LBL-13524
Preprint

Lawrence Berkeley Laboratory
UNIVERSITY OF CALIFORNIA Rﬁl’f”

N ) . SERKF Ev ('ABG‘QATORY
i « |  Materials & Molecular ., "
- Research Division
DOCUMENTS SECTION
Submitted to the Journal of Physical Chemistry
THE INTERACTION OF CO, COZ’ AND D2 WITH RHODIUM
OXIDE (Rh203.5H20): ITS REDUCTION AND CATALYTIC
STABILITY
P.R. Watson and G.A. Somorjai
D b 1981 4
ecember TWO-WEEK LOAN COPY
L This is a Library Circulating Copy
' which may be borrowed for two weeks.
— .

For a personal retention copy, call

Tech. Info. Division, Ext. 6782

"N > ™ e e ¢ )
“ VL it T ot e

» . -
” e L et
OV P S

g

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48

Hecs |12

_e.?



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not -
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ‘




LBL 13524

'THE INTERACTION OF CO, CO;, AND Dy WITH RHODIUM OXIDE (Rhy03.5Hy0):

ITS REDUCTION AND CATALYTIC STABILITY
‘P;R, Watson and G.A. Somorjai

Materials and Molecular Research Division, Lawrence Berkeley‘Laboratory
' . » " and : . :
Department of Chemist:y, University of California, Berkeley, CA 94720

.Abstract

.'*=We h#ve investigated the gdsOpption and interaction of CO, CO2, and D9
with Rh203.5ﬁ20.b§-thermal dgéo;ption-SpectrOSQOpy (TDS).  Both CO and Dp
react strongly with the éiidevlattice inducing.decomposi;ioh during the
desorptioﬁ'proceSS‘to yield COZ and péo. -'Adsorbed COzvdesorbs.essentially in- N
. tact. These results are compared wi;h_those found‘oh.rhodiuﬁ metal formed
by reducing tﬁe oxide to tﬁe metallic étate; On this metallic surf#ce (o/e7)
dissociateé while'CO and Dy desorb without significant reaction. Pore
diffusion effects are shown‘to héve én influence on the kinetics of COp
fo:mation. .The use of’COz tO'maintaiﬁ an oxidized>metél surface in a -
- reducing atmospﬁefe during é:catalytic reaction is discussed.
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1. Introduction.
| The oxides of thejheavier Group VIII transition metals, Pt, Pd, ‘Rh, and if

in general and rhodiﬁm in partiéulaf, are 1itt1e:studied and.pobrly‘undérstood'
 systems; they ha?eA;elativeiy poor thérmodynamic stability As'their oxygen
diésociation preséures.reach 10~6 torr below'1000 K [1,2]. The mos; common
and relatively stabléboxide:of fhodium_is the éésquiqxide which is known in
three anhyd£ous forms as well as'thevhydrated-form_Rh203.5H20.' It is a yellqw
aﬁorphous.solid prépared’bf alkali preciéitation from aequous solution'and |
may be more accurately répresented by Rh(OH)3_-xH20 [1-3].

in’this laboratory we have made‘an exféﬂsive stgdy of the-éurface prop-
erties of rhodium metal including the:chemisorption of oxygen aﬁd the formation
of ordered surface oxides [4]. Most.reCently Qe have explored thé use of
rho&iumrcatalysts for the'hydrogenation of CO using botﬁ metallic rhodiuﬁ
[5,6] andbbﬁlk,rhodium.oxides>t7,8]3 The latter study has shoﬁn that‘both
anhydrous RhOy and Rh203.are readily reduced to the metal upon heating ig.zéggg-
- or iﬁ'an Hp/CO mikﬁure. .However, the hydrated Sésquioxide,'Rh203.5H20, whiéﬁ
had been dried aﬁ 450°C for an hour,jproved to be”relativeiy stable'updn
heating in both vacuum and a feactién mixtufe of HZ/CO. .Fu;thermore, this
oxidé'proved to have the unusual catalytic ability to p:oduce dxygeﬁafed
products during the-CO'hydrogenatibn'reaction rather than methane and small
iconcentrations:of-ethylene and-propylene typicaliy formed over the Rh metal
‘c#talystbt5;6j.v | o

The chemisérption of CO_an&‘Hz and‘théif interaction with fhe lattice
must be impo;tant processes during the hydrégénation of CO that also affect:
‘the stability of this oxide as_a‘@éiaiysx; In this paper we describe the

chemi-s.c'):rp’ti‘on and reactions of €O, €03, and Dy on- such:an oxide surface that °



was investigated by means ot thermal desorption spectroscopy (TDS) under UHV
conditions;h - | | | |
d The adsorption‘and'reaction of these gases on metal oxides'has.long been
an area of active interest, particularly with regard to the Hy and CO.
ionidation and methanol. synthesis reactions [8 9]. Relatively few of these
studies, however, havelbeen]carried'out on carefully characterized substrates
under UHV conditions as,were used here. While studies'of the ﬁz—oz and CO;OZ
reactionsrover the platinumugroup metals abound [10—15],_little if any such
effort has. been directed toward their oxides, although occasional mention of
the effect of surface oxides is found {12,13]. There is mounting.eiidence of
ithe importance_of oxidized metal species forvthe'catalftic activity of nominally

reduced oxide—supported-metal catalysts {7,16,17].

2, Experimental .

| The experiments were carried out in a stainless steel'ultrahigh‘vacuum
chamber equipped with retarding field electron opticsZWhichIWere used to'
regularly monitor the cleanliness of the sample Surface by Auger electron
-spectroscopy. A quadrupole mass spectrometer (UTI 100 C) was used to detect
gases desorbing from the surface whichiheated with a linear temperature ramp
of about 20 K/sec, The rhodium ox1de (Rh203.5H20, 99.94,'Pfaitz and Bauer)
'was-deposited from'a methanol-slurry,onto a gold foil which provided-both a
_thsicalvbacking for.the_powder sample and a means of heating. The foil was
-heated resistively, the temperature being measured by an.alumelvchromel_
thermocouple attached to the foil. |

Thefoxﬁde sampbe was heated 0 450°C for 15 minutes to temove: water of

.

serystallization. ;Auger-spettra-taken after this treatment showed thatsonly



‘ﬁaftial reduction of the oxidé occurs_[?].lvThe surfage area pf the oxide,
befbre desdrption, was estima;ed at 10 mz/gm’by the B.E.T. method.

The CO (Matheson 99-95%) was passed through-a dry?ice/acetone bath to re-.
_ move'carbonyls; the Doy (Liqdid Carbénic) was used without further purification.
 D2 was employed for the TDS experiments to avoid the complication of residual
Hz.inlthe vacuum chamber. The massvspectrometer reading were cpr;ected wheré
neceésary,fbr différéncasvin ionizat;on efficiency, electron multiplier‘gain,
and relatibe transmission. |

N

3. Results aﬁd DiscuSsion'
TDS spectra for various expoéﬁres 6f.ﬁ2_to the oxide surface at rooﬁ tem-
v ﬁeréture areuShown in Fig:l. The.temﬁéfatﬁre of'theiﬁéak maxima is listed in""
Table I together'with'relévant dafa-from:desofption fromAfhodium metal [ZO—ZS].
The.majorvdesorbing speciés is D70 which desorbs 6verva father_broad
tempefature range centéfed'at‘about 2707C.>‘A small amounﬁ of Dy desorbs at .
115°C. As the deéorpﬁion'temperature of D9 does not seem to correlate with
.DZO desorption and thevcracking fraction of Dp from D90 in the mass sbecﬁrﬁmaﬁer
1is very small, less than 1%, the Dy desorption peak'rep;esents Dy desorbing
from the surface. | | | |

We can relate the areas ﬁnder the D, ;nd,Dzo TDS peaks, ADz'and AD20 to

the relative number of desorbed molecules NDz,a-nd N-D20 by_[é9]'

¥p,/¥p,0 = ¢ . (5p,/5D,0) '~-(A«D2/A-D2--O) o )

" where SD2 and SD20 are the relative pumping speeds for the two molecules. The

'ratio-(SQ2JSBZGQ hasvbeen:measurgd to.be about 13.5[29]. The‘pfoporticnality

N
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constant C &eséribes»the relative sensitivity of the mass_spectrometer to the
twoAspecies and waé measured to be.close to 0,7; From the above equation
and the desorptibn data of Fig,l; we readily obtain the result'fhatv~ 407% of
the Dy adsorbed reacts to form D90. | | |
The,shapg‘bf ;hé D24desprption peék énd the constant peak temperature, as-:
the coverage is changed, suggest secénd érdef kineticé that do ﬁdt invoive

lateral interactions. As shown in Table I, the desorption temperature of Dj

" 1s very high compared to. that desorbed from rhodium metal(fZQ,Zl]. It is not

likely, therefofe, that this desorption afiées’ffom é small metallic component

of  the surface..

~ Presumably, deuterium adsorbs dissociatively tb‘form hydroXyl species,

‘as 1s observed by:infraréd_spectroscopy'on many oxide system [27]. On heating,

the majority of theAhydroxyl groups react to form D,0, resdlting_in a reduction

of the surface while‘a small fraction ;eform Dy,

The véry:differént shapes of.the deéorption'curvesifor Dy and D20 suggest
that the~D2.arises from a sﬁall number of fa&ored'sités that allow for easy
dissociation of O-H bondsf When Dzldesorption has been coméleted, Déo desorp-
tion has only juét begun, and the bréad nature of its deéorption curve |
extending over -a range of 300°C_suggests"that fransport-of the reacting
species,:rather than reactioﬁ or dééorptioh kinetics, i§ the'rate iimiting factor.

In Fig; 2 Qe present TDS spectra for CO adsorption with peak temperaﬁures
again listed in Table If' Inbthis-caée, CO is detected desorbing at about
225°C ét low exposures with a‘seédhd-peak which grows in with inc;éasing éxposure'
at ~ 160°. ‘COzvdesorbs'in a single peak which‘has a maximum at about 190°C
at low covefages which shifts to about 245°C at higher expoéures.

"We ‘can estimate the amOuht:of CO that reacts tovform“toz*by an analog of
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Eq;l.‘ In the case of C0/CO9, wé are helped considerabiy by the fact fhat the
’rel#tiVe sensitivities (C) and the ratio of pumping speeds are bqth'close'to .-
‘unity,' Ailowing fér aboﬁt'6z cracking of COp to CO in the ionizer of the
mass speétrometer, we find that about 75% of the édsorbed CO reacts té form CO5.
“The CO'TDS,Speétra of Fig.2 fesemﬁlé“those,répdrted fpr Cco désqrption'
froﬁ ﬁetallic'rhodium foil$'[5,18] and crystals [197241. In.these studies,
'éo was'showﬁ to desqu at ~»230fC at low coverageé and close to 200°C af
higher egposurésf_ At very high exposures, a second peak apbears below 100°C .
[20,21], The.resemblance of the d;ta we have obtained for CO désorﬁtion
from rhodihm>oxide to the pﬁblished data,fqr the metal leads us to belieye
that much of the CO is desorﬁing from patches of metallic rhbdium.‘i
In Fig. 3 we show TbS spectra foerO and COy that has been adsorbed on
an oxide feduced_to the métallic staté by heating at‘800°C; in vacuum, for 30
minutes. This‘reductioniWas‘observéd visually and by Auger electron.spectroscdpy.
As'shown-inbthis'Figuré and Table I, CO désorbs intact.at about 200°C; in good
agreemeht with results obtained by other workers-forjmetallic rhodium [5,18-24];
a'small‘CO‘deéorption peak centered around-300°C may be-due'to re$idual
surface;oxygen, .On'the other hand, on this reduced surface, COy is completely
_ dissociéted,ldesqrbing splél& és'CO, again in'good agreement witﬁ other
reports [22]. | |
‘Fig. 4 disblays the TDS spectra fof C09 adsorbed bn'a rhodium:oxide
'samplg. In contrast to the data of Fig;3, COy desorbs infact at i70“c in a
H(quite-symﬁgtric peak with a small shoulder at 280%305°C; The small gmountfof
€0 thatbalso-desorbs is due to'thé dissociation OfuCOZ on ehe rhodium metal
‘present inftha @iiﬂe.anﬁ is-equivaieﬁt to about 1SZ-of-fhertota; desﬁrbed,

species.



'Thus adsprbing CO on the rhcdiumvcxide leadslto the dxidation of the
“majority ofvthe'moleculee to COp (~75%) on heating, while the adsorptien’
of'COQ iéads to mainly desorption ofTCOZ_witn some 15% being dissociated-to
CO. This is due’to the metaliic content of the surface as'rhodium_metal
dissociates COz and associatively adeorbes'CQ'while the‘oxide adsorbs Cdz and
oxidizes Cb. Thus we suggest that CO or COp adSorption could be used to
titrate the degree_of'reducticn of the cnide'surface.' Indeed; if.many co
'-'_adsorption_experiments are performed, the surface becomes progressively reduced

'ae shown,by a_steady_increase in the ratio of CO to COop produced”on desorption.
The C02'TDS spectrum from‘CO'adsorption (Fig. 2 and‘Table'I) hae a very
- different shape and coverage dependence from the C02 TDS spectrum from- C02
adsorption of Fig. 4. Thus the peak temperature in the C07/CO2 case is
independent of exposure at 165°C while the peak of the C03/CO . TDS spectrum
jvaries fromv190 C to higner temperatures as the exposure is increased. Thisv
.implies that the'rate'determining step'in“thepformation of‘COQ.from-CO is not
desorption of COy from the surface‘as adsorbed CO9 deecrbs'below the,temperature
of'COZ productien from‘CO‘at all expcsures. J

The use of oxides asvcatalysts‘for the oxidation of CO'is well known-tB]
‘as 1is tﬁenreduction of oxides by CO [25]. Using the‘enthalpy:of formation
of Rh203 asba guide (-~70.1 kcal‘moi_l) [26], then we can calculate the heat
‘of'the COIreduction reacticn | ‘ |
RhyO3 + 3C0 ——-> 3COy + 2Rh - AH = =134.8 kcal/mole

This highly excthermic value shows that we can expect this reaction to be facile.

| The‘adsorption'of"éo on oxides has been interpreted to-proceed through
‘both adsorbed carboxyiate_IZS],entiﬁes,‘and-éarbonate»species formed through

a reaction with lattice:oxygen'IB], Both species have been detected by IR



spectroscbpy'depénding upon the oXide and the conditioné of'adsorpfion [8,27].

As rhodiuh does'not-form a bulk carbonateAénd-in ﬁhe absence of detailed
"spectral 1nformati§n'6n'this sys;em we will bostulate a mechanism prgceeding-
- through an édsorbéd carboxyiaté specieé (COg ads) which we‘will write as

Co f=é,coads,

As discussed earlief, the TDS data of Figs. 2 and 4 imply]thaﬁ desdrption of
adsorbed COy is not a'rate determining step and that formation of COg,4g is

"ptobably-raté.determining. Hence we can write a rate eqﬁation:
- . — Trn = _ ’ :
Rate of CQZ prqduction = CO2 = kl[COads][olatt] ‘ (2)

If we assume the concentration of lattice oxygen atoms to be constant, probably
a good appquimatioﬁ durihg the early étages’of the reaction, then a plot of

log (rCOZ) against log [coads

] at constant temperature will yield a line
whose slope is the order of the reaction; here a#sumed.to be 1. |

Such data canlbe obtained from fhe COy TDS specﬁrum of Fig.-Z by measuring
the intensity of the desofption signal at at a giVen temperature for various
exposures; this.isAproportioﬁal to the rate of production of'COz; The'amount
of COy remaining on the surface at that temperature, [COa4gl, is found by inte-
graéing tﬁe.afea under the peak abovevthat temperature at each exposure
‘éonsidefed.  When this is presented in a log—log plot as in Fig 5, the slope. -
ﬁas a value of 0.74 * o.bz indicating a reaction order in CO close'tb 3/4.
This dérived reaction‘order does appear to incrase‘slightly with tempefature
“from a wvalue of SIightly'less'than-ﬂ@7U at IOO”C‘to:about 0;76vat 175°cC.

\\. .



This unusual reaction order mayvbe a manifestation of-pore diffusion effects.
Tﬁe presence of significent diffusion effects in the'onide cryetallites is a.
rlikelyioccurrence; euch.effects_often'manifest themselves.by.aitering the
epparent order 6fireaction.[28]. Thns a zero-order reaction becomes.en
napnarent 1/2 order.reaction.’ Therefore,itimay be that,rat'leastbduring the -
initial'stages of'desorpcion, the snrface is.effectively'saturaced-in adserbed
co, but significant diffusional barriers are present that hinder the adsorbate
from finding an oxygen lattice site at which to react. |

We can write the rate equation as:. | |

. .

. o075 ‘ :
T, : » . - . : . _
COpy = v L{C0,4q5] [01,¢¢] exp [~E./RT] o o E 3
where E,. is the apparent ectivation energy and vp is a pre-exponential factor
which may depend upon the reactant concentrations and the temperature, We .

can transform this to:
g | Tco,/ [co, 10'75 '= -E_/RT + 1og.v +1og[0i el
A y ads ' /T 't lat;

'Aseuning [Oiatt] is effectively temperarure independent, we obtain the

: Arrhenius plot'of Fig.6 which Shows a'cemperature denendence of the activation
’energy. We can.fit two linee.te-the low- and high—temperaturevportions of

this curve to yield activation energies of 14.3 and . 6 4 kcal mol‘l, respectively.
This type of behavior is typical of pore diffusion influenced reactions where
ethe_apparent activation energy observed varies with temperature’[28]. At low
temperatures,‘where the rate of reaction is controlling, the observed:activarion
energy is that cf'the chemicel reaction. When the rate,of:maes transfer is.

‘controlling at higher températures,-thevactivati@n-energy‘becbmeswcharacberistit



10

of the value fqr maés transfér-which:is very.sméll; At intermediate
, tempeiatures, the measured énefgy activatioﬁ"is often given by the avér#gé df
th&ge for mass transfer and reaction which appréximates to one-half of the
chémical reaétioﬁ activation éngrgy. Thus we see a transition frbm Er=14.3
-kcalymol"1 to E.=6.4 kcal mol~1 as the tempefature_is raised, a value élose to .
one-half of the_low'témpefature‘value,'which may indicate a significant
diffusion confributioh to the rate of CO oxidaéion.

bﬁe-note that'the 1QW'temperatu;e valué:of.l4Q3 kcal'mole‘; f0f the CO oxi-
dation 6n fhodium'oxide obtainedrhere is»in good agreement wiﬁh literature vélues
for the re;ction‘of_éarbon monoxide with oxygen on Pt(111) (12] and poly~- |

crystalline rhodiuﬁ [14] below 500 K where values of 14 kcal mole~l are reported.

4, Implicétions for Catalysis

We have shown elsewhere [7] that haég prepared by drying the h&drated
oxidé is an effective.catalySt for che,convefsion of mixtures of CO and ﬁé to
oxygenated.hydrogarbons. However; under reacfion condifions (6 atm l:lvHZ/CO,
300°C) the oxide is metastable, eventually reducing to the metal after many
hours‘of use. The present work shows that redﬁction by both CO and Hy are
likely pathways for this decomposition.process;. |

‘It is.proBable that the'active catalyst surface conéists of-patqhes of.
"oxidized :hodium thét.are neceésaryvfor thevproduction of.oxyggnates and -
reduced metal [7]. Our results for'Coz adsorption indicate that if reaction
té produce COj is ; éhief mode ‘of reduction of tﬁe Qxide,,then.cOncomitant
dissociation of COy on metallic pétches_on the surface can serve to fe-oxidize
the surface. Therefore, COy formed'dufing thé synthesis reacﬁiOn, or édded
with the reactanﬁs as in the-casevfor the methanol Synthesis [9], may perform

\\.

&
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a valuable fnnction in keeping at least a-portion_of the catalyst surface

oxidized and attine for the synthesis of oxygenated products.

'Concluéions
We have examined the adsorption and interaction of CO, Coy, and Dy with an.
RhZOZ.SHZO sample that had been dr:ed at 450 C., Our major findings are:
14 Approx1mately 407 of adsorbed D2 reacts to form D20 which desorbs
over a broad temperature range centered at 270° C.  The Dy that desorbs does
.so at a temperature (115°C) that is too high to be due to adaorotion on.
‘.metallic patches'on the snrfaoe. | |
|  2. Approximately 75/ of adsorbed CO reacts to form C02 which desorbs
between 190° and 245 c dependlng on coverage. | |
3. Both CO and D2 desorb without 51gnificant reaction on an oxide
sample that had been reduced to the metal in agreement ‘with literature findings.
4. Adsorbed Coz'desorbs intact at 170 C regardless of coverage. .
5. Analysis of'the.temperatnre:dependence'and shape-of the COp .
desorption‘peak from‘adSorbed Co showa that pore diffusion effects have a

pronounced'effect on the kinetics of COy. formation and oxide reduction.
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Figure Captions

1.

5.

Thermal desorption spectra (TDS) of D3 and D30 desorbed from dried

Rhy03.5H70 after exposure (measured in Langmuirs) to Dj. The notation

- should be read desorbing gas/adsorbed gas/substrate in this and other

diagrams. The méss specttoheter signal is in.arbit;ary units, but is
consistent.from one.diagramifo the next. |

As.the previous figure, but for CO and éb} desorbing after exposure to bbe
TDS spectra for CO (AMU 28) and COp (AMU 44) desorbing from a reduced "
sample of rhodium oxide after exposure to 25 L of CO and COj.

As Fig. 2 but using COy as adsorbate.

«=Plot of log of the rate of production of COZ; rCOZ, against adsorbed CO

reﬁéi;ing on thé éuffacev[co ;ds]vétNQArious temperaéures, afterveipbsufe
to different quantities of CO. Data taken from Fig. 2 as described in

the text. ” |

Plot of log of rCOZ/[CO ads]o'75 against 1/T taken from the data of Fig.2.
Each point is the average of the data from the five exposures shown in

that Figure.
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[19-24]

Table I. The temperature of the maximum rate of desorption (Tmax) for the
: desorption of various species after adsorbing Dy, CO, and COj on
rhodium oxide (fresh and reduced) compared with Rh(11l).
. T max (°C) * 5°C
- Adsorbed
Do Co Coo gas
Substrate Exposure Dy D20 CoO COog CO COg Desorbed
’ : species
- A , .
, low 115 270 225 190 170, 165,
"Rhodium : - 300 305
oxide _ v
' high ' 115 270 160, 245 - 170, 165,
: 225 300 270
Reduced low <60 — 225 300 165 -
Rhodium . : '
Oxide high _ <50 — 210 - 170 -
- low. 75— 250 - 250  —
Rh(111) - . '
high 40 -— 140, -- 140, -
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