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y of annealed Rh nanoclusters on
thin films of Al2O3/NiAl(100) in the
dehydrogenation of Methanol-d4†

Ting-Chieh Hung,a Ting-Wei Liao, a Guan-Jr Liao,a Zhen-He Liao,a Po-Wei Hsu,a

Yu-Ling Lai,b Yao-Jane Hsu, b Chia-Hsin Wang,b Yaw-Wen Yang,b

Jeng-Han Wang c and Meng-Fan Luo *a

Annealed Rh nanoclusters on an ordered thin film of Al2O3/NiAl(100) were shown to exhibit a promoted

reactivity toward the decomposition of methanol-d4, under both ultrahigh vacuum and near-ambient-

pressure conditions. The Rh clusters were grown with vapor deposition onto the Al2O3/NiAl(100) surface

at 300 K and annealed to 700 K. The decomposition of methanol-d4 proceeded only through

dehydrogenation, with CO and deuterium as products, on Rh clusters both as prepared and annealed.

Nevertheless, the catalytic reactivity of the annealed clusters, measured with the production of either CO

or deuterium per surface Rh site from the reaction, became at least 2–3 times that of the as-prepared

ones. The promoted reactivity results from an altered support effect associated with an annealing-

induced mass transport at the surface. Our results demonstrate a possibility to practically prepare

reactive Rh clusters, regardless of the cluster size, that can tolerate an elevated reaction temperature,

with no decreased reactivity.
Introduction

The catalytic decomposition of methanol (CH3OH) is exten-
sively investigated because the principal reaction can serve as
a source of hydrogen and also be applied in direct methanol fuel
cells (DMFCs), which offer a prospect of efficient conversion of
methanol to electricity.1–9 As the production of hydrogen or the
performance of DMFCs is governed largely by the catalytic
reaction, promoting the reactivity of catalysts becomes desir-
able. Varied strategies have been attempted, such as creating
defects and active atoms on the topmost surfaces to increase the
reaction centers,10–12 or ne-tuning the electronic state of metal
clusters by alloying another metal.13 Annealing is a common
approach to modify catalysts structurally and thus their reac-
tivity. Preceding works showed that annealing can alter the
morphology, size and structures of oxide-supported nano-
clusters;14–29 annealing can also induce mass transport and thus
encapsulation and oxidation of oxide-supported nano-
clusters.23,30–38 On the other hand, the thermal stability of
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catalysts, reected in the annealing-induced variation of struc-
tures and reactivity, is a major concern for qualied cata-
lysts.14–18 The objective of the present work was to study the
effect of annealing on the reactivity of oxide-supported rhodium
(Rh) clusters in the decomposition of methanol. Rh catalysts
have been widely used and studied,39–42 whereas realistic model
systems, Rh nanoclusters supported on structurally well-
dened oxides,43,44 for methanol reactions and the annealing
effect have been little investigated. The present work has an aim
to remedy this lack and to acquire insights into the effect.

We investigated the decomposition of methanol-d4 (CD3OD)
on Rh clusters supported on an ordered thin lm of Al2O3/
NiAl(100), under both ultrahigh vacuum (UHV) and near-
ambient-pressure conditions, and with various techniques to
probe the surface. The Rh clusters were prepared by depositing
a vapor onto Al2O3/NiAl(100) at 300 K and annealing to 700 K.
The thin lm Al2O3/NiAl(100) was used as a support in our
model system because it resembles various physical properties
that are characteristic of the bulk Al2O3 (a popular catalyst
support) and allows the use of electron-based surface probe
techniques.44–52 Methanol-d4, rather than methanol (CH3OH),
was used because this isotopic variant has similar properties,
such as adsorption energies and activation energies for
decomposition (determined by their electronic structures), but
the former gave clearer signals of molecular deuterium (D2), an
essential product to reveal the reaction mechanisms, in
temperature-programmed desorption (TPD) experiments. The
morphology and structure of the Rh clusters were characterized
© 2021 The Author(s). Published by the Royal Society of Chemistry
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with scanning tunnelling microscopy (STM), reection high-
energy electron diffraction (RHEED) and synchrotron-based
photoelectron spectroscopy (PES); the catalyzed reactions were
monitored with infrared reection absorption spectroscopy
(IRAS), TPD, synchrotron-based near ambient pressure X-ray
photoelectron spectroscopy (APXPS).

The characterization shows that methanol-d4 on the Rh
clusters, with a mean diameter 1.0–3.5 nm and height 0.6–
0.8 nm, decomposed through only one channel – dehydroge-
nation to CO, whereas the production of CO and D2 per surface
Rh site from the reaction, corresponding to the reactivity, was
signicantly promoted on the annealed Rh clusters. This
promotion was generally observed for clusters of diameter
>1.2 nm, not only under UHV conditions but also near ambient
pressure. An analogous reactivity promoted on annealing was
observed on supported neither Pt nor Pd clusters,23,34,47,53–55 For
a comparable system Pt clusters on Al2O3/NiAl(100), annealing
induced oxidation and alumina encapsulation of the Pt clusters
but no promotion in reactivity; instead, the dehydrogenation
was hindered to a certain extent.23,34 We argue that the
annealing on the present system caused considerable mass
transport, the diffusion of Rh to the substrate and themigration
of alumina to the clusters, and thus created new oxide–Rh
interfaces providing additional active sites. As annealing
constantly causes sintering and encapsulation of oxide-
supported clusters, which increases cluster sizes, decreases
active surface sites and alters surface electronic states, it typi-
cally decreases the reactivity of the clusters.17,18,37,38,56 The
present results demonstrate a contrasting case, in which an
altered metal–support interaction promotes the reactivity, and
also imply a practical method to engineer reactive Rh clusters,
which does not decay in reactivity even when the reaction
proceeds at elevated temperature.

Experimental methods

Our experiments were primarily performed in UHV chambers
with a base pressure in a 10�10 torr regime. A NiAl(100) sample
(MaTeck GmbH) was polished to a roughness less than 30 nm
and an orientation accuracy better than 0.1�; a Rh(100) sample
(MaTeck GmbH) was polished to an orientation accuracy better
than 1�. To obtain a clean surface, the sample underwent
alternative cycles of sputtering and subsequent annealing
before each experiment. The cleanliness of the sample was
monitored with Auger electron spectroscopy, low-energy elec-
tron diffraction and STM. An ultra-thin q-Al2O3 lm was formed
on oxidation of a NiAl(100) alloy surface at 1000 K; the forma-
tion of Al2O3 thin lms is described elsewhere.45,46,48,49 To ach-
ieve a homogeneous crystalline Al2O3 surface with no NiAl
facets,57,58 we refrained from protracted post-oxidation anneal-
ing of the oxide lms. The amorphous oxide surface was also
negligible. The grown q-Al2O3 thin lm had thickness 0.5–
1.0 nm.45,49 The sample was then quenched to 300 K for vapor
deposition of Rh from an ultra-pure Rh rod (Goodfellow Cam-
bridge Ltd, 99.9%) heated by electron bombardment in
a commercial evaporator (Omicron EFM 3). The rate of depo-
sition of Rh was xed about 0.15 ML min�1, calculated
© 2021 The Author(s). Published by the Royal Society of Chemistry
according to the coverage prepared at 300 K. The coverage was
estimated from the volume of the Rh clusters observed with
STM; 1.0 ML corresponds to a density 1.39 � 1015 atoms per
cm2 of fcc Rh(100) surface atoms. Aer the deposition, the
sample was cooled to the desired adsorption temperature (100
K, unless specied). Methanol and CO gases were dosed by
a doser pointing to the sample, with a background pressure 2–5
� 10�9 torr. The highly pure methanol andmethanol-d4 (Merck,
99.8%) were additionally puried by repeated freeze–pump–
thaw cycles before being introduced into the UHV chambers.
We report methanol and CO exposures in Langmuir units (1 L¼
10�6 torr s).

STM images (recorded with a RHK UHV 300 unit), constant-
current topographies, were obtained at 90 K with a sample bias
voltage typically 2.4–2.8 V and a tunneling current 0.8–1.2 nA.
The STM tip consisted of an electrochemically etched tungsten
wire. RHEED was performed with an incident electron beam of
energy 40 keV at a grazing angle 2�–3� to the surface. TPD
spectra were taken by ramping up the sample temperature at 3
K s�1 and monitoring the various masses on a quadrupole mass
spectrometer (Hiden), which was shielded and placed close
(about 2 mm) to the sample. IRAS spectra were collected using
a Fourier transform infrared spectrometer (FTLA 2000) with
external optics aligned for an incident angle 75� from the
sample normal, and a liquid nitrogen-cooled MCT detector. The
IRAS spectra are presented as the ratio of sample and oxide
surface (or Rh clusters) data measured at the same surface
temperature (100 K), and are typically the average of 256 scans
at resolution 4 cm�1. The PES and APXPS experiments were
performed at the TLS BL09A2 and 24A beamlines, respectively,
at National Synchrotron Radiation Research Center in Tai-
wan.59,60 For the former, the beam (a xed energy 383 eV) was
incident normal to the surface and photoelectrons were
collected at angle 58� from the surface normal; for the latter, the
beam (a xed energy 380 eV) was incident 56� from the surface
normal and the analyzer (SPECS NAP 150), coupled with 4-
stages differential pumping, was placed normal to the surface.
The energy resolution was estimated to be near 0.1 eV and the
binding energy (BE) is referred to the substrate bulk Al 2p core-
level at 72.9 eV.61–63 All photoelectron spectra presented here
were normalized to the incident photon ux. The gaseous
reaction products during the APXPS experiments were
concomitantly measured by a quadrupole mass spectrometer
(Hiden), accommodated in a doubly-differentially pumped
chamber with a stainless steel tubing inlet terminated with an
aperture (300 mm dia. at 1 cm from the sample). The data were
presented with averages values of 300 s.

Results
Morphology and structure of supported Rh clusters

The Rh clusters were grown from deposition of a vapor on
Al2O3/NiAl(100) at 300 K and annealed to 700 K; they were
characterized structurally with STM and RHEED. The annealing
temperature 700 K was employed as the sample annealed to
such temperature exhibited limited sintering but evident
promotion of reactivity; a lower annealing temperature, such as
RSC Adv., 2021, 11, 24762–24771 | 24763
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450 and 570 K, failed to promote the reactivity equally whereas
a higher one, such as 800 K, induced evident sintering.64 The Rh
clusters as prepared had a mean diameter from 1.0 to 3.5 nm
and a height from 0.4 to 0.8 nm evolving with the coverage;44

with the annealing to 700 K, themorphology of neither large nor
small clusters altered a lot but the cluster density decreased
signicantly. Our previous work had demonstrated the struc-
tural and morphological evolution of the Rh clusters with the
annealing (450–800 K).64 Fig. 1a and b exemplify the annealing-
induced alteration of Rh clusters on Al2O3/NiAl(100). The insets
in the gures show characteristic histograms of the height and
diameter for each temperature; the curve in each histogram is
a Gaussian t to the size distribution. At 300 K, Rh clusters (1.6
ML) had a mean diameter about 2.3 nm and height about
0.8 nm (Fig. 1a); with the temperature increased to 700 K, both
the mean diameter and height altered little but the cluster
density decreased notably – the total surface Rh decreased by
about 30%. The observation implies that the cluster dissocia-
tion was active at 700 K and a signicant proportion of Rh
atoms from the dissociated clusters diffused into the substrate,
likely through surface defects.1,47,53,54 The Rh diffusion into the
substrate also prevents the growth of the clusters and the
nucleation into new clusters, so the typical sintering feature,
a bimodal size distribution, was not evident at this temperature.
The comparison of diameters of the clusters as prepared and
annealed (0.5–4.0 ML) is shown in Table S1 (ESI†).
Fig. 1 STM images for 1.6 ML Rh deposited on a thin film of Al2O3/
NiAl(100) at (a) 300 K and annealed to (b) 700 K. The insets in (a) and (b)
show characteristic histograms of height and diameter for each
temperature; the curves are the best Gaussian fits to the distributions.

24764 | RSC Adv., 2021, 11, 24762–24771
The clusters as prepared were structurally ordered and
became even more ordered – the content of the ordered struc-
tures increased – aer the annealing, indicated by their RHEED
patterns. Fig. 2 exemplies the patterns and the annealing effect
on the structures. The reection rods in the RHEED patterns
(Fig. 2a) are ascribed to the oxide and to the NiAl(100) substrate;
the half-order reections indicate the (2 � 1) structure of the
ordered q-Al2O3(100).45,46,48,49 The patterns superimposed on the
reection rods at azimuths [0�10] and [0�11] resulted from
structurally ordered Rh clusters (Fig. 2a and b). They had an fcc
phase and grew with their facets (100) parallel to the q-
Al2O3(100) surface; their [110] axes lay along direction [010] of
the oxide surface, so Rh(100)[110]//Al2O3(100)[010]. This orien-
tation is preferred because the (100) facets of the Rh clusters
match structurally better the square oxygen lattice of the q-
Al2O3(100) surface.23,58,65 The lattice parameter of the Rh clusters
also increased to match the oxide surface; relative to bulk Rh, it
increased up to 6% with decreasing cluster size. Aer elevating
temperature to 700 K, the pattern became sharper (Fig. 2c and
d), indicating an increased content of the ordered structures;
the cluster orientation remained but the lattice parameter
decreased by about 1.5% (from 3.92 to 3.86 �A). The decreased
lattice parameter was typically ascribed to an attenuating
substrate effect resulting from increased cluster sizes, whereas
in the present case the clusters were not enlarged. The
decreased Rh–Rh distance (toward their bulk value) could result
from an altered metal–support interaction, described below.
The similar decrease of the lattice parameter was also observed
for Rh clusters at other coverages (Table S1†).
Fig. 2 RHEED patterns for 4.0 ML Rh deposited on Al2O3/NiAl(100) at
(a and b) 300 K and annealed to (c and d) 700 K. (a and c) Show patterns
obtained at azimuth [0�10] of NiAl substrate, and (b and d) at azimuth
[0�11]. Yellow circles denote reciprocal-lattice points for the clusters
of Rh(001)[110]//Al2O3(100)[010].

© 2021 The Author(s). Published by the Royal Society of Chemistry
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We noted that additional diffraction spots emerged with the
elevated temperature, along the reection rods of NiAl or
alumina oxides, such as (10) and (11), for high Rh coverages
($3.0 ML), as shown in Fig. 2c and d. These patterns are
modulated reection rods from NiAl or alumina lms, largely
due to a roughening oxide surface.23,34 This roughening arose
from considerable mass transport, including not only diffusion
of Rh atoms into the substrate (indicated in the above STM
images) but also migration of alumina materials (AlxOy) to the
Rh clusters, as observed for Pt clusters on Al2O3/NiAl(100).23 The
mass transport could alter the interaction between Rh and
alumina, as indicated in Pt clusters on Al2O3/NiAl(100),23 and
produce new Rh–alumina interfaces, despite the interior of Rh
clusters remained in an fcc structure and became structurally
more ordered. The modulated reection rods appeared only at
greater Rh coverages, because of limited sensitivity of RHEED;
the mass transport was expected to occur for smaller Rh
coverages as well. Annealing to a lower temperature, such as 450
and 570 K, yielded no comparably modulated reection rods;
the mass transport was apparently a thermally activated
process.
Fig. 3 TPD spectra of (a) and (b) CO (m/z¼ 28 u) and (c) and (d) D2 (m/
z ¼ 4 u) from 2.0 L CD3OD adsorbed on 1.0 and 4.0 ML Rh clusters/
Al2O3/NiAl(100) as prepared at 300 K (lower panels) and annealed to
700 K (upper panels). The grey lines in (a) and (b) indicate the CO TPD
spectra from 2.0 L CO molecularly adsorbed on the 1.0 and 4.0 ML Rh
clusters at 100 K. The 1.0 and 4.0 ML Rh clusters had mean diameters
1.7 and 3.5 nm respectively, indicated in the figure.
Decomposition of methanol or Methanol-d4 on supported Rh
clusters

The reaction of methanol-d4 on the supported Rh clusters was
characterized primarily with TPD, APXPS and IRAS. As the
decomposition of methanol-d4 on supported Rh clusters pro-
ceeded only through dehydrogenation,44 we monitored the
reactivity with the desorption spectra of CO and D2. The alter-
native channel, scission of the C–O bond in methanol-d4,
remained closed on the annealed Rh clusters as no CD4 signal
was observed. Moreover, the dehydrogenation must have
occurred on the supported Rh clusters, as desorption of neither
CO nor D2 was observed for methanol-d4 on Al2O3/NiAl(100).55

Fig. 3a and b parallel the CO TPD spectra from molecularly
adsorbed CO (grey) and produced CO (denoted as COm) from
dehydrogenated methanol-d4 (black) on Rh clusters (1.0 and 4.0
ML) as prepared and annealed on Al2O3/NiAl(100). The molec-
ularly adsorbed CO was prepared on exposing the sample to
2.0 L CO at 100 K, which sufficed to saturate the surfaces of the
clusters; the COm was from the sample exposed to 2.0 L CD3OD,
for which a multilayer of methanol-d4 formed on the surface.
The signals between 100 and 200 K arose from either the
background or the cracking patterns of desorbing methanol-
d4.44,55 The CO desorption ranged from 300 to 550 K, resembling
that from Rh single crystals and clusters.39–41,66,67 No CO (or
COm) desorbed from the Al2O3/NiAl(100) surface, as the
adsorption temperature for CO on Al2O3/NiAl(100) is below 100
K.68 As adsorbedmethanol-d4 decomposed to COm far below 300
K (indicated by the IRAS spectra below), COm moved to
preferred sites and desorbed as molecularly adsorbed CO. For
1.0 ML Rh clusters (mean diameter 1.7 nm) as prepared (Fig. 3a
lower), the integrated intensity of desorption of COm (black) was
about half that of molecularly adsorbed CO (grey); the fraction
increased to about 75% (upper in Fig. 3a) on the clusters
annealed to 700 K. A similar enhancement was observed for
© 2021 The Author(s). Published by the Royal Society of Chemistry
clusters of other sizes. Fig. 3b shows that on larger clusters (4.0
ML, mean diameter 3.5 nm), the fraction was enhanced from
about 40% to above 90%. As the desorption intensity of
molecularly adsorbed CO serves as a rough measure of the
number of surface Rh sites, the result indicates that the
production of COm per surface site, corresponding to the reac-
tivity, was enhanced on the annealed Rh clusters.

The D2 signals from dehydrogenated methanol-d4 show
a consistent picture. On Rh clusters as prepared, D2 desorbed
between 250 and 700 K (bottom, Fig. 3c and d): a maximum
about 300 K and a shoulder about 450 K and extending to 700 K.
On the annealed clusters, the D2 signal about 300 K almost
vanished whereas that about 450 K either remained (1.0 ML) or
increased (4.0 ML) (upper panels, Fig. 3c and d). The D2

desorption shied in general to higher temperature (ESI,
Fig. S1†). The line shape changed considerably because the
interaction of D atoms with the surfaces altered; new surface
sites, having a stronger bonding with D atoms, were created by
the annealing. The new sites are likely Rh–O intermixing ones at
the Rh–oxide interface and have bonding-unsaturated O and
Rh, which form a stronger bond with D atoms. The integrated
intensities of the D2 lines showed that the D2 produced per
surface site also increased. For 4.0 ML clusters, as the number
of surface sites of the Rh clusters altered little (grey lines in
RSC Adv., 2021, 11, 24762–24771 | 24765
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Fig. 5 TPD spectra of CD3OD (m/z ¼ 36 u) from 2.0 L CD3OD
adsorbed on Rh(100) single crystal and 4.0 ML Rh clusters on Al2O3/
NiAl(100) as prepared (300 K) and annealed (700 K). The arrow indi-
cates the temperature of the monolayer CD3OD desorption peak from
2.0 L CD3OD adsorbed on a thin film of Al2O3/NiAl(100). The two insets
show the STM images for the 4.0 ML Rh clusters (a) as prepared and (b)
annealed.
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Fig. 3b), the evidently increased D2 signal indicates an increased
production of D2 per surface site. Annealed 1.0 ML clusters gave
no increased D2 signals, but their ratio of D2 to CO signals
increased since the surface sites of the annealed Rh clusters
decreased, indicating also an enhanced reactivity.

Fig. 4a plots the ratio of the desorption intensities of COm

and molecularly adsorbed CO on the clusters as prepared (300
K) and annealed (700 K), for varied initial Rh coverages. The Rh
coverages 0.5–4.0 ML correspond to the clusters of diameters
1.4–3.5 nm, indicated in the gure. The ratios for 0.13 and 0.25
ML Rh (diameter# 1.2 nm) are near 1.0 at 300 K (dashed line in
Fig. 4a); aer the annealing to 700 K, the remaining Rh clusters
were too few to give reliable signals. For larger Rh clusters, the
annealing improved the reactivity signicantly; the ratios for
these annealed clusters were increased to above 0.75 (about 0.4
for as-prepared ones). Similar improvement was also reected
on the ratios of the desorption intensities of D2 and molecularly
adsorbed CO (Fig. 4b). Both the ratios COm/CO and D2/CO for
the annealed clusters became 2–3 times those for the as-
prepared ones. As the ratios correspond to the production of
COm and D2 per surface Rh site, the increased ratios reect
a promoted reactivity toward methanol-d4 decomposition.
Additionally, except the small clusters (diameters # 1.2 nm,
coverages # 0.25 ML), the promotion depended little on the
cluster size. To corroborate the results, we estimated also the
number of surface sites with the surface area of the Rh clusters
measured with STM. The estimate, which complements the
above TPD approach,68,69 shows a consistent trend: the
production of either COm or D2 per surface site increased on the
annealed clusters, 2–6 times (Fig. S2†). Moreover, the ratio of
COm/D2 from the clusters as prepared and annealed remained
nearly constant, indicating no additional reaction channel
involved in the promoted reactivity.

Fig. 5 compares CD3OD TPD spectra from 2.0 L CD3OD
adsorbed on a Rh(100) surface, 4.0 ML Rh clusters/Al2O3/
NiAl(100) as prepared and annealed. A distinct feature between
110 and 150 K in the spectra is attributed to desorption of
multilayer methanol-d4 as the feature was never saturated and
was observed on varied surfaces.50,55,70–72 A separate maximum
centered about 160 K in the spectrum from Rh(100) surface
(grey) is assigned to monolayer methanol-d4 on the surface.42,50
Fig. 4 Ratios of integrated intensities of (a) CO and (b) D2 TPD spectra
from 2.0 L CD3OD and 2.0 L CO on Rh clusters/Al2O3/NiAl(100) as
prepared (300 K) and annealed (700 K). The dashed line in (a) indicates
the ratios for 0.13 and 0.25 ML Rh (diameter # 1.2 nm) at 300 K. The
initial Rh coverages 0.5, 1.0, 1.6, 4.0 ML correspond to Rh clusters
initially at diameters 1.4, 1.7, 2.3 and 3.5 nm, as indicated in the figure.
For 4.0 ML, the lower portions of the clusters became merged.

24766 | RSC Adv., 2021, 11, 24762–24771
In contrast, no separate maximum from the desorption of
multilayer methanol-d4 appeared in the spectra from 4.0 ML Rh
clusters as prepared (black) and annealed (red), but a shoulder
extended from 150 to 270 K. As 4.0 ML Rh clusters both as
prepared and annealed covered almost the entire oxide surface
(the STM images in Fig. 5), the shoulder is ascribed to mono-
layer methanol-d4 desorbing from the Rh clusters. The
desorption of CD3OD from the oxide surface is centered about
190 K, indicated by the arrow in the gure.44 The intensity of
desorption of monolayer methanol-d4 on the annealed clusters
became smaller than that on the clusters as prepared. As the
intensity measures the amount of adsorbed monolayer meth-
anol-d4 that did not react and as the numbers of monolayer
methanol-d4 on the 4.0 ML Rh clusters as prepared and
annealed are expected to differ little, the decreased intensity on
the annealed clusters conrms the increased reaction proba-
bility. Using these desorption data, those of COm, which
measure the amount of reacting methanol-d4 (the ionization
cross-section for varied species and at varied partial pressure
has been considered), and the known rate of dissociation of
COm,73 we derived the probability of monolayer methanol-d4
undergoing dehydrogenation to be 63 � 2% on a Rh(100) single
crystal, 65� 5% on 4.0 ML Rh clusters as prepared and 86� 3%
on annealed 4.0 ML Rh clusters – an increase about 20% in the
reaction probability on the annealed 4.0 ML Rh clusters. The
dissociation of CO into elementary carbon and oxygen on the
present Rh clusters was measured with PES; its rate depended
on the cluster size and resembled those earlier studies.73 It is
not straightforward to estimate the reaction probability on the
clusters at smaller coverages (#1.6 ML), as the desorbing
CD3OD might arise partly from the oxide surface (uncovered by
the clusters). Nevertheless, the increased reaction probability
must be essential in the production of COm and D2 per surface
Rh site that increased 2–3 times. More reacting methanol-d4 on
each Rh surface site, possibly resulting from increased density
of adsorbed monolayer methanol-d4 and diffusion of methanol-
d4 molecules from the oxide to the clusters, might contribute to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the effect but cannot account alone for such a great promotion
in reactivity.

We have also conducted APXPS measurements to examine
whether the promoted reactivity is sustained near ambient
pressure. Fig. 6a shows the C 1s spectra from 4.0 ML Rh clusters
as prepared on Al2O3/NiAl(100) evolving with increased pressure
of CD3OD. The sample temperature was maintained at 400 K,
for which methanol-d4 decomposed to COm upon adsorbing on
the Rh clusters and a fraction of COm desorbed or dissociated to
C atoms. The bottom line (Rh – 300 K) in the gure was from the
sample with no exposure of CD3OD. The feature centered about
284.7 eV is assigned to C and that about 286.8 eV to adsorbed
CO;73,74 both were contaminative species. With increasing
pressure of CD3OD, the features of both C and CO grew and
shied positively to 285.0 and 287.1 eV respectively. The growth
indicates more COm and C produced with increased CD3OD
pressure, and thus active dehydrogenation. The C atoms accu-
mulated notably faster than COm; above 10

�3 torr, the C signals
Fig. 6 C 1s photoelectron spectra from 4.0 ML Rh clusters on Al2O3/
NiAl(100) (a) as prepared (300 K) and (b) annealed (700 K) evolving with
increased pressure of CD3OD from 5 � 10�7 to 5 � 10�1 torr, as
indicated. The sample temperature was maintained at 400 K for all the
measurements. (c) The ratios of gaseous D2 signals, measured with
a mass spectrometer, at CD3OD pressure 10�1 torr (averages values of
300 s), from 1.0 ML (orange) and 4.0 ML (blue) Rh clusters as-prepared
(300 K) and annealed (700 K) to the CO TPD intensities of molecularly
CO adsorbed on these Rh clusters as a probe.

© 2021 The Author(s). Published by the Royal Society of Chemistry
became dominant. It is likely because a fraction of COm could
desorb whereas all C atoms remained. At 5 � 10�1 torr, all the
signals attenuated as the photoelectrons from the sample were
scattered by gaseous molecules. Therefore, when the vacuum
was back to 5 � 10�7 torr, all the signals were raised (the top
line in Fig. 6a). An additional line appeared about 288.9 eV at
pressure $10�1 torr, which resulted from gaseous CD3OD.

Fig. 6b shows the C 1s spectra for annealed (700 K) 4.0 ML Rh
clusters on Al2O3/NiAl(100) evolving with increased pressure of
CD3OD. The signals for contaminative CO and atomic carbon,
the bottom line in the gure, were much less. Like the clusters
as prepared, both the CO and C signals were increased and
shied positively with increasing pressure of CD3OD. The line
shapes resembled their counterparts on Rh clusters as prepared
but their intensities were in general greater, implying more
active dehydrogenation on the annealed Rh clusters. The
implication was conrmed by concomitantly monitored
gaseous D2 from the decomposed methanol-d4 (with a mass
spectrometer). As the sample temperature was maintained at
400 K, the produced D2 was largely desorbed from the surface
and readily measured. Fig. 6c compares the ratios of the
gaseous D2 signals (at CD3OD pressure ¼ 10�1 torr) from as-
prepared and annealed Rh clusters to the CO TPD intensities
of molecularly CO adsorbed on the clusters as a probe. They
correspond to the reactivity near ambient pressure and become
signicantly greater for the annealed clusters (700 K). The
promotion in the reactivity was even more prominent under
near-ambient-pressure conditions, likely because gaseous
CD3OD was continuously supplied for the reactions. The result
agrees with the above TPD ones and further demonstrates that
the superior reactivity of annealed Rh clusters is sustained near
ambient pressure.

We recorded IRAS spectra in experiments to monitor the
dehydrogenation of adsorbed methanol-d4. The process was
activated above 200 K, evidenced by the production of COm, but
varied little on the annealed clusters. Fig. 7a exemplies the
IRAS spectra of the C–O stretching (n(CO)) and ds(CD3) modes of
methanol-d4 on annealed (700 K) 1.6 ML Rh clusters on Al2O3/
NiAl(100), heated stepwise. The top line, for 2.0 L methanol-d4
adsorbed on the sample at 110 K, shows two bands: one about
1127 cm�1 is assigned to ds(CD3) mode and the other about
983 cm�1 to n(CO) of methanol-d4.75–78 The feature resembles
closely those for methanol on Al2O3/NiAl(100), Pt, Au–Pt bime-
tallic clusters.55,79 With increasing temperature, the n(CO) and
ds(CD3) modes decreased and vanished about 200 and 225 K,
respectively, as adsorbed methanol-d4 either desorbed or
decomposed. Earlier studies shows that methoxy formed from
dehydrogenated methanol on Rh single crystals (Rh(100) and
Rh(111)) at 140–225 K and that the C–O stretching frequencies
(in cm�1) of methanol and methoxy were nearly the same.40,41

The present n(CO) frequencies of methanol-d4 and methoxy-d3
were also hardly distinguishable. The absorption features of
formaldehyde-d2, which differ drastically from those of meth-
anol-d4 and methoxy-d3,40,80,81 were not observed in our series of
experiments.

Fig. 7b shows the corresponding IRAS spectra for the C–O
stretching of CO, the O–D and other C–D absorption modes of
RSC Adv., 2021, 11, 24762–24771 | 24767

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04066a


Fig. 7 (a) and (b) IRAS spectra of C–O stretching, C–D and O–D
absorption modes for 2.0 L CD3OD adsorbed on annealed (700 K) 1.6
ML Rh clusters on Al2O3/NiAl(100) at 100 K and annealed to selected
temperatures; (c) integrated intensities of C–O stretching absorption
(nCO) for COm from Rh clusters as prepared (black squares) and
annealed (red circles) as a function of temperature. Each spectrumwas
recorded when the surface was cooled to about 110 K after annealing
to the indicated temperature. For (c), the error bars contain the data
spread and fitting error. The CO intensities presented were normalized
to that obtained at 300 K.
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methanol-d4. The top curve in Fig. 7b, from the annealed Rh
clusters before methanol-d4 adsorption, shows an absorption
feature about 2010 cm�1, which is ascribed to contaminative CO
on Rh atop sites.82–84 Upon adsorbing methanol-d4, the CO
features broadened and shied negatively (the second curve in
Fig. 7b), because of the co-adsorbed methanol-d4.50,55 The
narrow absorption line at 2080 cm�1 and the asymmetric
absorption centered about 2230 cm�1 are assigned to ns(CD3)
and nas(CD3) + 2ds(CD3) of methanol-d4, respectively;75–79 the
broad absorption centered near 2430 cm�1 is ascribed to the
n(OD) mode of methanol-d4.75,77 Upon annealing to 150 K,
multilayer methanol-d4 desorbed, so the intensities in the C–D
and O–D regions decreased remarkably. The O–D absorption
signals vanished at 150 K because the O–D stretching motion of
monolayer methanol-d4 was nearly parallel to the surface79 and
also because the monolayer methanol-d4 was partly
24768 | RSC Adv., 2021, 11, 24762–24771
dehydrogenated to methoxy-d3. As methanol-d4 desorbed, the
effect of co-adsorbed methanol-d4 decreased so the CO lines
became restored to some extent: both the frequency and
intensity increased. On annealing to 175 K, the integrated
intensity of the CO line at 175 K exceeded that from contami-
native CO (top), implying the onset of dehydrogenation of
methanol-d4 to COm. The COm signals continued to increase
with further increased temperature and attained a maximum
about 250–300 K, for which all reacting methanol-d4 were
dehydrogenated to COm. The temperature is about 100 K lower
than that for adsorbed methanol (350 K),44 due largely to the
isotope effect on the dehydrogenation (scission of C–D and O–D
bonds). Elevating the temperature further above 400 K
decreased the intensity as COm either desorbed (as shown in
Fig. 3a and b) or dissociated (observed in previous works).44,73

The intensity of the nas(CD3) + 2ds(CD3) mode approached the
noise level at 200 K but the ns(CD3) mode vanished at 250–300 K.
The ns(CD3) and nas(CD3) + 2ds(CD3) modes of methoxy-d3 were
hardly distinguishable.40,41,75–78 This decrease again indicates
the desorption and dehydrogenation of monolayer methanol-d4
and methoxy-d3, consistent with the desorption experiments
and the CO IRAS spectra. Similar spectral features were
observed for the clusters as prepared (Fig. S3†). Except for the
dehydrogenation frommethanol-d4 to methoxy-d3, which is not
clear through our IRAS spectra, the other characteristic reaction
processes on Rh clusters both as prepared and annealed differ
little.

Fig. 7c plots the variation with temperature of the intensity of
the C–O stretching absorption for COm (relative to the CO
contamination level) on both 1.6 ML Rh clusters as prepared
(black squares) and annealed (red circles). Similar variations
were shown for the clusters as prepared and annealed: COm was
produced strongly above 200 K, and the quantity attained
a maximum at 250–300 K. The similarity reects comparable
activation energies for the crucial step of CD3OD dehydroge-
nation to COm on the clusters as prepared and annealed. This
crucial step, which was shown previously with DFT simulation
to be the dehydrogenation of methoxy to formaldehyde,44

accounts little for the enhanced reactivity. The altered initial
dehydrogenation, the scission of O–D bond, becomes more
likely the origin for the promoted reactivity on the annealed Rh
clusters.

Discussion

The promoted reactivity on annealed clusters might result from
increased methanol-d4 undergoing dehydrogenation or altered
activation energies for dehydrogenation. The former might
arise from two mechanisms. First, more methanol-d4 molecules
adsorbed per surface site on annealed clusters, but, as the size
and morphology of clusters annealed to 700 K differed only
moderately from those of clusters as prepared (Fig. 1), an
altered concentration of adsorbed methanol-d4 must have been
limited. The concentration on annealed clusters cannot be 2–3
times that on clusters as prepared, so this mechanism is inef-
fective. Second, methanol-d4 adsorbed initially on Al2O3/
NiAl(100) diffused to Rh clusters to react. As the desorption
© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature of methanol-d4 on Al2O3/NiAl(100), with
a maximum about 190 K,44 was greater than that on Rh,
centered about 160 K (Fig. 3), the methanol-d4 initially on the
oxide might diffuse readily to unoccupied Rh sites for the
reaction at an elevated temperature. This mechanism might
play a role at smaller Rh coverages but is expected to be inef-
fective at 4.0 ML Rh, for which clusters either as prepared or
annealed covered almost the entire oxide surface (the STM
image in Fig. 5). The production per Rh site on the annealed 4.0
ML Rh clusters (Fig. 4a) was still enhanced to a value near that
of 0.13–0.25 ML Rh as prepared. The increased number of
reacting methanol-d4 must not play an essential role in the
promoted reactivity. We argue that the annealing drove changes
in surface structures; the newly formed oxide–cluster interfaces
provide additional active sites, having smaller activation ener-
gies, particularly for the initial dehydrogenation – the O–D bond
scission.

The annealing-driven structural alternation was character-
ized with various techniques. The RHEED measurements
exclude evident changes in the atomic stacking inside the
clusters aer the annealing but not the changes at the oxide–Rh
interfaces; signicant mass transport, including diffusion of Rh
atoms into the substrate and possible migration of alumina
materials (AlxOy) to the Rh clusters, was indicated and rough-
ened the oxide surface (Fig. 2). The mass transport resulted in
new surface sites, reected on the altered features of D2

desorption from decomposedmethanol-d4 on annealed clusters
– a great proportion of D2 desorbed at higher temperature
(Fig. 3). The new sites are anticipated to be at the oxide–Rh
interfaces and likely contain surface Rh and O whose bonding is
unsaturated; D atoms are more strongly bonded to such Rh and
O. They are active because these low-coordinated Rh and O are
more readily to abstract D from adsorbed methanol-d4. As
indicated in earlier study, the competition of the O–D bond
scission and desorption of methanol-d4 determines whether or
not the dehydrogenation will proceed.44 The present system
contrasts Pt clusters on Al2O3/NiAl(100), for which annealing
induced similar mass migration but a decrease in reactivity –

the dehydrogenation was hindered to a certain extent.34 The
annealed Pt clusters on Al2O3/NiAl(100) were oxidized whereas
the annealed Rh clusters exhibited a greater density of electron
Fig. 8 Rh 3d PES spectra from 1.0 ML Rh clusters prepared at 300 K
and annealed to 700 K on Al2O3/NiAl(100).

© 2021 The Author(s). Published by the Royal Society of Chemistry
around Rh atoms. Fig. 8 shows Rh 3d spectra from 1.0 ML Rh
clusters grown at 300 K and annealed to 700 K. A shi to greater
BE of the Rh 3d with annealing, a feature for oxidized metal
clusters,23,30 was not seen; instead, the Rh 3d shied to smaller
BE (from 308.5 to 308.0 eV for Rh 3d5/2). Similar shis were
observed for Rh clusters at 0.5 and 3.0 ML (smaller and larger
clusters). A negative chemical shi reects an enhanced
screening, due typically to a greater electron density or an
electron-richer environment around the atom. An increased size
of clusters, a reason frequently seen for such a negative shi of
BE, would not account for the shi because the cluster size
altered only slightly on annealing to 700 K. The negative shi
arises from a charge transfer to the clusters, due to the inter-
action between Rh and migrating oxides, and/or a decreased
coordination of surface Rh. The preceding works show that the
low-coordinated surface Rh (with unsaturated bonding) on the
clusters, such as edge and corner Rh, have a smaller BE of Rh
3d.85,86 The corner Rh was indicated earlier to be reactive toward
the dehydrogenation of methanol.44 However, the sole increase
of low-coordinated Rh contradicts with the fact that annealing
normally improves structural ordering of clusters, indicated
also by our RHEED results, and reduces the surface energy,
through reducing the number of low-coordinated atoms.
Therefore, if the low-coordinated Rh increased, the increased
ones should interact or mix with the oxides. The newly formed
oxide–Rh interfaces are most likely to provide these reactive
low-coordinated Rh. Our results contribute to the knowledge of
how metal–support interactions govern the reactivity of oxide-
supported metal catalysts. Demonstrated mechanisms of the
support effects include oxide (or adsorbates) encapsulation of
supported metal nanoclusters,87–90 small cluster stabilization,91

charge transfer92,93 and support participation in catalysis.87–90,94

The present case constitutes a type of metal–support interac-
tions which promote the reactivity; the metal–support interac-
tion is tuned by annealing to drive the formation of active
metal–oxide interfaces.36

Conclusions

With STM, RHEED, TPD, IRAS, PES and APXPS, we investigated
the effect of annealing on the reactivity of supported Rh nano-
clusters in the dehydrogenation of methanol-d4. The Rh clusters
were grown with vapor deposition of Rh onto an Al2O3/NiAl(100)
surface at 300 K; they grew in an fcc phase and (100) orientation,
and had a mean diameter 1.0–3.5 nm and height 0.6–0.8 nm.
The annealing (700 K) altered little their sizes or lattice
parameters, but the support effect on the reactivity via a mass
transport; the altered Rh–alumina interaction promoted
signicantly the cluster's reactivity. The quantities of COm and
D2 produced from dehydrogenated methanol-d4 per surface Rh
site on the annealed clusters, as a measure of the cluster's
reactivity, were enhanced to, at least, 2–3 times those on the as-
prepared ones. This enhancement was observed for clusters of
diameter >1.2 nm, regardless of cluster sizes, and persisted
either under UHV conditions or near ambient pressure. The
result demonstrates a type of metal–support interactions which
are tunable via annealing to promote the reactivity.
RSC Adv., 2021, 11, 24762–24771 | 24769
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28 S. Penner and M. Armbrüster, ChemCatChem, 2015, 7, 374–
392.

29 T. W. van Deelen, C. Hernández Mej́ıa and K. P. de Jong, Nat.
Catal., 2019, 2, 955–970.

30 E. Ozensoy, C. H. F. Peden and J. Szanyi, J. Phys. Chem. B,
2006, 110, 17001–17008.

31 J. R. Croy, S. Mostafa, L. Hickman, H. Heinrich and
B. R. Cuenya, Appl. Catal., A, 2008, 350, 207–216.

32 G. N. Vayssilov, Y. Lykhach, A. Migani, T. Staudt,
G. P. Petrova, N. Tsud, T. Skála, A. Bruix, F. Illas,
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