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Abstract

The support-metal interaction is an important element of heterogeneous catalyst design
and is particularly critical for the rapidly growing field of single-atom catalysts (SACs).
We investigate the impact of varying the defect density of the titania support on metal-
organic Pt SACs for hydrosilylation reactions. Pt SACs are decorated on the powder titania
support, employing a metal-ligand interaction with a dipyridyl-tetrazine ligand (DPTZ).
The single-atom nature of Pt is verified by X-ray absorption spectroscopy (XAS) on both
pristine and defective titania surfaces. These Pt species have a +2 oxidation state and are
stabilized by bonding with DPTZ, surface oxygen, and residual chloride from the metal
precursor. The catalytic activity is evaluated for the alkene hydrosilylation reaction and it
is discovered that the activity of Pt-ligand is positively correlated with the defect density
of the titania support. The turnover number (TON) is calculated to be 12 530 for Pt SACs
on a defective surface, which is significantly higher than Pt SACs on a pristine titania
surface (830) for the same reaction period (10 min) under the same conditions (70 °C). We
ascribe the high activity of Pt SACs on defective titania surfaces to two aspects: the
coordination of Pt with more chloride than on pristine titania surfaces, which shortens the
induction period of the reaction, and the preferential dispersion of Pt-DPTZ units on
defective regions of titania surfaces, allowing facile contact between Pt sites and reactants.
The supported Pt-DPTZ SACs show high stability through multiple cycles of batch
reactions. This work demonstrates an efficient approach to improve the activity and
stability of SACs by optimizing the metal-support interaction, which can also be applied
to other oxide surfaces to further develop next-generation heterogeneous single-atom

catalysts.
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Introduction

The metal-support interaction is known to significantly affect the activity of
heterogeneous catalysts.!** The strong interactions between Pt metal sites and different
oxide supports affect the morphology and composition of the metal species, leading to
significant differences in catalytic activity and selectivity for reactions such as Fischer-
Tropsch synthesis, CO oxidation, and hydrogenation.’-'° Noble metal nanoparticles are

often encapsulated by the support materials due to these strong inteactions.> '1-12

In recent years, there has been growing interest in noble metal single-atom species to
maximize atom-utilization efficiency and take advantage of unique properties of single
atoms to enhance selectivity and activity.!3-14 As single atoms, they are more sensitive than
nanoparticles to the surrounding interactions from coordination partners, including the
support.® Therefore, modification of the support surface properties is expected to have a
strong impact on the properties of single atoms including coordination environment,

electronic properties, nucleation behavior, and surface geometry.?

Current methods to synthesize single-atom catalysts (SACs) usually involve wet-
chemical approaches, including defect-engineering on oxide surfaces, !’ binding site design
on zeolites,!¢ impregnation using strong electrostatic adsorption (SEA) at very low
concentration of noble metals,!” alkali-oxo isolated single atoms,'®2 or single-atom
alloys.'® A surface organometallic chemistry (SOMC) methodology has been adopted to
synthesize single atoms as well. The organic ligands can be removed by a thermolytic,
nonoxidative procedure after grafting on the surface. A key feature of the SOMC method

is the opportunity to create tunable SAC properties, particularly higher reaction selectivity,
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by tuning the ligand.?! SOMC is applied to reveal the elementary steps of molecular
chemistry. The single transition metal atoms are involved and are covalently or ionically
bound to a solid support. Additionally, the metal center is bound with functional ligands
and spectator ligands. The functional ligand is formally oxidizing the metal center and
becomes an intermediate during the elementary steps, for example metal-
(carbene)(hydride). The spectator ligand is not involved during the reaction but plays an
important role in tuning the electronic or steric properties of the metal center.?> The
difference between SOMC and the other above-mentioned single atom catalysts (SAC) is
that the supported SOMC catalysts keep at least part of the ligands. The ligand thus may
control the oxidation state, geometry and d" electron configuration of the metal center.??
Well-defined surfaces like oxides, sulfides, carbon or graphene can be used to target
specific functionalities on the surfaces, and these supports are usually regarded as a rigid
ligand. However, in the SAC studies, the properties of support have shown to impact the

functionality of the metal center.!> 23

We have developed a metal-organic coordination strategy to synthesize Pt SACs on
oxide surfaces.>* This metal-organic complexation strategy utilizes ligands to tune the
charge state of single metal atoms and stabilize the single-atom centers at high loadings,
which we initially demonstrated on model supports (single crystal surfaces) in ultra-high
vacuum,?3-26 but later adapted to high-surface-area powder oxide supports under ambient
conditions.?* In these metal-ligand SACs, the proximity of the metal center to the support,
which allows for chemical spillover of reaction intermediates,>> makes the supporting
materials very important in determining the activity of the catalyst. For example, the Pt

SACs using the metal-ligand strategy on ceria (CeO;) and magnesia (MgO) supports have
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been shown in a previous study to be active for hydrosilylation reactions,?* >’ which is an
interesting model reaction for examining SAC selectivity because of the challenges in

selective C-H functionalization and avoiding isomerization by-products.

Hydrosilylation reactions of olefins are important industrially for silicon chemistry to
convert inexpensive hydrocarbon feedstocks into value-added chemicals. These reactions
can be applied for the synthesis of coupling agents, reduction of carbonyl groups,
modification and cross-linking of polymers, and particularly for organosilicon
copolymers.?8-32 Compared to hydrosilylation using homogeneous catalysts, heterogeneous
catalysis enables recycling of the catalyst and a straightforward separation of products from
reaction suspension. Therefore, considerable efforts have been made to heterogenize
hydrosilylation reactions.?3-3¢ In Maciejewski’s work, the heterogeneous catalytic system
(Pt supported on a highly hydrophobic styrene—divinylbenzene resin) can be used without
significant loss of activity. For supported single-site Pt on Al,Os, the catalysts show higher

selectivity to products than the Pt nanoparticles, albeit at a high reaction temperature.3*

Our previous study has shown that the support CeO, outperforms MgO with same Pt-
DPTZ loading for the hydrosilylation of oct-1-ene, which may be ascribed to the effect of
natural surface defects on CeO,.>* Therefore, in order to explore the role of surface defects,
in this work we employ titania (TiO,) as supports, where a high degree of control on the
TiO, surface defects can be introduced.?” TiO, is also environmentally benign, and highly
resistant against chemical corrosion.’®4? The objective of this work is to examine the
influence of TiO, surface defects on catalytic hydrosilylation performance of metal-organic
SACs with the aim to understand how defect tuning can influence SACs and improve

catalytic reaction performance.
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The density of surface defects, primarily Ti3" / oxygen vacancy (Ov) pairs, is
controlled by thermal annealing of the TiO, powders before Pt loading and can be
characterized by EPR spectroscopy. Pt single-atom with stabilizing tetrazine ligands (3,6-
di-2-pyridyl-1,2.,4,5-tetrazine, DPTZ, Figure 1a) are loaded on these TiO, surfaces, then
tested for catalytic alkene hydrosilylation activity. The catalyst activity is found to increase
with TiO, annealing temperature up to 500 °C, indicating a positive correlation of activity
with defect density over a range of catalyst treatments. The catalyst can be recovered and
reused for several cycles of batch reactions: Pt-DPTZ on defective TiO, surfaces is stable
for at least four cycles, but supported bare Pt or Pt nanoparticles (no DPTZ ligand) on either
pristine TiO; or on defective TiO, are only active for the first cycle, demonstrating that the
presence of the ligand significantly improves the durability of the catalyst under reaction

conditions in solution.
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Figure 1. (a) Structure of dipyridyl tetrazine (DPTZ). Schematic illustrations of Pt-DPTZ
on (b) pristine TiO, (101) and on (c¢) defective TiO, (with oxygen vacancy). The sub-
surface oxygen vacancy leads to local electron-rich surface sites,*!-43> which impact the
coordination around the Pt center and thus affect the reaction activity, as described in the

text.
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Experimental

Materials and chemical reagents

Titanium (IV) oxide (anatase, nanopowder, <25 nm, 99.7% trace metals basis), 3,6-di-
2-pyridyl-1,2,4,5-tetrazine (DPTZ, 96%), dihydrogen hexachloroplatinate (IV)
hexahydrate (99.95%, H,PtCls*6H,0), and decane (99%) were purchased from Sigma-
Aldrich. 1-Butanol and dichloromethane (DCM) were purchased from VWR Chemicals.
Toluene was purchased from Macron. Dimethoxymethylsilane (97%) and 1-octene (97%)

were purchased from Alfa Aesar. All chemicals were used without further purification.

Catalyst preparation

Titania was used as the catalyst support, either in its pristine form (as received) or by
applying an annealing treatment at a specific temperature to generate oxygen vacancy (Ov)
surface defects. For the annealed TiO, supports, 0.4 g TiO, powder was loaded in a ceramic
crucible and placed into the center of a tube furnace. The tube furnace was first purged
with pure lab nitrogen gas for 30 min, then a flow of forming gas (5 vol. % hydrogen,
balanced in nitrogen gas, Airgas, 99.99%) at 2 L/h was started. Under this gas flow, the
temperature was increased from room temperature to the desired annealing temperature at
a ramp rate of 10 °C/min. After holding at a fixed temperature for 1 h, the furnace was
cooled down to room temperature in the forming gas flow. Annealing treatments under
hydrogen gas have been shown to create defects in the surface and sub-surface.!> 4443 It is
important to note that while Ov sites created in UHV by Ar* or electron beam irradiation
have been demonstrated to have a significant degree of mobility*® and to be unstable in

air,-*8 Ov generated by hydrogen treatment have been shown to be stabilized by the
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presence of bound hydrogen.*-39 As shown in prior studies, near-surface oxygen vacancies

produce electron-rich surface sites (Figure 1¢).41-43

The synthesis of single-atom Pt on TiO, is based on a metal-organic wet
impregnation method that has been previously reported by our group.?* Briefly, 0.3 g
Ti0, powder (pristine or annealed, as described in the preceding paragraph) was
dispersed in 1-butanol, sonicated for 1 min, then stirred for 30 min. DPTZ was dissolved
in 1-butanol to form a pink solution. Then, 0.0080 g H,PtClg*6H,0O (1 wt% by Pt;
dissolved in 5 mL 1-butanol) and the pink DPTZ solution were added in sequence into
the TiO,/1-butanol. After stirring overnight, the suspension was dried under an air
stream. The dry precipitate was collected and washed using de-ionized water. DCM was
used to clean the sample at the last step to remove residual DPTZ from the surface.
Afterwards, the final filtered powder was collected and dried in air. For the reference
samples of bare Pt only (no DPTZ), the same procedure was used, except for the
omission of the DPTZ solution. In the Pt nanoparticle preparation, 1 mL of 0.1 M NaOH
aqueous solution was added into TiO, suspension before the addition of Pt-precursor (1
wt% by Pt). After precipitation, the suspension was dried at 100 °C in oven and then

reduced in hydrogen (balanced with 50% Ar) at 400 °C for 1 h.

Hydrosilylation reaction

The hydrosilylation reaction between 1-octene and dimethoxymethylsilane was
performed in a closed reaction tube. The reaction solution consists of 2.3 mmol
dimethoxymethylsilane and 3.1 mmol 1-octene dissolved in 1.5 mL toluene. Catalyst

powder was added into the reaction solution once it reached the target reaction
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temperature (40 °C to 70 °C). The suspension was sampled in 100 uL aliquots at various
time intervals (0 min, 5 min, 10 min, 20 min, 30 min) to obtain a yield-time curve. The
sampled suspensions were diluted into 10 mL toluene and analyzed by GC-MS for the
yield of products and conversion of reactants. Decane (1.1 mmol) is used as a standard
reagent for calibration of GC-MS signal response. In each experiment, 5.0-5.2 mg

catalyst was used, and the Pt concentration is in the range of 5-15 ppm.

Cyclic batch reaction experiments were performed under the same experimental
conditions as above. After each cycle at 70 °C for 30 min, the reaction mixtures were
then separated from the solid catalysts after the catalyst deposited at the bottom of the
reactor. The catalysts were further cleaned with 1 mL toluene to wash out the adsorbed
reactants or products. A fresh reaction mixture at the similar equivalent was added into
the same reactor which contains solid catalyst. The change of reactants and products were
sampled and measured by GC-MS. The cycles were repeated for 5 times for Pt-
DPTZ/Ti0O, 500 °C and 3 times for bare Pt supported on TiO, (pristine and defective)

without DPTZ presence.

For XPS or ICP-MS analysis, the solid catalysts were collected and cleaned after first
and third cycle of hydrosilylation reaction. A certain amount of the recycled solid
catalysts was treated in aqua regia at 70 °C for 1 h and the supernatant was collected for
ICP-MS analysis to quantify the Pt amount. The rest of the collected solid powers after

reaction were analyzed by XPS for elemental compositions.

Blank experiment using only TiO, was performed to eliminate the experimental

error. Catalytic experiments were repeated several times and results were reproducible.
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Characterization

X-ray photoelectron spectroscopy (XPS) measurements were conducted at room
temperature with a PHI Versaprobe II XP spectrometer using a monochromated Al Ko X-
ray source. N 1s, C s, O 1s, Pt 4f, and Ti 2p spectra were measured for all samples.
Additionally, Cl1 2p spectra were measured for all Pt-loaded samples. A Pt 4f region was
collected for clean TiO, as a background to subtract from other spectra. A binding energy
(BE) correction was made using the Ti 2ps3,; peak (458.0 eV) for all samples. The DPTZ
loading was quantified using the area ratio between the N 1s peak and Pt 4/ peak (Table
1). XPS peak fitting was performed using CasaXPS software using the same full width at
half maximum value for each component in the same region. The separation of 4f 7, and

4f s, was fixed to be 3.2 eV.

EPR spectra were acquired using a Bruker EMX X-band EPR spectrometer at room
temperature, microwave frequency of 9.866 GHz, microwave attenuator at 15.0 dB,
microwave power of 6.38 mW, modulation frequency of 100 kHz, and modulation
amplitude of 4.0 G. X-ray diffraction (XRD) measurements were recorded with a
Panalytical Empyrean Diffractometer equipped with a Cu Ka (A= 0.154 nm) X-ray source
and a transmission-reflection spinner. The scanning range was set from 20° to 85°, with a
step of 0.02°/s. Raman spectra were acquired on Renishaw 1000B microRaman

instrument equipped with a Coherent Innova 70-2 Ar" laser with emission at 514 nm.

Samples for electron microscopy were prepared by drop-casting Pt-DPTZ on TiO,
particles dispersed in ethanol onto lacey carbon TEM grids. STEM-EELS measurements

were performed using a probe aberration-corrected NION UltraSTEM 100, operated at 60

10
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kV. HAADF-STEM images were collected using an annular dark field detector with a
convergence angle of 31 mrad and collection angles between 84-200 mrad at over a 20
nm x 20 nm field of view. EELS measurements were performed with a 3 um aperture,
using a dispersion of 0.3 eV per channel and a scanning pixel dwell time of 0.1 s per
pixel. The acquired spectra were then corrected for noise using local background
averaging,®' with the background averaged in the vicinity of a scan pixel with a 3 pixel

standard deviation gaussian. Transmission electron microscopy (TEM) analysis was

performed on JEOL JEM 1400plus, which is operated at 120 kV.

X-ray absorption spectroscopy (XAS) measurements were performed at the 9-BM
beamline at the Advanced Photon Source of Argonne National Laboratory. The solid
sample was pressed into a pellet with diameter of 7 mm and fixed to a mobile sample
holder. The monochromatized X-ray energy was calibrated with the Pt L;-edge (11563.7
eV). X-ray absorption spectra were measured at the Pt L;-edge, from to 11 363 to 12 365
eV. Both fluorescence and transmission data were collected and share similar features;
fluorescence data have better signal to noise ratio and were used for analysis. XAS of a Pt
foil, an PtO, pellet, and a K,PtCl¢ pellet were measured as standard references for
XANES of Pt(0) and Pt(+4) in different coordination environments. Reference samples
were measured in transmission mode due to their high concentration. Fitting of EXAFS
spectra was performed using Artemis software.>> Pt-N and Pt-Cl paths were selected from
Pt(2+)(pyridine),Cl, structure, where R.4(Pt-N)=1.996 A and R,;(Pt-C1)=2.293 A. Pt-O
path was selected from PtO, structure, where R 4(Pt-0)=2.070 A. The S,2 and AE, were
defined by fitting the standard samples. For example, the S,> and AE, is simulated to be

0.9 and 9.0 respectively for Pt-Cl path, by fitting the K,PtCls sample. The S,> and AE, is

11
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simulated to be 0.9 and 9.8 respectively for Pt-O path, by fitting the PtO, sample. The S,>
and AE, is simulated to be 1.2 and 9.8 respectively for Pt-N path, by fitting the PtO,

sample using Pt-N path.

CO adsorption experiments were performed with a diffuse reflectance IR
environmental chamber (PIKE Technologies, 162-4160, HTV) at room temperature
(25 °C). Background spectra were collected under Ar flow before purging the chamber
with 10% CO in Ar. After CO flowed into the chamber for 15 min, the diffuse reflectance
infrared Fourier transform spectra (DRIFTS) were collected with a Magna 550 FTIR
spectrometer (Nicolet). Each DRIFT spectrum was an average of 500 scans and was
converted into Kubelka-Munk units. Afterwards, the chamber was purged with pure Ar
for 15 min to remove gas phase CO, as well as weakly adsorbed CO from the catalyst

surface.

In order to quantitatively determine Pt loading, ICP-MS measurements were
performed with an Agilent 7700 quadrupole ICP-MS instrument. Solid catalysts were
treated with aqua regia to dissolve all Pt. The calibration curve was determined using
Platinum Standard for ICP (Sigma-Aldrich, TraceCERT, 1000 mg/L Pt in hydrochloric

acids) diluted with trace-free HCI to a range of concentrations.

12
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Results and Discussion

TiO, Characterization

We prepared a set of TiO, support powders using a range of annealing temperatures
from 300 °C to 500 °C, which has been shown to produce a range of surface defect
densities.!> 433 The formation of Ti**/ O, (oxygen vacancy) states in TiO, introduced by
annealing treatment is characterized by continuous wave (CW) electron paramagnetic
resonance (EPR) spectroscopy, which is widely used in the characterization of
paramagnetic centers.’*>’7 The CW-EPR technique provides signals based on the g tensor
only, which could be used to distinguish single electrons trapped in regular lattice sites,
interstitial sites, or defective sites.>* 38 Pristine anatase shows only a weak signal at g-
tensor value of approx. 2.00 (Figure 2a), due to Ti**/O, naturally present in commercial
anatase,>-%" although our spectral features are broader than in those studies because
acquisition was done at room temperature.®! For anatase powder annealed from 300 °C to
500 °C, a clear increase in intensity of this signal (g = 2.00) can be observed reaching a
three-fold increase for anatase annealed at 500 °C, indicating a higher concentration of
Ti3*/O, sites, which are introduced by annealing in H,/N,.!>-¢0-62 Raman spectroscopy
shows a blue shift of all five modes for anatase annealed at 400 °C and 500 °C (Figure
S1a), indicating shortening of the correlation length because of the presence of oxygen
vacancies.*” The material turns from white pristine anatase to a yellow color after
annealing at 500 °C (Figure S1a, inset). However, annealing TiO, above 500 °C leads to
EPR signal attenuation (Figure 2a)'> and changes in Raman spectra (Figure S1a) and

XRD patterns (Figure S1b) that are all consistent with a transition to rutile TiO,. The

13



XRD results also indicate that the particles sinter significantly above 500 °C (crystallite
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size increases from 17.1 nm to 156.4 nm, Table S1).

g values
216 208 2 192 184
(@) ——Cavity '
— Pristine TiO,
—Ti0,-300°C

Figure 2. (a) Solid-state EPR spectra for pristine TiO, (blue), and for various degrees of
defective TiO, prepared by annealing at 300 °C, 400 °C, 500 °C, and 700 °C for 1 h in
H,/N,. Blank cavity reference shown in red. (b) Pt 4 XP spectra for Pt-DPTZ SACs on
pristine TiO; and on defective TiO,, annealed at 300 °C, 400 °C, and 500 °C before
catalyst loading. XPS data are shown as black dots with fitting components (blue) and

dy"/dB

G

Photoemission Intensity (a.u.)

Pt-DPTZ/pristine TIO, , Pt 4f

Dl “E r
PtDPTZ/TIO, 300 °C } *
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1330 340 350 360 370 380 390 80 78 76 74 72 70 68
Magnetic Field (mT) Binding Energy (eV)

envelope (red) as solid lines.

Pt-DPTZ/TiO, Characterization

The pristine TiO, or the defective TiO, is used as the support to load Pt with DPTZ
(Figure 1b-c¢) using a one-step impregnation method.?* The chemical states and
coordination of Pt with ligand on various defective TiO, supports are examined by XPS

(Figure 2b, Figure S2-S3). Pt 4f peaks in Figure 2b show that the Pt that is supported on

14
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TiO, with DPTZ is predominantly in a +2 oxidation state (Pt 47, BE at 72.1 eV, consistent
with prior studies on Au(100) and TiO, surfaces?% 93-64). The increased defect density on
the TiO, support (increased annealing temperature) leads to a significant increase in Pt

loading under the same synthesis conditions, as shown by the intensity increase of Pt 4f

XPS (Figure 2b and Table 1) and by ICP-MS analysis (Table S2).

Table 1. Catalyst composition as number ratios based on XPS measurements. XPS peak

areas are corrected by sensitivity factors to calculate DPTZ/Pt, Pt/Ti, and C1/Pt number

ratios.
DPTZ/Pt Pt/Ti (10-%) Cl/Pt
Pt-DPTZ/Pristine TiO, 0.92 1.6 0.57
Pt-DPTZ/TiO, 300 °C 0.53 4.5 0.58
Pt-DPTZ/Ti0, 400 °C 0.39 4.5 0.73
Pt-DPTZ/Ti0O, 500 °C 0.38 6.4 1.37
Pt-DPTZ/Ti0O, 700 °C 0.34 38.4 0.88
Pt/Pristine TiO, - 1.8 *
Pt/TiO, 500 °C - 1.7 *
Pt NPs/Pristine TiO, - 38 0.60
Pt NPs/Ti0O, 500°C - 3.1 0.95

*indicates the ClI detection is below 0.02 at.%.

To verify the single-atom nature and to reveal the local coordination environment of
the Pt centers, X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) (Figures 3 and 4) measurements were performed for
Pt-DPTZ SACs on different TiO, surfaces. The XANES spectra at the Pt L;-edge from

Pt-DPTZ SACs/pristine TiO, (Figure 3) show white line peaks with intensity indicative

15



of the presence of oxidized platinum species (between zero to +4 states), in agreement

with the XPS results.

Normalized yu (E)

11520 11540 11560 11580 11600

Figure 3. Pt L; edge XANES for Pt SACs with DPTZ on pristine TiO,, on defective
Ti0,, Pt foil, commercial PtO,, and K,PtCls. The Pt-DPTZ (orange and black color)

white line intensity indicates an intermediate oxidation state between 0 and +4.

EXAFS measurements at the Pt L; edge provide information about the local
coordination environment of Pt. For Pt-DPTZ on either pristine TiO, (Figure 4a) or on
defective TiO, (Figure 4b), we see no indication of Pt-Pt coordination (compare to Pt
foil in Figure 4¢g). These results demonstrate the single-atom nature of platinum on the
pristine TiO, and defective TiO, surfaces with DPTZ. Previous reports show that even for
clusters < 10 atoms, Fourier transform EXAF spectra do show a Pt-Pt path intensity,5
which is different from the current EXAF spectra. However, it should be noted that while
we do not observe a Pt-O-Pt path in our data, small, oxidized Pt particles with no long-

range order may not produce a well-defined EXAFS signal and thus cannot be excluded

Catalysis Science & Technology

......................... Pt (+4)

- K,PtCl, -
Pt-DPTZ/pristine TiO, |
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as a possible minority species on the catalysts.% Therefore, the distribution of the
supported single Pt-ligand catalysts is further characterized by high-resolution electron

microscopy (Figure 5).7

Pt-Clshell ~ «------ Fitting
(a) Pt-DPTZ/pristine TiO,

2R _
& | errl F\L2DRTZITO, 500
gi" o \\Weaction of (a)
{.f (d) Pt-Ti and
= ot e Pt=Pt shell
gsessegosdge e 0%0%000000050,0,0,0,0,0,0,0,0,0, 0, 0 o |
L
(e) PtO,
X05__/T\ (f) K,PtCl,
(g) Pt foil

0 1 2 3 4 5 6
Radial Distance (A)

Figure 4. Fourier transforms of k>-weighted Pt L; edge EXAFS data and their fitting
results in the first shell. Pt-DPTZ on (a) pristine TiO; and (b) on defective TiO, annealed
at 500 °C. Spectrum (c) is the sample of (a) after reaction. The fitting shown in this graph
was obtained using Pt-N (yellow dash) and Pt—Cl (blue dash) paths, assuming S,> = 1.2,
AE, is 9.8 eV for Pt-N shell, and S,2 = 0.9, AE, is 9.0 eV for Pt-Cl shell. Reference
samples (e) PtO,, (f) K,PtClg and (g) Pt foil are also shown. These EXAF spectra were
acquired simultaneously with the XANE spectra in Figure 3. (d) The Pt-Pt (red dash) and
Pt-Ti (grey dash) paths are shown for comparison. Values for independent fitting
parameters and k ranges for Fourier transformation are given in Table S3, as well as an

alternative fitting model with Pt-O and Pt-Cl paths.
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HAADF-STEM with spherical-aberration correction demonstrates that the Pt species
with DPTZ are well dispersed on the defective TiO, surface (Pt-DPTZ/Ti0, 500 °C,
Figures 5a-5¢) as well as on the pristine TiO, surface (Figure 5d). Figure Sc shows
these Pt are mainly isolated single-atom Pt, likely separated by DPTZ. Without the
presence of DPTZ, the Pt aggregates and forms nanoparticles about 2 nm in size on the
pristine TiO; surface (Figure 5e). However, when Pt is dispersed on defective Ti0O,

(500 °C anneal), no clear Pt metal nanoparticles are observed and the Pt preferentially

locate in line with Ti rows (Figure 5f).%

Figure 5. HAADF-STEM images for (a-c) Pt-DPTZ/Ti0, 500 °C, (d) Pt-DPTZ/pristine
Ti0,, (e) Pt/pristine TiO, (without ligand) and (f) Pt/TiO, 500 °C (without ligand).

18
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Hydrosilylation Reaction

The catalytic performance of these Pt-DPTZ SACs on defective TiO, supports was
evaluated for the hydrosilylation of 1-octene with dimethoxymethysilane (Scheme 1).
The anti-Markovnikov addition product, dimethoxy(methyl)octylsilane, is detected by

gas chromatography—mass spectrometry (GC—MS).

Ve Pt SAC e
|

NN HESIOMe ———— = T g oMe
OMe  40.70 °C OMe

Scheme 1. Hydrosilylation reaction of 1-octene with dimethoxymethysilane to produce

dimethoxy(methyl)octylsilane.

We compared a series of catalysts on different TiO, supports to evaluate activity for
hydrosilylation at 70 °C (Figure 6a). After 30 min of reaction, less than 5% yield of
product is detected using Pt-DPTZ SACs on pristine TiO, as well as the Pt-DPTZ on the
Ti0, support annealed at 300 °C. A much more significant increase is observed for TiO,
supports annealed at 400 °C or 500 °C, which both show complete conversion under
these conditions. We find the reaction reaches 100% conversion of silane and close to
100% yield of product for the most active catalyst (Pt-DPTZ/Ti10, 500 °C) at 70 °C after
10 min (Figure 6a). The reaction yields are generally below 100% due to side reactions,
for example, dimerization of the silane product.?’” An excess (1.3 eq.) of 1-octene was
used to avoid limiting reaction yield due to isomerization and hydrogenation of 1-octene.

The Pt-DPTZ on Ti0O; annealed at 700 °C gives a product yield less than 10%, indicating
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that perhaps some new type of inactive defect site is created at this annealing pre-
treatment condition (this is coincident with the transition to rutile, but that transition is
not expected to inherently alter the surface sites). The trend in increasing activity up to
500 °C follows a trend similar to the increase of defects detected by EPR. The TON is
given in Table S2, calculated at 10 min reaction time, which shows for the most active
sample, turnover number of 12 530 is obtained. When only TiO, (500 °C anneal) is used

without Pt (“blank™ in Figure 6a), the catalyst is not active.

(a) (b)

Pt-DPTZ on various titania support

100 v v v Pt-DPTZ/TIO, 500 °C
— 12000 . * *
~ 801 =z / Reaction at 70,°C
O\U /
g / E [ ] /
3 60+ S 8000+
% :2 Reaction at 60 °C
S 401 g
2 ) <]
E /' —=— Pristine —e— 300 °C 2 4000+
20 «— 400 °C —v— 500 °C . o
700 °C —«— Blank Reaction at 4Q°C
. » @
0 - F =y~ ¥ T 0 + . T T T T
0 5 10 20 30 0 5 10 15 20 25 30 35
Reaction Time (min) Reaction Time (min)

Figure 6. (a) Product yield of hydrosilylation reaction at 70 °C for five Pt-DPTZ
SAC:s on different TiO, supports. The blank experiment is performed using TiO, (500 °C
anneal) only and shows no product yield. (b) Catalytic performance shown as turn-over
number (TON = mol product/mol Pt) during 30 min of reaction time for Pt-DPTZ SACs
on TiO, annealed at 500 °C at reaction temperatures of 40 °C, 60 °C, and 70 °C.

For Pt-DPTZ SACs loaded on TiO,-annealed at 500 °C (Pt-DPTZ/Ti0, 500 °C), the
reaction starts immediately and in 10 min the reaction is complete. However, for Pt-

DPTZ SACs loaded on TiO,-annealed at 400 °C (Pt-DPTZ/Ti0, 400 °C), generation of
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product reaches a full conversion of silane after 30 min. The induction period for Pt
SACs on a pristine TiO, surface or TiO, annealed at 700 C, is much longer, so that only a
small fraction of product is formed in this reaction period. The differences in the support

structure have a significant impact on the induction period and activity of the catalyst

The Pt-DPTZ/Ti0, 500 °C catalyst at 70 °C after 30 min shows a reaction yield
(99.5%) higher than that of the Karstedt catalyst (86%, measured in our experiments?).
This catalyst also shows a TON at 10 min (70 °C) that is comparable to single Pt-DPTZ
catalysts on CeO,?’ and significantly better than Pt-DPTZ SAC on MgO?’ or than other
Pt SACs on TiO,.3¢ To explore the activity of the most active catalyst (Pt-DPTZ/TiO,
500 °C), TON-time profiles were obtained at lower reaction temperatures (40 °C and
60°C, Figure 6b) that still allow significant conversion. The activation energy is
calculated according to the Eyring Equation?® (Figure S5) to be 134.2 + 10.4 kJ/mol for
the Pt-DPTZ/TiO, 500 °C catalyst. Activation energy was not calculated for the other
catalysts because of experimental temperature range limits to have sufficiently high
activity for a reliable calculation at a low enough temperature to avoid toluene

evaporation.

Pt-DPTZ SAC Coordination Environment

Following the reaction mechanism proposed by Chalk and Harrod,?® >-70 the reaction
consists of four elemental steps: oxidative addition of the hydrosilane, coordination of the
olefin, migratory insertion of the olefin into the Pt—H bond, and reductive elimination of

the hydrosilylation product. To understand how the coordination site of Pt affects the
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reaction steps, we performed CO adsorption and EXAFS analysis on the supported Pt-

DPTZ.

CO adsorption can be used to distinguish isolated, coordinatively-unsaturated Pt
single-atoms from larger clusters (Figure 7).!7- 7172 Under our experimental conditions
(room temperature, ambient pressure, 10% CO balanced in Ar), no CO adsorption on
pristine or defective TiO, surface is observed (not shown here). With the loading of Pt-
DPTZ SACs on pristine TiO,, CO adsorption peak on any Pt species is not observed
(Figure 7, pink), which indicates that Pt is well-coordinated, leaving no open sites to CO.
However, a CO adsorption peak in the range of 2080 ~ 2120 ¢cm -! is observed for Pt-
DPTZ on defective TiO, (500 °C), indicating coordinatively unsaturated Pt sites (Figure
7, red). Generally, peaks above 2100 cm! are ascribed to a stretching band of linearly
absorbed CO on a cationic Pt species (Pt coordinated with oxidizing ligands, oxidized Pt
clusters, or isolated Pt species).!”-71-73 The small peak shoulder at 2093 cm™! (Figure 7,
red) is likely due to CO adsorption on cationic Pt in oxygen vacancy sites because this
matches very well with CO adsorbed on Pt (no ligand) on defective TiO, (Figure 7,
blue). As noted above, there may be a small minority species of clusters on the surface
(below EXAFS detection limit) and these may also contribute to CO intensity at 2093

cm .

In contrast, when Pt is loaded on the pristine TiO, surface without DPTZ (Figure 7,
black), two dominant peaks are observed. The peak at lower frequency (2080 cm™! to
2020 cm!') can be ascribed to the Pt metal clusters on the pristine support.'” There is a

minority feature at 2093 cm™!, similar to the shoulder noted above for the Pt-DPTZ
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spectrum, which is due to CO adsorption on cationic Pt in the small concentration of

native oxygen vacancy sites on this support.

The unsaturation in coordination of Pt-DPTZ on defective TiO, compared to on
pristine TiO; is supported by XPS and EXAFS. XPS results in Table 1 show the
DPTZ/Pt ratio drops significantly with support annealing pre-treatment temperature, up
to 500 °C annealing temperature: DPTZ/Pt ratio decreases from 0.92 for Pt-DPTZ SACs
on pristine Ti0, to 0.38 for Pt-DPTZ SACs on TiO, treated at 500 °C. Conversely, the
Cl/Pt ratio increases with defect density on the TiO, surface from 0.57 for Pt-DPTZ

SACs on pristine TiO, to 1.37 for Pt-DPTZ SACs on TiO, annealed at 500 °C.
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CO adsorption at RT
2113 cm’’

Pt-DPTZ/TIO, 500 °C

Pt-DPTZ/pristine TiO,
Pt/TiO, 500 °C

I AN N

Pt/pristine TiO,

Kubelka-Munk Unit

2200 2150 2100 2050 2000 1950
Wavenumber (cm™)
Figure 7. IR spectra of CO adsorption at room temperature (RT) using DRIFTS
cell. From top to bottom: Pt- DPTZ on defective TiO, (500 °C), Pt-DPTZ on
pristine TiO,, Pt on defective TiO,, Pt on pristine TiO,, Pt nanoparticles pre-

reduced in hydrogen on pristine TiO,. No CO adsorption is observed on pristine

or defective TiO.,.

The differences in Pt coordination on different TiO, supports is corroborated by
EXAFS results (Table 2). The fit model includes Pt—N/O and Pt—Cl paths, which
contribute to the R = 1.56 A and 1.89 A features, respectively. The coordination number
of Pt—Cl, N (Pt—Cl), is fixed based on XPS analysis of each sample to reduce the number

of independent parameters. The fitting models with all independent values are presented
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for comparison in Table S3. R (Pt-N/O) = 2.03 A is between the Pt-N distance (1.996 A)
and Pt—O distance (2.070 A for PtO,, and 2.037 A for ((NH;3),PtOH),(NO;),), which
suggests the EXAFS has contributions from both Pt—N and Pt—O paths, indicating Pt-
DPTZ coordination and Pt interaction with surface oxygen. The coordination number of
Pt with nitrogen/oxygen from the fitting is 4.7 for Pt SACs on pristine TiO, and 3.2 for Pt
SACs on defective TiO,, which suggests that on the pristine TiO, surface, Pt species are
more coordination saturated. An alternate fit model to include a Pt-Pt path was tested, but

did not indicate Pt-Pt coordination (Table S4).

Table 2. Coordination number EXAFS fitting parameters for Pt-DPTZ on pristine TiO,
and on TiO, annealed at 500 °C, as well as Pt-DPTZ on pristine TiO, after
hydrosilylation reaction (Figures 4a, 4b, and 4c, respectively). The N (Pt-Cl) value,
when set as a free fitting parameter, is close to the measured CI/Pt ratio in XPS, so it was
fixed at that value in the final fitting. More fitting parameters and details about fitting are

in Table S3.

Fitting parameter/catalysts N (Pt-Cl) N (Pt-N/O)
Pt-DPTZ/pristine TiO, 0.6 4.7 (£0.9)
Pt-DPTZ/Ti0, 500 °C 1.4 32(£04)
Pt-DPTZ/pristine TiO, (post reaction) _* 52(x£0.9)

* No significant Pt-Cl detected (see note on Table S3).

The STEM images in Figure 5 and EELS analysis in Figure 8 investigate the role of
surface defects on the coordination of Pt SACs on individual TiO, nanoparticles and
reveal that the TiO, structure is not uniform. Most of the TiO, surface does not exhibit an

ordered structure in STEM images, but there are some local regions that are crystalline
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(e.g., upper right region of particle in Figure Sb). We observe that the Pt features in Pt-
DPTZ samples on defective TiO, are predominantly located at disordered regions of the
Ti0, surface. Regions of the surface that are crystalline TiO, have almost no Pt features
(Figures 5a-5b). EELS mapping of the local carbon and Ti concentration indicates a
correlation of the DPTZ location with the less-ordered TiO, regions (Figures 8 and S10).
The carbon and titanium intensity overlay in Figure 8b shows that the pristine region
(atomic rows visible in Figure 8a) has relatively little C intensity. The difference is also
apparent when looking at EELS point spectra (Figure 8c): in the crystalline region (point
2, Figure 8a), we observe a significantly stronger Ti L-edge intensity than in the
defective TiO; region (point 1). Results in Figures 5 and 8 thus point to a picture where
the defective TiO, region is associated with higher concentrations of Pt-DPTZ. Previous
investigations on defective TiO, have demonstrated the formation of a Ti3*-rich
amorphous shell around defective anatase surfaces.** Therefore, the preferential
distribution of Pt-DPTZ on defective regions of the TiO, surface may be due to a strong
interaction with the Ti3" sites. This phenomenon is in line with the observation for the
bare Pt on defective TiO,, where Pt preferentially locate at the oxygen vacancy sites

(Figure 5f).
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Figure 8. (a) HAADF-STEM Image after EELS analysis, with the black dashed box
showing the region on which EELS elemental analysis was performed. (b) Elemental
maps for carbon (in red), titanium (in green) from the region marked by the black dashed
box in (a). (c) EELS spectra from the point marked as 1 and 2 in (a), showing the
presence of both carbon and titanium. A significantly lower intensity of carbon at point 2
is observed as compared to point 1. Note that the large white dots in (a) are due to beam
damage during long-time EELS mapping, where the high energy electron beam likely
damages DPTZ and induces Pt aggregation (see Figures 5a-5c¢ for images before EELS
mapping). Further EELS mapping is shown in Figure S10.

Therefore, we ascribe the overall high activity to oxygen vacancies on the TiO,
support changing the coordination environment of Pt single-atoms of the Pt-DPTZ SAC
catalysts. The most active Pt SAC shows the lowest DPTZ/Pt ratio, highest C1/Pt ratio,
and least saturated overall coordination environment (Table 1, Figure 6a, and Table
S2). This specific coordination of Pt SACs on TiO, (treated at 500 °C) allows a facile

removal of Cl to shorten the induction period. Composition values from XPS for samples
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after hydrosilylation reaction are presented in Table 3. For both Pt-DPTZ on pristine
Ti0, surface and on defective TiO, surfaces, an obvious loss of Cl is observed but the
DPTZ/Pt ratio is relatively unchanged after one cycle. Those results agree with the
EXAFS results: N (Pt-Cl) decreases and N (Pt-N) is unchanged after the reaction (Table
2). Thus, Cl removal during the early stage of the reaction allows higher activity for the
Pt-DPTZ / TiO, (500 °C) catalyst. There is very little change in XANES spectra white
line intensity (Figure S7) and almost no change in XPS Pt 4/ binding energy (Figure
S8c), which both indicate that the oxidation state of Pt after the hydrosilylation reaction is

virtually unchanged.

Table 3. Elemental analysis ratios based on XPS measurements for the DPTZ/Pt, Pt/Ti,

and C1/Pt number ratios for catalysts after cycles of batch reaction.

DPTZ/Pt  PtTi(10%) Cl/Pt
Pt-DPTZ/pristine TiO, Fresh 0.92 1.6 0.57
1 cycle 0.93 1.6 0.28

3 cycles 0.86 1.7 *
Pt-DPTZ/TiO, 500 °C Fresh 0.38 6.4 1.37
1 cycle 0.39 59 0.55

3 cycles 0.40 6.4 *

Pt/TiO, 500°C Fresh - 1.7 *

1 cycle - * *

3 cycle - * *

Pt/pristine TiO, Fresh - 1.8 *

1 cycle - * *

3 cycle - * *
Pt NPs/TiO, 500 °C Fresh - 3.1 0.95
1 cycle - 2.6 8.36F
Pt NPs/pristine TiO, Fresh - 3.8 0.60
1 cycle - 2.9 1.48

* indicates that Pt or CI are below the detection limit of the XPS measurement, 0.2 x 1073 Pt/Ti or
0.02 at. % Cl.
1 The high coverage of reactants/products leads to the low intensity of Pt.
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Stability of Catalytic Performance and Post-Reaction Analysis

The stability of the supported metal center is a challenge, particularly in a solution-
solid heterogeneous catalysis system. We examined stability by recovering the catalyst
powder at the end of a reaction batch and then reusing it in subsequent reaction batch
cycles. Figure 9 shows that the Pt-DPTZ on defective TiO, (500 °C) catalyst has high
activity for four cycles of batch reaction. When the same catalyst is used in a fresh batch
reaction, the performance in the second reaction cycle is identical to the first (97% yield
at 70 °C and 30 min for 2" cycle vs 99% yield at 70 °C and 30 min for the 1%t cycle),
further indicating that the catalyst state before and after reaction is fairly similar. The
catalyst reached 96% yield of product at the 3" cycle and 91% yield of the product at the
fourth cycle. The TON of reaction remains similar when compare the TON for the first

cycle with the fourth cycle (Table 4).
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Figure 9. Reaction yield performance through multiple cycles of batch reaction by
recycling the catalysts Pt-DPTZ/TiO, 500 °C (orange), Pt/pristine TiO, (green), Pt/TiO,
500 °C (purple), and reduced Pt nanoparticles on TiO, 500 °C (yellow) and on pristine
TiO; (blue). The yield of product is obtained at 70 °C for a reaction time of 30 min.
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Table 4. Yield of hydrosilylation product and turnover number in the experiments of
multiple cycles of batch reaction. These reactions were run at 70 °C for 30 min per cycle,
but the data reported here are measured after 10 min reaction time, at which time full
conversion of reactant silane is not yet reached for most of the catalysts, allowing for
comparison of activity. ICP values are obtained before the reaction cycle indicated in the

first column.

Pt ratio (%, Yield of TON
ICP-MS) product (%)
Pt-DPTZ/Pristine TiO, 1%t cycle 0.24 2.5 830
4t cycle 0.07 0 0
Pt-DPTZ/TiO, 500 °C 1% cycle 0.63 99.2 12530
4t cycle 0.23 37.7 12440
Pt/TiO, 1%t cycle 0.42 75.1 12900
31 cycle 0.03 3.4 7360
Pt/TiO, 500 °C 1%t cycle 0.55 92.5 12670
31 cycle 0.08 1.9 2020
Pt NPs/TiO, 1% cycle 1.00 32.2 3500
2nd cycle 0.30 0.4 127
Pt NPs/TiO, 500 °C 1% cycle 1.00 2.1 184
2" cycle 0.82 0.2 22

Role of ligand

To further examine the function of the organic ligand during the hydrosilylation
reaction, a set of reference samples have been synthesized: bare Pt on pristine TiO, and
on TiO, 500 °C (STEM in Figure 5e-5f), reduced Pt nanoparticles (Ar/H; at 400 °C,

TEM in Figure S4) on pristine TiO, and on TiO, 500 °C.

The yield of the product after reaction at 70 °C for 30 min for each of these catalysts
are shown in Figure 9. The fresh Pt-DPTZ on defective TiO, (500 °C anneal) and the
bare Pt on defective TiO, (500 °C anneal) both show high activity in the first cycle.

Although the coordination of bare Pt on defective TiO, may be less saturated than that of
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Pt-DPTZ on defective TiO,, the Pt-DPTZ/Ti0, 500 °C reaches a similar atom utilization
efficiency with the supported bare Pt. Besides, both bare Pt and Pt-DPTZ species on
defective TiO, are more active than supported Pt nanoparticles, because the nanoparticles
are fully coordinated only the peripheral sites are actively open. For the supported Pt
catalyst on TiO,, the reaction follows the Chalk-Harrod mechanism, where the insertion
of oct-1-ene to Pt-H bond occurs. Previous work3® has shown the highest energy barrier
in the reaction is the reduction elimination of Si-C, which is facilitated using isolated Pt
atoms rather than Pt nanoparticles. This is in line with our findings: the most active

species are the isolated Pt sites, instead of Pt nanoparticles or Pt clusters.

Additionally, the cyclic performances of the above reference catalysts are shown in
Figure 9. For bare Pt deposited on pristine TiO, or on defective TiO, without ligand, the
catalysts significantly lost the activity after one cycle of the experiments (97% yield of
product at the first cycle and 40% yield of the product at the second cycle, performed at
70 °C for 30 min). Table 4 shows a 40% drop in the TON for bare Pt on pristine TiO, at
the third cycle of the reaction and 85% for bare Pt on defective TiO,. For Pt NPs, a
significant drop of the yield of the product has been detected in our experiment (Figure
9). The TON drops more than 98% at the second cycle for Pt NPs on pristine TiO, and
84% drop of TON for Pt NPs on defective TiO,. However, Pt-DPTZ does not show a
significant drop in activity in the second cycle, indicating that the ligand increases the

stability of the metal center and does not hinder the reactivity of the Pt center.

Pt 4f and Cl 2p regions of XPS from supported Pt-ligand catalysts and reference
samples are shown in Figure S8-S9. After three cycles of reaction at 70 °C for 30 min,

the Pt loading for Pt-DPTZ on defective TiO, (500 °C anneal) remains to be 30%.
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However, more than 90% of Pt detachment occurred from XPS after one cycle for bare Pt
on pristine TiO, and defective TiO, (Table 3). ICP shows a loss of 70% Pt for Pt
nanoparticles on the pristine TiO, surface, and 20% loss of Pt on the defective TiO,
surface, after one cycle of reaction. XPS and ICP results both suggest that the bond
between Pt and surface oxygen is not strong enough to preserve surface active Pt sites.
Therefore, the presence of the DPTZ ligand stabilizes the single-atom Pt on the support to
avoid leaching. We also note that because the Pt without ligand is readily leached from
the surface in one reaction cycle (Table 3), non-complexed Pt would have to be only a
small minority species on the Pt-DPTZ catalysts since the Pt intensity shows relatively

little change under the same conditions.

The above results show the key advantages of Pt-ligand SACs over traditional metal
nanoparticle catalysts: the high atom utilization efficiency, more uniform chemical
environment, and higher durability during reaction. Compared to other methods to
immobilize the Pt on the support,’# the metal-ligand approach allows tuning of the metal
properties. The comparison between these different Pt species (Pt-ligand, bare Pt and Pt
NPs) on pristine TiO, or on defective TiO, strongly illustrates that both the metal-support
and the metal-ligand interactions impact on the catalytic properties of Pt centers. This not
only expands the understanding of metal-support interaction from nanoparticles to single-
atoms, but also informs the design of appropriate forms of ligands for Pt to optimize the

interactions.
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Conclusions

In conclusion, defect-engineering of TiO, supports can alter the coordination
environment of Pt single-atoms by affecting the degree of open coordination space for
ligand binding while maintaining a consistent charged single-atom character of Pt. The
modified coordination configuration improves the activity of metal-ligand single-atom Pt
catalysts for hydrosilylation reactions compared with Pt single-atoms on pristine TiO,, due
to high dispersion of Pt-DPTZ single-atoms and a facile removal of chloride ligand in the
reaction induction period. The metal-ligand approach of single-atom Pt enhances the
durability of catalysts as well. These findings are of key importance when optimizing
single-atom metal-ligand system for liquid phase heterogeneous catalysis. This oxide
support defect engineering approach to improve SACs on high surface area supports can
not only be further optimized to tune other TiO,-supported catalysts, but can also be applied

on other oxide support surfaces, especially ceria.
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Metal-ligand coordination stabilizes single atom Pt on pristine and defective TiO, supports to

impact local coordination and catalytic hydrosilylation activity.



