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Abstract: The photodeposition of Pt nanoparticles from
[PtCl6]

2� on platelike WO3 crystals occurs preferentially on
the small, subordinate facets. Rather than the often-used
explanation of preferred light-induced charge migration, we
propose that this phenomenon is due to differences in the
intrinsic surface charges of WO3 facets exposed to water; thus,
the dark sorption of [PtCl6]

2� on positively charged facets/
edges is preferred. This conclusion is based on 1) (dark)
impregnation studies, which showed Pt deposition to also be
facet-specific, and 2) aqueous-phase AFM studies, which
suggest intrinsic surface charges to be in agreement with
sorption-based Pt distributions.

In recent years, the photodeposition of nanoparticulate
metals and metal oxides on various semiconductor crystals
has been used frequently to optimize photocatalytic perfor-
mance. Interestingly, various studies have demonstrated
a specific spatial distribution of these nanoparticles on
photocatalytically active crystals. For example, Ohno et al.
observed metal deposition preferentially on the {110} facet
and the {011} facet of rutile and anatase phases, respectively,
whereas (lead) oxide deposition on the {011} facet and the
{001} facet appeared to be preferred.[1] Miseki et al. showed
the accumulation of Au or Ni on very different facets of
BaLa4Ti4O15 as compared to PbO2.

[2] Furthermore, Iizuka
et al. observed the preferred positioning of Ag on the same
BaLa4Ti4O15 photocatalyst.[3] Finally, Li et al. convincingly
demonstrated the presence of spatial nanoparticle distribu-
tions after the photodeposition of Pt on BiVO4.

[4] Generally,
two reasons for preferred photodeposition have been pro-
posed. Ohno et al., Iizuka et al. , and Li et al. advocate
a theory according to which illumination results in the

preferred migration of holes and electrons to specific crystal
facets, thus resulting in locations where reduction reactions
(and metal deposition) preferentially occur, and other
locations where oxidation reactions are dominant (and
result in oxide deposition).[1] Alternatively, Miseki et al.
ascribe the structure-directed deposition of Au, Ni, and
PbO2 on BaLa4Ti4O15 to preferred sorption phenomena, thus
implying that differences in the intrinsic surface charge of
facets should be present under conditions of photodeposi-
tion.[2]

Tungsten trioxide (WO3) is one of the most studied
semiconductor materials in photocatalysis.[5] WO3 is chemi-
cally stable under acidic conditions, is nontoxic, and has
a relatively narrow bandgap (ranging from 2.4 to 2.8 eV), thus
enabling the absorption of visible light in the blue range:
a significant part of the solar spectrum.[5, 6] WO3 has been used
successfully in Z-scheme configurations for overall water
splitting.[7] Additionally, WO3 loaded with Pt nanoparticles
shows significant photocatalytic activity in wastewater treat-
ment.[6a, 8] Often photodeposition is used to prepare platinum-
loaded WO3.

[8c,d, 9] Although the photocatalytic behavior of
platinum-modified WO3 has been reported frequently, to the
best of our knowledge no detailed reports have been
published on a preferential location of deposited Pt on WO3

crystals or the mechanism leading to such a distribution.
Herein, we demonstrate that a preferential deposition of Pt
on WO3 occurs and provide experimental data to explain the
mechanism which induces this phenomenon.

For the synthesis of WO3 particles with well-structured
facets, methods for crystal-facet engineering are very suit-
able.[10] By using hydrothermal synthesis, researchers have
been able to obtain WO3 with well-defined morphologies,
such as nanorods,[11] nanowires,[12] nanoplates/nanosheets,[13]

nanourchins,[12b,14] and flowerlike morphologies.[15] We syn-
thesized well-defined platelike WO3 on the basis of a method
described by Su et al.[13a] Platinum was photodeposited by
a similar method described by Purwanto et al. by the use of
the precursor [H2PtCl6]·6 H2O at pH 3, 4, and 6.[8c] We also
applied the impregnation of Pt on our samples by using
a method proposed by Yoshimura et al.[16] Finally, we
performed aqueous-phase AFM studies to determine whether
different crystal facets of WO3 possess (pH-dependent)
opposite intrinsic surface charges.

By using the method of Su et al.,[13a] we obtained platelike
WO3 particles of the monoclinic phase with well-defined
facets and a specific BET surface area of approximately
8.4 m2 g�1. After the photodeposition of Pt on such WO3

particles, we analyzed the resulting particles by high-resolu-
tion TEM (HRTEM), X-ray photoelectron spectroscopy
(XPS), and inductively coupled plasma atomic emission
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spectroscopy (ICP-AES) to identify the Pt particle size and
loading (see Figure S1 in the Supporting Information for an
HRTEM image of the Pt particles). Energy-dispersive X-ray
spectroscopy (EDX) confirms that the particles consist of Pt.
On the basis of the electron microscopy data, we determined
that the Pt particles have a diameter in the range of
approximately 5–10 nm. Additionally, the XPS data revealed
that the percentage of Pt atoms on the surface of Pt/WO3

obtained through photodeposition was 1.5 atom%, whereas
the percentage of surface Pt atoms in Pt/WO3 obtained
through impregnation was 2.9 atom % (see Figure S2 and
Table S1 in the Supporting Information). ICP-AES measure-
ments show that the Pt loading obtained through photo-
deposition is 0.8 wt %. When impregnation was used, the Pt
loading was 1.8 wt%. Furthermore, XPS analysis showed that
potential contamination by chlorine or carbon atoms as
a result of the WO3 synthesis was absent.

Figure 1 shows high-resolution SEM images of platinum-
loaded platelike WO3 prepared by photodeposition in a pro-
cedure based on the use of [H2PtCl6]·6 H2O. We observe two
phenomena. First, a preferred positioning of Pt particles

occurs for well-defined crystals of WO3 at the smaller facets.
Often the dominant facet of the platelike morphology is void
of any Pt particles. Statistically, we determined the ratio of Pt
particles on the edges/small facets to those on the dominant
facets to be 5:1 (see Tables S2 and S3). In these crystals, we
determined the dominant facet to be the (002) facet and the
edged facet to be (020), as confirmed by HRTEM and AFM
studies (see Figure S3). Second, we observe in the HRSEM
images that some crystals have lost their well-defined
morphology after the photodeposition procedure. A clear
preference of Pt for specific facets is not so evident in these
domains of the sample. We hypothesize that during the
photodeposition of Pt on WO3, a (local) increase in the
pH value occurs, possibly induced by platinum-related photo-
catalytic hydrogen formation, and results in instability of the
WO3 crystals in solution. (Photo)corrosion of WO3 is known
to be significant at pH> 4. Indeed, when the photodeposition
reaction was performed at pH 6, a significantly more dramatic
restructuring of WO3 was apparent (Figure 2), and the
phenomenon of preferred deposition was no longer observed.

HRSEM and AFM topography images shown in Figure 2 and
Figure S4 (see the Supporting Information) clearly illustrate
that WO3 particles after photodeposition had lost their well-
defined initial platelike structure (Figure 2c) and had
a rougher, rounder morphology. It is difficult to distinguish
the difference between the dominant facet and edges.

Interestingly, HRSEM images of platinum-loaded plate-
like WO3 obtained through impregnation with the same
precursor ([H2PtCl6]·6 H2O) show similar phenomena
(Figure 3). Preferred Pt deposition on the subordinate facets
is observed, again with a statistical ratio of Pt particles on the
edges/small facets to those on the dominant facets of 5:1 (see
Table S4). This result also suggests that the size and distribu-
tion of the Pt particles do not change significantly as
a consequence of the somewhat higher loading of the
impregnated sample. Still, at significantly higher loading the

Figure 1. HRSEM images of as-synthesized platelike WO3 loaded with
Pt particles through photodeposition with [H2PtCl6]·6H2O as the
precursor. a) Positioning of the Pt particles seems to take place at the
edges/smaller facets. b) Some WO3 particles lose their well-defined
morphology by photodeposition.

Figure 2. a) HRSEM image of as-synthesized platelike WO3 loaded
with Pt particles through photodeposition with [H2PtCl6]·6H2O as the
precursor at pH 6. b) AFM height and d) AFM phase images (obtained
in tapping mode) of WO3 loaded with Pt particles. c) AFM height
image (obtained in tapping mode) of as-synthesized platelike WO3

particles deposited on a silicon substrate. The positioning of the Pt
particles is no longer visible.

Figure 3. HRSEM images of as-synthesized platelike WO3 loaded with
Pt particles through impregnation with [H2PtCl6]·6H2O as the precur-
sor. a) Again, positioning of the Pt particles seems to take place at the
edges. b) Some WO3 particles have changed morphology after impreg-
nation. Structure-directed deposition is no longer obvious in these
domains.
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geometrical particle distribution might be different; this
possibility will be the subject of a future study. Although to
a lesser extent, some corrosion of WO3 also occurred in the
impregnation procedure, thus leading to domains where Pt
deposition was more arbitrary. We hypothesize that this
behavior is again caused by an increase in the pH value,
induced in this procedure by the decreasing HCl concen-
tration during the water-evaporation step at 100 8C.

Attempts to use the cation [Pt(NH3)4]
2+ rather than the

anion [PtCl6]
2� to create Pt nanoparticles on WO3 crystals by

photodeposition were unsuccessful: No Pt particles were
observed in SEM images, in agreement with previously
reported studies.[17] Interestingly, impregnation with this
precursor appears to yield a significant fraction of Pt particles
on the dominant facets of the platelike WO3 (Figure 4).
Notably, the Pt particles are also considerably larger than
those formed with [H2PtCl6]·6H2O (Figure 1), ranging from

10 to 25 nm in diameter. This difference in particle size is in
agreement with earlier studies by Ma et al.[18]

The results strongly suggest that the structure-directed
(photo)deposition of Pt on monoclinic WO3 is adsorption-
induced. To determine whether an intrinsic surface charge is
present for WO3 crystals, AFM studies were conducted in
water (pH 3 or pH 6, 10 mm NaCl) with a sharp negatively
charged oxidized Si tip (Figure 5). At a pH value of around 6,
the weakly repulsive force recorded on the basal planes
indicates a weak negative surface charge. The absolute value
amounts to 10–20% of the much more repulsive adjacent
silica substrate. The charge density of the latter is approx-
imately �0.5 C m�2 under the conditions of the present
experiments.[19] The negative charge is in agreement with
the macroscopic observation of Kim et al., who showed
a negative surface charge of WO3 by z-potential measure-
ments.[6a] However, the results suggest a different, in the
present case slightly positive surface charge along the edges of
the WO3 crystals.

Similar behavior was observed at a pH value of about 3, at
which the interaction force between the tip and the basal

planes of a WO3 particle were more repulsive as compared to
silica. As the pH value of about 3 is very close to the
isoelectric point (IEP) of silica (IEPSiO2

� 3) rather than WO3

(IEPWO3
� 2), the surface is still negatively charged,[6a] in

agreement with the observed location of the Pt nanoparticles
prepared by using solutions of [PtCl6]

2� : Since the edges
appear positively charged, sorption of the negatively charged
[PtCl6]

2� is probably preferred at these locations.
To understand what causes the clear preference of Pt for

sorption on specific facets, we proceeded to image the WO3-
particle surface at atomic resolution. Figure 5c shows the
amplitude-modulated height image of a WO3 particle equi-
librated in 10 mm aqueous NaCl at atomic resolution. The
image was obtained with a super-sharp tip at room temper-
ature. It was recorded along the WO3 particle, so that the
basal plane and edges can be observed at the same time. The
top right corner, which corresponds to the basal plane of the
particle, reveals the monoclinic symmetry caused by the
arrangement of the protrusions in a quasisquare structure

Figure 4. HRSEM image of as-synthesized platelike WO3 loaded with
Pt particles through impregnation with [Pt(NH3)4(NO3)2] as the pre-
cursor. No obvious preferred positioning of the Pt particles is
observed, with several Pt particles present on the dominant facets. The
Pt particles also appear larger than when [H2PtCl6]·6H2O was used as
the precursor.

Figure 5. a) Combined 2D force field obtained by measuring 55 single
force-versus-distance curves along a line in the x direction over a silicon
oxide/WO3 sample in 10 mm aqueous NaCl at pH 3.2 and 6. b) Aver-
aged force curves from measurement in (a) plotted versus tip–sample
distance. At pH 6, a mild repulsive force represents a mild negative
surface charge of facets of the WO3 particle (green), whereas an
attractive force represents a positive surface charge (blue). The WO3

particle was deposited on silica as a support, which was significantly
negatively charged (red). At pH 3.2, the interaction force between the
tip and the basal planes of the WO3 particle is more repulsive.
c) High-resolution noncontact amplitude-modulated AFM topographic
images of the WO3 surface taken in 10 mm aqueous NaCl. The top
inset shows a two-dimensional fast Fourier transformation pattern of
height images. The bottom inset shows the zoom of an atomic-scale
image on basal planes ((002) facet) after processing with a Fourier
transformation superimposed with an X-ray crystal structure in the ab
plane. Protrusions arranged in a quasisquare structure agree well with
the theoretical X-ray crystal structure and the arrangement of tungsten
atoms. d) Top: Height profile taken along the black line in (c) shows
the atomic steps. Bottom: Height profiles in the red and blue
directions shown in the bottom inset of (c). The height profiles in the
red and blue directions display periodicities of approximately 0.38 nm.
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with spacings of approximately 0.38 nm in the a and b
directions, consistent with the crystallographic data (as
emphasized in the inset in the bottom left corner). In analogy
with earlier observations for gibbsite platelets,[20] closer to the
edge a higher density of atomic steps (black line in Fig-
ure 5c,d), a distorted lattice, and the presence of various
structural defects were observed. These features could
explain the preponderant heterogeneous electrostatic inter-
actions and charge properties, which probably contribute to
the observed (positive) charges and preferential [PtCl6]

2�

adsorption at these locations (see Figure S3 for more details).
We speculate that similar, positively charged structural

defects might be formed upon (photo)corrosion of the
dominant facet of WO3 under mildly basic conditions.
[PtCl6]

2� ions adsorb on these newly formed sites, thus
explaining the presence of some particles on the dominant
facets. When more drastic (photo)corrosion takes place
(Figure 2), the vast restructuring of the crystal leads to an
arbitrary deposition of Pt, which most likely has a more
complicated origin than simple electrostatic interactions.
More detailed and extensive AFM studies at different
stages of corrosion are required to investigate how structural
defects are formed, and to clarify the mechanism of platinum-
particle formation on such severely corroded crystals.

In summary, facet-preferred (photo)deposition of Pt on
WO3 was observed, and was predominantly determined by
differences in intrinsic surface charge. Prior to photoreduc-
tion and/or thermal decomposition, [PtCl6]

2� ions adsorbed
preferentially on positively charged surfaces, thus leading to
the observed specific geometrical distribution. The AFM
results are in agreement with sorption-induced geometrical
particle distributions.[2] We propose that light-induced pref-
erential migration of electrons and holes to specific crystal
facets is a less valid hypothesis to explain the observed
particle distributions.[1, 3,4]

Further research is under way to verify whether the facet-
preferred deposition of metals or metal oxides is consistently
driven by intrinsic differences in surface charge. Second, we
aim to verify if the presence of Pt in a specific, but different
geometrical distribution is of relevance for photocatalytic
activity. In this case, an increase in the pH value should be
prevented at all times, to prevent loss of integrity of the well-
defined crystals of WO3 or other semiconductor oxides, and
thus loss of the preferred spatial distribution of Pt deposition.
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