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A platinum complex, (CH3),Pt(COD), is grafted via surface organometallic chemistry (SOMC) on morphology-
controlled anatase TiO, to generate single, isolated Pt atoms on TiO, nano-platelets. The resulting material is
characterized by FT-IR, high resolution scanning transmission electron microscopy (HRSTEM), NMR, and XAS,
and then used to perform photocatalytic water splitting. The photocatalyst with SOMC-grafted Pt shows superior
performance in photocatalytic hydrogen evolution and strongly suppresses the backwards reaction of H, and O,
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Accepted 23rd October 2019 loading. However, single Pt atoms on this surface also rapidly coalesce into nanoparticles under photocatalytic
conditions. It is also found that adsorption of CO gas at room temperature also triggers the aggregation of Pt

single atoms into nanoparticles. A detailed mechanism is investigated for the mobility of Pt in the formation of its
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Introduction

Photocatalytic water splitting using a powdered photocatalyst is
a promising technology for the generation of hydrogen from
water. In this process, light is directly used to convert water into
H, and O, through a material in an aqueous suspension.’
Photon absorption by a semiconductor material generates
excited electrons in the conduction band and excited holes in
the valence band, which are in turn used to cause reduction
of protons and oxidation of water, respectively." Multiple
semiconductors are known to meet the thermodynamic
requirements to perform overall photocatalytic water splitting.
These include SrTiO;,> GaN:ZnO,® Ta;Ns,* C3N,,>° and TiO,
allotropes.”® Among them, TiO, photocatalysts, despite rela-
tively high bandgaps confining them to the UV range of the
spectrum (3.0-3.2 eV), exhibit both good carrier lifetimes® and
good stability under photocatalysis conditions. TiO, allotropes
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carbonyls using density functional theory (DFT) calculations.

can also be easily synthesized as nanoparticles with high surface
areas, and possess a high coverage of hydroxyl groups on their
surfaces, which allow for controlled surface chemistry.'**

While the bare TiO, surface was shown to already be active for
the oxygen evolution reaction (OER) under UV illumination in
the presence of suitable electron acceptors,'? it is, however, not
active for the hydrogen evolution reaction (HER) on its own:'® of
the two possible routes for hydrogen evolution (Volmer-Tafel
and Volmer-Heyrovsky), both require the formation of a surface
adsorbed hydrogen atom from the reduction of H" or H,O as a
first step.'® The formation of such a strongly reducing species on
a reducible oxide is unlikely, unless TiO, is already reduced
through the introduction of a large amount of Ti** defect sites at
its surface."™'® Such Ti** defects are also active as charge
recombination centers.'” Therefore, the use of an HER cocatalyst
is needed to overcome this limitation."®

Pt nanoparticles are often used for this purpose. While
efficiently performing the HER and providing charge separation,®
they are also active for the reverse water-forming reactions,
i.e., the thermal water-forming reaction, the oxygen reduction
reaction (ORR)*® and the hydrogen oxidation reaction (HOR).*'
Their electrocatalytic activity is, however, highly dependent on
particle size, peaking at around 2-3 nm for both the ORR**?*?
and HOR?' and then falling sharply with smaller nanoparticles
and clusters.”® On the other hand, the HER activity appears
to continually increase with decreasing Pt particle size.>*™°
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On the smallest end of the scale, single Pt atoms have been
obtained on several supports: carbon-based ones such as carbon
nanotubes,”” graphene,*® nitrogen-doped graphene®**° or
nitrogen-doped activated carbon,®* and metal oxides such as
Sb-doped Sn0,,*” iron oxides,*”** Ce0,,*> HZSM-5,%° anatase,’”
and rutile TiO, single crystals.® Such single Pt atoms on
graphene-based supports exhibit high activity for the electro-
catalytic HER.?**° To date, Pt atoms supported on metal oxides
have mainly been used for reactions such as CO oxidation and
water gas shift in thermal catalysis.>* %38

One technique for preparing single-atom catalysts supported
on powdered oxides is known as surface organometallic
chemistry (SOMC). By SOMC, one can anchor metal complexes
to the surface of metals, zeolites or metal oxides by making use
of reactive surface species, leading to isolated molecular
species.®® On metal oxides, the usual grafting sites are hydroxyl
groups, as they are present in large amounts.*® Through their
labile protons, they are capable of performing electrophilic
attack on anionic ligands in organometallic complexes, leaving
an M'-O-M link between the metal complex and the metal
oxide surface.’® The metal oxide surface thus becomes a rigid
ligand of the metal complex. Very recently, SrTiO; with SOMC-
grafted Pt demonstrated activity for the photocatalytic HER and
overall water splitting."" Good understanding of the resulting
surface organometallic fragments therefore requires good
understanding of the nature of the surface hydroxyl groups.
Furthermore, a high surface area is required to obtain reason-
able loadings at low coverages.

For rigorous control and understanding of SOMC processes,
uniform exposure of a specific facet is highly demanded. For
this purpose, the synthesis of anatase titanium dioxide with
high surface area and highly exposed {001} facets was previously
achieved by the hydrolysis of titanium(v) butoxide with 47%
aqueous HF, followed by solvothermal treatment.”” The surface
hydroxyl groups present on this material have been thoroughly
investigated, thus making it an attractive choice for SOMC on TiO,.""

In this work, aiming at efficient photocatalytic water splitting,
platinum single atoms are grafted on the surface of morphology-
controlled anatase TiO, with highly exposed {001} facets.
To obtain a “single-atom catalyst” (SAC), SOMC techniques are
used, with (1,5-cyclooctadiene)dimethylplatinum(u) ((CH;),Pt(COD))
as the Pt precursor.***> The resulting materials are characterized by
FTIR, NMR, high resolution scanning transmission electron micro-
scopy (HRSTEM) and extended X-ray absorption fine structure
spectroscopy (EXAFS). The reactivity of the Pt sites in the presence
of carbon monoxide was investigated by in situ FTIR, HRSTEM and
DFT calculations. The performance in photocatalytic water splitting
is then studied with sacrificial reagents, as well as the activity in the
dark for the water forming backwards reaction.

Experimental section
(1) Materials syntheses

(a) TiO, support synthesis. Anatase TiO, crystals with highly
exposed {001} facets were synthesized following the procedure
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reported by Han et al.*> Hydrolysis of 130 mL Ti(OBu), was
performed with 20 mL of 47 wt% HF in H,O (2H,O:1Ti)
followed by hydrothermal treatment at 180 °C for 24 hours
in a Teflon-lined autoclave. The resulting sample was then
harvested by centrifugation and rinsed 25 times with 500 mL
of deionized water (Millipore Milli-Q) to remove any hydro-
fluoric acid or organic residue from the synthesis, and dried at
120 °C in an oven, left to cool down in the open air, crushed in
an agate mortar, and stored in a glass vial.

A partial fluorine removal treatment was then applied as
described previously:'" 2 g of material was heated at 110 °C on
a glass frit in a vertical glass tube, under a combined flow of
100 mL min~" of 1% oxygen in argon and 200 mg min~' H,0
vapor for 10 h. To remove any physisorbed water from the
surface, the gas flow was then switched to dry oxygen/argon
(20% O, in Ar, 20 mL min ') and the sample was dehydroxy-
lated at 200 °C for 6 hours. Once cold, the tube was evacuated
and brought into a glovebox under an inert atmosphere (argon)
and the sample transferred to a brown glass vial to protect it
from UV light.

The resulting sample consists of well faceted 5 x 43 nm TiO,
platelets, with highly exposed {001} facets, as previously
reported."* The surface area measured by BET is 92 m* g~ " (30%
of the total surface is inaccessible due to platelet aggregation).
The {001} facets are estimated to have a hydroxyl coverage of
1.3 OH nm™ 2, mainly in the shape of p; Ti~-OH hydrogen bound to
a nearby fluorine.™

This sample will be referred to in what follows as {001}
anatase.

(b) Platinum graftings. Graftings of (1,5-cyclooctadiene)-
dimethylplatinum(Il) [(CH;),Pt(COD)] on {001}-anatase were done
using standard surface organometallic chemistry (SOMC) techniques
(grafting setup schematic available in the ESLT Fig. S1):

In a glovebox under an inert atmosphere (Ar), 1.76 grams of
{001}-anatase dehydroxylated at 200 °C was placed in the
second half of a double-schlenk, and (CH;),Pt(COD) was intro-
duced in the first half of the double schlenk, in an amount
corresponding to the desired Pt loading (e.g. 15.0 mg of
(CH3),Pt(COD) for a 0.5 wt% Pt loading). A vacuum was pulled
on the double-schlenk and its contents. 15 mL of dry and
degassed pentane was vacuum-transferred to the first half of
the schlenk, and left to stir until full dissolution of the
platinum complex. The solution was then filtered across the
frit into the second half of the double-schlenk, for the grafting on
TiO, powder to proceed. The suspension was stirred, sonicated
in an ultrasonic bath, and left under stirring overnight. The
grafted TiO, was left to settle, and the pentane solution con-
taining excess platinum precursor was filtered back into the
first half of the double-schlenk. Washings were then performed
by vacuum-transferring pentane on the TiO,, stirring the
suspension, and filtering it back through the frit into the first
half of the double-schlenk. This cycle was repeated 5 times. The
solvent in the double-schlenk was then vacuum-transferred to
an empty flask, and a dynamic vacuum (1 x 107> mbar) was
pulled on the sample overnight to thoroughly dry it. The
double-schlenk was then opened in a glovebox under an inert

This journal is © the Owner Societies 2019
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atmosphere, where the grafted TiO, was transferred into a
storage tube until further use.

TiO, samples with different Pt loadings were thus obtained:
5%Ptgr:TiOy; 2.5%Ptgr:TiO,; 0.8%Ptgr:TiO,; 0.5%Ptgr:TiO,
and 0.2%Ptgr:TiO,.

A hydrolysed sample was needed for *C NMR. Hydrolysis
was performed on 0.5%Ptggr:TiO, by slurrying some of it in
water, and then drying it under a vacuum at room temperature.
The resulting sample will be referred to as 0.5%Ptgg:
TiO,-hydrolysed.

For comparison purposes, a sample was also prepared by
impregnation with H,PtCls followed by H, reduction: 1.2 g of
{001}-anatase was slurried with 6 mL pure water and 0.15 mL of
an 8% H,PtClg solution (corresponding to a 0.5% Pt loading on
TiO,) in a crucible. The slurry was stirred to dryness on a
hotplate, calcined at 250 °C in air for 1 h, and finally reduced
under a 20 mL min ! flow of 4% H, in Ar at 250 °C for 3 hours.
This sample will be referred to as 0.5%Ptyp:TiO,.

(2) Photocatalytic setup and backwards reaction
measurement

The photocatalytic reactions were conducted at 100 Torr argon
in a circulating batch reactor equipped with an online gas
chromatograph (GC: Shimadzu GC-8A, TCD, argon carrier gas,
molecular sieve 13X column, 10 pL sample loop). The total dead
volume of the batch reactor was measured at 505 mL.

A xenon lamp (CERMAX PE300-BF, 300 W) was used as the
light source, and the irradiation wavelength was controlled
with a combination of a cold mirror and a water filter (300 <
A < 800 nm). The spectral area of the photocatalytic reactor was
38.5 cm®. The setup is described in the ESIf (Fig. S2). For
photon yield calculations, the photon flux was measured using
an AvaSpec-3648 spectrometer, AvaLight DHS calibration light
source, and FC-UV200-2 fibre-optic cable. Photon yields were
determined from the photon flux integrated between 225 and
387 nm (5.5-3.2 eV) (photon flux given in Fig. S11, ESIY).

For photocatalytic testing, 50 mg of photocatalyst was
dispersed under sonication in 100 mL of a desired solution
(10% methanol in water for the HER, 0.1 M sodium persulfate
for the OER). The suspension was introduced in the reactor, the
assembly sealed, and a vacuum was pulled on the system to
remove any oxygen and nitrogen dissolved in the solution.
The reactor was then repeatedly brought back to room pressure
with pure argon, and evacuated again, for a total of nine
vacuum/argon cycles. Final pressurization was done to 100 mbar
with argon and a small amount of krypton to act as an internal
standard and compensate for minor variations in the GC injection
volume. The first 30 minutes were excluded due to the gas mixing
kinetics in the reactor.

Water-forming thermal reaction measurements from H, and
O, were conducted in the same circulating batch reactor.
Samples were suspended in pure water (Millipore Milli-Q),
and degassed following the same protocol described before.
They were finally pressurized under 1 atm of a mixture of 1%
0,, 2% H, and 4% Kr in Ar. Kr was used as an internal standard
to compensate for minor variations in the GC injection volume.

This journal is © the Owner Societies 2019
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No light source was used, and the reactor was protected from
incident light.

(3) Material characterization

High-resolution transmission electron microscopy (HR-TEM) of
the samples was performed with a Titan ThemisZ microscope
from Thermo-Fisher Scientific which was equipped with a
spherical aberration corrector for the electron beam and an
energy-dispersive spectroscopy (EDS) detector. The microscope
was operated at an accelerating voltage of 300 kV. Prior to the
analysis, it was set to scanning TEM (STEM) mode to acquire
atomic number (Z) sensitive images by using a high-angle
annular dark-field (HAADF) detector. Furthermore, electron
beam aberrations including coma and higher-order stigmatisms
were reduced to small enough values so that excellent quality
atomic resolution STEM images could be acquired. For each
sample, corresponding EDS spectra were acquired to confirm
the presence of Pt metal present along with the TiO, catalyst
support. All specimens of the samples were prepared by disper-
sion in water (Milli-Q) and sonication, followed by blotting onto
the TEM grid. The images were acquired in a range of magnifica-
tions and the entire image-acquisition was performed using Gatan
Microcopy Suite version GMS 2.5 from Gatan, Inc.

Infrared (IR) spectra were acquired using a Thermo Scien-
tific Nicolet 6700 FT-IR spectrometer with a mercury-cadmium
telluride (MCT) detector and a Harrick Praying Mantis diffuse
reflection accessory. The optical velocity was set to 0.63 and the
aperture was set to 64. Samples were either placed in a Harrick
ambient sample chamber with KBr windows, or, for in situ
DRIFTS, in a Harrick high temperature reaction chamber with
ZnSe windows.

The Pt L;-edge HERFD-XANES spectra were recorded at the
European Synchrotron Radiation Facility on the CRG-FAME-UHD
beamline (BM16). The beamline was equipped with a liquid
nitrogen-cooled double-crystal Si(220) monochromator surrounded
by two Rh-coated mirrors for harmonic rejection. The beam size
on the sample was kept constant during an energy scan at
around 220 x 110 pum (horizontal x vertical, FWHM). The
[660] reflection of three Ge(110) spherically bent crystal analyzers
(a bending radius of 1 m) from the multicrystal spectrometer
installed at BM16 was used to select the Lol (L;-Ms) fluores-
cence line at 9442 eV. The total energy resolution of the HERFD-
XANES data was estimated to be approximately 0.7 eV. Energy
calibration of the incoming radiation was performed prior to the
measurements by recording the L;-edge transmission spectrum
of Pt foil and assigning the maximum of the first derivative peak
to 11564 eV.

XAS data were analysed using the HORAE package, a gra-
phical interface to the AUTOBK and IFEFFIT code.*® The XANES
and EXAFS spectra were obtained after performing respective
standard procedures for pre-edge subtraction, normalization,
polynomial removal and wave vector conversion. The extracted
EXAFS signal was Fourier transformed using a Kaiser-Bessel
apodization window (dk = 1) within a k-range of [3.4; 10.2] A~
Continuous Cauchy wavelet transform was also applied to
decompose the EXAFS signal in reciprocal and real space
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simultaneously.”” The Pt amplitude reduction factor (S,”) value
was determined from the EXAFS spectrum of metallic Pt foil at
0.77 (Fig. S8, ESIt).

(4) Density functional theory (DFT) computation

DFT calculations were also performed in order to help under-
stand the reactivity of the grafted (CHj;),Pt(COD) complex on
the {001}-anatase TiO, support in the presence of carbon
monoxide. A 4 x 4 X 1 tetragonal supercell model for the support
containing 64 (TiO,) functional units Tig 0105 Or 192 atoms
periodically stacked in the a- and b-crystallographic directions
and 4 Ti layers with a 20 A vacuum width in the c-direction was
constructed from the pristine anatase crystal structure. Hydroxyl
OH groups with an OH:Ti ratio of 0.28 and a fluorination level
on the surface with an F:Ti ratio of 0.125 were also taken
into account to mimic the obtained experimental sample.
Various possible geometrical configurations for bipodal grafted
(CH3),Pt(COD) and Pt(CO), complexes revealing Ti-O-Pt-O-Ti
or Ti-O-Pt-F-Ti bridging types were explored in order to find the
most favorable situations in the absence and in the presence of
carbon monoxide.

The various generated structures were fully optimized using
periodic density functional theory (DFT) with the projector
augmented plane wave (PAW) method”® as implemented in
the VASP (Vienna ab initio simulation package) quantum simu-
lation program.”’®”> The generalized gradient approximation
(GGA) within the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional,” a cutoff kinetic energy of 400 eV for
electron wave basis functions, and a 3 x 3 x 1 Monkhorst-Pack
k-point mesh®* for sampling the first Brillouin zone were used.
The valence electron configurations treated explicitly in the
PAW potentials are 3d*4s’ for Ti, 2s*2p* for O, 2s”2p° for F,
2s*2p” for C, ultrasoft 1s* for H, and 5d°6s" for Pt. The atomic
positions were fully optimized and the geometries were con-
sidered well converged when the three principal residual Hell-
mann-Feynman force components on each atom were near
0.01 eV A™?, the atomic displacements were near 10~* A and the
convergence criterion for the self-consistent field (SCF) cycles
for energy change was near 10> eV per supercell.

Results

Five different samples were prepared by SOMC with 5 wt%;
2.5 wt%; 1 wt%; 0.5 wt% and 0.25 wt% Pt. One sample was
prepared by H,PtCls impregnation and H, reduction with
0.5 wt% Pt. Using previously measured OH coverages for this
material,'’ the ratio of Pt introduced per surface OH group is
below 1 for all samples prepared by SOMC, except the
5%Ptgr:TiO, sample, where a large (CHj3),Pt(COD) excess was
used. Even then, the Pt/OH molar ratio is only 1.2. This slight
excess can be explained by imprecisions in the OH coverage
measurement and some unreacted (CHj3),Pt(COD) remaining
adsorbed on the sample. Thus, it is expected that the Pt was
predominantly grafted by reaction of the Pt-Me bond with
Ti-OH leading to methane and a Ti-O-Pt bond.
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First, the synthesized Pt:TiO, samples obtained by the afore-
mentioned methods were characterized in detail by FT-IR
spectroscopy, “*C NMR, HRSTEM and EXAFS. Also, their reac-
tivity with carbon monoxide chemisorption was studied.
Secondly, the photocatalytic activity for hydrogen evolution,
oxygen evolution and the thermal backwards reaction of water
formation was investigated.

(1) Material characterization

(a) IR spectroscopy. To investigate the grafting reaction,
the materials were characterized by FT-IR spectroscopy before
and after grafting (Fig. 1). Before grafting, the O-H stretching
bands of surface hydroxyls are easily visible around 3665 cm ™
for isolated hydroxyl and around 3250 cm " for hydrogen
bonded hydroxyls, as is the bending mode of chemisorbed
H,O at 1620 cm ™.

When an excess of (CHj),Pt(COD) is used, the intensity
of the O-H stretching bands in the 3750-2500 cm ™" region
strongly decreases. This indicates almost complete hydroxyl
consumption, except for some remaining hydrogen-bonded
hydroxyls in the 3500-2500 cm™ " region. This matches a
previous study on this material, as this region is thought to
comprise hydroxyls located in between aggregated TiO, platelets,
thus rendered inaccessible to the organometallic complex."*
Strong C-H stretching bands can also be seen in the 3100-
2800 cm ™' region, similar to those from the pure (CH;),Pt(COD)
complex. The hydroxyl consumption and appearance of C-H
stretching peaks on the material both indicate that grafting
of the complex on the surface did occur. Similarly, when
lower loadings are employed, partial hydroxyl consumption is
seen and smaller CH stretching bands appear in the 3100-
2800 cm ™' region.

FT-IR spectroscopy in the 1550-1250 cm ™' region (Fig. S3,
ESIt) shows several absorption bands that can be attributed to
the COD ligand. While the exact attribution of those vibrational
modes remains unclear, candidates including CH, deforma-
tions and combination bands,’® the vibrations thus observed
for the grafted samples are highly similar in wavenumber to
those from the Me,Pt(COD) complex or Cl,Pt(COD) complex

] 3250 om” 1620 cm'”
=)
<
Q
(5}
c 4
@
2
o
2 {001}-anatase
<
b 0.5%Pt . TiO, J\,
5%Pt_:TiO A~
Me,Pt(COD) (on KBr) N
4000 3500 3000 2500 2000 1500
Wavenumber (cm™)
Fig. 1 Infrared spectroscopy (DRIFTS) of the support, complex, and

grafted material.
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(Table S1, ESIT). Marked differences with the spectrum of free
cis,cis-(1,5)-cyclooctadiene can be seen, suggesting that the
COD ligand remains bound to Pt atoms.

(b) Electron microscopy. High-resolution high angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) micrographs of several samples were acquired. They are
shown in Fig. 2.

All samples were prepared by dispersion in water (Milli-Q)
and sonication, followed by blotting onto the TEM grid.

On samples grafted by SOMC, at the highest loading, 5% Pt,
mostly clusters are visible. At 2.5% loading, both 2-3 atom
clusters and isolated atoms can be seen. At the lowest loading,
0.5% Pt, almost exclusively isolated atoms are obtained.

2.5%Ptep:TiO,

a) 5%Perai0,

%Pter: TIONE d)10:5%Pty:TiO,

Fig. 2 HAADF-HRSTEM of the grafted samples and impregnated sample.
Single atoms are denoted by red circles, clusters by blue circles, and
nanoparticles by black circles.

{001} surface: Top view / Side view

— Ti=O-H-—F=Ti
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Conversely, the sample prepared by classical impregnation
(0.5% Pt) followed by hydrogen reduction shows small Pt
nanoparticles, with a 1.0 nm diameter on average, and very
few Pt single atoms or clusters.

(c) Nuclear magnetic resonance. ">*C NMR was performed
on the pure complex and on the material after grafting of
platinum at two different loadings: 0.5 wt% Pt and 2.5 wt% Pt.
The obtained spectra are shown in Fig. 3. The solid complex
shows three resonances, at 7.5, 31 and 100 ppm. These can be
respectively attributed to the CH;, CH, and CH groups of the
complex.”® The peaks corresponding to CH, and CH carbons
are split. This splitting can be explained by the twisting of the
COD ligand due to geometric constraints, resulting in slightly
differing chemical environments for the CH and CH, groups.
This twisting can be seen in the crystal structure of the similar
complex Cl,Pt(COD), where the Pt-CH distances vary between
2.161-2.163 A for the nearest Pt-CH and 2.167-2.171 A for the
furthest.””

A strong resonance can be seen at 28 ppm, matching with
the CH, groups of the cyclooctadiene ligand of the complex.*®
The CH resonance of the alkene groups of the COD ligand,
expected at around 100 ppm from the pure complex,®® can be
seen at 116 ppm for both grafted materials. The observed
splitting of the COD resonances disappears for the grafted
samples, possibly due to fast exchange between the two possible
twisted configurations of the cyclooctadiene.

For the 2.5% Pt sample, the 116 ppm band appears half as
intense as the 28 ppm CH, resonance, and a third resonance
can be seen at 75 ppm. As HRSTEM images show the formation
of small Pt clusters on this sample, this suggests the 75 ppm
resonance is due to COD ligands bound to such clusters. The
13C NMR spectrum of cyclooctadiene adsorbed on TiO, does
not show such a resonance at 75 ppm (Fig. S4, ESIY).

The 28 and 116 ppm bands are both absent for sample
0.5%Ptgr:TiO,-hydrolysis, suggesting that water easily substi-
tutes the COD ligand.

The Pt-CHj; resonance, seen at around 5 ppm in the pure
complex, is not clearly visible in either sample, though a slight

|
a) | Z ;t
H H H | _—-H
— Ti<F-H-O~Ti —=0=—Ti — | Hee, . \0\ \\Pt»/ H<o o T /
H H H SeH=w, -
! ! | Ti P\ A o—— 1 /. Ti— ) —1i—O——+f
o o o) Z0 e s H,C CH. o ZF
i i i I T=0 | Ti=0 Timo® 2 > =% {T—rti=5  ——Ti=0
i O — Ti=O-H FeTi — : o -2 CH,
|
|
|
|
b) I \\ 7 2
| N o’ P
H H H 20A/|
— Ti —=O0=—Ti=O-H : R 9 o~ /\Pt'\ 5 Qc FA A9
i i o—R~=~¢ o / o o/ 19\ o.
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Fig. 3 Proposed grafting reactions and resulting surface species structures. (a) Grafting reaction with hydroxyl groups on two neighbouring Ti and the
resulting structure; (b) grafting with hydroxyl groups on diagonally opposed Ti and the resulting structure. Ti—-F and Pt—F bond lengths are written in red.
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grafted material. *: impurity; **: spinning sidebands.

asymmetry in a spinning sideband of the 28 ppm band for the
2.5% Pt sample hints at its possible presence in very small
amounts. This indicates grafting proceeded overwhelmingly in
a bipodal fashion, leaving little to no Pt-CH; groups. Bipodal
grafting would involve reaction with two nearby hydroxyl
groups. Based on this and the dominance of ;-OH hydrogen-
bonded to fluorides on the surface of this material,'’ we
propose the two following grafting reactions:

- Reaction with two hydroxyl groups on neighbouring Ti
(3.8 A apart), leading to a Ti-O-Pt(COD)-O-Ti species, which
is retained after a full structural optimization using DFT
calculations (Fig. 4a).

- Reaction with two hydroxyl groups on diagonally opposed
Ti. This would initially lead to a more stretched Ti-O-Pt(COD)-
O-Ti species. The distance between Ti atoms (5.3 A) makes this
structure highly unstable. DFT calculations confirmed this and
showed an optimized structure revealing a direct rearrange-
ment to a Ti-O-Pt(COD)-F-Ti species, the fluoride maintaining
a weak bond with the Ti atom underneath (Fig. 4b).

According to DFT calculations, both structures are very
close in energy, the second one being slightly favoured by
15.1 kJ mol ™.

(d) X-ray absorption spectroscopy. The nature of the
obtained atomically dispersed Pt species was further investigated
by X-ray absorption spectroscopy at the Pt L; edge. The HERFD-
XANES spectra recorded at the Pt Ls-edge of 0.5%Ptgr:TiO, along
with PtO,, Pt(acac), (CH;),Pt(COD) and Pt powder reference
materials are presented in Fig. S5 (ESIt). The Pt L;-edge origi-
nates from dipolar transitions from the 2p;/, states to unoccu-
pied 5d*?, 5d°?, and 6s states, with a dominant contribution of
the 5d° states.”®* Since the unoccupied states above the Fermi
energy are essentially of 5d character, the white line intensity
is sensitive to d-electron vacancies and thus can be used to deter-
mine the oxidation state of platinum using a prior calibration.*>®!
To this end the spectra were fitted using an arctangent step
function to model the absorption step, and a pseudo-Voigt func-
tion for the white line peak (Fig. S5, ESIT). The resulting calibration
curve is provided in Fig. 5. The positioning of 0.5%Ptgr:TiO, on
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of reference samples to their oxidation state, and the position of

0.5%Ptcr:TiO, on the curve. Spectra and individual fittings are shown in
Fig. S5 (ESI), numerical values are given in Table S2 (ESI¥).

the calibration curve indicates Pt(u), as in the (CH;),Pt(COD)
precursor. This is consistent with the exchange of X-type
ligands, namely the methyl ligands with the surface O/F atoms.
Note that the Pt state appears slightly more oxidized compared
to the precursor, since the surface oxygen and fluorine atoms
are more electronegative than the carbon atoms from the
original methyl groups.

The k*>-weighted EXAFS spectrum and its related Fourier
transforms (uncorrected for phase-shifts) are shown in Fig. 7.
One major contribution is observed at bonding distance of
1.6 A and some minor shells in the 2.3-3.8 A range. To perform
a relevant next nearest-neighbor identification of the new
observed features, a wavelet transformation analysis was
applied to the EXAFS data (WT-EXAFS).”” The backscattering
amplitude from neighboring atoms shows a significant &
dependence, which determines the envelope of EXAFS oscilla-
tions y(k): lighter elements have their maximum backscattering
amplitude at low wavenumbers, while increasing atomic number
shifts the maximum towards higher k values. The resulting
wavelet transform is shown for 0.5%Ptgg:TiO,, PtO,, (CH3),Pt-
(COD) and Pt metallic powder in Fig. S6 (ESIt). 0.5%Ptgg:TiO,
has two prominent maxima in the WT-EXAFS plot, at approxi-
mate coordinates (R = 1.65 A, k = 5 A™") and (R = 2.6 A,
k = 3.6 A™"). By direct comparison with the WT-EXAFS of the
Pt metallic reference, it is obvious that those two WT maxima in
the grafted sample cannot be assigned to any Pt-Pt scattering
path and this thus rules out the formation of Pt clusters. On the
other hand, the WT-EXAFS of the Pt(COD)(Me), precursor is
roughly similar to the grafted sample, which suggests some
structural similarities.

For the quantitative analysis of the Pt L;-edge k*-weighted
EXAFS signals, two L,X, models of the platinum center derived
from the most stable DFT optimized geometry structures are
considered (Fig. 6). Both models involve the L-type coordina-
tion of a cyclooctadiene molecule (n*-cyclooctadiene) through
four sp® carbon atoms at an average Pt-C distance of 2.15 A +
0.02 A. The second shell of four sp® carbon atoms is located at
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Fig. 6 O-Pt—F DFT-optimized structure, used as the initial model for
EXAFS fitting. O—Pt—O structure in the ESI (Fig. S8).

an average distance of 3.05 A + 0.05 A. The X-type coordination
of the platinum atom to the surface of the{001} facet of anatase
is modelled either by two 1i,-O at distance 2.01 A + 0.01 A or one
;-0 and one p,-F, sitting at a distance of 1.99 A and 2.06 A
respectively. Unfortunately, from the EXAFS point of view,
there are minimal differences between the scattering paths
calculated with oxygen or fluorine atoms.®*®* Considering the
restricted k-range of the data, [3.4, 10.2] A™*, the half path
lengths of the first shell are also too close to be resolved.

As a consequence, the best model used for the fitting of the
experimental data consists of: (i) a doubly degenerate Pt-O
scattering path modelling the coordination to the TiO, surface
through oxygen and/or fluorine atoms (in accordance with
the Pt(u) oxidation state, and DFT calculations), (ii) a Pt-C
scattering path for the coordinating sp”> carbon atoms, and
(iif) another Pt-C scattering path modelling the non-bonding
carbon atoms from cylooctadiene (CH,). Note that the coordi-
nation numbers of the two Pt-C scattering paths were con-
strained to be equal in order to break the correlations between
the parameters of Pt-O and the shortest Pt-C scattering path.
The final result (Fig. 7 and Table 1) provides a closely matching
fit with the EXAFS data, together with reasonable fitting para-
meters and uncertainties (y*/v = 10.2, R-factor = 0.6%).
All interatomic distances are in close agreement with the
original DFT calculations: 2.06 A for Pt-O and Pt-F (Pt-O:
2.00 A and Pt-F: 2.04 A by DFT), 2.20 A for Pt-CH (2.15 A by
DFT), and 3.08 A for Pt-CH, (3.02 by DFT). The coordination
number of carbon atoms indicates that on average one cyclo-
octadiene molecule remains bonded to the platinum center
after grafting.

Therefore, based on FTIR, *C NMR, electron microscopy, DFT
and X-ray absorption spectroscopy, we conclude that (CH;),Pt(COD)
grafting at low loading on {001}-anatase proceeds in a bipodal
fashion, with no change in the Pt oxidation state, leading to isolated
Pt(COD) species, bound to either two surface oxygen or one surface
oxygen and one fluorine atom, as shown in Fig. 6.
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Table 1 Fitting data for 0.5%Ptgr:TiO, using O and C as the only
scatterers. °/v = 10.2; R-factor = 0.006

Coordination R (A)
Scatter number (EXAFS)

Pt-O 2 (defined)
Pt-CH 4.0 £1.2
Pt-CH,

R(A

) AE,
(DFT)

a* (A?) (ev)

2.06 £ 0.01 1.99-2.01 0.004 £ 0.001 9.6 & 1.6
2.20 £ 0.06 2.13-2.16 0.019 £ 0.010

3.08 £ 0.04 3.00-3.09 0.016 =+ 0.007

(e) CO adsorption. CO adsorption followed by FT-IR
spectroscopy is a commonly used tool to study the nature of
supported platinum catalysts:>*®” as the C=0O stretching
band is affected by back-bonding from the platinum to the
CO molecule, its position can provide insight into the oxidation
state and coordination of the platinum atoms.

CO adsorption and FT-IR spectroscopy was performed by
exposing the samples to gaseous 5% CO in argon in an in situ
DRIFTS chamber for 10 minutes, then flushing the chamber
with argon again, leaving only irreversibly adsorbed CO on the
sample. The spectra are shown in Fig. 8.

As expected, no C= 0 stretching band can be seen from the
support itself at room temperature.®® For 0.5%Ptgg:TiO,, a
prominent stretching band can be seen at 2096 cm ™", with a
small shoulder around 2067 em™". These values are too low in
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Fig. 8 Support and grafted material IR spectra after CO adsorption.

frequency for CO bound to Pt*" sites, which is generally
expected around 2120-2140 cm ™ *,°>%%77! but match very well
those expected respectively on the {111} faces and edges of Pt
nanoparticles.”> The formation of geminal C=0 species can
also be excluded, as two distinct bands of similar intensities
would then be expected from the symmetric and antisymmetric
stretching modes of this geometry.”> HRSTEM images taken
before and after CO adsorption (Fig. 9) show the disappearance
of Pt single atoms and the formation of small Pt nanoparticles
upon exposure to CO gas.

It is therefore apparent that the addition of carbon
monoxide to single, isolated PtV species on this TiO, support

Fig. 9 HAADF-STEM images of 0.5%Ptgr:TiO; (a) before and (b) after CO
adsorption. Red circles: single atoms, black circles: nanoparticles.

View Article Online

PCCP

reduced them to Pt® nanoparticles. This could potentially happen
through the oxidation of CO to CO, and formation of a mobile,
zero-valent Pt(CO), species, that would then decompose into the
observed nanoparticles. A proposed pathway for such a reaction
was studied by DFT calculations and the obtained results are
shown in Fig. 10.

The first step of such a reaction is a simple substitution of
the cyclooctadiene ligand on platinum by two CO molecules,
leading to a bipodal Pt(CO), species. A third CO molecule
can then physisorb nearby on the TiO, surface. A concerted
reductive elimination between the O and CO ligand and addi-
tion of the nearby physisorbed CO then leads to the following
species: CO, and Pt(CO),. Neither being covalently bound to the
TiO, surface, they should be highly mobile.

While such zero-valent Pt complexes have been reported
before, their isolation required a solid argon or solid neon
matrix at cryogenic temperatures.”>”> The in situ DRIFTS
experiments reported here having been conducted at room
temperature, Pt(CO), is therefore expected to rapidly decom-
pose into Pt nanoparticles, in agreement with the observed
experimental results.

Hence, it appears that the use of CO adsorption followed by
IR spectroscopy to characterize Pt species is not necessarily
applicable to materials with Pt single atoms on the surface,
as they may thus be directly altered by the CO adsorption.
Since atomically dispersed Pt catalysts have successfully been
used under CO oxidation and water gas shift conditions
elsewhere,***?® this appears to be strongly dependent on
the support to which the platinum atoms are anchored.

(2) cCatalytic results

(a) Oxygen evolution reaction. Pure titanium dioxide has
been reported to be active in catalysing the oxygen evolution
reaction."” The TiO, used as a support in this study presents an
uncommon morphology (81% of the surface consists of the
{001} facet) and is fluorinated (2.6 wt% F).'' To determine
whether this support remained able to perform the OER,
a photocatalytic run was performed using the pure support,
in the presence of sodium persulfate (0.1 M Na,S,0; in H,0).

150
A100—
?') 50
E , o
3 +CO
T -50 -] '1
< -4.0 kJ.mol

-100

-150

-3
-100.9 kJ.mor‘l\ '

Reaction steps

Fig. 10 Proposed mechanism for Pt reduction by CO for the Ti-O—-Pt(COD)—-F-Ti structure as obtained by DFT calculations. Three Ti layers and Ti and
O atoms on the edges are omitted for illustration clarity. Full structures are available in the ESIf (Fig. S9). The mechanism for the Ti-O-Pt(COD)-O-Ti

structure is available in the ESI¥ (Fig. S10).
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As can be seen in Fig. S12 (ESIt), the unmodified support is
indeed active for the oxygen evolution reaction, though the
achieved photon yields are relatively low, and some deactiva-
tion is seen over time. Platinum grafting at a 0.5 wt% loading
slightly increases the OER activity.

(b) Photocatalytic HER. The ability of the grafted platinum
to perform the hydrogen evolution reaction was tested in the
presence of 10 vol% methanol in water for 0.5%Ptgg:TiO,.

In this system, conduction band holes are rapidly consumed
by the progressive oxidation of methanol to CO, on the TiO,
surface, either directly or mediated by hydroxyl radicals.”®
Formaldehyde and formic acid are formed as intermediates,
and rapidly consumed.>® Valence band electrons can then
in turn migrate to the surface catalytic sites where hydrogen
evolution occurs.””

As shown in Fig. 11, a relatively high photocatalytic activity
is initially achieved. The corresponding photon yield reaches
~12% for photons with wavelengths between 225 and 387 nm
(5.5-3.2 eV, spectrum in Fig. S11, ESIt). The activity however
strongly decreases over time, levelling after 30 h. TEM imaging
after photocatalysis (Fig. S13, ESIf) shows the presence of
Pt nanoparticles and the absence of Pt single atoms. The
sample prepared by H,PtCls impregnation followed by hydrogen
reduction (0.5%Ptyp:TiO,) shows much lower activity from the
start and identical activity to the grafted sample after some minor
deactivation. We therefore consider that the deactivation likely
proceeds through the aggregation of the grafted Pt into Pt
nanoparticles under reducing conditions, resulting in a decrease
of Pt dispersion over the sample.

Thus, the number of interfacial Pt-TiO, sites at which
conduction band electrons are transferred to surface Pt would
be lowered, favouring electron-hole recombination, hence the
decrease in H, production rate and photon yield.

The HER experiment described above has been repeated for
all Pt loadings, including the blank support. The obtained
results are summarized in Fig. 12. For all samples, the same
deactivation phenomenon is observed. For Pt loadings ranging
from 0.5% to 5%, little variation is seen in the maximum yield.

5009 Hydrogen evolution reaction

4-point average

- 12

400 +

300

Photon yield (%)

200

H2 production rate (umol/h)

100

N

0.5%Pt,,:TiO, T

0 T T 0
0 10 20
time (h)

Fig. 11 Photocatalytic hydrogen evolution reaction of SOMC-grafted and
impregnated samples, with 10% methanol in water.
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Fig. 12 Photocatalytic HER rate and photonic yield (225-387 nm) as a
function of Pt loading with 10% methanol in water before (black) and after
(red) deactivation.

However, it falls sharply at 0.2% Pt. We therefore choose 0.5%
Pt as the optimum loading for all the following experiments, as
it makes the greatest use of the smallest amount of platinum.

(¢) Water forming backwards reaction in dark conditions.
As previously mentioned, fast backwards reactions can be
a significant source of efficiency losses in systems where
hydrogen and oxygen are formed together.”®”® Noble metals
such as platinum are known to catalyse the conversion of
hydrogen and oxygen into water.®® While overall photocatalytic
water splitting could not be achieved here, presumably due to
the instability of the obtained material under photocatalytic
conditions, it remains our ultimate goal. Therefore, to deter-
mine whether platinum single atoms could, if stabilized,
become part of a successful and efficient overall photocatalytic
water splitting system, we must study their propensity towards
fast backwards reaction.

Backwards reaction rates were measured on 0.5%Ptgg:TiO,.
Little to no backwards reaction appears to take place initially
(Fig. 13a). The rate can then be seen to increase during the first
four hours, indicating a form of activation taking place. The
rate peaks at 46.5 pmol h™', and then decreases as reagents are
depleted in the system (p(H,) < 10 mbar, indicating 50% of the
hydrogen has been consumed).

When hydrogen and oxygen are re-introduced in the system
at their original concentrations (Fig. 13b), the observed reaction
rate appears to simply follow the concentrations of the
reagents. The initial reaction rate, around 25 pmol h™*, is lower
than the maximum reaction rate previously attained, indicating
that some form of catalyst deactivation also took place. Backwards
reaction rates have also been measured on the nanoparticle-
covered, impregnated 0.5%Ptyp:TiO, (Fig. S14a, ESIT). The results
show a strikingly similar behaviour to that shown in Fig. 13b.
No measurable activity could be seen from the support alone
(Fig. S14b, ESIYt).

To understand the changes that occur on the catalyst during
the backwards reaction, samples were collected at different
times during the reaction, and HRSTEM micrographs were
acquired. The obtained results are reported in Fig. 14. The Pt
single atoms are thus seen to form Pt clusters within the first
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Fig. 13 Backwards reaction measurement runs in a closed-loop reactor.
(a) Backwards reaction with Pt single atoms on {001}-anatase; (b) back-
wards reaction re-using the material obtained at the end of run (a). First
hour excluded due to gas mixing.

Fig. 14 TEM micrographs of 0.5% Pt:{001}-anatase sampled at different
times throughout the backwards reaction run.
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two hours of the reaction. At the 4 h mark, when the reaction
rate is the highest, Pt clusters and nanoparticles can be seen.
After 10 h of reaction, only large Pt nanoparticle agglomerates
can be seen. This suggests the backwards reaction rate increases
from single atoms, to clusters, and then to nanoparticles. This
follows the trends reported in the literature for both the hydrogen
oxidation reaction®® and oxygen reduction reaction.’**> The
subsequent decrease in activity after 10 h can be explained by
the reduced availability of surface Pt atoms due to the agglomera-
tion of nanoparticles.

Conclusions

A Pt complex, (CH3),Pt(COD), was successfully grafted by SOMC
techniques on morphology-controlled anatase TiO, with a
fluorinated surface. ">*C NMR showed the bipodal nature
of the grafted species. DFT calculations suggest two stable
configurations, depending on the relative arrangement of
the surface hydroxyls on which grafting took place: a Ti-O-
Pt(COD)-F-Ti-species, and a Ti-O-Pt(COD)-O-Ti species.
Carbon monoxide adsorption on this material led to the con-
version of the Pt single atoms into nanoparticles. A mechanism
for this aggregation process was proposed. This suggests a
potential limitation to the commonly used method of CO
adsorption combined with FT-IR to characterize materials
bearing Pt on their surface.

With regards to photocatalytic hydrogen evolution, TiO,
decorated with highly dispersed Pt grafted by SOMC showed
superior HER ability compared to Pt:TiO, prepared by impreg-
nation and reduction at identical loading. A much lower back-
wards reaction rate was also seen with Pt single atoms,
demonstrating their clear superiority over Pt nanoparticles for
photocatalytic overall water splitting if achieved. Unfortunately,
such single atoms also proved to be quite unstable under
illumination, coalescing into nanoparticles. Further work is
therefore required to obtain stable platinum single atoms on
materials active towards photocatalysis.

Abbreviations

CB Conduction band

COD cis,cis-1,5-Cyclooctadiene

DFT Density functional theory

DRIFTS Diffuse reflectance infrared Fourier-
transform spectroscopy

EXAFS Extended X-ray absorption fine structure
spectroscopy

FT-IR Fourier-transform infra-red

GC Gas chromatography

HAADF High angle annular dark field

HERFD-XANES High energy resolution fluorescence detected
X-ray absorption near edge spectroscopy
Hydrogen evolution reaction

Hydrogen oxidation reaction

HER
HOR
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HRSTEM High resolution scanning transmission
electron microscopy

NMR Nuclear magnetic resonance

OER Oxygen evolution reaction

ORR Oxygen reduction reaction

SOMC Surface organometallic chemistry

STEM Scanning tunneling electron microscopy

TCD Thermal conductivity detector

TEM Transmission electron microscopy

VB Valence band.
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