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ABSTRACT: Here, we introduce a method for the synthesis of atomically
precise, supported, multiatom catalysts by liquid-phase atomic layer deposition.
This technique is based on consecutive grafting reactions in mild conditions that
build supported active sites atom by atom. The atomically controlled synthesis
procedure led to the growth of well-defined multinuclear (Al, Mg, Si, Zn, and O)
clusters. The composition of the clusters was verified by titrations ICP-OES,
STEM-EDX, and XPS, while their structure was resolved from the synthesis
sequence, elemental composition, and extensive characterization (X-ray
absorption, solid-state NMR, STEM, XPS, and DFT calculations). Propane
dehydrogenation was used as a probe reaction to demonstrate the potential to control and tailor the activity and stability of these
catalytic clusters. Notably, we were able to alternatively multiply the initial activity of a known single-atom catalyst by 6 fold or
improve its stability against thermal deactivation by simply using different elements and modifying the deposition sequence.
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■ INTRODUCTION

Supported catalyst design has greatly evolved over the past
decades thanks to improved understanding of relationships
between the structure and activity of supported nanoparticles.
However, commonly synthesized nanoparticle catalysts suffer
from several intrinsic drawbacks, such as the inherently limited
utilization of the supported metal, due to the atoms within the
nanoparticle not participating in the catalytic process.
Supported nanoparticles are also complicated systems to
study and optimize due to the large number of coexisting
heterogeneous active sites, which often leads to ambiguity over
which is the true active site of the catalyst.1−3 In contrast,
interest in single-atom and single-site catalysts is steadily
increasing.4,5 This rise is due to the near complete atom
utilization and the structural homogeneity. However, the
limited tunability of such catalysts, which is inherent to the
unique functionality of a single atom constrains the
optimization of their catalytic features. Moreover, the low
density of active sites caps the overall material productivity.6−8

Surface organometallic chemistry methods have notably
focused on making various single-site or single-atom catalysts,
including with controlled structures and ligands.9,10 Recently,
supported multiatom catalysts (binuclear or dinuclear) are
emerging as new alternatives for going beyond isolated
atoms.11−13 Examples of cooperative sites are well known in
heterogeneous catalysis but are often difficult to isolate or
synthesize in isolation (e.g., interfacial sites at the metal−
support interface,14,15 Ziegler−Natta catalysts16) and may
feature a mix of different sites. Within these examples, some

isolated systems have recently been observed,17,18 but cases of
rationally designed, supported, multiatom catalysts remain
scarce.19−21 Despite these promising catalytic results, this
scarcity of examples can be explained by the lack of generic
synthesis approaches for making defined multiatom systems,
including in surface organometallic chemistry techniques
which are often tailored to a specific site structure.9,10 A
simple reproducible method for atom-by-atom preparation of
isolated multiatom sites would greatly facilitate the exper-
imental assessment of the cooperativity and synergy between
atoms, which is paramount to understanding surface
reactivity.22 Such a method would also provide a tool for the
rational design of active sites.
In this work, we propose a general strategy based on atomic

layer deposition (ALD) for the rational design of supported
multiatom catalysts. ALD is generally a gas-phase technique
that is designed for the deposition of thin films with atomic
accuracy and is mostly used in the microelectronics field,
although it is increasingly being explored for catalysis.23−25

The principle is based on a four-step cycle (Figure 1a): (1)
addition and adsorption of an excess of reagent A, (2) removal
of unreacted A, (3) addition and adsorption of a counter-
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reactant B, and (4) removal of unreacted B. The key features
are the self-limited reactions between the reagents and the
surface as well as the decoupling of each reaction into “half
cycles”. At no point are both reactants present in the same
phase, which avoids off-surface condensation. The thickness of
the film is simply controlled by the number of cycles.
So far, ALD has been used in heterogeneous catalysis for the

deposition of protective or active thin films,26−28 nanoparticle
growth,29−31 single-atom catalysts32−34 and, in only two
examples we could find, for a dimeric site.35,36 In micro-
electronics, the formation of nanoparticles was originally
considered a defect of the procedure. The nucleation and
growth of islands (or nanoparticles) is a known and usually
unwanted phenomenon due to insufficient reactive sites on the
surface (Figure 1b).37,38 Such nucleation has been shown to be
highly dependent on the functionality of the surface39,40 and
the nature of the deposited material.41,42 In the gas phase, this
phenomenon is difficult to induce or control when the
substrate and deposited layer are highly compatible (good
wettability), which almost invariably leads to the formation of a
continuous film at the temperatures required to vaporize the
precursors.37 Small clusters that are not strongly bound to the
substrate will gather by surface diffusion and form nano-
particles.43 Finally, when using water in excess as the counter-
reactant, rapid rehydroxylation of the surface can occur, which
prevents controlled cluster growth.44 For all these reasons,
controlled island growth at low cycle numbers has been largely
unexploited in gas-phase ALD.
In previous work, we developed a method for liquid-phase

atomic layer deposition that substituted the injection of
precisely measured stoichiometric quantities of precursors for
purging cycles.45 The use of stoichiometric quantities of

precursors avoided off-surface growth by limiting the excess of
precursor use instead of relying on the evacuation of said
precursor during the purge. This process led to coatings that
were largely indistinguishable from conventional gas-phase
ALD. Interestingly, when a dehydroxylated support was used,
we also observed that, under these stoichiometrically limited
and mild conditions, island growth could be promoted and
maintained throughout the deposition. This phenomenon
resulted from the selective growth occurring only on targeted
anchoring sites. In this study, we promoted and exploited this
selective nucleation phenomenon by carefully chosen surface
pretreatment and mild deposition conditions. By using the
early stage of island growth and by varying the nature of the
reagents, we demonstrate the possibility of designing both the
structure and composition of a multiatom catalyst (Figure 1c).
As a proof of concept, we prepared a series of catalysts by
liquid-phase atomic layer deposition with commercial
precursors. Catalytic propane dehydrogenation was selected
as a model reaction to probe and isolate the influence of the
structure and composition of the active sites on their reactivity.

■ RESULTS AND DISCUSSION
Supported Clusters Preparation. A series of catalysts

were prepared using a single batch of high-surface area
dehydroxylated amorphous silica (0.6 OH/nm2, Figure 2a).
The surface functionalities are essentially pendent hydroxyl
groups (reactive) and oxo bridges (which are unreactive in our
conditions). The procedure is an adaptation of well-established
gas-phase ALD chemistry, but instead of excess quantities, we
use stoichiometric injections in liquid phase at room
temperature, which avoids the need for purging reactants.
The stoichiometry was determined by titrating the surface with
either the metal precursor or counter-reactant and measuring
the release of the corresponding ligand. The stoichiometric
quantity corresponded to the quantity of added reactant at
which the ligand ceased to be released due to the self-limiting
nature of the surface reaction (Figure 2b). The slope before
the equivalence point is a measure of the number of reactions
with the surface per precursor. For instance, when each
aluminum precursor reacts only once with the surface, one
molecule of methane was released per precursor leading to a
slope of 1 (Figure 2b).
Reports studying both atomic layer deposition and surface

organometallic chemistry have described alkyl aluminums
including TMA reacting with an oxo bridge by alkyl transfer,
which lead to the formation of silicon−carbon bonds.46,47 We
do not observe this here (or at least not significantly) as we
were able to close the methane balance at room temperature,
which would not have been possible if grafting through an alkyl
transfer had occurred due to the lack of reactivity of alkyl silane
toward water.48 This means that our system allowed deposition
exclusively on the pendent hydroxyl groups. The milder
reactivity of TMA observed here likely results from the
complexation with the solvent that stabilizes the TMA. This is
consistent with the fact that TMA is dimeric when pure or
solubilized in alkanes while it is monomeric when complexed
with ethers.45,49 The solvent presence is a selective grafting of
precursors on pendent hydroxyl groups.
As we confirmed here, the formation of either a continuous

film or an island, in this liquid-phase method, is only dictated
by the density of anchoring sites.37 This behavior appears to be
unique to this procedure. Notably, surface rehydroxylation
between cycles is prevented by several of this method’s

Figure 1. Representation of growth mechanisms and structures
obtained using self-limited reactions in ALD. (a) Growth mechanism
with a high number of adsorption sites or excess of precursors. Each
layer fully covers the surface leading to the formation of a continuous
film. (b) Growth mechanism with isolated adsorption sites and
stoichiometric addition of reactants. The growth starts exclusively
from isolated sites. The species grafted at the first layer can be used as
single-atom catalysts, with subsequent growth from these sites leading
to the formation of homogeneous clusters. (c) A variant of this
mechanism where instead of cycling a precursor and a counter
reactant different precursors are alternated.
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conditions, namely, the presence of an ether solvent, which
solvates electrophilic atoms, the room-temperature reaction
conditions, which slow surface hydroxylation, and the
stoichiometric addition of water rather than an excess, which
contributes to rehydroxylation, as is the case under typical gas-
phase ALD conditions.44,49−51 To ensure that isolated sites
were present to begin with, an extensive dehydroxylation of the
silica substrate was performed to prevent interaction between
grafted species. After treatment at 800 °C under vacuum, the
hydroxyl density measured by Grignard titration was 0.55 OH/
nm2, which is equivalent to a statistical distance of 7.5 Å
between sites and consistent with past work52 and which was
enough to consider the anchoring sites independent. The
isolation of the remaining hydroxyl group was further
confirmed by the titration slope (which was only 1) and was
also observed by DRIFTS (Figure 2c). A sharp peak at 3750
cm−1 was attributed to isolated hydroxyl groups,53 and
following the grafting of a stoichiometric layer of TMA, the
signal completely disappeared (signals were normalized by the
amorphous SiO2 vibrations), highlighting the full consumption
of anchoring sites by the stoichiometric amount of precursor.
The series of catalysts that was prepared included those
prepared with only one precursor, trimethyl aluminum (TMA)
and diethylzinc (DEZ), designated as Al and Zn catalysts,
respectively, which we consider to be single-atom catalysts
(Figure 2a). The structure and activity of these materials are
already well described in the literature.3,54−56 By depositing a

second layer on top of these initial isolated active sites, we
prepared multiatom catalysts using combinations of TMA,
DEZ, and dimethylmagnesium (DMM), which we designated
as Al/Zn, Mg/Zn, and Zn2/Al (Figure 2a). Finally, a third
layer was deposited onto Zn2/Al to form Si2/Zn2/Al using
trimethylmethoxysilane.
Importantly, the quantity of metal that is deposited is

entirely dictated by the available sites on the substrate, which
are measured by surface titration (Experimental Section). The
element ratio is in fact set by this site availability. In the
example of catalyst Zn2/Al, that has a Zn:Al ratio of about 2,
an aluminum titration showed that the total quantity of
aluminum deposited was 459 μmol/g (Figure S2). The
following titration of water indicates that 889 μmol/g of
water could react with the surface. Finally, the zinc titration
showed that 870 μmol/g of zinc could react with the surface.
Consequently, the Zn:Al ratio was imposed by the material and
equaled 1.9. Changing the sequence (the order of precursor
addition) changed the surface composition and thus changed
the titration results along with the resulting elemental ratio.
Surface reactions between each precursor (DEZ, TMA, and

Grignard) and dried silica lead to a similar quantity of ligand
released (all numbers are within 5%, Figure S2, although this
spread may vary with supports and reagents). Considering that
it takes one hydroxyl group to release one ligand (Figure 2b),
the measured number of available hydroxyl groups is therefore
similar in all cases. This indicates that all titrations are

Figure 2. (a) Preparation steps of the various catalysts: starting with dehydroxylation of the silica surface followed by alternating precursor addition
(trimethylaluminum, diethylzinc, or dimethylmagnesium) and the counter-reactant (H2O). The deposition of the first precursor creates single-atom
catalysts. When more than one precursor is involved, we refer to it as a “multiatom catalyst”. The structures depicted represent the catalyst “as
prepared” without showing any attached solvent. At high temperature, the pendent groups likely reform a bond with the surface by
dehydroxylation. (b) Ligand release during the surface titration showing an increase of released methane when TMA is added to a dehydroxylated
silica surface until all hydroxyl groups have been consumed, at which point the release ceases. (c) Diffuse reflectance infrared Fourier transform
(DRIFTS) spectra showing isolated hydroxyl groups and their consumption after stoichiometric grafting of a precursor (the full spectra are
available in Figure S1).
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consistent with each other and offer three separate
confirmations of the measured surface hydroxyl groupor
anchoring sitedensity. Importantly, all atomic ratios
measured by titration for subsequent cycles, including for
metal addition, water addition, and ligand release, were within
2%−5% of the values expected based on the structures
depicted in Figure 2a, which grew from an isolated hydroxyl
group. Zn and Al ratios measured by titration were further
confirmed by ICP and XPS (Figure S2). The cluster structures,
as shown in Figure 2a, are realistic only at the end of the
synthesis, when the solvent can still coordinate to these
clusters. After drying and calcination, the clusters are expected
to chemically bridge to the surface.
Characterization of the Multiatom Clusters. To further

confirm these structures, XANES and EXAFS spectra were
collected to compare the zinc’s chemical environment in both
the Zn and Zn2/Al catalysts. References of zinc foil, zinc oxide,
and zinc acetate were also collected (Figure 3a, b). The
XANES spectra of Zn and Zn2/Al have edge energies similar to
those of zinc oxide and zinc acetate, confirming the presence of
zinc(II) ions, similar to the zinc single-atom catalysts reported
in the literature.57 The EXFAS spectra of these two catalysts
are all very similar, and only a minor difference of intensity
between the two spectra is observable at 9668 eV. Peak
assignments were made with reference to literature values of
phase-uncorrected Fourier transforms of single-site zinc
supported on silica.58 In both cases, the first shell peak at
1.5 Å, assigned to the Zn−O bond, is the only significant peak
detected. This indicates that the zinc atoms are isolated from

each other, as observed previously in case of the Zn single-
atom catalyst.59 In other words, no zinc oxide phase is
observed in the Zn catalyst, and zinc atoms are isolated from
each other as was expected given the low surface density of
anchoring sites. Even though the Zn2/Al catalyst contained
twice as many zinc atoms, we observed no signs of aggregation.
The lack of a peak attributed to the Zn−O−Zn distance also
indicates that on each cluster zinc atoms appear to be spaced
apart from each other by more than just a single oxygen bridge
(and in all likelihood are separated by an additional aluminum
atom as suggested). Fitting of the first Zn−O coordination
shell spectrum reveals that the zinc atoms are tetracoordinated
(SI Table S1, which is in agreement with previously reported
literature results57 and DFT calculations (SI). However, the
coordination number measured ex situ likely differs from the
coordination of zinc during catalysis.57,59 Considering the low
loading of metal in our system, further investigation using
techniques such as the pair distribution function were not
expected to show any significant differences between the
catalysts and thus were not considered.
XPS analysis was performed on Al, Zn, and Zn2/Al catalysts,

and the binding energies measured are consistent with the
oxide nature of each element.60,61 By comparing the Zn and
Zn2/Al spectrum in the Zn 2p region, we can observe a small
but significant peak shift toward higher binding energies when
aluminum is present, indicating a decrease of electronic density
on the zinc. In contrast, when Al and Zn2/Al are compared, a
shift toward the lower binding energies is observed, consistent
with electron donation to the aluminum atoms. Therefore, the

Figure 3. (a) XANES spectra of Zn foil, ZnO, and zinc acetate as references and the calcined Zn single-atom catalyst and Zn2/Al multiatom
catalyst. (b) The magnitude of k2-weighted Fourier transforms of Zn k-edge EXAFS spectra of the same compounds. (c) XPS spectra in the Zn 2p
region of Zn and Zn2/Al catalysts. (d) XPS spectra in the Al 2p region of Zn and Zn2/Al catalysts. These data were measured after removal of the
solvent by calcination. Spectra before calcination are available in the Supporting Information (Figures S3 and S4).

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.1c07056
ACS Sustainable Chem. Eng. 2022, 10, 3455−3465

3458

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c07056/suppl_file/sc1c07056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c07056/suppl_file/sc1c07056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c07056/suppl_file/sc1c07056_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c07056?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c07056?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c07056?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c07056/suppl_file/sc1c07056_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c07056?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c07056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


aluminum and zinc atoms influence each other’s electronic
structure, and since inductive effects are known to have a
particularly short range, the zinc and aluminum atoms are
likely no further away than one bridging oxygen from each
other.62,63

Solid-state NMR of aluminum was performed on as-
prepared and calcined catalysts Al and Zn2/Al (Figure S5).
In all cases, peaks corresponding to tetracoordinated and
hexacoordinated aluminum were observed. No peak was
attributed to penta-coordinated aluminum, suggesting that no
amorphous alumina phase was present, as would have been
likely if pure alumina had formed.45,64 These results are again
consistent with the proposed structures and the measured
stoichiometric ratio of aluminum:hydroxyl (459 μmol/g
Al:439 μmol/g OH). Additionally, 27Al NMR further
indicates, by a 2 ppm shift, that a gain of electron density on
tetracoordinated aluminum has occurred when zinc was
present.
Density functional theory (DFT) calculations for different

sites, binding modes, and coordination numbers were
performed at experimental characterization conditions (i.e.,
postremoval of the organic solvent). Geometrically, the
calculated structures matched experimental observation from
XAS and NMR and the electronic effect observed by XPS in
our charge calculation (see the most likely structures under
experimental conditions and corresponding charges in Figures
S6−S8 and Section S2.4).

Catalytic Tests. Previous reports have shown that Zn
single-atom catalysts can efficiently and selectively convert
propane into propylene at 550 °C.57,58 We used this system as
a model reaction to observe possible promotion effects of
additional atoms on the reactivity of isolated Zn (Figure 4).
Although typical catalyst preparation methods may be simpler,
they lead to the formation of a myriad of different active sites,
making the structure−activity relationship complicated to
establish. The main objective of the synthesis approach
presented here is to produce homogeneous well-defined active
sites.
The Zn catalyst was used as a reference with an initial

propylene production activity of about 1.6 mL propylene
min−1 g catalyst−1 (Figure 4a). After 24 h, about 40% of the
initial activity remained. When a magnesium atom was grafted
onto the pendent hydroxyl group of the zinc (catalyst Mg/Zn),
a higher initial activity was observed. However, this enhance-
ment did not last long, and the productivity of Mg/Zn ended
up falling to the same level as that of Zn after 6 h. When
instead of magnesium an aluminum atom was attached to the
pendent hydroxyl group of the zinc, the initial activity of Al/Zn
was 2.5 times higher than that of the Zn catalyst and remained
almost twice as high after 24 h. The final activity was about
28% of its initial value, which indicated a lower intrinsic
stability of the catalytic site.
Since aluminum is trivalent, two Zn atoms could react with

the pendent hydroxyl groups of one aluminum atom attached

Figure 4. (a) Catalytic dehydrogenation of propane to propylene at 550 °C over 24 h in a quartz reactor at conversion below 5%, catalyzed by a Zn
single-atom catalyst (black) and Mg/Zn (gray), Al/Zn (red), and Zn2/Al (blue) multiatom catalysts. (b) Temperature-programmed reaction of
propane dehydrogenation (15% propane in He, 10 °C/min) using Zn and Al single-atom catalysts and Al/Zn and Zn2/Al multiatom catalysts. The
accuracy of the measurement was checked by repeating the run twice (Figure S12). (c) Arrhenius plots of the Zn and Al single-atom catalysts and
Al/Zn and Zn2/Al multiatom catalysts. (d) Stability comparison between Zn single-atom catalyst and Si2/Zn2/Al multiatom catalyst during
propane dehydrogenation at 550 °C over 24 h.
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to silica. We tested this structure by measuring the initial
activity of Zn2/Al, which was approximatively twice as high as
that of the Al/Zn catalyst. Therefore, the activity of a zinc site,
whether in the form of two zinc atoms grafted to the same
aluminum atom or a single zinc atom grafted to a single
aluminum atom, appeared to be identically promoted. A
comparison on a zinc mass basis further confirms that Al/Zn
and Zn2/Al have the same intrinsic activity (Figure S9). After
24 h, the activity of Zn2/Al remained twice as high as that of
Al/Zn and about 3.5 times higher than that of the Zn catalyst
alone (about 26% of its own initial activity remained). Our
goal was not to create an industrially relevant catalyst, and
accordingly, the activity is lower than industrial chromium- and
platinum-based catalysts.65−67 However, the activities were
comparable to Zn catalysts when normalized on a Zn basis.57,58

Since our objective was to create homogeneous model catalytic
sites with atomic accuracy, we chose a lower zinc surface
density to make sure that clusters would not merge during
their growth. The catalytic activity of the various materials is
reported per mass of catalyst in order to compare their
performance as a whole. Since each reactor is loaded with the
same amount of catalyst, the quantity of zinc in the reactor
when using the Zn2/Al catalyst was two times higher than
when using Zn/Al, while the quantity of aluminum is
unchanged.
As an additional way to investigate the relationship between

the synthesis method and the differences in activity, a control
catalyst was prepared with two consecutive cycles of Zn
deposition. After washing and drying, the equivalent of a
monolayer of aluminum was added but via a simple incipient
wetness impregnation (IWI) of aluminum nitrate hexahydrate.
In this case, no promotion in activity was observed (Figure
S10). This further demonstrates that the proximity of Al to Zn
created by the formation of clusters, as opposed to the random
structures expected from IWI, is likely responsible for the
increase in activity.
To investigate the cause of catalyst deactivation, we

performed scanning transmission electron microscopy with
high angular angle dark field (STEM-HAADF) and energy
disperse X-ray (EDX) detectors before and after time on
stream of the Zn2/Al multiatom catalyst (Figure S11).
Elemental mapping before catalysis revealed that both
aluminum and zinc were homogeneously dispersed on the
silica substrate. Individua zinc or aluminum atoms could not be
resolved due to the low contrast between such a light single
atom and amorphous silica, even on a high-resolution TEM.
However, after catalysis, zinc-rich particles were visible. While
the aluminum distribution remained unchanged, zinc migra-
tion was observed by the formation of zinc nanoparticles and
depletion of zinc in other areas. Moreover, inspection of the
quartz reactor after catalysis revealed metallic deposition
downstream, which was confirmed to be zinc by ICP and
attributed to zinc sublimation (Figure S12). This deposition
was observed for all zinc-containing catalysts.
The aforementioned DFT calculations were further used to

calculate the adsorption energies of the isolated grafted species
(aluminum and zinc as single atoms) and paired species
(aluminum and zinc bonded) in our system (Figure S7), which
showed that the isolated atoms on the surface were favored
compared to their cluster configuration. This result could
explain why zinc sites deactivated faster when aluminum is
present (Figure 4). Our DFT results show that it is
energetically more favorable to have two isolated metals rather

than a cluster with two metal atoms. Dissociation is hence
energetically favorable. We hypothesize that the first
deactivation reaction was likely to be the separation of zinc
from aluminum, which would lead to the loss of the short-
range promotion effect observed during catalysis. When such a
dissociation from the cluster by a mobile zinc occurs, the
occupation of surface sites by Al could prevent the formation
of isolated single sites and further accelerate the agglomeration
of mobile zinc that had fewer opportunities to reform single
sites, which might explain the increased deactivation and zinc
agglomeration when aluminum was present (Figure 4a).
Looking at calculated bond lengths, aluminum always

displayed shorter bonds with surface oxygens (1.71−1.73 Å)
than zinc (1.85−1.88 Å), highlighting a stronger cation−
surface interaction that is consistent with the higher adsorption
energy of aluminum than zinc on the surface (Figure S7). This
stronger calculated surface interaction helped explain why
aluminum remained distributed on the surface while zinc
migrated (Figure S11).
Temperature-programmed reactions (TPR) were performed

using a ramp of 10 °C/min from 150 to 600 °C to better
understand how aluminum influences the onset of zinc activity
with temperature (Figure 4b). This technique also facilitated
the comparison of initial activity as the temperature ramp was
fast enough to prevent any significant deactivation from
occurring during the timespan of the experiment (less than 5%
of activity loss at the end of the TPR based on the stability
study in Figure 4a). Considering the loss of activity for all
catalysts on long runs, the structure of some of the active sites
are likely changing over time. To approximate the as-made
structure as closely as possible, the temperature-programmed
reactions were designed to minimize the catalyst’s time on
stream (30 min). Nevertheless, it is likely that some structural
alteration occurred. Consequently, many operating active sites
probably differ from the as-prepared structures especially as the
reaction progresses. Further (potentially operando) studies
would be required to assess the exact effect of these structural
changes on the rate. All kinetics measurements used in the
Arrhenius plots were performed at conversions lower than 10%
to ensure that the measured rates were close to the initial rate
(specifically, 7%, 6%, and 3% for Al/Zn, Zn2/Al, and Zn
catalysts, respectively).
The activity of the reference Zn single-atom catalyst became

detectable between 300 and 350 °C and increased rapidly
starting at 425 °C, which is consistent with the literature.57,68

The maximum rate of production was 1 mmol g−1 h−1 with a
selectivity of 90%. By comparison, the single-atom catalyst Al
displayed only 15% of Zn activity at 580 °C and a selectivity on
the order of 30%. Some activity was expected as
aluminosilicate catalysts are used for alkane dehydrogenation
and cracking at the industrial scale.69−71 Al/Zn, Zn2/Al, and
Zn displayed an onset of activity at similar temperatures. At the
highest temperature, the activity of Zn2/Al was twice as high as
that of Al/Zn, which was itself 3 times more active than Zn
while preserving a selectivity of 90%. The enhancement in
activity for multiatom catalysts was far larger than the simple
addition of each element’s own activity measured with single-
atom catalysts. These results were consistent with the previous
catalytic tests and highlight the promotion of aluminum on
zinc activity. The factor of 2 between the measured activities of
Zn2/Al and Al/Zn catalysts again strongly suggested that the
two zinc atoms of Zn2/Al, while grafted on the same
aluminum, act as independent catalytic sites. These sites
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appeared to be similarly enhanced by the presence of the
nearby aluminum atom to what was measured when a single
zinc atom was linked to a single aluminum atom. The fact that
this ratio of activities is easily explained by the proposed
structures (Figure 2a) further supports our conclusion that
these structures are indeed correct.
Arrhenius plots were used to compare apparent activation

energy and pre-exponential factors of the zinc- and aluminum-
containing catalysts (Figure 4c). The Al catalyst seemed to
display two regimes (full and empty dots on Figure 4c), but
the measured quantities of propylene were near the detection
limit of the GC, which complicates interpretation. Comparing
slopes, the zinc-containing catalysts appear to all have the same
apparent activation energy, which suggests that the rate-
limiting step is the same for all zinc-containing catalysts and
different from the Al single-atom catalyst. This result also
indicates that the zinc atom is the active site even when it has a
neighboring aluminum atom. The pre-exponential factor
depends on the number of active sites and the entropy of
the transition state (the geometrical parameter).72 The pre-
exponential factor of Al/Zn is larger than that of Zn, and since
the number of active sites was the same in both cases, this
increase can be attributed to a higher entropy of the transition
state. At a molecular level, a higher entropy of transition state
reflects a greater geometric freedomor mobilityof the
system in the case of Zn/Al compared to Zn only.72

Comparing Al/Zn and Zn2/Al catalysts, the pre-exponential
factor increases, which can simply be explained by the
previously discussed increased number of active sites present
in Zn2/Al. From the Arrhenius plots slopes, an apparent
activation energy of 145 ± 1 kJ mol−1 for all zinc-containing
catalysts was calculated, which falls in the expected range from
the literature (121−159 kJ mol−1).73,74

The increased Zn mobility might also favor the displacement
of the zinc atom off of the silica surface, leading to irreversible
deactivation. Therefore, placing an aluminum next to a zinc
atom and adding an anchor on the other side could limit
displacement and increase stability. We synthesized a
multiatom Si2/Zn2/Al catalyst by adding Si atoms to better
anchor the cluster and compared its propane dehydrogenation
activity to the Zn single-atom catalyst (Figure 4d). Initially, the
multiatom catalyst has a lower activity, but after 8 h, its
increased stability makes it more active on a weight basis. The
lower initial activity of Si2/Zn2/Al compared to the Zn and
Zn2/Al catalysts was attributed to steric hindrance that limits
not only the displacement of Zn but also its accessibility. This
behavior illustrates the trade-off between activity and stability
of supported atomically dispersed zinc. In contrast, adding a
third layer of aluminum did not impact the activity or the
stability of the catalyst (Figure S14), suggesting that the
presence or absence of promoting an element rather than its
quantity is the determining factor. Overall, these results
demonstrate that a given atomic configuration can be used to
increase activity or stability, but a trade-off appears to exist for
this particular system.

■ CONCLUSION
We used a stoichiometrically limited liquid-phase atomic layer
to grow oxide clusters with different elements atom by atom.
We then extensively characterized them and tested their
activity for propane dehydration. In doing so, we demonstrated
a versatile and atomically precise synthetic method to produce
multiatom catalytically active sites. Substantial changes in

activity and stability were obtained by simply varying the
elements as well as the order of deposition, where said changes
perfectly correlated with the expected structures. Although in
this work this method was only applied to a single probe
reaction, its modularity could be applied to the design of a
wide variety of catalyst clusters for many reactions, potentially
leading to the discovery of more active catalysts. Importantly,
this procedure can also be used to precisely form uniform
multiatomic active sites, as was demonstrated here, which
could facilitate the resolution and systematic exploration of
atomic promotion effects in catalysis.

■ EXPERIMENTAL SECTION
Support Preparation. High surface area silica was purchased

from Strem Chemicals and dried in a quartz tube at 250 °C (ramp 5
°C/min, then held for 2 h) under vacuum (about 10−2 mbar) to
remove most of the physisorbed water. The dihydroxylation was
driven by ramping the temperature to 800 °C (ramp 2.5 °C/min, hold
for 8 h). The silica was then stored in a glovebox (typically <0.1 ppm
of H2O and <0.1 ppm of O2).

Surface Titration. A detailed description of the liquid-phase ALD
procedure is given in our previous work,45 but a brief summary is
provided below.

We performed a Grignard titration to determine the silica hydroxyl
density by adding an excess of methyl magnesium bromide (3 M in
ether, Sigma-Aldrich) to a sealed round-bottomed flask containing the
prepared silica. The methane released was measured by sampling with
a gastight syringe and injected in a PerkinElmer gas chromatography
system equipped with a flame ionization detector (GC-FID).

Trimethyl aluminum (Sigma-Aldrich, TMA 2 M in heptane) and
diethyl zinc (Acros organics, DEZ 1.5 M in toluene) titrations were
performed as follows. In the glovebox, solutions of the target
concentration were prepared by diluting commercial solutions with
anhydrous dibutyl ether (purchased at Sigma-Aldrich and dried over
sodium/benzophenone) using a volumetric flask. The solution was
transferred into a sealed Schlenk tube. The silica (typically 2 g) was
loaded into a round-bottomed flask with 20 mL of dibutyl ether and
capped with a rubber septum.

The water solution was prepared using deionized water that was
degassed for 1 h by bubbling nitrogen through the solution. Typically,
0.5 mL of water was added to a Schlenk tube containing 40 mL of
anhydrous dioxane (purchased from Sigma-Aldrich and dried with
sodium/benzophenone).

All the glassware was transferred from the glovebox to a fume hood
where the round-bottomed flask was held on a stirring plate (300
rpm) and the Schlenk tubes connected to a Schlenk line. A small
volume of precursor solution was added to the round-bottomed flask
every 40 min, and a gas sample was taken before the subsequent
injection for analysis by GC-FID to determine the methane released.

Before full coverage, a linear increase of alkane (methane or ethane
depending of the precursor involved) released per added reactant was
observed (or one mol alkane per mol of precursor). After equivalence,
a second slope (about 0.1 methane or ethane per precursor) was
observed due to the vapor pressure of the reactant. The crossing point
of these two lines gives the equivalence point (i.e., the stoichiometric
precursor quantity needed to saturate the hydroxyls on the surface).

Catalyst Preparation. The setup for catalyst preparation was the
same as for the titration. A round-bottomed flask containing the
dispersed support and Schlenk tubes containing precursor solutions
were prepared and connected. Every 40 min alternating stoichiometric
quantities of precursor and counter-reactant were added from the
Schlenk tubes to the round-bottomed flask. The deposition sequence
is summarized in Figure 2a. After completion, the catalyst was
collected by adding 5 mL of DI water and separated by centrifugation
(3000 rpm, 3 min). The powders were washed twice with absolute
ethanol to remove any dibutyl ether and dried overnight at 120 °C in
a ventilated oven. Remaining traces of organic compounds were
removed during the in situ calcination (Figure S14). The silicon
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grafting differed in that it was catalyzed by pyridine and stirred
overnight. A stoichiometric amount of silicon was added based on
pendent hydroxyl groups. The product was then collected in the same
way as the other catalysts. More details about the precursors are
available in Section S2 of the Supporting Information.
Catalytic Tests. The catalytic tests using a quartz reactor were

performed using an Autochem II chemisorption setup (Micro-
meritics). Typically, 100 mg of catalyst was diluted in 0.5 g of silicon
carbide (purchased from Strem Chemicals,100 mesh) to avoid bed
clogging and overpressure. The catalyst was calcined in situ (using a
10 °C/min ramp up to 550 °C, at which the reactor was then held for
30 min). Then, the air was purged out with He (30 min, 50 mL/min),
and the sample was reduced under hydrogen (30 min, 10% H2/90%
Ar, 50 mL/min) and purged again with He (30 min, 50 mL/min).
The feed was then changed to the reaction mixture at a total flow of
50 mL/min of 30% propane in He for 24 h.
The reaction was monitored using an Agilent GC-FID connected

to the outlet of the Autochem, injecting every 5 min. The data
processing of the chromatograms was done using MATLAB.
Simpson’s rule75 was used to numerically integrate each peak over
about 200 points.
A temperature-programmed reaction (TPR) was performed using

the same chemisorption apparatus as that used for the catalytic tests.
The sampling was performed using a gastight syringe every 5 min.
The separation and quantification were performed using a Perkin GC-
FID. About 0.3 g of catalyst was used per run. The reaction program
consisted of calcination at 300 °C followed by a purge and activation
under a hydrogen atmosphere at 300 °C. After these thermal
treatments, the temperature was decreased to 250 °C, and the flow of
propane was started and given time to stabilize for 30 min. Then, the
temperature was ramped up at 10 °C/min from 250 to 600 °C with a
constant flow of diluted propane (15% in He, 70 mL/min total).
Characterization. Transmission electron microscopy (TEM) was

performed using a Talos (FEI) transmission electron microscope
working at a 200 keV acceleration voltage. Samples were loaded on
Lacey carbon grids by dry mixing.
Diffuse reflectance infrared Fourier transformed spectroscopy

(DRIFTS) was performed using a PerkinElmer IR with a sealed
sample holder with KBr windows. The samples were loaded into the
cell within the glovebox for moisture-sensitive samples. The cell was
then sealed and taken out of the glovebox to be mounted on the
spectrometer.
X-ray photoelectron spectroscopy (XPS) measurements were

carried out on an Axis Supra spectrometer (Kratos Analytical) using
the monochromated Kα X-ray line of an aluminum anode. The pass
energy was set to 40 eV with a step size of 0.2 eV. The samples were
electrically insulated from the sample holder, and charges were
compensated. Spectra were referenced at 103.5 eV using the SiO2
bound of the Si 2p transition.
Inductively coupled plasma atomic emission spectroscopy (ICP-

AES) was used to quantify metal loading and relative metal ratios in
the bimetallic clusters. The samples were first solubilized in
concentrated nitric acid overnight to leach out grafted Al and Zn.
The solution was filtered to remove particles of silica and analyzed
without further treatment.
Magic angle spinning nuclear magnetic resonance (NMR)

measurements were performed on a Bruker Neo spectrometer at
21.1 T and a Bruker Advance III spectrometer at 11.7 T.
Measurements at 21.1 T were done using a 3.2 mm cross-polarization
magic angle spinning (CPMAS) probe at a spin rate of 12.5 kHz.
Measurements at 11.7 T were done using a 1.3 mm CPMAS probe at
a spin rate of 55 kHz for 27Al direct measurements with 27Al π/2 = 1.8
μs. All spectra were externally referenced to a 1 M solution of
Al(NO3)3 (aq). All 27Al CP spectra were zero-filled to 8k points and
apodized using a Gaussian filter of 1 ms. Spectra were processed using
the signal processing program “RMN program”.76

Zn K-edge X-ray absorption spectroscopy (XAS) experiments were
performed at the SuperXAS beamline at the Swiss Light Source (SLS,
Paul Scherrer Institute, Switzerland). The beam energy was controlled
with a Si(111) quick-EXAFS monochromator.77 Dried as-synthesized

samples were pressed into pellets, and data were collected in
transmission mode using gridded ionization chambers designed for
quick data collection. Spectra were collected for 10 min and averaged.
Zinc oxide (Sigma-Aldrich) and zinc acetate (Sigma-Aldrich) spectra
were collected as references. Samples were calibrated against a zinc
metal foil with a known edge energy of 9659 eV. Data fitting was
carried out using the Demeter software package.78

Density Functional Theory Calculations. All density functional
theory (DFT) calculations were performed using the pw.x code of
Quantum ESPRESSO (v.6.2).79 The generalized gradient approx-
imation (GGA) to DFT in the Perdew−Burke−Ernzerhof (PBE)
formulation was used to optimize the lattice parameters and atomic
configuration of all structures.80 Ultrasoft pseudopotentials were used
to describe the interaction between the core and the (semi)valence
electrons for all of the atoms. The Kohn−Sham orbitals and total
electronic density were expanded in a plane wave basis with 50 and
330 Ry energy cutoffs, respectively.

The silica model structure was taken from Ugliengo et al.81,82 For
all systems, we used a periodic supercell with more than 20 Å of
vacuum region in the z direction in order to separate the periodic
images. The surface model (containing 204 atoms) was based on a
(100) surface. The optimized cell parameters corresponded to an
orthorhombic box of 32.00 Å × 16.34 × 18.23 Å for SiO2.

Adsorption energies have been calculated as

= +

− −

E E E

E E

( )

( )

Adsorption Catalyst Water released

Silica Molecular precursor

where EAdsorption is the adsorption energy, ECatalyst the energy of the
final material (after grafting), EWater released the energy of a water
molecule generated by the grafting reaction (condensation of
hydroxyl groups), ESilica the energy of the silica before grafting, and
EMolecular precursor the energy of the free molecular precursor, isolated.
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