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Photodeposition of H,PtClg in the presence of methanol promotes the formation of highly dispersed,
metallic Pt nanoparticles over titania, likely via capture of photogenerated holes by the alcohol to produce
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an excess of surface electrons for substrate-mediated transfer to Pt complexes, resulting in a high density
of surface nucleation sites for Pt reduction. Photocatalytic hydrogen production from water is proportional
to the surface density of Pt metal co-catalyst, and hence photodeposition in the presence of high metha-

nol concentrations affords a facile route to optimising photocatalyst design and highlights the importance

www.rsc.org/catalysis

Introduction

Energy security and climate change represent key global chal-
lenges arising from historic reliance on fossil fuels."™ Artifi-
cial photosynthesis offers the possibility of clean energy
through water photolysis and renewable chemicals through
CO, utilisation as a sustainable feedstock, commonly termed
solar fuels and chemicals.*”” Hydrogen production through
photocatalytic water splitting over semiconductor nano-
materials represents one of the most promising routes for the
conversion and storage of solar energy in a form amenable
for transportation.® " Photoconversion efficiency is critically
dependent upon the degree of charge separation and migra-
tion achievable in such semiconductors,** as well as the rate
of subsequent surface catalysed reactions, properties which
may be strongly influenced by the introduction of co-catalysts
to the semiconductor surface.”>™® Controlling the physico-
chemical properties of co-catalysts, and understanding how
these impact upon subsequent photocatalytic reactions, is
thus essential in order to advance the rational design of
improved, high efficiency materials for water splitting.
However, elucidating the key physicochemical properties of
co-catalysts in water splitting and related photocatalytic trans-
formations remains challenging. For example, metallic Pt
nanoparticle co-catalysts have been previously reported as
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of tuning co-catalyst properties in photocatalysis.
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either inferior, or superior, to electron rich/deficient
Pt counterparts. Such inconsistencies may arise from the
many differences in catalyst synthesis, which in turn may
result in diverse nanoparticle size, dispersion, oxidation state
and morphology. It is therefore highly desirable to develop
synthetic routes capable of independently tuning the chemi-
cal state or particle size of such co-catalysts in order to defini-
tively determine the key factors influencing Pt co-catalyst pro-
motion and thereby optimise photocatalyst performance.

We recently demonstrated an in situ polyol method as one
route to the preparation of well-defined hybrid photo-
catalysts,>*>* however removal of the resultant ligands, long
timescale, and poor cost efficiency for such a process remain
problematic. Photodeposition (PD) offers an atom efficient
and energy efficient versatile alternative method to introduce
noble metal co-catalysts to semiconductor surfaces,*
although to date it has afforded poor control over properties
of the deposited co-catalyst.”>*® Previous studies on the
photodeposition of Pt over titania have focused on the devel-
opment of novel molecular precursors, such as
Pt(dcbpy)Cl,,>” or the loading/time-dependent evolution of
platinum species®*° and their reactivity for hydrogen pro-
duction or methanol oxidation. In all cases, PD was
performed in the presence of a fixed alcohol concentration to
assist platinum reduction, typically 5-20 vol% methanol,
although Ma et al. noted small differences in the size of Pt
nanoparticles between 2 M methanol, ethanol and iso-
propanol.”® However, the influence of alcohol concentration
on the PD process and resulting photoactivity has never been
explored to date. Here we demonstrate the critical role of
methanol in tuning the oxidation state and dispersion of Pt
nanoparticles during their PD from aqueous chloroplatinic
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acid over titania, and hence photocatalytic performance in
hydrogen evolution from water.

Experimental

Photodeposition was conducted within a Pyrex topped reac-
tion cell. In a typical process, 1 g of TiO, powder (P25,
Degussa) was suspended in 120 ml water at 25 °C. An appro-
priate amount of chloroplatinic acid (H,PtCls, Sinoreagent)
was added, mixed under ultrasonication and subsequent stir-
ring for 30 min, and the reaction vessel subsequently purged
prior to irradiation under a 300 W Xe lamp for 6 h. The
photodeposited powders were washed and filtered (300 ml
water) before drying at 80 °C for 12 h. A series of Pt/TiO, cat-
alysts were prepared using the preceding PD process with var-
ious concentrations of methanolic solution (MeOH,
Sinoreagent) to form the chloroplatinic acid/titania slurry
prior to irradiation, denoted X% MeOH where the percentage
represents the volume ratio of MeOH.

As-prepared Pt/TiO, samples were characterized by ICP-
AES with an iCAP 6000 Thermo instrument, wide angle and
high resolution XRD on a Bruker D Advance diffractometer,
and TEM using a JEOL 2010 microscope operated at 200 kV.
STEM were recorded using a Cs aberration-corrected JEOL
2100F microscope at 200 kV. Images were collected using a
Gatan Ultrascan 4000 digital camera operated by Digital
Micrograph software. Samples were dispersed in ethanol and
deposited on 300-mesh carbon-supported copper grids and
dried under ambient conditions. Particle size distributions
are based on analysis of 200 particles for all samples. X-ray
photoelectron spectra were acquired on a Kratos AXIS HSi
spectrometer equipped with a charge neutralizer and mono-
chromated Al K, excitation source (1486.7 eV), with energies
referenced to adventitious carbon at 284.6 eV. Spectral fitting
was performed using CasaXPS version 2.3.14. Pt 4f XP spectra
were fitted using a common asymmetric peak shape. Errors
were estimated by varying the Shirley background-subtraction
procedure across reasonable limits and re-calculating the
component fits. Fluorescence mode Pt Ly-edge X-ray absorp-
tion spectra (XAS) were acquired with a Lytle detector on the
BL14W1 beamline of the Shanghai Synchrotron Radiation
Facility, Shanghai Institute of Applied Physics, China, using a
Si(111) double-crystal monochromator, and ring energy of 3.5
GeV and currents of 140-210 mA. Specific (BET) surface areas
were measured on a TriStar II 3020 Micromeritics
porosimeter via nitrogen physisorption. Pt metal dispersions
were quantified by hydrogen isotherm adsorption using a
Quantachrome Autosorb at 40 °C after the samples were
reduced in hydrogen at 150 °C (2 h) and degassed under
flowing He (20 cm® min™) (2 h).

Photocatalytic water splitting was conducted in the Pyrex
topped reaction cell employing 50 mg of Pt/TiO, catalyst dis-
persed in 120 ml of a 20 vol% methanolic aqueous solution
at 25 °C for 30 min to equilibrate any adsorption processes
in the dark and ensure a uniform catalyst suspension. The
reaction cell was then evacuated and irradiated under a 300
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W Xe lamp to provide an approximate flux of 124.6 mW cm >
inside the photoreactor. Evolved gases were analyzed by gas
chromatography (GC-9200 equipped with TCD, and 6 m x 2
mm x 250 um MS-5A column).

Results and discussion

The photocatalytic activity of the PD samples over 1 wt% Pt/
TiO, (P25) is shown in Fig. 1 as a function of methanol con-
centration employed during the PD synthesis. H, productivity
increased monotonically with methanol concentration from
0 to 100 vol%, resulting in a net enhancement of 92% across
this range. The striking influence of MeOH upon PD may
originate from improvements in any one (or combination) of
the following three distinct processes:® (i) photon absorption
by the titania semiconductor; (ii) charge separation and
transport within (and/or between) the semiconductor (and/or
Pt particles); (iii) and surface charge transfer to water and
reactive intermediates. Structural evolution of the PD cata-
lysts was undertaken to elucidate which of these processes is
responsible for the enhanced photocatalytic water splitting.
Wide angle powder XRD of the as-prepared PD samples
(Fig. 2a) showed only the expected anatase and rutile crystal-
lites, whose relative intensity and crystallite size were almost
invariant with methanol across the catalyst series (Table 1).
Surface areas also changed little with methanol concentra-
tion, with a common value ~50 m* g™*.

These observations indicate that methanol present during
PD had negligible impact upon the composition or morphol-
ogy of the titania component, or indeed the optical properties
with band gaps for the 1 wt% Pt/TiO, materials similar to the
parent P25 titania (Fig. S11).*"*? Since elemental analysis
evidenced a common Pt loading, it is likely that methanol
influenced either the physicochemical nature of the Pt co-

220

200

180

160

140

120

H, production / mmol.g-'.h-’

100

0 2I0 4IO 6I0 8I0
[MeOH] during PD / vol%

Fig. 1 Photocatalytic hydrogen evolution over 1 wt% Pt/TiO, catalysts
as a function of methanol concentration during PD.
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Fig. 2 (a) Wide angle and (b) high resolution XRD patterns of 1 wt%
Pt/TiO, catalysts as a function of methanol concentration during PD.

Table 1 Structural properties of 1 wt% Pt/TiO, catalysts

Pt BET surface Anatase particle Rutile particle
Sample loading”/wt% area’/m? g* size‘/nm size/nm
P25 — 50 21.5 32.9
0% 1.01 51 22.0 34.6
MeOH
20% 1.04 52 21.6 32.7
MeOH
33% 1.04 50 21.0 31.1
MeOH
50% 1.11 50 21.7 32.5
MeOH
100% 1.04 49 21.3 32.5
MeOH
“ICP-AES elemental analysis. ” N, porosimetry. °XRD line
broadening.

catalyst species formed during PD, or associated interfacial
interaction between co-catalyst and titania.

High resolution XRD of the PD synthesised catalysts
revealed the presence of a weak, broad peak around 39.8°
corresponding to fce platinum metal for the MeOH-20% and
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MeOH-33% materials (Fig. 2b), whose intensity decreased
with increasing MeOH concentration during PD. Surprisingly,
this feature was absent for Pt/TiO, prepared with pure water
or pure methanol. Since all catalysts contained the same
amount of platinum, and there was no evidence for crystal-
line Pt oxide phases, the loss of a metallic Pt feature with
MeOH concentration could reflect a decrease in nanoparticle
size, with the MeOH-0% and MeOH-100% materials
containing either small metal (or potentially oxide or mono-
nuclear Pt complexes) below the sensitivity limit. This
hypothesis is supported by HRTEM (Fig. 3) and H, chemi-
sorption (Fig. S21), which revealed highly dispersed Pt nano-
particles with diameters <2.5 nm for the MeOH-100% and
MeOH-0% materials, in contrast to the MeOH-20% material
which contained larger (>4 nm) Pt nanoparticles. Lattice
fringes characteristic of fcc Pt metal were observable for all
samples photodeposited in the presence of methanol. While
a small number of Pt containing particles were observed at
the interface of between titania crystallites (Fig. 3d), in gen-
eral they appeared randomly distributed across the surfaces
of both anatase and rutile crystallites (Fig. 3 and S37). The Pt
co-catalyst oxidation state was investigated by XPS (Fig. 4),
with Pt 4f XP spectra revealing the co-existence of spin-orbit
split doublets associated with Pt metal (4f,, = 70.4 eV bind-
ing energy), PtCl, from the parent chloroplatinic acid (4f;, =
71.9 eV), and PtO, (4f,;, = 73.3 eV). The catalyst prepared in
the absence of MeOH during PD comprised predominantly
oxide and PtCl,, the latter consistent with the presence of a
Cl 2p peak (Fig. S4,; not observed for other catalysts) and the
lack of Pt metal reflections by XRD. Corresponding O 1s XP
spectra were dominated by the titania substrate, revealing
only a single state at 529.8 eV (Fig. S57) consistent with TiO,
independent of methanol concentration.*® Despite previous
reports that photodeposition in the absence of an electron
donor®** affords platinized-TiO, containing mainly PtO,, we
observe the co-existence of significant PtCl, and (highly dis-
persed) PtO, under such conditions (Fig. 5a). The proportion
of Pt metal and PtCl, precursor/PtO, exhibit a striking
switchover from electron-deficient — metallic platinum upon
methanol introduction during PD. This is accompanied by an
initial drop in the overall Pt:Ti surface atomic ratio between
MeOH-0% and MeOH-20% (Fig. 5b) indicating a decrease in
Pt dispersion, and subsequent monotonic rise associated
with an increase in Pt dispersion. The Pt:Ti surface atomic
ratios also demonstrate that the surface coverage of Pt nano-
particles decorating the titania support varies between 0.33
and 0.5 of a monolayer with increasing methanol concentra-
tion. These observations are consistent with the presence of
the parent PtCl, precursor, and a high density of small oxidic
Pt nanoparticles dispersed across titania when PD was
conducted without methanol, and genesis of large metallic Pt
particles on introducing a low concentration of methanol,
which shrink but remain metallic as the methanol concentra-
tion rises. Methanol thus drives both platinum reduction and
its subsequent redispersion, such that the surface density of
Pt° species increases continuously with the concentration of
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Fig. 3 Representative bright-field HRTEM images of (al-2) 100%, (b1-2) 20%, and (c1-2) 0% MeOH 1 wt% Pt/TiO,, (d) an individual Pt metal nano-
particle at the interface between anatase and rutile crystallites, and (e) particle size distributions as a function of methanol concentration during PD.
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Fig. 4 Pt 4f XP spectra of 1 wt% Pt/TiO, catalysts as a function of
methanol concentration during PD.

68

methanol during PD (Fig. 5b). It is important to note that
this increase in surface metal occurs in parallel with the loss
of corresponding XRD features, confirming that high metha-
nol concentrations indeed promote Pt dispersion as small,
metallic nanoparticles. The rise in surface Pt® between
M-20% and M-100% does not quantitatively match the

84 | Catal Sci. Technol., 2016, 6, 81-88
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Fig. 5 (a) Evolution of platinum surface oxidation state, and (b)
relative dispersion of total and metallic platinum for 1 wt% Pt/TiO,
catalysts as a function of methanol concentration during PD.

associated 61% increase in H, productivity, indicating a more
significant role for co-catalyst particle size effects in photo-
activity than previously reported.*”

Pt Lyedge XAS of the co-catalyst (Fig. 6a) reveal that
normalised XANES spectra of MeOH-20% and MeOH-100%

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Fluorescence Pt Ly ;-edge (a) normalized XANES spectra and (b)
radial distribution functions of Pt/TiO, catalysts. Pt foil and oxide
references shown for comparison.

samples closely resemble bulk Pt metal, exhibiting smaller
white lines than the methanol-free sample which exhibits fea-
tures indicative of PtO,. Linear-combination fitting evidences
a strong oxide — metal transition with increasing methanol
concentration during PD (Fig. S67), consistent with XPS. Cor-
responding EXAFS (Fig. S71) and radial distribution functions
(Fig. 6b) reveal a strong Pt-Pt scattering feature around 2.75
A consistent with the formation of approximately 2.0 nm
metal nanoparticles,*® again in accordance with XPS. In con-
trast, the sample prepared by PD without methanol exhibited
both Pt-O (1.94 A) and Pt-Pt (2.76 A) scattering features, the
latter weak, consistent with a majority of highly dispersed
PtO, nanoparticles and trace platinum metal (Table 2). It
should also be noted that the 1 wt% Pt/TiO, catalyst prepared
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via PD in the absence of methanol, which comprised pre-
dominantly electron deficient platinum, was also highly
unstable during subsequent photocatalytic hydrogen produc-
tion undergoing significant sintering as evidenced by post-
reaction TEM and XRD (Fig. S8 and S10%); in situ Pt** reduc-
tion resulting from photocatalytic H, generation provides a
far more aggressive and undesirable route to metallic Pt co-
catalysts than PD under methanol.

In light of the above, we propose that methanol (present
in solution and adsorbed at the surface of titania nano-
particles during platinum PD from chloroplatinic acid) acts
as a surface hole accepter under UV-vis irradiation, facilitat-
ing the accumulation of a high density of electron-rich nucle-
ation sites across the titania surface for the subsequent
reduction of incident PtCl, complexes to metallic nano-
particles (Fig. 7).

Our route to a high density of metallic platinum nano-
particles in contact with titania is significant since photoex-
cited TiO, is known to undergo charge equilibration through
such a metal-oxide interface.'">*” Late transition metals
favour the formation of a Schottky barrier with TiO,, enabling
the trapping of photoexcited electrons.®** The correlation
between photocatalytic H, evolution (greatest for M-100%)
and corresponding surface Pt metal coverage can therefore
be rationalised. It is important to note that heterojunctions
formed between anatase and rutile crystallites present in P25
may also serve to enhance charge separation via electron
transfer from anatase to rutile, and the reverse transport of
photoexcited holes, due to the higher conduction band edge
of anatase.*® "' The Pt/titania heterojunction band structure
and associated spatial separation of charge carriers is illus-
trated in Fig. 8.

The loading dependence of Pt/TiO, catalysts prepared via
PD with identical methanol concentrations was also explored
for hydrogen production (Fig. 9). Comparing 0.25, 0.5 and 2
wt% Pt/TiO, photodeposited under methanol-free, or 20%
and 100% methanol conditions, with our preceding 1 wt%
Pt/TiO, photocatalysts reveals that H, productivity is loading
dependent, passing through a maximum for the 1 wt% Pt/
TiO, catalyst. This can be readily rationalised in terms of the
balance between optimising individual nanoparticle disper-
sion, and the absolute number of surface Pt sites. Dispersion
is well-established to decrease with metal loading over any
support (no XRD reflections were observable for the 0.25 or
0.5 wt% samples, Fig. S9,f consistent with diameters <2 nm),
while the latter always increases with the number/size of indi-
vidual nanoparticles and hence loading. Higher Pt loadings
are not therefore cost-effective, with a small rate decrease
observed above 1 wt% Pt. Importantly, the two lower loading
catalysts exhibited a similar strong sensitivity to [MeOH] dur-
ing photodeposition, confirming that methanol-induced
photoreduction of H,PtCls is a general phenomenon over
titania.

Oxidation state and nanoparticle dispersion of the plati-
num co-catalyst emerge as key factors regulating photocata-
Iytic water splitting. Indeed, the origin of the linear

Catal. Sci. Technol., 2016, 6, 81-88 | 85
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Table 2 Pt Lj-edge EXAFS fitted parameters
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CN1¢ CN2 CN3 CN1 CN2 CN3 Amplitude
Sample Pt-Pt Pt-Pt Pt-Pt Pt-O Pt-O Pt-Pt factor
Pt foil 12 6 24 — — — 0.9037
100% MeOH 7.6 1.0 3.1 — — — 0.9037/0.7933
20% MeOH 8.5 1.7 3.6 — — — 0.9037/0.7933
0% MeOH 1.5 — — 1.2 2.1 1.3 0.9037/0.7933
PtO, — — — 2 4 2 0.7933

R1® R2 R3 R1 R2 R1
Sample Pt-Pt Pt-Pt Pt-Pt Pt-O Pt-O Pt-Pt
Pt foil 2.76 3.91 4.79 — — —
100% MeOH 2.75 3.89 4.77 — — —
20% MeOH 2.76 3.91 4.78 — — —
0% MeOH 2.76 — — 1.94 2.05 3.15
PtO, — — — 1.92 2.02 3.14
a1l o2 a3 a2 o2

Sample Pt-Pt Pt-Pt Pt-Pt Pt-O Pt-O R-factor %
Pt foil 0.005 0.006 0.007 — — 3.18
100% MeOH 0.005 0.005 0.006 — — 4.09
20% MeOH 0.005 0.006 0.006 — — 3.57
0% MeOH 0.004 — — 0.007 0.007 6.19
PtO, — — — 0.006 0.003 4.78

“ Coordination number. ? Interatomic scattering distance. © Debye-Waller factor.

hv

Fig. 7 Schematic of the proposed mechanism for methanol-promoted
PD of highly dispersed platinum nanoparticles over titania.

Fig. 8 Schematic of photocatalytic hydrogen production via exciton
creation and charge separation between highly dispersed platinum

nanoparticles and titania.

relationship between [MeOH] during PD and photoactivity
observed in Fig. 1 appears related to the surface Pt’:Ti
atomic ratio (from XPS) shown in Fig. 5b, indicating that
hydrogen production scales with the interfacial contact area
between titania and Pt metal. This relationship is highlighted
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Fig. 9 Photocatalytic hydrogen evolution over Pt/TiO, catalysts as a
function of Pt loading and methanol concentration during PD.

in Fig. 10 and appears loading independent, offering a sim-
ple spectroscopic method by which to quantitatively predict
the photocatalytic performance of Pt/TiO, in hydrogen
production.

Considering that the co-catalyst physical and electronic
properties are so important in this reaction, one must

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 Relationship between the rate of photocatalytic hydrogen
production and dispersion of metallic Pt metal for Pt/TiO, catalysts
prepared via PD.

consider whether conventional methods of quantifying
photocatalytic performance, such as the calculation of the
quantum efficiency () or turnover frequency, which relate
photoactivity to the number of incident photons which are
incorporated into product molecules, are best suited to evalu-
ating the impact of co-catalyst. Most water splitting photo-
catalysts are able to absorb incident photons but cannot split
water without co-catalysts, hence it is difficult to decouple
the absolute contributions of each component to hydrogen
production.

Conclusions

Methanol plays a critical role in controlling platinum PD over
titania through promoting the formation of highly dispersed
metallic Pt nanoparticles at the titania interface via increas-
ing the density of surface electrons available for reduction of
the Pt** precursor. Pt nanoparticle size is inversely propor-
tional to the concentration of methanol during catalyst syn-
thesis by PD, affording a simple method by which to achieve
high densities of metallic platinum over titania surfaces for
low precious metal loadings. This discovery affords a simple
and low cost means to improve the charge transport charac-
teristics of semiconductor photocatalysts, through tunable Pt
co-catalysts, and attendant performance in hydrogen evolu-
tion from water splitting.
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