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ABSTRACT

It is frequently desired to synthesize supported metal catalysts that consist of very small clusters or single atoms. In this work, we combine
strong electrostatic adsorption (SEA) of H,PtCls and engineered oxide supports to ultimately produce very small Pt clusters, including a large
fraction of single Pt atoms. The supports are synthesized by depositing controlled amounts of SiO; onto Al,O3 (SiO,@Al,O3) that has been
previously grafted with bulky organic templates. After the templates are removed, the oxide supports are largely negatively charged, like SiO»,
but have small patches of positively charged Al,O3, derived from the regions previously covered by the template. The overall point of zero
charge of these materials decreases from pH 6.4 for 1 cycle of SiO, deposition to a SiO,-like <2 for materials with more than 5 cycles of
SiO; deposition. SEA at pH 4 on templated SiO,@Al, O3 deposits from 1 wt. % to 0.05 wt. % Pt as the amount of SiO; increases. Pt loadings
drop to near zero in the absence of a template. The resulting Pt nanoparticles are generally <1 nm and have dispersion near 100% by CO
chemisorption. Finally, CO DRIFTS shows that the CO nanoparticles become increasingly well defined and have a higher percentage of Pt
single atoms as the amount of SiO, increases on the SiO,@Al, O3 particles. Overall, this method of synthesizing patches of charge on a carrier
particle appears to be a viable route to creating extremely highly dispersed supported metal catalysts.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128934

I. INTRODUCTION

Heterogeneous catalysts are solid materials that catalyze reac-
tions in the gas or liquid phase and are essential in chemical
manufacturing, fuel production, and emission control."” Supported
metal catalysts, made out of highly dispersed metal nanoparticles
supported on high surface area supports, are an important cate-
gory of heterogeneous catalysts for automotive pollution control,’
petroleum refining,” and reactions such as CO oxidation,” water-gas
shift,” or hydrogenation.” The size and shape of nanoparticles and
their interface with the support help us to determine the catalytic
activity. Catalysts are typically more reactive when highly dispersed,
even though intrinsic turnover frequencies may be constant. They

have a higher fraction of surface metal atoms that are accessible
to reactants and available for catalysis.” "' Therefore, much effort
is focused on controlling the metal nanoparticle size and under-
standing size effects.'”'” While metal nanoparticles can be delib-
erately synthesized and deposited on supports, most catalysts are
prepared by some form of controlled deposition of a metal salt
followed by reduction. These methods include incipient wetness
impregnation, deposition—precipitation,] " or surface organometal-
lic chemistry approaches.” The catalysis community continues to
seek new synthesis methods capable of generating highly dispersed
supported metal catalysts and adequate metal loading.

At the limit of metal dispersion, atomically dispersed metal
atoms (single atom catalysts) can exhibit catalytic behavior that is
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SCHEME 1. Support modification and Pt
deposition. For small numbers of cycles,
SiO, deposition may not be conformal.
At high numbers of cycles, the tem-
plate is expected to be slightly over-
coated, necking down the residual sur-
face. Without a template, any gaps in the
SiO, deposition are expected to be small
and random. At intermediate solution pH,
SiO, surfaces are expected to be nega-
tively charged, repelling metal precursor
ions, while small domains of Al,O; are
expected to be positively charged, cre-
ating adsorption sites. Synthesis steps:

(i) template grafting from toluene, (i) x
cycles TEOS deposition, (iii) calcination
at 650 °C, (iv) SEA of PtClg?~, and (v)
reduction at 250 °C.

XC or xCT

distinct from metal nanoparticles, although this is an area of active
research.'”'” Therefore, the catalysis community is interested in
developing strategies to prepare highly dispersed to atomically dis-
persed, supported metal catalysts. Without intending to provide an
exhaustive list, atomic dispersion can be achieved through anchor
atoms, such as for Au on alkali-exchanged zeolites,'® Au/TiO, fol-
lowed by a NaCN etch,” or Pt on aluminosilicate zeolites.”’ Alter-
nately, defects in extended oxides such as TiO, or CeO; can act as
anchors for highly or atomically dispersed metals following certain
treatments.” " Finally, metals can be geometrically isolated on sup-
ports by using extremely low loadings that lead to an average of less
than one metal atom per support particle”* or using metal organic
framework nodes as isolated support particles.”” In summary, many
of these methods achieve high dispersion of supported metals by
using clever engineering of the support to achieve highly dispersed
anchors, defects, or support clusters.

Separately, the authors have previously demonstrated oxide
support engineering by the templated overcoating of AL,O3™ or
TiO,”** by S$i0,. An organic template is deposited on the sup-
port particle, followed by the base-catalyzed condensation of SiO,
and then template removal to leave exposed small domains of the
underlying oxide. Photodeposition of Ag or simple incipient wetness
impregnation of Pt onto SiO,@TiO; controlled the size of the final
metal nanoparticles and stabilized them against sintering.””** In a
related manner, AL, O3 @TiO; enabled shape-selective photocatalytic
oxidation and reduction.”’

In parallel, strong electrostatic adsorption (SEA) is a tech-
nique that has been used to create highly dispersed metal nanopar-
ticles on conventional supports. SEA relies on the electrostatic

Pt-xC or Pt-xCT

interaction with the support surface to selectively deposit metal
precursor ions. >’ ** Oxide surfaces are characterized by an isoelec-
tric point (IEP). When the oxide particle is in contact with a solution
pH above the IEP, the oxide surface hydroxyls are deprotonated
and the surface is negatively charged. Below the IEP, the surface
hydroxyls are protonated, the surface becomes positively charged,
and metal anions are selectively adsorbed. The controlled deposi-
tion of, e.g., anionic metal precursors on a support below its IEP can
then result in very high dispersion of the final metal nanoparticles
after reduction. An interesting variation of SEA was the selective
deposition of manganese onto the small cobalt oxide domains of
CoOx/TiO3, based on differences in IEP between the cobalt and
titanium oxides.”

Here, we combine these two approaches and use SiO,-
overcoated Al,O3 (SiO,@Al03) as a support for Pt deposited by
SEA. The IEP of AL,O; is approximately pH 9, while the IEP of
SiO; is approximately pH 2. As shown in Scheme 1, between a solu-
tion pH of 2 and 9, small patches of Al,O3; on the SiO,@ALO3
material should display positive charges amidst negatively charged
SiO,. SEA of H,PtClg then should lead to very high dispersion of Pt
nanoparticles, including single atoms.

Il. EXPERIMENT

Oxide preparation: SiO»-overcoated Al,O3 was synthesized in
two general steps. First, a calixarene organic template was grafted
onto Al,O; following previous methods.”*”” 5 g AL,O3 [Alfa Aesar,
Nanophase NanoArc, 40-50 nm particle size, 37 m?/ g by Brunauer-

Emmett-Teller (BET), 70% o phase and 30% Y phase] and 100 mg
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of 4-tert-butylcalix[4]arene (“calixarene,” Sigma Aldrich, 95%) were
suspended in ~100 ml toluene and held at reflux for 4 h, cor-
responding to a theoretical loading of 0.5 calixarene/nm?. The
material, denoted Al,Os-T, was filtered, washed with 200 ml of
toluene and 200 ml of hexane, and vacuum dried for 12 h. In the
second step, SiO, was then coated onto unmodified and modi-
fied AL, O3 supports using a previously reported procedure.”® Bare
Al O3 or calixarene-grafted Al,O3 (5 g) was added to a mixture of
ethanol (64 ml, 200 proof, Fisher Scientific) and NH,OH (9.7 ml,
28-30 wt. %, Macron Fine Chemicals) and then sonicated to sus-
pend the particles. 209 yl tetraethoxy orthosilicate (“TEOS,” >99%,
Sigma-Aldrich) was added, and the mixture was shaken for 1 h.
This constitutes one cycle of SiO, deposition. In cycles 2-8, the
suspension was redispersed with sonication, and 160 ul of TEOS
was added, followed by shaking for 1 h. After the coating pro-
cess, the as-made materials were vacuum filtered, air dried, then
heated in air at 650 °C for 4 h with a heating rate of 3.5°C/min.
The supports are denoted xC or xCT for X cycles of TEOS
deposition on bare Al,O; or templated Al,Os, respectively (see
Scheme 1).

Pt deposition: The IEP of each material was first determined.
Oxide supports were suspended in nanopure water, the pH adjusted
to 1-10 using HNO3 or NH4OH, and the samples equilibrated for
at least 1 h. The pH was remeasured after equilibration. The oxide
support loading was such that the surface hydroxyls would have
an equivalent concentration of ~10 mM. The zeta potential of the
suspensions was measured using a Malvern Instrument Nano ZS
Zetasizer. A sigmoidal fit to the zeta potential vs pH curve identified
the IEP (where zeta potential = 0) for each material. Pt adsorption
was then determined as a function of solution pH, following the
reported procedures.‘“ A 2 mM solution of H,PtCls-6H,O (Sigma
Aldrich) was prepared in nanopure water, divided into 30 ml units,
and the pH adjusted was to values between 1.5 and 5.0 using HCI
or NaOH. NH4OH form complexes with H,PtCls and should be
avoided in Pt adsorption experiments.’’ 100 mg of an oxide sup-
port was added to 4 ml pH-adjusted solution, agitated for 12 h,
filtered, and dried for elemental analysis. Larger quantities of Pt were
deposited by dispersing 2.2 g support in 80 ml of 2 mM H,PtClg
adjusted to pH 4 and agitating for 12 h. The Pt-loaded supports
were filtered, washed with 100 ml nanopure water to remove halide
and weakly adsorbed precursor, and air dried for 24 h. The as-
made materials were reduced in 10%H,/N, at 250 °C for 1 h with
a heating rate of 2.5 °C/min. These samples are denoted Pt-Al, O3,
Pt-xC, or Pt-xCT for Pt deposited on the corresponding oxides (see
Scheme 1).

Sample characterization: N, physisorption was carried out with
a Micrometric ASAP 2010 following 12 h sample drying under vac-
uum at 110 °C. Surface areas were calculated using the Brunauer—
Emmett-Teller (BET) method and micropore areas were calculated
using the t-plot method. Thermogravimetric analysis (TGA) was
performed using a TA Instruments Q500 in 90% O,/N». Pt loading
was determined using a Thermo iCap7600 ICP-OES. Samples were
digested in a mixture of aqua regia and HF. Transmission electron
microscopy (TEM) was performed using a JEOL-2100 field-emission
transmission electron microscope. Scanning transmission electron
microscopy (STEM) was performed using a FEI Talos F200X. Sam-
ples were dispersed in ethanol, sonicated, and drop cast onto grids,
followed by air drying. Pulse CO chemisorption was performed

ARTICLE scitation.org/journalljcp

using an Altamira AMI 200 chemisorption analyzer. Samples were
loaded into a quartz U-tube, reduced in 5% H,/Ar at 250 °C for
1 h, and then cooled to room temperature in He. Pt surfaces were
saturated by 30 pulses of 5% CO/He, and the effluent CO was mon-
itored by a thermal conductivity detector (TCD) preciously cali-
brated to CO. The amount of chemisorbed CO was calculated as
the sum of the differences in area between early and later pulses.
Samples for CO-DRIFTS (diffuse reflectance infrared Fourier trans-
form spectroscopy) were diluted in KBr, heated to 100 °C in flowing
Ar for 1 h, reduced in 5% H,/Ar at 100 °C, and then cooled to
room temperature in Ar. Background spectra were collected, and
CO was added to saturate the Pt surface and purged in flowing
Ar. Final FTIR spectra were collected and converted to Kubelka-
Munk units. Propylene hydrogenation was carried out on samples
diluted with Al,Os at a mass ratio of ~1:300 to reach differen-
tial conversion below 10%. 3% ethylene/Ar (20 sccm, Airgas), Ar
(100 ml/min, Airgas, UHP), and 10% H,/Ar (100 ml/min, Airgas)
were delivered to a tube reactor held at 50 °C for 5 h time on stream.
Propane and propylene were the only products detected (Agilent
7890A GC-FID, 30 m x 60 mm x 0.32 ym GS-GasPro column).
Catalysts were regenerated by ramping at 5 °C/min in Ar to 250 °C,
held in 20% O,/He for 1 h, and then cooled to room temperature
under Ar.

Ill. RESULTS AND DISCUSSION

The final loading of the calixarene template on Al,O3 was
determined by TGA to be ~0.3 groups/nm?, reaching the geomet-
ric limit for grafting on oxide supports.”>”” Total BET surface areas
(Table T) increase with increasing cycles of SiO, deposition, while
the micropore volumes remain low and relatively constant. These

TABLE . Surface areas and isoelectric points.

BET surface area Micropore area”

Sample (mz/g) (mz/g) IEP" (pH)
AL, O3 37 2 9.4
1C 38 4 6.1
1CT 39 4 6.4
2C 41 4 5.1
2CT 41 3 5.1
3C 41 4 3.2
3CT 41 3 3.6
4C 43 4 2.4
4CT 44 3 <2
5C 44 8 <2
5CT 43 3 <2
6C 43 5 <2
6CT 41 4 <2
7C 46 3 <2
7CT 50 2 <2
8C 45 3 <2
8CT 50 2 <2

“From the t-plot method.
"From pH at which the zeta potential crosses zero.
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FIG. 1. Zeta potential vs pH for (left)
Al,O; (*), 1C (m), 2C (A), 3C (X),
and 4C (e), corresponding to 1-4 cycles
TEOS deposited without a template and
(right) for AlO3-T (*), 1CT (m), 2CT
(A), 3CT (X), and 4CT (e), correspond-
ing to 1-4 cycles TEOS deposited with
a calixarene template. Sigmoidal fits are
included, and IEP is given as pH where
the zeta potential fit crosses zero.
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results indicate that the deposited SiO, creates an external surface
area because it is rough and/or patchy, as shown in Scheme 1, but
it does not possess a large amount of microporosity. The final heat
treatment at 650 °C likely would collapse any pores that formed
during synthesis. Other heat treatment programs may yield dif-
ferent surface structures.”*”* Finally, differences between the tem-
plated and untemplated oxides are not detectable by the BET surface
areas.

IEPs (Table I) were estimated from the pH where the zeta
potential of the material crossed zero (Figs. 1 and 2). The IEPs
continuously decrease with increasing SiO, deposited until the sur-
face becomes SiO,-like at 4 or more cycles. The IEP of bare A,O;
is ~9, similar to reported values.”” By 3-4 cycles of TEOS depo-
sition, the IEP decreases to 1-2, within the reported values for
$i0,,” " indicating that most of the support is covered by SiO; after
4 cycles of SiO deposition. IEPs were not measured for materials
with more than 5 cycles of SiO, added because the zeta potentials
were at or below 0 at the lowest pH used. As for the BET surface
areas, IEP is not sensitive to the presence of a template during SiO,
deposition. Overall, these IEP values verify the hypothesis that the

T T T T

4 6 8 10
solution pH

SiO,@Al, O3 materials would display IEPs intermediate between the
two constituent oxides.

H,PtCls was then deposited by SEA onto the SiO,@AL O3
materials between a pH of 1.5 and 5. Figure 1 shows that materials
with many cycles of SiO; are deprotonated over this pH range, as is
bulk SiO,, and Fig. 2 shows that the uptake of the anionic Pt precur-
sor was low, as expected. In contrast, bare Al O3 is protonated over
this entire range, and the uptake was large, as expected. As a nega-
tive control, the Pt uptake was also minimal at pH 12 for all supports,
when all constituent oxides will be deprotonated. Figure 2 also shows
that the amount of Pt adsorbed on the oxide generally decreases
with increasing cycles of SiO; deposition. Increasing amounts of
the negatively charged SiO, layer repels the anionic PtCls*~ com-
plex and adsorbs less on the support. However, at pH 4-4.5, there
is better uptake on the templated materials (Fig. 2, right), especially
1CT and 2CT, than on the untemplated materials. This suggests that
the templates have left behind regions of (positively charged) AL, O3,
which is able to adsorb additional PtCls’~ as drawn in Scheme 1.
As a control, Pt SEA was also carried out on Al,O3-T, which still
possessed the organic template but had no SiO, deposition. At

FIG. 2. Pt loading (wt. %) vs adsorp-
tion pH of the precursor solution onto
(left) Al,03 (*), 1C (m), 2C (A ), 3C (X),
and 4C (e), corresponding to 1-4 cycles
TEOS deposited without a template and
(right) onto Al;03-T (*), 1CT (m), 2CT
(A), 3CT (X), and 4CT (e), correspond-
ing to 1—4 cycles TEOS deposited with a
calixarene template.
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FIG. 3. Final Pt loading (wt. %) after SEA at pH 4. Al;O3 (m), xC (A), and XCT (e)
for x = 1-8 cycles SiO, deposition. Lines are a guide to the eye.

intermediate pH, the PtCls®~ uptake was decreased as compared to
Al O3, consistent with the idea that the template physically blocks
part of the Al,O3 surface until it is removed. In consideration of
these results, pH 4 was chosen as the pH of the precursor solution
for the remaining experiments.

Figure 3 summarizes the amount of Pt loaded by SEA at pH
4 onto Al,O3 and AL O3 with 1-8 cycles of SiO, added, with and
without a template to block part of the Al,O3 surface during SiO,
coating. The Pt loading decreases from ~1 wt. % to <0.01 wt. % for
supports with increased cycles of SiO, deposition. In particular, the
Pt loading dropped much more precipitously above 4 cycles of SiO,

ARTICLE scitation.orgljournalljcp

loading for materials that were synthesized without a pregrafted
template. We have previously seen 4 cycles as approximately the
point at which underlying surfaces are completely covered over.”"”’
The large difference in uptake indicates that the template played a
role in exposing the underlying support during the SiO, overcoat-
ing process, especially when large amounts of SiO, were present.
For a support without template modification, most of the Al,O;3
surface is covered with SiO, at higher cycles of SiO, deposition
and thus is not available for adsorption of the anionic Pt com-
plex during SEA. In contrast, it appears that for supports modi-
fied by an organic template, part of the underlying Al,O3 remains
accessible and is available for PtCls*~ adsorption upon removal of
templates.

The samples were then reduced to form supported Pt nanopar-
ticles and clusters and examined by microscopy. For materials with
higher cycles of SiO, deposition, the SiO, overcoats are visible
by TEM as thin shells (Fig. 4, left). By STEM, the Pt nanopar-
ticles/clusters can be challenging to visualize (less than 1 nm in
size), except for on the unmodified Al,O3 support (Fig. 4, right).
Because of the low loadings and small size of these nanoparti-
cles, CO chemisorption was used to provide a quantitative met-
ric for Pt dispersion (Table II). The very high amount of CO
chemisorption, often exceeding 1 CO per total Pt atom, implies a
very high dispersion (small particle size) of all the supported Pt
synthesized by SEA, but especially for the SiO;-overcoated sup-
ports. These values overestimate the fraction of Pt atoms on the
surface of the nanoparticles, but they are nonetheless indicative
of the very high dispersion achievable by this synthesis method.
It should be noted that CO chemisorption was not successful for
materials with more than 4 cycles of SiO, due to the low Pt
loadings.

Selected samples were tested in propylene hydrogenation as a
complementary probe of the accessibility of the Pt atoms. Hydro-
genation of small olefins such as ethylene or propylene is often
considered to be structure-insensitive: it is not expected to exhibit
significant catalytic activity dependence on the size of the Pt metal
particle or the type of the support.” We have previously shown
that materials synthesized by incipient wetness impregnation of

FIG. 4. TEM (left) of sample Pt-
8CT showing the SiO, overcoat as a
thin contrasting layer around the Al;03
sphere. HAADF STEM (right) of sample
Pt-Al,0; showing 1-2 nm Pt particles
as bright regions on the larger Al;O3
spheres.
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TABLE II. CO chemisorption and hydrogenation reactivity.

Pt loading Hydrogenation TOF

Sample CO per total Pt (wt. %) [mol (mol Pty ' s
Pt-AlL, O3 0.75 0.98 179 + 21

Pt-2C 1.07 0.22

Pt-2CT 1.13 0.34

Pt-3C 1.15 0.22

Pt-3CT 1.14 0.25

Pt-4C 1.06 0.21 101 + 49
Pt-4CT 0.97 0.23 105 + 30

*Initial rate of propylene hydrogenation, 1 h time on stream. Uncertainty derived from
independent runs with fresh catalyst.

Pt onto SiO,@TiO; have ethylene hydrogenation TOFs that vary
by at most twofold, depending on whether the support was more
TiO,-like or more SiO,-like.”” That work also showed that SiO,
overcoats improved the stability of the Pt catalyst. Table IT also com-
pares the TOF over Pt-Al; O3, Pt-4C, and Pt-4CT. Although it is
recognized to be an overestimate, the amount of chemisorbed CO
is used here as a measure of the total number of surface Pt atoms
and the basis for the TOF calculation. In this experiment, we reach
the same conclusion as previously. Pt-Al;O3 has less than 2x the
TOF of Pt-4C or Pt-4CT. The small differences in TOF may be
due to small differences in propylene adsorption at Pt-SiO, inter-
faces vs Pt-Al,O3 interfaces, as argued previously,” but they may
also be due to CO overcounting active sites on the very small Pt

A
“ \r\/}\,.,- Pt-8C _
A

.

_ﬁ%ﬁ% ]
— Pt-3C

Pt-6C —

Pt-7C —

Pt-5C —

'>
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clusters on Pt-4C and Pt-4CT or differences in residual halide.”’
The materials also show similar behavior with time on stream, with
slow deactivation that is regenerated by an oxidative treatment, indi-
cating that the reactivity loss is primarily due to light carbon depo-
sition. The hydrogenation results over materials such as Pt-4C or
Pt-4CT are consistent with the formation of very small but accessi-
ble and reactive nanoparticles of Pt not intrinsically different from
those on Pt-Al,O3. We note that this conclusion may change for the
very smallest Pt clusters and single atoms,”’ but sample limitations
and the very low Pt loadings on materials such as Pt-6C precluded
rigorous testing of these materials under our conditions.
CO-DRIFTS was then utilized to gain further information
about the coordination of the Pt atoms on the support.””***’ Nor-
malized spectra are given in Fig. 5 and are arranged in the order
of increasing Pt loading. This generally tracks the number of SiO,
cycles deposited, except for sample Pt-7C. Features at ~2120 cm ™
have been previously assigned to CO molecules adsorbed in a linear
fashion onto isolated Pt atoms, while peaks around 2070 cm~! corre-
spond to CO adsorbed atop Pt in nanoparticles. In addition, features
near 1830 cm™ are assigned to CO bound to threefold sites on Pt
surfaces. These features are very weak and not easily distinguished
from the background for these materials, which is consistent with
the absence of larger metal nanoparticles with well-formed facets.
The first obvious change in the spectra is a sharpening and a shift of
the linear CO peak from ~2050 cm™ to ~2070 cm™" as the amount
of SiO; deposited increases from 2 cycles to 4 or more cycles. The
sharpening of this feature is best described as the loss of a shoulder
at ~2020 cm™'. On samples Pt-5C or Pt-5CT and above, a new fea-
ture also appears at ~2090 cm™, but it is much more pronounced
for the Pt-xC samples, suggesting that it is related to Pt on a silica

FIG. 5. CO-DRIFTS of samples Pt-xC
and Pt-xCT. Spectra are arranged in
order of increasing Pt loading, which fol-
lows the SiO; cycles, except for Pt-7C.
The peak near 2050 cm~" corresponds
to atop CO on nanoparticles. Peak near
2120 cm~" corresponds to CO on iso-
lated Pt. Spectra are normalized to the
maximum peak intensity in this region.
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TABLE ll. Percentage of CO-DRIFTS peak area corresponding to CO chemisorbed
on isolated Pt.?

x = Si0; cycles Pt-xCT (%) Pt-xC (%)
0 2.7

2 0.0 0.0

3 0.0 0.6

4 6.6 0.0

5 8.1 3.4

6 7.6 47

7 14 13

8 13 70

*Uncorrected for the stoichiometries and absorption cross sections of the different types
of chemisorbed CO. This is not necessarily the percentage of surface Pt present as
isolated Pt.

surface. Overall, the CO DRIFTS reflects the nanoparticles becom-
ing smaller and more well-defined as the cycles of SiO; increase
and the Pt adsorption capacity decreases. This shift and sharpen-
ing may reflect a change in the effective support chemistry from
AL O3 to the Al-O-Si interface, and then eventually to one that is
$i0,-like. """

Many of these spectra show a substantial contribution from
CO chemisorbed on isolated Pt (2120 cm™), especially for materials
with 4 or more cycles SiO, deposition. The spectra were decom-
posed into a series of Voigt peaks centered near 2120, 2090, 2070,
2050, and 2020 cm ™", and the fractional area of the 2120 cm ™" “iso-
lated Pt” CO feature, compared to all chemisorbed CO, is given in
Table II1. On the templated Pt-xCT, the fractional area assigned to

wt% Ptloading

[UnN

0.001 0.01 0.1
ey 100

8C
6C

7CT
8CT ¢

7C
A 10

% 'isolated Pt' CO feature

- 0.1

FIG. 6. Cross correlation between Pt wt. % loading by SEA and the percentage
contribution of the “isolated Pt” CO feature to the overall CO-DRIFTS spectrum
(where greater than zero) for Al;O; (m), xC (A), and XCT (e) for x = 1-8 cycles
SiO, deposition. Lines are a guide to the eye.
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CO on isolated Pt increases from ~6% to ~15% as SiO, deposition
cycles increase. On the parent Al,Os, the isolated Pt area is 2.7%.
On the untemplated Pt-xC surfaces, the fractional areas assigned to
isolated Pt is generally low, except for Pt-6C and Pt-8C, where the
isolated Pt CO peak accounts for approximately half the total CO
area.

The high fraction of the isolated Pt peak over samples Pt-6C
and Pt-8C must be due, at least in part, to the exceptionally low
PtCls*~ adsorption capacity of these materials, since low loadings are
frequently a characteristic of atomically dispersed materials. Only
a few defect sites in or on the SiO, overcoat must be suitable for
Pt deposition. Indeed, a parametric plot using the data in Fig. 3
and Table 1] shows that the fraction of the isolated Pt CO feature
increases with decreasing Pt deposited by SEA for either set of mate-
rial (Fig. 6). Unusually high contributions of the isolated Pt peak in
the CO-DRIFTS is correlated with very low Pt loadings for samples
Pt-6C and Pt-8C. It is also clear that the templated xCT supports
lead to a much higher fraction of the isolated Pt feature at higher,
more useful Pt loadings between 0.1 wt. % and 1.0 wt. %. The trend
line also appears to connect the xCT and Al O3 materials together.
In total, this trend is consistent with the notion that templated SiO,
deposition leaves behind small islands of bare ALO3 (Scheme 1)
that lead to very high dispersions and relatively higher fractions of
isolated Pt atoms.

IV. CONCLUSIONS

This work demonstrates that the combined use of partial SiO,
overcoats and strong electrostatic adsorption (SEA) deposits highly
dispersed Pt onto Al,O3 supports. Increasing the number of SiO,
overcoating cycles lowers the IEP of the support and decreases the
number of adsorption sites available for PtCls>~ during SEA. STEM
and CO chemisorption study show that the resulting Pt nanoparti-
cles are highly dispersed, with hydrogenation reactivity not substan-
tially deviating from conventional Pt-Al;O3;. A CO-DRIFTS study
reveals that increasing amounts of SiO; increases the fraction of Pt
present as isolated atoms. At any given loading, template-modified
supports give rise to a higher fraction of isolated Pt, consistent with
Scheme 1, where the template helps to keep small islands of Al,O3
uncovered and isolated from one another during SiO, addition, and
that these islands later host single Pt atoms or very small clusters less
than 1 nm in size. In the future, these modified supports will be used
to help understand structure-sensitive reactions such as CO oxida-
tion and to broaden the set of materials able to be synthesized in
this way.
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