geometrical distribution of
nanoparticles on surfaces of facet-engineered semiconductor
crystals and potentially control over size and oxidation state of
the deposited nanoparticles. In situ monitoring of the formation
of H, during photodeposition is particularly interesting to
determine an optimized loading of cocatalyst nanoparticles when
photocatalysis is applied for water splitting.”*~*” A scheme of the
reactions occurring during in situ photodeposition is depicted in
Figure S.
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Figure S. Scheme of reactions occurring during in situ photodeposition.
A metal cation is reduced on the surface of the photocatalyst (k;), while
protons are reduced to form hydrogen (k,). When the metal cation
concentration approaches zero, the performance of a specific metal
loading can be determined in the evolution of hydrogen. In this example,
a sacrificial reagent D is used as hole scavenger.

Comparisons in performance of semiconductors containing
cocatalysts, prepared by photodeposition and other preparative
techniques, are available in the literature.”””’~** However, a
general conclusion from such comparisons cannot be drawn.
Some authors claim that photodeposition is more suited than
other deposition methods to obtain highly active photocatalytic
systems,””***” whereas the contrary has also been reported.” '
Likely, the origin of these different conclusions can be found in
differences in sizes of metal (oxide) particles, degree of
agglomeration, or oxidation state of the as-prepared nano-
particles from different methods. Exemplary is a study by Jiang et
al,”” in which two alternative methods of deposition were
compared to prepare Pt/TiO, (P25, consisting of 70% anatase
and 30% rutile); impregnation was achieved by use of a H,PtCl,
solution, followed by drying and (i) reduction in (20 vol %) H, at
400 °C or (ii) treatment in a 0.1 M NaBH,/0.1 M NaOH
solution. Photodeposition was performed with glycerol as
sacrificial agent under anaerobic conditions. The authors found
that Pt particle size was on the order of 2 nm and was only slightly
different when the three preparation methods were compared,
while the oxidation state of the Pt nanoparticles was variable.
Photodeposition in the presence of glycerol (S mL in 150 mL of
solution) yielded Pt exclusively in the metallic state. Other
methods resulted in combinations of Pt°, Pt', and PtV species,
yielding a significantly lower performance in the production of
hydrogen by photocatalytic glycerol reforming. This study shows
that Pt° particles are most active in glycerol reforming and
highlights an advantage of photodeposition compared to other
techniques: Pt° can be selectively formed. The authors mention,
however, that this feature can be achieved only in dilute
suspension of P25 and at low glycerol concentration. When
higher density suspensions were applied during photodeposition,
oxidized Pt was formed, which the authors tentatively explain on
the basis of a higher rate of deposition of (partially oxidized) Pt.
The authors speculate that complete reduction of Pt cannot be
achieved when deposition is too rapid, although this will
obviously depend on the illumination time used. Further
research on the effect of slurry density on the obtained Pt
oxidation state is reccommended.
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2. PHOTODEPOSITION OF NANOPARTICLES ON TIO,

2.1. Introduction

Photodeposition of nanoparticles on titanium dioxide (TiO,)
has been employed by many researchers. The nanoparticles
studied include noble metals such as Pt>>*7*¢ Ag 4748
Au,>¥*% and Pd;°"** metal oxides such as Pb02‘3 and
RuO,;** and more complex nanoparticles such as CoP;, a water
oxidation catalyst composed of cobalt and inorganic phos-
phate.”® Even the photodeposition of another semiconductor,
CdS, on TiO, has been performed.‘%’57 In some cases,
photodeposition has also been employed to achieve core—shell
particles,”®™®" bimetallic cocatalysts,”**> or even trimetallic
cocatalysts, sometimes involving an annealing step.63

Many researchers have tried to find an optimum weight
loading of a cocatalyst when photodeposition was employed, to
create effective photocatalytic materials.*>**~* However,
studies on the influence of parameters, such as the role of a
sacrificial reagent,‘%_37 the influence of pH,37_39’49 and the
influence of metal precursor,‘w’41 on chemical, structural and
catalytic properties of the obtained materials after synthesis are
not so abundant. In the following, we will provide more detail on
studies performed on optimizing and understanding photo-
deposition of Pt on TiO,.

2.2. Effect of Sacrificial Electron Donors on Properties of Pt
Nanoparticles

Already in 1984, Sungbom et al.>* demonstrated the significance
of the presence of a sacrificial agent in the photodeposition
process of Pt on anatase. The authors showed that the presence
or absence of a combination of CH;COOH and CH;COONa at
fixed ratio (a buffer, yielding a H,PtCly solution of pH 4.07)
largely affected the obtained oxidation state of Pt, as analyzed by
X-ray photoelectron spectroscopy (XPS). At low concentrations
of CH;COOH—CH;COONa, the authors found that (at equal
deposition times) Pt" and Pt" had formed, rather than Pt’.
Increasing the concentration of CH;COOH-CH;COONGj,
ultimately resulted in a high concentration of Pt’. This suggests
that the extent of reduction of the Pt precursor is largely
dependent on the rate of hole conversion (see Figure 5), which is
typically higher in the conversion of an organic molecule as
compared to oxidation of water. Interestingly, when photo-
catalytic methanol decomposition was performed with as-
obtained Pt-loaded TiO,, oxidized platinum was readily reduced
to metallic Pt’ in situ. Illumination in methanol-containing
solutions is thus very effective in reducing platinum oxides to Pt.

The high effectiveness of methanol to obtain fully reduced Pt
was confirmed by Lee and Choi,*® who used Degussa P25 as a
TiO, photocatalyst. They employed methanol at high and low
concentrations. Complete reduction to Pt’ particles was achieved
at high concentration, whereas Pt" remained dominant at
relatively low methanol concentration. Methanol radicals,
formed by oxidation of methanol by holes, were proposed to
contribute to the reduction of Pt. A disadvantage of using a high
concentration of methanol was the relatively large Pt particle size
obtained.

Murcia et al.*” studied the photodeposition kinetics of Pt on
anatase in the presence of 2-propanol, under mild light intensity
in N,. In agreement with the data of Herrmann et al,™ the
authors observed that the Pt particle size increased as a function
of photodeposition time (roughly 3 nm after 15 min and 6 nm
after 240 min). The precursor concentration was equivalent to a
Pt loading of 0.5 wt %. At higher precursor concentrations
(equivalent to 2 wt % Pt), aggregates of Pt particles were

observed at both short and long photodeposition times. The
growth of particles was attributed to a cocatalytic effect of Pt in
reducing the PtCls>~ precursor. At higher precursor concen-
tration, the final reduction degree of the Pt particles amounted to
60%. This is somewhat contradictory to the earlier mentioned
study by Lee and Choi,>® who observed almost complete
reduction. This is likely caused by the different sacrificial agent
(2-propanol vs methanol), as will be discussed in the following.

A comparison of sacrificial agents in determining Pt particle
size and dispersion was reported by Nakamatsu et al.”> The Pt—
Pt particle nearest-neighbor distance (determined from scanning
electron microscopy), as a function of the sacrificial agent used, is
illustrated in Figure 6. In agreement with Lee and Choi, the

ok CH,COOH

= PrioH \

o 1) \

E \

2 (o}

) MeOH \

= \

S st

‘(;) \

3 EtOH \}‘

= HCOO H\

= {thermal)
1 1 L y
1 10 100 1000

Pt-Pt distance/nm

Figure 6. Effect of sacrificial agent used on Pt—Pt particle distance on
P25 TiO,, and the resulting hydrogen production rate of the
photocatalysts in reforming of ethanol. Circles indicate the sacrificial
agent used in the preparation of the Pt/TiO, samples, that is, in the
photodeposition procedure, and serve as data points for this graph. The
broken circle and dashed line relate to Pt/TiO, synthesized through
thermal reduction in formic acid rather than by photodeposition.
Reprinted with permission from ref 35. Copyright 1986 Royal Society of
Chemistry.

authors propose a model where the radicals of the organic
compounds used (methanol, ethanol, 2-propanol, and acetic
acid, formed when these are oxidized by photogenerated holes),
provide electrons for the reduction of adsorbed Pt species on the
semiconductor surface. Nakamatsu et al.*> observed that using
radicals with a relatively high reduction potential results in a large
Pt—Pt particle distance (please refer to Figure 7 for the respective
redox potentials of the radicals).

We propose the trend in Figure 6 indicates that a high
reduction potential of in situ formed organic radicals favors the
nucleation of additional (small) Pt particles (lowering the Pt—Pt
particle distance), rather than stimulating growth of existing
particles. The relatively high Pt—Pt particle distance (represent-
ing a large Pt particle size) of the catalysts prepared with 2-
propanol, even though the radical thereof has the highest
oxidation potential, is explained by the unfortunately chosen high
concentration of this sacrificial agent (50 vol %), as compared to
the other sacrificial agents. This is in agreement with the data of
Lee and Choi,*® who observed significantly larger Pt particles
when high concentrations of CH;OH were used. Further
investigation is recommended to substantiate the conclusions
of the work of Nakamatsu et al.”> on the effect of the sacrificial
donor on Pt—Pt distance and dispersion. Interestingly, an
increase in Pt—Pt particle distance induces an increase in
photocatalytic hydrogen production by ethanol reforming
(Figure 6), up to a distance of 100 nm, which suggests large Pt
particles are more effective. Nakamatsu et al.”> explain the

DOI: 10.1021/acs.chemrev.6b00327
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Figure 7. Radical oxidation potentials in volts vs NHE as described by
Nakamatsu et al.®

relatively low activity in ethanol reforming of small particles with
a small Pt—Pt distance to light shielding effects, limiting light-
induced activation of TiO,. Again, we recommend additional
systematic study to corroborate the effect of particle size (and
spatial Pt distribution) on stimulating photocatalytic reforming
activity of TiO, (P25), including facet-preferred deposition (see
section 8 of this review).

2.3. Effect of pH

pH also plays a significant role in determining morphology and
composition of Pt. First we will discuss some observations
reported in the absence of a sacrificial agent. Xi et al.”” discussed
that hydrolysis of [PtClg]* (n = 0 in eq 3) occurs during the
photodeposition procedure (in the absence of oxygen):

[Pt(OH),Cl,_,]*” + OH™ « [Pt(OH),,,Cl,_,J*~ + CI°
®3)
where n = 0—S. This equilibrium would imply that at high pH the
Pt precursor molecule contains a large fraction of OH “ligands”,
which likely affects the kinetics of photodeposition and the
oxidation state of the obtained Pt particles. Indeed, the authors
found photodeposited Pt(OH), on anatase at low and neutral
pH, while at high pH, PtO, was additionally present. The authors
hypothesized that PtO, formation is possible through the
following reaction, involving oxidation of the hydroxyl groups of
the surface-adsorbed complex [Pt(OH),Cl,]*":

[Pt(OH),CL ]~ + 4h" - PtO, + O, + 4H* + 2CI”
(4)
For formation of Pt(OH),, the reduction of [Pt(OH),Cl,]*” is
proposed:

[Pt(OH),CL "~ + 2¢” — Pt(OH), + 4CI” ()

Interestingly, the authors determined by XPS that at low pH
values less Pt was deposited on the surface of TiO, than at high
pH values, when identical photodeposition times were applied.
Also, the addition of CI~ (in the form of NaCl), turned out to be
detrimental to the amount of Pt deposited. Indeed, when a large
amount of CI” was added, Pt deposition was not detected at all at
low pH. The detrimental effect of CI” addition in photo-
deposition of Pt on Evonik-Degussa P25 in acidic conditions was
also confirmed for [PtCl,(H,0),_,]*™ (n = 0—4) (in the
absence of sacrificial agent) by Mahlamvana and Kriek,*

14591

showing that photodeposition of Pt was absent when only
[PtCl,]*~ was present in solution. Hydrolysis of [PtCl¢]*~ in the
absence of excess Cl™ thus appears to be necessary to achieve
significant rates of Pt deposition on TiO, in the absence of a
sacrificial agent.

Not surprisingly, this chemistry is largely affected by the
presence of a sacrificial agent. In contrast to the previously
summarized papers by Xi et al.”” and Mahlamvana and Kriek,"’
Zhang et al.”® demonstrate that in the presence of ethanol a high
Pt photodeposition rate on (nonporous) Degussa P25 is
achieved at low pH values, significantly higher than at higher
pH values. Recent pH-dependent photodeposition studies by
Qamar and Ganguli’® confirmed that, in the presence of
sacrificial agent, the photodeposition rate of Pt on anatase is
relatively low at high pH values.

The difference in deposition rates at low or high pH in the
presence of a sacrificial agent was explained by Zhang et al.** on
the basis of electrostatic interactions. At pH values below the
isoelectric point of TiO, (IEP = 6.25), the charges of the Pt
complex in solution (negative) and the surface of TiO, (positive)
are attractive, resulting in high deposition rates due to favorable
adsorption and consequently resulting in a broad size
distribution of Pt. Apparently, electrostatic interactions are
particularly relevant when a sacrificial agent is present in solution.
Incidentally, around the pH value of the isoelectric point of TiO,,
large agglomerates of Pt particles were found.*® Generally, in
agreement with Xi et al,”’ even in the presence of a sacrificial
agent the oxidation state is dependent on pH: metallic Pt° was
formed at a pH lower than 5, and PtO, was formed at pH values
higher than 9. In the pH range 5—7, both Pt and PtO were found,
and in the pH range 7—9, both PtO and PtO, were found. Just as
in Xi et al,”” Zhang et al.** attributed this phenomenon to
hydrolysis of the [PtCl¢]*~ precursor (eq 3).

These studies are very illustrative, as they demonstrate that the
size and distribution, and in particular the oxidation state, of Pt
particles formed on the surface of TiO, can be carefully
controlled by adjusting the pH. Inspired by this phenomenon,
Lee and Choi’® synthesized two platinum-loaded TiO, (Degussa
P25) samples: one containing metallic Pt at a low pH and high
concentration of electron donor (methanol) and one containing
oxidized Pt at a high pH in the absence of electron donor. The
authors demonstrate that Pt/TiO, containing metallic Pt was
more active in the photocatalytic degradation of several
chlorinated organic compounds. Qamar and Ganguli*’ con-
firmed that high pH during photodeposition results in
photocatalysts with low photocatalytic activity in triclopyr and
methyl orange degradation, assigned to the dominant formation
of oxidized Pt particles.

2.4. Effect of Pt Precursor and Temperature

Herrmann et al.*' studied the effect of Pt precursor on
photodeposition rate of Pt on TiO, (nonporous Degussa P25)
in the absence of a sacrificial agent under anaerobic conditions.
The Pt precursors used were [PtClg]>~ (H,PtClg), Na,PtCl,
H,Pt(OH),, and Pt(NO,),(NH;),. Use of Pt(NO,),(NH;),
resulted in a significantly lower photodeposition rate than
observed for the other precursors; the highest apparent quantum
efficiency of deposition was on the order of 0.0S. The lower
photodeposition rate of Pt(NO,),(NH,), was ascribed to a
smaller adsorption coefficient, because of its nonionic character.
The similarity in deposition rates from H,Pt(OH)¢ and the
chlorine-containing precursor solutions is somewhat remarkable.
Unfortunately the pH of these precursor solutions was not

DOI: 10.1021/acs.chemrev.6b00327
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specified, but we anticipate the lower pH and the presence of
chloride in the [PtCls]* -containing solutions should induce a
lower deposition rate, as demonstrated by Xi et al.’” Further
study is recommended, taking pH differences of the various
precursor solutions into account.

Interestingly, Hermann et al.*' also addressed the effect of
temperature on the rate of deposition. The authors found
Arrhenius-type behavior, with an apparent activation energy
below 10 kJ-mol™". The authors conclude this low value suggests
the rate of deposition is not limited at high temperature by
adsorption of the precursor molecules or by the desorption of
products (other than the deposited Pt). Unfortunately, the
authors do not discuss the effect of temperature on oxidation
state or size of the obtained Pt nanoparticles. They did observe
that at room temperature the size is very much dependent on the
deposition time, with small particles growing progressively when
deposition times are extended.

2.5. Effect of Absence or Presence of Oxygen

Mahlamvana and Kriek*® demonstrated in their photodeposition
experiments that the presence of oxygen had a profound negative
influence on the photodeposition rate of Pt on TiO, (Evonik-
Degussa P25). This was attributed to O, acting as a competing
electron scavenger. Furthermore, the authors demonstrated that
the improvement achieved by purging the photodeposition
reactor with oxygen-free gas was largely dependent on the type of
precursor used. The order of most to least reactive precursor in
the absence of oxygen was K,PtCl, > H,PtCl, > [PtCly(H,0)]~
> [PtCl,]*", with the latter showing no deposition reactivity at all
(Figure 8). It is very interesting to hypothesize that [PtCls]*™ is

6

w

(¥

N>

Air
2
[PICL(H20))  [P1CI,)*

K2PClg HaPtClg

Figure 8. Initial photoreduction rates of different Pt precursors on TiO,
in different atmospheres. Reprinted with permission from ref 40.
Copyright 2014 Elsevier.

first reduced to [PtCl,]*~ before deposition of metallic Pt°
occurs. However, the lack of activity in the photodeposition of
[PtCl,]*>~ observed by Mahlamvana and Kriek** would imply
that this is not the correct mechanism. The data shown in Figure
8 are contradictory to the data previously discussed and reported
by Herrmann et al.*' Again, pH differences might be at the origin
of the discrepancy in conclusions, and further study is
recommended.

A summary of the effect of process parameters on photo-
deposition rates, oxidation state, and particle size of Pt on TiO, is
provided in Scheme 1. This scheme should be used as a guideline,
since the literature is not entirely conclusive.

Scheme 1. Overview of the Influence of Process Parameters
on Morphology and Oxidation State of Pt on TiO,

Precursor

Mostly used. Less is known.
Fast photodeposition Photodeposition rates
guaranteed could be low

Valence state Pt high Valence state Pt low

Sacrificial agent Inert gas purge

Valence state Pt low.
Rates could be high.
Pt particles large

Valence state Pt high.
Rates could be low. speed high. speed low.

Photodeposition Photodeposition

Pt particles small Valence state Pt low Valence state Pt high

2.6. Deposition of Metals Other Than Pt

Photodeposition of Au (in the presence of methanol) on
Degussa P25 has also been systematically addressed.”” Similar to
Pt, the average particle size of Au is relatively small when the pH
during photodeposition is relatively high: 18 nm at pH = 3 and 4
nm at pH = 9. Therefore, the highest photocatalytic activity in
oxalic acid degradation was found when Au was prepared by
photodeposition at a pH above 7. Contrary to Pt, Au
nanoparticles were found fully reduced after photodeposition,
irrespective of the applied pH.

Differences in photodeposition behavior between Pt and Pd
have been observed as well. As previously explained,
Mahlamvana and Kriek™* have shown that CI™ is detrimental
to the rate of photodeposition of [PtCl,(H,0),_,]*™" (n = 0—4)
on Evonik-Degussa P2S. For similar TiO, crystals, the deposition
rate of PdCl,(H,0), was faster than that of [PdCL]>" or
[Pd(H,0),]*", suggesting there is an optimum ratio between C1~
and H,0, likely affecting electrostatic interactions.’

Also for Degussa P25, Borgarello et al.>” show (without
explanation) that oxygen has a negative influence on the
reduction degree of Rh'™". Likely this is due to oxygen reduction
being in competition with reduction of Rh™". In agreement with
the previously discussed observations, Pt, Rh, and Pd reduction is
complete when methanol is used as sacrificial agent.

Photodeposition on TiO, has also been applied for removal of
metal contaminants from waste streams. Different pH depend-
encies in the removal rate of ionic metal compounds were
found.*>** It was demonstrated that the presence of a sacrificial
agent (citric acid) is beneficial for the rate of reduction of Cu',
Ni", Zn", and Pb" on TiO, but to different degrees.65
Interestingly, Borgarello et al.”” showed that it is possible to
selectively remove each metal compound from a solution
containing multiple metal compounds by changing photo-
deposition parameters. For instance, the authors demonstrated
that only Au™ is photoreduced from an air-equilibrated solution
(pH = 0) containing TiO, (Degussa P25), 10 vol % methanol,
Au™, PtV and Rh'", whereas Pt" and Rh™ remained in the
solution. From a perspective of the preparation of bimetallic
catalysts, this suggests photodeposition will not lead to
homogeneous mixtures but rather to core/shell, or single
metal, spatially separated particles as a result of sequential
deposition.

Finally, some researchers have tried to study photoreduction
of metals on TiO, by in situ extended X-ray absorption fine
structure (EXAFS) spectroscopy, providing significant mecha-
nistic information on the photodeposition process. This includes
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Table 1. Properties of Samples Synthesized by Liu et al.®
Ag loading (at. %)

photodeposition in

Ag morphology

water 7.68 nanosheets + nanoparticles
water + ethanol 26.1 irregular polygon shape
air 1.3 nanoribbons

“Upon visible-light irradiation, over 4 h.

dispersion RhB photodegraded” (%)
nanosheets at top, nanoparticles at sides 82
only at top 27.3
only at top, hardly observable 39.4

the deposition of Pt,"* Au,”" and Rh.6%%7 Interestingly, one of the
studies concerning Rh/TiO, (where TiO, was present as
calcined anatase) revealed that the type of sacrificial agent used
affects the photodeposition rate, with the order from high to low
rate being methanol > ethanol > 1-propanol > 2-propanol.*®
Again, this might be related to the reduction potential of radicals
formed by the hole-transfer reaction to these alcohol derivatives.
Aside from TiO,, photodeposition has also been employed for
other semiconductor metal oxides, such as ZnO,%%%=%
BiVO4,90_92 Ga203,24’93’94 and Ta205;95 perovsl(ites;3()’93’96
metal sulfides [in particular cadmium sulfide
(CdS)];>*%%771%* and (oxy)nitrides.>****'*>'% In particular,
the photodeposition of Pt on CdS*>””~'** and Ag on ZnO®%8 ™%
have been explored relatively well in the literature. We will
discuss photodeposition studies on several oxides, in particular
ZnO and WO;, followed by studies on CdS and GaN:ZnO.

3. PHOTODEPOSITION OF NANOPARTICLES ON ZNO
3.1. Photodeposition of Ag on ZnO

Similar to what was discussed for TiO,, the absence or presence
of a sacrificial electron donor has a strong influence on the rate of
photodeposition and morphology of Ag on Zn0.%°*% Liu et al.®
have studied photodeposition of Ag on ZnO nanorods (grown
on glass substrates) in an aqueous solution, either without
sacrificial agent or in the presence of ethanol. Also, they dipped a
glass substrate with ZnO nanorods in an aqueous solution with
AgNO;, after which illumination was performed outside the
AgNO; solution. The results were very different in (i) obtained
Ag loading, (ii) dispersion, (iii) morphology, and (iv)
consequent photocatalytic activity under visible-light irradiation.
An overview of the different properties of the samples can be
found in Table 1 and Figure 9. In the absence of ethanol, two
different kinds of morphologies were obtained: small nano-
particles (10—20 nm in size) at the sides of the nanorods and
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Figure 9. Schematic demonstration of the influence of reducing medium
on photodeposition of Ag on ZnO nanorods. Reprinted with permission
from ref 6. Copyright 2015 Elsevier.
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huge nanosheets on the top when deposition was performed in
the AgNO; solution. Conversion of dipped samples resulted in
very little Ag, preferably at the top (indicated as “air” in Figure 9).
The presence of ethanol improved the photodeposition rate
greatly, and huge nanoclusters of Ag (500—800 nm in size) were
exclusively formed on the top of the ZnO nanorods. We
speculate that the differences induced by ethanol might be the
result of a change in sorption properties of ZnO for Ag”, related
to formation of Zn—O—C,H; surface species. A remarkably
lower photocatalytic activity in rhodamine B (RhB) degradation
under visible light was observed when ethanol was used in the
photodeposition procedure. The authors attribute this to (i) Ag
blocking RhB reaction sites or (ii) Ag inhibiting visible-light
access to the Ag/ZnO interface, reducing the amount of surface
plasmon resonance states and thus the photocatalytic activity.
Although photodeposition in air of the dipped sample was an
interesting experiment, the amount of Ag was quite low, and
therefore a lower activity was observed as compared to the
sample prepared in aqueous conditions (without ethanol).
Huang et al.%® also discussed the effects of sacrificial agents on
photodeposition rates of Ag on ZnO and the resulting
morphology. These authors performed Ag photodeposition on
ZnO nanoflowers with AgNO; solutions containing (i) no
sacrificial agent, (ii) ethanol, and (iii) glycol. They found Ag
content 0f 27.6, 23.6, and 35.0 wt % respectively. Although glycol
enhanced the rate of Ag deposition, it is remarkable that ethanol
did not, especially considering the previously discussed results of
Liu et al.’ The use of ethanol did affect the size of the Ag particles:
when photodeposited in the presence of ethanol, these were
considerably larger (100 nm) than in the absence of ethanol (10
nm). Ag/ZnO prepared by glycol-assisted photodeposition
showed superior surface-enhanced Raman scattering (SERS)
properties and performance in photocatalytic dye degradation.
In a study by Wang et al,”” photodeposition of Ag on
tetrapodlike ZnO whiskers was performed with different
concentrations of poly(ethylene glycol) (PEG) in AgNO,
aqueous solution. Under the same illumination conditions, an
increase in PEG concentration resulted in an increase in the
amount of Ag deposited and in smaller Ag mean particle sizes.
Noteworthy is the mechanism of photodeposition the authors
mentioned: they attributed the reduction of Ag" to Ag not
necessarily to electrons formed in ZnO. Instead, they mentioned
that PEG captures OH® radicals formed by ZnO, forming
aldehyde or acid. These compounds then reduce Ag* to Ag.
Some authors have analyzed changes in Ag morphology as a
function of illumination time.”°~” Lin et al.”> observed that, with
increasing irradiation time, Ag quantities increased, as well as the
Ag particle size, albeit moderately (13.4 nm after S min up to 15.9
nm after 25 min). Li et al.”* observed similar behavior but more
significantly (11 nm after 30 min up to 29 nm after 8 h). The
higher Ag quantity resulted in increased performance in H,O,
and SERS-based rhodamine 6G (R6G) sensing, although the
effect of particle size was not extensively discussed. Studies by
Behnajady et al.”' and Peng et al.”> have shown that the
performance of Ag/ZnO (in this case for methyl orange
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photodegradation) initially changes with increasing irradiation
time of photodeposition but becomes constant at extended
deposition times. This was logically attributed to full reduction of
Ag" to Ag. Especially noteworthy are studies by Kawano et al.”
and Chen and Nickel.”* Kawano et al.”’ were mainly interested in
using ZnO as a photocatalyst to remove Ag" from an aqueous
solution. They monitored Ag deposition over time on a Zn-
terminated surface (0001) and an O-terminated surface (0001).
After 10 s of illumination, a considerably higher amount of Ag
particles was found at the Zn-terminated surface than at the O-
terminated surface (ratio 20:1), indicating that the Zn-
terminated surface was far more active. Increased irradiation
times showed a considerable growth in the Ag particle size
deposited on the O-terminated surface, which was not observed
for the Zn-terminated surface. The authors state that the latter
might have been the result of (i) insufficient Ag ions being
present in solution or (ii) as-deposited Ag chan7ging the
absorption efficiency of the material. Chen and Nickel* studied
the photodeposition kinetics of Ag on ultrafine ZnO in the
presence of Zn** and excess OH™ ions in deaerated ethanol.
They found that, in the presence of excess Zn*" ions, mainly large
metallic Ag particles were formed, whereas in the presence of
excess OH, initially Ag,O was formed, which was transformed
to metallic Ag in the course of time.

A major advantage of performing7 Ophotodeposition of Ag on
ZnO is that Ag will stabilize ZnO.”®”” Xie et al.”® performed
photodegradation of crystal violet (CV) using a UV lamp over
eight cycles in the absence or presence of Ag on ZnO, as
demonstrated in Figure 10. A drastic decrease in activity was
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Figure 10. Photocatalytic conversion of crystal violet by use of pure
ZnO and Ag/ZnO over multiple cycles. The activity of ZnO decreased,
whereas the activity of Ag/ZnO did not. Adapted with permission from
ref 76. Copyright 2010 Elsevier.

observed for unloaded ZnO, whereas for ZnO loaded with 0.2 wt
% Ag hardly any deactivation was observed. The authors
discussed that, according to Kislov et al,’® photocorrosion of
ZnO (ZnO + 2h* — Zn®* + 0.50,) mainly happens at surface
defect sites. Xie et al.”® demonstrated through photolumines-
cence studies that, during photodeposition, Ag is deposited
preferably at these defect sites. Therefore, photocorrosion of
ZnO is prevented, and thus the photocatalyst is far more stable.

One aspect we will address is the use of X-ray photoelectron
spectroscopy (XPS) to analyze the surface oxidation state of the
formed Ag particles. Theoretically, according to the Handbook of
X-ray Photoelectron Spectroscopy,'”’ metallic Ag can be
recognized by, among others, binding energies of 368.2 and
374.2 eV, corresponding to Ag 3ds,, and Ag 3d;,, respectively.
After photodeposition, many authors reported a shift in the
binding energy of Ag 3d;,, and Ag 3d;,, to lower
energy. $69,77,79783 Those authors attributed this to spontaneous
electron transfer from Ag to ZnO at the interface, due to Fermi

level alignment. Binding energies of Ag 3d;,, reported by the
authors are in the range 366.5—367.7 eV. It should be noted that
distinguishing between metallic Ag, Ag,O, and AgO by XPS is
difficult, because their Ag 3d;, binding energies are very similar,
with some reports even claiming that the binding energies for
Ag,O and AgO are at lower positions than that of metallic
Ag.'%®'% This implies that the reported values could also be
attributed to the formation of surface Ag,O or AgO. Some
authors discussed the possible formation of Ag,O by photo-
deposition.”** Still they concluded metallic Ag should be
present, since in X-ray diffraction (XRD) data they exclusively
observed metallic Ag and did not detect any peaks corresponding
to Ag,O. Wang et al.”” investigated whether an O 1s peak could
be assigned to Ag,O and reported the contrary. Interestingly, all
the authors mentioned performed their photodeposition experi-
ments without any inert purge gas. Thus, photodeposition of Ag
on ZnO was most likely performed in oxygen-rich conditions,
which might contribute to Ag,O or AgO formation. Zhang et
al.** reported that when the solution was purged with N, during
the experiment, peaks were observed at 368.3 and 374.2 eV.
These peaks do correspond to metallic Ag 3ds/, and Ag 3d;,,
respectively, and are clearly different from the earlier reported
values. On the other hand, Chen et al® also performed
photodeposition with a N, purge, and they did report a shift in
XPS binding energy. Although we do not exclude the possibility
that the shift in binding energy is the result of interaction
between Ag and ZnO, we urge researchers to perform
photodeposition of Ag on ZnO in deaerated conditions. In this
way, it is less likely that Ag,O or AgO will be formed, and
assignment of the XPS spectra is more straightforward. In
addition, as-synthesized samples can be analyzed by, for instance,
X-ray Auger spectroscopy, which might be more conclusive than
XPS regarding the oxidation state of the obtained Ag.

A brief summary of the properties of Ag particles on ZnO as a
function of process conditions during photodeposition is
presented in Scheme 2. As previously discussed, systematic

Scheme 2. Overview of the Influence of Process Parameters
during Photodeposition on Morphology and Oxidation State
of Ag on ZnO

Precursor

Over-excess OH"

Initial Ag,0 formation, transformed to metallic

Almost never used q %
Ag in course of time

Almost always used

Sacrificial agent Inert gas purge

Influences

- Ag size and morphology
- Photodeposition rate and Ag loading
- Photocatalytic activity
Reports are contradictory

Done by few authors.
Valence state Ag
could be low be high

Done by many authors.
Valence state Ag could

study of the effect of these parameters is needed to arrive at more
conclusive preparation criteria to obtain a certain Ag particle size
and/or oxidation state on the surface of well-structured ZnO.

3.2. Photodeposition of Au, Pd, and Other Catalysts on ZnO

Although most studies have focused on photodeposition of silver
on zinc oxide, other studies describe the photodeposition of
goldgé’uo_114 and also of Igalladium,lls_1 8 cadmium sulfide
(CdS),Ug’120 copper,87’121’ 2 platinum,n?"124 nickel,125 and
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mercury.'*® In several of these studies, the concept of

photodeposition was used only to remove metal ions from
solution. However, controlled deposition of mainly Auand Pd on
ZnO was also studied, to prepare effective photocatalysts. Au/
ZnO catalg'sts have been predominantly used in CO
. . 110—112 : 86,114
oxidation, dye photodegradation, and removal of
bacteria."'* Pd has been used for gas sensing' "' '® and generally
enhancing photocatalytic activity."'”"'® An increase in photo-
catalytic activity of ZnO after deposition of Au or Pd is attributed
to enhanced charge-carrier s%paration and enhanced rates of
. 86,114,117,118
electron-transfer reactions. W

,11

u et al.'”’ have
discovered furthermore that Au/ZnO displays surface plasmon
resonance (SPR) properties. Ligiang et al.''® demonstrate,
through XPS analysis, that O, adsorption is favored when ZnO is
loaded with Pd. Enhanced O, adsorption after deposition of Pd
on ZnO was also observed by Chang et al.''

Similar to photodeposition of Pt on TiO,, the rates of
photodeposition of Au or Pd on ZnO, and the accompanied
obtained morphology, is quite dependent on (i) the absence or
presence of a sacrificial agent, (ii) pH, (iii) properties of the
applied light source, and (iv) irradiation time. For preparation of
Au nanoparticles, typically [AuCl,]™ is used, although deposition
from potassium gold cyanide is also feasible.'”” Methanol'*” and
ethanol®®'*® have been used as sacrificial agents. Park et al.'”’
have demonstrated that methanol enhances the rate of Au
deposition. Some authors have used an inert gas purge, although
little is known about the effect of oxygen on the deposition rate
and obtained oxidation state of Au nanoparticles."*”

Carabineiro et al.''” have investigated the influence of pH,
irradiation time, and morphology of ZnO on the structure and
activity of 1 wt % Au nanoparticles in catalytic CO oxidation. The
authors compared photodeposition to other preparation
methods (impregnation). Au particles prepared by photo-
deposition were less effective than those prepared by
impregnation, likely induced by the relatively large particle
sizes obtained after photodeposition. The most active particles
were prepared by ghotodeposition at pH =~ 5.5.

Wu and Tseng™® demonstrated that the size of Au nano-
particles on ZnO nanorods can be controlled through varying the
precursor (HAuCl,) concentration and irradiation time. Low
irradiation times and low HAuCl, concentration led to the
smallest particles, which remains unexplained. The authors
confirmed small particles favor catalytic activity: when the Au
particles exceed sizes of 30 nm, even a detrimental effect on the
photocatalytic activity was observed. The authors tentatively
explain this observation by unfavorable light scattering by the
larger Au particles, reducing the probability of light absorption by
the ZnO nanorods.

Naknam et al.''* studied the influence of lamp intensity on
morphology of Au nanoparticles when deposited on ZnO. When
the lamp intensity was increased, the illumination time was
decreased, so that the amount of photons used to illuminate ZnO
remained constant. The pH was altered to 8 by use of Na,CO;.
The loading and mean particle size of Au particles remained
similar, but the degree of agglomeration increased significantly
with increasing lamp intensity. In a different study from the same
research group,''" it was demonstrated that the morphology of
ZnO plays an important role in determining the size of Au
particles photodeposited. When photodeposition of Au took
place on nanorodlike microflowers or large nanorod structures of
ZnO, the Au particles were considerably larger than when the
photodeposition took place on smaller ZnO nanorod structures.
It thus appears the surface area of ZnO should also be taken into

consideration when optimizing the photodeposition procedure
for Au particles. Wu et al."'® discussed that the content and
deposition site of Au nanoparticles photodeposited on ZnO
nanorods can be controlled with HAuCl, concentration and
illumination time. In other studies, the amount of Au loading on
ZnO was varied by He et al.''* and by Su and Qin."*” He etal.'"*
observed that increasing the Au loading up to 10 mol % results in
increasing methylene blue and salicylic acid photodegradation
rates. Interestingly, the authors demonstrated through electron
spin resonance (ESR) spectroscopic measurements that photo-
deposition of Au on ZnO leads to an enhancement in light-
induced generation of hydroxyl radicals and superoxide and
singlet oxygen.

In summary, data in the literature seem to suggest (i) low
HAuCl, concentration, (ii) high surface area of ZnO, and (iii)
long illumination time (at low light concentration) are beneficial
to obtain small, individual Au nanoparticles, whereas the
oxidation state usually is Au’, irrespective of the presence or
absence of a sacrificial agent.

Precursors for the photodeposition of Pd on ZnO include
PdCL'">19M8 and H,PdCl,.""” Methanol,'"® ethanol,"'® and
acetic acid''® have been used as sacrificial a%ents for the
photodeposition of Pd on ZnO. Chang et al,"'® who used
ethanol in their photodeposition procedure but did not purge
with an inert gas, observed a Pd 3d;,, binding energy peak
corresponding to PdO, in addition to a peak corresponding to
metallic Pd, when the sample was analyzed by XPS. The authors
claimed that they did not observe PdO through XRD and
transmission electron microscopic (TEM) studies, and therefore
they assigned the observed PdO signal to ion-sorbed oxygen
coordinating with the Pd surface. However, surface oxidation of
nanoparticulate by prolonged extensive exposure to atmospheric
conditions is quite common, and therefore we anticipate this ion-
sorbed oxygen should be interpreted as surface PdO.
Remarkably, Jin et al,''” who did not use any sacrificial agent
or gas purging (but did use a different precursor), did not observe
a binding energy peak corresponding with PdO, suggesting that
in their procedure metallic Pd was formed selectively and was not
prone to surface oxidation. Ligiang et al,''® who used both a
sacrificial agent and nitrogen purging, also observed metallic Pd
formation. Remarkable is that Jin et al. report a Pd 3ds, peak at
334.5 eV, whereas Ligiang et al. report a Pd 3d;,, peak at 335.5
eV. Bulk Pd has a 3dy/, peak at 335.1 eV, so the lower energy of
334.5 eV is in less agreement with literature.'”” Both Jin and
Ligiang and their co-workers have looked into optimal Pd
loadings. Jin et al. found an optimal loading of 0.05 mol %
(corresponding with 0.065 wt %) Pd on ZnO nanorods for
rhodamine B degradation, whereas Ligiang et al. found an
optimum of 0.5 wt % Pd on ZnO nanoparticles in photocatalytic
degradation of n-C;Hs. In summary, photodeposition con-
ditions appear to be not very determinative for the obtained
oxidation state of Pd on ZnO, although a nitrogen purge and
sacrificial agent seem to favor reduced Pd particles. Very little is
known on the effect of photodeposition conditions on the
obtained Pd particle size, and a systematic study is
recommended.

Gomathisankar et al.*® focused on the deposition of Cu
particles on ZnO. Copper was photodeposited on ZnO with
methanol as a sacrificial agent, while hydrogen evolution was
measured in situ. The authors applied illumination from a S00 W
xenon lamp and measured a light intensity of 1.0 mW/cm? in the
320—410 nm range. The authors found that a maximum in H,
formation yield (from methanol reforming) was reached when 6
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wt % of Cu was deposited on ZnO. Through photoluminescence
studies, the authors show that photodeposition of Cu suppressed
electron/hole recombination, indicating that Cu acts as an
electron trapping site. The stability of Cu was not discussed in
detail, while oxidation of as-deposited Cu by in ZnO-generated
holes is feasible. Additional H, generation can be assigned to
proton reduction, with Cu acting as a sacrificial agent. This is
illustrated by the overview of redox potentials in Figure 11.

E/V
Zn0O o5t
—————————————— Cu,0/Cu
-------------- culomc
of o Cu(OH),/Cu,0
—————————————— Cu®/Cu*
—————————————— Cu?*/Cu
05 F---ooooee- Cu*/Cu
1 -
A Cu,0,/Cu?
25 1

Figure 11. Band positions of ZnO (left) and redox potentials of several
Cu species (right) vs NHE. Values are taken from ref 4. Clearly, Cu salts
can be reduced on the surface of ZnO, but as-deposited Cu can also be
oxidized.

4. PHOTODEPOSITION OF PARTICLES ON WO,

Tungsten oxide (WO,) is another semiconductor that is of
significant interest to the community studying photocatalysis.
Although its conduction band energy level is not at a favorable
position for the reduction of protons (see Figure 3), it is
nontoxic, stable under acidic conditions, and has a relative
narrow band gap.”°”"** The latter makes the material very
suitable for solar-driven photocatalysis, for example, in
purification of water'**'** or air."**"*” Also of interest is the
implementation of WO; in a Z-scheme for full water
splitting.”""**"*” Recent studies have demonstrated that WO,
can be loaded through photodeposition with
Py, 332133135136 140154 pq IS3156 g 7157 4 Ay 154158160 1
many cases, an increase in photocatalytic activity has been
observed. Finally, Reiche et al.'®' have demonstrated that Cu®*
removal from aqueous solutions is possible by performing
photodeposition of Cu on WO;. Copper removal is usually
carried out by electrolysis, ion exchange, adsorption on activated
carbon, chemical precipitation, reverse osmosis, or solvent
extraction, but these methods are not effective at low
concentrations. Photocatalytic deposition of copper onto
semiconductor surfaces (mainly TiO,) has been proposed as a
low-cost and efficient technique.'®” In section 4.1, we will
extensively evaluate the deposition of Pt on WO,

4.1. Photodeposition of Pt on WO,

In recent years, photodeposition of Pt on WOj; has gained
widespread attention. Multiple studies have shown that loading

tungsten oxide with Pt nanoparticles by photodeposition can
enhance the photocatalytic activity in oxidation of pollutants in
wastewater or air, for example, 4-chlorophenol, methyl orange,
isopropyl alcohol, or ethylene.'**!'313% #0145 Eor example, in a
study by Abe et al,,'*" photocatalytic decomposition of acetic
acid, acetaldehyde, and isopropyl alcohol (IPA) was studied by
use of (Pt/)WO; under visible-light irradiation (400 < A < 500
nm). Unloaded WO, showed some activity in the decomposition
of acetaldehyde, but for acetic acid and isopropyl alcohol this was
hardly present. When photodeposition of Pt on WO; was
performed, activities were enhanced drastically: 30- and 100-fold
increases in rates of acetic acid and IPA decomposition,
respectively, were observed. For acetaldehyde, an increase also
took place, but it was not as dramatic as for the other two
compounds. It should be noted that different optimal loadings
were found for the respective reactions (1 wt % Pt for acetic acid
decomposition, 0.1 wt % for acetaldehyde, and 0.5 wt % for IPA);
the origin of these different optimal loadings is unknown and
requires further study. For example, photocatalytic decom-
position of acetic acid is depicted in Figure 12. Upon visible-light

600 25
B PLWO, (ful arc) [a] x & Laq [B]
500 O TiO, (full arc) ./",, 204 \ g 10
@ PL-WO, (vis) ,/D.»' 2 g Yo,
400 o
¥ PLN-TIO, (vis) . bE 45
3004 © WO, ) = s0q

U NTO, (vs) W
200 e 1o, i) P

=Y
o
1

(4]
1

100

Amount of CO, generated / umol
Apparent quantum efficiency (%,

.

B i ¥

Bnra
ag

¢ 0 T T
0O 30 60 9 120 150 180 300 350 400 450 500
Irradiation time / min Wavelength / nm

Figure 12. (a) Photocatalytic CO, production from acetic acid
degradation with different photocatalysts at either full-arc (300 < 4 <
500 nm) or visible-light (400 < 4 < 500 nm) illumination. (b) Action
spectra of photocatalytic degradation of acetic acid with TiO, or Pt/
WO;. Reprinted with permission from ref 140. Copyright 2008
American Chemical Society.

activation (Figure 12a), the activity of WO, is significantly
improved by Pt deposition (Pt/WOj;), even being significantly
higher as compared to TiO,. This is related to the improved light-
absorption properties of WO, (Figure 12b).

An explanation for the positive effect of Pt has been provided
by the authors as well. For oxidation of the mentioned
compounds, the corresponding reduction reaction has to be
the reduction of oxygen:

O,+e¢ — 0,7  —0284Vvs NHE (6)

0, + H + ¢ — HO, —0.046 V vs NHE )

The conduction band of WO; is not at a favorable position for
these reduction reactions, meaning that single-electron reduction
of oxygen cannot be performed with WO;. However,
theoretically, the photocatalyst should be able to perform
simultaneous multielectron reactions in O, reduction:

0, +2H" +2¢” > H,0,  +0.682VvsNHE  (g)

0, + 4H" + 4¢” > 2H,0  +1.23 Vvs NHE 9)

Abe et al.'* discussed that Pt nanoparticles might act as traps for
electrons, making the as-mentioned multielectron reactions
feasible. Indeed, the authors have shown convincingly with
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photoacoustic spectroscopic measurements that photoexcited
electrons can react with O, when Pt is loaded on the WO,
surface. Some researchers have discussed as well that the lack of
single electron transfer, producing O,~ * or HO,®, has significant
(positive) consequences for the selectivity of Pt/WO; in
photocatalysis."*" 1%

The formation of H,0, in aqueous-phase photocatalytic
experiments with Pt/WOj; (eq 8) has been confirmed by several
studies.">"*' 71" Kim et al."*’ used photodeposition to prepare
Pt/WO; (typically 0.5 wt % Pt), which was used to photodegrade
multiple organic components under visible-light illumination (4
> 420 nm). The authors demonstrated that OH® radicals are
produced through the photoreductive decomposition of H,O,.
Pt was found to positively affect the rate of H,O, production in
the initial phase of the photocatalytic experiments (see Figure
13). The latter could only have formed through the earlier
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Figure 13. H,0, production as a function of irradiation time as
measured by Kim et al'® Suspensions of WO, and Pt/WO; (0.5 g/L,
initial pH = 3.0) were illuminated with visible light (A > 420 nm);
methanol (0.8 M) acted as an electron donor. Reprinted with
permission from ref 133. Copyright 2010 American Chemical Society.

mentioned two-electron reduction of oxygen. Tomita et al'!

confirmed convincingly that photocatalytic phenol production
from benzene took place through OH® radical attacks, although
they propose that formation of OH® radicals is also feasible by the
oxidation of water.

As evident from the information provided above, studies have
mainly focused on the performance of Pt/WQO; in photocatalysis,
while optimization of the photodeposition procedure used to
prepare Pt nanoparticles has received significantly less attention.
In most cases methanol has been used as a sacrificial
agent,l33”]36’141’143’145_148 although ethanol*®"** and oxalic
acid'®® have been used as well. In some cases, photodeposition
was initiated without a sacrificial agent, and methanol was added
in a later stalge.lg’s’m)’]49 To the best of our knowledge, it is not
clear why this was done. H,PtCly has always been used as a
precursor. Other process parameters applied in the literature are
less consistent. For instance, some authors made use of a purge of
inert gas,>%'*'*® whereas others do not specifically mention
this.! 3> 141149150 Algo - different illumination sources and times
were used in photodeposition. For instance, Kim et al."*” used 30
min of illumination with a 200 W Hg lamp, whereas Abe et al."*’
used 4 h of illumination (of which 2 h were with MeOH) with a
300 W Xe lamsp in combination with a cutoff filter at 400 nm.
Qamar et al."*® even demonstrated that photodeposition could
be achieved with a 355 nm laser beam rather than with
conventional illumination. In this study, higher photocatalytic
activity in R6G degradation was observed when Pt/WO; was
prepared through 1 h of laser irradiation rather than by 1 h of
conventional illumination.

The morphology of WO; was also different between
photodeposition studies. Some authors used commercial
WO,, P73 yhereas others synthesized their own WO,
particles."**'*~'5% Some researchers tried to photodeposit Pt
on different WO; samples, either by using different commercial
WOj; brands or by synthesizing the WO; them-
selves, 3913 MLIBIATISS 11y gome cases the Pt loading served
only to activate WO; and consequently only the Pt/WO,
samples were compared."*>'*""'** In other cases the activities
of different WO, samples were compared before and after
loading of platinum."**'*”'5? For these studies, quite different
results have been obtained. Both Xu et al."*” and Aminian and
Ye'** did not observe any change in the order of photocatalytic
activity in acetic acid or isopropyl alcohol (IPA) degradation
between different self-synthesized WO; samples before and after
loading with Pt. However, in the latter case a comparison was also
made with commercial WO;, which became relatively more
active than the self-synthesized samples after Pt deposition. Also,
it is noteworthy that the Pt/WO; samples already showed some
activity in the dark in IPA decomposition.

In an interesting study by Wicaksana et al,,'** not only the
influence of morphology on the photodeposition process but
also the influence of the type of illumination was investigated.
The authors synthesized WOj; particles with different
morphologies and different crystal structures, and they
performed photodeposition of Pt particles on these crystals
with either 3 h of visible-light illumination or 1 h of UV
illumination. From TEM studies, the authors concluded that use
of different WO, samples (hexagonal nanorod bundles,
monoclinic nanocubes with some orthorhombic WO5-'/;H,0,
and monoclinic, commercial WO, nanoparticles) will result in
different kinds of Pt deposits (Figure 14). Also the applied
wavelengths of illumination have a significant effect on the
obtained Pt morphology. It should be noted that XPS studies on
as-synthesized, platinized nanocubes demonstrated that Pt was
not purely metallic (Pt°), but slightly oxidic (Pt"). When visible-
light illumination was employed, the relative Pt" amount was
considerably larger than when UV illumination was used. The
authors suggest that the total amount of absorbed visible photons
was not sufficient to fully reduce the Pt precursor. For all samples,
the authors observed a higher photocatalytic activity in (gas-
phase) ethylene conversion when UV light was employed rather
than visible light. Remarkably, loading the monoclinic WO,
samples with Pt resulted in a larger increase in photocatalytic
activity than when hexagonal WO; nanobundles were used.
Hence, the order of activity of WO, samples was different before
and after Pt loading.

A parameter that has been studied in some detail is the
percenta%g of weight loading on the photocatalytic activity of Pt/
WO,."*"* For instance, Sclafani et al.'** have prepared Pt/
WO, with different loadings of Pt (ranging from 0.5 to 3 wt %).
In their photodeposition procedure, methanol was used as a
sacrificial agent, a nitrogen purge was applied to remove O, from
solution, and illumination times of 24—48 h were used,
depending on the amount of Pt to be reduced. Illumination
was stopped when the MeOH concentration remained constant.
The as-prepared Pt/WO; samples were analyzed by several
techniques, including XPS. The XPS spectra showed that Pt/
WO, with Pt loading of 0.5 or 1 wt % was oxidic in nature (Pt"),
whereas the other samples contained metallic Pt’. This difference
in oxidation state of the Pt is surprising, as we would expect that
this state would be dependent on photodeposition parameters
such as the presence of a sacrificial reagent and/or purging with
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Figure 14. TEM images of Pt/WO; obtained by photodeposition of Pt
on (a, b) WO, nanorod bundles, (c, d) WO, nanocubes, and (e, f)
commercial WO;. Photodeposition was performed with (a, ¢, e) UV-A
light or (b, d, f) visible light. Pt deposits are indicated with arrows.
Reprinted with permission from ref 136. Copyright 2014 Multi-
disciplinary Digital Publishing Institute.

an inert gas, not on the weight loading. The authors also found
that an increase in platinum concentration in the precursor
solution resulted in larger Pt particles. Sclafani et al.'*
demonstrated in phenol photo-oxidation that samples with
higher Pt weight loading (2—3 wt % compared to 0.5—1 wt %)
showed higher photoactivity. In their discussion, they attributed
this to differences in Pt oxidation state: metallic Pt is typically
significantly more effective in catalyzing reduction reactions.

Qamar et al.">* optimized the loading of Pt in Pt/WO; in the
photo-oxidation reaction of methyl orange. They showed that 1
wt % was the optimal loading, obtained after 6 h of illumination
in their (conventional) photodeposition setup. At lower
illumination times, lower activities were observed, likely the
result of incomplete Pt photodeposition. Other studies have
looked at the optimal loading of Pt in photocatalytic degradation
of acetic acid (1 wt %"*>"'*” or 1.5 wt %' *), acetaldehyde (0.1 wt
%),"* isopropyl alcohol (0.5 wt %),"** and amaranth (1 wt
%)."* A loading of 0.2 wt % turned out to be optimal for the
partial photo-oxidation of cyclohexane,'*’ and 0.1 wt % was
optimal for production of phenol from benzene.'*'

Despite the many different parameters used in photo-
deposition studies, the particle size of Pt is often remarkably
similar. In most cases this is, on average, in the range 2—10

m, ¥ with the exception of one study where Pt clusters of
30 nm were reported.146 Indeed, Shiraishi et al.'** found that Pt
particle size was more or less independent of Pt loading (with
methanol as a sacrificial reagent in the photodeposition). They
found that at 0.2 wt %, the average Pt particle size was 4.7 nm, and

at 1.3 wt %, the average Pt particle size was 4.8 nm. Still, these
results are somewhat surprising. Clustered growth of Pt particles
has been shown for Pt on TiO,** or Ag on ZnO,”*”* and we do
not exclude this phenomenon for WO;. Also, Sclafani et al."*
advocated an increase in Pt particle size as a function of increased
Pt loading on WO;.

From these results, it becomes clear that metallic Pt is
necessary for effective photocatalysis, but optimization of process
parameters is needed during photodeposition to obtain small Pt°
particles and high catalytic performance. A summary of the
current standing and procedures used is provided in Scheme 3.

Scheme 3. Overview of Process Parameters Used in
Photodeposition of Pt on WO;*

Precursor

Always used Never used

WO, unstable WO; stable

Sacrificial agent Inert gas purge

MeOH mostly used,
sometimes added in a Hardly used
later stage

Used by some authors Used by other authors

“Generally, a sacrificial agent and inert purge will benefit the formation
of Pt particles, although the effect of these parameters on the obtained
size of the particles is unclear. Photodeposition needs to be performed
at acidic pH to prevent dissolution of WO;.

4.2. Photodeposition of Other Metals on WO,

Besides Pt, other noble metals have been photodeposited on
WO, as well, such as Ag,1SH158-160 Ag,7’157 and Pd.!5>1%¢ Qamar
etal.">* demonstrated that photodeposition of Au on WO, might
be less interesting than Pt. The photocatalytic activity of WO; in
methyl orange and 2,4-dichlorophenoxyacetic acid decomposi-
tion was drastically enhanced when Pt was photodeposited on
the sample, whereas Au turned out to be detrimental for this
activity. The authors attributed this difference to the size of the Pt
particles (2—4 nm at 1 wt % loading) and the Au particles (10—
15 nm at 1 wt % loading). They claimed that shadowing of the
WO; took place due to the relatively large size of the Au particles.
In contrast, Karacsonyi et al.'*° and Tliev et al.'*” observed higher
activities in oxalic acid degradation for Au/WO; over,
respectively, Pt/WO; and bare WO,,.

In photodeposition of Ag and of Pd on WOj3, enhancements in
photocatalytic activity have been observed: for Ag/WO;, in the
decolorization of Acid Red 887 and in acetaldehyde
degradation,7 and for Pd/WQO;, in methylene blue,">® oleic
acid,"** and acetaldehyde degradation.'**'*® It should be noted
that in the studies concerning decolorization of Acid Red 88, an
even further improvement in activity was observed when CuO
was additionally impregnated on Ag/WOj;. Generally, as with Pt,
the increased activity was attributed to Ag or Pd acting as
electron-transfer catalysts, thus promotin§ charge separation. As
shown for Pt/WO; by Kim et al,'” Katsumata et al."”’
demonstrated that, for Ag/WO;, OH® radicals are formed due to
photoreduction of oxygen under visible light. The authors
observed initially H,O, production as well, and they attributed
the OH® formation to H,0, decomposition. Strangely, the
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concentration of H,O, decreased after 15 min in the experiment,
likely due to reaction with additional electrons. H,0, formed by
Pd/WO, was also discussed by Sakai et al.'*® However, these
authors attributed the formation of H,0O, to superoxide
formation. As the conduction band of WOj is not at a favorable
position for this formation, we think it is more likely that H,O,
was formed due to the multielectron reduction reaction of
oxygen (eq 8).

It should be noted that in some applications Ag photo-
deposition was merely performed, since AgNO; was used as a
sacrificial electron acceptor in water oxidation with WO;'%*~'%°
or even Pt/WO;."*"' When formation of OH® takes place (due
to H,0, decomposition), it should be kept in mind that the
highly reactive nature of the radicals can also oxidize metallic
nanoparticles such as Ag to Ag®. This has not been extensively
addressed.

In the photodeposition of Pd on WO,, Sakai et al.'*® have
demonstrated that reduction of PdCL, to predominantly metallic
Pd can take place with black-light illumination (ie., UV
illumination) in deaerated conditions (under Ar), surprisingly
without the addition of a sacrificial agent. The authors have
investigated the optimum loading of Pd on WO; thoroughly,
comparing activity in the degradation of aqueous methylene blue
(MB) and gaseous acetaldehyde. Like Abe et al."*” for Pt/WO,,
they found that the optimum loading differed for different
photocatalytic reactions: 0.5 wt % Pd was optimal for enhanced
MB degradation, whereas 0.1 wt % Pd was optimal for
acetaldehyde decomposition. In the studies of Abe et al.,'*" the
rate of acetaldehyde decomposition at optimal Pt loading (0.1 wt
%) was significantly lower than for Pd/WO; in the study of Sakai
et al."*® This would imply that Pd/WO; not only would be
cheaper to use than Pt/WOj; for acetaldehyde decomposition
($22.70/g of Pd as opposed to $35.59/g of Pt as of August 22,
2016)"%” but also might also be more effective. However, to
corroborate this conclusion, acetaldehyde decomposition should
be performed with WO;, Pt/WO;, and Pd/WO; under identical
reaction conditions.

Shibuya and Miyauchi'*® studied the photodeposition of Pd
on films of hexagonal WOj; nanotrees in the presence of ethanol
at different irradiation wavelengths (41 = 330, 400, 500, or 600
nm). The location where Pd was deposited was dependent on the
wavelength. At 400 nm, the Pd particle density at a lower position
from the top of the nanotrees was significantly higher than when
330 nm was used. The authors attribute this to visible light
penetrating deeper into the WO; nanotrees than UV light. Also,
the nanotrees were more crystalline at the bottom than at the top,
explaining the absence of Pd particles on top of the nanotrees
when visible light was used. Shibuya and Miyauchi'*® also
observed positioning of Pd particles at the bottom of the
nanotrees at 4 = 500 and 600 nm. However, hexagonal WO,
should not be able to reduce Pd at these wavelengths due to a
too-large band gap.lég’169 The authors studied the photocatalytic
activity of their Pd/WQ; systems for decomposition of oleic acid
and acetaldehyde, and they found that when the Pd particles were
deposited on the bottom rather than on the top, this had a
beneficial influence on photocatalytic activity. The authors
attributed this, among others, to Pd particles deposited at the top
shadowing the WO; nanotrees.

4.3. Photodeposition of Ag/AgX (X = Cl or Br) Particles on
In recent years, loading WO, %pecies with Ag/AgX (X = Cl or Br)
has also attracted attention.'’°~1”> These core/shell particles are

plasmonic photocatalysts, where the core is made of a AgX
semiconductor and the shell is made of Ag.'”® Although the
synthetic procedure of these cocatalysts is not through
conventional photodeposition (where a metal ion in solution is
reduced or oxidized on the surface of the photocatalyst), it is
worth mentioning that an easy photochemical reduction route is
used to create these particles. Typically, AgX crystals are
deposited on (a form of) WO, particles, for example, by ion
exchange.'”” Then illumination takes place and the outer AgX is
reduced to Ag, creating a Ag/AgX particle. As-synthesized Ag/
AgX/WO; species have been used for several photocatalytic
applications: Ag/AgBr/WO;-H,O for destruction of Escherichia
coli (and degradation of methyl orange),'”” Ag/AgCl/WO,
nanoplates for decomposition of RhB,'”' and Ag/AgCl/
W40, for degradation of methyl orange.'”’

4.4. Photodeposition on Composite Photocatalysts
Containing WO;

Photodeposition does not necessarily have to be performed on a
single semiconductor. Studies are known where the concept of
photodeposition was applied to prepare metal-loaded composite
photocatalysts. WO; has been part of various composites in
photoce}talysis, including WO3/T102’159,160,173,1 4 WO,/
C;N,,'”® CaFe,0,/WO,,""° and CoFe,0,/WO,."”” In such a
case, either (i) the photodeposition has been performed on one
of the two photocatalysts first, after which the other photo-
catalyst was added,"®”"”>'7° or (ii) the composite photocatalyst
was synthesized first, after which the photodeposition took
place.>!717%177 Eor example, Karacsonyi et al.'® performed
photodeposition of Au and Pt on WO;/TiO, composites. In this
case, Au or Pt was photodeposited on either TiO, or WO; first.
Afterward, the other metal oxide was added to the system.
Reference samples (Pt/WO;, Au/WOj,, Pt/TiO,, and Au/TiO,)
were made as well. The production of H, was studied when oxalic
acid was degraded in O,-deficient conditions under UV
illumination. The performance of the catalysts, from most to
least active, was Pt/TiO, > Au/TiO, > Au/WO; > Pt/WO,. The
poor performance of Pt/WOj is not surprising: after all, there is
no O, to be reduced and the CB of WO; is at an unfavorable
position for the production of H,. The authors found that, for
their hybrid systems, 3.5—10 wt % WO,, relative to TiO,, and 1
wt % of the cocatalyst (Pt or Au) was in most cases optimal for
the oxalic acid degradation rate. However, the best results were
obtained when the noble metal was first photodeposited on
TiO,, rather than on WO;.

5. PHOTODEPOSITION OF NANOPARTICLES ON
OTHER OXIDES

Although preparation of metal nanoparticles by photodeposition
has most frequently been reported for TiO,, ZnO, and WOj;, in
this section, we briefly describe other metal oxides functionalized
by photodeposition.

5.1. Gallium Oxide (Ga,0;)

Despite the wide band gap of 4.5 eV,” photodeposition on
Ga, 05 has been studied by Maeda et al.” and Busser et al.,”*"* as
the related compound (Ga,_,Zn,)(N;_,0,) is a very promising
photocatalyst (which will be discussed in section 7). Maeda et
al.” studied, among others, the photodeposition of Rh,_,Cr,05
on f-Ga,0; by irradiating a solution containing the photo-
catalyst, (NH,)RhCl,, and K,CrO, for 4 h (4 > 200 nm, 0.5 wt %
Rh, 0.75 wt % Cr). No sacrificial agent was used, but the solution
was purged with inert gas. The authors demonstrated that
Rh,_,Cr,0;/3-Ga,O3 was roughly 10-fold more active in
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photocatalytic splitting of water than bare -Ga,O; (illumination
at 1 > 200 nm). Busser et al.”* studied the two-step
photodeposition of Rh/Cr,O; core/shell particles on Zn-loaded
Ga,0; (and also on Ga,0;). An aqueous solution was prepared
with Zn—Ga,0; and methanol as a sacrificial agent. Degassing
took place with N,. While stirring, the authors added a small
amount of Na;RhCls-3H,0 corresponding to 0.025 wt % Rh.
After 5 min, illumination was started with a Hg lamp at 350 W,
resulting in the photocatalytic reduction of Rh** to Rh":

Ri’*(aq) + 3¢ — RK(s) (10)

The authors measured the production rate of H, in situ, evolving
as a result of methanol reforming. After a plateau was reached
(with a slight decreasing slope), the light was switched off and an
additional amount of Na;RhCls-3H,O corresponding to 0.025
wt % was again added (Figure 15). The light was switched on
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Figure 15. H, production measured in situ during photodeposition of
Rh on Zn—Ga,0;. The photodeposition has been performed stepwise.
Reprinted with permission from ref 24. Copyright 2012 Wiley.

once more,and again the production rate of H, was measured.
The authors repeated these steps multiple times to find the
optimal loading of Rh, which was 0.1 wt %. A similar stepwise
photodeposition process was performed to obtain Rh/Cr,O4
particles on Zn—Ga,Oj. In this case, (0.15 wt %) Rh/Zn—Ga,0;
was exposed to a solution containing K,CrO,, allowing the
following reaction:

2Cr0,*"(aq) + 10H™ + 6e~ — Cr,04(s) + SH,0(1)

(11)
An optimum of 0.09 wt % of Cr,0; was found. With the found
optimal loadings, the authors demonstrated that there was a
difference in H, production rate behavior either when stepwise
photodeposition of Rh/Cr,O; particles took place on Ga,O; or
when photodeposition took place simultaneously. Higher H,
production rates were observed with the former. Whether Rh/
Cr,O; is present as core/shell particles will be discussed in
section 7.

In a similar study with the same reactor, Busser et al.”*
performed two-step photodeposition of CuO, and Cr,0; on f-
Ga,0;, with Cu(NOj), as precursor for the former. The authors
found that photodeposition of CuO, resulted in particles
deposited on the Ga,0; surface in the size range 1—10 nm
(average 2 nm). The small particles corresponded to Cu,O,
whereas the larger particles corresponded to metallic Cu. XPS
confirmed that Cr was present as Cr,0;. The authors found that

small amounts of Cr were sufficient to obtain overall photo-
catalytic water splitting (which was not observed without Cr).
With a Cr loading of 0.09 wt %, the authors found an optimal Cu
loading of 0.66—1 wt % for overall water splitting. Busser et al.”*
studied the influence of the order of Cr,0; and Cu photo-
deposition: Cr,O; before, after, or simultaneously with Cu
photodeposition. Sequential deposition of Cu after Cr,O;
resulted in the highest performance, which makes a core/shell
model of CuO,/Cr,0; unlikely. The authors propose that CuO,,
and Cr,O; particles need to be photodeposited in close proximity
to obtain excellent activity. When the two articles by Busser et
al.”*?* are compared, it seems that Rh/Cr,0,/Zn—Ga,O; results
in higher activities in photocatalytic water splitting than CuO,, +
Cr,0;/Ga,0s.

5.2. Bismuth Vanadate (BiVO,)

Bismuth vanadate has a narrow band gap (2.3—2.9 V) and is,
among others, considered promising for oxygen evolution
reactions from water splitting under visible light, either in a Z-
scheme configuration or when sacrificial agents are used.'”*~"*
Indeed, AgNOy; is often used as a sacrificial ag<ent.178_180 Zhang
et al.'"®* prepared Ag/BiVO, films through photodeposition,
where the size of the Ag particles was 10—20 nm. The Ag
particles enhanced the activity of BiVO, in the photocatalytic
degradation of phenol under visible light. Kohtani et al.”* studied
the photocatalytic degradation of phenol species under visible
light with Ag/BiVO, powders as well, but they prepared samples
through both impregnation (1.3 wt % Ag) and photodeposition
(2 wt % Ag). The authors found again that Ag enhanced the
photocatalytic activity, but with impregnation this enhancement
was larger than with photodeposition. They attributed this to the
fact that, in the case of impregnation, Ag species were also
present in an oxidized form (Ag,O and/or AgO), as
demonstrated by Auger electron spectra. The authors believed
that these oxidized Ag species were formed on the surface of the
metallic Ag particles. Ag,O and AgO were not detected when
photodeposition was used. The authors showed that the phenol
species adsorb more easily on oxidized silver, hence explaining
the higher activities when impregnation was used rather than
photodeposition. It is noteworthy that, in the case of photo-
deposition, Ag particles could not be detected with scanning
electron microscopy (SEM). For impregnation, Ag particles were
visible with SEM in the size range of <10 nm. This means that
photodeposition resulted in smaller and highly dispersed
particles. In the studies of both Zhang et al."** and Kohtani et
al,”® no sacrificial agents and gases were used in the
photodeposition process.

A very relevant study on photodeposition, concerning
structure-directed reductive and oxidative photodeposition of a
metal (oxide) on BiVO,, has been provided by Li et al.”’ The
authors demonstrate that Ag, Au, and Pt can be loaded on
monoclinic BiVO, with well-defined morphology through
reductive photodeposition, while MnO, and PbO, nanoparticles
are formed through oxidative photodeposition. We will discuss
the geometric distribution intensively in section 8, but for now
we will focus on the oxidation state of the obtained metal
nanoparticles. Photodeposition took place in an aqueous
solution with HAuCl,, H,PtCl,, or AgNO; without the use of
a sacrificial agent or gas purge. The authors found through XPS
that, besides metallic Pt, also a small amount of PtO was formed,
whereas for Ag and Au only metallic particles were identified. It
should be noted that the binding energies of metallic Ag were
found at 374.2 and 368.2 eV. In contrast to the many studies of
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Ag/ZnO discussed earlier in this review, the XPS data are fully
explicable by the formation of metallic Ag, and ionic Ag species
are thus not formed on BiVO,. The as-deposited particle sizes
were found to be dependent on the metal, with Ag particles being
the largest, followed by Au, and last Pt.

Photodeposition of Pt on BiVO, has been performed by other
authors as well. Murakami et al.'"®® have demonstrated that Pt
photodeposition enhances the activity of BiVO,/silica compo-
sites for acetaldehyde decomposition, with 1 wt % Pt being the
optimal loading. The authors used H,PtCls-6H,0 as a precursor,
ethanol as a sacrificial agent, and a purge of nitrogen. Bard and co-
workers have also studied the ghotodeposition of Pt on films of
W-doped BiVO, (BiVW-0O)"** and on bare BiVO, and reduced
graphene oxide (RG-O)/BiVO, composites.®> The authors
performed the photodeposition with H,PtCls as a precursor,
methanol as a sacrificial agent, and no gas purge. Increased water
oxidation photocurrents were observed for BIVW-O and RG-O/
BiVO, films when loaded with Pt. Interestingly, XPS studies
revealed that Pt on BiVW-O was mainly present as PtO,, but
some metallic Pt was observed as well. The latter became
oxidized after use in the oxygen evolution reaction (OER). The
authors discussed that they likely observed a PtO, surface layer
on metallic Pt.

5.3. Tantalum Oxide (Ta,05)

Similar to gallium oxide, tantalum oxide (Ta,Os) has a wide band
gap (4.0 eV).”"*"¥ Interestingly, Zhou et al.”* demonstrate
that photocatalytic activities under visible-light illumination can
be achieved by performing photodeposition of plasmonic Au on
mesoporous Ta,0s. The precursor was HAuCl,, methanol was
used as sacrificial reagent, N, purging was applied, and the
temperature was kept constant at room temperature by use of a
water bath. They found an optimum loading of 1.0 wt % Au for
photocatalytic reforming of methanol yielding hydrogen. The
authors demonstrate that the particle size of Au can be controlled
by changing the irradiation time (10, 15, and 20 nm after 10 min,
1 h, and 3 h respectively). An increase in photocatalytic hydrogen
production from methanol (4 > 400 nm) was observed with
increasing particle size, which the authors attribute to a stronger
SPR eftect. However, the authors did not measure the Auloading
as a function of irradiation time by using, for example, inductively
coupled plasma (ICP) methods. Therefore, it cannot be assumed
that the loading was identical for all three samples, especially
when different photodeposition times were employed. The
difference in photocatalytic activity could therefore also (partly)
be the result of different loading. Still, we agree with Zhou et al”
that the size of the metallic nanoparticles is a crucial aspect to
induce surface plasmon resonance, thus playing an important
role in the final activity of Au-loaded mesoporous Ta,Os.

5.4. Strontium Titanate (SrTiO3)

Aside from TiO,, one of the more frequently studied
photocatalysts is strontium titanate (SrTiOs). The band gap of
StTiO; is relatively large (3.2 €V),” but many researchers
overcome this problem by introducing one or multiple dopants
in the crystal lattice. Exam6ples of dopants include but are not
limited to rhodium,’®'®"!'®*® chromium,'®**'°° and
niobium.'”'”* Often (doped) SrTiO; is used as a hydrogen-
generating photocatalyst, either with the use of a sacrificial agent
or in Z-scheme applications for overall water split-
ting.”®" %1193 1%% Many authors make use of photodeposition
to load a catalyst on (doped) SrTiO;. Often Pt has been
used,3H 13 IELIENINT0L Hoirever, in a study by Sasaki et al,,” it

was demonstrated that Ru might be more effective than Pt. When

aZ-scheme configuration of M/SrTiO;:Rh-BiVO, (M = 0.7 wt %
Ru or 0.1 wt % Pt) was tested for overall water splitting under
visible-light illumination, the activity of the two systems was
initially similar, with the Pt/SrTiO;:Rh-BiVO, system being
slightly more active than Ru/SrTiO3:Rh-BiVO,. However, the
hydrogen and oxygen evolution rates observed for the Pt/
SrTiO5:Rh-BiVO, system decreased over the course of time,
whereas the H, and O, generation rate of the Ru/SrTiO;:Rh-
BiVO, system remained stable. The authors attributed this to
suppression of the back-reaction of hydrogen and oxygen on the
Ru cocatalyst compared to the Pt cocatalyst. This might have
been related to the oxidation state of as-deposited particles:
Sasaki et al.” discuss that the surface of Pt was metallic, whereas
the surface of Ru was oxidized after the photodeposition
procedure. Aside from photodeposition of Pt and Ru, Sasaki et
al.” also performed photodeposition of Ni, Rh, and Ag, as well as
impregnation of Au, Fe, 03, NiO,, and RuO,. When investigated
for activity in Z-scheme water splitting with WO; under visible
light, none of these materials was as active as Pt or Ru. More
recently, additional studies have appeared where photo-
deposition was used to obtain Ru-loaded SrTiO;:Rh***7>%
and was claimed to yield more effective catalysts than Pt-
deposited samples.

Although photodeposition is a popular technique to load a
cocatalyst on (doped) SrTiO,, it is remarkable that the
photodeposition procedure is hardly addressed in detail. XPS
studies are necessary to compare performance of Pt- or Ru-
loaded (doped) SrTiO;. Some detail is provided by Sasaki et al.”®
They observed metallic Pt on SrTiO;:Rh after photodeposition
in the presence of a sacrificial agent and purging with Ar, whereas
Lee et al.”* observed platinum oxide after photodeposition on
SrTiO;:Rh in the absence of a sacrificial agent and without an
inert gas purge. Finally, Yu et al.'®" also performed photo-
deposition in the absence of a sacrificial agent and without an
inert gas purge, but they found both platinum oxide and metallic
platinum on SrTiO;:Rh. These authors attribute platinum oxide
formation to air oxidation of Pt during storage. This discrepancy
in results should be further investigated.

Aside from the photodeposition of Pt and Ru, photo-
deposition of Ag on (doped) SrTiO; has also been
performed.”””~*'* In contrast to Pt and Ru, the photodeposition
of Ag has often been studied on a more fundamental level. For
instance, Sun et al.”'® studied two different photodeposition
methods to obtain Ag-loaded SrTiO; nanotube arrays. One
method involved a “classical” photodeposition method for 3 h in
AgNO; solution without a sacrificial agent. The other method
involved immersion of SrTiO; nanotube arrays in AgNOj;
solution at 60 °C for 24 h. Afterward, as-prepared samples
were irradiated for 1 h in methanol. In the first case, hardly any Ag
particles were deposited on the SrTiO; nanotubes, whereas Ag
particles were obviously present when the second photo-
deposition method was used. XPS results confirmed the
formation of metallic Ag. The photocatalytic activity of SrTiO;
nanotube arrays in methyl orange degradation increased when
they were loaded with Ag. In a different article,””’ the authors
demonstrated that photodeposition of Ag on SrTiO; nanotube
arrays also results in increased activity in photocatalytic hydrogen
production with methanol as a sacrificial agent.

Interestingly, Tanaka et al.”'> demonstrated that when
photodeposition of Ag is performed on Nb:SrTiO; with
AgNO; as a precursor, Ag;OgNOj; formation rather than Ag
formation can take place as well. The authors found that
Ag;,0sNO; was formed on the crystal surface through photo-
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catalytic oxidation, whereas metallic Ag was found along the
edges through photoreduction. This implies that structure-
directed deposition is taking place at the Nb:SrTiO; crystal.
Passivation of the edges resulted in metallic Ag being deposited
on the crystal surface. For undoped SrTiO;, Ag,OsNO;
formation was considerably more difficult, although not
impossible, as it did occur at high concentrations of A§NO3.

Photodeposition of Ni/NiO,”* MnO,,"”" PbO,,”""*'* and
ha_yCryO393 has also been performed on (doped) SrTiO;. It is
interesting to point out that Yoshida et al.'”' demonstrated that
the light intensity used in the photodeposition procedure of
MnO, on Nb:SrTiO; has consequences for the morphology of
MnO,. In one case, MnO,, particles with sizes of 50—100 nm
were deposited, whereas in another case MnO, thin films were
deposited on the Nb:SrTiO; substrate. Using in situ Mn K-edge
XAFS spectroscopy, the authors demonstrated that MnO,
species act as oxygen evolution cocatalysts most effectively
when present as a thin film, under UV illumination, and at a bias
of 1.0 V. Mn** species changed to Mn** species during the water
oxidation reaction.

6. PHOTODEPOSITION OF NANOPARTICLES ON CDS

6.1. Introduction

CdS has a narrow band gap of only ~2.4 eV, while the
conduction band minimum at —0.9 V versus NHE allows
unbiased proton reduction upon visible-light illumination (H*/
H, reduction potential is 0 V vs NHE).””” However, a major
disadvantage of CdS is its instability, assigned to photocorrosion
(oxidation and dissolution of Cd*"):

CdS + 2ht - Ccd*t + S (12)

Therefore, a sacrificial agent for hole scavenging needs to be
present during the photodeposition process, preventing reaction
12 from happening. For example, sulfide (in the form of Na,S)
can be introduced in the reaction mixture, which is converted by
the following reaction:>'°

S 426 > S (13)

Besides sulfide, many other sacrificial agents (electron donors)
can be applied to prevent reaction 12, including various alcohols
or acids.

6.2. Comparison of Cocatalysts Inducing Hydrogen
Evolution Activity

Photodeposition has been applied to functionalize CdS with a
variety of metal nanoparticles. Cocatalysts other than platinum
include gold,*"”7**' rhodium,”'******* cadmium,”** nickel
(oxides),”**** ruthenium,**® and palladium.”*’ In various papers,
Rufus et al. discuss the photodeposition of Rh,****** Ru,”* Pt
and Ir,”> and Pd.**® In one part of their studies, including Rh**
and Ru,”*° they performed photodeposition on sintered pellets
of CdS with metal chlorides as precursors, acetic acid as a
sacrificial agent, and a 1000 W tungsten—halogen lamp as a light
source. Unfortunately, it is not clear if degassing conditions were
similar in all experiments (for instance, in ref 223, it is clearly
stated that N, was used, whereas in ref 228, purging is not
specifically mentioned). The authors studied the oxidation state
of the metals in detail by XPS. They found that Rh was deposited
as Rh,0;, Ru was present in different oxidation states (Ru or
RuO,, where x = 0.5, 1,2, or <1), and Pd was in an oxidized state.
When argon ion sputtering was applied, XPS peaks correspond-
ing to metals in a zero oxidation state gained in intensity,
suggesting an oxide shell was formed on a metal nanoparticle

core. For all materials, the authors demonstrate (through
photoelectrochemical studies and/or XPS) that an ohmic
contact was formed between photodeposited metal and CdS.
The authors thus conclude that metals are initially produced in a
zero oxidation state but are likely prone to surface oxidation
when exposed to air. Unfortunately, the time between sample
preparation and XPS analysis was not mentioned. For Rh/CdS
and Ru/CdS, an increase in photocatalytic H, evolution (with
hole scavenger Na,S) compared to bare CdS was observed.

In other studies, Rufus et al.*** studied the in situ
photodeposition of Rh on CdS during photocatalytic decom-
position of aqueous sulfide (Na,S). The authors demonstrate
that a much higher photocatalytic activity in H, evolution is
obtained with a CdS + RhCl, solution rather than with CdS, Rh/
CdS, or Rh,S;/CdsS in solution. They attribute this to two species
being deposited on CdS: Rh and Rh,S;. Rh,S; acts as a sulfide
oxidation cocatalyst and Rh as a reduction cocatalyst, which
explains the higher activities. Through photoelectrochemical
characterization, it was demonstrated that CdS is less Prone to
photocorrosion when loaded with either Rh and Ru.”*°

In situ photodeposition of metals on CdS in solutions
containing sulfide has been studied in detail > revealing that
the optimal order of metals to use in photocatalytic H, evolution
is Rh > Pt > Pd > Ru = Ir > Co ~ Ni ~ Fe. Also for Pt, in situ
photodeposition resulted in higher photocatalytic activities than
use of ex situ obtained Pt/CdS (Figure 16). Similar to the
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Figure 16. H, evolution rates measured in situ for (a) CdS, (b) CdS with
1.37 wt % Ir**, (c) 1.37 wt % Pt/CdS, and (d) CdS with 1.37 wt % Pt*
(in the form of H,PtCly), with Na,$ as sacrificial agent. In cases b and d,
in situ photodeposition took place. Reprinted with permission from ref
25. Copyright 1995 Elsevier.

explanation for Rh-based catalysis, the higher activities of Pt/CdS
obtained through in situ photodeposition was attributed to the
simultaneous formation of metallic Pt particles and Pt sulfides. As
with Rh and Rh,S;, the metallic Pt particles act as reduction
cocatalysts, whereas the platinum sulfides act as oxidation
cocatalysts (for reaction 13).

Li and co-workers”*”**” have investigated the role of several
cocatalysts on CdS as well. They found through monitoring of H,
generation during photodeposition, with lactic acid as a sacrificial
agent, that the order of most active to least active cocatalyst was
Pt>Ru>Rh>Pd > Auat 0.2 wt %’ and Pt > Ru > Rh > Auat 1
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wt %.°° This is a different order than that found by Rufus et al.,”’
likely induced by use of a different sacrificial agent (sulfide vs
lactic acid). It should be noted that Li and co-workers
demonstrate in their work that impregnated metal sulfides act
as excellent cocatalysts as well, with MoS, outperforming even
the noble metal cocatalysts.

Chen et al.”***° have studied the in situ photodeposition of
nickel (NiO,,) species on CdS. Nickel acetate and methanol were
used as precursor and sacrificial agent, respectively. Illumination
took place with a 300 W Xe lamp and a >400 nm filter. The
amount of H, formed was monitored during photodeposition.
The authors demonstrate that higher H, production rates could
be obtained when CdS was loaded with NiO, (more specifically
Ni,O;), than when 1.5 wt % Pt was loaded in situ. The authors
also demonstrate that the form and amount of NiO,, deposited
on CdS is dependent on the pH of the solution. Under acidic
conditions almost no Ni was deposited, under neutral conditions
most of the Ni was photo-oxidized in the form of Ni,O5, and
under alkaline conditions only little more than half of the Ni was
deposited as NiO. The latter formation was ascribed to Ni**
depositing as Ni(OH), on CdS. This allows the photoreduction
of Ni** to Ni’. However, Ni’ is not stable and oxidizes to NiO.
Both NiO/CdS and Ni,O5/CdS demonstrate enhanced activity
in in situ H, production compared to bare CdS, where the NiO/
CdS outperforms the Ni,O;/CdS clearly. In alkaline conditions,
an optimum Ni/Cd mol ratio of 0.01 was determined.
Surprisingly, formation of nickel sulfides was not extensively
discussed, which appears likely under the applied process
conditions.

6.3. Photodeposition of Pt on CdS

6.3.1. Overview of Reaction Conditions. The effect of
reaction conditions on Pt morphology on CdS has been
investigated extensively. Sacrificial agents used include meth-
anol,”’" ethanol,**? 2—propanol,233 acetic acid,’>*312347237
triethanol amine,”** formaldehyde,”* a mixture of Na,S and
N2,80,,°7*****" and ammonium sulfite [(NH,),S0;].”*" In
some cases, photodeposition was not performed in an aqueous
solution but rather in an organic solution, such as methanol*** or
toluene.'®" An additional sacrificial agent was then added, such as
triethylamine'*"*** or diisopropylethylamine.'”" Bamwenda et
al.** used formaldehyde in methanol/water (40 vol % MeOH)
solution, whereas Park et al*** used an aqueous solution
containing Na,S/Na,SO; mixture and methanol. Some authors
do not report usage of a sacrificial agent,”””¥'0*#72%7

Most of the time (hydrated) H,PtClg is used as a precursor.
Other precursors are K,PtClg (for MO/CdS, MO = RuO, or
Rh,0;),”*® (1,5-cyclooctadiene)dimethylplatinum (1)
[(CH;),PtCOD],""" and PtCL**' (although in the supporting
information for this work H,PtCl, is mentioned). Fox and
Pettit'® studied the influence of precursor on the photo-
deposition of Pt on CdS-loaded zeolites using the precursors
Pt(NH;)s and H,PtCl,. Remarkably, they observed Pt on the
zeolite when Pt(NH,;), was used but none when H,PtCl, was
used. This was tentatively explained by [PtCl]*” ions not being
able to penetrate the negatively charged zeolite pores.

As we have seen for other semiconductors, there is not much
consistency in the literature on the light source used, and the
applied photodeposition time. For instance, Bao et al.”** used
illumination for a period of 30 min, with a 450 W high-pressure
Hg lamp, while Xin et al.”*’ used illumination for 2 h with a 300
W Xe lamp. Even 24 h of illumination with a 300 W Quartzline
lamp at 90 V has been reported by Harbour et al.*** It should be

noted that some authors make use of optical filters to block (part
of) the UV spectrum>>**7**b23021 o (part of) the IR
spectrum.”®**V*>>?53 Biihler et al.*** performed photodeposi-
tion of Pt on CdS (pretreated with acetic acid to remove CdO)
using a water-cooled Hg immersion lamp both with and without
a UV filter (4 > 300 nm). Although the weight percent Pt is
similar in both cases, considerably more photoetching of CdS
took place when no filter was used. This was attributed to
photolysis of the sacrificial agent carboxylic acid at 4 < 300 nm,
resulting in strongly oxidizing radicals. The authors found that
the amount of photoetching was dependent on the amount of Pt
photodeposited, therefore linking the photoetching to the
reduction of Pt. A higher photocatalytic activity in H, production
was observed when no light filter was used in the photo-
deposition process.

A surprisingly large amount of research has been performed on
the formation of H, during in situ photodeposition of Pt on
CdS.>>?7*%72% In these cases, photodeposition took place
while H, production was monitored. The sacrificial agents
(Na,S,”> Na,S/Na,S0;,””***%% lactic acid,”*”**' formic
acid,”***® or methanol”*’) were thus used for both Pt and
proton photoreduction. Several researchers have tried to find an
optimum loadin§ of Pt on CdS for hydrogen evolution from
water.”??3323H283,245,2517233 gacrificial agents used include
formic acid,?*® alcohols,?*®?°* sodium sulfite
(Na,80;),”***73% sodium sulfide (Na,S),>****” or a
combination of Na,$ and Na,SO,.””**¥****%7 Remarkably,
different optimal Pt loadings were reported. For instance, the
high_est optimal Pt loading in H, production was found by Bao et
al.”* to be 13 wt %, whereas the lowest optimal loading was
found by Li et al.>>* to be 0.025 wt %, although in an earlier study
by Li et al,”** a somewhat higher optimal loading of 0.050 wt %
was mentioned. The extreme difference in conclusions by Bao et
al.”* and Li et al.*>*** could be explained by multiple factors.
For instance, the preparation methods of CdS were different
(resulting in different material properties). Also, Li et al.
measured H, production during in situ photodeposition of Pt
whereas Bao et al. measured H, production with ex situ obtained
Pt/CdS. Furthermore, Bao et al. did not use a sacrificial agent in
the photodeposition process, as opposed to Li et al., who used
formic acid. Bao et al. used a combination of Na,SO; and Na,$ as
sacrificial agents in the H, evolution itself. As rightfully pointed
out by Li et al,, a low optimum of Pt loading would be preferable
when the high cost of Pt is considered.

6.3.2. Controlling Morphology of Pt. An exemplary study
where multiple photodeposition parameters were varied has
been provided by Dukovic et al.'”" An Ar-ion laser (458 nm, 100
mW, 50% of beam area taken up by sample) was used to deposit
Pt particles on CdS nanorods. The precursor was (CH;)PtCOD,
and photodeposition was performed under argon in toluene with
the tertiary amines triethylamine (TEA) or diisopropylethyl-
amine (DIPEA) as hole scavengers. The influences of
illumination time, laser power, and CdS and (CH,)PtCOD
concentrations were studied. Over 240 min, the amount of Pt
deposited on the nanorods scaled linearly with photodeposition
time. Up to 60 min, the number of Pt particles per nanorod
increased, but it remained constant afterward. Subsequently, the
diameter of Pt nanoparticles increased as a function of time
(reaching 2.44 nm after 90 min). Not surprisingly, the authors
found that increasing the laser power to 25 mW resulted in an
increased rate of photodeposition. For even higher laser powers,
this increase became less prominent, likely due to saturation of
the number of effective charge carriers (electron—hole pairs).
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Replacing the sacrificial agents with a primary or secondary
amine led to no or very little photodeposition activity,
respectively. The authors explain this on the basis of inhibition
of the sites, the latter in the absence of the amines being available
for adsorption of the Pt precursor. The presence of the primary
amine octylamine even led to complete blocking of CdS sites,
inhibiting photodeposition.

Berr et al.”*" also investigated the influence of photodeposition
time (4 = 366 nm) on the morphology of Pt on CdS nanorods
and correlated morphology to activity in H, production.
Photodeposition was performed with triethanolamine as hole
scavenger and in the presence of the mild reducing agent ascorbic
acid. In agreement with the observations of Dukovic et al,'®' 20
min of photodeposition yields a highly uniform distribution of
very small Pt particles, most of them unobservable by TEM.
However, after 120 min, 90% of the nanorods were decorated
with exactly one, relatively large Pt particle per nanorod (mean
size 4.8 nm, see Figure 17). The authors attribute this
phenomenon to a catalytic effect of subnanometer Pt particles,
stimulating ascorbic acid-assisted additional growth of Pt, as
illustrated in Figure 18. Surprisingly, the catalytic performance in
H, production of the samples was relatively similar (hole

Figure 17. (a—c) TEM images of (Pt/)CdS prepared by Berr et al.>**
(a) Undecorated CdS nanorods, (b) Pt/CdS with one large Pt particle
per nanorod after 120 min of photodeposition, and (c) Pt/CdS with
agglomerates of Pt nanoparticles. The sample depicted in panel ¢ was
prepared by a chemical deposition method, with single Pt nanoparticles
acting as reaction seeds (not discussed in this review). (d—f) High-angle
annular dark-field scanning transmission electron microscopic
(HAADF-STEM) images of (d) CdS nanorods, (e) Pt/CdS prepared
after 20 min, and (f) Pt/CdS prepared after 120 min of photodeposition
(the inset is an overview image). The lighter spots in panels e and f
indicate Pt on CdS. Reprinted with permission from ref 238. Copyright
2010 AIP Publishing.
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Figure 18. (a) Photocatalytic hydrogen production under UV—visible
light (360—440 nm) over (Pt/)CdS as a function of time with Na,SO; as
hole scavenger, as measured by Berr et al.*** The Pt/CdS graph is
representative for Pt/CdS obtained after either 20 or 120 min of
photodeposition. (b) Schematic overview of photodeposition procedure
occurring in this study. Pt is reduced, while triethanolamine (TEA) acts
as electron scavenger. At the site where larger Pt particle is growing, the
weak reducing agent ascorbic acid (AA) assists in Pt reduction and
particle growth. (c) Schematic overview of hydrogen production
chemistry occurring, explaining data of panel a, with Pt acting as
reduction sites. Reprinted with permission from ref 238. Copyright 2010
AIP Publishing.

scavenger Na,SO;), as shown in Figure 18a. The authors
conclude that the photocatalytic activity is determined by the
subnanometer-sized Pt particles rather than the large particles.
Additional ICP and XPS studies are recommended to obtain
more information on the loading and oxidation state,
respectively, of subnanometer-sized and large Pt particles.

Despite different loadings, photodeposition conditions, and
CdS synthetic procedures, the size of the Pt particles is generally
smaller than 10 nm.?79%101235238242245246255 10 “nq o
workers”*** even show histograms of the Pt particle size in
their studies. In some studies, due to detection limits of, for
example, applied TEM, the Pt particle size could not always be
determined.”****° With the rapid development of TEM systems
nowadays, even allowing detection of particles on atomic scales,
it is interesting to perform TEM measurements once more on
such samples, including that by Berr et al,,”" to obtain in-depth
insight into the structure of the initially formed particles.

6.3.3. Chemical Reactions and Mechanism of Pt
Deposition. A relative large amount of research has been
done to understand photodeposition of Pt on CdS. For instance,
Jin and co-workers””******>* have spent much effort in studying
the mechanism of Pt photodeposition on commercial CdS.
Through XPS and differential thermal analysis (DTA), they
demonstrate that when Pt is photodeposited upon CdS in an
acidic environment (with H,PtClg«H,O as precursor and
deaeration through N, bubbling prior to illumination), PtS is
the dominant species formed on CdS. They propose that this
originates from mild dissolution of CdS in water:

CdS + H,0 — Cd(OH)" + SH™ (14)
Then the following photodeposition reactions occur:

[PtCI]*~ + 2¢” — [PtCL]*™ + 2CI” (15)

[PtCL,]*~ + SH™ — PtS| + H' + 4Cl” (16)

The authors demonstrate that both CdS and PtS/CdS are very
poor in catalyzing alcohol dehydrogenation. When calcination of
CdS and PtS/CdS takes place in air, much higher activities are
obtained, especially for Pt-loaded CdS. The authors claim that a
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Cd(OH),-CdO-CdS layer is formed on the surface of the CdS,
whereas PtS is converted to Pt° through the following reaction:

PtS + O, — Pt + SO, (17)

Metallic Pt acts as a cocatalyst, enhancing the photocatalytic
activity of CdS in hydrogen evolution.

When photodeposition is performed under basic conditions
rather than acidic conditions, Jin and co-workers’” demonstrate
that Pt is mostly deposited in an oxidized form. In 1992, they
proposed that Pt(OH), is formed through the following
reactions:

[PtCl >~ + 2¢” — [PtCL,]*~ + 2CI” (18)

[PtCL]*” + 20H™ — Pt(OH),| + 4CI” (19)

Interestingly, when photodeposition of Pt takes place after heat
treatment of CdS, in both alkaline and acidic medium, Pt(OH),
is formed. It is likely that a Cd(OH),-CdO-CdS layer is formed
due to heat treatment of CdS, which prevents dissolution of CdS
in water and thus PtS formation. In a different study from 1994,
Jin et al.”® studied photodeposition of Pt on heat-treated Pt/CdS.
Metallic Pt was obtained at pH = 2.2, whereas PtO, and Pt(OH),
were observed at high pH. In the latter case, at low Pt precursor
concentrations, mainly Pt(OH), was formed rather than PtO,.
The authors attribute the formation of Pt(OH), to a reduction
reaction and the formation of PtO, to an oxidation reaction:

[Pt(OH),CL "~ + 2¢~ — Pt(OH), + 4CI” (20)

[Pt(OH),Cl,]*~ + 4h" — PtO, + 2H" + 4CI” (1)

[Pt(OH),Cl,]*" is formed due to hydrolysis of [PtCls]*" at high
pH:

[Pt(OH),Cl,_,]*” + OH™ « [Pt(OH),,,Cl,_,J*~ + CI°
(22)

where n = 0—S. It is noteworthy that the reaction mechanism
proposed in this paper is slightly different from the reaction
mechanism proposed by the same authors in an earlier paper. We
think that the latter reaction pathway is more likely, as it takes the
phenomenon of hydrolysis into account. Furthermore, when the
authors performed photodeposition of Pt on unloaded, heat-
treated CdS under basic conditions, PtO, formation was
observed as well, in addition to Pt(OH),, which was not
reported in the 1992 study of Jin and co-workers.”” This is likely
the result of (small) differences in the experimental procedure.
6.3.4. In Situ Photodeposition. Another important
contribution to understand photodeposition of Pt on CdS has
been provided by Wang et al.”” These authors studied the
influence of solution environment on the photodeposition
process (performed under vacuum). Experiments were per-
formed in neutral pH conditions, alkaline conditions (obtained
with various concentrations of NaOH), acidic conditions
(obtained with acetic acid) and in an aqueous solution with a
sulfide/sulfite mixture. As-obtained Pt/CdS was tested for its
photocatalytic activity in H, evolution, with Na,S/Na,SO; as
sacrificial agent. Also, in situ photodeposition of Pt on CdS was
performed, where H, production was monitored with Na,S/
Na,SO; as sacrificial agent. When photodeposition was
performed under alkaline conditions, by far the highest H,
evolution rate was obtained (more than 20-fold increase when
a neutral pH or in situ photodeposition was used, and more than
a 50-fold increase compared to the other solutions). Similar

trends (but different activities) were also observed when the
morphology (and potentially crystal structure) of the CdS
changes. Through XPS studies, Wang et al.”? reveal that, under
alkaline conditions, predominantly metallic Pt was observed,
with some Pt** corresponding to Pt(OH),. This is a very
different result compared to that of Jin and co-workers.”””® At
lower pH values, no metallic Pt was formed and Pt was present in
an oxidic state. According to Wang et al,,”” metallic Pt can be
formed at high pH due to hydrolysis of [PtCls]*~ (see eq 22). At
low pH, [PtClg]*~ will first be reduced to [PtCL,]*". However,
CI™ must dissociate from [PtCl,]*~ before further reduction can
take place, which Wang et al. propose is a slow process. If the CI~
groups are replaced by OH™ groups, the CI~ dissociation step is
avoided and full Pt reduction can take place efficiently. TEM
demonstrated that Pt particles of 2—3 nm are formed under
alkaline conditions, whereas no Pt particles were observed when
one of the other solutions was used. We think it is likely these
particles were too small to detect.

6.3.5. Comparing Sacrificial Agents. In a study by Xin et
al,”* the role of sacrificial agent was studied during in situ
photodeposition of 0.1 wt % Pt on a mixture of cubic and
hexagonal CdS. As sacrificial agents, 10 vol % lactic acid, 0.1 M
Na,S/Na,SO;, and 10 vol % methanol were used. Illumination
took place for 2 h with a 300 W Xe lamp. The authors
demonstrated that the amount of Pt deposited changed
drastically when the sacrificial agent was changed: 0.0894 wt %
was deposited when methanol was used, whereas only 0.0248
and 0.0124 wt % were deposited, respectively, when lactic acid
and Na,S/Na,SO; were used. However, the latter two samples
did show considerably higher photocatalytic H, production rates
than Pt/CdS obtained with methanol, with Pt/CdS obtained
with lactic acid showing the highest activity. The authors
speculate that this is due to a difference in form of Pt, although
they do not provide evidence. Yao et al.”*' have performed
photodeposition of Pt (0.5 wt %) on CdS with the sacrificial
agents ammonium sulfite [(NH,),SO5], glacial acetic acid, and
methanol. Vacuum degassing took place before irradiation.
Photodeposition was performed for S h with a Xe lamp plus
filters to eliminate UV and IR radiation. Photocatalytic H,
production was measured for as-obtained Pt/CdS, with
(NH,),SO; as sacrificial agent. No noteworthy activity was
measured when methanol or (NH,),SO; was used, but with
glacial acetic acid activity was observed. The authors speculate
that this is due to glacial acetic acid preventing formation of CdO
on the surface of CdS, which is, according to the authors,
detrimental for the photocatalytic activity.

Yao et al.”*" investigate in detail the effect of photoetching on
Pt/CdS obtained with (NH,),SO;. This photoetching results in
a drastic enhancement of photocatalytic activity, outperforming
the H, production rate of Pt/CdS obtained with glacial acetic
acid. Apart from a change in surface area of CdS, the authors
demonstrate with TEM that the particle size of Pt increases (not
detectable before photoetching, 3—6 nm particle size after
photoetching), although no explanation is provided. Despite the
focus of the study being on use of (NH,),SO; as a sacrificial agent
for H, production, it might have been interesting to see if similar
effects were present for Pt/CdS obtained with methanol or
glacial acetic acid. Earlier work on photoetching of Pt/CdS
obtained through photodeposition was performed by Li et al.**
For the photodeposition process, acetic acid was used as a
sacrificial agent. Photocatalytic H, evolution was monitored with
a different sacrificial agent, namely, formic acid. Photodeposition
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of Pt (1.5 wt %) did result in considerably higher activity. Again,
photoetching contributed to even higher activity.

6.3.6. Comparison with Other Methods. Some studies
have focused on comparing photodeposition of Pt on CdS with
other deposition methods. For instance, the study of Xin et al.**’
mentioned earlier compared samples of Pt on a mixture of cubic
and hexagonal CdS, prepared not only by in situ photodeposition
but also by coprecipitation and impregnation. The authors
concluded that these two methods (especially the former)
resulted in higher H, productions than when photodeposition
was used. However, this comparison is not completely fair. The
authors demonstrated that the amount of Pt deposited was
considerably less for photodeposition than when one of the other
methods was used. Also, no metallic Pt was observed in XPS
spectra for photodeposited Pt, whereas some metallic Pt was
observed when coprecipitation and impregnation were used. The
authors did not provide clear information how the morphology
and size of the Pt obtained through photodeposition compared
with those from the other deposition methods. It can be
concluded that the obtained Pt/CdS was very different when
photodeposition was used rather than one of the other two
methods. Previously mentioned PtS formation during photo-
deposition might be at the origin of the lower activity of this
sample.

Biihler et al.*** showed that Pt-loaded CdS (where CdO was
removed through acetic acid treatment) obtained through
photodeposition was more active in H, production with
Na,SO; and/or Na,S or Na,S/H;PO,/NaOH than when
thermal reduction was applied. Even when Pt/CdS was
photoetched, activities were generally lower than when photo-
deposition was used (with the exception of usage of Na,SO; as a
sacrificial agent). A difference in the amount of Pt loading was
reported between the two methods, and the oxidation state was
not determined by XPS. Matsumara et al.”*° compared
photodeposition with a shaking method, and Sakamoto et
al.**' compared in situ photodeposition with impregnation. In
both cases, the latter worked better in H, production. Important
characterization (such as XPS) is missing in both studies to
explain the as-observed differences, although Sakamoto et al.”*!
discuss the possibility of Pt blocking active sites of CdS in the
photocatalytic process. In Scheme 4, the applied process
conditions discussed in this section are summarized:

Scheme 4. Overview of Process Parameters Used in Studies
Concerning Photodeposition of Pt on CdS

Precursor

[ptcl> Influences

Oxidation state Pt or deposition as PtS. Reports
on how are contradictory. Heat treatment of CdS
prior to PD also influences type of Pt deposited

Mostly used Hardly used

Sacrificial agent Inert gas purge

Many types used by
authors. Type of SA
influences Pt/CdS
activity

Often used.
Likely minimizes
photocorrosion

Used by some authors Sometimes used

7. PHOTODEPOSITION OF COMPLEX PARTICLES ON
GAN:ZNO

Domen and co-workers”’ > have extensively discussed
photodeposition of Rh/Cr,0; core/shell particles on a solid
solution of GaN and ZnO (Ga;_,Zn,)(N,_,0,), referred to as
GaN:ZnO from this point on. The usage of GaN:ZnO is
considered promising for storage of solar energy in the form of
hydrogen, as it is capable of full water splitting under visible-light
illumination. However, cocatalytic nanoparticles are needed to
obtain the production of H, and O,. At first sight, a suitable
cocatalyst could be Rh. Domen and co-workers** discussed that
Rh serves as an electron trap, capable of producing H,. However,
when O, is present, O, and H, react immediately with each other
on the Rh surface, thus producing water. To prevent this back-
reaction from happening, a Cr,Oj shell can be engineered on the
Rh nanoparticles. A schematic of the role of Rh/Cr,O; core/shell
particles in photocatalytic H, production during water splitting is
depicted in Figure 19. When Rh/Cr,O; core/shell particles are

Rh/Cr,0; (core/shell)

Visible Light Cr,0, shell
(A >400 nm) (ca. 2 nm)

n—>
O,

Rh nanoparticle
(Ave. ca. 7.6 nm)

(Ga,,Zn)(N,.,0,)

H,0

H, + O,

Rh nanoparticle H,0 Cr;0; nanoparticle 'H2

%H.K\Q\/u,.o, %

- o
(Ga,_,Zn,)(N,_,0,) (Ga,_Zn,)(N,_,0,)

(Ga,_Zn)(N,_,0,)

Figure 19. Working principle of Rh/Cr,0; core/shell particles on
GaN:ZnO during water splitting as proposed by Domen and co-
workers. Rh nanoparticles act as a cocatalyst, whereas Cr,O; shells
prevent reaction of O, and H, on the Rh nanoparticles. Reprinted with
permission from ref 257. Copyright 2006 Wiley.

engineered upon the surface of GaN:ZnO, Rh is photodeposited
first, followed by photodeposition of Cr,O;. The latter takes
place through reduction of chromate:

4[CrO,]*” + 8H' — 4H,0 + 2Cr,0, + 30, (23)

Interestingly, there is a maximum amount of Cr,O; that can be
loaded, corresponding with a shell thickness of 2 nm.**® Further
addition of the precursor K,CrO, does not result in additional
Cr,0; being deposited. It should be noted that Rh does not have
to be deposited by photodeposition per se. In fact, Domen and
co-workers”*”*°" showed that higher photocatalytic activities in
water splitting were achieved when a liquid-phase reduction
method was used to load Rh rather than conventional
photodeposition. This was attributed to better dispersion of
Rh particles, even though the Rh was in a lower valence state than
when photodeposition was used. It is also worth mentioning that
in the case of liquid-phase reduction some irregularly shaped
shell structures were observed as well as the majority of core/
shell nanoparticles. The authors did not observe this irregularly
shaped shell structure formation when Rh/Cr,O; was obtained
through photodeposition. Both methods were more suited than
impregnation, though, where dominantly featureless particles
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rather than core/shell particles were formed, and the Rh was
detected to be in the lowest (metallic) state.

The addition of a Cr,Oj5 shell is not limited to the cocatalyst
Rh. Domen and co-workers™”*****! have also performed
photodeposition of such a shell on NiO,, RuO,, Rh,0;, Pd, Pt,
and Ir. Nevertheless, on GaN:ZnO, none of the as-obtained
cocatalytic particles showed the same promise in photocatalytic
water splitting as the Rh/Cr,O; core/shell nanoparticles.
Interestingly, a core/shell structure was not evident when
NiO, and Rh,0; were used, as determination of the interface
between the NiO, or Rh,0; and the Cr,O; turned out to be
difficult. In the case of RuO,, core/shell structures were
observed, but some of the RuO, particles remained uncoated
despite a significant amount of K,CrO, being available in the
photodeposition procedure. The authors attributed this to
uncoated RuQ, particles acting as oxidation cocatalysts, whereas
coated RuO, particles should function as reduction cocatalysts.

Aside from photodeposition of noble metal/Cr,O; core/shell
nanoparticles, Domen and co-workers™ also tried to photo-
deposit rhodium and chromium simultaneously on GaN:ZnO as
well as on SrTiO;. Remarkably, impregnation yielded higher
photocatalytic activities in water splitting for ha_yCryO3/
(Ga;_,Zn,)(N;_,0,) (x = 0.12) in comparison with photo-
deposition, whereas photodeposition was more beneficial for the
activity of Rh,_,Cr,O;/SrTiO;. Although the authors mentioned
that they did not optimize their deposition method, they
discussed that the effectiveness of their photodeposition method
seemed to be dependent on the photocatalyst used. In a more
recent study, the authors studied simultaneous photodeposition
of Rh and Cr on (Ga;_,Zn,)(N,_,O,) under visible light as a
function of the K,CrO, concentration used in the procedure.***
A saturation limit was detected in the amount of Cr deposited: ca.
0.25 wt %. With a constant Rh loading of 0.75 + 0.15 wt %,
optimal results in visible-light water splitting were achieved when
0.175 wt % Cr was added. With increasing amounts of Cr added,
the photocatalytic activity actually decreased until a steady state
was reached at 0.5 wt % Cr addition and higher. The authors
discussed that the highest activity obtained at 0.175 wt % is due to
the formation of Rh/Rh,_,Cr,O; core—shell particles, whereas at
higher Cr loadings Rh,_,Cr,O; particles are exclusively formed.
From their results, the authors concluded that metallic Rh is a
better electron sink than Rh,_,Cr,0;. The authors also showed
that usage of Rh/Cr,O; core/shell cocatalytic nanoparticles
yielded considerably higher activities in visible-light water
splitting than when Rh, ,Cr,O; was used (about 6-fold higher
when 0.75 + 0.15 wt % Rh and 0.24 + 0.03 wt % Cr were used).

Cavalca et al.” studied photodeposition of Pt on GaN:ZnO in
situ by TEM. To do so, H,PtClg solution was deposited on a
GaN:ZnO surface, followed by evaporation and deposition on a
gold TEM grid covered with an amorphous carbon film. Before
illumination, TEM images were recorded for reference. Then a
small amount of water vapor was introduced into the specimen
chamber, and illumination took place at 405 nm for 4 h with an
intensity of 6 W-cm™ over the entire grid. Afterward, the
specimen chamber was evacuated and TEM images were
recorded again. Prior to deposition, a thin homogeneous and
amorphous layer of salt was observed on the GaN:ZnO surface.
After illumination, a homogeneous distribution of particles with
diameter of ~1 nm was observed, whereas the amorphous layer
was almost completely gone. Following this procedure, TEM is
very well suited to determine the transients in particle
morphology as a function of illumination time. If this method
is extended to other semiconductors, this will no doubt

contribute to the fundamental understanding of photodeposi-
tion, in particular when complementary atomic force micro-
scopic (AFM) analyses are performed.

8. STRUCTURE-DIRECTED PHOTODEPOSITION

In recent years, interest in crystal facet engineering has grown
significantly in the community studying photocatalysis.”**~>*° In
crystal facet engineering, the aim is to synthesize semiconductors
in such a way that certain facets are preferentially exposed,
thereby improving photocatalytic performance. For instance, for
well-defined TiO, anatase, there has been extensive discussion of
which facet is the most active for inducing photocatalytic activity:
many researchers claim the presence of high concentrations of
{001} facets, rather than {101} facets is beneficial ****"~27°
although some researchers conclude otherwise.””"*”*

A popular technique to perform crystal facet engineering is the
employment of (microwave-assisted) hydrothermal synthetic
techniques using surfactants, also known as capping agents.
Normally, when capping agents are absent, crystals tend to grow
in directions that are thermodynamically favorable. However,
when capping agents are introduced during growth, they will
adsorb on specific facets, changing the surface energy of those
facets. This results in inhibition of growth in the thermodynami-
cally most favorable direction, yielding crystals with thermody-
namically less favorable facets exposed. For more detailed
information on crystal facet engineering, we recommend some of
the excellent reviews written in recent years: see refs 264, 266,
273, and 274.

Structure-directed photodeposition has been applied to study
the redox activity of facet-engineered crystals. The concept is that
spatially preferred formation of reduced metal nanoparticles
reveals the presence of preferentially reductive facets, whereas
spatially preferred formation of oxidized metal nanoparticles
identifies facets that preferentially induce oxidative reactions. For
instance, this concept can be used for photocatalytic systems
consisting of a combination of semiconductor and metal (oxide)
particles, revealing on which semiconductor/metal reduction or
oxidation takes place.”'¥*”>*’® Alternatively, photodeposition
can also be used to demonstrate reductive and oxidative sites in a
heterojunction of two photocatalysts. For instance, Latorre-
Sanchez et al.””’ performed reductive and oxidative photo-
deposition of Pt and MnO,, respectively, on a heterojunction
consisting of nitrogen-doped graphene (n-type semiconductor)
and boron-doped graphene (p-type semiconductor). The
authors observed that Pt and MnO, were deposited at N-
doped and B-doped graphene, respectively, under a bias of 0.5V
(with N-doped graphene being the negative electrode), whereas
no Pt and MnO, were deposited on B-doped and N-doped
graphene, respectively, under a bias of —0.5 V. The authors
concluded that electrons were preferentially migrating from B-
doped to N-doped graphene, while holes were preferentially
located in B-doped graphene. There is also evidence that favored
reductive and oxidative sites exist in a single semiconductor
particle, as probed by structure-directed photodeposition.

Although the field of structure-directed deposition is relatively
new, research on reductive facets had already been performed in
the 1990s.””*7**° In 1998, Morris Hotsenpiller and co-
workers””**”” tried to relate the photoreduction rate of Ag* to
the surface orientation of rutile. Initially, they demonstrated that
rutile films with (101), (111), and (001) orientations are more
active in Ag photoreduction than films with (100) and (110)
orientations.””® Not much later, they revealed the same kind of
behavior for rutile polycrystals, where they concluded that the
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most reactive surfaces were near the {101} plane.279 Although
the authors did not draw real conclusions yet, they did speculate
that differences between the surfaces in adsorption/desorption
mechanisms, as well as differences in efficient charge separation,
could be possible explanations for the differences in reduction
rates. In 1999, Farneth et al.”** demonstrated structure-directed
photodeposition of Ag as well on rutile. They hypothesize that
this must have taken place on the {110} faces. Ohno et al.>’
demonstrated in 2002 through Pt photoreduction that the
favored reduction site of rutile is again the {110} face. Clearly, the
results of Farneth and Ohno and their co-workers are quite
different from the results of Morris Hotsenpiller and co-workers.
Ohno et al. also noticed this and hypothesized that the
differences observed are due to the size of the faces: Morris
Hotsenpiller and co-workers looked at films or very large
crystallites, whereas Farneth and Ohno and their co-workers
looked at considerably smaller individual particles. Therefore,
Ohno et al. suggest that Morris Hotsenpiller and co-workers
must have looked at single crystal faces, making a synergistic
effect between faces improbable.

Structure-directed photodeposition has sparked a lot of
interest since Ohno et al.”> demonstrated that Pt is selectively
deposited on the {110} facet of rutile or the {011} facet of
anatase through photoreduction. In their studies, they also
showed that PbO, is selectively deposited on the {011} facet of
rutile and the {001} facet of anatase through photo-oxidation.
As-found particles are depicted in Figure 20. One should keep in

(a) p . Anatase

——
600 nm

Figure 20. SEM images of (a) rutile and (b) anatase particles after
photodeposition with first Pt and then PbO,. Reprinted with permission
from ref 53. Copyright 2002 Royal Society of Chemistry.

mind, however, that the latter photodeposition was done when
the TiO, was already loaded with Pt; increased charge separation
will take place on the latter due to Pt acting as an electron
sink.””*® Nevertheless, the article has formed an important basis
for subsequent studies in structure-directed photodeposition.
Photocatalysts studied include TiO,,>>**'7*** TiQ **°
SITiO, 20286 7027288 £y, 0,289~ By, 091,292,293
WO,,">" PbTiO;,”* (La-doped) NaTa0,,**® BaLa,Ti,0,5,°"*"°

[Hl—xcaZNb3010]x7)297 [TBA:H]'Casz3010;298 CdS,253
Cu,WS,,'”* BiOCL™ and Agl** A selection of important
papers where both photoreduction and photo-oxidation were
used to probe the reactive facets is provided in Table 2. Typically,
a noble metal such as Pt, Ag, or Au is deposited in the
photoreduction reactions, revealing the reductive site of a
photocatalyst, whereas a metal oxide such as PbO,, Co;0,, or
MnO, is deposited by an oxidation reaction, revealing the
oxidative site. However, structure-directed photodeposition does
not always have to occur. Sabio et al.”® tried to perform both
reductive and oxidative photodeposition with multiple cocata-
lysts on [TBA,H]-Ca,Nb;0,, nanosheets. However, the authors
observed cocatalysts on both edges and the nanosheet surface.
Aside from the photocatalysts mentioned, structure-directed

photodeposition has also been attempted to obtain metal-tipped
ZnO nanorods/nanowires*>*" or pyramids.’’**” In these
cases, structure-directed photodeposition does not occur on a
specific facet but rather on a single location.

In general, an accepted explanation of why structure-directed
photodeposition occurs is related to light-induced charge
separation.”>”® In such a case, the band structures of different
facets will be slightly difterent, resulting in slight shifts in energy
of conduction bands and valence bands. Electrons and holes will
migrate to the facet that is energetically the most favorable for
each, resulting in favored reduction and oxidation sites. Despite
this theory, some authors (including ourselves) discussed that
other phenomena may contribute to structure-directed photo-
deposition as well.'*"*******” Although charge migration in
several cases may be the dominant driving force, it should not be
ruled out that adsorption phenomena could play an important
role as well.>*>* We have demonstrated that wet impregnation
will result in structure-directed deposition as well.">" Further-
more, we have shown by additional AFM studies that different
faces of crystals in contact with water intrinsically show
differences in surface charges in the absence of illumination.
Liu et al.*** have advocated that competitive adsorption of ionic
compounds similar in charge to the metal precursor can adsorb as
well on specific facets (such as Cl™ in H,PtCly), blocking these
for (structure-directed) photodeposition. They based this
conclusion on a study performed by Read et al,”®” where
photodeposition of Au on the {0001} facet of ZnO hexagonal
rods was observed only in the absence of Cl~ (Figure 21). The
authors concluded that CI™ must have absorbed on this particular
facet, blocking possible Au formation.

When structure-directed photodeposition is indeed the result
of spatial charge-carrier separation, possibilities for a drastic
increase in the activity of a photocatalyst open up. In such a case,
reduction and oxidation (co)catalysts can be loaded on facets
where electrons and holes accumulate, respectively. A good
example of a very complete study in this field has been provided
by Li et al,” where structure-directed photodeposition was
ultimately used to obtain a BiVO, system with very high
photocatalytic activity. Initially, the authors demonstrated that
Au, Pt, and Ag were deposited on the {010} facet of BiVO,
through photoreduction from both anionic ([AuCl]",
[PtCls)*") and cationic (Ag") precursors. In a similar way, they
showed that MnO,, and PbO, were selectively formed on the
{110} facets through photo-oxidation of Mn** and Pb**. These
phenomena happened not only when oxidative/reductive
photodeposition was performed separately but also when this
took place simultaneously (Figure 22). Also, several precursors
were used for MnO, deposition [MnCl,, Mn(NO,;), and
MnSO,], all resulting in similar structure-directed photo-
deposition. Furthermore, when impregnation was performed, a
uniform distribution of metals/metal oxides was observed.
Interestingly, photocatalytic activity in water oxidation (with
105" as electron acceptor) of BiVO, loaded with Pt and MnO,
through photodeposition was significantly hi%her than when
impregnation was used. In a later study, Li et al.”" demonstrated
the same phenomenon for Pt/Co;0,/BiVO, (in dye degrada-
tion). Comparisons between structure-directed photodeposition
and impregnation have been made by other authors as well.*****
Zhen et al.””* showed that higher photocatalytic activities in
hydrogen production were achieved with Pt-loaded ferroelectric
PbTiO; when Pt was selectively photodeposited on the positively
charged {001} facet than when the Pt was randomly distributed
by impregnation. Structure-directed photodeposition does not
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Table 2. Selection of Articles in Which Structure-Directed Photodeposition on Semiconductors Has Been Studied to Distinguish
Sites for Reduction and Oxidation™”

oxidation
semiconductor reduction reaction reaction PC activity after deposition additional notes ref
TiO, (rutile) Pt, {110} facet PbO,, {011} NA PO performed after PR 53
facet
TiO, (anatase) Pt, {011} facet PbO,, {001} NA PO performed after PR 53
facet
TiO, (decahedral Pt, {101} facet PbO,, {001} NA 281
anatase) facet
TiO, (nanosheets) Ag, Cu, Cu,0, edges MnO,, all over  NA 285
surface
SrTiO; (faceted) Ag, {100} surfaces PbO,, {100} NA {100} surface is nonpolar 286
surfaces
SrTiO; (cube and Pt, {001} facet PbO,, {023} NA 201
tetrahexahedron) facet
BaLa,Ti,O5 (platelike)  Pt, all over surface; Au, PbO,, basal Ni oxidized to NiO,” d 296
edges; Ni, basal plane plane
BiVO, Au, Pt, Ag, {010} facet PbO,, MnO,, increased activity in PC water oxidation —impregnation studies disproved a role 90
{110} facet and PEC performance of preferred adsorption
BiVO, Pt, {010} facet Co;04 MnO,, increased activity in water oxidation and  impregnation studies disproved a role 91
{110} facet RhB and MO degradation of preferred adsorption
Cu,O (multifaceted) Pt, apices with high index ~ PbO, {100} NA 289
facet
Cu,O (p-type, with 26 Au, Ag, Pt, {001} facet Co;0,4 MnO, increased activity in MO degradation Cu,O with eight isotropic facets did not 290
anisotropic facets) {111} facet yield SD photodeposition
PbTiO, (ferroelectric Pt, Au, Ag, (+) {001} facet® MnO,, (—) increased activity in H, generation for  impregnation studies disproved a role 294
nanoplates) {001} facet” Pt/PbTiO; of preferred adsorption
Agl (microplates with Ag (0001) facet MnO,, (000T) increased activity in MO degradation 300
polar 0001 facets) facet
Cu,WS, Pt, Ru, {001} facet MnS, PbS, increased activity in H, generation for ~ SD etching through PO observed 104
evenly Pt/Cu,WS,
dispersed
BiOCl Au, {001} facet MnO,;f increased activity in water splitting; also 299

PEC studies performed

“In the second column, both the reduced metal and the preferred location of the semiconductor where it has been deposited are given. Similarly, the
oxidized metal oxide/sulfide and corresponding location are depicted in the third column. ®NA, not available; PO, photooxidation; PR,
photoreduction; PC, photocatalytic; PEC, photoelectrochemical, SD, structure-directed. “Activity lower than when NiO, is prepared by
impregnation. “Two Pt precursors were used. [Pt(NH;),]** yielded larger particles at the edge than on the basal plane. Structure-directed deposition
was not observed for CaLa,Ti,Os. “(+), positively charged; (=), negatively charged. 7{110} facet in simultaneous deposition; all over surface in

single deposition.

always have to result in the highest activity of a photocatalytic
material, though. Jiang et al.”** showed that higher photocatalytic
activities under visible light were achieved in rhodamine B
degradation when an in situ photodeposition method was used,
rather than a classical photodeposition method, to load anatase
with Ag. When classical photodeposition was performed,
photodeposition of Ag took place simply by illuminating a
solution containing anatase and AgNO;. In the case of in situ
photodeposition, NalO; was also added to the solution. It should
be noted that the term “in situ” is infelicitous, as no real in situ
measurements take place during this photodeposition procedure.
The authors hypothesized that AgIO; was formed during stirring
in the dark, which could uniformly coat all facets of the anatase
particles. As a result, structure-directed photodeposition was
observed only when classical photodeposition was used. The
authors elaborated that the size of the Ag particles themselves
played a large role in photocatalytic activity, affecting the surface
plasmon resonance: the in situ method yielded small Ag particles
(1—6 nm), compared to 20 nm Ag particles when classical
structure-directed photodeposition was used. Tizuka et al.*’ also
demonstrated that liquid-phase chemical reduction of Ag on
BaLa,Ti,0; plates yielded higher photocatalytic activity in CO,
reduction than when either in situ photodeposition or
impregnation was used. In this case Ag was at first randomly
distributed on the Bala,Ti;O,; plates, but after 1 h of

14609

photocatalytic reaction, the authors found that Ag particles
were disappearing from the basal plane and reappearing at the
edges. The authors attributed this to photo-oxidation of Ag
particles on the basal plane, which were subsequently selectively
photodeposited on the edges. The size of the rephotodeposited
Ag particles was smaller than the size of the classical in situ
photodeposited Ag particles (<10 nm vs 30—40 nm), explaining
the higher activity in CO, reduction.

9. POINTS FORIMPROVEMENT IN PHOTODEPOSITION
STUDIES

9.1. Terminology: Loading versus Doping

Several researchers confuse loading of metal (oxide) nano-
particles on semiconductor surfaces with doping. To understand
the difference between loading and doping, we emphasize the
description of the two concepts and the goals researchers want to
achieve.

e Loading is the concept of depositing nanoparticles on the
surface of semiconductor substrates. This is a means to
enhance photocatalytic activity, with the nanoparticles
acting as a cocatalyst.

e Doping of a material is the introduction of ionic species in

the crystal lattice of a semiconductor. This is done to
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Figure 21. Left side: Au/ZnO nanorods prepared through photo-
deposition with (a) 0.1 mM Au(CH;COO),;, (b) 0.05 mM Au-
(CH,CO00);, and (c) 0.05 mM AuCl; ethanol solution. Right side:
corresponding backscattered electron images. Reprinted with permis-
sion from ref 287. Copyright 2009 American Chemical Society.

. &
"
Figure 22. M/MO/BiVO, samples (M = Au, Pt, Ag; MO = MnO,,
PbO,), where M and MO were simultaneously deposited through,
respectively, photoreduction and photo-oxidation over BiVO,. Metals/
metal oxides (S wt %) were loaded, and the scale bar corresponds to 500

nm. Reprinted with permission from ref 90. Copyright 2013 Macmillan
Publishers Limited.

introduce a new intraband energy level in the band gap,

yielding visible-light sensitivity of the semiconductor.
9.2. Band-Gap Changes

Quite often authors compare the band gap of their photo-
catalysts, determined by UV—vis diffuse reflectance spectrosco-
py, before and after nanoparticulate deposition. In several cases, a
change in absorption spectrum of the semiconductor is observed
after deposition of nanoparticles, which is then tentively assigned
to a change in band gap (likely based on the confusion that
deposition leads to “doping”). We consider this to be very
unlikely, as only surface properties of a semiconductor crystal are
changed when nanoparticles are deposited by photodeposition.

At the interface of the metal particle and the semiconductor, a
physical phenomenon does occur, known as band-bending.
However, this typically does not change the intrinsic band-gap
values. It is more likely that changes in diffuse reflectance
absorption spectra after nanoparticle deposition are due to
(plasmonic) absorption characteristics of these metal (oxide)
nanoparticles, superimposed on the (original) spectrum of the
semiconductor. This should be considered when (minor) shifts
in apparent band-gap absorption are deduced from Tauc plots.

9.3. Measurement of Photon Flux

Although the type and wattage of lamps used is usually
mentioned in experimental procedures of photodeposition, the
photon flux (in milliwatts per square centimeter) arriving at the
slurry of the semiconductor particles is not. This should be
measured and provided, since the photon flux will largely affect
the rate of deposition and the resulting size of the deposited
nanoparticles. Reporting of the photon flux is also essential to
allow comparison of studies aimed at determining the effects of
process parameters on photodeposition rates.

9.4. High-Temperature Treatment

Some authors perform high-temperature treatment after photo-
deposition, to remove remaining organics (sacrificial electron
donors, such as ethanol). It should be mentioned that an elevated
temperature is often insufficient to completely remove hydro-
carbon contaminants, and prolonged UV treatment in aqueous
conditions is more effective. Furthermore, properties of as-
deposited particles will change at elevated temperatures. This
should be taken into consideration when nanoparticle engineer-
ing is proposed through optimizing photodeposition conditions.
Finally, from a cost and green chemistry perspective, high-
temperature treatment will, to some extent, forfeit the favorable
energy requirements for photodeposition.

9.5. Verification of Weight Loading

After photodeposition, it is important to verify the obtained
weight loading of the metal (oxide) on the photocatalyst, for
example, by XRF or ICP analysis. Knowledge of the amount of
deposited metal (oxide) quantity is essential to explain
differences in photocatalytic performance after variation in
photodeposition procedures. If ICP is used, measuring the
remaining metal jon content in solution after a certain
illumination time is preferred over dissolving synthesized
powder, for example, in aqua regia. Dissolution of metal oxides
is not straightforward, even if present in nanoparticulate
morphology, and might be incomplete.

9.6. Verification of Valence State of As-Deposited Particles

Although some authors study the oxidation state of the metal
after deposition, usually by XPS, quite often such analysis is not
provided. Before any conclusions can be drawn from the
behavior of cocatalytic nanoparticles in stimulating photo-
catalytic performance of a semiconductor, knowledge of the
valence state is indispensable. Although we have provided
indications on how the oxidation state can be controlled by the
process conditions applied during photodeposition (nature of
the sacrificial agent and pH), verification of the oxidation state
after preparation is recommended. This has been emphasized as
well by Lee and Choi*® and Murcia et al.**

9.7. Preferential Deposition on Facet-Engineered Crystals

As discussed earlier, structure-directed photodeposition is an
upcoming field to determine the presence of reductive or
oxidative facets on a semiconductor particle upon illumination.
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However, sorption phenomena in the absence of illumination
might also play an important role in selective deposition of metal
(oxide) particles on a specific semiconductor facet. Therefore,
researchers working in the field of structure-directed photo-
deposition should always verify by experiment whether a
geometrical distribution of metal (oxide) particles is the result
of site-selective reductive or oxidative deposition or (dark)
sorption phenomena. The latter can be verified by applying
impregnation and is related to differences in intrinsic surface
charges when semiconductor crystals are in contact with
solutions used in photodeposition. Atomic force microscopy
studies, capable of distinguishing the two phenomena, are highly
recommended.

10. SUMMARY AND FUTURE PERSPECTIVES OF
PHOTODEPOSITION

In this review, we discussed the concept of photodeposition and
the promise it might hold for efficient preparation of cocatalytic
nanoparticles on semiconductors. We showed that photo-
deposition, in particular deposition of Pt on TiO,, Ag on ZnO,
and Pt on CdS, yields very attractive materials for photocatalytic
applications. However, optimization of the method of photo-
deposition to obtain catalyst materials with maximized activity is
still largely empirical, since fundamental understanding of the
physical chemistry of photodeposition is limited. We recom-
mend performing additional studies to understand the
mechanism of photodeposition and to provide rational guide-
lines for synthesis of nanoparticles with specific sizes and
oxidation states on semiconductor substrates. Recent develop-
ments in the research domain of photodeposition are aimed at
investigation of structure-directed photodeposition: photo-
deposition is then used to create nanoparticles on facets of
engineered crystals with favorable reductive and oxidative
properties. With these facet-engineered crystals of semi-
conductors, and the right set of conditions for optimized
photodeposition, it should be possible to prepare materials with
unprecedented photocatalytic activities.
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