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ABSTRACT: Carbon dioxide is not only a greenhouse gas but
also a valuable feedstock for producing chemicals and fuels,
especially methanol, which serves as an energy storage medium
and a precursor for olefins and gasoline. Herein, we show that a
clean, atomically defined interface between a Pd catalyst and a
ZnO support allows for the direct production of methanol from
CO, without any catalyst activation or induction period. Using
magnetron sputtering, Pd atoms are directly deposited onto the
ZnO surface, self-assembling into Pd nanoclusters with a high
fraction of surface atoms, driven solely by the surface chemistry of
ZnO, eliminating the need for solvents, reagents, or ligands. This
atomically defined Pd/ZnO interface facilitates Pd—Zn alloying in situ during the reaction, achieving an impressive methanol
production rate of 16.4 mol h™" mol™',,, outperforming catalysts prepared by other methods. By eliminating interfacial impurities
and the consequent need for pretreatment, our work establishes magnetron sputtering as a transformative method for fabricating

high-performance catalysts.
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B INTRODUCTION

The direct hydrogenation of carbon dioxide to methanol (CO,
+ 3H, 2 CH;0H + H,0) is a crucial pathway for producing
sustainable fuels and chemicals from CO,. The production of
methanol from CO, and H, from renewable energy sources
underpins the concept of the methanol economy, first
proposed by Olah." In this framework, methanol is used as
an energy storage vector, fuel, and feedstock for the synthesis
of olefins and gasoline through the MTO (methanol to olefins)
and MTG (methanol to gasoline) processes, respectively, thus
reducing fossil fuel dependency and ultimately achieving net
zero. Consequently, the development of catalysts for the
hydrogenation of CO, to methanol has been a major focus of
research.

Pd/ZnO catalysts have received significant attention for
CO, hydrogenation, and the f-PdZn 1:1 alloy (denoted as
PdZn) has been shown to be crucial in maximizing methanol
production.” > Recent studies investigating the effect of Zn
loading using PdZn/TiO, catalysts showed that both the PdZn
alloy and ZnO phase are required to achieve high methanol
yields, with Quilis et al. highlighting the importance of PdZn/
ZnO interfaces.”” van Bokhoven and co-workers used a range
of in situ and operando techniques to study the reaction,
proposing a bifunctional catalytic mechanism whereby CO,
activation occurs on the ZnO phase while hydrogen activation
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takes place on the PdZn alloy. This enables the hydrogenation
of the formate intermediate to methanol at the PdZn/ZnO
interface.” Previous work has demonstrated that the PdZn alloy
can be formed from Pd/ZnO catalysts through reductive
pretreatment,2 or upon exposure to reaction conditions.’
Pd/ZnO catalysts prepared by sol immobilization showed a
strong correlation between PdZn particle size and methanol
production, with methanol selectivity decreasing from 60 to
20% upon increasing PdZn particle size from 3 to 7 nm,
highlighting the importance of small PdZn nanoparticles with a
narrow size distribution in maximizing methanol productivity.”
Chemical vapor impregnation (CVI) has been shown to be a
highly efficient method for preparing PdZn alloy catalysts for
CO, hydrogenation. The high activity is attributed to the
narrow particle size distribution, ready PdZn alloy formation,
and high thermal stability under reducing atmospheres.”*"’
CVI is a solventless catalyst preparation technique that
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involves combining volatile metal precursors (e.g, metal
acetylacetonates) with the catalyst support, followed by heating
under vacuum to induce precursor sublimation and deposition
onto the support.'”'' Subsequent calcination treatments,
which decompose and remove the ligands, are required to
yield a high-performing supported metal catalyst for methanol
production.” Consequently, the primary challenge in catalyst
development for methanol production from CO, is to design a
catalyst that rapidly forms a clean PdZn alloy, which enhances
the interfacial charge transfer between these key elements,
ultimately leading to a high methanol productivity. Addition-
ally, the formation of the catalyst—support interface must be
both energy-efficient and atom-efficient, requiring minimal
activation and generating as little waste as possible.

In this work, we demonstrate that the direct deposition of
Pd atoms onto ZnO surfaces enables rapid PdZn alloying,
resulting in a catalyst for methanol synthesis from CO, that
outperforms those prepared from Pd compounds. We utilized
magnetron sputtering (MS) to generate a flow of Pd atoms
onto the ZnO support. The individual Pd atoms self-assemble
into nanoclusters, guided exclusively by surface properties such
as diffusion barriers and the density of surface defects, thereby
controlling the nanocluster size distribution without requiring
chemical reagents.n_17 Importantly, our approach eliminates
the need to reduce cationic metal species or burn off organic
ligands, enabling a direct formation clean atomic Pd/ZnO
interface, which we demonstrate as key to the rapid formation
of the PdZn alloy—crucial for achieving higher methanol yield
and selectivity compared to state-of-the-art Pd-based catalyst
preparation methods.

B EXPERIMENTAL SECTION

Catalyst Preparation. Magnetron Sputtering (MS). All
depositions were carried out using a bespoke AJA magnetron
sputtering system. The sample was placed into a tailor-made
stirring sample holder, stirred the powder during the
deposition process, and then loaded into the magnetron
sputtering prechamber, reaching 3 X 1077 Torr background
pressure in 30 min. The sample holder was transferred to the
main chamber, where the background pressure was 3 X 107°
Torr. After closing the gate valve and therefore isolating the
main chamber from the prechamber, it took 5 min to stabilize
the main chamber background pressure back to 3 X 107® Torr.
The metal atom deposition was carried out with a work
pressure of 10 mTorr using Argon, a high-purity Pd target
(99.99%) under room temperature. The loading of the
magnetron sputtered samples was obtained by inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
measurements performed on a PerkinElmer Optima 2000
spectrometer.

Chemical Vapor Impregnation (CVI). ZnO was mixed with
Pd(acac), in appropriate amounts to achieve the desired
weight loadings and transferred to a Schlenk flask, which was
sealed and lowered into a preheated oil bath at 80 °C. The
flask was evacuated under vacuum and heated to 128 °C before
being further heated to a temperature of 133 °C at a rate of 1
°C min~", where it was held for 1 h. Following this, the sample
was recovered, ground, and calcined in static air (500 °C, 10
°C min~!, 16 h) to ensure complete decomposition of the
acetylacetonate precursor.

Deposition Precipitation (DP). The appropriate amount of
PdCl, was used to prepare a solution (25 mL) in deionized
water, and the solution was stirred overnight; 2—4 drops of

HCl were added to the solution to ensure the complete
dissolution of PdCl,. The ZnO support was mixed with
deionized water (150 mL) in a 250 mL round-bottomed flask
and stirred at 80 °C for 30 min. The metal solution was added
to the support slurry and stirred for a further 30 min at 80 °C.
Urea (100:1 urea:metal mol mol™') was then added to the
mixture and stirred under reflux at 80 °C for 16 h. The catalyst
was filtered under vacuum, washed with deionized water (2 L),
and dried at 110 °C for 10 h. The catalyst was then recovered
and ground to a fine powder.

Catalyst Testing. The catalyst testing was undertaken
using a fixed-bed, continuous flow, 16-bed high-throughput
catalytic reactor, which was designed, manufactured, and
serviced by Integrated Lab Solutions GmbH (ILS). The
reactor was automated using Integrated Workflow Manager
software, based on the LabVIEW package, and operated by the
Siemens Win CC program. The reactor was divided into 4
heating blocks, each containing 4 catalyst beds. In every
reaction, one bed in each block was kept as a blank to ensure
comparability. A capillary distribution system coupled with
Equilibar back pressure regulators was used to control the gas
feed and reactor pressure. A thermocouple was installed in
each heating block to control the temperature. The catalyst
pellets (0.5 g unless otherwise specified, 425—600 um pellet
size) were mixed with silicon carbide (F80, 190 ym mean
particle size) and centered in the isothermal zone of the
stainless steel reactor tubes, which had an internal diameter of
4.0 mm. A bed of silicon carbide (F24, 750 ym mean particle
size) was used at each end to limit mass transfer, and the
reactor tube was plugged with quartz wool. Prior to testing, the
catalysts were reduced in situ at 230 or 400 °C for 1 h, with a
ramp rate of 5 °C min~’, under a flow of 5% H,/N, (40 mL
min~" flow rate). The reactor temperature was then cooled to
125 °C, and the catalysts were held under N,. The system was
then pressurized to 20 bar and switched to the reactant gas
feed of 20% CO,, 60% H,, 5% Ar, 15% N, (30 mL min~" flow
rate). After a stabilization period of 4 h, the CO, hydro-
genation reaction was conducted using the previously reported
temperatures of 230—270 °C. Additional experiments were
performed in the temperature range of 175—250 °C (Figures
S14—-S16). A downstream purge of N, (30 mL min™") was
used to prevent product buildup, and the downstream oven
was held at 120 °C to avoid the condensation of the products.
The reaction products were analyzed by online gas
chromatography, utilizing an Agilent 7890B system with two
flame ionization detectors (FIDs) and one thermal con-
ductivity detector (TCD). The internal standard used was
argon. The GC analyzed 4 injections per temperature point per
bed via a Vici stream selection valve. CO, was calculated by
comparing the moles of CO, in each bed to the moles of CO,
in the calibration run at 125 °C. The carbon balance was
calculated as the sum of the carbon-containing products
(methanol and CO were the only products produced, with
small amounts of CH,, over certain catalysts) and reactants in
the feed divided by the sum of carbon-containing reactants in
the calibration runs. Catalyst testing errors were calculated by
running 12 commercial Cu/ZnO/ALO; (CZA) standard
catalysts using the conditions stated. The error for CO,
conversion was +1% and product selectivity was + 2%. The
error for MeOH productivity was calculated to be a relative
standard deviation of +5%.

Catalyst Characterization. X-ray photoelectron spectros-
copy (XPS) measurements were performed using a Kratos Axis
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Figure 1. Pd nanoclusters self-assembly on ZnO support using magnetron sputtering. (a) Schematic representation of Pd/ZnO preparation by
magnetron sputtering; (b) Pd 3d XPS spectra for Pd/ZnO as-prepared and after a reductive heat treatment, with Pd° shown in orange, PdZn shown
in fuschia pink, and PdO shown in turquoise; (c¢) HR-TEM image showing Pd nanoclusters supported on ZnO; (d) HR-TEM image of Pd/ZnO
after a reductive heat treatment at 400 °C to induce the formation of the #-PdZn alloy phase. Lattice fringes observed in (c) and (d) correspond to
the (111) fcc lattice planes of Pd metal and hcp lattice planes (10—10) of ZnO.

Ultra DLD system using a monochromatic Al Ka X-ray source
(photon energy = 1486.6 eV) operating at 144 W (12 mA X
12 kV). Data was collected with pass energies of 160 €V for
survey spectra, and 40 eV for the high-resolution scans with
step sizes of 1 and 0.1 eV, respectively. The system was
operated in Hybrid mode, using a combination of magnetic
immersion and electrostatic lenses, and acquired over an area
approximately 300 X 700 ym. A magnetically confined charge
compensation system using low-energy electrons was used to
minimize charging of the sample surface, and all spectra were
taken with a 90° take-off angle. A pressure of ca. 5 X 10~ Torr
was maintained during the collection of the spectra. For
analysis, all samples were pressed onto double-sided adhesive
tape attached to a glass microscope slide, itself attached to a
Kratos standard sample bar. All data were analyzed using
CasaXPS (v2.3.26) after subtraction of a Shirley background
and using modified Wagner sensitivity factors as supplied by
the instrument manufacturer. Where required, curve fits were
performed using a Voigt-type function (LA line shape in
CasaXPS) and utilizing line shapes taken from bulk materials.
Peak positions were calibrated to the C(1s) peak of
adventitious carbon,’ with a secondary reference to the Zn
2p3, spectra. Experimental error for the peak positions was 0.2
eV. TEM images were acquired at 200 kV accelerating voltage
on JEOL 2100F FEG TEM with a Gatan Model 1027 K3-IS
direct detection camera (point resolution limit 0.23 nm, lattice
resolution limit 0.1 nm).

15504

B RESULTS AND DISCUSSION

Pd/ZnO catalysts were synthesized using deposition-precip-
itation (DP), chemical vapor impregnation (CVI), and
magnetron sputtering (MS), and compared against previously
reported catalysts from the Hutchings group prepared by
incipient wetness impregnation (IM) and sol immobilization
(SI). Each catalyst was prepared with a 1 wt % Pd loading on a
commercially available ZnO support with a surface area of 8
m? g_1 (Figure S1) to ensure consistency across catalyst
preparation methods (see Figure la, Table S1 and ESI for
preparation method details). The activity of the ZnO support
without any metal deposition is shown in Table S2. No activity
was detected at 230 or 250 °C, with negligible activity
observed at 270 °C (ca. 0.2% conversion, 66 mmoly,oy h™*
kg™'...). For all Pd/ZnO catalysts, the only observed products
were methanol and carbon monoxide. The catalysts were
evaluated for methanol synthesis from CO, following a
prereduction step at 400 °C under H,, with reaction conditions
set at 250 °C, a CO,:H, ratio of 1:3, and a total pressure of 20
bar (Table S3). Remarkably, the MS catalyst outperformed all
other catalysts in terms of total CO, conversion and methanol
productivity, whether normalized by total catalyst mass or Pd
content (Table S3), with additional comparison to literature
values provided in Table S4. This result emphasizes the
importance of the atomic contact between the Pd catalytic
centers and planes of ZnO, necessary for the effective
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Figure 2. Performance of Pd/ZnO catalysts prepared by MS and CVL. (a) CO, conversion as a function of reaction temperature. Equilibrium data
obtained from reference 27 (b) MeOH selectivity vs CO, conversion; (c) MeOH productivity normalized to Pd content as a function of reaction
temperature. Catalysts reduced in situ at 400 °C (1 h, 5 °C min™") prior to reaction at 230, 250, and 270 °C with a CO,:H, ratio of 1:3 and a total

pressure of 20 bar.

formation of PdZn alloy at the nanoscale. Methanol
productivity followed the order of MS > CVI > DP > SI > IM.

To link the catalytic performance with the catalyst’s atomic
structure, we investigated the structure and chemical environ-
ment of the Pd/ZnO catalysts synthesized by MS and CVI
before and after the reduction step. HR-TEM images of Pd
nanoclusters on ZnO produced by MS show a mean diameter
of 2.4 + 0.5 nm as-prepared, which increases to 3.5 & 0.7 nm
after the reduction step with a very narrow particle size
distribution (Figures 1 and S2). In contrast, Pd/ZnO produced
by CVI exhibits significantly larger Pd particles, measuring 6.0
+ 2.1 nm after reduction, with a broader size distribution
compared to MS (Figure S3). Additionally, for HR-TEM
analysis, CO pulse chemisorption measurements were
performed in MS and CVI catalysts. For the MS catalyst,
CO uptake of 0.34 umol was measured using 11 mg of catalyst.
In comparison, the CVI catalyst exhibited a CO uptake of 0.90
pmol using 61 mg of catalyst. These results show that the MS
catalyst has 2.3 times more available sites per gram of catalyst
compared to the CVI catalyst. This finding is consistent with
the TEM analysis presented in Figures S2b and S3b and
further highlights the efficiency of the MS approach in
producing high-performing catalysts.

Furthermore, powder X-ray diffraction (XRD) for both
catalysts after reduction confirms the f-PdZn alloy phase,
indicated by reflections at 41.6 and 44.5°, which are assigned
to the (111) and (200) planes, respectively (Figures S10—
S12). The more intense reflections observed for the CVI
catalyst are indicative of larger PdZn particles compared with
the MS catalyst, which is in agreement with the HR-TEM and
CO chemisorption data.

X-ray photoelectron spectroscopy (XPS) analysis of the as-
prepared MS Pd nanoclusters on ZnO showed the presence of
both Pd® and PdO at 335.0 and 337.0 eV, respectively (Figure
1b). Following reduction, a peak assigned to the PdZn alloy
was visible at 335.8 eV alongside the metallic Pd° peak.'®"”
Furthermore, while the Zn Auger spectra were dominated by
ZnO at 988.5 eV, the difference spectrum between pure ZnO
and Pd/ZnO MS, both reduced at 400 °C, showed the
presence of metallic Zn, highlighting the formation of the
PdZn alloy (Figure S7). In contrast, no metallic Pd was
detected in the CVI catalyst before reduction, with only PdO
identified by XPS (Figure S8). After reduction, the XPS
spectrum of the CVI catalyst showed the presence of both
metallic Pd° and PdZn (Figure S9).”

CO—DRIFTS measurements were performed in the 1% Pd/
ZnO MS and CVI catalysts to further investigate differences in
their electronic environments (Figure SS). The MS catalyst
exhibits a peak centered at 2086 cm™, while the CVI catalyst
shows a blue-shifted peak at 2093 cm™". In both cases, these
signals correspond to linearly bound CO on metallic Pd.***!
Notably, CO can reduce PdO, which explains the appearance
of metallic Pd—CO bonding in the CVI catalyst despite its
absence in the corresponding XPS spectra.”” Additionally, the
MS catalyst displays distinct peaks at 1974 and 1924 cm™,
attributed to bridge-bonded CO on metallic Pd,*® which are
not observed for the CVI catalyst. These results indicate
stronger backdonation from Pd to CO in the MS catalyst,
arising from enhanced charge transfer from Zn to pd,**
facilitated by a pristine and well-defined Pd—ZnO interface.
After purging with N, (Figure SSb), the linearly bound CO
peak persisted for the 1% CVI catalyst, though at much lower
intensity, but was absent for the 1% MS catalyst. This indicates
significantly weaker binding of CO on the MS catalyst. Such
weaker CO bonding has been linked to enhanced methanol
selectivity in PdZn-based systems, as it suppresses CO
dissociation to methane and favors methanol formation.”***
DRIFTS analysis was performed on both samples after
reduction at 400 °C for 1 h. Following CO saturation (Figure
SSc), both catalysts exhibit peaks for linearly bound CO
around 2090 cm ™', along with a broad feature between 1800—
2000 cm™" attributed to bridged and triply bonded carbonyl
species. A red shift in the linear CO peak is observed for both
samples, with a more pronounced shift for the MS catalyst,
suggesting the formation of a PdZn alloy. After N, purging, no
discernible peaks remain for either sample, indicating weak CO
binding to Pd or PdZn.

To summarize, the key difference between the MS and CVI
materials lies in the higher fraction of Pd surface atoms in the
MS and, critically, the presence of metallic Pd in the MS
catalyst prior to reduction, which is absent in the CVI catalyst.
This difference directly impacts the alloying process with Zn,
as the presence of metallic Pd in the MS promotes alloy
formation through a pristine Pd—ZnO interface. In turn, this
alters the electronic environment of Pd, affecting its binding
strength with both CO and other carbonyl species, as
evidenced by DRIFTS analysis, and can ultimately affect the
catalyst’s performance in methanol production.”***°

The detailed catalytic performance of the Pd/ZnO catalysts
prepared by MS and CVI is shown in Figure 2 and Table S5.
Additionally, to Pd/ZnO catalysts with 1 wt % Pd loading, we
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prepared catalysts with 0.5, 3, and 5% Pd loading to further
investigate the effectiveness of MS as a novel method for
catalyst preparation in methanol synthesis. Notably higher
CO, conversions and selectivities were achieved for the MS
catalysts across all temperatures and weight loadings explored
(Figures 2 and S13, Table SS). At reaction temperatures of 230
and 250 °C, the increased conversion corresponded to higher
methanol productivity for all MS catalysts as compared with
CVI (Figure 2b,c). MS catalysts continue to outperform CVI
at 270 °C for the 0.5 and 1 wt % loadings, but for the 3 and 5
wt % catalysts, slightly higher methanol productivity was
achieved over the CVI catalysts. This is likely due to
thermodynamic equilibrium limitations being approached for
the higher-loaded MS catalysts due to their increased
conversion.”” For instance, for MS catalysts with Pd loadings
above 1 wt %, the increase in CO, conversion appears linear
rather than exponential (Figure 2a), which deviates from the
expected Arrhenius-type kinetic behavior. This deviation,
coupled with the sharp drop in methanol productivity at 270
°C (Figure 2b), indicates that these catalysts operate near
thermodynamic limitations. It is caused by the fact that Pd/
ZnO catalysts are active for both methanol steam reforming
and methanol decomposition reactions,”**” both of which may
occur under the applied reaction conditions and can reduce
methanol vyields, particularly for more active catalysts. In
contrast, the 0.5 wt % Pd-loaded MS catalyst exhibits an
exponential increase in conversion, consistent with kinetic
expectations, suggesting that it operates far from equilibrium.
This allows it to maintain increasing methanol productivity
with the temperature, ultimately surpassing the performance of
all CVI catalysts. Therefore, when thermodynamic limitations
are mitigated, such as by employing lower Pd loadings, the MS
catalysts clearly outperform the CVI catalysts, as evidenced by
the comparison between the 0.5 and 5 wt % MS catalysts in
Figure 2b. The best yield of methanol achieved for the 3 wt %
MS catalyst at 250 °C is 5.0%, which is just 1.5% below the
equilibrium yield under these conditions,” and corresponding
to 1509 mmol h™" kg™'., (5.4 mol h™" mol™'py). Figure 2c
shows methanol productivity normalized to the moles of Pd
and highlights the efficient use of MS Pd catalysts with
loadings <1 wt %. When compared by moles of Pd, the
maximum methanol productivity achieved was 16.4 mol h™'
mol "4 for the 0.5 wt % MS catalyst at 270 °C, corresponding
to an absolute yield of 2.6%, only 1% below the equilibrium
yield of 3.6%.

Due to the high activity of the 3 and 5 wt % MS catalysts,
additional experiments were performed with an increased
space velocity (and consequently lower contact time) in the
reactor (6000 mL h™' g™'_ instead of 3600 mL h™' g”'_,
Figures S14 and S15) and without the prereduction step.
Remarkably, for S wt % MS, no difference in performance was
observed whether a prereduction step was used or not. The
material that was prereduced at 400 °C achieved 13%
conversion at 250 °C with 38% methanol selectivity and a
methanol productivity of 5.5 mol h™ mol™',,;, whereas the
catalyst with no prereduction step achieved 13% conversion at
250 °C with 40% methanol selectivity and a methanol
productivity of 5.5 mol h™" mol™'p,, when a space velocity of
6000 mL h™' g7', was used. Interestingly, methanol
productivity was significantly higher at 6000 than 3600 mL
h™ ¢!, increasing from 3.1 to 5.5 at 250 °C as the space
velocity was increased, with a greater increase in productivity
observed upon increasing the space velocity at 270 °C. Similar
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results were observed for 3 wt % MS upon increasing the space
velocity, with CO, conversion decreasing from 14 to 12% and
corresponding methanol selectivity increasing from 37 to 44%,
resulting in methanol productivities of 5.4 and 9.3 mol h™
mol~'py for 3600 and 6000 mL h™" g™, respectively. Both 3
and S wt % MS catalysts were active for CO, hydrogenation in
the temperature range 175—270 °C, with all data points fitting
the previously established linear relationship between meth-
anol selectivity and CO, conversion for PdZn catalysts.” This
confirms that a pre-reduction step is not necessary for Pd/ZnO
catalysts prepared by MS, highlighting that no further
processing steps are required following metal deposition.
This further highlights the critical role of metallic Pd before the
reduction and reaction steps, as well as the absence of ligands
and stabilizers in the catalyst precursor, which can only be
provided by the MS method that ensures pure metal in atomic
form deposited directly onto the support. It should also be
highlighted that no loss of activity or selectivity was observed
for any of the Pd/ZnO catalysts over the duration of the
testing period (either 96 or 128 h), which shows the high
stability of the catalysts prepared by MS (Figure S16). HR-
TEM of the MS catalyst after the reaction showed no
significant change in particle size compared to that of the
catalyst before the reaction, despite the generation of high-
temperature steam under the reaction conditions (Figure S2).
Similarly, XPS analysis of the postreaction catalyst showed that
the PdZn alloy appears stable under the reaction conditions
(Figure S6), further highlighting the effectiveness of magnet-
ron sputtering for the preparation of Pd/ZnO catalysts for CO,
hydrogenation.

B CONCLUSIONS

We have demonstrated an efficient method for producing
catalysts by using magnetron sputtering to directly deposit
palladium in its atomic form onto a zinc oxide support at room
temperature without solvents, reagents, or ligands. This
approach allows the formation of Pd nanoclusters with a
high fraction of surface atoms and precise control of the
metal—support interface, which is crucial for the hydrogenation
of CO, to methanol, typically requiring preactivation steps
(e.g, interface cleaning through calcination or activation via
reduction). By eliminating these steps, we fully utilize the
catalyst’s potential from the beginning of the reaction. The
productivity of the Pd/ZnO catalyst for CO, conversion to
methanol has been shown to be higher than that of catalysts
produced using methods like chemical vapor impregnation.
This highlights the importance of the metal—support interface
for long-term catalyst efficiency. By engineering this interface
at the atomic level, we are creating the next generation of
heterogeneous catalysts for sustainable chemistry, utilizing rare
metals with the greatest atom economy to their fullest
potential.
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