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Abstract

We develop higher loading of isolated noble metal atoms and clusters on a mildly reducible metal oxide.
We demonstrated the approach for Pt supported on TiO, and confirmed it by XRD, AC-HAADF-STEM,
CO-FTIR, XAS, and XPS. Density functional theory calculations rationalize the experimental stability and
the IR shifts by mixtures of CH;3I and CO. The redispersed catalysts are thermally stable in inert gas or H,
and afford enhanced selectivity and activity in hydrodeoxygenation reactions than metal nanoparticles by
creating surface oxygen vacancies that promote C-O cleavage without side reactions. Higher metal loadings,
e.g., 1%Pt/Ti0,, on the oxide surface profoundly increase the activity of the bare oxide catalyst and tenfold
compared to ultra-low loadings typically used for single atom catalysis.
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1. Introduction

C-O bond scission is crucial in many reactions, such as Fisher Tropsch, biomass conversion, and CO,
upgrade. Specifically, hydrodeoxygenation (HDO) is ubiquitous in biomass conversion for decreasing its
oxygen content.!* Transition metals are typically active for HDO but not selective. They interact strongly
with unsaturated rings to induce hydrogenolysis and hydrogenation of unsaturated C=C and C=0 bonds.>”’
Our group has found that the redox sites of reducible metal oxides enable HDO reactions of the side groups
of furans without ring-hydrogenation and ring-opening.® The rate depends on the catalyst's ability to form
oxygen vacancies while remaining stable under reaction conditions. This trade-off gives rise to a volcano
curve dictated by activity and stability. Highly reducible metal oxides, such as RuO, and IrO,, are at the
top of the volcano and afford a high HDO rate but are reduced during the reaction. Doping noble metal
single-atom catalysts (SACs) on relatively stable metal oxides, such as titania oxide (TiO,), enhances the
HDO activity by forming surface oxygen vacancies.’ For example, 0.04 wt% Pt loading on TiO, increases
the HDO rate 30 times over pristine TiO,. A 25x increase in Pt loading to 1 wt% would enhance the rate
proportionally. However, the strong electrostatic adsorption (SEA) method, used previously, leads to
nanoparticles (NPs) for higher Pt loadings. The NPs are less active for HDO and cause side reactions by
adsorbing the rings strongly.!®

SACs have attracted increasing attention due to their often superior catalytic efficiency, better metal
atom utilization, and intense interaction with the support.!!!* Several methods have been exploited for their
synthesis.!*?* Most synthesis methods focus on low-loadings to avoid sintering stemming from their
intrinsic thermal instability.?!->* Redispersion of metal NPs to increase metal dispersion and atom efficiency
has been investigated for years.? It was recently demonstrated that supported NPs could be redispersed to
atoms or small clusters'® 2528 using iodomethane (CH;I) and CO at low temperatures. The method was
developed for carbon-supported Au NPs to produce clusters of 2-3 atoms under CH;1 and H,/CO at 240 °C
and 16 bar.?” Bromomethane (CH;Br) is also effective.3% 3! Ru, Rh, Pd, Ag, Ir, and Pt NPs on carbon were
also dispersed.’*** The iodine radical and CO break the metal-metal bonds, forming mononuclear
complexes stabilized by the oxygen-containing functional groups of the carbon support.?? This method was
extended to Au NPs supported on y-Al,O3 and TiO,, giving rise to NPs (~2.0 nm), clusters, and atoms.> Pt
NPs have been redispersed on activated carbon (AC) but not on reducible metal oxides, e.g., TiO,.
Furthermore, their application in complex chemistry, such as the HDO reaction, has not been demonstrated
either. HDO chemistry is an ideal probe to test the effectiveness of the redispersion.

Herein, we demonstrate the redispersion of Pt NPs to SACs on TiO, through CH;I/CO treatment.
Extensive characterization confirms isolated Pt atoms and well-dispersed sub-nanoclusters. Density
functional theory (DFT) calculations rationalize the IR shifts and stability of small Pt clusters. The
redispersed catalysts were stable upon thermal treatment in inert gas or H,. They exposed better selectivity
and enhanced activity in HDO than Pt NPs with the same metal loading, suggesting a synergistic effect of
a high density of redox sites and abundant surface oxygen vacancies.

2. Methods

Catalyst Preparation

1 wt% and 2 wt% Pt/TiO, were prepared by the incipient wetness impregnation (IWI) method.
Tetraammineplatinum(II) nitrate ([Pt(NH;),](NOs),, Alfa Aesar) was dissolved in 50/50 (v/v)
methanol/water precursor solution. The solution was added to anatase TiO, powder (5 nm nanoparticles
from the US Research Nanomaterials, Stock #: US3838) with vigorous stirring to form a paste. The paste
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was dried at 90 °C overnight and calcined in 200 ml/min air at 450 °C for 4 h at 10 °C/min to remove NHj;
and NOs~. The calcined Pt/TiO, sample was reduced in 200 ml/min 10% H,/Ar at 250 °C for 4 h at 2 °C/min.
Hereafter, x in xPtyp represents the weight percent of supported Pt NPs.

For redispersion, upon reduction, the sample was cooled down to room temperature and the gas was
switched to 100 ml/min Ar. The sample was then heated to 240 °C and held for 20 min. 30 ml/min CO then
passed through liquid CH;I (Sigma Aldrich) and treated the sample at 240 °C for 6 h. The sample was
cooled to room temperature under 100 ml/min Ar. The redispersed sample was labeled as xPt;. The 1Pt;
was post-treated under 100 ml/min 10% Hy/Ar or Ar at 250 °C for 2 h at 2 °C/min. The catalysts were
labeled as 1Pt;-H, and 1Pt;-Ar, respectively.

Catalyst Characterization

Fourier-transform infrared (FTIR) of CO adsorption was conducted at 25 °C. The catalyst sample was
pressed into a thin pellet (< 0.3 mm thickness) and held in a customized in-situ cell. The pellet was reduced
in a 100 ml/min flowing 10% H,/Ar stream at 250°C for 1 h and kept at 250 °C in a vacuum for 1 h. After
cooling down to 25 °C in a vacuum, the background spectrum was collected. Multiple CO doses were
carried out at 25 °C until full saturation.

Aberration-corrected high-angle-annular-dark-field scanning transmission electron microscopy (AC-
HAADF-STEM) images were obtained using a JEOL NEOARM operated at 200 kV and equipped with a
probe aberration corrector (spatial resolution ~0.63 A). The conversion angle for HAADF-STEM imaging
is measured as 22 mrad, and its collection angle is 64-342 mrad. The contrast of the images is proportional
to the atomic number of the sample (Z-contrast). All samples were prepared by depositing a drop of diluted
sample on lacy-carbon coated copper grids.

Powder X-ray diffraction (XRD) measurements were carried out on a Bruker D8 diffractometer using
a Cu Ko source (A = 1.5418 A). Wavelength dispersive X-ray fluorescence (XRF) was conducted on a
Rigaku Supermini200 instrument in a He atmosphere. Pt L;-edge X-ray absorption spectroscopy (XAS)
measurements were performed at the QAS beamline of the National Synchrotron Light Source II at
Brookhaven National Laboratory in transmission mode. The surface stoichiometry measurements were
performed using a Thermo Scientific K-Alpha X-ray photoelectron spectrometer (XPS) System. The XPS
data were calibrated using the binding energy of adventitious carbon at 284.5 eV and analyzed using the
CasaXPS software. All peaks were fitted using a Gaussian/Lorentzian product line shape and a Shirley
background.

Catalytic Reactions

0.088 M 4-methyl-1-benzyl alcohol (4MBA, Sigma Aldrich), 100 mg catalyst, 20 ml anhydrous
isopropanol (IPA, Sigma Aldrich), and a magnetic stirring bar were added to a Parr autoclave with a Teflon
liner. The sealed reactor was flushed with nitrogen 5 times and charged with 100 psig H, and then N, to
260 psig at room temperature. The reactor was stirred and heated at 180 °C for 2 h. After the reaction, the
liquid products were collected and diluted with IPA to 50 ml. Liquid products were filtered by a syringe
filter and analyzed in an Agilent 7890B GC equipped with an HP-INNOWAX-19091N-1331 column and a
flame ionization detector. Products were identified using a SHIMADZU gas chromatograph-mass
spectrometer (GCMS) QP2010 Plus system. Spent catalysts were washed by IPA, collected by vacuum
filtration, and dried at 90 °C in an oven, named as 1Pt;-spent. They were further calcined in 200 ml/min air
at 450 °C for 2 h at 10 °C/min to remove surface organics and then regenerated per the redispersion method
mentioned above. The regenerated catalyst was named 1Pt;-spent-R.
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Density-Functional Theory (DFT) Calculations

Spin-polarized periodic-DFT calculations were used to model Pt, (n=1-4) on anatase TiO,(101). The
surface was represented by a four-layer (the bottom two layers were fixed) 1 X 3 slab separated by its
periodic image in the z-direction by a vacuum region of 15 A; the physical dimensions of the 1 X 3 slab
were 10.43 X 11.4 x 28 A. The lattice parameters of the optimized bulk were a=b=3.801 A andc=9.716
A, similar to the values obtained in the literature using the same functional.® ¢ We employed the Perdew-
Burke-Ernzerhof (PBE)?*’ theory level with dipole corrections. The projector-augmented wave (PAW)3®: 39
method was used to model the core electrons. Conventional valence configurations were employed for all
elements except for Ti for which the semicore p-states and s-states were also included in the valence shell,
respectively (“Ti_sv” in VASP). We used PAW_PBE 08Apr2002 for C, I, and, O, PAW_PBE 04Feb2005
for Pt, and PAW_PBE 26Sep2005 for Ti_sv. The +U method (U= 3.5 €V on Ti 3d states*’) was applied
to address the self-interaction problem. For all structures, an energy cutoff of 400 eV (600 eV for bulk)
was used. The Brillouin zone was sampled on (3 X 3 X 1) k-point grid. A Gaussian smearing of 0.1 eV
width was used. The SCF iterations were converged to 10 ~® eV and 10 ~* eV for the bulk and slab
calculations, respectively. Geometries were optimized to 0.01 eV/A and 0.03 eV/A for the bulk and slab
calculations, respectively. A scaling factor*' 1.0088 was applied to all frequencies to account for the
difference from the experimental CO frequency (2143 cm'). Bader charge analysis* was performed using
the Henkelman et al. implementation.** Binding energy of x (x = I, CO) was calculated via the following
equation: Eyx = Eyrioo — Etioo — Ex where Eyrioa, Etion, and E, indicate electronic energies of the system
with an adsorbate on TiO,, the pristine TiO,, and the isolated adsorbate in the unit cell, respectively. All
DFT calculations were performed with the Vienna ab-initio simulation package (VASP, version 5.4.138 44),

3. Results and Discussion

Catalyst Redispersion

The IWI method afforded 1Ptyp with a mean size of 1.6 nm as evidenced in AC-HAADF-STEM images
(Figure 1a). The 2Ptyp possessed a slightly larger mean size (1.7 nm, Figure S1a). No Pt diffraction patterns
were observed in XRD, indicative of the small NPs (Figure S2). A representative HADDF-STEM image
upon redispersion (Figure 1b) of a 1Pt; sample clearly shows isolated Pt atoms and a small fraction of
clusters (<1 nm), suggesting NPs were successfully redispersed. A small fraction of clusters and NPs are
observed on the 2Pty\p sample and the average size shrunk to <~1 nm (Figure S1b). XRF (Table S1) and
inductively coupled plasma-optical emission spectrometry (ICP-OES, Table S2) indicate that the loading
of Pt remains unchanged upon redispersion (negligible Pt loss).

FTIR spectra of CO adsorption corroborate the preceding observations. CO adsorption on Pt is well
documented.® A significant fingerprint of CO adsorbed on isolated cationic Pt species (Pt*") is the
symmetric sharp peak above 2110 cm™.% 23> On metallic Pt, the adsorption band ranges from 2034 to 2100
cm!' with varying Pt coordination number.*¢ The lower wavenumbers correspond to lower Pt coordination;
CO adsorbed on (100) and (111) planes affords a wavenumber of 2084 and 2096 cm™!, respectively.*®

The 1Pty samples before redispersion possess a broad CO adsorption band between 2070 and 2090
cm-!, characteristic of metallic NPs (Figure 1c) and a peak at 2118 cm!, suggestive of a dispersed catalyst.
After redispersion, the broadband disappears, and the CO adsorption peak shifts to 2118 cm,
corresponding to isolated or highly-dispersed Pt*" sites.” The 2Ptyp sample exhibits a predominant peak at
2088 cm! representing NPs (Figure S1c).? This peak decreases to a tiny one upon redispersion, suggesting
most NPs get redispersed, and a few small NPs or clusters remain. The major peak at 2118 cm’!
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characteristic of isolated Pt®" sites is in line with STEM images. The results demonstrate the effectiveness
of the CH;3I/CO-assisted redispersion in reducing the size of the 1 wt% Pt NPs and its reduced efficiency
for the 2 wt% sample.
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Figure 1. Characterization data before and after redispersion. AC-HAADF-STEM images of (a) 1Ptyp and (b)
1Pt;. Yellow arrows mark isolated Pt atoms (Pt;s,) and circles mark clusters. (c) FTIR spectra of CO adsorption of
1PtNP and 1Pt1

We then probed the local coordination of the 1Pty catalysts by combining X-ray absorption
spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS). As shown in the Pt Lj-edge A>-weighted
extended X-ray absorption fine structure (EXAFS) spectra (Figure 2a), 1Ptyp has a significant peak at ~2.1
A, ascribed to Pt-Pt coordination, according to the reference spectrum obtained from a Pt foil. This Pt-Pt
coordination disappears in the 1Pt; sample, suggesting successful redispersion of Pt NPs. Instead, a peak at
~ 1.6 A is observed in 1Pt,, attributed to the coordination of Pt single atoms to neighboring oxygens in the
TiO, support. The EXAFS spectra corroborate with complete redispersion.

X-ray absorption near edge structure (XANES) spectra suggested that 1Ptyp has an almost identical
white-line intensity as a Pt foil, suggesting a metallic state (Figure 2b). The 1Pt; shows a white-line intensity
between Pt*" (PtO,) and Pt° (Pt foil), suggesting oxidized Pt atoms upon redispersion, consistent with the
Pt-O coordination. In line with the XANES results, Pt4/ XPS data also suggests pure Pt? in the 1Ptyp sample,
and a shift of the Pt4f binding energy to higher values for the 1Pt; sample (Figure 2c). Further peak
deconvolution suggested Pt*' is the major oxidation state in 1Pt;, with a small amount of metallic Pt°
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Figure 2. Effect of redispersion on coordination environment and oxidation state of the catalysts. Pt Lj;-edge

XAS and Pt4fXPS data of the 1Ptyp catalysts. (a) Fourier-transformed k2-weighted EXAFS spectra in R-space
(without phase correction), (b) normalized XANES spectra, and (c) Pt4f XPS spectra.

XANES spectra of 2Ptyp possess a slightly larger white-line intensity than the Pt foil (Figure S3a),
probably due to its exposure to air before analysis, consistent with the deconvoluted Pt4f XPS spectra,
where a small amount of Pt has an oxidation state of Pt*" (Figure S3b). After redispersion, 2Pt; shows a
white-line intensity higher than 2Ptyp and lower than Pt** (PtO,), suggesting further oxidized Pt atoms. Peak
deconvolution of the XPS data suggests Pt*" is the major oxidation state in 2Pt;, mixed with Pt** and
metallic Pt%, consistent with the XANES data. We also observed a BE shift of Pt4f;, species assigned to
the Pt° from a higher value to a slightly lower value for NP samples (1Ptyp and 2Ptyp) to the redispersed
samples (1Pt; and 2Pt;), and the trend was similar in the 1 wt% and 2 wt% samples, as shown in Figure 2c
and Figure S3b. Ti2p XPS spectra were also analyzed and Ti*" was the major component both before and
after redispersion, with a very small fraction of Ti** species (Figure S4 and Table S3). The Pt/Ti atomic
ratio was obtained from the core-level Pt and Ti spectra, with the relative sensitivity factors of 4.674 and
1.798, respectively. The Pt/Ti ratio increased after redispersion for both 1 wt% and 2 wt% samples, as
shown in Table S3. The XAS and XPS results both suggest oxidation of Pt in the redispersion. It has been
suggested3? that iodine radicals attack and dissociate the Pt-Pt bonds, and Pt atoms get oxidized by the free
iodine radicals. Pt atoms coordinate with the oxygen of TiO, and get stabilized. For the redispersion of Rh
NPs on AC, the authors suggested that Rh-I and Rh-CO coordination also contributes to the stabilization of
isolated Rh atoms in addition to the oxygen-containing groups on AC.3? On the TiO, support, we did not
observe Pt-1 or Pt-CO coordination probably because TiO, has sufficient surface oxygen, compared to AC,
to strongly interact with cationic Pt. Nevertheless, some iodine species and CO are still attached after
redispersion, as evidenced by the in-situ mass spectra (MS) analysis shown in Figure S5a.

Thermal stability of redispersed catalysts

The thermal stability of SACs is a critical concern,?*#7 especially at high metal loadings,* as they tend
to sinter upon heating.*>> 3° One can combat this problem by lowing the metal loading, strengthening the
metal-support interaction, or adding protective ligands.!- 5 To assess this, we treated the redispersed Pt
catalysts at 250 °C in Ar, and in-situ MS spectra were recorded (Figure S5a). lodine-containing compounds

(CHsl or HI) desorbed at 224 °C, and CO desorption started at 231 °C and the desorption peak was at 258 °C.
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DFT calculations (see next section) find stronger CO binding on Pt species (Eping,co=2.8-3.1 €V) compared
to 1odine-containing compounds on the support and Pt (Eyingcnz = 1.3 €V, Epina1 = 0.36 €V, Ep.ap-coopeq)-
co+1= 0.9 eV), which suggest a higher CO desorption temperature than the iodine species.

The desorption of iodine and CO might cause re-sintering, and therefore, FTIR-CO was conducted
again after thermal treatment. Neither Ar nor Hy/Ar post-treatment induced significant Pt agglomeration,
as the major adsorption peak remains at 2118 cm™! (Figure S5b). A tiny peak formed at ~2063 cm™! that is
lower than on Pt NPs (before redispersion; 2088 cm™!, as shown in Figure S1c).? This might be assigned to
CO adsorbed on clusters of low Pt-Pt coordination number of ~5.4¢ The results indicate the redispersed 1Pt;
catalyst possesses thermal stability.

Theoretical investigation of the role of Ie on CO vibrational frequencies and redistribution mechanism

To investigate the e effect on the Pt, structures and the corresponding CO vibrational frequencies,
various Pt, (n=1-4) structures*!-3* were optimized on the anatase TiO,(101) in the absence (

Figure 3a-d) and presence (

Figure 3e-h) of 1e (dissociated from CH;I3%) via DFT. Different numbers of e were introduced to Pt,
to create Pt;-(I),, (m=1-4). The introduction of two Ie on the Pt;-CO complex results in a stable 16 e* square
planar configuration3* 33 (

Figure 3e) with the strongest CO binding (Table S4), which was used for investigating the Pt,-(I),
configurations. CO on the atop site was introduced on the most stable Pt, configurations. We optimized
various Pt,;-(I), configurations with different starting geometries to obtain the most stable Pt,-(I), (

Figure 3e-h). Pt, as dopants (replacing surface Ti atoms) and Pt, (n=1-4) as a combination of dopants
and adatoms were also investigated. We observed no interaction between 1 and doped Pt,, as Ie would
only bind to Pt adatoms with a lower coordination number or form I, on the surface. Hence doped Pt
configurations were not considered any further.

In the absence of Ie, we observe a gradual decrease in the CO vibrational frequencies (from 2084 to
2025 cm) with increasing Pt, size (Figure 4). The CO vibrational frequency on Pt; is lower than the
experimental values (>2110 cm™!). Deprotonated hydroxyl groups on the support can provide comparable
CO vibrational frequencies as suggested in the literature> (Figure 4, blue points). Irrespective of the
absolute values, the shift in the CO vibrational frequencies vs. Pt; size holds. Upon introducing e, the most
stable geometries and the CO vibrational frequencies fluctuate with Pt, size. For Pt(,-;)-(I),, the most stable
configurations are similar to Pt (

Figure 3a-b and

Figure 3e-f); the only differences are the Pt-I bonds and the Pt-O coordination location. On the other
hand, a significant increase in vibrational frequencies is observed for the Pt;-(I),-(CO) complex (2084 —
2110 cm™), rationalized by the rise in the partially positive Bader charge of Pt (0.12 —0.34 ¢°) (Table S5).
More importantly, the CO vibrational frequency of Pt;-(I),-(CO) is now within the experimentally observed
CO fingerprint of isolated cationic Pt species (> 2110 cm)3657,

With increasing size, Pty-;_,,), a redshift in CO vibrational frequencies is seen as expected. However,
a blueshift is observed for Pt;->_.4). This could be understood as the mononucleated Pt;-(I),-(CO) complex,
a 16 e square planar configuration, is preferred over the Pt,—; 4)-(I),. The promoting role of Ie on forming
mononucleated Pt; species is more evident on Pt as the geometries differ significantly in the presence of
Te (

Figure 3d and
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Figure 3h). Specifically, the most stable Pt configuration is a pyramid and is favored over the planar
geometry (found for Pts;-(I);) by 1.2 eV. In stark contrast, introducing Ie renders the planar geometry
favored over the pyramid by 1.1 eV. The planar geometry of Pty-(I), facilitates the dispersion of Pt;, as Pt
is now readily oxidized upon introducing CO (the Bader charge of Pt with CO is 0.40 e°), resulting in the
blueshift in the CO vibrational frequency.

Based on these trends in Pt, geometry and CO vibrational frequencies, we postulate that le destabilizes
the 3D Pt nanoparticles and cooperatively with CO form Pt; complexes on the support. The EXAFS data
does not indicate any Pt-1 or Pt-CO bonds (Figure 2a), which differs from the proposed Pt; configurations
(

Figure 3e). However, Ptyp can readily oxidize to PtO, upon exposure to air.’® This may be occurring to
our samples as Pt-I and Pt-CO could transform to Pt-O upon exposure to air for the EXAFS experiments.
Replacement of Pt-I by Pt-O bond from the air could be preferred as the binding energies of the complexes
Pt-(0),-CO and Pt-(I1),-CO on the support (

Figure 3a-d) imply the former is more stable by 1.5 eV. The displaced I, CH; radical and/or CO remain
on the TiO, surface indicated by the favorable binding energy (Ey;,q is 0.36, 1.3 and 0.34 eV, respectively)
consistent with the detection of CHsl or HI and CO in MS data (Figure S5a).

n P tn P tn'(I)Z
Top View Size View Top View Size View
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Figure 3. Most stable Pt, (n=1-4) structures with CO adsorbed in the absence and presence of Ie. Ti, O, C, Pt,
and I are represented in blue, red, brown, silver, and purple, respectively. Only the top TiO, layer is shown. The
corresponding CO vibrational frequencies are presented in Figure 4 and are summarized in Table S5.
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Figure 4. DFT-computed CO vibrational frequencies on Pt, (n=1-4). Pt, in the absence and presence of Ie are
shown in blue and red. Pt; under oxidative conditions is shown in blue. Gray dotted line (drawn at 2110 cm™') indicates
the distinctive CO vibrational frequency of isolated cationic Pt species to the left of the line and metallic Pt to the right
of it. Schematics surrounding the plot show three Pt configurations (top layer of TiO, is shown) with the highest CO
vibrational frequencies. Ti, O (excess O), C, Pt, and I are represented in blue, red (prink), brown, silver, and purple,
respectively.

Catalytic performance in HDO reaction

HDO of 4-methyl-1-benzyl alcohol (4MBA) to p-xylene was selected as a model reaction. 4AMBA is a
bio-oil-related building block containing a benzyl ring and a hydroxyl group, and the HDO of 4MBA
produces p-xylene.’® ¢ Activating the C-O bond to form p-xylene (Figure 5a) is challenging.®'-®* The H,
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pressure and elevated temperatures naturally lead to side reactions, such as ring hydrogenation,
etherification, and -CH,OH dehydrogenation (Figure 5a).

TiO, has a minor activity, affording 5.1% conversion and only 1.3% selectivity to p-xylene (Figure 5b),
due to the low density of surface oxygen vacancies. 1Ptyp and 2Ptyp catalysts significantly increase the
4MBA conversion but give a selectivity of 19% and 20% to ring saturated (RS) products, 5.9% and 1.4%
to p-tolualdehyde (via dehydrogenation of 4MBA), and 2.9% and 6.9% to ether over surface acid sites, *
respectively, i.e., these catalysts are not very selective.

(a) R HDO
—< >—’ H; —< >—
4AMBA p-Xylene
’78 RS products Ether p-Tolualdehyde

—_
O
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Figure 5. Catalytic performance comparison. (a) Schematic of HDO of 4MBA to p-xylene and possible side
products, (b) catalytic performance of various Pt/TiO, catalysts for HDO of 4MBA for 2 h, and (c) initial reaction
rates of 1Pt; and 1Ptyp. Reaction conditions: 0.088 M 4MBA, 20 ml iso-propanol (IPA), 100 mg catalyst, 100 psi H,
and 160 psi N, at room temperature, reaction at 180 °C.

After redispersion, the HDO selectivity to p-xylene over the 1Pt; catalyst increases to 80% with no RS
products, suggesting the side hydrogenation reactions are successfully inhibited. A noticeable increase in
ether formation (13% selectivity) is likely caused by the iodine's stronger surface acidity. The etherification
is a reversible reaction that can reverse to the main product with increasing time. The 1Pt catalyst gives
10x higher yield to p-xylene than a typical low loading, 0.04% Pt catalyst, used to prevent nanoparticles.
The results indicate that the higher loading of Pt enhances vacancy formation and the rate. Similarly, the
selectivity to p-xylene over 2Pt reaches 85%, with tiny RS products (0.3% selectivity). Upon flushing the
catalyst by flowing Ar and H, at 250 °C (see Methods) to remove the residual iodine, the 1Pt;-H, and 1Pt;-
Ar catalysts are comparable to the untreated catalyst (Figure 3b), suggesting no Pt agglomeration, consistent
with the FTIR-CO results.

Kinetics measurements at low conversions (<10%, Figure S6) provided the initial HDO rates (Figure
5¢). The initial p-xylene production rate was calculated from the slope of moles of p-xylene produced over
the first hour of reaction and the moles of Pt loading obtained by ICP-OES (Table S2). The 1Pt; almost
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doubles the initial p-xylene production rate of 1Ptyp. This result stems from the complex interplay of (1)
the different number of redox Pt sites on SACs compared to the peripheral sites of NPs and (2) the presence
of metallic sites on Pt NPs that also perform HDO chemistry but with lower intrinsic activity than redox
sites. For example, redox sites are 2.3 times more effective than metallic Pt sites for furan HDO chemistry.’
The results suggested that the redispersed 1Pt; catalyst provides enhanced selectivity to the desired product
and intrinsic activity than Pt NPs with the same metal loading. The activity of 1Pt, to the desired product
is about 70 times higher than that of TiO, (Figure 5b). This indicates the profound effect of increasing the
metal loading.

Next, we investigate the spent catalyst performance and regeneration. The 1Pt;-spent catalyst was
washed by IPA and dried before being directly used in HDO reactions. It showed nearly half the conversion
of the fresh 1Pt;, lower selectivity to p-xylene, and 26% selectivity to RS products (Figure S7a). The
formation of RS products is a signature of sintering and is consistent with the FTIR-CO spectra (Figure
S7b).

Upon regeneration of the 1Pt;-spent catalyst with the redispersion method, the catalyst (1Pt;-spent-R)
recovers its conversion (6.3%, Figure S7a). The selectivity to p-xylene increased slightly compared to the
spent catalyst, and the selectivity to RS products was significantly inhibited to 2.6% (Figure S7a).
According to the FTIR-CO spectra of the 1Pt;-spent-R, the peak for NPs substantially decreased and that
of the single atoms recovered. The results suggested that the regeneration can redisperse the NPs formed
during HDO reactions and recover its HDO activity but the selectivity only partially. It appears that the
reaction causes multiple catalyst deactivations potentially through coke formation that retard the redox sites
from doing the selective chemistry.

4. Conclusions
We presented a simple approach to prepare higher loadings of reducible metal oxide-supported Pt single

atom and cluster catalysts through redispersion of Pt nanoparticles (NPs). CH;I/CO treatment of Pt NPs on
TiO, at mild temperature (240 °C) dispersed the catalyst as confirmed by CO FTIR, AC-HAADF-STEM,
and XAS. The SACs remained stable after heat treatment in Ar or reduction in H,/Ar at 250 °C, suggesting
good thermal stability. DFT-computed IR frequencies corroborate with the experimental findings. The
formation of Pt-(I),-CO complex results in a stable 16 e square planar configuration. lodine makes the
structures planar and with CO induce redispersion. Unlike carbon, neither Pt-1 nor Pt-CO coordination is
seen because TiO, has sufficient surface oxygen to anchor the redispersed Pt. DFT calculations support that
Pt-(0),-CO is significantly more stable than Pt-(I),-CO. Using the HDO reaction of 4-methyl-1-benzyl
alcohol as a showcase, we demonstrated that the ring hydrogenation was suppressed almost completely
using dispersed SACs. Notably, the dispersed SACs afforded a higher initial p-xylene production rate than
NPs with the same metal loading and a better selectivity and a remarkable ~70x increased activity compared
to the bare support. The excellent selectivity to the desired product minimizes downstream separations.
This approach might further be applied to more noble metals and metal oxides.
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