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Abstract

The possibility of structure sensitivity in the heterolytic exchange of isotopic oxygen with the surface of a series of magnesiu
samples has been probed. Two general approaches have been adopted: (i) variation in particle size for MgO samples exhibiting
termination plane and (ii) variation in termination plane by alteration of the preparation method. In the former case, the surface
malised exchange rate is found to vary insignificantly for the samples tested, despite a variation in their surface areas of nearly a
magnitude. In addition, at the temperatures employed, only a fraction of a monolayer of the available oxygen is found to exchange,
exchanged, sites can be re-exchanged back with very similar reaction kinetics. It is proposed that the mechanism of reaction m
the formation and decomposition of intermediate ozonide species generated on reaction of gas-phase O2 with surface O−, or is associated
with the presence of ensembles of reactive low coordinate Mg2+O2− pairs. Studies involving samples prepared via different routes
demonstrated the order of activity to be {111} or {110}mean surface planes> {100} > {111}, suggesting a beneficial role for ensemb
of low coordinate Mg2+O2− ion pairs. In addition, it has been found that samples prepared from hydroxide-based precursors exhibi
in the exchange process involving two lattice ions (R2). This has been rationalised in terms of the exchange of diatomic surface specie
as peroxide ions and/or superoxide ions.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Over the years, the isotopic oxygen exchange reac
with metal oxides has been the subject of much inte
[1–4]. This has been due predominantly to the relations
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between this reaction and activity for oxidation cataly
For example, direct correlations of exchange activity h
been documented in the literature for reactions involving
transfer of oxygen, such as methane combustion, hydro
oxidation, nitric oxide decomposition, methanol oxidatio
and nitrosobenzene oxidation[3,5]. Frequently, studies o
this reaction have taken the form of comparisons of the
tivities over a range of different materials. More recen

these activity patterns have been used, with some degree of
success, in attempts to design oxidation catalysts from first
principles[6,7].

http://www.elsevier.com/locate/jcat
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Within the literature, two general approaches to the st
of the exchange reaction have been adopted:

(i) homomolecular exchange in which a non-isotopica
equilibrated36O2/32O2 mixture is equilibrated over
catalytic surface, and

(ii) heterolytic exchange in which one isotope is exchan
with the surface or lattice oxygen of a catalyst. T
process has been subdivided into two further proces
which refer to whether there is transfer of one lattice
ide ion (R1) or two lattice ions (R2) in a single reaction
event.

In this study, we concentrate on magnesium oxide
particularly on whether structure–function relationships
be observed in the heterolytic exchange process. The
erolytic reaction is of greater interest to us because it m
closely resembles the Mars–van Krevelen oxidation me
nism[8], in which oxygen is transferred between the latt
and the substrate. Magnesium oxide is a good model ox
since it has a simple rock salt structure, and its morp
ogy and resultant catalytic activity can be easily altered
variation of the preparation method. The surface struct
exhibited are reasonably well understood and easily c
acterised, as is its defect chemistry. Although the isoto
oxygen exchange properties of MgO have been widely s
ied [1,2,9–12], to our knowledge no attempt has been ma
to elucidate potential structure sensitivity in this system. F
thermore, we have previously demonstrated structure s
tivity in the MgO-catalysed oxidative coupling of metha
reaction[13]. In that case, it was concluded that selectiv
for higher hydrocarbons was not associated with the 3 a
coordinated sites on cubic morphology MgO, since it was
variant with changing catalyst particle size under conditi
of constant conversion. However, enhanced selectivity
observed with samples exhibiting {110} and {111}mean in-
dex surface planes. A preliminary report on our studies
structure sensitivity in oxygen isotopic exchange on M
has already appeared[14].

2. Experimental

Four magnesium oxide samples kindly supplied by
Ube company were used in this study, specified as ha
crystallite sizes of 100 Å (MgO 100 Å), 500 Å (MgO 500 Å
1000 Å (MgO 1000 Å), and 2000 Å (MgO 2000 Å). Befo
reaction, samples were subjected to an overnight pret
ment at 733 K, as described later in the text, to rem
contaminant traces of magnesium hydroxide and ma
sium carbonate that were evident in powder X-ray diffract
patterns of some of these materials, as discussed elsew

[14]. The resultant samples had surface areas of 98, 31, 26
and 12 m2 g−1, respectively, for MgO 100, 500, 1000, and
2000 Å, which was considered a wide enough surface area
atalysis 234 (2005) 14–23 15
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variation to detect any significant structure-sensitivity. X
analyses of these samples, both before and subsequent
action, did not indicate any impurities above the levels
detection. In addition to the Ube samples, MgO was p
pared by a further three routes: (i) burning magnesium
bon (Aldrich) in air followed by calcination in air at 1073
for 3 h to remove traces of the nitride, (ii) thermal deco
position of magnesium hydroxide (Merck) in air at vario
temperatures for 3 h, and (iii) thermal decomposition
magnesium hydroxycarbonate (Merck) in air.

Surface area was determined by nitrogen physisorptio
a semi-automated BET apparatus, and transmission ele
microscopy was performed with a Jeol 2000EX microsc
operated at 200 kV with samples prepared by dispersio
ethanol and deposition on holey carbon grids.

Microreactor testing was performed in a re-circulat
closed-loop reactor fabricated from 1/4′′ stainless-steel tub
ing. The section housing the catalyst consisted of a qua
lined 1/2′′ stainless-steel tube. Magnesium oxide sample
actor beds, which were typically 25–100 mg, correspond
to a surface area of 2 m2, were held centrally between silic
wool plugs in the heated zone of a vertical LPC Eleme
tube furnace. Materials were tested in powder form. T
temperatures reported in this paper correspond to set-
temperatures. The reactor was operated under sub-am
pressure. In a typical experiment, a quantity of36O2 (CK
Gas Products 99.2 at% balance32O2) was dosed to corre
spond to a final reactor pressure of either 20 or 80 T
at room temperature, as described later in the text. On
gas-phase composition analysis was performed with a H
201.5 quadrupole mass spectrometer with a very low
rate to ensure that the pressure change during the cour
the reaction, typically 8 h, was very small. In addition to 3
34, and 36,m/z values of 28, 18, and 14 were also scann
to ensure that data were not influenced by leaks. Backgro
experiments confirmed that exchange did not occur in the
sence of MgO.

For infrared spectroscopy, samples were pressed into
self-supporting wafers weighing ca. 10 mg, and meas
ments were performed with an ATI RS1 Fourier transfo
spectrometer equipped with an in situ stainless-steel
with calcium fluoride windows, capable of a base press
of <10−7 mbar. Samples could be heated to 1073 K in v
ious atmospheres. Typically 20 scans were co-added.
spectra presented are baseline-corrected absorbance
tra.

For UV measurements, the samples were placed in a
with an optical quartz window, allowing the thermal tre
ment to be carried out in situ, after attachment to a c
ventional vacuum line (residual pressure 1× 10−6 Torr).
Diffuse-reflectance spectra were recorded with a Per
Elmer Lambda 19 spectrometer, equipped with an integ

,ing sphere, with BaSO4 as a reference powder. Photoemis-
sion spectra were recorded with a Spex FL212 spectrofluo-
rimeter.
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Table 1
Specific rates of isotopic exchange on the Ube samples at 80 Torr

Pretreatment Temperature
(K)

Specific rate of isotopic oxygen exchange (×1013 atoms s−1 m−2)

100 Å 500 Å 1000 Å 2000 Å

Vacuum at 733 K 688 1.41± 0.32 2.34± 0.35 1.18± 0.54 1.02± 0.50
708 3.61± 0.33 3.73± 0.37 1.94± 0.23 1.73± 0.26
723 3.74± 0.37 6.12± 0.55 2.69± 0.30 2.35± 0.33
733 6.22± 0.44 8.52± 0.60 5.74± 0.40 4.96± 0.45

Oxygen at 733 K 688 1.45± 0.20 2.59± 0.31 1.06± 0.24 1.07± 0.43
708 3.16± 0.22 4.52± 0.32 1.42± 0.23 1.46± 0.48
has
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723 4.51± 0.32
733 6.03± 0.30

3. Results and discussion

3.1. Effect of variation of crystallite size

The heterolytic isotopic oxygen exchange reaction
been studied over the Ube 100, 500, 1000, and 200
MgO samples in the temperature range of 688–733
As described elsewhere[14], the Ube samples compris
MgO crystallites terminated by {100} faces, although hig
resolution transmission electron microscopy has dem
strated that the crystallite surfaces are highly faceted[15]. In
all cases, the R1 mechanism was exclusively observed, w
the rate of loss of36O2 exactly compensated for by the co
responding rate of production of34O2. It was also observe
that, in all cases, the exchange reaction had halted be
the whole surface monolayer had been exchanged, and
cal values of exchange were 8% of a monolayer. Previou
Kalenik and Wolf reported that only 7% of the total latti
oxygen of MgO was exchangeable at the much higher r
tion temperature of 1023 K[11]. Table 1presents the result
of surface area normalised initial rate measurements. T
were determined within the first 2.8 h of reaction by fitti
of data to a pseudo-first-order expression that assume
kinetics of reaction to be first order in concentration of sit
as we have described elsewhere[14]. Table 1also shows the
influence of variation of pretreatment regime. Two pro
dures, which mimic methods described in the literature, h
been adopted: overnight annealing at 733 K in an oxy
atmosphere (120 Torr) or in vacuo. In agreement with
lier work by Winter [1], it was observed that there was
difference between oxygen or vacuum pretreated sam
at this temperature. However, we have observed that
treatment in vacuo at higher temperature (1023 K) cau
an induction period of 5.5 h on reaction, where the lat
takes up gas-phase oxygen, before the commenceme
the exchange process, which proceeds with kinetics sim
to those of the samples pretreated at lower temperature
data inTable 1have been used to construct the Arrhen
plots given inFig. 1. We determined the error bars by taki
into consideration the effects of variation in the mass sp

trometer response and the accuracy of the surface area an
reaction temperature measurements. When account is take
of the different temperatures used in the various studies, it
6.01± 0.42 1.98± 0.24 2.25± 0.10
9.66± 0.48 5.52± 0.39 4.55± 1.41

-

e

f

Fig. 1. Arrhenius plots for Ube MgO samples of varying surface area
lowing pretreatment in vacuo.

is worth noting that the specific rates reported inTable 1
are similar to those reported by Boreskov[2] and Karasuda
and Aika[16]. However, the two different stages of activi
apparently relating to the exchange of two different ty
of oxygen species, as reported by the latter authors, w
not observed in our study, and the similarity of rates is
served with the lower activity species. There are two ord
of magnitude difference between our exchange rates
those reported by Martin and Duprez[10], despite the fac
that they performed their studies on Ube 100 Å MgO ma
ial. We suggest the origin of this discrepancy lies in the
that, in the latter case, the samples tested evidently conta
a contaminant hydroxide phase and were also subjected
hydrogen pretreatment stage before reaction. The activit
ported by Winter[1] is around an order of magnitude high
than ours; however, we are unable speculate on the re
for this.

With the exception of the 500 Å material, despite p
sessing nearly an order of magnitude spread in surface
the Ube samples exhibit activation energies and surface
normalised specific rates that are the same within exp
mental error. This implies that there are energetically ho
geneous exchange sites that vary in number in direct
portion to surface area. In the case of the 500 Å mate
the activation energy is the same within experimental

d
n
ror as for the other samples, which implies that the higher
activity observed with this sample is most likely due to a
higher concentration of exchange sites. Although we have
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Table 2
Table showing the ratios of each different co-ordination site type from the experimental data and calculated ratios based on the assumption of perfet morphol-
ogy

Ratio 3 Coordinated 4 Coordinated 5 Coordinated

Experimentala Experimentalb Calculated Experimentala Experimentalb Calculated Experimental Calculate

100:500 1.27 3 30 0.9 2.3 5 – 0.97
100:1000 1.66 3 100 1.24 3.25 11 – 0.96

100:2000 3.38 10.2 600 1.46 3.84 21 – 0.96

les a

cu-
ion
are
us-

-
sur
the
on-
tion
V–

emi-
ow
var-
s to

m-
low
.
c-
ted

e-
that
sug-

sult

r-
ese
ro-
e-

ith

ts on

o-

ples
t to
al
rre-
wn,
rate
at
lt is
hen
ove.
area
nly
that
or-
er,
m-
that

ec-
ave
a Taken from photoluminescence measurements.
b Taken from UV/VIS/NIR diffuse reflectance measurements.

Table 3
Specific rates of isotopic exchange on the 100 and 2000 Å Ube samp
20 Torr following vacuum pretreatment at 733 K

Temperature
(K)

Specific rate of exchange (×1013 atoms s−1 m−2)

100 Å 2000 Å

688 1.46± 0.20 1.35± 0.22
708 3.51± 0.35 2.27± 0.25
723 3.65± 0.40 3.23± 0.42
733 5.95± 0.65 4.69± 0.39

observed that the Ube samples do not exhibit a regular
bic morphology and well-defined size range, transmiss
electron microscopy studies indicate that the crystallites
terminated by the {100}-type planes, as described previo
ly [14]. As noted elsewhere[15], high-resolution transmis
sion electron microscopy has demonstrated that these
faces can be highly faceted, most likely as a result of
formation and subsequent thermal decomposition of c
taminant hydroxide and carbonate phases before reac
Accordingly, we have applied photoluminescence and U
visible diffuse-reflectance measurements to make a s
quantitative determination of the relative differences in l
(i.e., 3 and 4) coordinate ion population between the
ious Ube samples. The application of these technique
oxides has been reported elsewhere[17,18]. The results for
the samples in the present study are presented inTable 2.
As anticipated, there is a wide variation in the relative nu
bers of these different sites, with the highest number of
coordinate sites being associated with the 100 Å sample

Taken in conjunction with the reactivity data, our spe
troscopic studies are indicative that either 3 or 4 coordina
ions alone on {100}-terminated faces of MgO are not r
sponsible for the observed activity. Furthermore, the fact
such a small fraction of the monolayer is exchangeable
gests that neither are all 5 coordinated ions.

The effect of variation of the initial pressure of36O2 be-
tween 20 and 80 Torr has been investigated, and the re
of the 20 Torr study are listed inTable 3. By comparison
with Table 1, it is evident that, to within experimental e
ror, there is no influence of pressure on rate within th
limits, which is consistent with previous reports of ze
order dependence[1]. This observation implies that the rat

determining step of the process is not related to the acti-
vation of O2; rather, the desorption step is, as concluded
by others[1]. Moreover, the linear nature of our activity
t

-

.

s

Fig. 2. Switching experiments at 733 K involving initial exchange w
36O2 and its subsequent replacement with32O2 on Ube MgO.

Table 4
Specific rates of isotopic oxygen exchange from switching experimen
100 and 2000 Å MgO

Ube MgO

sample (Å)

Specific rate of oxygen exchange (×1013 atoms s−1 m−2)

MASS 36 FEED MASS 32 FEED

100 6.17± 0.435 6.43± 0.435
2000 4.72± 0.446 4.17± 0.446

plots further confirms our conclusion of energetically h
mogeneous exchange sites. InFig. 2 andTable 4, data are
presented for experiments on the 100 and 2000 Å sam
in which initial isotopic exchange had been carried ou
varying extents at 733 K, followed by switching to norm
oxygen. The quantity of exchange for the two samples co
sponds, respectively, to 8 and 9% of a monolayer. As sho
the exchanged sites were found to re-exchange with a
very similar to the initial process. In view of the fact th
we were re-exchanging such dilute systems, this resu
somewhat surprising and has interesting implications w
considered in conjunction with the results described ab
As stated previously, the absence of apparent surface
sensitivity on the rate of reaction and the fact that o
a small fraction of the monolayer exchanges indicate
the reaction is not exclusively confined to 3, 4, or 5 co
dinated surface ions on MgO {100}-type faces. Howev
the switching experiments indicate that for the Ube sa
ples, there are a fixed number of exchangeable sites
vary in direct proportion with surface area and are eff
tively labeled by the exchange process. Previously we h

speculated that these may be hydroxyl groups, on the basis
that others have observed similarity in the patterns of H2–D2
isotopic exchange and isotopic oxygen exchange activity on
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Fig. 3. Isotopic shift of hydroxyl groups on adm

Scheme 1.

alkaline earth oxides[19]. However, as shown inFig. 3, we
have subsequently performed in situ FTIR studies of the
change process with terminal16OH groups of MgO at 738 K
and 80 Torr and have observed that, although the exte
exchange is quantitative, the process occurs too rapid
account for the kinetics observed in our microreactor s
ies. The observed shift of 17 cm−1 compares reasonably we
with the 13 cm−1 shift calculated with the assumption of
harmonic oscillator. The process was observed to be c
plete within 1 min and, because of our sampling rate, wo
therefore not show up in our first-order plots. Compari
with temperature-programmed desorption studies of ma
sium hydroxide[20] suggest that there could be a possi
indirect role of hydroxyl group decomposition to yield O−
centres by loss of hydrogen under the pretreatment co
tions used in the present study. A possibility is that these s
subsequently interact with gas-phase36O2 to form a three-
centred ozonide ion intermediate, which isotopically scra
bles on decomposition as shown inScheme 1. A V1 centre
comprising a triangular array of O− sites on an MgO(111

facet on the surface has previously been proposed on the ba
sis of ESR studies[27]; however, this interpretation has been
controversial[28]. Our proposal does not necessarily invoke
n of36O2 at 80 Torr and 738 K on Ube 100 Å MgO.

the presence of such V1 centres, since intermediate ozo
can be formed via reaction with isolated O− sites. Ozonide
intermediates have previously been observed to form by
action of O− with O2 on MgO [21]. The fact that these
intermediates are known to be fairly stable suggests that
decomposition may be the rate-limiting process, which
entirely consistent with the observed lack of36O2 pressure
dependence upon reaction rate. On MgO 100 Å, an infra
band at 2180 cm−1 can be observed (Fig. 4). By compari-
son with similar bands in cerium oxide[22], we believe that
this band can be attributed to either an O–O stretching
bration of a superoxide species, O−

2 , or an ozonide specie
The vibrational frequency is typical of an O–O stretching
bration with a bond order of 1.5. We have also observed
infrared band at 846 cm−1. This band has been attribute
to ozonide species on MgO[21]. Note that in contrast to
the ex OH species (as described in the next section)
band at 1060 cm−1 was observed and the band at 855 cm−1

shifted to 846 cm−1. As oxygen exchange with36O2 leads
to an isotopic shift very small in comparison with the lite
ture (the minimum calculated shift for a18O–16O shift being
62 cm−1) on the time scale of the experiment, we conclu
that these species exchange slowly. This is qualitatively
sistent with the kinetics observed in the reactor experime

In conducting a study of the formation and reactivity
surface O− and O−

3 species on MgO[23], Tench reported
the isotopic exchange reaction to occur with17O-containing
oxygen. A mechanism related to the one we are sugge
was proposed:

O2 + O− → O−
3 ,

2O−
3 → 2O−

2 + O2.

We believe this to be inconsistent with our observatio
since it would lead to the occurrence of some R2 products,

-which we have not observed for the Ube MgO samples.
However, as reported by Che et al.[31], superoxide species
can be active for R1 exchange via the intermediacy of O−

4
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Fig. 4. (a) In situ FTIR spectrum of Ube 100

species. Therefore, the occurrence of the R1 mechanism via
such intermediate O−4 centres cannot be ruled out.

An alternative possibility is thatensembles of low coor-
dination sites could be associated with activity. As we h
shown elsewhere, erosion of Ube MgO samples can lea
the formation of highly irregular surfaces on the unit c
scale[15]. Since erosion of the samples by CO2 and H2O is
known to occur preferentially at sites of low coordination
would be possible for the density of such ensembles to s
directly with surface area. As we have shown, there wo
not necessarily be a relationship between the density o
various sites explored by the experiments described inTa-
ble 2and the density of ensemble sites.

The results of the high-temperature in vacuo outgas
studies, in which there is an apparent induction period,
intriguing. They clearly suggest that the exchange reac
cannot occur below a certain critical surface stoichiome
which could indicate that the decomposition of intermed
ozonide, or the activity of ensembles of low coordinate si
is suppressed until this is attained.

3.2. Effect of variation of morphology
To investigate the influence of crystallographic face on
the kinetics of the exchange reaction, we prepared MgO
O. (b) Ex situ FTIR spectrum of Ube 100 Å MgO.

Table 5
Specific rates of isotopic oxygen exchange measured on the MgO cata
prepared from different precursors, at 708 K following vacuum treatme
733 K

Catalyst Ratio
R1:R2

Specific rate of isotopic oxygen exchange
(×1013 atoms s−1 m−2)

R1 R2 Total

Ribbon – 4.05± 0.81 – 4.05± 0.81
Hydroxide 8:5 3.12± 0.22 2.37± 0.28 5.49± 0.50
Basic carbonate 1:1 9.23± 1.85 11.9± 2.14 21.1± 3.99

samples by a variety of methods. Although electrostatic c
siderations dictate that the MgO {100} termination pla
is the most stable, it is known that intermediate metast
faces can be prepared. Common metastable faces a
{111} type, which is stabilised by the presence of high co
centrations of terminal surface hydroxyl groups[24], and
mean {111} and {110} faces, which are composed of micr
ensembles of cubeltes exposing {100} faces[25]. It has been
demonstrated elsewhere that variation of preparation m
ods can lead to MgO samples exhibiting such metast
faces to varying degrees[13]. Accordingly, we have inves

tigated the activities of MgO samples prepared by different
methods designed to yield samples containing various pro-
portions of different MgO termination plane.Table 5shows
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Fig. 5. Occurrence of the R2 process over MgO derived from a basic c
bonate precursor.

the activities of samples prepared by the thermal dec
position of magnesium basic carbonate (to produce a s
ple containing a relatively high proportion of mean {11
and {110} faces), burning magnesium ribbon in air (to p
duce exclusively {100}-terminated MgO), and thermal d
composition of magnesium hydroxide (to produce {11
and {100}-terminated MgO in proportions dependent up
the temperature/duration of calcination). All samples w
subject to a 16-h calcination stage at 1073 K in air
fore activity testing. Transmission electron microscopy
such samples confirmed our previous observations of m
phology[13]. In all cases, powder X-ray diffraction demo
strated that MgO was the sole phase present, and XPS
ies demonstrated the absence of impurities at the lim
detection. Caution must be exercised in the case of the
mal decomposition of magnesium basic carbonate der
materials, where the presence of sodium and calcium
taminants (which could enhance exchange activity) are
documented. However, we have shown previously that
role of impurities in this preparation route is minor in t
structure sensitivity of MgO for oxidative coupling[13],
where the role of mean {111} and {110} termination fac
is dominant. It is noteworthy that there is a pronounced
fect of preparation route on exchange kinetics and that in
case of MgO samples prepared via decomposition of a
droxylated precursor, significant activity to the R2 process
in which32O2 is produced is apparent. An example is sho
in Fig. 5 for MgO prepared from the hydroxycarbonate p
cursor. It is possible to relate the overall exchange kine
to the occurrence of different crystallographic faces. As
scribed previously[13], transmission electron microscop
studies show that magnesium oxide prepared from both
ribbon and hydroxide preparation routes exposes the {1
termination, whereas that prepared via magnesium hydr
carbonate predominantly exposes the mean {111} and {1
termination. Mean {111} and {110} crystallographic fac
are composed of high concentrations of the low coordin
Mg2+O2− ion pair ensembles proposed to be of importa
for the activity of the Ube samples. The effect of prepa
tion route therefore further supports the potential role of s

sites in determining O2 exchange activity.

In the case of the R2 process, it is possible that sequen-
tial exchange is occurring because of the presence of high
talysis 234 (2005) 14–23

-

-

-

local concentrations of active sites, resulting in an increa
probability of sequential exchange of34O2, or that the mech
anism proposed by Tench[23] detailed earlier is operative
Indeed, we have recently shown pronounced difference
the concentration of low coordination ensembles in U
100 Å MgO and MgO prepared via decomposition of
hydroxide[15]. Alternatively, R2 exchange may occur in
single step with a diatomic surface oxygen species, suc
peroxide and/or superoxide, which have been observe
some MgO surfaces[21]. In fact, the generation of peroxid
has been suggested as an intermediate stage in O− centre
formation on decomposition of magnesium hydroxide[20].
In this context, it is also very interesting to note that Mg
prepared via burning of ribbon in air has a specific ac
ity comparable to that of the Ube materials. There is a
no apparent R2 activity, however, which is consistent wit
the fact that intermediate hydroxyl species are not invol
in the genesis of this sample. Overall, the occurrence o
R2 process on some samples and not others is a very i
esting observation, since in previous literature this proc
has been reported by some authors and not others[26], de-
spite similarities in their reaction regimes. This suggests
choice of preparation route exerts a major influence on
exchange activity pattern. Previously, Yanagisawa et al.[29]
have observed the R2 process to occur over MgO only aft
irradiation. This was initially ascribed to the formation o
non-square O−4 intermediate, which was proposed to occ
at kink sites on stepped {111} surfaces, which would clea
imply a potential influence of morphology. In a subsequ
study, on the basis of ab initio molecular orbital calculatio
performed with defective {111} clusters, the same gro
postulated the importance of charged O5 intermediates for
R2 exchange[30]. The absence of R2 in nonirradiated MgO
was stated to be due to the difficulty in the formation of su
intermediates. As detailed above, Che et al.[31] proposed
the intermediacy of square O−4 species in the R1 exchange
process.

To further investigate the role of crystallographic pla
on the exchange reaction kinetics, we prepared a serie
magnesium oxide samples by the thermal decompositio
magnesium hydroxide in air at temperatures in the rang
623–1223 K. As mentioned previously, it is known that t
procedure can generate MgO with differing proportions
the metastable {111} faces stabilised by terminal hydro
groups. It would be anticipated, and has been verified
the transmission electron micrographs presented inFig. 6,
that the preponderance of the {111} termination face wo
decrease with increasing temperature.Table 6shows the sur
face area normalised activities of materials calcined at
923, and 1223 K. Again, powder X-ray diffraction demo
strated that all materials comprised exclusively the M
phase prior to reaction. It is worth noting that the activ
of these materials is somewhat lower than their counter

generated by prolonged calcination at 1073 K, as shown in
Table 5, which indicates that, overall, the activity of {111}-
type termination planes is lower than that of the {100}-type
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Fig. 6. Transmission electron micrographs of MgO prepared by decom
corresponds to 400 Å, and (c) 1223 K scale bar corresponds to 500 Å.

Table 6
Specific rates of isotopic oxygen exchange measured on the MgO cat
at 708 K prepared from decomposition of Mg(OH)2 at various temperature
for 3 h

Decomposition
temperature
(K)

Ratio
R1:R2

Specific rate of isotopic oxygen exchange
(×1013 atoms s−1 m−2)

R1 R2 Total

623 3:2 0.75± 0.19 0.57± 0.19 1.32± 0.39
923 6:1 3.08± 0.19 0.55± 0.25 3.63± 0.44

1223 2:3 0.92± 0.16 1.22± 0.26 2.14± 0.41

planes. It may be possible to rationalise this on the b
of the fact that the average coordination number of ion
the {111} surface plane is lower than for {100}, and co
sequently species are more tightly bound to the lattice
hence less reactive in the former case. It is also apparen
the intermediate calcination temperature yields the mos
tive sample of the three, which may be a consequence o

decreasing concentration of the {111} plane coupled with
the fact that reactive sites may be annealed at the higher tem
perature calcination. The variation of R2 activity may merely
ion of Mg(OH)2: (a) at 623 K scale bar corresponds to 200 Å, (b) 923 K scale

t

reflect the stage of surface OH group decomposition. We
is given to this suggestion byFig. 7, which presents the FTIR
spectrum of Mg(OH)2 that has been decomposed at 723
in vacuo. In this spectrum, it is worth noting that, in ad
tion to absorptions in the range of 1260–1700 cm−1, there
are two bands at 1090 and 860 cm−1 that we attribute to
peroxide species on the basis of previous literature[22]. For
MgO 100 Å, on the other hand, we only observed a b
at 846 cm−1 attributed to an ozonide species (see abo
Furthermore, we cannot rule out the possible presenc
superoxide species, which could be obscured by the b
absorption in the 1690–3000 cm−1 range.

4. Conclusion

A comprehensive investigation of the structure sens
ity of the exchange of isotopic oxygen with the surface
-
magnesium oxide samples was undertaken. Both the effect
of crystallite size and surface plane termination have been
investigated. In the former case, the surface area normalised
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Fig. 7. In situ FTIR spectrum M

activity of a series of MgO samples exhibiting only {100
type termination planes has not been found to vary sig
cantly over a range of temperature, implying a structure
sensitivity for this reaction. In all cases, exchange did no
to a complete monolayer, apparently stopping at a frac
equivalent to ca. 8%. The exchange process was found
fully reversible, which indicated that discrete sites are ef
tively labeled in the reaction. By application of in situ FT
measurements, it was demonstrated that these sites d
correspond to surface hydroxyl groups, and it is postula
that the intermediate of the reaction may be ozonide spe
generated by the reaction of gas-phase O2, with surface O−
resulting from OH decomposition. An alternative possibil
is thatensembles of low coordination sites could be asso
ated with activity. Preparation of MgO samples by a vari
of methods demonstrated the surface crystallographic p
to have an important influence on reaction. Most active
faces corresponded to those consisting of mean {111}-
{110}-terminated planes, and the least active surface
those consisting of hydroxyl-terminated {111} planes, w
{100}-terminated planes possessing an intermediate a
ity. In addition, it was found that samples prepared via
droxylated precursors exhibited activity for the R2 exchange
process, in which two lattice surface species are excha
with each molecule of gas-phase O2. This observation sug
gests that the discrepancies in activity pattern reported in
literature for this reaction are likely to be due to influences
the precise preparation method. It was proposed that th
currence of R2 results from exchange with diatomic spec
documented to be generated from OH group decomposi
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