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Suppression of phosphine-protected Au9 cluster
agglomeration on SrTiO3 particles using a
chromium hydroxide layer†
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Yuichi Negishi, e Siriluck Tesana,f Gregory F. Metha d and
Gunther G. Andersson *ac

Gold clusters have been shown to have great potential for use as co-catalysts in photocatalytic water

splitting. Agglomeration of Au clusters deposited onto semiconductor surfaces into larger particles is a

major challenge. Metal oxide overlayers can be used to improve the stability of Au clusters on surfaces

and avoid their agglomeration. The aim of this work is to investigate the inhibition of phosphine-

protected Au9 clusters beneath a Cr(OH)3 overlayer to agglomerate under conditions of photocatalytic

water splitting (i.e. UV irradiation). Au9 was deposited on the surface of SrTiO3 using a solution

impregnation method followed by photodeposition of a Cr(OH)3 layer. After UV light irradiation for

7 hours for photocatalytic water splitting, uncovered Au clusters on SrTiO3 agglomerated into larger

particles. However, agglomeration was inhibited when a thin Cr(OH)3 layer was deposited onto the

SrTiO3-Au9 system. From careful XPS measurements, the chemical state of the overlayer is initially

determined to be Cr(OH)3 but upon heating at 200 1C for 10 min it converts to Cr2O3. Through

photocatalysis experiments it was found that the Cr(OH)3 overlayer blocks the sites for O evolution

reaction on the SrTiO3-Au9.

Introduction

Metal clusters are formed by a specific number of metal atoms
and are generally less than 2 nm in size. Metal clusters exhibit
unique physical and chemical properties which are different to
those of nanoparticles formed by the same element and the
respective bulk materials.1–4 Clusters can be synthesised with

protecting ligands to stabilise the cluster core and prevent
agglomeration.5,6 In contrast to gas phase generated clusters,
ligand protected clusters can be synthesised on a larger scale.
Atomically precise chemically synthesised ligated clusters
deposited onto metal oxides are known to be photocatalytically
active in water splitting.2,7,8 When using chemically synthesised
ligated clusters, the ligands need to be removed to generate
naked clusters on a surface as active sites of a photocatalyst.9

Au clusters decorated metal oxide surfaces show enhanced
photocatalytic water splitting activity due to the size and dis-
persibility of ultrasmall metal clusters on surfaces.10–16 How-
ever, removal of the ligands of the deposited clusters without
causing agglomeration of the clusters is a challenging task.2,7,17

Agglomeration of the clusters render them inefficient as active
sites in photocatalysis, particularly when the catalytic perfor-
mance is based on the size of the clusters. For example, Au25

clusters on BaLa4Ti4O15 surfaces show a strong decrease in
photocatalytic activity if the clusters increase in size.13 It is
also known that Au clusters on surfaces exposed to constant
irradiation can result in agglomeration of the clusters.18,19

Inhibiting the agglomeration of Au clusters decorated on
metal oxide surfaces can be achieved by using surface modification
and coating strategies.20,21 Krishnan et al. have stabilised
Au9(PPh3)8(NO3)3 and Au13(dppe)5Cl2Cl3 clusters deposited on

a Flinders Institute for Nanoscale Science and Technology, Flinders University,

Adelaide, South Australia 5042, Australia
b Department of Physics, Faculty of Science and Arts in Baljurashi,

Albaha University, Baljurashi 65655, Saudi Arabia
c Flinders Microscopy and Microanalysis, College of Science and Engineering,

Flinders University, 5042 Adelaide, Australia
d Department of Chemistry, University of Adelaide, Adelaide, South Australia 5005,

Australia
e Department of Applied Chemistry, Faculty of Science, Tokyo University of Science,

1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan
f The MacDiarmid Institute for Advanced Materials and Nanotechnology,

School of Physical and Chemical Sciences, University of Canterbury, Christchurch

8141, and National Isotope Centre, GNS Science, Lower Hutt 5010, New Zealand

† Electronic supplementary information (ESI) available: The HAADF-STEM
images of in situ STEM measurements of the Au9 clusters, the details of the
XPS 4f Au spectra, their fitting and quantification and results from the water
splitting reaction with and without addition of air (oxygen). See DOI: 10.1039/
d1ma01226f

Received 22nd December 2021,
Accepted 10th March 2022

DOI: 10.1039/d1ma01226f

rsc.li/materials-advances

Materials
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
1/

23
/2

02
5 

5:
17

:2
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0003-2915-5789
http://orcid.org/0000-0003-3965-1399
http://orcid.org/0000-0003-1094-0947
http://orcid.org/0000-0001-5742-3037
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma01226f&domain=pdf&date_stamp=2022-03-25
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01226f
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA003008


© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 3620–3630 |  3621

ALD TiO2 films by pre-treatment of the surface through heating
and sputtering to introduce defects.22,23 These defects sites
stabilise the Au clusters against agglomeration on the surface.
Recently, Xu et al. reported that the photostability of glutathione-
protected Au25 clusters on SiO2 spheres was increased by addition
of multifunctional branched poly-ethylenimine (BPEI).24

Subsequent coating with TiO2 shell produced a photocatalyst with
improved efficiency and photostability, even after long periods of
light irradiation.

It has been shown that deposition of a CrOx overlayer can
stabilise nanoparticles and clusters. Domen et al. have developed
a method to improve the stability of rhodium nanoparticles using
a CrOx overlayer.25–28 CrOx overlayers also can prevent the back
reaction H+ and O2 to H2O (oxygen photoreduction reaction) in
photocatalysts used for water splitting,29–38 with the effectiveness
of the overlayer depending on its thickness.39 CrOx layers have
been applied to a range of co-catalysts deposited on other metal
oxide substrates, such as platinum nanoparticles,38,40 palladium
nanoparticles,41 silver nanoparticles39 and metal oxides (NiOx,
RuO2, Rh2O3 and CuOx).28,42 Overlayers of other metal oxides have
also been employed to stabilise co-catalysts and to prevent the
back reaction in photocatalysis.43–46

Chemically synthesised phosphine-protected Au clusters
have attracted much attention because of their fluxional behavior
and facile removal of the Au-Ph ligands.2,21,47 The aim of the
present study is to investigate the size of Au9(PPh3)8(NO3)3 (here-
after referred to as Au9) deposited onto SrTiO3 nanoparticles
before and after the removal of the ligands and after undergoing
photocatalysis. This study includes an investigation of the
influence of the chromium oxide (CrOx) layer in preventing cluster
agglomeration. CrOx overlayers are photodeposited, before
the removal of the ligands, to inhibit the Au clusters from
agglomeration. The size of Au9 clusters was examined to

investigate the effectiveness of the CrOx overlayer to stabilising
phosphine-protected Au clusters after heating and UV irradiation.
Finally, the influence of CrOx coverage for Au9 deposited onto
SrTiO3 on overall photocatalytic water splitting rate is examined.

Experimental methods and techniques
Material and sample preparation

Material. SrTiO3 with a purity of 99% (o100 nm particle
size) was purchased from Sigma-Aldrich (Australia). Au9 was
synthesized using the procedure reported earlier.48 Methanol
(CH3OH) (99.9% super gradient HPLC (ACI labscan)), potassium
chromate (K2CrO4) (purity Z99%, Sigma-Aldrich, Australia) and
deionised water were used for sample preparation.

Deposition mechanism. Scheme 1 depicts the experimental
procedure for preparing (a) the SrTiO3-Au9 samples and (b) the
SrTiO3-Au9-CrOx samples via impregnation and photodeposition.

(a) Deposition of Au9 onto SrTiO3 (SrTiO3-Au9). SrTiO3-Au9 was
prepared using an impregnation method (see Scheme 1a). First,
1 g of SrTiO3 was dispersed in 10 mL of CH3OH. Subsequently,
10 mL of a Au9 cluster solution (0.12 mM) was added to a stirred
suspension of SrTiO3 (1 g SrTiO3, 10 mL CH3OH) and left to stir
for 1 h at room temperature. The total volume of a CH3OH
solution was 20 mL and concentration of Au9 in the solution
was 0.06 mM. Assuming complete adhesion of the clusters onto
the substrate, the total Au content of the SrTiO3-Au9 sample is
0.2 wt% Au content. The stirred suspension was heated at 50 1C
under N2 flow until the CH3OH had evaporated (approximately
8–10 min for evaporating the CH3OH). The SrTiO3-Au9 powder
was collected without further treatment.

Scheme 1 Experimental procedure of (a) Au9 deposition on SrTiO3 particles and (b) photodeposition of CrOx onto SrTiO3-Au9 particles.
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(b) Photodeposition of Cr onto SrTiO3-Au9. CrOx was photo-
deposited onto the SrTiO3-Au9 samples to form an overlayer
(see Scheme 1b). 500 mg of SrTiO3-Au9 powder was added to a
0.5 mM aqueous K2CrO4 solution (200 mL). The mixture was
irradiated for 12 hours using a UV LED source (Vishay,
VLMU3510-365-130) while stirring at a speed of 1000 rpm.
The radiant power of the UV LED source was 690 mW at a
wavelength of 365 nm. After irradiation, the SrTiO3-Au9-CrOx

powder was collected by centrifugation and washed with deio-
nised water. ICP-MS analysis determined that approximately 20%
of all available Cr was deposited onto the SrTiO3-Au9 particles.

Heat treatment. All samples were heated under vacuum
(below 1 � 10�3 mbar) at 200 1C for 10 min to remove the
ligands before photocatalytic testing.49 XPS samples were
heated at the same temperature and for the same time; spectra
were recorded immediately after heating.

Analytical methods

X-Ray photoelectron spectroscopy (XPS). X-Ray photoelectron
spectroscopy (XPS) was used to determine the size of the Au
clusters deposited onto the substrate and to determine the
surface elemental compositions. XPS was applied using an
UHV instrument with a Phoibos 100 hemispherical analyser
(SPECS) and a base pressure of a few 10�10 mbar with the
instrument described in ref. 50 A non-monochromatic X-ray
source with a Mg anode (12 kV–200 W, Ka line with an excitation
energy of 1253.6 eV) was used for X-ray irradiation. Survey scans
at 40 eV at a step size of 0.5 eV were measured first followed by
high-resolution scans at a pass energy of 10 eV. The angle
between the X-ray source and the analyser is 54.71. At a pass
energy of 10 eV the FWHM of the Ag 3d5/2 peak is o1 eV. The
uncertainty of the peak positions is typically 0.2 eV.

High-resolution XP spectra were recorded for Au 4f, Sr 3d, Cr
2p, Ti 2p, P 2p, O 1s and C 1s. The XP spectra were calibrated
using the main carbon peak at 285 eV to correct for charging
effects.51 The peak areas were used to calculate the relative
intensities taking into account the transmission function and
cross-section.52

Scanning transmission electron microscopy (STEM). STEM
was applied to determine the size and distribution of the
deposited Au clusters and the thickness of the CrOx overlayer.

STEM was applied with a high-angle annular dark-field
(HAADF) detector (FEI Titan Themis 80–200). The STEM
measurements were operated at 200 kV with a HAADF collec-
tion angle greater than 50 mrad. The energy-dispersive X-ray
spectroscopy (EDS) elemental maps was employed with STEM-
HAADF to determine the elemental distribution. STEM-EDS
elemental maps obtained at a magnification up to 5 nm. The
Veloxt software was used to process elemental maps data. It
should be noted that STEM imaging can alter the samples due
to the energy deposited by the electrons impinging on the
sample (vide infra).

Photocatalytic water splitting reactions
Overall water splitting. The photocatalytic activity was tested

using a high-pressure Hg lamp (400 W, main wavelength at
365 nm) within a quartz cell (see Scheme S1, ESI†).19 The
reaction was carried out in a closed gas flow system with Ar
flow of 30 mL min�1 using a solution containing 500 mg of the
photocatalyst (i.e. SrTiO3, SrTiO3-Au9 and SrTiO3-Au9-CrOx after
heating) with 350 mL of water. Before the photocatalysis
experiment, the reaction cell was purged with Ar gas bubbling
through the water for 1 h to ensure that air was completely
removed from the reaction vessel.

Hydrogen evolution using a sacrificial reagent. This experiment
was performed using the same procedure as overall water
splitting except that 10% of the water is replaced with methanol.

Oxygen photoreduction reaction. Using the same procedure as
hydrogen evolution with the sacrificial reagent, oxygen was
introduced into the reaction with a closed gas flow system
using a 7 : 3 mixture of Ar to air at a flow rate of 30 mL min�1.

Results and discussion
Before heating

Characterisation of SrTiO3-Au9 and SrTiO3-Au9-CrOx. The
size of phosphine-protected Au9 clusters deposited onto SrTiO3

particles is examined in this work, along with the effect of the
CrOx overlayer on the size of Au9 clusters, using XPS. (It should
be noted that the coating is labelled ‘‘CrOx’’ until we confirm
the nature of the Cr component (vide infra)). The XPS Au spectra
of SrTiO3-Au9 and SrTiO3-Au9-CrOx are shown in Fig. 1.

Fig. 1 XPS spectra of Au 4f of (A) Au9 deposited on SrTiO3 and (B) SrTiO3-Au9 after photodeposition of a CrOx layer.
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A summary of the Au 4f peak positions and full-width-half-
maximum (FWHM) is presented in Table S1 (ESI†) and full
elemental composition analyses and peak positions are pre-
sented in Tables S2 and S3 (ESI†). In the present experiment,
the Au 4f spectra were fitted with two doublet peaks (in addition
to the spin–orbit 4f7/2 and 4f5/2 pairs). These peaks are referred to
as the ‘high binding peak’ (HBP) and ‘low binding peak’ (LBP),
as described in our previous work.49 The position of the Au 4f7/2

HBP is observed at 84.8–85 eV (FWHM of 1.7 � 0.2 eV) while the
Au 4f7/2 LBP is at 84.1 eV (FWHM of 1.2 � 0.2 eV). Through the
XPS final state effect, the size of the phosphine-protected Au9

clusters can be determined using the Au 4f7/2 peak position and
the FWHM.23,53–57 The peak position of phosphine-protected Au9

clusters is known to be 84.8–85.2 eV, with a typical FWHM of
1.7 � 0.2 eV. The peak position for agglomerated Au9 clusters
shifts to 83.7–84.1 eV with FWHM of 1.0 � 0.2 eV.23,53–57 The Au
4f spectrum of SrTiO3-Au9 shows 83% of the intensity at the HBP
position, corresponding to non-agglomerated Au9 clusters, and
17% at the LBP, corresponding to agglomerated Au9 clusters.
The SrTiO3-Au9-CrOx shows 90% of the Au 4f spectrum intensity
at the HBP position and 10% at the LBP position. The LBP of
SrTiO3-Au9 has a slightly higher percentage than SrTiO3-Au9-
CrOx, which can be attributed to a somewhat higher degree of
agglomeration of the Au9 clusters in SrTiO3-Au9 without a CrOx

layer. However, more than 80% of the Au 4f intensity for both
samples are at the HBP, indicating that most of the Au9 clusters
remain non-agglomerated. It is important to note that the
triphenylphosphine (PPh3) ligands are difficult to determine
using XPS due to the overlapping energies of P 2p and Sr 3d
peaks (see Fig. S1, ESI†).58

The state of Cr photodeposited on SrTiO3-Au9 was
investigated using XPS. Fig. 2 shows the Cr 2p spectrum of

Fig. 2 XPS Cr 2p spectrum of SrTiO3-Au9 after photodeposition of a CrOx

layer.

Fig. 3 (A) HAADF-STEM image with EDX elemental mapping of (B) Au and (C) Ti in SrTiO3-Au9 before heating and (D) line analyses of the Au signal.
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SrTiO3-Au9-CrOx before heating. The Cr 2p spectrum was fitted
with a single doublet peak (2p3/2 and 2p1/2). It was fitted by
including the Ti 2s energy loss peak, which occurs in the same
energy region. In our previous work, the Cr 2p peak was
described and fitted using a fixed relation between the intensity
of the Ti 2p3/2 and the Ti 2s loss peak.59 The Cr 2p3/2 peak is
found at 577.4 � 0.2 eV, which can be identified from literature
reference data as being Cr(OH)3.60 It should be noted that this
is different to the binding energy of Cr2O3 and will be discussed
below (vide infra).

Fig. 3 shows the HAADF-STEM image of Au9 deposited onto
the surface of SrTiO3. The figure includes EDX elemental
mapping of Au and Ti as well as line analysis of Au. It should

be noted that P was difficult to analyse using STEM-EDX due to
the intensity of P in EDX being significantly lower than that of
Au and due to overlapping of the P Ka and Au Ma peaks.61 In
Fig. 3A, the HAADF-STEM image shows small bright particles,
which can be identified from the EDX mapping as Au features.
The line analysis of L1 and L2 confirmed the size of Au features
as approximately 5.5 and 1.3 nm, respectively. The HAADF-
STEM image shows further small Au clusters, indicated with
red circles, that were not detected clearly by EDX mapping
(see Fig. 3A). A possible reason for this is that EDX is not
suitable for size analysis due to its lower spatial resolution
compared with STEM. The size of these Au clusters in the
HAADF image is approximately 0.7–0.9 nm. Previous studies

Fig. 4 HAADF-STEM image with EDX elemental mapping and line analyses of the Cr, Au and Ti in SrTiO3-Au9-Cr(OH)3.
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have shown that the size of a single Au9 cluster is approximately
0.6 � 0.2 nm.56 In the present experiment, the small Au clusters
(0.7–0.9 nm) in the HAADF-STEM image are of a similar size as
Au9. Therefore, we conclude that these are non-agglomerated
clusters. The Au feature from the STEM-EDX line analysis
(Fig. 3L1), which is 5.5 nm in size, is due to many adjacent
Au9 clusters or agglomerations of Au clusters. The Au feature
from L2 is 1.3 nm in size, suggesting two adjacent clusters or an
agglomeration of two clusters due to the effect of the high-energy
STEM electron beam (see Fig. S2, ESI† for more information).
This finding is in line with the XPS data that suggested some of
the Au clusters had agglomerated on SrTiO3-Au9 STEM shows the
Au cluster sizes for only a small selected area of the sample,
which could also be subject to electron beam damage of the
clusters. Therefore, the XPS data is considered as being more
accurate in identifying the fraction of agglomerated and non-
agglomerated clusters because XPS averages over a significant
larger number of Au cluster compared to STEM and also because
XPS does not cause damage to the clusters resulting in their
agglomeration.53,54 XPS shows that 83% of Au clusters remain
non-agglomerated.

A HAADF-STEM image of SrTiO3-Au9-Cr(OH)3 with EDX
elemental mapping and a line analysis of Cr, Au and Ti is
shown in Fig. 4. Fig. 4A–C shows the first STEM mapping
region which is focused on the edge of SrTiO3-Au9-Cr(OH)3 to

determine the thickness and distribution of Cr(OH)3 at the
surface of SrTiO3. The STEM-EDX elemental map L1 at the edge
of the SrTiO3-Au9-Cr(OH)3 shows that the Cr(OH)3 layer is
distributed over the entire SrTiO3 surface (Fig. 4B) and has a
thickness of 1.6 nm (Fig. 4L1). The line analysis of Cr, Ti and Au
(L2) shows that the presence of Cr(OH)3 around the Au clusters
(Fig. 4L2). Using the line analysis of L2 and L3 in Fig. 4, the Au
clusters are shown to be approximately 1.3–1.6 nm in diameter.
This is similar to the size of the Au clusters determined for
SrTiO3-Au9 (i.e. without the Cr(OH)3 covering layer, Fig. 3). Note
that the STEM-EDX mapping shows Au features with a larger
diameter compared to a single Au9 cluster. Here, the increase in
the size of the Au clusters is most likely due to the effect of the
high-energy STEM electron beam, (see Fig. S2, ESI† for further
information). Again, XPS is considered to be the more accurate
method for determining the extent of cluster agglomeration,
which was determined to be 90% of Au clusters remain non-
agglomerated on SrTiO3 with Cr(OH)3 coverage.

After heating

Fig. 5 shows the XPS Au 4f spectra of SrTiO3-Au9 and SrTiO3-
Au9-CrOx after heating (the CrOx notation is used again here
because heating could change the chemical state of the Cr).
The Au 4f spectra are again fitted with a HBP and LBP doublet.
The peak positions and FWHM are summarised in Table S1
(ESI†). As mentioned above, it is difficult to determine the state
of PPh3 ligands on SrTiO3 using XPS, however, previous studies
showed that PPh3-ligated Au9 clusters are removed by heating
at 200 1C for 10 min.23,49,53–57 As shown in Fig. 5A, the Au 4f
spectrum for SrTiO3-Au9 after heating is fitted with 50% Au
clusters at HBP (85.4 � 0.2 eV, FWHM of 2.0 � 0.2 eV) and 50%
agglomerated clusters at LBP (83.7� 0.2 eV, FWHM of 1.2� 0.2 eV).
The feature at 89.9 � 0.2 eV corresponds to Ba 4d5/2 due to
contamination of the commercial SrTiO3 (see Fig. S3, ESI†).
After application of the CrOx overlayer and heating, the Au 4f
spectrum for SrTiO3-Au9-CrOx is fitted with 65% and 35% of the
Au intensity at the HBP (84.9 � 0.2 eV, FWHM of 2.0 � 0.2 eV)
and LBP (83.8� 0.2 eV, FWHM of 1.2� 0.2 eV), respectively (see
in Fig. 5B). Thus, the comparison of the XPS results between
the heated SrTiO3-Au9 and SrTiO3-Au9-CrOx samples indicated
that the photodeposition of CrOx improves the stability of the

Fig. 5 XPS spectra of Au 4f after heating of (A) SrTiO3-Au9 and (B) SrTiO3-Au9-CrOx.

Fig. 6 XPS spectra of Cr 2p of SrTiO3-Au9-Cr(OH)3 before heating and
SrTiO3-Au9-CrOx after heating with reference spectrum of Cr2O3 and
Cr(OH)3 (Fig. S4, ESI† shows complete fitting to all components).
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phosphine-protected Au9 clusters, with the majority retaining
their size after removal of the ligands through heating to
200 1C.

XPS Cr 2p spectra of SrTiO3-Au9-Cr(OH)3 before and SrTiO3-
Au9-CrOx after heating are shown in Fig. 6, along with reference
spectra for Cr2O3 and Cr(OH)3. A summary of the Cr 2p3/2 peak
positions is presented in Table S4 (ESI†). The Cr 2p3/2 peak for
SrTiO3-Au9-CrOx after heating shifts slightly to a low binding
energy of 577.1 � 0.2 eV (Fig. S4, ESI†), corresponding to
Cr2O3.62 This confirms that a reduction of the Cr(OH)3 layer
to Cr2O3 occurs by heating. This finding is in agreement with a
previous report that heating reduces photodeposited Cr(OH)3

layer to Cr2O3.16

Photocatalytic water splitting of SrTiO3-Au9 and SrTiO3-Au9-
Cr2O3. Fig. 7 shows the H2 production by overall water splitting
of SrTiO3, SrTiO3-Au9 and SrTiO3-Au9-Cr2O3 (i.e. after heating at
200 1C for 10 min to remove the ligands) over a period of seven
hours. Note that the O2 production is not shown due to the very
low O2 production. This suggests that another oxidation reaction
is occurring more readily than OH� to O2. One possible reaction
is the oxidation of residual PPh3 ligands on the catalyst surface.
Another possibility could be the oxidation of adventitious hydro-
carbons absorbed onto the surface when the catalyst is exposed
to atmosphere. The H2 production of SrTiO3-Au9 is observed to
be more than two times higher compared with that of SrTiO3

during the 7 h irradiation period. Surprisingly, SrTiO3-Au9-Cr2O3

shows decreased H2 production compared to SrTiO3-Au9 but is
higher than SrTiO3. In order to better understand the effect of
the overlayer, hydrogen evolution using methanol as a sacrificial
reagent was performed with and without air (oxygen) in the
reaction system to investigate the role of the back reaction
(oxygen photoreduction reaction). Fig. S5, ESI† shows that the
SrTiO3 and SrTiO3-Au9 samples suffer a large drop in H2 production
after O2 was introduced into the reaction but not the SrTiO3-Au9-
Cr2O3 sample. The drop in H2 production is due to the oxygen
photoreduction reaction occurring at the surface of the cocatalyst.
This indicates that the back reaction is suppressed with the Cr2O3

overlayer for SrTiO3-Au9-Cr2O3.
While the addition of a CrOx overlayer is expected to

increase the H2 production rate for the overall water splitting
reaction due to blocking the back reaction,29–38 there is a
possibility for the observed decrease in H2 production rate
due to an even distribution and a too thick Cr2O3 overlayer
on the surface of the photocatalyst (SrTiO3). STEM images
shows that Cr2O3 is deposited in a homogeneous layer with a
thickness of ca. 1.6 nm across the catalyst (Fig. 4). Having a
uniform and too thick Cr2O3 layer covering the entire surface
could result in stopping the oxidation reaction to occur through
blocking the respective sites on the catalyst surface, which
blocks the overall water splitting reaction. Kurashige et al.
noted a similar result in their study of an Au25-CrOx-
BaLa4Ti4O15 system in which CrOx was deposited at various
concentrations (0.1–1.5 wt%).19 The authors found that higher
Cr contents led to an increase in the coverage and thickness of
the CrOx layer (1.2–2.0 nm), which significantly decreased the
water splitting rate. In the above-mentioned studies, this
decrease in activity was assumed to be due to a reduction in
the numbers of O2 generation sites.19 This shows that the
amount of CrOx deposited impacts here the O reduction sites
rather the H evolution sites.

After photocatalysis

Determination of Au9 size after photocatalysis and the
influence of the CrOx layer on agglomeration. Fig. 8 shows the
XP Au 4f spectra of SrTiO3-Au9 and SrTiO3-Au9-CrOx after 7 h
irradiation during the water splitting reaction (the CrOx notation

Fig. 7 H2 evolution by overall photocatalytic water splitting of SrTiO3,
SrTiO3-Au9 and SrTiO3-Au9-Cr2O3 (i.e. after heating to remove the
ligands).

Fig. 8 XPS spectra of Au 4f after 7 h irradiation of (A) SrTiO3-Au9 and (B) SrTiO3-Au9-CrOx.
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is used again here because photocatalysis could change the
chemical state of the Cr). A summary of the peak positions
and FWHM is presented in Table S1 (ESI†). After 7 h irradiation,
the spectrum of SrTiO3-Au9 (Fig. 8A) shows that 30% of the Au 4f
spectrum is at the HBP position (non-agglomerated clusters),
and 70% is at the LBP position (agglomerated clusters). The Ba
4d5/2 peak appears at 89.9 � 0.2 eV corresponding to the

commercial contamination of SrTiO3 (see Fig. S3, ESI†). The
spectrum of SrTiO3-Au9-CrOx after 7 h irradiation (Fig. 8B) was
fitted with 63% non-agglomerated Au clusters at the HBP and
37% agglomerated Au clusters at the LBP, which is almost the
same as after heating (see Fig. 5B). Thus, the comparison of
the XPS results between the SrTiO3-Au9 and SrTiO3-Au9-CrOx

indicated that the photodeposition of CrOx significantly
improves the stability of the phosphine-protected Au9 clusters
and retains their size after 7 h of water splitting reaction with
10% methanol as a sacrificial reagent (see Fig. S6, ESI† for
additional spectra).

XPS Cr 2p spectra of SrTiO3-Au9-CrOx before and after
heating and after 7 h irradiation, with reference spectra of
Cr2O3 and Cr(OH)3, are shown in Fig. 9 and summarised in
Table S4 (ESI†). After 7 h irradiation, the Cr 2p3/2 peak for
SrTiO3-Au9-CrOx appears at 577.4 � 0.2 eV (Fig. S7, ESI†),
corresponding to Cr(OH)3, indicating that the Cr layer converts
back to Cr(OH)3 during photocatalysis.16

A HAADF-STEM image of SrTiO3-Au9 after 7 h irradiation
with EDX elemental mapping of Au and Ti is shown in Fig. 10
(and summarised in Table S1, ESI†). The image shows that the
Au9 clusters have agglomerated into large particles after 7 h
irradiation with no Au clusters left on the surface. The line
analysis of Au particles (L1 and L2) confirmed the size of Au
particles as approximately 3.9–4.6 nm, with some Au particles

Fig. 9 XPS spectra of Cr 2p of SrTiO3-Au9-Cr(OH)3 before heating,
SrTiO3-Au9-Cr2O3 after heating and SrTiO3-Au9-CrOx after 7 h irradiation
with reference spectrum of Cr2O3 and Cr(OH)3 (Fig. S7, ESI† shows
complete fitting to all components).

Fig. 10 (A) HAADF-STEM image with EDX elemental mapping of (B) Au and (C) Ti in SrTiO3-Au9 after 7 h irradiation and (D) line analyses of the Au signal.
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having a size of 5.0–6.9 nm (as indicated with arrows in
Fig. 10D).

A HAADF-STEM image of SrTiO3-Au9-Cr(OH)3 after 7 h irradiation
with EDX elemental mapping of Au, Cr and Ti is presented in
Fig. 11. The typical size of the Au clusters as determined using
line analysis (L1 and L2) range from 1.4 to 1.6 nm. This size is
nearly identical to Au clusters determined before heating and
photocatalysis irradiation (Fig. 4 and Fig. S8, ESI†). Note that
STEM-EDX elemental mapping shows that some Au features are
2–2.7 nm in size. As discussed above, the slight increase in the
size of the Au clusters is assumed to be caused either by
adjacent clusters or agglomeration of Au9 clusters due to the
effect of the STEM electron beam (this is further discussed
around Fig. S2, ESI†). As outlined above, XPS is averaged over a

significant larger number of Au clusters and is thus considered
as being a more representative analysis whereas STEM is
averaged over a small selected area of the sample and also
causes beam damage. Through XPS analysis it is shown that
63% of Au clusters remain non-agglomerated (Fig. 8B and Table
S1, ESI†).

Conclusions

We have demonstrated that application of a Cr(OH)3 overlayer
before heating and photocatalytic reaction protects the
phosphine-ligated Au9 clusters from agglomeration after the
removal of the ligands. The photocatalytic activity of Au clusters

Fig. 11 (A) HAADF-STEM image with EDX elemental mapping of (B) Au, (C) Ti. Au and Cr, (D) Ti and (E) Cr in SrTiO3-Au9-Cr(OH)3 after 7 h irradiation and
(F) line analyses of the Au signal.
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deposited on SrTiO3 was investigated as well as the influence of
the addition of a Cr2O3 overlayer. For SrTiO3-Au9, the Au clusters
agglomerated, forming large particles (up to 8 nm in size) after
the overall photocatalytic water splitting reaction. The results
show that only 30% of the Au clusters remain non-agglomerated
on the SrTiO3 surface after 7 h irradiation. When a Cr(OH)3

overlayer was added, more than 60% Au clusters on the surface
of SrTiO3 remained non-agglomerated after heating and with
7 h of photocatalytic water splitting under UV irradiation. The
Cr(OH)3 layer was converted to Cr2O3 upon heating and was
found to be returned to Cr(OH)3 after photocatalytic water
splitting. The H2 production rate reduced after photodeposition
of a Cr(OH)3 layer. It is assumed that the decrease of the H2

production is due to the even distribution and thickness of the
Cr2O3 layer on the surface of the semiconductor photocatalyst,
blocking the O2 generating sites then leading to a decrease of the
overall photocatalytic water splitting reaction. Although the
deposition of a Cr(OH)3 protective layer has been demonstrated
for Au9 clusters deposited onto a SrTiO3 substrate, this approach
could be applied to other sized Au clusters on other metal oxide
substrates.
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