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Abstract
Electronic and geometric interactions between active and support phases are critical in 

determining the activity of heterogeneous catalysts, but metal–support interactions are 

challenging to study. Here, it is demonstrated how the combination of the monolayer-controlled 

formation using atomic layer deposition (ALD) and colloidal nanocrystal synthesis methods 

leads to catalysts with sub-nanometer precision of active and support phases, thus allowing for 

the study of the metal–support interactions in detail. The use of this approach in developing a 

fundamental understanding of support effects in Pd-catalyzed methane combustion is 

demonstrated. Uniform Pd nanocrystals are deposited onto Al2O3/SiO2 spherical supports 

prepared with control over morphology and Al2O3 layer thicknesses ranging from sub-monolayer

to a ≈4 nm thick uniform coating. Dramatic changes in catalytic activity depending on the 

coverage and structure of Al2O3 situated at the Pd/Al2O3 interface are observed, with even a 

single monolayer of alumina contributing an order of magnitude increase in reaction rate. By 

building the Pd/Al2O3 interface up layer-by-layer and using uniform Pd nanocrystals, this work 

demonstrates the importance of controlled and tunable materials in determining metal–support 

interactions and catalyst activity.



Introduction
Most industrially relevant powder catalysts take advantage of multiple, intimately mixed “active”

and “supporting” metal and metal oxide phases to achieve increased catalytic activity, selectivity,

or stability. The synergy between supported metal and metal oxide support phases is critical to

many important catalytic reactions, ranging from methanol synthesis to ammonia synthesis, and

these interactions can influence reaction rates by several orders of magnitude.1,2 The study of

interactions between active and supporting phases, a set of phenomena known as metal-support

interactions,  is  a  key  area  in  heterogeneous  catalysis,  and  represents  one  potential  area  to

modulate and improve catalytic activity.3,4  Many works have focused on optimizing the “catalyst

support effect” in an attempt to find the optimal catalyst support.5 Although researchers often

agree which catalyst support is the most active for a given reaction, the promotional nature of the

catalyst support interaction is often unknown. The reactivity of an active phase can be influenced

by various interactions with the surface or bulk properties of the support, such as charge transfer,

mobility  of  adsorbate  species,  generation  of  unique  interface  sites,  changed  nanocrystal

morphology or chemical composition, or direct coverage of the active phase with the supporting

oxide through strong metal-support interactions (SMSI).3,6–13

Often, the fundamental atomic level understanding of metal-support interactions is limited due to

the difficulty of synthesizing catalysts with well-defined structures. Recently, many systematic

works have emerged which utilize colloidal nanocrystal synthesis to form catalytically active

phases,  an approach which ensures more direct  comparison of the metal-support interactions

between a uniform active phase and different supporting materials.14 Colloidal synthesis permits

researchers to deposit the same active phase on different supports, allowing for direct observation

of  the  catalyst  support  effect.  These  approaches  have yielded success  in  identifying  specific

active  sites,  as  well  as  differences  in  metal-support  interactions  for  various  chemical

reactions.5,8,10,15,16 However, even with uniform colloidal active phases, metal-support interactions

may differ based on the support’s specific morphology and pore-structure, which can impact the

geometric  nature  of  the  metal-support  interface,  as  well  as  transport  phenomena  within  the

catalyst  bed at  elevated  reaction  rates.  Furthermore,  although these approaches  allow one to

probe catalytic activity with distinct supports, it is challenging to draw smooth trends from one

support to another due to large differences between the chemistry and crystallinity of different



supporting oxides. Atomic layer deposition (ALD) has emerged as a powerful tool in the study of

fundamental  catalyst  properties  and  offers  a  method  to  address  the  challenge  of  comparing

catalysts  across  supports  with  different  compositions,  crystallinities,  and  nanoscale

morphologies.  In  catalyst  development,  ALD can be used to  deposit  an overcoat  to  prevent

catalyst deactivation, modify catalyst surface reactivity, or directly fabricate the catalyst active

phase with specific desired nanostructures.17–20 In designing a catalyst support, ALD offers the

opportunity to change the surface chemistry of the support, using the underlying material as a

template  that  defines  the  support  morphology.21–23 By  varying  the  number  of  ALD  cycles,

different  support  surface  structures  can  be  obtained  with  sub-monolayer  control  over  the

thickness  of  the deposited material  and allow one to  observe the effect  of  surface  and bulk

support properties on catalytic reactivity. Furthermore, the conformal nature of ALD films allows

different materials to be deposited on identical support templates, thereby decoupling support

material  from  support  nanostructure.  Combining  the  controlled  active  phase  synthesis  by

colloidal methods with the tunable support chemistries and morphologies by ALD enables a high

degree of control over all chemical and structural properties of a catalyst. 

The ability to synthesize nanomaterials  with highly controlled structures and compositions is

extremely  valuable  for  the  study of  a  variety  of  catalysts.  In  this  work we utilize  Pd-based

methane  combustion  catalysts  to  showcase  the  opportunities  available  using  this  combined

colloidal-ALD synthesis  approach.  Pd-catalyzed emissions-control  reactions  are  an important

class of reactions which help limit emission of harmful hydrocarbons and pollutants into the

environment.24 Among these reactions, Pd-catalyzed methane combustion to carbon dioxide and

water is an important emissions control reaction, and helps mitigate the harmful effects of direct

methane emission in the atmosphere.25,26 The reactivity of Pd strongly depends on the chemical

composition of the supporting material.27 Studies have shown that crystal  and morphological

support properties can further impact reactivity, even for a single support material. For instance,

different researchers have reported that Al2O3 supports with varied crystal phases maximize Pd-

catalyzed methane combustion activity, citing effects of oxygen mobility in the support,  impact

of the support on nanocrystal shape and exposed area of PdO phase, and H2O accumulation on

support surfaces.5,28,29 Some of these differing conclusions may be explained by considering the

strong dependence of metal-support interaction on synthesized nanocrystal size and oxidation



state, and the difficulty in designing comparable composite materials with identical active phase

and  support  structure.  Therefore,  more  detailed  insights  into  the  Pd-support  interactions  are

necessary to fully understand catalytic performance and instruct researchers on which factors to

consider when designing catalysts.

In  this  study,  we  combine  colloidal  nanocrystals  and  atomic  layer  deposition  processes  to

precisely control the structure of active and supporting phases in Pd/X-Al2O3/SiO2 catalysts (X =

number of atomic layer deposition cycles) and understand the metal-support interaction role in

the methane combustion emissions control reaction. In this model system, Pd/PdO serves as the

catalytic active phase, and we study the transition between pure SiO2 and Al2O3 supporting oxide

phases.  As SiO2 provides  low rates  of the reaction,  we can observe the catalytic  activity  of

Pd/Al2O3 develop layer-by-layer as we increase Al2O3 coverage from sub-monolayer to multiple

nanometers in thickness. At low Al2O3 coverages below a full monolayer, we see rapid growth in

activity as catalytic rates are proportional to Al2O3 coverage. At higher ALD cycle numbers, we

observe further increased catalytic activity, resulting from bulk structural changes of the Al2O3.

Additionally, we observe reactivity effects from SiO2 diffusion into Al2O3, showing that support

composition  plays  an  important  role  in  determining  reaction  rate.  Overall,  this  work

demonstrates  that  both  extrinsic  support  properties,  such as  contact  area  between metal  and

support,  as  well  as  intrinsic  support  properties,  such  as  crystalline  phase  and  doping,  have

important contributions in defining a metal-support interaction and specific catalytic activity.

Experimental

Material Synthesis

Uniform, 8.0 nm colloidal Pd nanocrystals (NCs) were synthesized according to prior work.30 A

single batch of 18 g of SiO2 spheres were synthesized via a modified St ber process,ӧ 31 according

to  prior  reports,32 and dispersed into  ~500 mL of  water.  For  catalyst  synthesis,  ~2 g of  the

supporting SiO2 spheres were first collected via centrifugation from part of the solution at 8000

rpm for 10 min. At this point, the pellet was dried at 80 °C overnight, and then sieved to produce

a fine powder. This powder was then calcined at 600 °C for 24 h (3  min℃ -1 heating and cooling

ramp rate)  and sieved again  in  preparation  for atomic  layer  deposition  (see below for  ALD



details). After atomic layer deposition, the powder was collected again and calcined for 24 h at

900 °C (3  min℃ -1 heating and cooling ramp rate). Next, an amount of ALD-Al2O3/SiO2 was

dispersed in a 7% EtOH/toluene solution and sonicated until the powder was well dispersed. At

this point, a diluted solution of Pd NCs was added, and the black dispersion was stirred for 5

minutes to ensure particle deposition on the supports. Finally, the stir bar was removed, and the

dispersion was centrifuged at 8000 rpm for 10 min, the colorless supernatant was decanted, and

the dark solid was collected. To ensure equal Pd loading across samples, each ALD-Al2O3/SiO2

sample was impregnated with Pd NCs from the same batch at the same time, with the same

volume and concentration of Pd/toluene solution. Finally, samples were dried at 80  overnight℃

and collected for catalytic measurements and characterization.

Atomic Layer Deposition

ALD was performed in a commercial Gemstar reactor (Arradiance).  Powders were held in a

stainless steel dish with a stainless steel mesh lid during the depositions.33 For each deposition,

~250 mg of SiO2 powder was dusted onto the dish through a 180 µm sieve to ensure the support

powder was well separated and all surfaces were exposed to the precursors. The samples were

pretreated in ozone for 5 minutes prior to deposition to clean and functionalize the surface. Al2O3

was deposited at 250  using trimethylaluminum (TMA) and water precursors. In each ALD℃

cycle, the surface was exposed to TMA (pulse time = 0.1 s, soak time = 60 s, purge time = 180 s)

and H2O (pulse time = 0.1 s, soak time = 60 s, purge time = 180 s). For each deposition, a Si

wafer was placed in the chamber to act as a reference for Al2O3 deposition rate. The thickness of

Al2O3 deposited on the Si wafer was measured by spectroscopic ellipsometry and used to confirm

a consistent and reasonable Al2O3 growth rate across all depositions.

Catalyst Testing

Catalysts  were tested for methane combustion reactivity  (CH4 + 2O2 → CO2 + 2H2O) in the

presence of H2O. For all experiments, the reaction mixture consisted of 0.5 mol % CH4, 4.0 mol

% O2, 3.8 mol % H2O (steam), with the balance Ar. All reactions were performed at atmospheric

pressure.  Two  types  of  measurements  were  performed:  steady-state,  and  transient  ignition-

extinction (light-off) curves. In both cases, 20 mg catalyst was mixed with 380 mg SiC diluent to



prevent hot spots and mass transport limitations. This 400 mg mixture was loaded into a quartz

U-tube reactor in between two layers of granular quartz to prevent displacement of the powder

catalyst and to preheat the gases before contact with the reactor bed. For reactor heating, the U-

tube was placed within a heated square box furnace (Micromeritics). A K-type thermocouple was

inserted directly into the catalyst bed to measure the temperature. At the start of any catalytic

test, the catalyst was pretreated in 45 mL min-1 5% O2/Ar for 30 min at 400  to burn off any℃

organic components from the catalyst synthesis, and convert Pd into the PdO phase, to avoid any

confounding  effects  of  active  phase  oxidation  state  in  the  catalytic  analysis.  Next,  in  each

experiment, the catalyst was ramped down to 200  in 45 mL min℃ -1 5% O2/Ar. Subsequently,

the reaction gas mixture was passed over the reactor bed and the detector stabilized after a few

minutes. Finally, the specific temperature program was started according to the specific type of

experiment. For ignition-extinction curves, the catalyst was ramped up to 600  and back down℃

to 200  at 10  min℃ ℃ -1. The temperature at which 50% methane combustion was achieved (T50)

was used as a metric to compare catalyst performance for the ignition-extinction experiments,

with lower T50 indicating more active catalysts. This measurement was taken with an online mass

spectrometer  (Hiden HPR-20).  For  steady-state  kinetic  testing,  the  catalyst  was ramped to a

specific  temperature  at  10   min℃ -1,  which  was  held  until  steady-state  CH4 conversion  was

obtained. This measurement was performed at four temperature points, and only stable kinetic

points were used for analysis. An online gas chromatograph (GC, Buck Scientific Model 910)

equipped with a flame ionization detector (FID) and thermal conductivity detector (TCD) was

used for quantification of the reactants and products, which were then used to calculate reaction

rates by normalizing by the amount of Pd or total catalyst mass given that no differences in Pd

surface area are expected when using the same Pd nanoparticles for all the samples.

Microscopy Characterization

Transmission electron microscopy (TEM) images were acquired on a FEI Tecnai TEM operating

at 200 kV accelerating voltage equipped with an Orius CCD. Electron diffractograms were also

acquired on a Tecnai operating in STEM mode. For diffraction imaging, the full diffractogram

was first  observed on the  viewing window, and the  objective  aperture  was used to  select  a

diffracted beam as the imaging beam to produce the diffraction dark-field images. High angle



annular  dark  field  scanning  transmission  electron  microscopy  (HAADF-STEM)  images  and

spatially resolved energy dispersive spectroscopy maps (EDS-mapping) were acquired on a FEI

TitanX operating at  300 kV at the National  Center  for Electron Microscopy (NCEM) at  the

Lawrence  Berkeley  National  Laboratory  (LBNL).  EDS-maps  were  acquired  on  the  TitanX

equipped with a SuperEDS detector consisting of four window-less silicon drift detectors with a

collection solid angle of 0.7 steradians. Map acquisition was typically < 5 min at a beam current

of  330  pA.  For  Al/Si  statistical  quantification  of  single  catalytic  nanospheres,  EDS  was

performed by focusing the TEM probe over a single particle using a single EDS detector on an

FEI Tecnai.  For sample preparation,  powder samples were dispersed on lacey C/Cu grids by

shaking a small amount of powder sample with a TEM grid in a small scintillation vial. Particle

size was measured using ImageJ software. Elemental maps were analyzed using ESPIRT 1.9

software.

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed with a PHI VersaProbe 3 using Al Kα

radiation (1486.6 eV). Powder samples were deposited onto conductive carbon tape on top of an

Al holder, which was outgassed at 10-2 Pa before inserted into an ion-pumped analysis chamber

which was held at ~5x10-7 Pa throughout analysis. For all samples, an excitation of 100 W at 20

kV with a pass energy of 55 eV were used. The beam spot size was 100 µm for all samples, and

an Ar+ neutralizer and an electron flood gun were used to minimize sample charging. Binding

energies were all referenced to the C1s peak at 284.8 eV.

X-ray Diffraction (XRD)

A Bruker Single Crystal D8 Venture with Cu Kα radiation (λ = 1.5406 Å) was used to collect X-

ray diffractograms. The powder was loaded into a thin quartz tube, which was rotated on the z-

axis through diffractogram collection. The diffracted beams were collected across 10º to 90º 2θ

angles with a step size of 0.05º and an exposure time of 150 s. Diffraction rings were integrated

to produce 1-dimensional diffraction patterns. 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-OES)



Although the same amount of Pd was deposited onto all samples, as all Pd NCs came from the

same colloidal solution, Pd quantification for each catalyst was performed using ICP-OES on the

supported  catalysts  to  control  for  small  Pd  differences  between  catalysts.  Quantitative  Pd

analysis was performed on an ICP-OES instrument (Thermo Scientific ICAP 6300 Duo View

Spectrometer). ~15 mg catalyst powder was digested in a mixture of nitric acid (710 μL) and

hydrochloric acid (660 μL) in a borosilicate test tube, which was sonicated every two hours. This

mixture  was  then  filtered,  the  supernatant  collected,  diluted  to  ~5  ppm  Pd,  and  then

measurements were taken.

Thermogravimetric Analysis

Thermogravimetric  analysis  (TGA) measurements  were performed on colloidal  Pd and SiO2

solutions to determine concentrations of each solid nanoparticle within their respective solution.

For each measurement, ~150 μL of solution was slowly evaporated into a tared, small aluminum

crucible using a hot plate. Next, this crucible was loaded into the TGA which was headed to 500

 at 45  min℃ ℃ -1, and then held until a stable mass was reached. By dividing this mass into the

original solution volume, a concentration was measured for a given solution. Concentrations of

Pd NCs were generally ~10mg mL-1, and for SiO2 spheres ~40 mg mL-1.

Infrared (IR) Spectroscopy

IR measurements were performed in a Thermo Fisher iS50 spectrometer. Measurements were

performed on the supports that had been calcined at 900  in air and subsequently were stored℃

at room temperature in air for ~1 week. For each measurement, 5-7 mg of sample was pressed

into a 7 mm die set to form a self-supported wafer. The IR measurement chamber was purged

with N2 for 15 minutes prior to each measurement to remove CO2 and H2O vapors. Background

spectra were measured with an empty chamber, purged with N2 for 15 minutes. IR spectra were

collected at 4 cm-1 resolution, averaged over 128 scans, and measured by a deuterated lanthanum

α-alanine doped triglycine sulfate (DLaTGS) detector. Spectra were baseline-corrected in the O-

H stretch and Si-O-Si backbone overtone vibration regions. The area of the Si-O-Si backbone

overtone features was calculated by integrating the baseline-corrected spectra. The O-H region



was deconvoluted into two components for each spectrum. No other components were needed to

accurately model the O-H stretching feature.

27Al Solid State Nuclear Magnetic Resonance (NMR) Spectroscopy

All NMR data were collected with a Varian Inova 600 spectrometer (14.1 T field, 156.25 MHz

for 27Al), using a Varian “T3” probe with a 3.2 mm, low-Al zirconia rotor spinning at 20 kHz.

Spectra were referenced to 0.1 M aqueous Al(NO3)3 at 0 ppm. Radiofrequency power was about

100  kHz;  single  pulse  acquisition  was  used  with  0.2  ms  pulses,  corresponding  to  a

radiofrequency  tip  angle  of  about  20˚  for  solids  with  significant  quadrupolar  coupling.

Relatively  short  relaxation  delays  of 0.1 s  between pulses allowed averaging of as many as

1.5x106 acquisitions,  yielding  useful  signal  to  noise  ratios  even  for  materials  with  low  Al

contents. Data collected on selected samples with delays of 1 and 10 s showed that relaxation

was at least 90% complete at 0.1 s, and that differential relaxation among signals for different Al

sites was negligible.
27Al  rotor  background  (comprising  a  maximum  of  about  5-10% of  observed  intensity)  was

subtracted from the spectra  for the low-Al samples using data collected for the empty rotor.

Rough total  signal  intensities  were  estimated  simply  by  integrating  the  central  peaks  in  the

spectra,  without correcting for spinning sidebands.  Given that  most spectra  had very similar

lineshapes  (and  thus  similar  distributions  of  Al  species  and  quadrupolar  parameters),  these

integrals provide useful relative comparisons of observable Al content. Bulk amorphous alumina

was  prepared  by  slowly  heating  Al(NO3)3-9H2O  reagent  to  510  ˚C  and  annealing  at  that

temperature for 27 h. This material was X-ray amorphous and contained about 5 wt. % residual

H2O based on weight loss on heating to 1000 ˚C and conversion to the α-phase. Heating of the

amorphous alumina to 800 ˚C for 2 h converted it to a ‘transition’ alumina that is probably the γ-

phase.

Results and Discussion

Model Pd/Al2O3/SiO2 Catalyst Synthesis Through Combined ALD and Colloidal Method 



The aim of this work is to gain new insights into the nature of catalyst metal-support interactions

by synthesizing model catalysts with precise control over the geometric and chemical properties

of  the  metal-support  interface.  In  this  work,  our  catalyst  building  blocks  were  colloidally

synthesized uniform 8.0 nm Pd nanocrystals (NCs) and purchased ≈200 nm amorphous St berӧ

SiO2 spheres. In traditional catalyst synthesis through wet or incipient impregnation techniques,

catalyst morphology and oxidation state are strongly coupled to the support properties on which

the active phase is being deposited or impregnated. However, by starting with highly uniform,

preformed  Pd NCs,  we  ensure  that  our  NC active  phases  should  be  nearly  identical  across

different catalyst supports.14 Additionally, the use of relatively small diameter SiO2 spheres as

our base support helps ensure uniform ALD coverage due to limited numbers of inaccessible

pores.34,35 Our  specific  St ber  SiOӧ 2 support  geometry  was  also  chosen  for  ease  of

characterization, so we can readily characterize ALD coverage at the nanoscale (a more difficult

challenge with other highly-porous catalyst supports). SiO2 was also chosen as the base support

due to its relative inertness for various types of chemical interactions with supported phases, and

because Pd/SiO2 catalysts show relatively low rates for the reaction of interest.36

For  methane  oxidation,  Pd/SiO2 has  poor  reactivity,  while  Pd/Al2O3 is  well-established  and

industrially utilized.37,38 To understand what properties of the support lead to promoted activity,

we build a Pd/Al2O3 catalyst up from a SiO2 support, layer-by-layer. The SiO2 spheres were

coated with different thicknesses of Al2O3 by ALD (0 - 40 cycles, 0 - 4.8 nm).The Al2O3 growth

rate was measured to be approximately linear on a Si wafer, at a rate of 1.1 Å per cycle, which is

reasonable for ALD Al2O3 (Figure S1).39 After the alumina coating, the powder was calcined at

900  for 24 h to ensure stability of the film during the subsequent catalytic testing conditions℃

at temperatures up to 600  . At this point,  colloidal Pd nanocrystals  were deposited on the℃

support surface. A schematic of the catalyst synthesis is shown in Figure 1.



Figure  1. Procedure  used  to  synthesize  Pd/ALD-Al2O3/SiO2 catalysts  with  tunable  support

thickness and controlled nanocrystal size and loading.

Representative transmission electron microscopy (TEM) images of selected catalysts are shown

in Figure 2. Going from Pd/1-Al2O3/SiO2 to Pd/40-Al2O3/SiO2, we observe a distinct increase in

the thickness of the Al2O3 surface. At 1 and 3 ALD cycles, the Al2O3 is too thin to be clearly

observable in the images, but at 20 and 40 ALD cycles a distinct conformal overcoat is visible as

a slightly darker border around the silica spheres. The shell thickness can be best observed at

higher resolution in  Figure S2. Importantly, we observe that Pd NCs are randomly deposited

onto  the  surface  of  each  sample,  and  that  the  NCs  are  uniform in  size  across  catalysts,  as

expected  since  they  were  prepared  using  the  same  starting  Pd  nanocrystals  (Figure  S3).

Therefore, this system achieves controlled support geometry and active phase, and singly varies

the effect of support properties, in the form of coverage and thickness, on catalytic behavior.

Figure 2. Transmission  electron  microscopy (TEM) images  of  Pd/ALD-Al2O3/SiO2 catalysts

with (a) 1 ALD cycle, (b) 3 ALD cycles, (c) 20 ALD cycles, and (d) 40 ALD cycles.

We use energy-dispersive x-ray spectroscopy (EDS) to quantify and characterize the uniformity

of Al2O3 deposition on individual SiO2 spheres as well as across SiO2 spheres. Qualitatively, we

observe that for Pd/5-Al2O3/SiO2, Pd/10-Al2O3/SiO2, and Pd/40-Al2O3/SiO2, each SiO2 sphere is

completely  coated  with  Al2O3 (Figure  3,  see Figure  SX for  spectrum from 3c showing the

edges). Furthermore, we observe increased Al signal, especially at the outer edges of the spheres,

as  we  increase  the  ALD  deposition  from  5-cycles  to  10-cycles.  For  more  quantitative

characterization, we performed single-sphere compositional analysis for Al concentration for the



Pd/40-Al2O3/SiO2 sample (Figure S4). We observe ~20 at. % Al (80 at. % Si) within 95% of the

spheres in these catalysts, suggesting that our entire sample is uniformly coated with the same

amount  of  Al  across  all  spheres.  Overall,  elemental  analysis  shows  the  uniformity  of  our

catalysts  at  the  nanoscale  and  provides  evidence  that  we  successfully  created  samples  with

monodisperse  Pd  nanocrystals  on  conformal,  thickness-controlled  ALD  Al2O3 coated  SiO2

nanospheres.

Figure 3. STEM-EDS elemental maps of Pd/ALD-Al2O3/SiO2 catalysts. Panels from left to right

show HAADF-STEM image, Si map, Al map, Pd map, and superimposed Si and Al maps.  (a)

Pd/5-Al2O3/SiO2, (b) Pd/10-Al2O3/SiO2, (c) Pd/40-Al2O3/SiO2.

The Effect of Al2O3 Support Modification on Pd-Catalyzed Methane Combustion

The eight Pd/ALD-Al2O3/SiO2 catalysts, in addition to a Pd/γ-Al2O3 control catalyst synthesized

from commercial Al2O3, were tested for methane combustion activity in the presence of steam.

For this reaction, all catalysts were pre-oxidized  in-situ at 400 °C to begin testing with a PdO

active phase and burn off any residual organic components from the colloidal synthesis. Steady-



state kinetic measurements show a clear difference in catalytic rate as a function of number of

ALD cycles (Figure 4a). The catalysts show activation energies ranging from 125 to 162 kJ mol-

1, which is in a similar range as previously reported,5 with no clear trend. When the catalytic rate

is linearly extrapolated to 350 °C, a factor of ~27 difference between rates is observed across the

various thicknesses of the Al2O3 coating (Figure 4b). As Al2O3 thickness increases, we observe

two regimes of improved reactivity. From 0 to 3 ALD cycles, the reaction rate increases linearly

with ALD cycle  number.  From 5 to  40 ALD cycles,  the reaction  rate  continues  to  increase

linearly, but with a slower dependence on ALD cycle number. As the Pd NCs and the support

morphology are  identical  across  catalysts,  this  large  difference  in  catalytic  rate  can  only be

attributed to the interaction between the Pd/PdO active phase and the amount and structure of

Al2O3 at the Pd/Al2O3 interface. Post-catalysis TEM shows the stability of the Pd NCs and Al2O3

film to the reaction conditions, showing no significant NC sintering or peeling of the Al2O3 ALD

film (Figure S5).

Figure  4.  Steady-state  methane  combustion  activity  of  Pd/ALD-Al2O3/SiO2 catalysts  and  a

comparison Pd/γ-Al2O3 in the presence of steam. (a) Kinetic measurements conducted in 0.5 mol

% CH4, 4.0 mol % O2, 3.8 mol % H2O. Inset shows activation barriers measured from the slope

in the Arrhenius plot. (b) Extrapolated steady-state rate of methane combustion at 350 . For℃



points with error bars, error bars represent the widest range of activity between experiments, and

the point represents the average activity of those points.

In transient ignition-extinction experiments for the same reaction, we observe a similar ordering

of  catalytic  activity  across  samples,  and  a  ~104   difference  in  the  temperature  for  50%℃

conversion  (T50)  between  the  Pd/SiO2 and  the  Pd/40-Al2O3/SiO2 samples  (Figure  S6).

Importantly, we observe that in both sets of experiments, more cycles of Al2O3 deposited leads to

significantly increasing catalytic activity, although the change in activity is not proportional to

the  mass  of  Al2O3 deposited  across  the  whole  range  investigated  here.  As  with  the  kinetic

measurements, we observe a large increase in activity across the first three ALD cycles, and a

slower but continuously increasing activity from 5 ALD cycles to 40 ALD cycles. However,

although our catalysts show an increase in reactivity 27 times that of the Pd/SiO2, the Pd/40-

Al2O3/SiO2 still shows activity less than the Pd/γ-Al2O3 control catalyst by a factor of ~2.3. This

data suggests that although the ALD-derived samples are asymptotically approaching the bulk

Al2O3 support through ALD layers, there are still chemical or structural differences between the

synthetic materials and high surface area Al2O3. 

Bulk Properties Governing the Pd-Support Interaction

The two regimes of improved catalytic performance as a function of Al2O3 thickness indicate that

multiple factors contribute to the Pd-support interaction. The surface chemistry of the support

can impact catalytic performance due to differences in chemical properties between Si and Al.

This effect would be manifested through the relative fraction of Pd-Si and Pd-Al interface sites.

The  Pd-support  interaction  can  also  be  influenced  by  bulk  properties  of  the  support.  The

electronic  structure  of  the  support  surface  depends  on  the  crystal  structure  and  chemical

composition of the bulk material. To better understand the Pd-support interactions, the bulk and

surface properties of the support were characterized and related to the catalytic performance.

To identify the bulk crystal  structures of the supporting oxide,  the ALD-Al2O3/SiO2 supports

were characterized  by X-ray diffraction (Figure 5a).  For all  samples,  no crystalline  features

attributable to the SiO2 can be detected, as expected for amorphous SiO2 prepared by the St berӧ

process.40 For the supports with 10 or fewer Al2O3 ALD cycles, no crystalline features from the



Al2O3 films are detected in the XRD pattern.  The lack of diffraction peaks in the XRD patterns

indicates  that  the Al2O3 is  either  amorphous,  contains  very low concentrations  of  crystalline

Al2O3, or possesses crystallites too small to detect by XRD. For these low ALD cycle numbers in

particular,  the Al2O3 layers are thinner  than 1.2 nm, likely below the size detection  limit  of

XRD.41 For the 20-Al2O3/SiO2 sample, peaks attributed to γ-Al2O3 emerge, but the diffraction

peaks in this sample are still very weak. In the 40-Al2O3/SiO2 sample, these diffraction peaks

grow in intensity, confirming the presence of γ-Al2O3 at a sufficiently thick layer of Al2O3. The

crystallite size estimated from the Scherrer equation is 5.2 nm, comparable to the 4.8 nm film

thickness measured by TEM, suggesting that all the Al2O3 is in the γ phase.

Figure  5. (a)  XRD  patterns  of  Pd/ALD-Al2O3/SiO2 catalysts.  Standard  pattern  for  γ-Al2O3

provided for reference. Electron diffraction patterns for (b) 10-Al2O3/SiO2 and (c) 40-Al2O3/SiO2

supports.

Electron diffraction and STEM imaging were also performed to characterize the crystal structure

of the Al2O3 films for 10 or fewer ALD cycles. Electron diffraction allows for small crystallites



to  be  spatially  resolved.42 No electron  diffraction  is  observed for  the  10-Al2O3/SiO2 sample,

whereas  diffraction rings  are present  in  the 40-Al2O3/SiO2 sample (Figure 5b,c).  This  result

supports the XRD measurement, showing no crystalline features for 10 or fewer ALD cycles.

The presence of γ-Al2O3 is further confirmed by STEM-imaging (Figure S7). Crystallites are

observed in the samples with 20 and 40 Al2O3 ALD cycles, but not for the 10-Al2O3/SiO2 sample.

Previous studies of Al2O3 ALD have shown that the as-deposited films are amorphous.43,44 Thus,

the formation of γ-Al2O3 is promoted by the 900  calcination pretreatment, with the additional℃

condition that the Al2O3 film must be thick enough to form crystalline domains.

The  formation  of  γ-Al2O3 at  high  ALD  cycle  numbers  potentially  impacts  the  Pd-support

interaction and the resulting catalytic performance. Therefore, another experiment was conducted

to directly determine the effects of Al2O3 crystallization on catalytic activity. 40 cycles of Al2O3

ALD was performed on the SiO2 nanospheres. The powder was split into two batches, one of

which was calcined at 600  while the other was calcined at 900 . Pd nanocrystals from a℃ ℃

single  synthesis  batch  were  then  deposited  on  these  supports  with  identical  loading.  TEM

imaging  and  electron  diffraction  were  used  to  confirm that  the  sample  calcined  at  600  ℃

remained  amorphous  while  the  sample  calcined  at  900   formed  γ-Al℃ 2O3,  and  the  Al2O3

thickness and Pd loading were identical between these catalysts (Figure S8). The kinetics of

methane combustion were measured for each of these catalysts (Figure S9). The sample calcined

at 900  had a higher reaction rate than the sample calcined at 600 . Thus, the conversion of℃ ℃

the  Al2O3 support  from the  amorphous  phase  to  the  γ  phase  enhances  methane  combustion

reactivity over Pd. The gradual increase in reaction rate at high Al2O3 ALD cycle numbers can

therefore be partly explained by the partial crystallization of the 20-Al2O3/SiO2 support and the

full  crystallization  of  the  40-Al2O3/SiO2 support.  The  dependence  of  Pd  activity  on  Al2O3

crystallinity is broadly consistent with claims from previous studies,45 but the synthesis approach

in  this  work  allowed  the  crystallinity  and  textural  properties  of  the  support  to  be  clearly

decoupled.

To better understand the structure of the ALD-Al2O3/SiO2 support at low cycle numbers where

no  diffraction  peaks  were  observed,  the  supports  were  studied  by  27Al  solid-state  NMR

spectroscopy  (Figure  6a).  Three  main  features  are  present  in  the  NMR spectrum of  Al2O3,

resulting from Al-O bonds in 4-, 5-, and 6-fold coordination environments. For the 1-Al2O3/SiO2



sample, the most prominent species is 4-coordinate Al-O. The high proportion of this under-

coordinated species suggests that the Al is present primarily at the surface of the silica spheres as

monomeric species, as expected for a single ALD cycle. For the catalysts with 2 through 20 ALD

Al2O3 cycles, 4-, 5-, and 6-coordinated Al-O species are detected. The presence of Al in each of

these coordination environments is characteristic of amorphous Al2O3,46 as can be seen by the

comparison of the sample spectra to that of the amorphous Al2O3 standard.  Furthermore,  the

relative  intensities  of  these  peaks  are  qualitatively  similar  to  those  of  the  amorphous  Al2O3

standard. We note that the detection of amorphous Al2O3 in the 20-Al2O3/SiO2 sample does not

contradict the diffraction measurements discussed above. It is difficult to detect a small amount

of γ-Al2O3 by NMR in an otherwise amorphous sample due to overlap between the 4- and 6-

coordinated Al-O species in the NMR spectra of amorphous and γ-Al2O3. Taken together, the

NMR  and  diffraction  results  indicate  that  the  20-Al2O3/SiO2 sample  contains  a  mixture  of

amorphous  and  γ-Al2O3.  Finally,  the  NMR  spectrum  of  the  40-Al2O3/SiO2 sample  closely

resembles that of the γ-Al2O3 standard, with no remaining 5-coordinated Al-O species. As with

the diffraction measurements,  the NMR data show that the Al2O3 film crystallizes to γ-Al2O3

when it is sufficiently thick.



Figure  6. 27Al NMR spectra  of  (a)  900   calcined  ALD-Al℃ 2O3/SiO2 supports  and  (b)  10-

Al2O3/SiO2 calcined at 500  and 900 . Standard spectra for amorphous and gamma alumina℃ ℃

included for reference.

There is one significant discrepancy between the amorphous Al2O3 standard NMR spectrum and

those of the ALD-Al2O3/SiO2 supports for 20 or fewer ALD cycles.  The peaks in the NMR

spectra of the catalyst supports are shifted ~5 ppm lower in frequency compared to those of the

amorphous  Al2O3 standard.  Such  a  shift  is  consistent  with  Al  coordination  including  Si

neighbors,47 and  suggests  that  intermixing  occurs  between  the  ALD  Al2O3 film  and  the

underlying  SiO2 support.  Since  Al/Si  intermixing  is  not  expected  to  occur  during  the  ALD

process, we hypothesize that it results from the 900 °C calcination of the support. To test this

hypothesis the NMR spectra of the 10-Al2O3/SiO2 support calcined at 900  was compared to a℃

10-Al2O3/SiO2 sample that was calcined at 500 °C (Figure 6b). The peak positions in the NMR

spectrum of the sample calcined at 500 °C agree with those of the amorphous Al2O3 standard

without any shift, indicating that the lower temperature treatment was not sufficient to induce Al/

Si intermixing. There is a slight difference in the 6-coordinated peak position between the sample

calcined at 500 °C and the amorphous Al2O3 standard, suggesting a minor structural difference

between the two materials. Finally, to confirm that the shifts in NMR speak positions result from

intermixing between Si and Al, rather than some other structural difference between the ALD

Al2O3 and the amorphous Al2O3 standard, a high-resolution STEM-EDS line scan was performed

on  the  40-Al2O3/SiO2 sample  (Figure  S10).  Although  the  metal  at  the  support  surface  is

primarily  Al,  a  small  amount  of  Si  is  detected  in  the  Al2O3 shell,  consistent  with  some

intermixing of these elements. The Si/Al intermixing revealed by the NMR measurements can

impact catalytic performance in two ways. First, the mixing of Si into the Al2O3 film changes the

composition of the support, which can affect the electronic structure of the surface and thus the

Pd-support interactions. Second, this intermixing may result in Si at the surface of the support, in

direct contact with the Pd nanoparticles. As is apparent from the catalytic measurements, the

methane combustion reactivity is very sensitive to the chemical composition of the surface of the

support, so the presence of a small amount of Si at the surface would have significant effects on

reactivity. The presence of a small amount of Si at the surface of the Pd/40-Al2O3/SiO2 support



may contribute to the lower reaction rate for this catalyst than the Pd/γ-Al2O3 catalyst. Overall,

we observe the effect of bulk crystalline changes from amorphous Al2O3 to crystalline Al2O3, as

well as changes in the purity of the Al2O3 phase from SiO2 doping, as factors that determine

metal-support interactions for Pd-catalyzed methane combustion.

Surface and Interfacial Properties Governing the Pd-Support Interaction

The  diffraction  and  NMR  measurements  presented  in  the  previous  section  reveal  the  bulk

composition and crystallinity of the ALD-Al2O3/SiO2 supports. However, they do not provide

direct insight into the surface properties of the ALD-Al2O3/SiO2 support, which is particularly

important for understanding the Pd-support interactions that result in the rapid linear increase in

reaction rate at low cycle numbers. The chemical composition of the ALD-Al2O3/SiO2 support

surface was therefore characterized by XPS. As expected, with increasing ALD cycle number,

the ratio of Al 2p to Si 2p peak intensities increases (Figure 7a). The surface percentage of Al

relative to Si, Al/(Al+Si), was computed as a function of ALD cycle number (Figure 7b). At low

cycle numbers, the surface fraction of Al increases linearly with the number of ALD cycles. This

behavior  is  consistent  with  an  ideal,  layer-by-layer  ALD growth  process.48–50 At  high  cycle

numbers,  the  Al  surface  percentage  continues  to  increase  at  a  slower  rate,  and  appears  to

asymptotically approach a purely alumina surface. 



Figure 7. (a) Si 2p and Al 2p regions of the XPS spectrum and (b) surface Al percentage for 900

 calcined ALD-Al℃ 2O3/SiO2 supports as a function of ALD cycles.

Previous studies of ALD Al2O3 have shown that under ideal layer-by-layer growth conditions,

the amount of material deposited is approximately 0.3 monolayers per cycle.39 Thus, under ideal

growth conditions, as indicated by the linear increase in Al concentration at low cycle numbers

measured by XPS, we expect a full monolayer of Al2O3 to form over the course of the first ~3

ALD cycles. In the context of the catalytic measurements, the rapid linear increase in reaction

rate also occurs during the first 3 ALD cycles. These two observations lead us to hypothesize that

during the first three ALD cycles, the Pd-support interaction changes from primarily Pd-SiO2 to

primarily Pd-Al2O3, and this change in the chemistry of the metal-support interaction drives the

rapid increase in reaction rate.

IR measurements were performed on the ALD-Al2O3/SiO2 supports to understand the change in

surface chemistry at low cycle numbers. There are two regions of interest in the IR spectrum.

First, the silanols (Si-OH) present in the samples are characterized from the O-H stretch region

(Figure S11a).51,52 Second, an overtone of the Si-O-Si backbone vibration is used to quantify the

amount of sample in the IR beam and normalize the data (Figure S11b).53,54 The O-H stretching

peak in the IR spectrum of each sample is deconvoluted into two gaussian components. Example

deconvolutions are shown in  Figures 8a and 8b, and the deconvolutions for all samples are

shown in Figure S12. The peak component at ~3747 cm-1 is assigned to surface silanol Si-OH

species, while the broader peak at ~3741 cm-1 is assigned to bulk Si-OH,55 both of which result

from the Stöber synthesis process. The two components are present in the 0-Al2O3/SiO2 support,

in which no Al2O3 is present, indicating that they both result from Si-bound OH groups. As the

Al2O3 loading increases, no additional O-H stretching features emerge, demonstrating that no Al-

OH species were detected in any samples. The area of the surface Si-OH species (~3747 cm-1)

was normalized to the integrated area of the Si-O-Si backbone overtone internal standard, and

the results are shown in Figure 8c.



Figure 8. Deconvolution of OH stretch region of the FTIR spectrum plotted on the same scale

for (a) 0-Al2O3/SiO2 and (b) 40-Al2O3/SiO2 supports. (c) Area ratio of surface Si-OH to overtone

of backbone Si-O-Si vibration measured by FTIR spectroscopy. 

The surface Si-OH/Si-O-Si area ratio shows a trend that is in line with the catalytic results as a

function of ALD cycle number.  Across the first  3 Al2O3 ALD cycles,  there is a rapid linear

decrease in the surface Si-OH content, resulting from the reaction of surface OH groups with

TMA during the ALD process. The decrease in surface Si-OH content does not continue beyond

3 ALD cycles, and the variations in surface Si-OH content from 3 to 40 cycles are believed to be

within the error of the measurement.  The combination of the catalytic and IR measurements

clearly demonstrates that 3 ALD cycles is the threshold for one monolayer of Al2O3 coverage. As

the Al2O3 loading increases from 3 to 40 cycles, there are variations in the surface Si-OH/Si-O-Si

area ratio, but no clear trend. However, even in the samples with 10 or more Al2O3 ALD cycles,

which nominally should have several monolayers of Al2O3 coverage, the surface Si-OH content

is not  zero. There are two possibilities for this observation. The first is that some of the surface

Si-OH groups are inaccessible to the ALD precursors, for instance due to diffusion limitations as

have been reported for porous substrates.34,56 However, since the spherical substrates used here



are non-porous and conformality was confirmed by TEM, all surfaces of the SiO2 powder are

expected to be accessible. The more likely explanation for the presence of surface Si-OH at high

ALD cycle numbers is due to the Si/Al intermixing revealed by NMR, which would bring some

Si atoms to the surface of the ALD-Al2O3/SiO2 supports. Finally, we note that the area ratio of

the ~3741 cm-1 O-H stretch peak to that of the Si-O-Si backbone overtone shows no trend and

relatively small variation with Al2O3 coverage, supporting the assignment of this peak as bulk Si-

OH species  (Figure  S13).  We propose  that  the  presence  of  Si  at  the  surface  of  the  ALD-

Al2O3/SiO2 supports  alters  the  Pd-support  interaction  and  consequently  affects  the  methane

combustion rate. From the reaction rates measured at low ALD cycle numbers, it is clear that the

activity of Pd is extremely sensitive to the chemical composition of the support surface, so small

amounts of surface Si, even with several monolayers of Al2O3, would be expected to significantly

impact reactivity.

Having characterized the properties of the ALD-Al2O3/SiO2 support,  we can now understand

how  the  support  structure  and  Pd-support  interactions  give  rise  to  the  catalytic  behavior

presented in Figure 4. The catalyst structure and Pd-support interactions are visualized in Figure

9. First, the interfacial chemistry between the Pd and the support has a significant effect on the

reaction  rate,  due  to  the  much  higher  reactivity  of  Al2O3-supported  Pd  compared  to  SiO2-

supported Pd. The chemical composition of the support surface, in particular the Al:Si ratio, is

determined by the amount of Al2O3 deposited and the intermixing between the Al2O3 film and the

underlying  SiO2.  We  describe  the  following  model  to  explain  the  results  with  ALD  cycle

number.  At low cycle numbers,  the amount of Al2O3 deposited is  less than or  equal  to  one

monolayer. With such low Al2O3 loadings, the Al:Si surface ratio is limited by the amount of

Al2O3 deposited,  which in  turn determines  the number of Pd/Al interface  sites.  Thus,  as the

surface chemical composition transitions from SiO2 to Al2O3, the reaction rate rapidly increases,

driven by the favorable Pd/Al interfacial interaction compared to that of Pd/Si. With higher cycle

numbers, the evolution of the bulk crystallinity of the Al2O3 influences the electronic structure of

the support surface,57 and thus impacts the Pd-support interaction. With a sufficiently thick Al2O3

coating, the formation of γ-Al2O3 improves the methane combustion properties of Pd. Notably, at

high Al2O3 loadings, there is enough Al2O3 to form several monolayers, but the Si/Al intermixing



results in some Si at the surface of the support, leading to a lower reaction rate than for Pd on a

bulk γ-Al2O3 support.

Figure 9. Schematic explanation of support transformation as a function of number of Al2O3

ALD cycles. (1) One monolayer of Al2O3 forms during the first 3 ALD cycles; (2) for thick Al2O3

layers, the support crystallizes to a γ-Al2O3 phase; (3) Si partially mixes into the Al2O3 coating.

Conclusion

In this work, we have developed a combined ALD and colloidal synthesis method to reveal the

metal-support interactions that determine the methane combustion reactivity of SiO2 and Al2O3

supported Pd. The Pd-support interface,  specifically the relative amounts of Pd/Al and Pd/Si

interface  sites,  significantly  contribute  to  the  overall  reaction  rate.  The  role  of  the  interface

chemistry is so dramatic that even sub-monolayer coverages of Al2O3 can significantly improve

the methane combustion  reactivity  of  Pd.  The surface  characteristics  of  the support  are also

influenced by the bulk properties of the underlying material. The crystal structure of Al2O3 also

impacts the reaction rate, as seen in the comparison of amorphous and gamma alumina supports.

Similarly, the bulk composition of the support, in this case defined by the Si/Al intermixing, can

alter the electronic properties and chemical composition of the support surface, and thus impact

Pd reactivity.  The nature of the metal-support  interactions  and the classification  of bulk and

surface effects described in this work likely extend to other supported metal catalytic systems.

The ALD-colloidal synthesis method employed here provides a general framework for model

catalyst  synthesis  that can be applied to fundamental  studies of metal-support interactions  in

many other catalyst systems.
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