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ABSTRACT: Adding small amounts of a more reactive dopant metal to a more _ 8
selective host metal is a well-known strategy for promoting the catalytic reactivity of the ; >
latter without sacrificing its selectivity. While substantial attention has been given to £ 5 |
o

coinage metal hosts for activating individual C—H or O—H bonds, less attention has 341 - 1508 Clusters:
been given to more exotic metals, such as indium, which is highly selective in the 23 1002 PAins > Pdingo > Pdiinico
comple)‘( hydrogenation of COZ‘ to metbanol..Herein, we describe.the §ynthesis and i f L 5o i o o
properties of Pd—In alloys containing Pd in various states of aggregation (isolated atom, * 0l Lo

I dl d ded dl ) d th h S h g ° In |Pd,ing| Pd Pd,Ins, provides clusters
small clusters, and extended clusters) assessed through various characterization P, Pain, without sacrificing Pd

methods. These materials exhibit unique catalytic behaviors, with Pd promoting both

the reaction rate and methanol selectivity in all cases, though its efficacy is highest when Pd is present in small clusters. The
inefficiency of high Pd loadings is due in part to losses in Pd accessibility, while the importance of aggregated vs isolated Pd is
theorized to result from accelerated H, activation. Methods used to synthesize more conventional dilute-limit and single-atom alloy
catalysts can, therefore, be extended to non-coinage metal hosts to promote and control more complex chemistries, though the roles
of ensemble size may greatly differ.

KEYWORDS: carbon dioxide, indium, alloys, methanol, galvanic replacement

1. INTRODUCTION Subsequent experimental tests of ZrO,-supported In,0;
displayed total methanol selectivity and stability for over
1000 h under industrially relevant conditions (T = 573 K, P =
5.0 MPa, H,/CO, = 4, GHSV = 16,000 h™!)."> Nonetheless,
indium has an inherently limited ability to activate molecular

Carbon dioxide (CO,) is a major air pollutant and a potent
greenhouse gas emitted from a wide range of human activities
including transportation, electricity generation, and industry."
In the past few decades, a dramatic increase in the earth’s

atmospheric CO, concentration (to >400 ppm) has led to hydrogen; hence, a second metal that can more readily
concerns regarding global climate changes with possibly promote this step such as Pd'®'” or Pt'®"” is required to
irreversible environmental ramifications.”” Catalytic conver- enhance the material’s catalytic activity toward CO, con-
sion of CO, into value-added chemicals is an attractive route version.

for mitigation® as it provides a clear economic incentive for Due to the scarcity and high cost of noble metal promoters
harvesting CO, rather than emitting it. The conversion of CO, such as Pd and Pt, it is of great importance to design catalysts
into methanol” has been at the nexus of these utilization efforts that expose as much of the noble metal to the reactant stream
due to the fact that methanol already serves as a key building as possible while maintaining their catalytically active
block in the chemical industry for the production of methyl configurations under reaction conditions. This has been
tert-butyl ether,” acetic acid,”’ formaldehyde,” and dimethyl achieved at the extreme limit with the promoter fully dispersed
ether,” prompting calls for the establishment of a “methanol either on a support (single-atom catalyst)>>*' or within

economy.”"’

Although methanol is commercially synthesized from syngas
(CO/CO,/H, mixtures) using a Cu/ZnO/ALO, catalyst,"’
this material has a low tolerance for high CO, concentrations,
which leads to deactivation via sintering.'” In the search for
novel catalysts for methanol synthesis from CO,, density
functional theory calculations have identified indium oxide
(Iny,05)"*'* as a promising catalytic material due to its ability
to promote CO, conversion through a selective formate
pathway without aiding the parasitic water—gas shift reaction.

another host metal (single-atom alloy).””** While many
promising reports of the catalytic activities of these materials
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exist, there are various chemistries that they commonly cannot
facilitate (e.g, C—C bond cleavages).”* > In such cases,
nanoclusters of the noble metals may instead be required.

Recently, Pérez-Ramirez and co-workers highlighted the
promotional role Pd can play when anchored to bulk In,O;,
noting that small clusters of Pd (2—3 atoms) were key to
improving the rate, selectivity, and stability of methanol
synthesis from CO,."” While the addition of isolated Pd atoms
increased the reaction rate and selectivity to methanol, clusters
in the two- to three-atom range were more effective due to
their improved H, dissociation capabilities. Synthesis of these
clusters required the use of low Pd loadings to ensure that Pd
was primarily anchored to the In,O; rather than to other Pd
atoms. Larger Pd clusters (>4) behaved more like extended Pd
and promoted the parasitic reverse water—gas shift reaction,
which undesirably converts CO, into CO instead of methanol.
Pérez-Ramirez and co-workers also noted that the choice of
synthesis method was important, with co-precipitation
generally producing more uniform and stable catalytic
materials than dry impregnation. Tunability of this system is
somewhat limited, however, as the support identity (In,0;) is
critical and thus cannot be varied, while the selectivity and
stability are highly sensitive to Pd loading.

Herein, we investigate the promotional effects of dilute Pd in
metal-in-metal Pd—In alloys rather than in metal-on-metal
oxide Pd/In,0; in order to decouple the active phase from the
support and expand opportunities for selective CO, hydro-
genation. We demonstrate a new synthesis approach for In-
based CO, hydrogenation catalysts, whereby the galvanic
replacement (GR) method is used to controllably exchange Pd
into In nanoparticles anchored to a conventional metal oxide
support (7-AL,O;), which only serves to disperse the In
nanoparticles. Prior studies have shown GR to be effective for
synthesizing dilute alloys with controllable composition while
mitigating the deposition of the promoter metal onto the
support,” > but to the best of our knowledge, this has not yet
been demonstrated with In-based systems. We hypothesized
that this colocation of Pd and In would be important for
controlling CO, hydrogenation selectivity since it has been
previously shown that the CO formation rate in methanol
steam reforming over Pd is greatly diminished when alloying
with In.** Here, the structural and catalytic behaviors of Pd in
GR-synthesized Pd—In alloys were interrogated, and our
results reveal that distinct Pd structures can be produced by
varying the alloy composition and exploited to obtain favorable
catalytic performance. The Pd—In alloy catalysts showed
unique reactivities with the alloy containing small aggregates of
Pd, exhibiting a substantial improvement in methanol
production rate and selectivity relative to isolated Pd atoms.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Pd—In Alloy Catalysts via Galvanic
Replacement. In,0; supported on gamma alumina, y-Al,O;
(Inframat, 99.995%), was synthesized via incipient wetness
impregnation (IWI) where a desired amount of indium(III)
nitrate hydrate, In(NO,);-xH,O (Aldrich, 99.9%), was
dissolved in deionized water (DI) and then impregnated on
y-AlLO; (~1.08 mL g, 5.0,”'). The as-synthesized catalyst was
then thermally treated in air at 300 °C (5 °C min~! ramp) for
3 h and then reduced at 350 °C (10 °C min~" ramp) under 5%
H, in Ar (20 mL min™") for 2 h. Separately, 150 mL of DI-
water was brought to a boil in an Ar environment. Sodium
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borohydride, NaBH, (Aldrich, 99%), was added dropwise to
the water to reach a concentration of 0.1 M and stirred for 15
min. The reduced In/Al,O; was added to the boiled DI water
without exposure to air. To further prevent the oxidation of the
supported In, 0.1 M ascorbic acid (Aldrich, 99%) was added to
the solution after 15 min of stirring. The subsequent addition
of Pd atoms exclusively to In nanoparticles was then achieved
via galvanic replacement (AE° = 1.28 V) where the Pd
precursor is favorably reduced by the In host metal according
to the following two half-reactions

Pd*" + 2¢” —» Pd° AE° = 0951V
In® > In®t + 3¢~ AE°=0338V

To achieve this, a desired amount of palladium(II) nitrate
hydrate, Pd(NO;),-«H,0 (Aldrich), was dissolved in DI H,0
and then added to the solution while stirring. The resulting
material was filtered and washed with 1 L of DI H,O. The
acquired powder was then dried overnight under vacuum at
120 °C.

2.2. Materials Characterization. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) measure-
ments were conducted on a Leeman Labs PS1000 instrument.
The catalyst samples were digested in 2 mL of an aqua regia
solution overnight and then further diluted in DI-H,O to
obtain the desired concentration (typically 1—100 ppm) of the
metal. X-ray diffraction (XRD) was performed on a Rigaku
instrument. Cu Ko radiation was used with a power setting of
30 mA and 15 kV. Data were collected from 10 and 70° 20
with a step size of 0.01° and a scan speed of 0.15° min~". X-ray
photoelectron spectroscopy (XPS) spectra were obtained on a
Kratos Axis Ultra DLD system equipped with a mono-
chromatic Al Ka X-ray source and a double focusing
hemispherical analyzer. For all samples, 40 scans were collected
for the Pd 3d region and 20 scans for the In 3d region, and the
XPS data were analyzed using the Thermo Avantage software.
The reduced fresh catalysts were exposed to air for ~1—2 min
during sample loading. Electron microscopy studies were
performed using a Titan ST microscope (FEI Company)
operated at an accelerating voltage of 300 kV. The microscope
was operated either in TEM-mode (phase contrast) or high-
angle annular dark field (HAADF)-STEM mode (Z-contrast).
The TEM beam focus was 100 nm, while that of STEM was
1.0 nm. Energy-dispersive X-ray spectroscopy (EDS) analyses
were performed on catalysts with exposed areas smaller than or
equal to the image size to facilitate the microscopic analysis
when EDS was conducted in the TEM mode of operation. For
each sample, approximately 50 EDS spectra were collected,
and two representative spectra for each catalyst are shown in
the Supporting Information section.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) measurements were performed on a Thermo
Scientific Nicolet iS50 FTIR spectrometer equipped with a
DTGS KBr detector and a Harrick Praying Mantis high-
temperature reaction cell (HVC-DRP4) equipped with ZnSe
and quartz windows. In a typical experiment, the catalyst
sample was purged with He while heating to 300 °C, after
which the gas mixture was switched to 10% H, in He at a flow
rate of 12 mL min™" for 1 h. After reduction, the sample was
purged with He gas at 300 °C for 10 min and subsequently
cooled to room temperature under He with a flow rate of 12
mL min~!, after which a background spectrum was recorded.
Thereafter, 3% CO in He gas mixture was introduced into the
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Figure 1. HAADF-STEM images of Pd—In alloys, average particle size distributions, and STEM EDS spectra. (a) Fresh Pd;In; catalyst. (b) Used
Pd,In; catalyst. (c) Fresh Pd,Ing, catalyst. (d) Used Pd,Ing, catalyst. (e) Fresh Pd,In g, catalyst. (f) Used Pd,In,, catalyst. (g—j) Average particle
distribution for Pd—In alloys. (k) STEM-EDS spectra of fresh Pd—In alloys. (I) STEM-EDS spectra of used Pd—In alloys. The scale bar in all

images is SO nm.

cell for 30 min at a flow rate of 12 mL min™" during which
spectra were collected every 2—5 min. While continuing to
collect spectra, the sample cell was then purged with He at a
flow rate of 12 mL min~" for a minimum of 30 min. Each CO-
DRIFTS spectrum was recorded at 25 °C with a spectral
resolution of 4 cm™' with an average of 96 scans.

X-ray absorption spectroscopy (XAS) measurements were
carried out in the 8-ID beamline at the National Synchrotron
Light Source II of Brookhaven National Laboratory. The in
situ Pd K-edge (24.359 keV) X-ray absorption near-edge
spectroscopy (XANES) spectra were collected using the
fluorescence mode in a Clausen cell flow reactor under
atmospheric pressure. The catalyst (~2 mg) was loaded in a
quartz tube (1.0 mm OD and 0.9 mm ID), and 10 mL min™"
H, was introduced into the system. The sample was heated
from room temperature to the desired temperature with a 10
°C min~' ramping rate. The ex situ extended X-ray absorption
fine structure (EXAFS) spectra were collected in the same
beamline with samples mounted via Kapton tape. Energy
calibration was performed based on the Pd K-edge energy
(24.359 keV) of a Pd foil standard. Data processing was
performed using the IFEFFIT package. Depending on the Pd
loading, 15—35 spectra were averaged. The average spectra
were fit using WinXAS software. Phase and amplitude
functions were prepared from experimental references: Pd
foil (12 Pd—Pd at 2.75 A) and PdO (4 Pd—O at 2.05 A).
Fitting was initially performed in R space on k*weighted chi,
with Ak =2.8—11.4 A™' and AR = 1.0-2.0 A for PdO or AR =
1.3—2.9 A for used and reduced samples. Optimized fits were
determined in k-space on k*-weighted chi of the isolated Pd—O
or PdA—M (M = Pd or In) shells to determine the best Ac*
values. The Ac” values of each sample were similar; therefore,
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the average value of all samples was taken and fixed in the final
fits.

2.3. Catalytic Evaluations. The catalytic performance of
the Pd—In catalysts for CO, hydrogenation to methanol was
evaluated in a fixed bed reactor at a pressure of 30 bar, at
temperatures between 240 and 300 °C, and with a gas-hourly
space velocity (GHSV) of 9000 h™'. The reactor was loaded
with 0.4 mL of catalyst (sieved to 125—250 ym) between two
beds of quartz wool. The catalysts were reduced prior to
reaction under 20% H, in Ar at 300 °C (10 °C min~' ramp)
and atmospheric pressure for 1 h. After reduction, a premixed
feed of H, and CO, (3:1 molar ratio) was introduced to the
reactor via mass flow controllers at 30 bar. Once the reaction
reached steady state after 90 min, the product mixture was
analyzed online by two gas chromatographs: one equipped
with a thermal conductivity detector to quantify CO, CO,, and
H, and one equipped with a flame ionization detector to
quantify methanol, methane, and dimethyl ether. All product
lines were heated above 100 °C to prevent product
condensation.

3. RESULTS AND DISCUSSION

3.1. Structural and Compositional Characterization
of Pd—In Alloys. Three different Pd—In/y-Al,O; alloy
catalysts were prepared by employing the galvanic replacement
(GR) method in which a controlled amount of palladium was
exchanged with pre-reduced indium supported on y-AlLO;.
The Pd concentration was varied to achieve distinct Pd surface
structures with actual compositions of palladium and indium
closely matching the nominal values, as confirmed by ICP-AES
(Table S1). HAADF-STEM images, elemental mapping by
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Figure 2. XAS of Pd—In alloys. (a) Ex situ Pd—K edge EXAFS spectra reference PdO (gray) and fresh Pd,In,o, (red), Pd;Ing, (purple), and Pd,Iny
(blue). Inset shows enlargement of the orange rectangular section. (b) In situ reduced Pd,In, (purple). (c) Pd K-edge XANES for in situ reduced

Pd,Ing, (purple) and Pd foil reference (black).

EDS, and line scanning revealed that palladium was deposited
on indium rather than the y-Al,O; support and that Pd—In
alloys were formed (Figures 1, S1—S3). In some cases, indium
alone was detected (e.g, Pd;In,,) due to the low palladium
contents in the materials and the possibility of palladium being
predominantly isolated (i.e., single atom alloy), which can be
challenging to discern from the host metal. Representative
spectra (from ~S0 for each sample) for each catalyst are shown
in Figure 1. Furthermore, the calculated d-spacing value of
0.229 nm (Figure S4) is similar to the value reported in the
literature, which further supports alloy formation.'® The
average particle sizes of different fresh (prior to reaction)
Pd—1In alloys were estimated by STEM to be 2.5 + 1.6 nm for
PdIng and 1.8 + 0.5 nm for Pd;Ing, Larger average particle
sizes were observed after reaction, with Pd,In; increasing to 3.9
+ 1.5 nm and Pd,Iny, increasing to 2.3 & 0.5 nm. Crystalline
phase identification with XRD (Figure SS) proved challenging
due to the small particle sizes (<5 nm) in the samples and the
substantial overlaps between the reflections of the y-Al,O,
support oxide, Pd/Pd—In phases, and segregated In,0;
pe\rticles.17’35 However, a clear increase in the signal near 40°
20 in the Pd,In; catalyst after reaction without any other clear
changes is more consistent with the presence of a Pd—In alloy
than pure Pd. Additionally, decreases in features at 21.7, 35.6,
51.2, and 60.8° corresponding to In,O; and In phases suggest
that a larger fraction of the In is alloyed as the Pd content
increases (Figure S5), a notion supported by the other
techniques utilized here. XPS was used to assess the Pd/In
ratios of the reduced fresh and spent catalysts (Figures S6 and
S7, Table S2). Both surface and bulk atoms contribute
substantially to the XPS data since the electron mean free path
(~1.5 nm) is comparable to the average particle radii (~1—2
nm). Acknowledging that the technique is nonetheless biased
toward the former, the tabulated data suggest that Pd;Ing,
retains a substantially larger fraction of surface Pd after
reaction than does Pd;Ing (94 vs 58%). A larger fraction of Pd
in Pd,Ins, may also be available for reaction than in Pd,In;,
leading to higher rates per Pd atom in the former.

3.2. Coordination Environment via XAS. XAS at the Pd
K-edge was performed to evaluate the chemical bonding and
electronic structure of these samples with in situ and ex situ
studies. The k*-weighted magnitudes of the Fourier transforms
of the ex situ sample spectra in the EXAFS regime are
displayed in Figure 2a. For the fresh samples, the XANES
energy (23.2531 keV, Table S3) is characteristic of Pd*". The
EXAFS shows a first shell peak at a phase-uncorrected distance
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of about 1.5 A, attributed to Pd—O scattering. The fits of each
sample indicate the presence of 4 Pd—O bonds at 2.05 A,
similar to the PdO reference. The higher shell peaks of the
catalysts due to Pd—O—Pd scattering are much smaller than
those in PdO, indicating the presence of small oxide clusters
that decrease in size with decreasing Pd content. Dilution
greatly impacts this feature, which becomes negligible for the
sample with highest Pd dilution (Pd;In,). This suggests that
Pd;In,y, alone may contain predominantly isolated Pd species.
There is, therefore, likely a limiting concentration of Pd
between 1:100 and 1:50 where sufficient Pd is present to
enable aggregation.

The ex situ, k>magnitudes of the used catalysts (Figure S8)
indicate that the majority of Pd is present in a metallic Pd or
Pd—In alloy phase after reaction. In addition to the metallic
peaks, there is a small fraction of oxidized Pd (i.e., peaks due to
Pd—O0) likely due to surface oxidation upon exposure to air.
Since the atomic number of Pd and In differ by only 3, Pd—Pd
and Pd—In configurations lead to almost identical scattering,
making it impossible to resolve these two scattering paths.
However, the metallic Pd—M bond distance is shifted toward
slightly larger R for the Pd,Ing, and Pd,In; samples (inset of
Figure 2a), indicating that strong interactions are present
between Pd and In in these samples with different interatomic
distances.’*™® The Pd—M (M = Pd or In) coordination
numbers (CN) in the used samples fall in the 4.6—5.7 range
(Table S3), much smaller than that of bulk Pd (CN = 12),
which suggests that much of the Pd is present at the surface of
the nanoparticles. Pd—O CNs can additionally be used to
assess the fraction of Pd at the surface by noting that surface
Pd readily oxidizes in air to yield PdO with a Pd—O CN of 4;
thus, dividing the measured Pd—O CN by 4 gives an
estimation of the surface Pd content.’”*" Pd;In;o and
Pd,Ing, materials have similar CNs of 1.3 (33% surface Pd)
and 1.5 (38% surface Pd), respectively, whereas the CN of
Pd,Ing is substantially lower at 0.5 (13% surface Pd). The
decrease in CN indicates that smaller portions of Pd atoms are
located in the surface of Pd,Ing compared to those observed in
Pd,In;y, and Pd,Iny, materials. In the more diluted samples
(Pd;Ingo and Pd,In,), Pd atoms are kept in the surface due to
stabilizing Pd—O interactions. This stabilization necessarily
comes at the expense of similar In—O interactions; thus, a limit
is reached with increasing Pd content above which additional
Pd is preferentially found in the subsurface. Adsorbates present
under reaction conditions are anticipated to cause similar
stabilization phenomena. These data together suggest that
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Figure 3. FTIR spectra of CO adsorbed at room temperature for Pd—In catalysts as a function of Pd loading. (a—c) Fresh reduced Pd,In,q,
Pd,Ing,, and Pd,Ing, respectively. (d—f) Used Pd,In o, Pd,Ing, and Pd,In, respectively. The labels in the upper right corner indicate CO
adsorption (CO AD) and CO desorption (CO DE) via He purge. Insets show enlarged sections of the corresponding rectangular sections.

increasing the Pd content from Pd;In;yy to Pd,Ing, primarily
affects the aggregation of Pd but not its accessibility, while
increasing Pd further to yield Pd,Ing inefficiently incorporates
Pd into the subsurface where it would be inaccessible for
catalysis.

Upon reduction of Pd,Ing, (analyzed in situ), only metallic
Pd—Pd/Pd—In scattering was observed (Figure 2b). This is
consistent with the XANES spectra shown in Figure 2c. The
XANES energies of these samples at the inflection of the
leading edge are very similar to Pd foil (Table S3). The
leading-edge intensity and white-line energy of Pd,Iny, differ
substantially from those of Pd foil, however, which may
indicate the presence of Pd—In neighbors (i.e, PdIn alloy
formation). As discussed above, the Pd—Pd and Pd—In
scattering paths are nearly identical, making deconvolution
challenging. However, an average CN for the grouped Pd—Pd/
Pd—In interaction can be measured to be 7.4 (Table S3),
consistent with nanoparticles in the 2—3 nm range.*' At this
size, one would expect a contraction of the bond distance if all
interactions were derived from pure Pd. However, the average
bond distance is larger than that of a Pd foil (2.77 vs 2.75 A),
consistent with the formation of a Pd—In alloy.

3.3. Ensemble Size Characterization via Infrared
Spectroscopy of Adsorbed CO. The ensemble sizes of Pd
in the alloy catalysts were further investigated by DRIFTS of
adsorbed CO, which exhibits vibrational frequencies that are
highly characteristic of the adsorption site. Figure 3 shows a
series of DRIFT spectra in the 2250—1750 cm™" range for the
fresh catalysts after reduction and after reaction (performed ex
situ) without further treatment. These measurements were
recorded at room temperature during CO exposure (adsorp-
tion) and a subsequent purge in He (desorption). The Pd;In,o
catalyst (Figure 3a) did not show any observable peaks for
bound CO, suggesting that any Pd present in the alloy surface
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is isolated since isolated Pd is known to adsorb CO much more
weakly than pure Pd*’ to the point that CO can fully desorb
prior to the expulsion of gaseous CO from the DRIFTS cell.
The absence of a clear peak for CO bound to isolated Pd
atoms has also been noted in several prior studies.'”*>** This
notion that Pd is predominantly isolated in this sample is
additionally consistent with the EXAFS data. With a higher Pd
loading, the Pd,Ing, catalyst showed a clear adsorption band at
~2050 cm™!, lower than the 2070—2110 cm™ region where
CO typically adsorbs linearly atop Pd atoms.*~™* This peak
vanishes after 10 min of CO desorption, indicating weak
binding to Pd relative to bulk Pd; thus, the Pd here must exist
in a highly dispersed form such as sub-nanometer clusters. The
lack of any observable peaks below 2000 cm™ corresponding
to CO adsorbed to twofold and threefold Pd sites*>*° provides
further evidence that the Pd,Ing, catalyst does not contain
substantial amounts of extended Pd ensembles (Figure 3b).
The alloy with the highest Pd content (Pd;Ing) similarly
showed an adsorption band near 2050 cm™', though it was
much broader and quite persistent (remaining clearly visible
after 20 min of CO desorption). No peak associated with
bridge-bound CO was detected below 2000 cm™'. The
increased persistence and breadth of the 2050 cm™ band is
consistent with the Pd,In; alloy comprising ensembles that are
larger on average and less uniform than those in Pd;Ing, a
notion also supported by STEM and EXAFS. In combination
with the data discussed prior, these results allow for the three
materials to be classified by their dominant states of Pd
aggregation: isolated atoms for Pd;In;y, small clusters for
Pd,Iny, and large clusters for Pd;In;.

This classification is further supported by CO DRIFT
spectra of the post-reaction samples (Figure 3d—f). The
Pd,In,y, catalyst does not show any new bands, suggesting that
isolated Pd atoms do not aggregate under reaction conditions
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Figure 4. Catalytic performance of Pd—In alloy catalysts. (a) CO, conversion of Pd—In/ALO; catalysts with different Pd loading at various
reaction temperatures (H,/CO, = 3:1, 30 bar, GHSV = 9000 h™'), compared to In/AL,O; and Pd/ALO,. (b) Methanol selectivity for the
aforementioned catalysts under similar reaction conditions as (a). (c) Methanol selectivity at 260 °C, 30 bar, H,/CO, = 3:1, GHSV adjusted to
obtain ~0.5% conversion for all catalysts. (d) Methanol synthesis rate per gram metal and per gram Pd at ~0.5% conversion. (e) Arrhenius plot
(rate in units of ymol gcmlyst_l min~") and activation energies for the investigated catalysts. Subscripts indicate nominal molar ratios of metals.
Pd,In,y, catalyst contains predominantly isolated Pd; Pd,Ing, contains small Pd clusters; and Pd;Ing contains extended Pd ensembles.

when sufficiently diluted by In metal (Figure 3d). The Pd,Ing,
catalyst does show some change after reaction, with a subtle
blueshift in the CO IR peak at ~2050 cm™' by ~20 cm™ to
~2070 cm™', which is consistent with the partial oxidation of
Pd atoms in air.’' As with the Pd,Ing, catalyst, no features
below 2000 cm™! developed from the reaction, suggesting that
these small Pd ensembles do not aggregate to form extended
ensembles under reaction conditions. While a blueshift in the
CO IR peak at ~2050 cm ™" was also observed with the Pd,In,
material, the most pronounced change was in the regime below
2000 cm™! where a broad feature appeared, indicating the
presence of highly non-uniform bridge and hollow sites (Figure
3f). These bridge and hollow sites tend to bind CO strongly, as
indicated by their persistence after extended desorption
periods. These sites likely reside within larger clusters of Pd,
which appear to be less resistant toward aggregation than
smaller ensembles, a finding also noted by Pérez-Ramirez and
co-workers with respect to their Pd/In,O; catalysts."”

3.4. Implications of Pd—In Alloy Surface Structure
and Cluster Size on CO, Hydrogenation. To probe the
effect of the different Pd ensemble sizes on CO, hydrogenation
performance, the three alloys (Pd,In,o, Pd,In,, and Pd;Ing on
Al,0;) along with In/AL,O; and Pd/Al,O; were tested for CO,
hydrogenation to methanol. At the tested reaction temper-
atures (240—300 °C), all three Pd—In catalysts were stable for
over 24 h (Figure S9), with methanol and CO comprising
>80% of the analyzed products. At elevated temperatures (e.g.,
>260 °C), dimethyl ether and methane were also produced,
accounting for the remaining products.

The addition of Pd to In was found to promote the reaction
regardless of Pd loading. The CO, conversion increased from
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0.2% with pure In to 0.5% with Pd,In,y, (isolated Pd), 1.1%
with PdIng, (small Pd clusters), and 2.1% with Pd,Ing (large
Pd clusters) at 260 °C (Figure 4a). In addition to improving
the CO, conversion, the presence of Pd shifted the product
distribution further toward methanol rather than CO,
especially when Pd clusters were present. Pd,Ing, exhibited
the highest methanol selectivity at 82%, while Pd;Ing was
similarly selective (80%) and Pd,In,,, was considerably less so
(68%), although it was still more selective than pure In
nanoparticles (62%) (Figure 4b). While Pd/Al,O;, on its own,
was catalytically active for CO, conversion under these
conditions, it was significantly less selective to methanol, e.g.,
only 5% at 0.5% conversion. In addition to demonstrating the
impact of Pd ensemble size on selectivity, this result also
confirms that the galvanic replacement method was effective in
depositing Pd exclusively on the In nanoparticles rather than
the Al,O5 support (which would have led to low methanol
selectivities), in agreement with the STEM/EDS and XRD
results.

These trends in methanol selectivity remain consistent when
comparing the different catalytic materials at a fixed conversion
of ~0.5% at 260 °C (Figure 4c). Under these conditions, the
methanol selectivity increased upon addition of Pd to In from
62% for pure In to 68, 95, and 93% for Pd,In,y, Pd,Ing, and
PdIn;, respectively. These results are in line with prior
literature discussing CO, hydrogenation over Pd supported on
In,O; in which catalysts with predominantly isolated Pd
yielded lower methanol selectivities than catalysts with
clustered Pd.'” However, Pérez-Ramirez and co-workers also
found that clusters of more than two Pd atoms began to
behave more like metallic Pd, compromising methanol
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production. A similar deleterious behavior was not observed in
the present study, as no significant decline in the methanol
selectivity was detected between Pd;Iny, and Pd;Ins. Our
results demonstrate that aggregated Pd within In, even at the
relatively high loadings present in Pd,In;, remains selective to
methanol, whereas Pd clusters on In,O; do not. Notably, the
Pd/In,O; catalysts in that study contained similar Pd/In ratios
to those used here (1:101 for 0.75 wt % Pd on In,0;), ruling
out a substantial compositional difference causing the
discrepancy in behavior. This result reveals an important
distinction between the catalytic performance of Pd sites in
metal-on-oxide single (or few) atom catalysts and the metal-in-
metal alloys present in the series of materials examined in the
present study. Indeed, the synthesis approach utilized here
allowed for the manipulation of Pd loading and structure to a
greater extent than the prior Pd/In,O; materials (which relied
on conventional synthesis methods such as dry impregnation
and coprecipitation) while maintaining high methanol
selectivity and abating CO formation.

Examining the methanol synthesis rate as a function of metal
content reveals that Pd is most efliciently utilized when in
small clusters. Normalizing rates to the total metal loading (Pd
+ In) shows pure In nanoparticles to be the least catalytically
active and Pd;Ing to be the most (Figure 4d), but the
improvement in the methanol synthesis rate from Pd,Ing to
Pd,Ing, does not scale with Pd content. As a result, the Pd-
specific rate (i.e., the rate per mass of Pd) for Pd;Ing, is 2 times
that of Pd;In,y, 6 times that of Pd,In,, and 80 times that of
pure Pd. This suggests that the large clusters in the Pd,Ing
catalyst are less catalytically active than the small clusters in
Pd,Ing,.

The different dependencies of rate on temperature for the
In-based materials further support our hypothesis that distinct
active sites comprising different Pd ensemble sizes give rise to
the different catalytic performances of each catalyst (Figure
4e). The activation energy on pure In (54 + 2 kJ mol™) is
similar to that of Pd,In;q, (50 + 2 k] mol™") while substantially
higher than that of Pd,Ing, (23 + 2 kJ mol™"), which is just
below that of Pd;Ing (32 + 6 kJ mol™). These activation
energy differences suggest that the active sites themselves
change with dilution, especially when comparing Pd,Ing, and
Pd,Ing to Pd;In 4. The non-monotonic relationship between
the apparent activation energy and Pd content further
highlights the important point that Pd ensembles larger than
an atom but smaller than those in bulk Pd nanoparticles are the
most efficient active sites for the CO, hydrogenation reaction.

Together, these data suggest that the most effective spatial
arrangement of Pd atoms in Pd—In alloys for CO, hydro-
genation into methanol is a small cluster. As the Pd content
increases from PdiIn;y, to Pd;Ing, specific rates and
selectivities increase due to the presence of these clusters. As
the Pd content further increases from Pd,Ing, to Pd,In;, the Pd
is less efficiently used due to the trapping of Pd beneath the
surface and possibly within aggregates. These trends fit with a
mechanistic picture where Pd aggregates are responsible for
promoting H, activation, while the Pd—In interface is
responsible for hydrogenation itself. Similar rate promotions
for aggregated vs isolated atoms of Pd have been noted in prior
works with Au, Ag, and Ga hosts. While isolated Pd in Au is
capable of dissociating H,, the resulting H atoms are not
strongly stabilized because they interact very weakly with
Au>>" Clusters of Pd provide bridge and hollow sites where
H atoms can be strongly stabilized via coordination with
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multiple Pd atoms. Friend and co-workers showed how this
shifts the rate-limiting step in H,/D, exchange from
dissociation (of H, or D,) to re-association (of H with D)
and increases the overall reaction rate.”® While the subsequent
spillover step from Pd to Au does not appear to be rate-limiting
to H,/D, exchange, its endothermic nature has raised
questions about the ability of the dissociated hydrogen to
participate substantially in catalytic reactions on these
materials. This is thought to be the case in PdAg catalysts as
well, as noted by Greiner and co-workers with regard to
acetylene hyclrogenation.59 In this case, increasing the Pd
content is necessary to bring Pd atoms sufficiently close
together for the H, dissociated on one Pd atom to be
accessible to acetylene bound to another. Electronic factors
also play an important role in these materials, especially in the
PdGa intermetallics prepared from high-temperature melts
investigated by Armbriister and co-workers.”” In these
structures, the Pd atoms are formally isolated from one
another in both PdGa and Pd,Ga stoichiometries, though the
latter material contains Pd atoms in closer proximity (2.8 vs 3.0
A shortest Pd—Pd distance) and has a d-band with a
substantially higher density of states at the Fermi level (0.3
vs 0.1 states V™' atom™"). These changes underly an increase
in acetylene hydrogenation rate for Pd,Ga vs PdGa by a factor
of 30. A Pd,In intermetallic produced in the same manner
showed comparable catalytic behavior due to similarities in
electronic structure, though the dilution effect was not
critiqued for this material. The decrease in Pd-specific rate
for Pd;In (large clusters) vs Pd;Ing, (small clusters) can be
explained by (1) the more extensive partitioning of Pd into the
inaccessible bulk and (2) the lower fraction of surface Pd
atoms which are adjacent to In atoms. The importance of the
Pd—In interface in selective CO, hydrogenation to methanol
has been noted both theoretically and experimentally. In
studies of Pd/In,O; models by Ge and co-workers, the
interfacial Pd—In sites of 4-atom and 13-atom Pd clusters were
found to be selective for methanol formation and possess
similar reactivities.”” Snider et al. supported these findings,
experimentally showing that the adjacency of Pd and In atoms
in Pd—In intermetallic alloys are the active site for CO,
hydrogenation to methanol, operating synergistically with the
In,0; support.” Similarly, Armbriister and co-workers further
found In,Pd, intermetallics supported on In,O; to be 99%
selective to CO, in methanol steam reforming.>* Isotopic
labeling experiments further suggested that the active site is
linked to the interface of InPd/In,O;. Therefore, smaller Pd
clusters yield higher rates per Pd atom since a larger fraction of
the Pd within them is present at this interface. Coincidentally,
the high Pd loadings used to produce these lead to Pd being
trapped beneath the surface and therefore being inaccessible
for catalysis.

4. CONCLUSIONS

Pd—In alloys with distinct atomic configurations were
synthesized via galvanic replacement and utilized to promote
the selective hydrogenation of CO, to methanol. Obtaining
definitive conclusions regarding atomic ensembles in dilute
alloys from any one characterization method presents a major
challenge due to the low signals these materials typically yield;
thus, we probed Pd—In alloy structures here using a multi-
pronged approach. The synthesis method employed enabled
the production of alloys with distinct Pd ensembles that
yielded stable catalytic performance in this reaction. Our
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findings further lead us to conclude that Pd can be most
efficiently used to promote selective CO, hydrogenation to
methanol (up to 95% selectivity) when present in small
clusters, while isolated Pd is both less reactive and selective and
large clusters of Pd inefficiently trap Pd below the nanoparticle
surface or in the interior of Pd islands, away from reactive Pd—
In interfaces. Developing further understanding of how to
manipulate galvanic replacement to generate unique reactive
structures in dilute alloys on under-researched host metals,
such as In, and examining how these materials behave with less
“innocent” supports will expand the toolkit that catalysis
researchers have to address sustainability challenges in
synthesizing the chemicals that underpin the global economy.
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