ROYAL SOCIETY

OF CHEMISTRY

Nanoscale

PAPER

CrossMark

& click for updates

Towards ALD thin film stabilized single-atom Pd,
catalystsf

Cite this: Nanoscale, 2016, 8, 15348

Mar Piernavieja-Hermida,? Zheng Lu,® Anderson White,? Ke-Bin Low,® Tianpin Wu,*
Jeffrey W. Elam,® Zili Wu® and Yu Lei*®

Supported precious metal single-atom catalysts have shown interesting activity and selectivity in recent
studies. However, agglomeration of these highly mobile mononuclear surface species can eliminate their
unigue catalytic properties. Here we study a strategy for synthesizing thin film stabilized single-atom Pd;
catalysts using atomic layer deposition (ALD). The thermal stability of the Pd; catalysts is significantly
enhanced by creating a nanocavity thin film structure. In situ infrared spectroscopy and Pd K-edge X-ray
absorption spectroscopy (XAS) revealed that the Pd; was anchored on the surface through chlorine sites.
The thin film stabilized Pd; catalysts were thermally stable under both oxidation and reduction conditions.
The catalytic performance in the methanol decompaosition reaction is found to depend on the thickness
of protecting layers. While Pd; catalysts showed promising activity at low temperature in a methanol
decomposition reaction, 14 cycle TiO, protected Pd; was less active at high temperature. Pd L; edge XAS
indicated that the low reactivity compared with Pd nanoparticles is due to the strong adsorption of
carbon monoxide even at 250 °C. These results clearly show that the ALD nanocavities provide a basis for
future design of single-atom catalysts that are highly efficient and stable.
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Introduction

Nanomaterials are known to possess dramatically different
electronic, chemical, and physical properties compared to
their bulk counterparts.'™ For instance, when the dimensions
of supported precious metals approach the nanometer and
subnanometer scale, unique catalytic properties emerge
related to under-coordinated surface atoms, electronic struc-
tures, and diffusion barriers of surface species. In ultra-high
vacuum (UHV) experiments using well-defined single crystals,
Heiz and Schneider were the first to observe size-dependent
catalytic activity in an atom-by-atom fashion for CO oxidation
by gold clusters’ and the cyclotrimerization of acetylene by
palladium clusters.® Since then, significant research has been
performed to explore size-dependent catalysis with atomic
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precision using the so-called size-selected cluster deposition
technique.”** More recently, in a combined scanning tunnel-
ing microscopy (STM), DFT and temperature-programmed
desorption (TPD) study, Flytzani-Stephanopoulos and Sykes
found that isolated Pd, atoms alloyed with the Cu(111) surface
showed highly selective hydrogenation of styrene and acetyl-
ene.'* The improved selectivity was attributed to low-barrier
hydrogen dissociation at Pd atom sites and weak binding of
the products to Cu.

The preparation of a site-isolated single atom supported on
high surface area oxide catalysts has recently been realized via
wet chemistry. The single atom catalysts have shown unexpect-
edly high activity and selectivity to valuable products under
realistic catalytic reaction conditions. Single-atom Pt; sup-
ported by FeO, nanocrystallite substrates showed extremely
high atom efficiency for preferential oxidation of CO in H,."?
DFT calculations showed that the high activity and selectivity
are correlated with the partially vacant 5d orbitals of positively
charged, high-valent Pt atoms. Other successful examples at
the lab scale include well-defined Pt,,'® Pd,,"” Rh,,"® Au,,"""'
and Ir,.>> In industrial scale production, titanium silicalite
(TS-1) is a commercial catalyst for propylene epoxidation with
hydrogen peroxide.”> The isolated Ti active sites of TS-1
provide a high selectivity towards propylene oxide, since
propylene oxide molecules that adsorb on adjacent Ti sites
lead to catalyst deactivation and the formation of unwanted
byproducts.** 7
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Despite these successes, the thermal stability of precious
metal single site catalysts under reaction conditions remains a
significant challenge. The synthesis of a highly active single-
atom catalyst with improved thermal stability attracts both fun-
damental and industrial interest.”® In addition, obtaining
uniform, thermally stable single atom catalysts under reaction
conditions is a critical step towards precisely identifying cata-
lyst active sites. Here we demonstrate an approach to improve
the thermal stability of uniformly dispersed Pd; single atom
catalysts using ultrathin metal oxide protective coatings pre-
pared by atomic layer deposition (ALD).

Experimental
Catalyst synthesis

The Pd catalyst materials were synthesized using a commercial
benchtop ALD reactor (Arradiance, Gemstar-6) equipped with
an in situ quartz-crystal microbalance (QCM, Inficon). Ultra-
high purity nitrogen carrier gas (Airgas, 99.999%) was further
purified using a Supelco gas purifier (Sigma-Aldrich) to trap
hydrocarbon, moisture and oxygen-containing impurities
before entering the reactor.

Spherical alumina powder (NanoDur, 99.5%, Alfa Aesar)
was used as a substrate without further treatment. The sub-
strate was uniformly spread onto a stainless steel sample tray
with a stainless steel mesh top to contain the powder while
still supplying access to the ALD precursor vapor. The loaded
sample tray was placed into the center of the reactor and kept
for at least 30 min at 200 °C in a 50 scem flow at 0.5 Torr
pressure to allow temperature stabilization.

The ALD timing sequences can be expressed as t,—t,~t3-ts,
where ¢, and ¢; correspond to the exposure times of the two
precursors, t, and ¢, are the nitrogen purge times between pre-
cursor exposures and all units are given in seconds. 500 mg of
Al,O3 NanoDur was modified using 3 ALD cycles of TiO,. The
TiO, coating used alternating exposures to TiCl, (Sigma-
Aldrich, 99.9%) and deionized water with a time sequence (80
s-160 s-80 s-160 s) at 150 °C. For the TiO, overcoat, 1, 7, and
14 cycles were used. The Pd ALD used exposures to Pd(u) hexa-
fluoroacetylacetonate (Pd(hfac),, Sigma-Aldrich, 98%) at
100 °C with a time sequence (300 s-300 s) at 100 °C. The
samples were denoted as 1cTiPd,, 7cTiPd,, and 14cTiPd,,
respectively. For each sample, the mass was measured with an
analytical balance before and after ALD to determine the Pd
loading. The weight percent of palladium in Pd, catalysts was
estimated to be 0.5 wt%.

Characterization

Quartz Crystal Microbalance (QCM) studies were performed
for Pd ALD using a Maxtek BSH-150 bakeable sensor, AT-cut
quartz sensor crystals (Colorado Crystal Corporation), and a
Maxtek TM400 film thickness monitor. To monitor the Pd
growth on Al,O; and TiO, supports with QCM, a thick layer
(3 nm) of Al,O; or TiO, was first deposited on the QCM at the
same temperature as used for Pd ALD. The Al,O; layer was
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grown by sequential exposures of TMA and water for about 60
cycles; TiO, was grown by sequential exposure of TTIP and
water for 100 cycles; and Pd was grown by sequential exposures
of Pd(hfac), and formalin. The QCM mass measurements were
converted to Pd film thicknesses assuming a density of 12.0 g
em™ for Pd.

Brunauer-Emmett-Teller (BET) surface areas of all palla-
dium catalysts were measured via nitrogen adsorption at 77 K
by using a Micromeritics Gemini 275 system. The surface com-
position of the as-prepared TiPd, catalysts was analyzed using
an X-ray photoemission spectroscopy (XPS, Kratos AXIS-165)
system using a monochromatic Al Ko (1486.6 eV) X-ray source
operating at 15 kV and 10 mA.

Microscopy characterization was performed on an aberra-
tion-corrected scanning transmission electron microscope
(STEM) equipped with a 200 keV Schottky cold-field emission
gun, a high-angle annular dark field (HAADF) detector, and an
annular bright field (ABF) detector.

Pd K-edge (23.564 keV) X-ray absorption spectroscopy (XAS)
was performed at the 10-BM beamline at the Advanced Photon
Source (APS) at Argonne National Laboratory. The amount of
the sample in use was optimized to achieve an XAS step height
of about 1. The XAS spectra were recorded in transmission
mode, Standard procedures based on WINXAS 3.1 software
were used to fit the data in the extended X-ray absorption fine
structure (EXAFS) regime.

Pd L;-edge (3.173 keV) XAS was carried out at the 9-BM
beamline at the APS. The sample was measured in the fluo-
rescence mode. The Pd catalysts were pressed as a pellet and
installed in a stainless steel sample holder housed in an
aluminum environmental chamber. The temperature of the
sample holder was controlled using K-type thermocouples and
a ceramic heating plate. The catalyst of interest was first
reduced in 3.5% hydrogen/helium at 250 °C for 30 minutes.
Then ultrahigh purity helium was used to purge the chamber
at 250 °C to remove the hydrogen. The resultant catalyst was
fully reduced Pd without adsorbate. X-ray absorption near edge
structure (XANES) spectra were recorded for the clean Pd
surface. The system was then purged with 10 scem flow of 1%
CO to generate CO adsorbed Pd. XANES were then recorded
under the steady state flow of CO. Multiple XANES spectra
were recorded and averaged to enhance signal to noise,

Diffuse Reflectance Infrared Fourier Transform Spectro-
scopy (DRIFTS) measurements on CO adsorption were per-
formed using a Thermo Nicolet Nexus 670 spectrometer, with
a MCT/A detector with a spectral resolution of 4 ¢m™'
diffuse reflectance mode while the exiting stream was analyzed
by QMS. A Pike Technologies HC-900 DRIFTS cell with a
nominal cell volume of 6 cm® was used. Before each of the fol-
lowing IR experiments, the palladium sample was pretreated
in the DRIFTS cell in flowing 4% H,/He (25 mL min™") at
250 °C for 30 minutes and then cooled to room temperature.

In CO adsorption experiments, the pretreated sample was
purged with helium at room temperature before switching to
2%CO/2%Ar/He (25 mL min~') flow for 30 min. The sample
was then purged with helium at rt for another 30 min. IR

, in
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spectra and QMS profiles were recorded continuously during
these processes. All reported IR spectra are difference spectra
referenced to a background spectrum collected after pretreat-
ment but prior to CO adsorption.

The in situ FT-IR measurements under the practical ALD
conditions for TiO, overcoating were conducted in a specially
design ALD reactor described previously.>” The FT-IR data were
collected using a Thermo Scientific Nicolet 6700 FT-IR spectro-
meter. ZrO, powder was used as the substrate and pressed into
a metal grid. Pd and TiO, ALD were subsequently performed.
The ALD recipes are identical to those described in the cata-
lyst synthesis section. FT-IR spectra were recorded after each
chemical exposure.

Catalytic performance

For each test, 30 mg of Pd catalysts were used on a plug-flow,
temperature-controlled microreactor system (Altamira AMI
300). The sample, loaded into a U-shaped quartz tube (4 mm
i.d.) and supported by quartz wool, was pretreated in flowing
4% H,/He (25 mL min~") at 250 °C for 30 minutes and cooled
down to room temperature (RT) in a He atmosphere. In the
case of methanol decomposition, He was bubbled through
methanol at 25 cm® min~'. All gases were provided by Air
Liquide with the ultrahigh purity (UHP, 99.999%) helium as
balance gas.

A downstream quadrupole mass spectrometer (QMS) was
utilized in order to obtain the catalytic activity of the Pd cata-
lysts by using a methanol decomposition reaction. A cali-
bration experiment was performed where methanol was kept
at temperatures 5 °C, 10 °C, 15 °C and 20 °C (using a water
bath) until the QMS was stabilized at each temperature, and
the respective intensities of methanol (monitored at m/z 31)
were recorded. A linear fit of the respective intensities versus
the methanol concentration at the indicated temperatures,
obtained from the vapor pressures, was plotted. The intensity
and slope were then utilized to calculate the respective metha-
nol concentrations for the different catalyst reactions. During
the decomposition reaction, methanol was kept at 20 °C, there-
fore the methanol conversion was calculated using different
concentrations of methanol during the reaction and the con-
centration at 20 °C.

In order to quantify the amount of CO adsorbed on the Pd
surface, CO pulse chemisorption was carried out on a plug-
flow microreactor system (Altamira AMI 300) and a down-
stream quadrupole mass spectrometer (QMS) (OmniStar
GSD-301 O,, Pfeiffer Vacuum). Approximately 35 mg of the
sample was loaded in a U-shaped microreactor and reduced in
4% Hy/He (25 mL min™'") at 250 °C for 30 minutes. The
sample was cooled down to room temperature in He (25 mL
min~'), After being stabilized at room temperature, 2%CO/2%
Ar/He was pulsed multiple times onto the sample in a He flow
(25 mL min™"), and a mass spectrum was collected until there
was no change in the CO peak intensity monitored by QMS.
One pulse of CO was brought to the sample via a 6-way valve,
with a volume of 0.5 em®. The CO peak intensity was calibrated
by pulsing 2%CO0/2%Ar/He through the reactor bypass.
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Results and discussion

ALD is a deposition technique that enables conformal coatings
of both nanoparticles and thin films on high-aspect-ratio sub-
strates.’”*! It represents a promising, alternative method to
synthesize and tailor nanostructured catalysts.”*** The strat-
egy used to synthesize stable Pd, single atom catalysts is
described in Scheme 1. Palladium hexafluoroacetylacetonate
(Pd(hfac),) is used as the ALD metal precursor for preparing
the Pd catalyst (see Fig. S1%). After chemisorbing Pd(hfac),
onto the substrate surface (1), the remaining hfac ligands
prevent growth on the Pd during the subsequent metal oxide
ALD. ALD TiO, is deposited using alternating exposures to tita-
nium tetrachloride (TiCl,) and deionized water, but the TiO,
grows selectively on the substrate and not on the chemisorbed
Pd(hfac), (2). As a consequence, the bulky structure of the -
hfac ligands of diameter of ca. 5.2 A templates the formation
of a nanocavity of similar dimension around the Pd. Finally,
the -hfac ligands are removed using formalin (HCHO) to gene-
rate TiO, nanocavity protected Pd, sites (3). 1-Cycle, 7-cycle
and 14-cycle TiO, thin film stabilized Pd, were prepared using
this strategy, denoted as 1TiPd, 7TiPd and 14TiPd, respectively.
The equivalent thicknesses of these thin films are 0.7 A, 4.7 A,
and 9.4 A, for 1c, 7c and 14c TiO,, respectively, determined
using an in situ quartz crystal microbalance (QCM) (see
Fig. S2f). In particular, the nanocavity generated using 7c TiO,
has a similar height of the surface Pd(hfac) species, while the
depth of 14c TiO, is about twice the height of Pd(hfac). An
unprotected Pd sample (0TiPd) was also synthesized and used
as a reference.

TiO, was selected as the material to form the nanocavity
because of several reasons. First of all, TiO, ALD processes
have been well-established in the literature and can be per-
formed under mild conditions.***” Secondly, these processes
offer uniform coatings of TiO,, which is critical to prepare
well-defined nanocavities on high-aspect-ratio substrates for
heterogeneous catalysts. Last but not least, Pd/TiO, typically
shows a strong metal support interaction (SMSI) after
reduction at high temperature (e.g., above 473 K), which could
potentially improve the thermal stability of Pd; atoms. All of
the ALD TiO, stabilized Pd; catalysts were prepared on com-
mercial spherical aluminum oxide nanoparticles (Al,O3, Alfa
Aesar, NanoDur™, 99.5%). Brunauer-Emmett-Teller (BET)
surface area measurements showed that the ALD TiO, stabil-
ized Pd; treatment did not change the surface area of the sub-
strate. The bare Al,O; substrate and all the ALD catalysts have
a surface area of ~33 m” g~' (see Table S1 and Fig. S37). X-ray

¥ KORYA A.A.A

Scheme 1 Schematics of thermally stable Pd; catalysts synthesized
using ALD. (1) Depositing Pd(hfac) on spherical AlO3 substrate, (2) creat-
ing nanocavity structure using TiO; ALD, and (3) removing —hfac ligands
using HCHO.
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diffraction showed that the Al,O5 support has a mixed struc-
ture of delta and gamma Al,O; (see Fig. S4f). The XRD pat-
terns of ALD TiO, overcoated Pd/Al,O; catalysts (not shown)
are identical to that of the bare Al,O; substrate, suggesting
that the ALD Pd and TiO, deposits are either amorphous, or
too small for detection by conventional XRD.

Representative scanning transmission electron microscopy
(STEM) images of the bare Al,O; support and the as-prepared
TiO, protected Pd; single atom catalysts are illustrated in
Fig. 1. The ALD TiO, treatment markedly improved the dis-
persion of the Pd on the Al,0; substrate. Compared with the
clean Al,O; surface shown in Fig. 1(a), white dots representing
isolated Pd; atoms are clearly shown in STEM images in
Fig. 1(b) after carrying out the synthesis strategy discussed in
Scheme 1. Unfortunately, Pd nanoparticles (NPs) also co-exist
with Pd, on the substrate (see Fig. S5f) with an average dia-
meter of 3.4 + 0.9 nm. Although the ratio of Pd, vs. Pd NPs is
larger than 1000 : 1, only ca. 52% of the palladium was present
as single atoms. TiO, cannot be clearly seen in the STEM
images due to its small quantity and low contrast with the
Al O3 support. The surface composition of the Pd, catalysts
was quantitatively analyzed using X-ray photoelectron spectro-
scopy (XPS). For the 1c, 7c and 14c¢ TiO, thin film stabilized
catalysts, the surface Ti/Al ratio increases with increasing TiO,
ALD cycles from 0.65 to 1.04, while the Pd/(Ti + Al) ratio
decreases from 0.16 to 0.05 (see Fig. 2). The Pd 3d XPS spectra
for the as-prepared Pd catalysts show that the as-prepared Pd
nanoparticles apparently have two peaks at 337.9 eV and 336.3
eV which are assigned to Pd*" and Pd’, respectively.***’

In situ FTIR was performed in an ALD chamber under prac-
tical ALD conditions to understand the reason for the for-
mation of Pd nanoparticles (see Fig. 3). The infrared peaks
have been assigned in previous work.”>***® The features at
1652 and 1605 cm™" are assigned to the stretching vibration
modes of C=O0 in the -hfac ligands. In particular, the peak at
1605 em ™' is assigned to the C=O0 stretching vibration mode
in the surface Pd(hfac) species, while 1652 cm™" is related to
the C=O stretching vibration mode in the surface -hfac
species chemisorbed on the Al,O; surface (i.e. Al(hfac)), where
the hfac ligands have spilled over from the Pd(hfac), during
adsorption.*® This feature at 1605 cm ™' almost completely dis-

Fig.1 HAADF-STEM images of (a) clean spherical aluminum oxide
surface, and (b) thin film stabilized 7TiPd, catalysts on aluminum oxide.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Infrared absorbance spectra of Pd(hfac). exposure and sub-
sequent TiO, ALD cycle using TiCl, and H,O as precursors.

appeared after only 2 cycles of TiO, ALD, suggesting a reaction
between the TiO, ALD precursors and the surface -Pd(hfac)
species. As the -hfac ligands are thought to play an important
role in stabilizing Pd; on the Al,O; surface, the loss of ~hfac
may increase the Pd mobility leading to agglomeration, and Pd
NP formation on the surface during TiO, ALD.

The thermal stability of the as-prepared Pd, catalysts under
oxidation conditions was tested by calcination at 300 °C in air.
Aberration corrected STEM images (see Fig. 4) revealed that
the 14TiPd, sample was relatively unchanged by calcination,
and remains essentially as Pd, (Fig. 4e and f). In contrast,
both 0TiPd and 7TiPd, showed extensive aggregation to 4.6 +
1.0 nm and 2.9 + 0.7 nm, respectively, after 300 °C calcination.
These results demonstrate that the nanocavity TiO, layer with
an appropriate thickness can prevent the migration of Pd
atoms and subsequent agglomeration at high temperature,

Nanoscale, 2016, 8, 15348-15356 | 15351



Fig. 4 Aberration corrected STEM images of (a) the as-prepared 0TiPd,
(b) the as-prepared 7TiPd, (c) the as-prepared 14TiPd,, (d) OTiPd, after
calcination, (e) 7TiPd, after calcination, (f) 14TiPd, after calcination. Cal-
cination was performed at 300 °C in air.

The thermal stability of the thin film stabilized Pd, catalysts
under hydrogen reduction conditions was studied using X-ray
absorption spectroscopy (XAS) at the Pd K edge. As shown in
Fig. 5, both the X-ray absorption near edge structure (XANES)
and the extended X-ray absorption fine structure (EXAFS)
spectra of the as-prepared 14TiPd, catalyst resemble those of
the Na,PdCl, reference. After reduction in hydrogen at 250 °C,
the XANES and EXAFS spectra of the reduced 14TiPd; catalyst
(14TiPd,_r) are similar to those of Pd NPs prepared using inci-
pient wetness impregnation (IWI). The parameters extracted
from fitting the extended X-ray absorption fine structure
(EXAFS) spectra in K- and R-space are listed in Table 1 and the
fitting quality is shown in Fig. S6 and S7,} respectively. The as-
prepared Pd, atoms are coordinated with ca. 4 chlorine atoms.
The presence of chlorine is due to the TiO, ALD process using
TiCl, as a precursor. This residual Cl is consistent with TiCl,
attacking the surface -Pd(hfac) species during TiO, ALD as
postulated from the in situ FTIR measurements. The reduced
Pd catalysts have coordination numbers from 3.6 to 5.6. As the
coordination number of a Pd nanoparticle of 3-4 nm in dia-
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Fig. 5 Pd K-edge (a) XANES and (b) EXAFS Fourier transform of the Pd;
catalysts and reference samples.

Table 1 Pd K edge EXAFS fits of the as-prepared Pd; catalysts before
(1TiPd;, 7TiPd; and 14TiPd,) and after hydrogen reduction at 250 °C
(1TiPd,_r, 7TiPd,_r and 14TiPd,_r)

Sample Scatter CN R, A DWF (x10%) Eqg, eV
1TiPd, Pd-Cl 3.5 2.30 0.3 0.1
Pd-O 0.5 2.02 0.7 4.6
1TiPd,_r Pd-Pd 3.6 2.77 2.0 -1.0
Pd-Cl 0.6 2.29 0.3 -3.1
7TiPd, Pd-Cl 3.9 2.30 0.3 —-0.2
Pd-0O 0.1 2.00 0.7 3.2
7TiPd,_r Pd-Pd 5.6 2.77 2.0 —-0.7
Pd-Cl 0.5 2.31 0.3 -1.4
14TiPd, Pd-Cl 3.9 2.30 0.3 -0.3
Pd-0O 0.1 1.99 0.7 2.4
14TiPd,_r Pd-pPd 5.6 2.77 2.0 —-0.5
Pd-Cl 0.6 2.31 0.3 -0.8

meter can be estimated to be about 9 to 10,"" the ALD thin
film stabilized Pd catalysts are likely to contain both single
atoms and nanoparticles, consistent with the observation from
the STEM imaging. Pd K edge XANES linear combination fit-
tings (LCFs) were used to calculate the coordination of Pd. The
results of XANES LCFs are similar to the results obtained from
EXAFS fittings (see Fig. S8 and Table S27).

In situ DRIFTS CO chemisorption has been an effective tool
to assess the existence of site-isolated species such as Rh;,*?
and Pt;.** The CO molecules can only adsorb linearly on single
atoms. The feature representing atop CO adsorbed on single
atoms is normally distinguishable from that on nanoparticles.
Although the infrared spectral assignment of CO adsorbed on
Pd has been studied intensively,"*** the determination of the
CO chemisorption feature on single site Pd, is not straight-
forward as CO can cause single atom sintering observed by
Diebold and coworkers using scanning tunneling microscopy
over Pd,/Fe;0, model catalysts."® Fig. 6 and S9f show CO
adsorption on thin film stabilized Pd; at room temperature
resulting in adsorption features as atop CO species

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 DRIFTS spectra of CO adsorption. The spectra were obtained
after room temperature purging of gas phase CO with He and reference
to the background spectra recorded before exposure to CO.

(2160 em™, 2116 em™" and 2094 ¢cm™'), bridge-bonded CO
(1975 em™ and 1944 em™') and 3-fold hollow sites
(1882 em™'). The features at 2160 em™', 2116 em™' and
2094 cm™ can be assigned to CO chemisorption on Pd**, Pd*
and Pd’, respectively.’”” The small feature at 2160 em™" is most
likely associated with the CO adsorption on single atom Pd,,
while the other two peaks represent CO adsorption on Pd
nanoparticles.

With the small intensity of 2160 cm ™" and the dominant fea-
tures of CO chemisorption on bridge- and 3-fold hollow sites,
we believe that agglomeration of adatom Pd occurs during the
CO chemisorption, similar to what is observed in the Pd,/Fe;0,
model catalyst system.’® The intensities of these bands
decreased and some of the bands shifted slightly with increas-
ing TiO, ALD cycles, indicating that Pd is progressively covered
by the ALD TiO,. Similar results have been observed for Al,0,4
ALD overcoats on the Pd surface and TiO, ALD on Au.*®*?

The catalytic activity of the TiO, thin film stabilized Pd,
catalysts was evaluated using methanol decomposition as a probe
reaction. Fig. 7 shows the reactivity for methanol decompo-
sition at 240 °C and 300 °C as a function of TiO, ALD cycles.
The light-off curves during heating and cooling mostly over-
lapped with each other (see Fig. S107), suggesting no signifi-
cant changes such as sintering or coke deposition. The
catalysts were also tested under methanol decomposition con-
ditions at 300 °C for 24 hours without significant deactivation.
The catalyst performance clearly depends on the cycles of the
overcoat. At 240 °C, all three thin film stabilized Pd, catalysts
showed enhanced performance than the Pd nanocatalysts. The
7¢ TiO, thin film stabilized Pd catalysts (7TiPd,) showed the
best performance with ~24% methanol conversion while Pd

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Methanol conversion as a function of ALD TiO, cycles in the
methanol decomposition reaction with error + 10%.

nanoparticles had close to ~15% methanol conversion. The
enhanced performance can be explained by the enhanced
thermal stability of the Pd, catalysts which possessed more
surface active sites than the Pd nanoparticles, i.e., all the Pd
atoms in Pd, catalysts can potentially act as active sites while
only the surface atoms on Pd nanoparticles can catalyze
chemical reactions. The 14c¢ TiO, thin film stabilized Pd, cata-
lysts showed slightly lower conversion at ~20% than 7TiPd,
even though it had showed the best thermal stability observed
by STEM. This seems to suggest that 14c¢ TiO, not only depos-
its around Pd, to enhance its thermal stability but also starts
to cover the Pd surface. This has been evidenced by the
DRIFTS CO chemisorption studies where the intensity of the
CO bands decreased with increasing TiO, ALD cycles. The blue
shift, 29 em™, observed on 3-fold hollow sites of CO on
14TiPd, from the DRIFTS data suggests that at 14 cycles, the
deposited TiO, mostly deposit on the Pd (111) sites on Pd
nanoparticles.

At 300 °C, 7TiPd, still showed the best performance with
respect to methanol conversion. To our surprise, 14TiPd, was
the less active catalyst at 300 °C, even worse than the Pd nano-
particles. A simplified mechanism for the methanol decompo-
sition reaction is summarized in the following two surface
reactions (1) and (2).

CHgOH(ad} — CO{ad) + 4H(ud} (1)
2H(aq) — Ha(g (2)

Upon adsorption to the Pd surface, methanol can decom-
pose into chemisorbed carbon monoxide CO(,q) and hydrogen
H(,q) well below room temperature. Surface science studies per-
formed by Goodman and Bowker showed that H, and CO
desorbed from the Pd surface at 27 °C and 207 °C, respectively,
indicating that methanol decomposition is desorption
limited.*® This is also known as the carbon monoxide self-
poisoning effect: the CO product molecules strongly adsorb on
the catalyst surface, preventing the methanol reactant from
accessing the catalyst and the reaction terminates.
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As CO is one of the products for methanol decomposition,
a hypothesis is that CO binds much more strongly on Pd; than
on Pd nanoparticles, which suppress the activity of Pd, cata-
lysts. To test this hypothesis, EXAFS measurements at the Pd
L; (3173 eV) edge were carried out to probe the adsorption of
CO at room temperature and 250 °C. The palladium L; edge
represents dipole-allowed 2p — 4d transition, and the L;
absorption probes the density of states (DOS) of palladium d
character. The L; edge is characterized by the presence of
intense resonances, the “white line”. Changes in the L; XANES
white line after chemisorption of an adsorbate on the Pd
surface reflect electronic structural changes caused by orbital
hybridization. The AXANES (XANES spectrum of the precious
metal with the adsorbate minus that of the clean surface) has
a unique shape with respect to the type of adsorbate and the
intensity increases with the adsorbate concentration, and
therefore it can be used to both identify and quantify the
adsorbates.”"** Fig. 8 shows Pd L; XANES and AXANES
spectra for Pd NPs (0TiPd) and Pd; (14TiPd,) catalysts in a
steady state flow of helium and CO at 25 °C and 250 °C,
respectively. For Pd NPs, there is a significant CO uptake at
25 °C because of the strong CO adsorption.

But at 250 °C, there is almost no CO coverage on the Pd
surface, indicating a fast desorption of CO on the surface. In
sharp contrast, even at 250 °C, there is still significant CO
adsorbed on the Pd, atoms. Assuming that the CO adsorption
sites at 25 °C are potential active sites for catalyzing methanol
decomposition, and normalizing the CO coverage to these
sites, ca. 70% of the surface adsorption sites were still covered
by CO at 250 °C for 14TiPd,.

Therefore, the surface is still largely “poisoned” by the
chemisorbed CO molecules. This result suggests that CO adsorbs
much more strongly on supported Pd, single atoms than Pd
nanoparticles. This is also consistent with the surface science
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Fig. 8 Pd Ls XANES spectra and AXANES spectra for (a) OTiPd with
adsorbed CO, (b) 14TiPd,. Black, He at 25 °C; red, CO at 25 °C; green,
CO at 250 °C; dash dot line Pd L; AXANES with respect to Pd in He.
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studies on a series of size-selected Pd, (n = 1-25) clusters,
which reported that TiO, supported single atom Pd; showed
the highest Pd 3d binding energy and lowest CO oxidation
activity.” The authors ascribed this phenomenon to the stable
valence structure of Pd,/TiO,.

Conclusions

In summary, we developed a novel strategy to synthesize ther-
mally stable single atom Pd, catalysts by combining Pd ALD
and templated-TiO, ALD. Although there were Pd nano-
particles formed on the surface, in situ FT-IR under reaction
conditions reveal that it can be avoided in the future by choos-
ing mild precursors that would not attack the surface -Pdhfac
species during the metal oxide ALD. Overall, the ALD TiO,
overcoat dramatically enhanced the stability of single atom Pd,
catalysts under both oxidation and reduction conditions.
These thin film stabilized Pd; catalysts are promising catalysts
for the methanol decomposition reaction. The reactivity seems
strongly dependent on the cycles of overcoats, representing a
combining effect of thermal stability and the amount of
exposure sites of surface Pd. The single-atom Pd; catalysts pro-
tected by 14 cycle ALD TiO, showed greatly enhanced thermal
stability with no obvious agglomeration after 300 °C calcina-
tion. Interestingly, it was also the least active catalysts for
methanol decomposition at 300 °C. The 14TiPd, catalysts have
dramatically different chemical behavior as compared to Pd
NPs as evidenced by the much stronger adsorption of CO on
Pd, seen by in situ Pd L; edge XANES and AXANES.
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