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Catalytic NO Oxidation Pathways and Redox Cycles on
Dispersed Oxides of Rhodium and Cobalt

Brian M. Weiss,™ 9 Nancy Artioli,™ ¥ and Enrique Iglesia*!

The elementary steps and site requirements for the oxidation
of NO on Rh and Co and the oxidation state of the catalysts
were probed by isotopic tracers, chemisorption methods, and
kinetic measurements of the effects of the pressures of NO, O,,
and NO, on turnover rates. On both catalysts, NO oxidation
rates were first order in NO and O, and were inversely propor-
tional to NO, pressure, as observed on Pt and PdO. These data
implied that O, activation on an isolated vacancy (*) on the
catalyst surfaces that were saturated with oxygen (O¥) was the
kinetically relevant step. Quasi-equilibrated NO-NO, intercon-
version steps established the coverage of * and O* and the
chemical potential of oxygen during the catalysis. These chem-
ical potentials set the oxidation state of Rh and Co clusters
and were described by an O, virtual pressure, which was deter-
mined from the formalism of non-equilibrium thermodynamics.
RhO, and Co;0, were the phases that were present during NO
oxidation, which had several consequences for catalysis. Turn-
over rates increased with increasing cluster size because the
vacancies that were needed for O, activation were more abun-
dant on large oxide clusters, which delocalized electrons better

Introduction

Nitrogen oxides must be removed from combustion exhaust
to meet environmental regulations, which is particularly chal-
lenging for streams that contain O, and low concentrations of
CO and hydrocarbons. Catalyst sites are titrated by strongly
bound chemisorbed oxygen atoms (O*) during NO decomposi-
tion in the absence of reductants. As a result, open sites on
O*-saturated surfaces, which are required for NO dissociation,
are scarce."? Such conditions are unfavorable for NO conver-
sion to N, and instead promote NO oxidation to NO,. NO, is
toxic but adsorbs on metal oxides®™' and reduces to N, when
soot or hydrocarbons are present in exhaust streams.™ These
reactions provide an alternate abatement strategy for the re-
moval of NO from lean-burn effluent streams, but require ef-
fective catalysts for NO oxidation into NO,.

NO oxidation on Pt"®'? and PdO" clusters involves kineti-
cally relevant O, adsorption on vacant sites (*) at O*-saturated
surfaces. The coverage of O* during NO oxidation is set by
equilibrated NO-NO, interconversion."") The kinetic rele-
vance of O, binding was confirmed by the identical rates of
NO oxidation and the isotopic exchange of '°0,-'®0,['*™
These studies showed that NO oxidation rates decreased as
the size of the metal or oxide cluster decreased because small
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than small clusters. NO oxidation turnover rates on RhO, and
Co;0, were higher than expected from the oxygen-binding
energy on Rh and Co metal surfaces and from the reduction
potentials of Rh** and Co®". These NO oxidation rates were
consistent with the rates on Pt and PdO when one-electron-re-
duction processes, which were accessible for Rh** and Co**
but not for Pt** and Pd”**, were used to describe the reactivity
of RhO, and Co;0,. One-electron redox cycles caused the °0,-
'¥0, exchange rates to be higher than the NO oxidation rates,
in contrast with their analogous values on Pt and PdO, al-
though O, activation on the vacancies limited NO oxidation
and O, exchange on all of the catalysts. One-electron redox
cycles allowed electron sharing between metal cations and
a facile route to form vacancies on RhO, and Co;0,. This inter-
pretation of the data highlighted the role of vacancies in kinet-
ically relevant O,-activation steps to explain the higher reactivi-
ty of larger metal and oxide clusters and to provide a common
framework to describe NO oxidation and the active species on
catalysts of practical interest.

clusters bound O* stronger than large clusters, thereby leading
to lower vacancy concentrations on small clusters.

NO oxidation has also been catalyzed by Rh and Co clus-
ters."'% NO oxidation rates have been correlated with the re-
ducibility of CoO, clusters," which suggested that O* binding
and the availability of vacancies also determined the turnover
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rates on Co catalysts. The rate data in previous stud-
ies were not attributed to specific elementary steps,

(%]
o

E. Iglesia et al.

O, Pressure (kPa)
10 (] 2 ° 4 6 8 10

O, Pressure (kPa)
2 4 6 8

which we do herein using kinetic and isotopic meth-
ods for both the RhO, and Co;0, catalysts. NO oxida-
tion on these catalysts involved similar elementary
steps and site-requirements to those proposed on Pt
and PdO. The turnover rates for NO oxidation and
isotopic oxygen exchange were higher on Rh and Co
oxides than on PdO and small Pt clusters and also
than the rates that were expected from the energies
of their metal-oxygen bonds. We attributed these re-
sults to the ability of RhO, and Co;0, to undergo
facile one-electron oxidation-reduction cycles during
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catalytic turnovers, which provided an alternate and
more effective O,-activation pathway than two-elec-
tron reduction on Pt and Pd catalysts.
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Figure 1. NO oxidation rates a) on 2.4 wt.% RhO,/Al,O; (573 K; H/Rh, 0.47) versus NO

pressure (@; 0.055 kPa NO,, 5 kPa O,), NO, pressure (m; 0.11 kPa NO, 5 kPa O,), and O,
pressure (A; 0.11 kPa NO, 0.055 kPa NO,); and b) on 10 wt.% Co,0,/SiO, (548 K; H/Co,,
0.02) versus NO pressure (®; 0.060 kPa NO,, 5 kPa O,), NO, pressure (m; 0.12 kPa NO,

Results and Discussion
NO oxidation kinetics on Rh and Co

NO oxidation rates were measured on Rh/Al,O; and Co/SiO, as
a function of the pressures of NO, NO,, and O,. The NO con-
sumption rates reflected the dynamics of the forward (ry,) and
reverse directions (ry,) of the stoichiometric chemical reaction,
which corresponded to the rates of NO oxidation and NO, de-
composition, respectively, according to Equation (1).

2NO+0, = 2NO, 1)

The values of 7y, and ry, are related by the approach-to-
equilibrium factor ()" according to Equation (2), where o is
a constant derived from the stoichiometric number and reac-
tion affinity of each elementary step™ and K; is the equilibri-
um constant for Equation (1), as estimated from tabulated
thermodynamic data."®

n===

'no

(INO,J’[NO]J 2[0,] 'Kz 1)"/” (2)

The forward NO oxidation turnover rates were obtained
from the measured NO-conversion rates (ry,) by using
Equation (3).

'vo = Mo—"no = Tno(1-77) 3)

Figure 1 shows the effect of the pressure of NO, NO,, and O,
on the forward NO oxidation turnover rates on Rh and Co cata-
lysts. On all catalysts, the forward NO oxidation rates increased
linearly with the pressure of NO and O, and were strongly in-
hibited by NO,. The dashed lines in Figure 1 show that these
data were consistent with Equation (4) and a value of  equal
to one.

FNO =2 kNO[OZHNO] [NOz]” (4)
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5 kPa 0,), and O, pressure (4; 0.12 kPa NO, 0.06 kPa NO,).

This NO oxidation rate expression also described all rate
data on Pt and PdO catalysts and was consistent with the ele-
mentary steps that were proposed previously for NO oxidation
on these catalysts."""*! These steps involved kinetically rele-
vant O, binding at unoccupied sites (*; Scheme 1a) on the

k1

O+ * _— Oy (@)
ky

O + * — 20* (b)
Ky

NO+0O* +== NO,+* (c)

Scheme 1. Proposed elementary steps in NO oxidation.

cluster surfaces that were almost saturated with chemisorbed
oxygen atoms (O*). Adsorbed O, molecules (O,*) dissociated to
form oxygen atoms (O*) in subsequent kinetically irrelevant
steps (Scheme 1b). The surface coverage of O* and * were set
by quasi-equilibrated steps that involved the interconversion
of NO and NO, on the cluster surfaces (Scheme 1c). These
steps, taken together with the steady-state approximation for
all of the adsorbed species, led to a rate equation, shown in
Equation (5)(), in which the denominator terms reflected the
relative concentrations of * and O* during steady-state
catalysis.

. 2k, (0]

RETANCA IO o

This expression accurately described all kinetic data [Eq. (4)]
when O* was the most-abundant surface intermediate [Eq. (6)].

L 2k [0,]NO]

I'no —TZW (6)
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Therefore, these rates indicated that the surfaces were
almost saturated with O* and that the rate constant (kyo)
[Eq. (4)] was proportional to the ratio of k, and K.

The coverage of O* and the driving force for the formation
of Rh and Co oxides depend on the oxygen chemical potential
at the cluster surfaces. The oxygen chemical potential was de-
termined by the virtual oxygen pressure (0,") during NO oxida-
tion catalysis."*'¥ 0,” was established by NO-NO, adsorption
equilibria, and the value of O,” was obtained by non-equilibri-
um thermodynamic treatment of chemical kinetics, according
to Equation (7), in which K; is the equilibrium constant for
Equation (1), which could be calculated from tabulated ther-
modynamic data.'>'¥

[0,"] = [NO,J*[NOJ K" (7)

0O," was the O, pressure that gave the same O* coverage at
equilibrium as the O* coverage during steady-state NO oxida-
tion catalysis at a given NO,/NO ratio.

The equilibrium constant for NO, dissociation (K;;
Scheme 1c¢) was related to the equilibrium constant
for O, dissociation (K,,) by Equation (8).'*"

8

K :KO]/Z/KR”Z (8)

The stoichiometry of step (c) corresponded to the
difference between Equations (1) and (9).

0,+2* =20* (9)

(O ft.0.r.)? *10° kPa?/(mol NO/s/mol Rh,)?

The results in Equations (5), (7), and (8) showed
that NO oxidation rates only depended on the O,(g)
pressure and on the prevailing oxygen chemical po-
tential, which was given by O0,” according to
Equation (10).

CHEMCATCHEM |

modynamic driving force for the prevalent O* coverage and
also for oxide-metal phase-transitions during steady-state NO
oxidation catalysis. Any changes in the measured NO oxidation
rate constants with O," [Eq. (7)] could reflect phase-transitions
that were consequential to catalysis, whereas rate constants
that did not depend on O," preclude phase transitions that
were consequential for catalysis within the experimental range
of conditions. The rearrangement of Equation (11), shown in
Equation (12), described all of the rate data, as shown by the
linear dependence in Figure 2.

The linear dependence showed that the NO oxidation rate
constants on Rh and Co catalysts represented true constants
that were unaffected by the oxygen chemical potentials (0.01-
0.4 and 0.001-0.15 kPa O," for Rh and Co, respectively) or by

(12)
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Figure 2. The ratio (O,(g)/TOR)? plotted as a function of O," [Eq. (7)] on a) RhO,/Al,0,

(573 K; H/Rh, 0.47) and b) Co,0,/SiO, (548 K; H/Co,, 0.02). The dashed line shows the re-

2k [O,]

o = 2k[0u]["] = 1 S

(10)
The assumption that O* was present at near saturation al-
lowed a simplification of Equation (10). Thus, NO oxidation
rates only depended on the O, pressure and on the chemical
potential of oxygen at the working catalytic surfaces. Equa-
tion (11) was used to probe any residual dependence of the
NO oxidation rate constants on O, which would indicate
structural or composition changes that were associated with
phase transitions, and to compare NO oxidation rates with
'80,-"80, exchange rates at similar O* coverage (see below).

sk
o™ = = o i

Oxidation state of Rh and Co during NO oxidation

The oxygen chemical potentials set by the NO/NO, reactions
on the catalyst surfaces [Eq. (7)] represented the rigorous ther-
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gressed fit to [Eq. (11)]. The phase transitions for RhO,/Rh,0,% at 573 K and for Co;0,/
CoO"¥ at 548 K occur at 3x 1072 and 7x 10~'° Pa, respectively.

any metal-oxide transitions. We concluded that the oxidation
state of the Rh- and Co clusters remained unchanged through-
out this study and that they corresponded to the bulk phase,
as dictated by these oxygen chemical potentials.

The phase diagram for bulk Rh oxides,"? taken together
with the thermodynamic data for bulk Rh, Rh,0; (AH?=
—135 kJ(mol0)~"), and RhO, (AHS=—122 kimol™")*? and Co,
CoO  (AHP=-237kI(molO)™"), and Co0, (AH=
—223 kJ(mol0))"¥ indicated that Rh and Co clusters existed
as RhO, and Co;0,, respectively, under the conditions used
herein (573-673 K, NO,/NO 0.2-3.0, and 0.001-2 kPa O," for Rh;
548-623 K, NO,/NO 0.25-2, and 0.0001-2 kPa O," for Co). Rh
and Co form structures with lower metal oxidation states
(Rh,0; and CoO), but these oxides are only stable at signifi-
cantly lower oxygen chemical potentials or at higher tempera-
tures than used herein. For example, at 573 K, the RhO,/Rh,0,
and Co,0,/Co0 phase-transitions occurs at 107° and 107'* kPa
O,, respectively. As a result, the predominant phases of each

www.chemcatchem.org
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catalyst were Co;0, or RhO, during steady-state catalytic NO
oxidation for clusters of all sizes.

The oxidation state of Co during the catalysis was confirmed
by O, uptake in the temperature range of NO oxidation cataly-
sis. The O, uptake at 548 K on Co/SiO, (H/Co,, 0.02) was
0.57 mol O, (molCo)™" (0/Co, 1.14) after the sample had been
pre-treated in H, at 673 K for 1 h and remained unchanged be-
tween 5 and 60 kPa O, (Figure 3). These data indicated that
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Figure 3. O, uptake at 548 K on 10 wt.% Co/SiO, (0.02 dispersion) that had
been pre-treated at 673 K under a flow of 100 kPa H, for 1 h (0.1 cm®*g™"s™")
and then under vacuum for 1 h.

most Co atoms (85%) were present as Co;0, upon contact
with O, and, therefore, with NO/NO, mixtures that provided
equivalent oxygen chemical potentials during catalysis. The re-
maining Co atoms (15%) were present as Co silicates, which
did not reduce during treatment in H, at 673 K?'** and there-
fore could not uptake O,. The constant uptake with O, pres-
sure (548 K, 5-60 kPa; Figure 3) showed that the clusters did
not change their oxidation state over this pressure range, as
expected from the thermodynamic data"® and from the mea-
sured rate constants, which were independent of O,"
(Figure 2b).

Co*" in Co;0, and Rh** in RhO, could be reduced to Co*" in
CoO and Rh*' in RhO,, respectively, through one-electron re-
duction pathways. We inferred (see below) that the availability
of these one-electron oxidation-reduction cycles influenced
the pathways and dynamics of O, activation on RhO, and
Co,0, during both catalytic NO oxidation and '°0,-'20, isotop-
ic exchange.

'%0,-'®0, exchange and NO-oxidation rates

1%0,-'%0, isotopic exchange and NO oxidation (Scheme 1a)
shared a common kinetically relevant step (O, adsorption on
the vacant sites) on Pt and PdO clusters.'>"™ On Pt and PdO,
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these two reactions occurred at identical rates, irrespective of
temperature or the oxygen chemical potential, which was con-
sistent with their common limiting elementary step. Similar ex-
periments were used herein to probe the kinetic relevance of
O, activation during NO oxidation on RhO, and Co;0,
catalysts.

The O, activation rates (ro,,) were determined from the
measured '°0,-'%0, isotopic exchange rates (r,,) at 2 kPa O,(g)
in the absence of NO, by using Equation (13), which describes
the steady-state exchange rates, irrespective of the mechanism
of exchange.*”

[°0,][*0;] (

0,7 (13)

[160180]2
Fex = To,(ex) T- 4[50,][*0 ])
2 2

In this equation, the terms in parenthesis account for the ap-
proach to isotopic equilibrium and the [O,] term denotes the
sum of the pressures of all oxygen isotopologues (['°0,],['*0,],
and ['°0'®0]). 7y, e is the O,-activation rate, which depends on
the total O, pressure and on the concentration of vacancies.”

Previous rate data on Co;0, and other Group 8 metal oxides
indicated that the O, exchange rates obeyed Equation (14), in
which k., is the rate constant for O, activation.*”

kex
(Ko[02]'"%)

roz (ex)

O]

= ke[*] = (14)

Equation (14) was consistent with a rate-determining step
for exchange that involved isolated vacancies on surfaces that
were almost saturated with O%, as was also the case in NO oxi-
dation [Eq. (11)]. The density of vacancies during exchange
was given by the chemical equilibrium in Equation (9), with K,
as the equilibrium constant. Both Equation (14), which de-
scribed O, exchange rates, and Equation (11), which described
NO oxidation rates, probed O, activation rates on the clusters,
which only depended on the rate constant for O, activation
and on the availability of vacancies.

The rate constants of O, activation during exchange and
during NO oxidation are shown in Figure 4. The NO-oxidation
rate constants were measured at NO and NO, pressures that
corresponded to O," values of 2 kPa [Eq. (7)] and were com-
pared with O,-exchange rates that were measured at an actual
total pressure of 2 kPa O,(g). Figure 4 shows that k., [Eq. (13)]
was larger than k; [Eq. (11)] by a factor of about 10 on Co;0,
and about 100 on RhO.,. The exchange rates were less affected
by temperature than NO oxidation rates, thereby suggesting
that oxygen exchange had a lower activation energy than NO
oxidation. These results contrasted those reported on Pt and
PdO clusters,"?"® on which the NO oxidation rate constants
were the same, within experimental accuracy.

The larger rate constants for exchange (k.,) than for NO oxi-
dation (k;) on RhO, and Co;0, (Figure 4) indicated that O, acti-
vation during '°0,-'®0, exchange occurred by different ele-
mentary steps than those required for O, activation in NO-O,
reactions. '®0, exchanged with lattice '*O ('°0*) on some
oxides™? by a concerted three-atom transition state that me-
diates the O, activation and exchange elementary step

ChemCatChem 0000, 00, 1-9
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NO oxidation, but not during
isotopic exchange, which re-
N quired only one electron transfer
‘e steps.
~ In spite of these differences in
0O, activation modes on Co;0,,
RhO,, Pt, and PdO, the kinetically
N relevant step for NO oxidation
on all of the catalysts was the
N activation of O, on scarce vacan-
[ cies at surfaces that were almost
\ saturated with oxygen species.
. Such oxygen species were
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Figure 4. O, activation rates divided by the prevalent O, pressure during NO oxidation at 2 kPa O," (m) and O, ex-
change at 2 kPa O, (@) on a) 2.4 wt.% Rh,0,/Al,0; (0.47 dispersion) and b) 10 wt.% Co;0,/SiO, (0.01 dispersion).

(Scheme 2). This step does not lead to O, dissociation and,
therefore, cannot contribute to NO oxidation turnovers, which
require the ultimate dissociation of adsorbed O,* into active

180 180160

10
N N

180/ 18’0

Scheme 2. Proposed mechanism of '°0,-'%0, exchange on Co;0, and RhO,.

O* species. These three-atom transition states are apparently
formed much faster than O, dissociation transition states on
RhO, and Co;0,, though both transition states involve the re-
action of O, with vacant sites on the surfaces of clusters that
are almost saturated with oxygen.

The rates of NO oxidation and O, exchange differed from
each other on RhO, or Co;0, but these two processes oc-
curred at similar rates on Pt"? or PdO." This different behav-
ior may reflect the ability of each catalyst to transfer electrons
to adsorbed dioxygen molecules, as proposed previously for
0, exchange.” Both Pd*""® and Pt*"® form Pd° or Pt° by
direct two-electron reduction processes in aqueous electro-
chemical systems, but Co*™"® and Rh*+#:?8 reduce sequentially
by one-electron processes to give Co?* and Rh**, respectively,
as is also the case for such cations in their respective bulk
oxides. Co®* in Co;0, and Rh*" in RhO, undergo one-electron
reductions to form Co*" centers in CoO and Rh** in Rh,0,,
whereas Pd** in PdO and Pt*" in PtO and Pt;0, reduce directly
into their respective metals. From these differences between
the Pt**/Pd** and Co**/Rh** reduction paths, we inferred that
O, exchange proceeded by concerted reactions of O, with O*
when metal centers at vacant sites undergo a one-electron re-
duction process. NO oxidation on Co;0, and RhO, was slower
than '°0,-'®0, exchange, presumably because multiple elec-
trons must be transferred to O, during the catalytic cycle for

ChemCatChem 0000, 00, 1-9
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VSR bound on Pt metal cluster surfa-

ces or on exposed planes in bulk
oxides of PdO, Co;0,, and RhO,.
The importance of oxygen va-
cancies in turnover rates sug-
gests that NO oxidation turnover
rates on all of the catalysts are
sensitive to the oxygen chemical potential in the reacting mix-
ture and to the strength of surface metal-oxygen bonds,
which is discussed next.

1.80
108K/ T

Site requirements for NO oxidation on Rh- and Co oxides

The rates of NO oxidation on Rh and Co oxide clusters were
normalized by the H, uptake on the reduced catalyst to ac-
count for the fraction of sites on the cluster surfaces. The rates
of NO oxidation on dispersed RhO, clusters increased with in-
creasing cluster size (Figure 5), which was consistent with the
trends reported on Pt">' and PdO" (Figure 5). The oxide
clusters became more difficult to reduce with decreasing size,
as their valence electrons became confined within smaller do-
mains and their HOMO-LUMO gaps became larger.”>*”! Conse-
quently, vacancies became more scarce as the oxide domains
became less reducible with decreasing size, which caused NO
oxidation turnover rates to decrease with decreasing size.
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Figure 5. NO oxidation rates on RhO,/Al,O; (a), Co;0,/Al,0; (e), Pt/Al,O;
(), and PdO/AI,0," (e) at 603 K, 5 kPa O,, 0.12 kPa NO, 0.056 kPa NO,.
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The turnover rates of NO oxidation on large Co;0, clusters
(40-100 nm) were much higher than those on all of the other
catalysts examined (Figure 5). The NO oxidation rates on RhO,
were higher than those on PdO and similar in magnitude to
those on Pt clusters of similar size (Figure 4). The NO oxidation
rate constant on each catalyst depended on the rate constant
for O, activation (k;) and on the O* binding energy (K; or Ko;
[Eq. (6)] or [Eq. (11)]). The O*-binding energies accounted for
the cluster-size effects on NO oxidation (Figure 5); thus, they
must also account for the trends in NO oxidation rates among
these different catalytic elements.

Indeed, Pd(111) binds O* more strongly than Pt(111) by
about 30 kJ mol~"BY This difference in O* binding energies ap-
parently persisted on working catalysts (PdO and Pt surfaces
that were saturated with O*), which was consistent with the
lower NO oxidation rates on the PdO catalysts (Figure 5). How-
ever, in their metallic states, Rh(111) and Co(111) bind O* much
more strongly than Pt(111) or Pd(111) by 100-200 kJmol~'.B"
Yet, the NO-oxidation turnover rates on Rh and Co oxides were
much higher than on Pt or PdO and higher than expected
from the high O*-binding energies on the Rh and Co metals
(Figure 5). Clearly, the O*-binding energies on the Rh and Co
metal surfaces were not accurate descriptors of reactivity be-
cause they were not inherently relevant to the stability and
concentration of vacancies on catalysts that existed as oxides
during NO oxidation catalysis.

The formation of vacancies on clusters that were almost sa-
turated with oxygen occurs by the formal reduction of cations
that were bound to chemisorbed or lattice oxygen atoms. The
thermodynamics of such events should parallel those of elec-
trochemical redox cycles. The standard reduction potential for
Co**/Co*" cycles (1.8 V) are significantly larger than for Pt*¥/Pt®
cycles (1.3 V), which, in turn, are larger than for Pd**/Pd°® cycles
(0.9 V)™ (Figure 6). These reduction potentials indicated that
the reduction of Co®" into Co®* was more facile than the re-
duction of either Pt** or Pd*' to their corresponding zero-
valent states. For these systems, the turnover rates and electro-
chemical reduction potentials for NO oxidation appeared to
share common features that caused the correlation evident for
Co;0,, Pt, and PdO (Figure 6). The correlation in Figure 6 sug-
gested that the thermodynamics of the electrochemical redox
cycles paralleled the thermodynamics of vacancy formation on
the catalyst surfaces, which, in turn, affected O, adsorption
rates at a given oxygen chemical potential during NO oxida-
tion. The wide range of reduction potentials that have been re-
ported for the Rh**/Rh** reduction cycles (0.8-1.7 V for differ-
ent coordinating ligands)®?® made correlation with the reac-
tivity of NO oxidation less precise than for other metal systems,
but the reported reduction potentials and the rates of NO oxi-
dation on Rh*' also followed the trend in Figure 6. NO oxida-
tion rate data suggested that the reduction tendency (and va-
cancy density) of RhO, clusters lay between that for Pt and
PdO and was much greater than that indicated by the reduc-
tion potential for the Rh**/Rh° cycles (Figure 6).

The correlation between NO oxidation rates and redox po-
tentials (Figure 6) suggested that the high NO oxidation turn-
over rates on RhO, and Co;0, reflected the ability of Rh** and
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Figure 6. () NO oxidation rates on Co;0, (50 nm), Pt (8 nm"¥), and PdO

(8 nm™™) at 603 K, 5 kPa O,, 0.12 kPa NO, 0.056 kPa NO, versus the reduction
potential of the corresponding aqueous cation (298 K, 1M, 20 kPa 0,"®).
Arrows show the reduction potentials for Co?*/Co® and Rh**/Rh°"® (a) NO-
oxidation rates on RhO, (8 nm) versus the reduction potential of Rh**/Rh**.
The values for Rh**/Rh** reflect the effects of coordinating ligands on the
redox properties.?”?®

Co*" to undergo one-electron reductions, which were more
facile than reductions that required the transfer of two elec-
trons from a single cationic center. Such facile one-electron
transitions in RhO, and Co,0, led to higher vacancy concentra-
tions on these substrates than expected from the redox poten-
tials for the Rh®"/Rh® and Co”"/Co° transitions (Figure 6) and
from the strong binding of O* on Rh and Co metals. Moreover,
the higher rates of '%0,-'%0, exchange than NO oxidation on
RhO, and Co,0, also appeared to reflect the ability of these
substrates to undergo one-electron redox cycles. The effects of
the one-electron cycles on NO oxidation rates (Figure 6) and
the much higher rates for '°0,-'%0, exchange than for NO oxi-
dation on RhO, and Co;0, (but not on Pt or PdO; Figure 4) in-
dicated that O, dissociation to form O* atoms during NO oxi-
dation involved multiple Co®** or Rh** centers, whereas O, acti-
vation during '°0,-'®0, exchange by the steps in Scheme 2
only occurred on one Co®* or Rh** center.

Co oxides have been reported to exhibit high reactivity for
the electrochemical conversion of H,O into O,, a reaction that
shares elementary steps with NO oxidation®>*¥, because both
require oxygen vacancies in their respective kinetically relevant
steps. In the conversion of H,0, vacancies form by the reduc-
tion of Co™ into Co®"B**¥ apparently through similar one-
electron transitions that occurred on Co®" during NO
oxidation.

These mechanistic connections between the thermodynam-
ics of electrochemical reduction and NO oxidation turnover
rates (Figure 6) indicated a fundamental resemblance between
the electron-transfer processes in solvated coordination com-
plexes and inorganic oxides. For both, their reduction tenden-
cies reflected the energy levels of the frontier orbitals that ac-
cepted electrons, which were set by metal-ligand and elec-
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tron—electron interactions. Theoretical estimates of such ener-
gies remain uncertain, because DFT methods do not yet accu-
rately describe the critical electron-electron interactions that
influenced the thermodynamics of the electron-transfer pro-
cesses in inorganic solid oxides.® The connections inferred
herein between the reduction tendencies of aqueous metal
complexes and solid oxides (and their consequences for reduc-
tion-oxidation catalysis) provide significant impetus for parallel
efforts in the development and use of more exact theoretical
approaches to describe the redox properties of solids, if so re-
quired by the use of coordination complexes as model systems
that are more amenable to rigorous theoretical treatments to
assess the accuracy of these theoretical methods.

Conclusions

The effect of the pressures of NO, NO,, and O, on NO oxidation
rates on RhO, and Co,0, were consistent with a mechanism in
which O, binding on oxygen atom vacancies was the kinetical-
ly relevant step for NO oxidation; the same mechanism was
also observed on Pt and PdO. Equilibrated reactions that in-
volved NO and NO, established the vacancy concentrations
and oxygen chemical potentials at the catalyst surfaces. The
chemical potentials of oxygen that was prevalent during NO
oxidation caused Rh and Co clusters to exist as RhO, and
Co,0, during catalysis. The prevalence of RhO, and Co;0, had
several consequences for NO oxidation and O, activation on
the catalyst surfaces: NO-oxidation rates increased with in-
creasing cluster size because small oxide and metal clusters
bound oxygen more strongly than large clusters, thereby re-
sulting in lower concentrations of vacant sites that bind O, in
kinetically relevant steps and lower NO oxidation rates. Both
RhO, and Co,0, had cations (Rh** and Co®) that reduced by
one-electron redox cycles to form vacancies, which led to
higher rates of '°0,-'®0, exchange on RhO, and Co,0, than
NO oxidation because exchange occurred by an O, activation
pathway that only required a one-electron transfer, whereas
NO oxidation required O, dissociation to oxygen atoms by
slower and consecutive one-electron reductions of Co*" or
Rh** in Co;0, or RhO,. NO oxidation rates on all of the cata-
lysts correlated to the electrochemical redox potential when
the one-electron transitions that involved Co**/Co*" and Rh*/
Rh** were used to describe the reducibility of Co,0, and RhO,.
The presence of the one-electron pathways on Co;0, and
RhO, led to NO-oxidation rates that were higher than expected
from the large O*-binding energy on Rh and Co metal, thereby
causing both to be effective as catalysts for NO oxidation.

Experimental Section
Catalyst synthesis and characterization

v-Al,O; (Sasol, SBa-200, 180 m?g~") and SiO, (Davisil, Grade 646,
300 m*g™") supports were heated to 1023 K at 0.07 Ks™' under
a flow of dry air (Praxair, Extra Dry, 1 cm®s™'g™") and held at 1023 K
for 4 h. [Rh(NO,);]-H,0 (Sigma-Aldrich) or [Co(NO,),]-(H,0) (Sigma-
Aldrich) were added to deionized distilled water (Barnstead, Nano-
pure) and the solution was added dropwise to y-Al,O; or SiO, until
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the incipient wetness point was reached [0.45g solution (y-
AlLO;)™", 0.9 g solution (g Si0,)™'] to give samples with 0.8% and
24wt.% Rh and 10 wt.% Co. The impregnated supports were
heated in air at 393 K for 4 h and then in a flow of dry air (Praxair,
extra dry, 1cm®s7'g™") for 4 h at 0.07 Ks™' to a temperature be-
tween 673-1148 K. Rh- or Co-containing samples were then heated
to 873 K or 673 K at 0.07 Ks™, respectively, and held at that tem-
perature in 9% H,/He (Praxair, 99.999% purity, 1 cm’®s 'g™") for
5 h. The materials were treated with 0.5% O,/He (Praxair, 99.999 %
purity, 1Tcm®s™'g™") at 295K for 1 h before exposure to ambient
air.

H, and O, uptakes were measured volumetrically (Autosorb-1;
Quantachrome) to determine the number of Rh and Co atoms that
were exposed at the cluster surfaces (Rh, and Co,) and the number
of reducible Co atoms (Co,). The samples (0.5-1.0 g) were heated
to 673 K at 0.08 Ks™' and held at 673 K for 2 h under a flow of H,
(1 bar) and then evacuated for 1 h at 673 K before the H,- or O,-
uptake measurements were recorded at 313 K and 673 K, respec-
tively, and at 5-50 kPa titrant pressure. The uptake isotherms were
extrapolated to zero pressure to exclude any contributions from
weakly bound species. The mean cluster diameters were estimated
from measured uptakes by using the assumption of one chemisor-
bed H atom per surface Rh or Co atom (denoted Rh, or Co,),
1.33 O atoms per reducible Co atom, and hemispherical clusters
with densities of bulk Rh or Co (Rh: 124gcm™, 72nm™3; Co:
89gcm3 91 nm73).1"®

NO oxidation rate measurements

NO oxidation rates were measured on 0.12-0.18 mm Rh/Al,O; and
Co/SiO, aggregates. The samples were held on a porous quartz frit
within a tubular quartz reactor (10 mm). The reactants (15% O,/He,
2% NO/He, and 1% NO,/He) and He carrier (Praxair, 99.999%
purity) were metered by using electronic controllers (Porter Instru-
ments) to achieve a broad range of reactant pressures (1-12 kPa
0,, 0.04-0.25 kPa NO, and 0.02-0.25 kPa NO,). A resistively heated
furnace with a controller (Watlow, 96 series) and a K-type thermo-
couple was used to maintain a constant temperature (548-673 K).
The inlet and outlet concentrations were measured by using an in-
frared analyzer (MKS 2030; 2 cm® cell; 2 cm pathlength; 338 K). NO
oxidation rates are reported as turnover rates [TOR, mol NO con-
verted (mol Rh, or Co,)""s™'] at NO conversions below 15%. Heat
and mass transfer artifacts were ruled out by previous experiments
under similar conditions."?

Isotopic oxygen exchange measurements

160,-'%0,-exchange rates were measured by using a gradient-less
batch reactor (volume: 498 cm®) in which the reactants were circu-
lated by a graphite gear pump (Micropump; 2 cm®s™'). The gases
(99.999% chemical purity) were obtained from Praxair (90% O,/Ar,
He) and lkon Isotopes (*%0,, 96 % isotopic 0 purity). The catalysts
were heated to 573-653 K at 0.07 Ks™' and held at that tempera-
ture for 1 h under a flow of 2 kPa '°O,/Ar/He (30 cm®s™'g™") before
the reactor was evacuated and filled with an equimolar '°0,-¥0,
mixture and He as a balance. The isotopologue concentrations
were measured by the periodic injection of pulses into a mass
spectrometer (MKS Mini-Lab).
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