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Identification of active Zr-WO, clusters on a
ZrO, support for solid acid catalysts

Wu Zhou', Elizabeth I. Ross-Medgaarden?, William V. Knowles3, Michael S. Wong3, Israel E. Wachs?
and Christopher J. Kiely'*

Tungstated zirconia is a robust solid acid catalyst for light alkane (C,-Cg) isomerization. Several structural models for
catalytically active sites have been proposed, but the topic remains controversial, partly because of the absence of direct
structural imaging information on the various supported WO, species. High-angle annular dark-field imaging of WO;/ZrO,
catalysts in an aberration-corrected analytical electron microscope allows, for the first time, direct imaging of the various
species present. Comparison of the relative distribution of these WO, species in materials showing low and high catalytic
activities has allowed the deduction of the likely identity of the catalytic active site—namely, subnanometre Zr-WO,
clusters. This information has subsequently been used in the design of new catalysts, in which the activity of a poor
catalyst has been increased by two orders of magnitude using a synthesis procedure that deliberately increases the

number density of catalytically relevant active species.

nia has received considerable attention as a strong solid acid

catalyst for the isomerization of light (C,—-Cg) alkanes at low
temperatures!. Although less active than sulfated zirconia catalysts?,
the enhanced thermal stability and resistance in hydrogen, oxygen
and water atmospheres of WO, /ZrO, materials offers an alternative
catalyst for many practical industrial applications'®. Over the past
two decades, a variety of characterization techniques and catalytic
performance testing studies have been applied to this system in an
attempt to correlate structure with catalytic performance® 3. A
number of surface species have been proposed to exist in this catalyst
system at various WO, loading levels, including surface mono-tung-
state and poly-tungstate species, distorted WO, clusters containing
ZrO, and well-ordered WO, nanocrystals*"!3. However, the lack of
clear direct imaging methods to definitively confirm or disprove the
presence of the smallest WO, surface species (that is, surface mono-
tungstate, surface poly-tungstate and subnanometre WO, distorted
clusters) has hindered progress in elucidating which is responsible for
the catalytic activity. Here, we report for the first time the application of
aberration-corrected analytical electron microscopy to overcome this
imaging difficulty and demonstrate that, among the multitude of
WO, species present in the WO,/ZrO, catalyst system, the origin of
catalytic activity is primarily associated with WO, clusters that are
~0.8-1 nm in diameter and intermixed with a small amount of
ZrO,. We also demonstrate that knowledge of the key active species
can be used in catalyst design and optimization. More specifically,
we demonstrate that the activity of a poor catalyst can be improved
by two orders of magnitude by using a new post-preparation pro-
cedure that deliberately increases the number density of the key cata-
lytically active species.

A general consensus exists that catalytic performance depends
strongly on the surface density of the WO, species on the zirconia
surface»>781L1314 Tt has also been demonstrated that tungsten
oxide supported on ZrO,(OH), ,, can have considerably greater
acidity than model tungsten oxide catalysts in which the WO,
species are supported on well-defined ZrO, crystallites"!® (denoted

E ; ince the pioneering work of Hino and Arata, tungstated zirco-

hereafter as model WZrO,-type materials). Ross-Medgaarden and
colleagues®® recently proposed a new model for the catalytically
active site based on extensive studies of a series of supported
WO,/ZrO,(OH),_,, catalysts (denoted hereafter as WZrOH-type
materials). These latter catalysts were synthesized by the aqueous
impregnation of ammonium meta-tungstate onto an amorphous
ZrO,(OH),_,, metastable support, followed by calcination in the
773-1,173 K temperature range. The surface density of the WO,
species is expressed as the number density of tungsten atoms on
the catalyst surface (W atoms nm~2), and is controlled by a combi-
nation of WO, loading level and the calcination temperature used.
Activities for all the catalyst samples were tested using the methanol
dehydration reaction!®, and expressed in terms of turnover
frequency (TOF, the number of methanol molecules converted
per catalytic active site per second). For the WZrOH-type materials,
it was found" in the low-surface-density range of WO, (that is, <5 W
atoms nm~2, which corresponds to monolayer surface coverage)
that these catalysts have a very low activity (~1 x 1072 s7!); above
monolayer coverage (>5 W atoms nm~2) there is a 100-fold increase
in catalytic activity, with a maximum at ~7 x 10! s™!. The activity
trend revealed by the methanol dehydration reaction!® is similar
to that obtained in the alkane isomerization and n-butanol
dehydration reactions reported by other groups>>”%!% Based on
compelling in situ Raman and UV-vis spectroscopy evidence and
conventional transmission electron microscopy (TEM) studies,
Ross-Medgaarden and colleagues!® proposed that surface mono-
tungstate and poly-tungstate species are the majority species
present in low-activity catalysts having surface densities below
monolayer coverage. The corresponding higher-activity catalysts,
having loadings above monolayer coverage, also showed spectro-
scopic evidence of Zr-stabilized WO, clusters (as opposed to pure
crystalline WO, nanoparticles), which were postulated to be respon-
sible for the enhanced catalytic performance'.

Although there is general agreement that the highest catalytic
activity is associated with intermediate WO, surface densities
(that is, 5-8 W atoms nm~2), the detailed atomic-scale structure of
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Figure 1 | Electron microscopy characterization of a low-activity WZrOH catalyst. a,b, Bright-field (a) and HRTEM micrographs (b) from a WZrOH sample
that has a low catalytic activity (2.9WZrOH-773 K). ¢,d, HAADF images from the same sample in which the black circles highlight the presence of single
tungsten atoms corresponding to surface mono-tungstate species and the black squares highlight surface poly-tungstate species with several tungsten atoms

linked by oxygen bridging bonds.

the catalytic active site is still a controversial subject, several active
site models having been proposed in the literature. Based on UV-
vis diffuse reflectance spectroscopy, Raman spectroscopy and
steady-state reaction studies, Iglesia and colleagues®”!¢ assigned
the active site structure to surface poly-tungstate species.
Scheithauer and colleagues®!* favoured a fully oxidized poly-tung-
state Keggin-like network structure incorporating trace levels of
surface-exposed Zr*" as the active species. Santiesteban and col-
leagues®!”!18 postulated that a site having a 1:1 ratio of strong
Bronsted-to-Lewis acid character would generate optimum catalytic
performance, although a detailed structural model of the catalytic
active site was not provided. The basic discrepancy between these
various models revolves around whether the active sites are (i) a
network of two-dimensional surface poly-tungstates or (ii) three-
dimensional clusters of either pure WO, or a mixed ZrO,/WO,
species. To date, using high-resolution transmission electron
microscopy (HRTEM) imaging techniques, it has not been possible
to directly image, at the atomic scale, all of the possible WO, species
present, so the identity of the active site structure is still unresolved.
We demonstrate here, for the first time, that atomic-resolution high-
angle annular dark-field (HAADF) imaging'®* in a scanning trans-
mission electron microscope (STEM) can generate high-contrast
images and hence provide direct structural information on the
type and distribution of tungsten oxide species present in the
WO, /ZrO, catalyst system.

Results and discussion

Aberration-corrected HAADF imaging on a 200 kV STEM?!, pro-
viding Z-contrast information with sub-angstrom spatial resolution
and single-atom sensitivity?*??, was applied to investigate the subset
of WZrOH catalysts discussed in ref. 13. Previously, this technique
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has been successfully applied to structural studies of supported
metal catalysts such as La/AlL O, (ref. 23), Au/TiO, (ref. 24) and
Au/FeO, (ref. 25), but little work has been done on supported
metal oxide catalysts?®-%%. Low-contrast HAADF images are
usually expected for oxides-on-oxides as a consequence of having
(i) a very high dispersion of the overlayer oxide on the support
and (ii) a relatively small Z-difference between the two components.
Fortuitously for WO,/ZrO,, there is a large Z-difference and the
various overlayer species are relatively stable and seem to retain
their structural integrity under the electron beam during image
acquisition, as demonstrated in Supplementary Fig. SI.

Figure 1a,b shows representative bright-field and HRTEM electron
micrographs from a low-surface-density sample having low catalytic
activity (2.9WZrOH-773K; TOF = 1.4 x 1072 s7%; see Methods for
sample notation). Neither of these imaging modes shows any evidence
of mono-tungstate, poly-tungstate, subnanometre WO, clusters or
discrete WO, nanocrystals on the nanocrystalline ZrO, support. In
comparison, a highly dispersed array of bright flecks on the support,
which correspond to individual tungsten atoms, can be clearly resolved
using HAADF imaging (Fig. 1¢,d). The fact that individual tungsten
atoms are observed by Z-contrast now confirms that we are seeing
all the WO, species present. Although oxygen atoms are not resolved
by HAADF imaging, all the tungsten species in this sample are
known to be fully oxidized after the high-temperature calcination
step because they show a characteristic W=O vibration at
~1,020 cm™! in Raman spectra'?!®, Careful inspection of Fig. 1c,d
reveals that there are actually two different types of tungsten arrange-
ments present on the surface. Features highlighted by black circles
correspond to isolated surface mono-tungstate species, each contain-
ing a single tungsten atom; those in black squares are indicative of
surface poly-tungstate species having a two-dimensional network
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Figure 2 | Electron microscopy characterization of a high-activity WZrOH catalyst. a-d, Bright-field (@), HRTEM micrograph (b) and HAADF (c,d) images
from a WZrOH sample with high catalytic activity (6.2WZrOH-1,073 K). Black circles indicate the presence of single tungsten atoms corresponding to

surface mono-tungstate species. Black squares indicate surface poly-tungstate species with several tungsten atoms linked by oxygen bridging bonds. White
circles indicate WO, clusters with diameters of ~0.8-1.0 nm. These clusters were found only in samples with a surface density above monolayer coverage,

which show higher catalytic performance.

structure with several tungsten atoms being linked via oxygen
bridging bonds.

The projected W-W distances of the surface poly-tungstate
species directly measured from multiple HAADF images show
several characteristic separations (that is, 2.6 A, 3.0A and 334A)
that fall within the range of calculated W-W distances in W,0,;
trimers (2.5-3.5A) (ref. 29). The slightly smaller experimental
values may be due to the inclination of the ZrO, surface with
respect to the incident electron beam and possible bond length con-
traction. Although the existence of surface mono-tungstate and
poly-tungstate species has been proposed previously®”!>13, this is
the first time, to the best of our knowledge, that these entities
have been directly visualized. The coexistence of surface poly-
tungstate and mono-tungstate species at this low surface density
(29 W atoms nm™) suggests that if a critical WO, coverage is
required for the formation of poly-tungstate species, it lies some-
where below 2.9 W atoms nm™2, as was also similarly indicated by
UV-vis spectroscopy'® (1.7 W atoms nm™2), as opposed to a cover-
age value of ~4.0 W atoms nm~2 as suggested previously®’. The fact
that tungsten atoms are preferentially located above zirconium
columns, as observed in the HAADF images (Figs 1, 2, 4, 5 and
Supplementary Fig. S2), suggests that strong bonding occurs
between the ultra-dispersed WO, species and the underlying
surface hydroxyls of the ZrO, support. This observation is consist-
ent with the characteristic Raman band at ~900-925cm™!
observed for this type of sample, which has been assigned to brid-
ging W-O-Zr bonds®. It is feasible that tungsten atoms may be pre-
ferentially associated with point defect sites on the ZrO, surface, a
location that may also help stabilize the metastable tetragonal
ZrO, polymorph often found in this catalyst system.
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Figure 2ab shows representative bright-field and HRTEM
electron micrographs from a sample (6.2WZrOH-1,073 K) above
monolayer WO, coverage that shows high catalytic activity
(TOF=6.94 x 10°'s!). As indicated, nanometre-scale dark
flecks can just be discerned in these images, indicative of WO, clus-
ters. However, if one examines HAADF images (Fig. 2¢,d), a clearer
picture emerges in which surface mono- and poly-tungstate species
coexist with numerous additional WO, clusters that are 0.8-1 nm in
diameter. These clusters exhibit higher contrast than the mono-
tungstate and poly-tungstate species, suggesting that they are
three-dimensional structures consisting of two or more atomic
layers of WO,. Determination of the precise number of tungsten
atoms and their spatial configuration in these clusters is not possible
because of their apparent disordered arrangement and the likeli-
hood of variations in the W-O-W bond distances and angles®.
Nevertheless, a rough estimate is still informative, and a 0.8-1 nm
cluster would probably contain 10-15 WO,, units.

Simple correlation of the dramatic improvement in catalytic
activity with the onset of WO, cluster formation when monolayer
coverage is exceeded implies that these cluster species are the most
active sites in this catalyst. It has previously been proposed® that
larger WO,, domains would be beneficial in dispersing the extra
electron densities transferred onto the WO, species during the
catalytic reaction and, thus, help in stabilizing acidic sites in
this system. Because these ~0.8-1nm clusters contain signifi-
cantly more WO, structural units than the raft-like surface
poly-tungstate species (which have 2-6 WO, units) and isolated
surface mono-tungstate species, it is not too surprising that they
should show greater catalytic activity than the ultra-
dispersed species.
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Figure 3 | STEM-XEDS analysis of a highly active WZrOH catalyst. a-c, XEDS chemical microanalysis on a ZrO, support and WO, clusters from a highly
active WZrOH catalyst having a WO, surface density in excess of monolayer coverage: HAADF image (a); XEDS point spectrum from the ZrO, support-only
area indicated by the black circle in a (b); XEDS point spectrum from a WO, cluster near the edge of the ZrO, support particle, marked by a white circle

in a (c). A very weak tungsten signal is observed in b, which may arise from surface mono- and poly-tungstate species that are not resolved in this low-
resolution HAADF image. The cluster spectrum in ¢ shows a significant enhancement in the tungsten signal, confirming that the cluster is tungsten rich. A
weak zirconium signal is also observed in ¢, which arises from the underlying ZrO, support material and possibly any zirconium atoms that are incorporated

within the cluster structure.

Figure 4 | Electron microscopy characterization of an inactive model WZrO, catalyst. a b, Representative bright-field TEM (a) and HAADF (b) images from
a model WZrO, catalyst calcined at 723 K (5.9WZr0,-723 K) with a surface density greater than monolayer coverage. WO, clusters ~0.8 nm in size are
apparent (white circles). This sample was synthesized by impregnation of WO, onto heat-treated crystalline Degussa ZrO, particles, and has very low

catalytic activity.

To investigate the composition of these nanometre-scale clusters,
X-ray energy dispersive spectroscopy (XEDS) analysis was per-
formed using an aberration-corrected 300 kV VG HB603 STEM™.
XEDS point analysis (Fig. 3) from a single cluster near the edge of
a support particle suggests that the cationic component in the
cluster is mainly tungsten. Previous in situ UV-vis spectra obtained
from these samples indicate the presence of W species, which can
be partially reduced to W** during reactions®!'>. However, neither
XEDS analysis nor other optical spectroscopy results!® can defini-
tively address the question as to whether or not there are trace
levels of ZrO,, intermixing within these WO, clusters. The weak zir-
conium XEDS signal noted in Fig. 3¢ could be generated from the
underlying ZrO, crystallite and any zirconium atoms incorporated
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within the cluster structure. Although, in principle, it should be
possible to focus a sub-angstrom electron beam ‘edge-on’ to a
WO, cluster in profile view on the ZrO, support, in order to
perform high-sensitivity XEDS* or electron energy loss spec-
troscopy (EELS)®!, we are limited in this study by the instability of
these subnanometre clusters under the prolonged high-energy elec-
tron illumination required for chemical analysis*’. Moreover, it is
impossible to prove the intermixing of ZrO, and WO, clusters
using extended X-ray absorption fine structure (EXAFS)*3
or surface analysis techniques such as X-ray photoelectron
spectroscopy (XPS) and low-energy ion scattering (LEIS) due to
the ubiquitous presence of the ZrO, support and potential impuri-
ties within the ZrO, itself. However, neither can these techniques
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Table 1 | Steady-state turnover frequency values for the methanol dehydration reaction for a systematic set of supported

tungsten oxide catalyst samples.

Samples Total tungsten Tungsten Zirconium Activity
surface density atoms nm™2 added atoms nm2 added (normalized)
(W atoms nm2)

2.5WZr0,-723K 25 0 0 i

(3.5W +3.57r)/2.5WZr0,-973 K 6.0 35 35 167

(3.5W)/2.5WZr0,-973 K 6.0 35 0 4.8

(3.5Zr)/2.5WZr0,-973 K 25 0 35 1.7

6.2WZrOH-973 K" 6.2 NA¥ NA 18

59WZr0,-723 K 5.9 NA NA 2.6

*Turnover frequency, TOF = 12 x 10357
TAdapted from ref. 13.
#NA, not applicable.
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Figure 5 | STEM-HAADF imaging of post-impregnated catalysts. a-e, Aberration-corrected HAADF images of the starting low-surface-density model
catalyst (25WZr0,-723K) (a); the post-impregnation catalyst with additional WO, only ((3.5W)/2.5WZr0,-973K) (b); the post-impregnation catalyst
with additional ZrO, only ((3.5Zr)/2.5WZr0,-973 K) (c); the highly active co-impregnation catalyst ((3.5W + 3.5Zr)/2.5WZr0O,-973K) (d.e). Black squares
indicate surface poly-tungstate species with several tungsten atoms linked by oxygen bridging bonds. White circles indicate WO, clusters with diameters of
~0.8-1.0 nm. f, Line intensity profile from a single tungsten atom and across a WO, cluster as indicated in e.

rule out the possibility of Zr-WO, intermixing. In fact, the
ZrO,-WO, phase diagram indicates the existence of bulk WZr
oxide compounds™®.

The catalysts described so far were synthesized by the impreg-
nation of ammonium meta-tungstate onto an amorphous
ZrO,(OH),_,, support, so it is plausible that mixed Zr/W oxide
clusters may be formed during the calcination step. From
HAADF imaging, some subtle contrast variations are indeed notice-
able within each cluster, hinting that occasional cation positions
inside the clusters may actually be occupied by zirconium atoms.
For comparative purposes, a model WZrO, catalyst (5.9WZrO,-
723K) was synthesized by impregnation of the ammonium
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meta-tungstate precursor onto the model crystalline ZrO, support,
followed by calcination at 723 K. When imaged in HAADF
mode (Fig. 4) subnanometre size WO, clusters were found in this
WZrO,-type material having a nominal WO, coverage greater than
a monolayer. However, the activity of this model WZrO, catalyst
(TOF=3.1 x 102 s7!) is two orders of magnitude lower than the
comparable WZrOH catalyst, suggesting that the active clusters in
the latter catalyst have a different composition (that is, mixed
Zr-WO,). This is a reasonable expectation because it should be
easier to extract and incorporate zirconium cations from the meta-
stable decomposing ZrO,(OH),_,, than a stable pre-formed ZrO,
crystallite during calcination.
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On the basis of the HAADF and catalysis data presented so far,
there is strong circumstantial evidence, but not direct definitive
proof, that the most active sites in the WO,/ZrO, catalysts are sup-
ported subnanometre, three-dimensional WO, clusters that contain
some zirconium cations. To test this hypothesis further, a catalyst
design experiment was devised in which a relatively inactive WZrO,
catalyst below monolayer coverage (2.5WZrO,-723 K) was post-
impregnated with (i) ZrO, or WO, precursors, separately, or (ii)
both precursors, simultaneously, followed by a 973 K calcination
step. Simultaneous co-impregnation with both WO, and ZrO, precur-
sors is expected to mimic the formation of mixed-oxide clusters on the
surface. The catalytic performances of the starting WZrO, catalyst and
its various post-impregnated variants are summarized in Table 1. The
activity of the catalyst co-impregnated with both ZrO, and WO,
precursors simultaneously increases by two orders of magnitude
relative to the model WZrO, base material. The new activity value
attained is comparable with that of the most active WZrOH-type
materials. In contrast, post-impregnation with the ZrO, precursor
or WO, precursor alone shows only a minimal improvement in
catalytic performance.

The starting low-activity WZrO, model catalyst (Fig. 5a) exclu-
sively shows highly dispersed surface mono- and poly-tungstate
species as expected, making this material an ideal platform for
post-impregnation experiments. After subsequent impregnation of
more WO, precursor material, followed by calcination, an more
population of 0.8-1 nm WO, clusters was created (Fig. 5b). As
the calcination temperature used (973 K) is well below the 1,494 K
Tammann temperature of ZrO,, it is unlikely that zirconium
species will diffuse from the bulk ZrO, crystal into the surface
WO, clusters. Post-impregnation with ZrO,, alone results in a cata-
lyst displaying only surface mono- and poly-tungstate species
(Fig. 5¢); no clusters were formed and the apparent WO, surface
coverage was comparable with that of the starting material. The
additional ZrO, material could presumably just epitaxially template
onto the exposed ZrO, support. Alternatively, the additional Zr*"
cations could become inserted into the pre-existing surface poly-
tungstate networks, as suggested by Santiesteban and col-
leagues®!”18, If this were occurring, it does not result in enhanced
catalytic activity. The sample co-impregnated with ZrO, and WO,
shows an additional high-density population of subnanometre
oxide clusters, presumably this time containing both tungsten and
zirconium cations (Fig. 5d,e). Because the calcination temperature
is comparable to the 896 K Hiittig temperature of ZrO, (in which
surface species have sufficient mobility to agglomerate and sinter),
there is a good chance of the surface WO, and ZrO, species becom-
ing intermixed and incorporated into the clusters. It is also interest-
ing to note that HAADF intensity variations can exist within the
latter cluster type, as is evident from line intensity profiles
(Fig. 5e,f). The centre of the cluster indicated shows an intensity
level similar to that of a nearby isolated tungsten atom, whereas
an atom at the periphery of the cluster shows obviously lower inten-
sity. Although intensity variations in HAADF images can be caused
by several factors®, the variation noted here could, in principle,
originate from the successful inclusion of a zirconium atom
within this particular WO, cluster.

These post-impregnation experiments clearly demonstrate that
both ZrO, and WO, in an intimately mixed form are crucial in
forming the catalytically active sites. Our postulate that the
0.8-1 nm mixed Zr-WO, clusters constitute the most catalytically
active species in the WO,/ZrO, catalyst system has also been veri-
fied indirectly. The precise role of the small amount of incorporated
ZrO, species is still unknown, but first-principles calculations®”
informed by our electron microscopy observations are planned to
determine the relationship between the electronic structure and cat-
alytic performance of these mixed oxide clusters. Further under-
standing of the structure/performance relationship could, in
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principle, help us design even better catalysts by controlling the
Zr-W ratio or replacing ZrO, with other species.

Conclusions

HAADF imaging in an aberration-corrected STEM has been used to
investigate the nanoscale structures present in supported WO, /ZrO,
solid acid catalysts. For the first time, we provide direct atomic-scale
imaging of all the supported WO, species present, including surface
mono- and poly-tungstate species and subnanometre clusters. By
correlating structural observations with catalytic activity measure-
ments, we propose that 0.8-1 nm WO, clusters incorporating
some zirconium cations are the most active species in this catalyst
system. When it becomes feasible to perform aberration-corrected
HAADF imaging experiments within an environmental cell micro-
scope, it would be fascinating to verify this proposal under reaction
conditions. Co-impregnation of WO, and ZrO,, precursors onto a
pre-existing low-activity model WZrO, catalyst confirmed the
importance of intimately mixed WO, and ZrO,, entities within the
clusters. This work also provides a clear demonstration of the prin-
ciple that if the active species in a heterogeneous catalyst system
can be positively identified, appropriate modifications to the catalyst
preparation route can be devised to increase the number density of
these desirable species, and hence improve the overall activity of
the catalyst. Finally, in Supplementary Fig. S3 we demonstrate that
this imaging technique has more general applicability to other sup-
ported oxide-on-oxide catalyst systems.

Methods

Catalyst preparation. Preparation of WO;/ZrO,(OH),_,, (denoted WZrOH
catalysts). Tungstated zirconia catalysts having various weight percentages of WO,
were prepared by the incipient-wetness impregnation technique using aqueous
ammonium meta-tungstate (NH,),,W,0,,-5H,0 and a pre-dried homemade
amorphous ZrO,(OH),_,, support"®. The tungstated zirconia samples were dried
overnight at 343 K in static air, and subsequently calcined at the desired temperature
(773-1,173 K) in static air for 3 h. The following notation is used to identify the
various supported tungsten oxide samples: yWZrOH-T, where y is the tungsten
surface density (W atoms nm™2), T is the calcination temperature (K) and ZrOH
represents the amorphous zirconium oxyhydroxide support precursor.

Preparation of model supported WO/ ZrO, (denoted WZrO, catalysts). Model
supported WZrO, catalysts were synthesized by incipient-wetness impregnation
of (NH,),,W,,0,,-5H,0 onto a crystalline ZrO, support (Degussa; Brunauer,
Emmett and Teller (BET) surface area = 60 m? g™!)!3. The samples were initially
dried overnight under ambient conditions and subsequently calcined in flowing
air at 723 K for 4 h. The following identifying notation is used: xWZrO,-723 K,
where x is the surface density (W atoms nm~2) and ZrO, represents the crystalline
ZrO, support.

The tungsten surface densities of both WZrOH and WZrO, catalysts are based
on the surface area of the calcined catalyst samples. See ref. 13 for more details.

Preparation of model supported WO,/ ZrO, catalysts post-impregnated with
additional WO, and/or ZrO,. Model supported WO, /ZrO, catalysts
co-impregnated with additional WO, and ZrO, were prepared by means of a
two-step incipient-wetness impregnation procedure®. First, solutions of a desired
amount of (NH,),,W,,0,,-5H,0 were impregnated onto the model supported
WZrO, catalysts and dried overnight under ambient conditions. Second, a toluene
solution of a desired amount of zirconium tert-butoxide, Zr[OC(CHj,),],, was
further impregnated in a nitrogen environment in a glovebox. After the two
impregnation steps, the samples were allowed to dry overnight at 293 K under
nitrogen and subsequently calcined to 973 K for 4 h in flowing air. The following
notation is used to describe the model WO,/ZrO, catalysts co-impregnated with
additional WO, + ZrO,: (mW + nZr) /xWZr0O,-973 K, where m is the surface
density of the additional tungsten (in atoms nm~2), n is the surface density of
additional zirconium (in atoms nm~2) and x is the initial surface density of WO, on
the model ZrO, support. It should be noted that if m or  is zero then only one of the
additional components has been impregnated onto the pre-existing WZrO, catalyst.

Catalyst testing. Methanol temperature-programmed surface reaction (TPSR)
spectroscopy. Methanol-TPSR spectroscopy was performed using an AMI-200
temperature-programmed system (Altamira Instruments) linked by a capillary
tube to an online quadrupole mass spectrometer (DME200MS; Ametek

Process Instruments). Methanol adsorption was performed at 373 K by flowing
2,000 ppm CH;OH/He for 30 min. After removing residual physisorbed
methanol using flowing helium at 373 K, the sample was then heated at 10 K min~
to 773 K in flowing helium, and desorbed gases were analysed as a function
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potential molecular model for O-deficient defect sites in tungsten oxides. J. Phys.
Chem. A 110, 85-92 (2006).

30. Watanabe, M. et al. Improvements in the X-ray analytical capabilities of a
scanning transmission electron microscope by spherical-aberration correction.
Microsc. Microanal. 12, 515-526 (2006).

. Varela, M. et al. Spectroscopic imaging of single atoms within a bulk solid.
Phys. Rev. Lett. 92, 095502 (2004).

. Muller, D. A. Structure and bonding at the atomic scale by scanning
transmission electron microscopy. Nature Mater. 8, 263-270 (2009).

. Yamamoto, T., Orita, A. & Tanaka, T. Structural analysis of tungsten-zirconium
oxide catalyst by W K-edge and L,-edge XAFS. X-Ray Spectrom. 37,

226-231 (2008).

. Valigi, M. et al. WO,,/ZrO, catalysts part 1. Preparation, bulk and surface
characterization. Appl. Catal. A—General 231, 159-172 (2002).

. Chang, L. L. Y., Scroger, M. G. & Phillips, B. Condensed phase relations in the
systems ZrO,-WO,-WO, and HfO,-WO,-WO,. J. Am. Ceram. Soc. 50,
212-216 (1967).

. Klenov, D. O. & Stemmer, S. Contributions to the contrast in experimental
high-angle annular dark-field images. Ultramicroscopy 106, 889-901 (2006).

. Neurock, M. Perspectives on the first principles elucidation and the design of
active sites. J. Catal. 216, 73-88 (2003).

. Ross-Medgaarden, E. I. Tuning the Electronic and Molecular
Structures of Catalytic Active Sites with Oxide Nanodomains (Lehigh
University, 2007).

Steady-state methanol dehydration to dimethyl ether. Steady-state methanol

dehydration experiments were conducted in an ambient fixed-bed quartz reactor

(0.16 inch internal diameter) packed with finely ground catalyst held in place by 18
quartz wool. A total of 5-30 mg of catalyst was used to maintain total methanol
conversion below 10%, permitting the assumption of differential (that is, gradient-

less) reactor conditions. The catalyst samples were pre-treated for dehydration,anda 19
reactor feed stream containing 7% CH,OH, 14% O, and 79% He at 100 ml min~*

total flow (standard temperature and pressure, STP) was used. The reactor effluent
gases were analysed using an HP5890 Series II online gas chromatograph (GC)

operated in split mode for determination of methanol conversion, activity and 21
selectivity. Steady-state performance was determined by averaging 3-4 GC cycles at

573 K. The steady-state methanol dehydration catalytic rates are expressed in terms

of TOF by normalizing the reaction rate per exposed surface WO, site per second. 55
See ref. 13 for more details of the catalytic testing experiments.

Electron microscopy characterization. Samples for electron microscopy analysis
were prepared by dipping a 300-mesh copper TEM grid, coated with a lacey carbon
film, directly into the finely ground dry catalyst powder and then shaking off any
loosely bound residue. HAADF images were taken on a 200 kV JEOL 2200FS
(S)TEM (ref. 21) equipped with a CEOS probe C-corrector. Typically an ~1 A (full-
width at half-maximum, FWHM) coherent electron beam with ~30 pA probe
current was used for HAADF imaging, and dwell times between 40 and 48 ps per
pixel were typically applied. The HAADF images presented were low-pass filtered to
reduce background noise. Chemical microanalysis by XEDS was performed on a
300 kV VG HB603 dedicated STEM (ref. 30) equipped with a Nion aberration
corrector and an Oxford Instruments INCA 300 system. XEDS point analyses were
carried out using an ~0.4 nm (FWHM) coherent electron beam with ~500 pA
probe current.
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