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The adsorption of C@over a set of gallium (Il) oxide polymorphs with different crystallographic phases (

B, andy) and surface areas (3205 n? g~%) was studied by in situ infrared spectroscopy. On the bare
surface of the activated gallias (i.e., partially dehydroxylated undear@ D, (H,) at 723 K), several IR
signals of the & D (O—H) stretching mode were assigned to mono-, di- and tricoordinated OD (OH) groups
bonded to gallium cations in tetrahedral and/or octahedral positions. After exposing the surface of the
polymorphs to C@at 323 K, a variety of (bi)carbonate species emerged. The more basic hydroxyl groups
were able to react with CQto yield two types of bicarbonate species: mono- (m-) and bidentateifa-) [

(COs) = 1630 cnTl; v(COs) = 1431 or 1455 cmt (for m- or b-); 6(OH) = 1225 cn1l]. Together with the
bicarbonate groups, IR bands assigned to carboxylaf€[0,) = 1750 cn1l; v4(CO,) = 1170 cn1?], bridge
carbonate f,{COs) = 1680 cn1?; v(CO;3) = 1280 cn1?], bidentate carbonate’{{CQOs) = 1587 cn?; ve

(COs) = 1325 cn1l], and polydentate carbonate,JCQOs) = 1460 cm?; v{(COs) = 1406 cm] species
developed, up to approximately 600 Torr of £€®lowever, only the bi- and polydentate carbonate groups

still remained on the surface upon outgassing the samples at 323 K. The total amount of adsorbed CO
measured by volumetric adsorption (323 K), wag.0 umol m~2 over any of the polymorphs, congruent

with an integrated absorbance of (bi)carbonate species proportional to the surface area of the materials. Upon
heating under flowing C&(760 Torr), most of the (bi)carbonate species vanish&d&50 K, but polydentate

groups remained on the surface up to the highest temperature used (723 K). A thorough discussion of the
more probable surface sites involved in the adsorption of S@nade.

1. Introduction ono- andy-Gg0s, with carbon dioxide, within a reduced range
. o o . )
Gallium oxide has recently emerged as a relevant catalytic of experimental condition%;* despite the remarkably high

material (either bulk or supported) for light alkane dehydroge- reactivity of the surface carbonate group with hydrogen.
nation and aromatization (Cyclar proceks), hydrocarbon Along this last guideline, the development of an active Pd/
isomerizatior?, nitrogen oxides reduction by hydrocarbéns, G&0; catalyst for methanol synthesis from €lydrogenation,
steam reforming of methan®tCcarbon dioxide hydrogenation ~ able to compete with the classical Cu/ZnO formulation, was
to methanok 13 and carbon dioxide (dry) reforming of first reported by Fujitani et dft Later on, Bonivardi et al.
methané? However, as compared to aluminas, little is yet showed that the addition of gallium oxide to a Pd/Statalyst
known about its surface chemistry. produced a dramatic improvement of the catalytic performance
The existence of five polymorphs of gallium sesquioxide (also to give oxygenated compounds from carbon dioxide hydrogena-
named gallia) and their stability relations were studied by Roy tion:'2 the turnover rate to methanol increased up to 500-fold
et all® in the early fifties. Among these modifications, the (COx/H, = /3, 523 K, and 3 MPa) upon going from clean Pd/
pB-form is the only stable one, whereas all the other polymorphs silica to Ga-Pd/silica (Ga-to-Pd atomic ratie= 8), and the

(or transition gallias) are metastable and transform/@e,05 selectivity to methanol went up, from 17% to 70%, the higher
at sufficiently high temperatures. The, -, andy-gallia forms the gallium content on the Pd/SiQvas. Bonivardi et al?
are hexagonal corundum-type (space gregg),*>'®monoclinic suggested that the mechanism of methanol synthesis frogn CO

(space groufC2/m),'>1718and cubic defect spinel-type (space hydrogenation on GaPd/SiQ should involve intermediates
groupFd3m)*® structures, similar to the well-knowa, 6-, and from adsorbed C@rather than CO, similar to those proposed
y-Al20s structures, respectively. by Cu/ZnO or over Cu/Zrg?5-28 Several of these intermediates

In regard to the surface properties of the gallia polymorphs, were detected by temperature-programmed reaction (between
a few studies are focused on the aclmhse surface properties 323 and 723 K at 0.1 MPa) under flowing &/80, mixture
of these oxides, using mainly infrared spectroscopy. The Lewis gyer pureB-Ga0; and PdB-Ga0s (1 wt % Pd), employing in
and Bransted acidities of the /5, andy forms were investigated ity Fourier transform infrared (FTIR) spectroscépyin
by adsorbing carbon monoxidé,?* pyridine?*2¢2,6-dimeth-  haicylar, carbonate species were hydrogenated over bulk
ylpyridine 24 and acetonitrilé* The basicity was explored only j-Ga0s to formate and methoxy groups, by hydrogen atoms

rovided by the dissociative chemisorption of molecular hy-
* Correspondence should be sent to Dr. Adrian L. Bonivardi, INTEC, P y P M

Giemes 3450, S3000GLN Santa Fe, Argentina. Telephong4(342)- drogen on gallia, albeit at temperatures far higher than the usual
4559175, Fax:+54(342)4550944. E-mail: aboni@intec.unl.edu.ar. “methanol synthesis conditions” (523 K).
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Then, a more detailed study on the adsorption of 6@the — 1 T T T 1

gallia polymorphs can bring light to a further understanding of (o8

their reactivity. This work peruses the interaction of carbon o (20)

dioxide over different gallium oxide crystal phases by in situ oo

FTIR spectroscopy, between 323 and 723 K, focusing on the @2 ﬂ .
characterization of the different surface hydroxyl groups and <0MM

of the hydroger-carbonate (bicarbonate) and carbonate species.
o (40)

2. Experimental Section

2.1. Materials. All the gallia polymorphs were obtained from
Ga(NGy)3xH,O and GaOs; supplied by Strem Chemicals
(99.99% and 99.998% Ga, respectively). We followed the basic
preparation methods described in a previous Wi obtain
polymorphs with BrunauerEmmett-Teller surface area&ger)
between 12 and 105% g1, as briefly outlined below.

Two pure phases af-GaO3; were prepared from Ga(NR-
xH,O in aqueous NEDH (pH = 10), at room temperature
(RT)2 The precipitated gel was washed several times with
doubly distilled water until no residual NO anions were
detected in the washing water by UV spectroscopy. One part

(400) 1)

Intensity (a.u.)

of this gel was aged at 343 K (3 h) and dried under vacuum at 20 ' 30 * 40 ' 50 * 60 " 70
298 K (4 h), and finally, it was calcined in air at 773 K (1 h)
to give a-Ga0s with an Sser = 40 n? g~ (codeda(40) from 26 (degrees)

now on). The other part of the gel was dried at 343 K (10 h) Figure 1. XRD patterns of the gallia polymorphs used in this study.
and calcined at 823 K (6 h) in air; this-Ga,03; sample Ger
= 20 n? g 1) was labeled as(20). Ga** cationg® and (ii) to remove the artificial bands in the
The y- and 3-Ga0s; phases were synthesized as follows. 3000-2800 cnt? region that arise from oil contamination during
Hydrated gallium hydroxide gel was obtained by adding an wafer preparation, which are attributed to the I stretching
ammonia ethanolic solution (50% v/v) to 7 wt % Ga(}$& modes?° This pretreatment procedure was accomplished by the
xH20 in ethanol at RT. The gel was filtered and washed with following: (a) an activation step, heating i, @00 cn® min?,
ethanol until no N@ anions were detected. The resulting 5 K min~2) from 298 to 723 K and, next, cooling to 298 K
material was then dried at 343 K (1 h) and air calcined at 823 ynder vacuum (base pressurel.33 x 1074 Pa), followed by
K (8 h). A y-G&0s polymorph with anSser equal to 105 1A (b) an activation step, heating inpldr D, (100 cn® min~2, 5 K
g%, coded ag(105), was obtained. A portion of this last gallium min—1) from 298 to 723 K and, then, after 20 min in a vacuum,

oxide was fur'Ter Cr?_lgdrﬁd in air at 923 K (6 h) to give a 40jing gradually, to allow reference IR spectra of the pretreated
f-G&Os (Seer = 64 v g71), labeled ag(64). wafers to be taken at different temperatures.

Another 5-gallia sample was prepared by direct calcination . . . .
in air of thg gommerciaﬁ galliumpoxri)de at 1}673 K during 6 h. An |sother_mal CQadsorption-desorption experiment at 323
The gallia polymorph obtained, with &gt equal to 12 rA K was _carrled out over each pretreatedZGgsqmple, by
g%, was coded ag(12). increasing and decreasing the £§as pressure inside the cell.

The crystallographic phase of each gallium oxide type was Next, gtemperature-progranjmed adsorption (TPA) equilibrium
determined by X-ray diffraction spectrometry (XRD) using a ©&XPerimentwas run, by heating from ':”123 to 723 K (5 K mijn
Shimadzu XD-D1 apparatus (Cwi¢adiation). TheSser values ~ While the CQ gas flow (100 cr min™!) was kept constant
of the gallium oxides, previously outgassed at 473 K for 3 h through the cell at atmospheric pressure (101.3«H&0 Torr).

under dynamic vacuum (base pressar#.33 x 10~ Pa), were No change in the surface area and/or the original XRD pattern
measured at 77 K employing a Micromeritics Accusorb 2001E of any of the gallia samples was detected after the in-situ FTIR
apparatus. TPA experiments.

Carbon dioxide isotherms were measured at 293 K over a  The in-sjtu transmission infrared spectra were registered
selected set of the polymorphs, using a flow glass reactor gmpjoving a Shimadzu 8210 FTIR spectrometer with a DLATGS
co_nnected to one of the ports of the manifold of the Accusorb yatactor (4 cm? resolution, 100 scans). When needed, back-
unit. Before the C@gptakes were m?aswed’ each sample was ground correction of the spectra was achieved by subtracting
pretreated as de_scnbed below (_actlvanons undea@ H). he spectra of the pretreated wafers at each temperature; a
. The phase purity and qther main features of the samples use orentzian sum function was used to fit the overlapping bands
in this work are summarized in Figure 1 and Table 1. and to measure peak areas and/or intensifies

2.2. Gallia in-Situ FTIR Studies. Self-supported wafers of o o
each gallia sample (diameter13 mm) were made by pressing All the gases u_;ed in this study were high purity grade and
30 mg of powder at 5 ton crd. These wafers were placed in ~Were further purified as follows: H(AGA, 99.999%), N
turn into a transmission infrared Pyrex cell with water-cooled (AGA, 99.998%), and C® (AGA, 99.996%) were passed
NaCl windows, which was attached to a conventional manifold through MnO/A}O; and molecular sieve (3 A, Fisher Co.) traps
system, as previously describ&4. to eliminate oxygen and water impurities, respectively; O

Before any adsorptiondesorption experiment of GQook (AGA, 99.999%) was passed through a molecular sieve (3 A,
place, each wafer was pretreated in-situ: (i) to allow uniform Fisher Co.) and Ascarite traps to remove water and carbon
dehydration and dehydroxylation of the surface of the metal dioxide, respectively. P(Scott C.P. Grade 99.7%) was intro-
oxides and the generation of coordinatively unsaturated) ( duced into the cell without further purification.
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TABLE 1: Polymorphs of Gallium Oxides Used in This Work

sample code solvent drying calcination crystal phase Sger (M?g™?) CO, uptaké (umol m2)
o(20y H,O air, 343 K (10 h) 823 K (6 h) o 20
a(40p H,O vacuum, 298 K (4 h) 823 K (6 h) o 40 2.0
y(105) C,HsOH air, 343K (1 h) 823 K (8 h) y 105 1.8
p(64p C;HsOH air, 343 K (1 h) 923K (6 h) B 64 2.3
p(2y 1073 K (5h) B 12

aMeasured at 293 Kpco, = 760 Torr; see text)? Ga(NQy)sxH.0 as precursor: Commercial GgOz as precursor.

3. Results and Discussion '

3.1. Surface OH(OD) Groups. The IR spectra of the R ;w_ -1
pretreated gallium oxides, before the adsorption of @l after 0 3 3
environmental background subtraction (rather than pretreated - ET; o‘-?t g A=10.025
wafer subtraction), showed several overlapping bands between o a 9
3800 and 3300 cm, due to the stretching modes of different - \ | /

hydroxyl groups. It is important to note that the activation under
H, of the gallium oxides only reduces the band intensity of the
OH species; it does not change the general features of the
spectra?? Since the total surface area and the crystal phase of
the oxides were preserved after all the in-situ FTIR experiments,
the decrease in the intensity of the OH bands is clearly caused
by a partial dehydroxylation of the oxides after the activation
by heating in hydroge?f

Still, as the spectra in the hydroxyl IR region were obscured
by the interference of gaseous water from the environment
(outside the IR cell), we decided to employ deuterium instead
of hydrogen during the activation process to study the stretching
infrared bands of surface OH (or OD) groups in more detail.
The use of B in the pretreatment protocol afforded excellent
spectra in the 28082400 cn1? region, with a higher signal-
to-noise ratio and better resolved signals than the activation
under H. Therefore, we will discuss here the spectra of the
gallia polymorphs activated under oxygen and then under D
i.e., oxides where all the OH groups were exchanged to OD
species.

Figure 2 presents the IR signals in the 28@a00 cnr?! P T T TP R
region at 323 and 723 K for three of the pretreated polymorphs. 2800 2700 2600 2500 2400 2300
Despite the complex features of these spectra, both the intensity
and the position of the bands assigned to the stretching mode

of the OD groupsv(OD)—remained almost unchanged along mode of surface OD groups of selected gallia polymorphs after their

the full range of temperature, i.e., during the last cooling step thermal activation at 723 K, first under,@760 Torr) and then under
performed at the end of the pretreatment protocol (and after 20 p, (760 Torr). No background subtraction was made.

min in a vacuum at 723 K), except for theGa0; polymorph.

Figure 3 plots the functional relationship between the total still remains about the assignment of th@H) signals3®:36
integrated absorbance of the whol¢OD) band after the However, in general terms, all these models have a point in
pretreatment procedure and the surface areas of the full set ocommon: the lower wavenumbers for the alumina hydroxyls
gallia polymorphs. The linear relationship obtained suggests thatcan be readily explained in terms of increasing covalency of
these OD species are located on the surface of the oxides; thathe Al—O bond in the A-OH entity, which weakens the-€H
is, the surface concentration of these groups is approximatelybond strength. In other words, the isolated, monocoordinated
the same over each polymorph. It follows then that the chosen OH groups are assigned to higher wavenumber signals, and the
pretreatment protocol was effective to produce uniform multicoordinated OH species are systematically assigned to the
dehydration-or partial dehydroxylatiorrof the oxides. bands located at the lowest wavenumbers.

Several peaks can be easily distinguished in Figure 2, which  Probably, the most successful model to describe the surface
are usually assigned to mono-, di-, and/or tricoordinated OD OH groups of aluminas is the one developed by Kinger and
groups bounded to Gasurface cation&?3Nevertheless, we  Ratnasamy! Briefly, this model considers the following: (i)
can go further in the assignment of these OD surface groupsthe termination ofy- and -alumina occurs along a limited
on the gallias by considering the approaches used to identify number of low-index crystal planes, namely, the (111), (110),
the OH surface species on one of the closer neighbor oxides,and (100) planes; (ii) neither reconstruction nor ion migration

Absorbance (a.u.)

Wavenumber (cm™)
Figure 2. Infrared spectra measured at 723 and 323 K of the stretching

i.e., aluminas, due to their structural similarities. occurs during the dehydration process at high temperatures; and
Yet, different models have been developed to assign the (iii) the stretching wavenumber of the OH species is determined
hydroxyls infrared spectrum of aluminas, viz., Kaeger’s3! by the net electrical charge (NC) of the OH group, where the

Peri's32 Tsynganenko’s? and Busca’'s modef$,and it is worth NC is determined by the coordination of the OH group and of
mentioning that, after decades of work devoted to the study of the cation(s) involved in the bonding. The NC is calculated as
the OH groups on the surface of aluminas, some controversythe sum of the negative charge of the anion (OH) and the sum
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reordering, we concluded that (i) almost 90% of the surface
Ga&* cations are G4 species om-Ga0s3, while the remaining
10% are in tetrahedral position, (ii) approximately half of the
surface gallium sites are @aor Gd¥ species over th8-GaOs
polymorph, and (iii) an enrichment of 73% of &as observed

in the case of;-Ga0s.2° In all these cases, the samples went
through the same pretreatment protocol as the one described in
the Experimental Section.

We can now take a closer look at the IR spectra in the OD
region (Figure 2). Surely, the detailed features of the IR
adsorption spectrum an-Ga03 have to be mainly ascribed to
OD groups bonded to Gacations, but the inclusion of surface
GdY in some species must also be considered (see below).
Keeping in mind Kriainger's rule-the higher the stretching
wavenumber the lower the group coordinaticthe OD infrared
bands on this gallia polymorph at 723 K are assigned as
follows: the very weak peak at 2746 cito monocoordinate
OD on one G¥ cation (DO-u;-Ga’!, NC = —0.50), the strong
band at 2699 cm' to OD dicoordinated to two G4 cations
(DO—ux-Ga"!, NC = 0), and the medium and broad signal at
2604 cn1? to triple bonded OD over three @acations (DC-
uz-Ga!, NC = 0.50). The first two peaks can be neatly
appreciated in thg- andy-Gg0Os polymorphs too. However,
the last band at 2604 crhcan hardly be distinguished on the
gallium oxides with monoclinic and cubic spinel crystalline

of the strengths of the electrostatic bonds (i.e., the cation chargegyyctures, that is, where the probability of finding a surface

divided by its coordination number) between the anion and the
adjacent cation&: On the basis of these assumptions; Kinger

ensemble of three adjacent \Gaations should be almost zero
owing to the increasing presence of'Geations on the surface

and Ratnasamy selected nine possible OH configurations, whichot the 8 andy phases. With respect to the shoulders at 2720

were reduced to five configurations after dismissing possible
differences of relative orientation of the OH species related to
the ARt cations’® The highest wavenumber bands were
assigned to the configurations with the lowest NC values and
vice versa.

So, the use of Krmnger's model to assign the different
v(OD) bands on our G&3 samples requires previous consid-
erations from a structural standpoint. In the caser@&0s,
which has a corundum structure likeAl,Os, all G&* ions
are in a 6-fold coordinatioff-?! Then, assuming that neither

reconstruction nor relaxation of the surface atoms occurs, we

can only expect G4 on the surface for any cleavage plane of
this polymorph. The monoclini-Gg0; has two kinds of
coordinated G# ions, each one in the same bulk proportion,
namely, octahedral and tetrahedrhkreafter referred to as Ba
and G&, respectivelyt”3” The specieg3-Ga0O3z shows two

cleavage planes; the far more frequent and stable is the (100)disregard a priori:

the second being the (00¥3°The first plane is mainly formed
by oxygen bonded to G& and G& in identical surface
proportionsi®41 Finally, for y-Ga0s, which features a spinel
structure with predominance of &ain octahedral coordina-

tion,2142there is no preponderance reported, to the best of our

knowledge, of any cleavage plane.
Furthermore, some of us have recently identified and
characterized by IR spectroscopy two kinds of-Ghsurface

2682, and 2659 cm, it is possible to ascribe these signals to
the presence of Ga in a 4-fold coordination, which will be
discussed later.

Figure 2 also shows two additional, intense, and sharp peaks
at 2719 and 2680 cm (at any temperature) on both teand
y gallia samples, between which the strong band at 2699,cm
related to OD dicoordinated to two ®Bacations, was located
in the a polymorph. Among the possible configurations, the
most plausible assignments for these two bands are the
following: OD groups monocoordinated to one3Gaation in
tetrahedral position (DOu;-GdY, NC = —0.25) and OD
dicoordinated to G& and G&' cations [DO-ux-(GdY, Ga''),

NC = 0.25), respectively.

Together with the above-mentioned surface ODs, there is also,
however, a dicoordinated configuration that is difficult to
DG u-GdY (NC = 0.50) on thes- and
y-polymorphs. Unfortunately, the broad band below 2650tm
clearly interferes in the detection and/or assignment of the
signals to one or more surface species. This very br¢ad)
band, clearly observed on tifie andy-polymorphs, is usually
attributed to hydrogen-bonding interactions between adjacent
OD (or OH) groups that downshift and broaden t{&©D)
bands.

Table 2 summarizes the(OD) or v(OH) wavenumbers

bonds, as endorsed by the comparison of the measured IRMeasured in this work at 323 K on the 8 polymorphs, which

spectra of the surface of different well-defined ;Ga poly-
morphs -, 5-, andy-Ga0s) with the spectra of known gallium
hydrides moleculé®8 and with the properties forecast by
guantum chemical calculations on tfieGa0O;3; (100) crystal
plane?® An excellent correlation between the gallium site
coordination in the bulk of the gallia polymorphs and the
assigned/(Ga”'—H) or »(Gd¥ —H) surface signal was observed

were thermally activated first under,@nd then under por

Ho, at 723 K each. The experimental ratios of t@H)/v(OD)
frequencies were in the range of 1:36.36, in agreement with
the expected theoretical ratio of 1.37 for the-B isotopic
exchange of OH species(DH)/v(OD) = (uop/uon)? where
top anduon are the reduced masses of OD and OH, respec-
tively].

on the pretreated oxides. As small deviations of the surface Ga The relative intensity and location of the OH IR peaks at
coordination from the ideal or theoretical bulk composition are 323 K on our pretreated gallias are congruent with those reported
to be expected after relaxation or reconstruction due to surfaceby Otero Aréa’s groug?24300n their activated (outgassed at
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TABLE 2: Stretching Wavenumbers of OD and OH Species on Activated Gallia Polymorphs

This Workek Other Works&* (refs 21, 23, and 30)
»(OD) (cnm?) »(OH) (cnm?) »(OH) (cnm?)
NC? OD (or OH) config o(40) p(64) y(105) o(40) p(64) y(105)  a-GaOg! [-Ga0s® y-Ga0Osf
—0.50 DO-u;-Ga” 2746w 2750w 2750w 3735w 3720w n.d. g
—0.25 DO-u1-GaY 2720 sh 2719s 2715s n.d. 3683 s 3680 s 3693 sh 3695 s 3692 s
0 DO—u,-Ga” 2699 s 2702 s 2695 s 3647 s 3660 s 3655 s 3656 s 3672s 8665 s
0.25 DO-u-(Ga”, Gd¥)  2682sh  2680s 2675s n.d. 3634 s 3629 s 3650 s 3637 s
050 DO-u-Ga 2659 s n.d. 3604 sh
050 DO-us-(Ga") 2604 m 3543 m j

aNet chargeP Values measured at 323 K in a vacuum over the gallium oxides, which were thermally activated at 723 K, first ugiddr 2
kPa) and then underJr H, (101.3 kPa). See textValues measured at 77 K in a vacuum, on oxides thermally activated in a vacuum at 673 K,
except for Vimont et a#* 9 Sger = 77 m? gL ¢ Ser = 40 n? gL F Ser = 120-160 n? gL " These bands were reported as a broad one at
3660-3330 cn! in the work of Vimont et aP* 1 A very weak band at-3750 cnm! and a broad band at3550 cntt can be distinguished in
Figure 3b of the work of Lavalley et &t. X These letters have the following meaning=strong, m= medium, w= weak, v= very, b= broad,
and sh= shoulder.

673 K) gallia polymorphs (Table 2). In the case of the '
; : (40)

o-polymorph, two (not reported) signals in the work of Lavalley Peo, = 760 Torr
et al.2! a very weak one at3750 cnT! and a broad band at L 4
~3550 cnT?, can clearly be discerned on the spectrum of their
a-Gg03 sample, which are coincident with the OH stretching
wavenumbers assigned here to the - H@-Ga"' and HO-us-
Ga' configurations, respectively. Their shoulder at 3693tm
could be an indication of surface reconstruction on the activated
o-Ga0s leading to the appearance of Gapecies over their
sample, as suggested by the authors from their IR results using
CO and pyridine as probe molecufédn the same direction,
the bands at 2720, 2682, and 2659-¢rm our o-Ga0s sample
(clearly visible at 323 K) are indeed an indication of the surface
reconstruction or relaxation of the surface of this crystal phase,
since these wavenumbers are assigned to deuterioxyls involving
at least one bond to 4-fold coordinated3Ga&ations. As we
mentioned above, approximately 10% of the total surface Ga
ions were in a tetrahedral position, that is,"Gspecies, over
the surface of the pretreatedgallia after hydrogen chemi-
sorption at RT2% Moreover, said surface reconstruction seems
to be temperature-dependent: the higher the temperature is set,
the lower the amount of dicoordinated OD on "Gaites L L ' L
becomes, by conversion to Di,-(Ga"') surface species (the 2000 1800 1600 1400 1200 1000
total integrated absorbance remains constant with temperature Wavenumber (cm”)
variations, and the phenomenon is fully reversible). Figure 4. Evolution of the infrared signals of surface (bi)carbonate

Finally, bands at requences lower tan 3600 ¢n - P e samiie, () el sosopier w00 28
andy-gallia pqumorphs can also becomeZlvzlgAztile in t_he works pr’ogrammed adsorption of G&om 323 to 723 K, a5’K min~?, under
of Otero Aréa’s group at about 3450 cri2L23. That is, the flowing CO, (100 cn? min-2) at 760 Torr.
presence multiple-coordinated hydroxyls on the*Gsites of

Absorbance (a.u.)

their own oxides is evident. surface of the gallium oxides or, in other words, the presence
The approach used in this work, i.e., the use of different gallia of mild O,~ and OH basic centers on the surface of these

polymorphs of varying surface area together with ade- materials.

treatment, allowed us to explain the most important features of A typical resolved spectrum of the region is shown in Figure

the IR region of OH stretching for gallium (lll) oxides. 8. For the correct assignment of the IR signals of the surface
3.2. Formation of (Bi)carbonate Species on Gallia after species chemisorbed onto &g (usually assigned to bicarbon-

CO, Adsorption. Upon exposure of the activated, -, and ate and carbonate species), it is appropriate to examine the

y-gallia polymorphs to C@at 323 K, several signals readily following features: (i) the wavenumber of the IR signals of

evolved in the 200861000 cnt! region, which further grew  carbonates adsorbed over other metal oxides, (ii) the width of

after increasing the superimposed pressure (Figures 4a, 5a, anthe vs-band splitting of the Cer anion (that is, the\vs = vy

6a). The total integrated absorbance of these bands as a functior- vs CO; stretching modes) due to the loss of itg,Bymmetry

of the CQ pressure, for all the studied samples, is shown in by chemisorptiort3#* and (iii) the thermal evolution of the

Figure 7. It is clear that in every case a plateau is reached overintensity of each signal (thermal stability).

approximately 600 Torr of C®O Accordingly, after isothermal sorption at 323 K, TPA
After the evacuation of the IR cell at 323 K (base pressure experiments of C@between 323 and 723 K3(= 5 K min™%)

= 1.33 x 107“ Pa), the intensity of most of these bands were performed, by flowing carbon dioxide (100 Tmin-1)

decreased, and finally, after 15 min of evacuation, abott 32 at atmospheric pressure. The resulting infrared spectra are shown

38% of the total integrated signal remained. This fact suggestsin Figures 4b, 5b, and 6b. As an example, the thermal evolution

a moderate interaction between the L£@olecule and the of each of the typical bands of the (bi)carbonate species formed



CO, Adsorption on the Surface of @as Polymorphs J. Phys. Chem. B, Vol. 110, No. 11, 2006503

' ' ' ! 160——F——7T——T——T7T 7T T T
Pecs = 760 Torr B(64) 1

140
120
100
80 -

60

Absorbance (a.u.)

40

20

Total Integrated Absorbance [1900-1100 cm™]

B(12) 1
0 M 1 " 1 M 1 " 1 M 1 L 1 M 1 M 1 "
0 100 200 300 400 500 600 700 800 900
Peo, (TorT)

Figure 7. Isothermal carbon dioxide uptake on the whole set of gallia

§ polymorphs measured by infrared absorption in the 390000 cnT?
Wavenumber (cm”) region as a function of the equilibrium pressure of Qfas.

Figure 5. Evolution of the infrared signals of surface (bi)carbonate

species on th@(64) sample using the same experimental conditions '

as in Figure 4. [ T=323K : ¥(105) 1

P.op,= 760 Torr
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Figure 8. Resolved infrared spectrum in the 1960100 cnt? region

corresponding to the absorption bands of the carboxylate, carbonate,

760 Torr | and bicarbonate groups on the surface oftt@a,0; polymorph: (dots)
experimental data.

Absorbance (a.u.)

POOZ
Although some authors have proposed that bridged carbonates
adsorbed on metal oxides exhibitaa; splitting of 400 cnr?!
or more?34546Busca and Lorenzefit have shown some concern
about such assignment. Theoretical and experimental data seem
to indicate that a\v3 splitting higher than 400 cri cannot be
induced by carbonate ions bridged over two catitffs.
Figurp 6. Evolution of the infre}red signals of surfgce (bi)carbo_n'ate Certainly, CQ has proved to be a very versatile ligand in metal
species on the(105) sample using the same experimental conditions complexes, which can coordinate in several conformatiass
as in Figure 4. a result of charge transfegiving CO°~ radical anions with
structures that encompass simple monocoordinated species as
onto the surface of-Ga0s, together with their total integrated ~ well as complex polycoordinated on®sNevertheless, it is
absorbance, is shown in Figure 9, to aid in the signal assignment.expected that C®~ adducts have lower thermal stability than
The bands at 1750 and 1170 ch{Av3 = 580 cn7?l) and at bridged carbonates, as was recently pointed out by Giffson.
1680 and 1280 cm (Avz = 400 cnT?) rapidly vanished upon Said lower thermal stability is revealed in Figure 9, which shows
increasing the adsorption temperature above 450 K (see Figureshat the integrated IR absorbance of the pair of bands at 1750
8 and 9). In principle, both pairs of bands can be assigned eitherand 1170 cm! promptly decays to about half the intensity of
to bridged (or organiclike) carbonates or to strongly perturbed the other pair, located at 1680 and 1280 énwhereas both
CO, adsorbed species (carboxylate), because the splitting andpairs had about the same intensity at 323 K. Therefore, on the
position of these surface groups are usually sinfiar. basis of the above considerations, the bands at 1750 and 1170

2000 1800 1600 1400 1200 1000
Wavenumber (cm™)
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Figure 9. Evolution of the integrated absorbance signals of the O ———
carboxylate, carbonate, and bicarbonate groupg(d@5): (a) isother- 0 100 200 300 400 500 600 700 800
mal adsorption of C@at 323 K as a function of the GQressure; (b) Pco., (Tom)
temperature-programmed adsorption of Z&K min~2), under flowing 2
CO; (100 cnf min™1) at 760 Torr. Figure 10. Fraction of surface monodentate bicarbonate (m-EGO

on the gallia polymorphs, as a function of the gfessure, at 323 K.

cm ! are ascribed to the,sandyvs modes of surface carboxylate,  bridged species. We believe, as pointed out above, that bidentate
while the bands at 1680 and 1280 thare assigned to similar  bicarbonate is a more plausible assignment for their B2 species.
modes of bridged carbonates, respectively. During the isothermal adsorption of G@t 323 K on the

The most intense bands, located at 1630, 1431 (and 1455),gallium oxides, some differences between the predominance of
and 1225 cm! (Figure 8) are assigned to bicarbonate, or each type of surface bicarbonate on the polymorphs were
hydrogen carbonate (HGO) species on the gallia polymorphs, observed. So, the fraction of m-HGOspecies was calculated,
whose IR modes amedCOs), v(CO;3), andd(HO), respectively. from the integrated absorbance of th¢CO;) modes, as the

Thewvs-band splitting of the species, 199 ch(and 175 cm?), ratio between m-HC@ and total HCQ™ groups (that is,
is in agreement with that of adsorbed bicarbonate200 cnt?) m-HCGO;~ + b-HCG;™), assuming identical IR absorption
on different metal oxide}49:56-52 coefficients. Figure 10 displays the variation of said m-HCO

Now, two IR band for thev(COs) mode were observed at  fraction as a function of the C{pressure for each polymorph.
1431 and 1455 crit. Figures 4a, 5a, and 6a show the differential  The monodentate coordination prevailsrands-gallia: over
growth of these overlapping peaks under increasing, CO 400 Torr of CQ, the fraction of m-HC@™ was aproximately
pressure (they are resolved for theGa,0; sample in Figure ~ 0.85 for each polymorph. Meanwhile, the b-HEOspecies
8). Then, it can be postulated that two types of bicarbonates predominates over the surfaceyegallia (the m-HCQ@™ fraction
species are formed over the surface of gallium oxides. The was always ca. 0.27).
measured\vz’s (199 and 175 cmt) are certainly lower than Surely, bicarbonate species are formed by chemisorption of
400 cnt?l, which allow us to dismiss bicarbonate groups on CO, on OH basic groups so that, in principle, €&emisorption
bridged coordination, but they can be attributed to bidentate might well serve as a surface probe to help in unraveling the
and monodentate species, thes of the former bicarbonate  final surface “topology” of the activated gallia polymorphs. Yet,
being smaller than the one of the monodentate gféience, because the IR combination bands/overtones of the gas-phase
the band withv{(CQOs) at 1431 cr! is assigned to monodentate  CO; (centered at 3612 and 3715 cHinterfere in the detection
bicarbonate (m-HCg) and the banas(CO3) = 1455 cntlis of thev(OH) signal, we run experiments of G@dsorption over
assigned to bidentate bicarbonate (b-HCO predeuterated gallia polymorphs.

On transition aluminas (e.gy and 7), two kinds of Figure 11 nicely shows a direct correlation between the
bicarbonates, named B1 and B2, were identified by Morterra integrated absorbance of the vibration modes of the bicarbonate
et al33 The v{(COs) modes of these species appeared at 1450 species and the integrated absorbance of the stretching mode
and 1480 cm! for the B1 and B2 types, respectively. These of surface ODs attached to gallium cations of the different
workers suggested that B1 bicarbonates were formed h Al predeuterated gallia polymorphs, at 323 K. This fact is an
surface sites, where surface hydroxyls were abundant inobvious indication that the amount of HGO groups is
monodentate coordination, while B2 bicarbonates were formed proportional to the surface of the oxides (see also Figure 3).
on a “more dehydroxylated” surface (dehydrated in a vacuum  Unfortunately, though, no correlation between the bicarbonate
at temperatures higher than 500 K), by reaction with the basic type and the crystal phase of gallia was made evident. As an
OH (3775 cn?) and, partially, with the more acidic OH at 3690 example, Figure 12 shows t€¢OD) andd(OD) regions of the
cm~! bridge-coordinated to two Al cations. However, the  spectrum before and after the g@dsorption at 323 K over a
induced splitting between the asymmetric and symmetrig CO y-Gg0Os; sample prereduced with ;Dinstead of H. After
modes in bridged (carbonate) species on metal oxides has beemadsorption of C@ a band at 2665 cm and another one at
usually reported to be larger than 400 ¢if* whereas the\vs 973 cnt! emerged. These bands are assigned to(®®) and
of B1 and B2 groups observed by Morterra et al. were 210 and 6(OD) modes of DC@ groups, in agreement with the expected
170 cntl8 that is, rather lower than the one expected for isotopic shift of thev(OH) andd(OH) modes of HC@~, which
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60 T T r T T TABLE 3: Wavenumbers of Infrared Bands of
(Bi)carbonate Species on the Surface of Gallium Oxide
— v(105) Polymorphs
8 50 T=323K - surface species Vas (CO3) vs (CO3) 8 (OH)
I, Pc02= 760 Torr (cm™) em™  (cm™)
[0}
& 0. a b
% 40k | CO; \>C\ 1750 1170
3 (carboxylate) w-0
o -
7] br-CO3™ o 1680 1280
9 30f - . ¢
< (bridged carbonate) § b
o o]
% M M
‘5) 20 - b-CO3~ g 1587 1325
o (bidentate carbonate) e
g W
% 10 T p-COs™ M-0 1460 1406
12) M_ C
= B( (polydentate carbonate) o\
0 1 L 1 L 1 m-HCO;3™ OH 1630 1431 1225
0 S 10 15 20 25 30 (monodentate bicarbonate) O/C\O (9739
Total Integrated Absorbance [v(GaO-D)] i
Figure 11. Total integrated absorbance of the bicarbonate species over p, jco,* OH 1630 1455 1225
the complete set of gallia polymorphpct, = 760 Torr) versus the (bidentate bicarbonate) C (9739)

total integrated absorbance of OD groups bonded to surface gallium o b
cations prior to C@ adsorption. M

7

a,{CQO,). P vCQ,). ¢ Corresponding to thé(OD) mode p(OD)

DCO; = 2665 cnTY].
A=0.05 . "
262 cntl) is in close agreement to the 300 chsplitting found
‘ for such species over other metal oxideg!49-5254.55
1700 1000 500 Last, two bands at ca. 1460 and 1406 ¢éncan also be

distinguished. They were highly overlapped at 323 K but became
clearly visible when the other carbonate signals faded out at
4 about 473 K (see Figures 4b, 5b, and 6b). These bands could
account for the presence of either monodentate (=COr
polydentate carbonate (p-GQ species, which have similag-

T band positions andvz < 100 cn1.44-46:49.50Yet, in regard to

the thermal stability of the different carbonate species,
the surface m-Ce¢r should be much less stable than the
p-CO;=.4449Upon increasing the temperature along the thermal
adsorption experiment of GOno decrease of the intensity of
the peaks at 1460 and 1406 chwas noticed although, on
heating, the C@~, br-CQ;=, b-CO;~, and HCQ~ species
decomposed (see also Figure 9). Therefore, the strong thermal
resistance and the rather low separation between the t#© C
stretching modes of this species should be ascribed to multiple-
bonded CQover the gallium oxide surface, that is, polydentate
are located around 3600 and 1225 ¢énrespectively449.50.53 carbonate speciesf{COs) = 1460 cnr! andv{(COs) = 1406

The evolution of thev(OD) and6(OD) modes of deuterated  cm1].

bicarbonate species was accompanied by the decreasing inten- |n additon, these last two, b-GDand p-CQ~, species were
sity, mainly, of the IR bands at 2750 and 2715 ¢énfthey the only ones that (partially) remained over the surfaces of the
correspond to DOu;-Ga"' and DO-us-GdY, respectively),  gallias after outgassing these materials at 323 K (as indicated
which indicated the consumption of the more basic surface OD above, only~35% of the total integrated absorbance in the
groups, rather than multiple-bonded DO species. However, no 2000-1100 cnt? region prevailed after 15 min of evacuation),
connection between the surface $Gacoordination and the  which confirm their higher stability as compared to the other
bicarbonate species (mono- or bidentate) was found. (biycarbonate groups.

Nevertheless, even though it is not clear at the moment how To summarize the analysis on the many IR bands assigned
to correlate the type and/or extent of the formation of each to (bi)carbonate species on the gallia polymorphs, Table 3
surface bicarbonate species on the different gallia polymorphs, sketches the various surface groups identified and the location
we will suggest a possible explanation in what follows. of their vibration modes, as discussed in this study.

Two groups of IR signals still remain unidentified, but One final observation, that expands the reach and scope of
fortunately, there is enough background data about them. So,the previous examination, comes to light from Figure 13. This
the bands located at 1587 and 1325 érare ascribed to the  figure presents the total integrated absorbance of (i) the whole
12 CO3) andv(COs) modes of bidentate carbonate species (b- set of IR signals between 1900 and 1100 “ém(ii) the
CO37), because the band splitting for this pair of bartisy(= dicoordinated carbonates plus carboxylate groups, and (iii) the

Absorbance (a.u.)

1 1 L 1 1 LT

2800 2700 2600 2500

Wavenumber (cm™)

Figure 12. Infrared spectra of the stretching and bending OD modes
before (dashed line) and after (full line) @@dsorption at 760 Torr
(323 K), on the surface of(105) previously activated under flowing
D, at 723 K.

2900
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T T T T T electron donor sites (e.g., partially reduced gallium cations,
160 _ Y(105) ] Gat, with 6 < 2), _which were generated by the actiyation
140l T=323K ] procedure of the oxide®¥;°°and the C@molecule. A multiple
P.o.= 760 Torr coo_rdmated Ce~ f_adduct should be dismissed, since it requires
3 1200 ’ i a high concentration of closely spaceds Ga* centers®
= Hence, we can conclude that the low thermal stabilities of
g 100k i the (bi)carbonate species and the easy removal of most of these
2 Be4) groups by simple evacuation at low temperature (323 K) indicate
g 80} o) i that gallium oxide has a weak basicity, which appears to be
& a(40) rather insensitive to the crystal bulk structure. This last result
aE)a 60 3 contrasts with the surface acitbase properties of other metal
= oxides, such as Zr30 or Al,O3,3 which are strongly
T 40 2070 o__4 dependent on the bulk crystal phase. The reason for such unusual
B(12) behavior of gallia polymorphs can rest partially on surface
20 O ] restructuring, a fact that was unveiled by the OH infrared
O spectrum modification with temperature (viz., Figure 2) and has
00 2:0 4:0 6'0 s;o 1'00 120 also been put forward in previous stud?@g:
Seer (M*g") 4. Conclusions

Figgre 13. I?tegrda:)ed Sb?orbanc_e |°f gi) (P';ehw'llc."e S%t. of Szrfacﬁ (- This study concerns the interaction of carbon dioxide over
carbonate infrare! andas (open circles), (1l the dicoordinated carbonate . . . .
(b-CO;~ + br-COy7) plus carboxylate groups (open triangles), and (iii) The surfac_e_of _three %C“Va_te" ga_lhum (Il) oxides, ie,p,
the polycarbonate species (open squares) versus the BET surface areg@dy modifications, with widely different BET surface areas.
of the gallia polymorphs. The surface of thesepretreated oxides revealed the presence

of five types of OD surface species, which were mono-, di-,

multiple-coordinated carbonates, at 323 K, versus the specific and tricoordinated to octahedral (Gpand/or tetrahedral (&9
surface of each gallia polymorph. Remarkably, the direct surface gallium cations. In particular, the surface reconstruction
proportionality between the surface concentration of the (bi)- 0f a-GaOswas put forth to explain the detection of OD groups
carbonates and the @ surface area indicates that there is bonded to G cations. ' .
no substantial difference among the surface basicity of these When the gallia polymorphs were exposed to increasing CO
polymorphs. Moreover, isothermal volumetric €@risorption ~ pressure, at 323 K, several IR bands developed in the-2000
at room temperature (293 K) performed owg#0), 3(64), and ~ 1000 cnt region. They were assigned to different (bi)-
y(105) samples yielded uptakes of 2.0, 2.3, andubr®| CO; carbonate-type species, and some of them (namely, the carbox-
m~2 (760 Torr of CQ), respectively, i.e., almost similar values  Ylate, bicarbonate, and bridge-carbonate groups) were easily
for each gallium oxide (see Table 1). removed by outgassing the samples at said temperature. Upon
Thus, we can suggest similar mechanisms of (bi)carbonate heating the polymorphs in flowing GQ760 Torr), most of the
formation upon C@ adsorption on the different gallia poly- carbonaceous species disappearet a 550 K, except for
morphs activated sequentially in,(H,, and vacuum at 723 K,  polydentate carbonates, which remained on the surface even at
as follows: 723 K. The integrated absorbance of these bands was always
It seems reasonable, first, to postulate that bridged and Proportional to the BET surface area of the polymorphs, while
bidentate carbonates reflect the presence of-dmitse pair sites ~ NO correlation between the carbonate type and the coordination
or cus Gatt—02" centers, while polydentate species involves ©f surface gallium cations was found. Only the high surface
a Lewis acid site, i.e., ausGa* center, close to theusGa?"— area sampley-G&0s, was able to form a sizable amount of
02~ pairs. Analogous mechanisms have been proposed bybldentate bicarbonate, b-HGO(rather than m-HCg), which
Bachiller-Baeza et &® for the formation of di- and polycoor- ~ Was attributed to a larger amount of surface defects on this
dinate carbonate groups on zirconium oxides. polymorph._ . _
In the case of the monodentate bicarbonate species, the CO Summarizing, these gallia polymorphs have shown almost
molecule interacts over Brgnsted basic sites still present afteridentical, weak surface basicity.
the activation of the metal oxides, that is, OH groups coordinated ) )
to only one G&" cation. On the other hand, the bidentate ~ Acknowledgment. This work was supported by the National
bicarbonate species reveals the presence cisGa—OH Council for Scientific and Technical Research (CONICET) and
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