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ABSTRACT: Kinetic measurements, microkinetic modeling,
and CO and O, uptake experiments lead to a proposed
mechanism for CO oxidation on dispersed Ag cluster surfaces.
CO turnovers occur via kinetically relevant reactions between
O,* and CO* on Ag cluster surfaces nearly saturated with
O* and CO*. The operating pressure ratio of O, to the square
of CO, [0,]-to-[COJ? dictates the relative O* and CO* cov-
erages and in turn the rate coeflicients. Low [0,]-to-[CO]?
ratios lead to Ag cluster surfaces saturated with CO*, during
which the first-order rate coefficients (rco[CO]™!) increase

The CO, rate coefficient is a single-valued function of the [0,]-to-[CO]? ratio.
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linearly with the pressure ratio. As the [O,]-to-[CO]? ratio increases, the CO* coverages decrease and O* coverages concom-
itantly increase, and the rate coefficients become independent of the [O,]-to-[CO]* ratio. CO* binds to Ag clusters more
strongly than O%*, and as a result, CO* coverages decrease and O* coverages increase as the reaction temperature rises when
comparing at a constant [O,]-to-[CO]* ratio. The rate coefficients for CO oxidation on CO* covered Ag clusters initially
increase with increasing Ag cluster diameter to ~5 nm, but decrease with a further increase in Ag diameter beyond S nm. The
former trend reflects more weakly bound and reactive O,* and CO¥, and the latter likely reflects the depletion of O,*

molecules.

KEYWORDS: carbon monoxide, oxidation, chemisorbed oxygen, oxygen coverage, Ag cluster, temperature effect, activation barrier,

structure sensitivity effect

1. INTRODUCTION

Catalytic CO oxidation is of practical relevance for automobile
exhaust emission controls' > and the removal of CO impu-
rities from the hydrogen feed stream of proton exchange mem-
brane (PEM) fuel cells.""® The simple reaction occurs on metal
surfaces and involves the activation of O,, kinetically coupled
with the insertion of an oxygen atom into a CO molecule.””"*
The catalytic steps, their kinetic relevance, and the coverages of
surface intermediates are known to vary with the operating tem-
perature,'' reactant pressures,” and metal identity of the cata-
lyst.">"* For these reasons, the reaction exhibits complex kinetic
behavior with diverse kinetic dependencies.

CO oxidation reactions on Pd {(100)® and (111)° surfaces}
and Pt {1.2—25 nm clusters'”"""'*} occur on surfaces covered
with adsorbed CO molecules (CO*, where “+” denotes a metal
site) to different extents, depending on the CO and O, pres-
sures and reaction temperature. On these metals, CO turnover
rates at moderate temperatures (358—500 K) are inversely
proportional to CO pressures and increase linearly with O, pres-
sures.” """ Under these conditions (358 K), infrared (IR) spec-
troscopic studies on Pt clusters show that CO* nearly saturates
the cluster surfaces. Specifically, the absorption band intensities
for the linearly adsorbed CO* at 2070—2090 cm™ remain unal-
tered with changing CO pressure (0.09—0.15 kPa).'® On such
surfaces, the measured rate dependencies would suggest that the
kinetically relevant step is either the surface reaction between

-4 ACS Publications  © xxxx American Chemical Society

0,* and CO* or the O, activation at a vacant metal site ()
assisted by vicinal CO*. Density functional theory (DFT)
studies modeled the CO* assisted O, activation on a cubocta-
hedral Pt cluster containing 201 Pt atoms, nearly saturated
with CO* and containing a single vacancy and reported an
activation barrier of 94 k] mol™ on its (111) terraces, which is
consistent with the measured value of 84 k] mol™" on 1.2—20 nm
Pt clusters.'® These kinetic, infrared, and DFT methods suggest
that CO adsorption is quasi-equilibrated and that O, activation at
a metal site is assisted by a vicinal CO¥; the latter is the kineti-
cally relevant step for CO oxidation on Pt clusters.

In contrast to Pt and Pd, CO oxidation reactions on Ru, Rh,
Ir, and Au {Ru(0001),” Rh(111),” Ir(111),"® and 4—8 nm Au
clusters supported on Ce;0,, Fe,O;, or TiO,'’} at moderate tem-
peratures (273—525 K) occur on metal surfaces covered with
both CO* and O*, depending on the metal identity and CO and
O, pressures. Reactions on Ru(0001),” Rh(111),” and Ir(111)"°
exhibit two distinct kinetic regimes (regimes 1 and 2), each with
unique rate dependencies, defined by the operating reactant pres-
sure ratios. In regime 1, which prevails at high CO and low O,
pressures {e.g, Ru(0001): 2.1 kPa CO, 0.06—0.26 kPa O,, 500 K;’
Rh(111): 2.1 kPa CO, 0.5-13 kPa O,, 500 K;” Ir(111):

Received: May 4, 2018
Revised:  October 10, 2018
Published: October 26, 2018

11987 DOI: 10.1021/acscatal.8b01760

ACS Catal. 2018, 8, 11987—-11998


pubs.acs.org/acscatalysis
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.8b01760
http://dx.doi.org/10.1021/acscatal.8b01760

ACS Catalysis

Research Article

0.37—8.1 kPa CO, 2.7 kPa O,, 525 Klé}, turnover rates are
inversely proportional to CO and increase linearly with O,
pressures, identical to those observed on Pd*’ and Pt.'*'""
In regime 2, which occurs at lower CO pressures and/or higher
O, pressures {e.g, Ru(0001): 2.1 kPa CO, 0.51-21 kPa O,,
500 K;” Rh(111): 2.1 kPa CO, 33—65 kPa O,, 500 K;” Ir(111):
0.022—0.22 kPa CO, 2.7 kPa O,, 525 Klé}, turnover rates begin
to increase linearly with CO pressures and remain invariant with
O, pressures. This distinct transition in kinetic dependencies
may reflect a change in the most abundant surface interme-
diates from CO* to O*, while the CO* assisted O, activation
reaction remains as the kinetically relevant step. In fact, Auger
electron spectroscopy (AES) measurements of the O 1s core
hole formation (510 eV) confirm an increase in the surface oxy-
gen contents on Ru(0001) with increasing O, pressure (0.064—
0.53 kPa) during CO—0, reactions at a constant CO pressure
and 500 K.” The change in O* concentration corresponds to a
transition from negligible to monolayer (ML) O* coverages
at the Ru(0001) surfaces, and this change coincides with the
observed kinetic transition. Lastly, CO oxidation turnover rates
on Au clusters (2—18 nm)'” exhibit rate dependencies between
zero and first order in CO and O, pressures over a wide range of
conditions (0.1—10 kPa CO, 0.4—20 kPa O,) at 273 K. These
results suggest that Au surfaces are only partially covered with
CO* and/or O%*, which likely stems from the much smaller heats
of CO* or O* adsorption and thus the concomitantly smaller
affinities of these molecules to Au than other metals (Ru, Rh,
Ir, Pd, and Pt).

These complex rate dependencies on the series of metals
appear to reflect a change in the identity of the most abundant
surface intermediates among these metals, as they catalyze the
CO oxidation reaction. For each metal, the relative O* and
CO* site coverages appear to correlate with the difference in
its heats of O* and CO* adsorption, AQq_co:

AQo_co = Quaso ~ Quasco = ~AHugs0 ~ (=AH,,co) (1)

where Q,q; is the heat of adsorption for species j (j = O* or
CO*), which also equals the negative of the adsorption
enthalpy for species j {AH,q,;; where j = O for the adsorption

step 1/2(0, + 2% — 20%) or j = CO* for the adsorption step
CO + % — CO*}. Figure 1 shows these heats of adsorption
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Figure 1. DFT calculated heats of O* (M) and CO* (O) adsorption
{Quasp where Q,q5; = —AH,4, j = O* 1/2(0, + 2% — 20%) or CO*
(CO+ % — CO*)}, and their difference (AQo_co = Quso — Quiscor
1) for uncovered Ru(0001),'*'® Rh(111),'*'® Ir(lll),lg'18
Pd(111),"""® Pt(111),"*"® Ag(111),"*"® and Au(111) surfaces."""*

Quaso and Quco and their difference (AQp_co) for uncov-
ered (0001) surfaces of Ru and (111) surfaces of Rh, Ir, Pd,

Pt, Ag, and Au'>'"® On Pd and Pt surfaces, the dif-
ferences between the heats of O* and CO* adsorption (AQu_co)
are —1 and —16 kJ mol ™, respectively.'*'® These AQq_cq values
for Pd and Pt indicate that these surfaces preferentially bind to
CO* instead of O* during CO oxidation catalysis, as manifested
in the measured rate dependencies, which remain valid over wide
CO and O, pressure ranges at moderate temperatures. Notably,
Pt(100)"”*° and Pd(110)*" surfaces become partially covered
by O* at very low CO ((1-2) X 107° kPa) pressures, on
which CO* and O* form their respective adsorbate islands and
their relative coverages may oscillate. In contrast, Ru, Rh, and
Ir are metals with much larger differences between the heats of
O* and CO* adsorption (AQq_co) of 151, 70, and 37 kJ mol ™
on Ru(0001),"*"® Rh(111),"*"® and Tr(111),">'® respectively.
On these metals, CO oxidation occurs on CO* covered surfaces
only at the limiting condition of high CO and low O, pressures,
at which they exhibit identical rate dependencies with Pd and
Pt catalysts. At the other extreme of low CO and high O,
pressures, CO turnover rates on these metals {Ru(OOOl),7
Rh(111),” and Ir(111)'°} increase linearly with CO pressures
and remain independent of O, pressures, because their surfaces
become saturated with O* instead of CO. This dynamic shift
of the surface coverages and the concomitant shift in the rate
dependencies have remained as the topic of interest.

In this study, we probe the turnover rates and rate depen-
dencies for CO oxidation on Ag clusters. Unlike group VIII
metals and Au, Ag is an abundant and inexpensive group IB
metal with a completely filled d band; it binds much more
strongly to O* than CO* with an 80 kJ mol ™" difference between
the heats of O* and CO* adsorption (AQq_co) on uncovered
(111) surfaces."*"® This large and positive AQq_co value sug-
gests that O* may be able to displace the CO* on Ag surfaces
during CO oxidation catalysis. In fact, previous kinetic studies
have demonstrated the hi%h reactivity of supported Ag clus-
ters for CO oxidation.”> *° Additionally, DFT studies have
modeled the CO oxidation mechanisms by surface reactions
with O**"7%% or 0,*7?%% on Ag(100),” Ag(111),” Agss
clusters,”” and Ag; clusters supported on MgO(100) slabs.”
With these AQgy_co values and previous reports in mind, we
investigate how coverage transitions on Ag cluster surfaces may
influence the CO oxidation kinetics and reaction mechanisms.
We show that the chemical identity of the most abundant
surface intermediate (MASI, either O* or CO*) on Ag clusters
is a single-valued function of the operating [O,]-to-[CO]*
ratio; thus this ratio is a unique and rigorous descriptor that dic-
tates the operating regime, related rates, and kinetic depend-
encies. This mechanistic connection relating the operating
pressure ratio to the identity of the surface coverages and then
to the kinetic dependencies leads the first-order rate coef-
ficients (rco[COJ™) to depend strictly on the [O,]-to-[CO]*
ratios. There are two distinct kinetic regimes, because the iden-
tity of the most abundant surface intermediate changes from
CO* to O* in response to an increase in the [O,]-to-[COJ*
ratio. The rate coeflicients in these two regimes exhibit differ-
ent sensitivities to temperature and Ag cluster diameter, as their
rate expressions, effective activation barriers, and sensitivities of
kinetic parameters differ.

2. CATALYST SYNTHESIS AND EXPERIMENTAL
METHODS

2.1. Synthesis of Nanometer Sized Ag, Pd, and Pt
Clusters Dispersed on Porous SiO, or Al,O; Particles.
Supported silver (1-5 wt % Ag/SiO,), palladium (1 wt %
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Pd/AlL,O;), and platinum (1.83 wt % Pt/AL,O;) catalysts were
prepared by the incipient wetness impregnation method. The
CO oxidation activities were insensitive to the identity of the sup-
port due to the lack of support contributions to the rate and
the structure insensitivity of the reaction rates, as discussed
in sections 3.1 and 3.4. Silica (Davisil Chromatographic Silica,
1.2 cm® g”! pore volume, 15 nm pore diameter, 330 m”> g~'
surface area) and alumina (Sasol, PURALOX TH 100/150,
0.90 cm® ¢! pore volume, 11 nm pore diameter, 150 m”> g~
surface area) supports were crushed to particle size ranges of
0—75 um. Silica was heated at 0.033 K s™" in stagnant ambient
air to and held at 673 K for 4 h, before cooling to 393 K. Alu-
mina was treated similarly, but to 873 K for 4 h. These treated
support particles were impregnated with an aqueous solution
of AgNO; (Sigma-Aldrich, 99.9999% trace metals basis),
Pd(NO;),-2H,0 (Sigma-Aldrich, 99.995% trace metals basis),
or Pt(NH,),(NO;), (Sigma-Aldrich, 99.995% trace metals basis)
in doubly deionized water (>182 M2 cm). The impregnated
samples were then dried for 24 h at 353 K in stagnant ambient
air and then treated in flowing dry air (Linde, 99.99%) at
0.5 cm*¢pp g 7' 57! by heating at 0.033 K s™' to 773 K for Ag
samples and to 673 K for Pd and Pt samples, followed by
holding at these temperatures for 2 h, and then cooling to
ambient temperature. The samples were heated at 0.033 K s™*
under flowing H, (0.5 cm®yyp g7' s, Linde certified standard,
5.22% in He) to 598—873 K and then held for S h to obtain
Ag, Pd, and Pt clusters with mean diameters ranging from 3.1
to 29.3 nm, as summarized in Table 1. The samples were cooled

Table 1. Synthesis Conditions and Mean Cluster Diameters
for 1-5 wt % Ag/SiO,, 1 wt % Pd/Al, O3, and 1.83 wt % Pt/
Al O; Catalysts

treatment temp in

treatment temp in  mean cluster
flowing dry air [K]

metal loading flowing H, [K] diam [nm]

1wt % Ag 773 598 3.1
Swt % Ag 773 598 S.1
1wt % Ag 773 723 11.3
S wt % Ag 773 723 29.3
1 wt % Pd 673 873 9.3
1.83 wt % Pt 673 873 11.2

in flowing He (0.5 cm’s7p g7 s, Linde, 99.999%) to ambient
temperature. A mixture of 1% O,, 4% N,, and 95% He, prepared
from mixing air (Linde, 99.99%) and He (Linde, 99.999%), was
introduced to the samples at 0.5 cm’sp g7' s7' and ambient
temperature for 6 h. Ag/SiO,, Pd/AlLO;, and Pt/Al,O; cata-
lyst powders (0—75 pum particle diameter) were physically
mixed with treated silica (SiO,, Davisil Chromatographic Silica,
12 em® g! pore volume, 15 nm pore diameter, 330 m* g™
surface area) at silica-to-catalyst mass ratios of 49, 99, and 499.
These mixtures were pressed into 2.5 cm diameter pellets at
190 MPa for 0.5 h in a hydraulic press (Specac). The resulting
disk was then crushed and sieved to obtain intraparticle diluted
catalyst agglomerates with a particle size range of 125—180 yum.

2.2. Isothermal O,, H,, and CO Uptake Measurements.
0,, H,, and CO uptakes were measured at 313—443 K using a
volumetric adsorption—desorption apparatus. The apparatus was
made of a dosing manifold (10.6 cm’yyp) and reaction chamber
(11.4 cm®ypp) connected to a pressure transducer (120AA
Baratron, MKS, dual mode 0—13 kPa and 0—133 kPa), six-port
valve (H-EHC6WEZ, VICI), vacuum turbopump (Pfeiffer,
HiPace 80), and diaphragm pump (Pfeiffer, MVP 015-2).
Gases were introduced to the manifold with thermal mass flow

controllers (SLAS850, Brooks). Catalyst samples were loaded
into a quartz sample holder, heated under flowing H,
(0.5 cm’sp g7' 57!, Linde, 99.999%) at 0.033 K s~ to their
respective H, treatment temperatures used during catalyst syn-
thesis (Table 1) and then held at the temperature for 1 h. The
samples were evacuated for at least 12 h at $98—873 K before
cooling to 313—443 K at 0.033 K s™' (10 Pa vacuum, <$ X
107® em®gpp h™! leak rate). O, and CO uptakes on Ag clusters
were measured at 443 K, O, uptakes on Pd clusters were mea-
sured at 313 K, and H, uptakes on Pt clusters were measured
at 313 K by introducing doses of 2—16 umol of O, (Linde,
99.995%), H, (Linde, 99.999%), or 4.95% CO in He (Linde
certified standard) to the sample at 0.08—1 h intervals, which
results in incremental pressures of 0.1—1 kPa in the sample
holder, up to 13 kPa. Adsorption equilibrium was considered
attained when the pressure changes were smaller than 0.01%
over a 60 s period. Following the completion of the O,, CO, or
H, uptake measurements, the sample was evacuated for an hour
at 313—443 K under dynamic vacuum (107° Pa) before another
series of uptake measurements were carried out over the same
pressure range. The mean Ag, Pd, and Pt cluster diameters were
determined from the difference between the first and second O,
or H, uptakes, extrapolated to zero pressure,”’ assuming an atomic
ratio for adsorbate-to-exposed metal of unity (O,/Ag, = O,/Pd; =
H,/Pt, = 1; subscript “s” denotes surface atom)>"”* and hemi-
spherical Ag, Pd, and Pt clusters with densities similar to bulk
Ag, Pd, and Pt metals (10.49, 12.02, and 21.45 ¢ cm™3, respec-
tively™).

2.3. Rate Assessments of CO—0O, Reactions on Ag, Pd,
and Pt Clusters. Rates of CO—0, reactions were measured in
a fixed bed microcatalytic quartz reactor (8.1 mm i.d.) oper-
ating under differential conditions (<1.8% O, and <4.1% CO con-
version). Intraparticle diluted Ag/SiO,, Pd/ALO;, and Pt/ALO,
catalyst agglomerates (125—180 ym) were physically mixed with
quartz (SiO,, Sigma-Aldrich, purum p.a, 125—180 yum), which
was treated in stagnant ambient air by heating to 673 K for 4 h,
at quartz-to-catalyst interparticle dilution mass ratios of 0
(undiluted), 400, and 450. This physical mixture, which con-
tains 0.0002—0.001 g of undiluted Ag/SiO,, Pd/Al, O3, or Pt/
Al O;, was loaded into the quartz reactor and formed the
packed catalyst bed supported by a quartz frit. The reactor was
placed in a furnace (Bluewater Heater) equipped with a K-type
thermocouple (Omega) in contact with the catalyst bed. The
sample was first pretreated with H, (0.333 cm’grp g 7' s/, Linde,
99.999%) by heating at 0.033 K s™' to 598—873 K, holding for
1 h, and then cooling to the reaction temperature (383—453 K)
at 0.033 K s™! in flowing He (0.333 cm®yp g7' s7', Linde,
99.999%). Reactant gas mixtures of either 5.5% O, in He
(Linde certified standard) or O, (Linde, 99.999%), 4.95% CO
in He (Linde certified standard), and He (Linde, 99.999%)
were introduced by independently metering the individual flow
rates using thermal mass flow controllers (SLAS850, Brooks).
The CO—O, reaction rates were measured in the kinetically
controlled regime upon reaching steady state (>4 h), at which
the CO turnover rates are independent of time at a set of
reference conditions {0.25 kPa O,, 0.2 kPa CO, (0.08—2) X
10® cm®gp (g-atom of M, s)™’, where M is Ag, Pt, or Pd}. The
changes in catalytic rates with time were found to be less than
4% on average when measured at the reference conditions after
the entire duration of rate measurements (<16 h). The chemical
compositions of the reactor effluent were quantified at 0.05 h
intervals with a gas chromatograph (8610C, SRI) equipped with
a molecular sieve 13X (6 ft X 1/8 in. SS, SRI) packed column,
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Figure 2. (a) Pseudo-first-order rate coefficients (k™' = rco[CO]™, eq 2a) for CO—0, reactions at 443 K as a function of ¢ ([0,][CO]™>) on
5.1 nm Ag clusters (S wt % Ag/SiO,) diluted at silica-to-Ag/SiO, intraparticle dilution mass ratios of 49 (O, @), 99 (CJ, W), and 499 (<>), as well
as quartz-to-Ag/SiO, interparticle dilution mass ratios of 0 (undiluted) (O, O, <>), 400 (M), and 450 (@) (total SiO,-to-Ag/SiO, dilution mass
ratio is 499, (0.5—2) X 10® cm’spp (g-atom of Ag,)™" s7'). (b) Pseudo-first-order rate coefficients as a function of ¢ from data taken from the
literature for Ru(0001)” (orange 4, 500 K, 2.1 kPa CO), Rh(111)” (green 4, 500 K, 2.1 kPa CO), and Ir(111)"° (purple 4, 525 K, 2.7 kPa CO),
as well as our work for 9.3 nm Pd clusters (red 4, Pd/Al,O;, 400 K, 0.5—1 kPa O,, 0.05—0.2 kPa CO), 11.2 nm Pt clusters (blue 4, Pt/Al,O,,
453 K, 5—70 kPa O, 0.15—0.8 kPa CO), and 5.1 nm Ag clusters {443 K; 0.0125 (A), 0.025 (A), 0.05 (#), 0.1 (<), 0.2 (@), 0.5 (O), 1 (W), and
2 (0O) kPa CO}, and calculated rate coefficients for 5.1 nm Ag clusters using eq 6b and regressed parameters from Table 2 (—). Labels 1, 2, and
¥ indicate regimes 1, 2, and the midpoint of the transition between them (¢, eqs 11 and 12), respectively.

connected to a thermal conductivity detector (TCD) and then
a micromethanizer and flame ionization detector (FID).

3. RESULTS AND DISCUSSION

3.1. Metal ldentity Effects on Rate Dependencies
during CO Oxidation Reactions. CO—O, reactions turn
over on transition metals much faster than other reactions at
low to moderate temperatures. The larger rates, taken together
with the significant reaction exothermicity {CO + 0.50, —
CO,, AH? = —284 kJ (mol of CO)™'}, may lead to temper-
ature and concentration gradients that corrupt the accurate
assessments of intrinsic rates. In this study, we decrease the
reactor heat load (heat generated per unit reactor volume) by
diluting the catalyst powders extensively with inert solids within
the particles and in the catalyst packed bed. Such dilutions remove
temperature and concentration gradients. The first-order rate
coefficient in CO pressures (k') equals the CO turnover rate
(per exposed Ag site, rco) divided by CO pressure [CO],
whereas ¢ is the operating pressure ratio of O, to the square of
CO:

st — 'co
[CO] (2a)

_[0,]
¢= [COP (2b)

Figure 2a reports the rate coefficients (k') on a series of
S wt % Ag/SiO, catalysts (5.1 nm average Ag cluster diameter)
with different dilution extents over a wide range of ¢ values
between 0.13 and 10° kPa™! at 443 K. For one series of sam-
ples, the intraparticle silica-to-Ag/SiO, catalyst dilution mass
ratio was varied from 49, 99, and 499 with no interparticle
dilution. For the other sample series, the interparticle quartz-
to-Ag/SiO, catalyst dilution mass ratio was varied from 0, 400,
and 450, during which the intraparticle dilution mass ratio was
changed commensurately, such that the total SiO,, which includes
both the quartz and the SiO, diluents, to Ag/SiO, catalyst mass
ratio was kept constant at 499. Among all these cases of different
dilution levels, the first-order rate coefficients were nearly identical

(<10% difference) when comparing at the same ¢ value, thus
confirming that the dilution level used in our rate measurements
did not influence the turnover rate values. The maximum heat
loads from the rate data reported herein with these dilution ratios
(0.72 W em™ 1o beq) are similar to those with similar reactor
configurations (8.1 mm i.d. quartz reactor, 423—773 K), pre-
viously shown to be free of transport corruptions during CO
oxidation kinetic studies.'”'! In addition, CO oxidation rate
ratios on bare SiO, to those on 5 wt % Ag/SiO,, rSioerg/Sioz_l
(comparing at the same mass basis), are less than 0.04 under
all operating conditions reported herein (0.25—100 kPa O,,
0.0125—2 kPa CO, 383—443 K). Thus, rate contributions from
SiO, are insignificant (<4%). We conclude, based on these
assessments, that a packed catalyst bed with an intraparticle
dilution mass ratio greater than 49 and an interparticle dilution
mass ratio of 0 is sufficient in eliminating all concentration and
temperature gradients. Furthermore, identical intra- and inter-
particle dilution mass ratios are sufficient to remove these gra-
dients on Pd/Al,O; and Pt/Al,O; catalysts, due to their lower
reactivity and heat loads than Ag/SiO, catalysts, as well as low
contributions from AlL,O; (<5%). Thus, CO conversion rates
measured with this packed catalyst bed must reflect the intrin-
sic reactivities of Ag, Pd, and Pt clusters, free of transport cor-
ruptions and support effects.

Figure 2 shows the first-order rate coefficients (k'%, eq 2a)
on Ag clusters (5.1 nm mean diameter, S wt % Ag/SiO,) at
443 K over a wide range of O, (0.25—100 kPa) and CO
(0.0125—2 kPa) pressures, plotted as a function of ¢ (eq 2b).
We did not observe oscillatory kinetic behaviors previously
attributed to surface reconstructions and adsorbate island for-
mations on Pt(100)'*** and Pd(110)*" surfaces, indicating that
Ag cluster surfaces can be described as Langmuirian surfaces.
We report reaction rates obtained at atmospheric pressures, where
CO* and O* coverages are always near saturation, instead of
those obtained with surface science studies under high vacuum
conditions and at much lower coverages, at which CO* and
O* can form their respective adsorbate islands on Pd and Pt
surfaces.'” "' These rate coefficients are single-valued func-
tions of the ¢ values and exhibit two distinct dependencies,
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irrespective of the individual O, or CO pressures. We denote
the two distinct dependencies as regimes 1 and 2, defined by
the operating ¢ values from 0.13 to 1 kPa™' and from 10* to
6.4 X 10° kPa™', respectively, as also indicated in Figure 2.
First-order rate coefficients in regime 1 (¢ = 0.13—1 kPa™"),
ki*, increase linearly with ¢ (eq 3a), because the CO turnover
rates, rcp), increase linearly with O, pressure and with the
inverse of CO pressure, as captured by eq 3b and shown in
Figure S1 of the Supporting Information:

regime 1:
st [()2] 1
ki = kg | —=|=k
1 eff,l( [CO]Z ) eff,ld’ (33)
regime 1:
[O,]
Tcon = efﬁlﬁ = ke 190'[CO] (3b)

where k., denotes the effective rate constant for regime 1.
In contrast, first-order rate coefficients in regime 2 (¢ = 10*—
6.4 X 10° kPa™'), k;*, are independent of the ¢ values and
remain a true constant at 7 mol (g-atom of Ag s kPa)™' at
443 K (eq 4a), because the CO turnover rates in regime 2,
Tco, are insensitive to O, pressure and increase linearly with
CO pressure, as shown also in Figure S1 of the Supporting
Information:

regime 2:

ké = keff,z¢0 (4a)
regime 2:

rco, = kega[COl = keff,z¢0[CO] (4b)

where kg, denotes the effective rate constant for regime 2.
At moderate temperatures (400—525 K), CO turnover rates
on group VIII transition metals (Ru, Rh, Ir, Pd, Pt) may exhibit
rate dependencies in either regime 1 or regime 2, depending on
the operating ¢ value, as shown in Figure 2b. On Pd (9.3 nm,
400 K) and Pt (11.2 nm, 453 K) clusters, CO oxidation shows
the characteristic rate dependencies of regime 1 (eqs 3a and 3b)
over the entire operating range of ¢ values (13—667 kPa™").
Others have also observed similar kinetic manifestations
{Pd(100),* Pd(110),"® Pd(111),” Pt(100),'° and 1.2—20 nm
Pt clusters'’} for a wide range of ¢ values ((0.02—1.7) X
10® kPa™!). Other metals such as Ag, Ru, Rh, and Ir also exhibit
these rate dependencies typical for regime 1, but only limited to
much smaller ¢ ranges, from 0.13 to 1 kPa™' on Ag clusters
(5.1 nm, 443 K), from 5 X 1072 to 0.03 kPa~! on Ru(0001) at
500 K,” from 0.02 to 6 kPa™! on Rh(111) at 500 K,” and from
4 % 1072 to 10 kPa™! on Ir(111) at 525 K,'° as included in
Figure 2b. Similar to those on 5.1 nm Ag clusters (Figure 2),
CO rate dependencies on Ru(0001),” Rh(111),” and Ir(111)"°
surfaces undergo a transition from regime 1 to regime 2, as the
operating ¢ values increase. For example, the rate depend-
encies on Ru(0001) surfaces at 500 K resemble those in regime
1 for ¢ values between 0.01 and 0.06, but change to those in
regime 2, as the operating ¢ values increase to above 0.1.” Auger
electron spectroscopy (AES) measurements on the Ru(0001)
sample carried out after steady-state reactions at various ¢ values
show that the O* coverages vary commensurately from essen-
tially uncovered in regime 1 to near saturation in regime 2.” The
transition in kinetic dependencies between the two distinct

11991

regimes (regimes 1 and 2), reported here for Ag clusters and
detected previously for Rh, Ru, and Ir surfaces, albeit without a
mechanistic description, suggests a dynamic shift in the iden-
tity of most abundant surface intermediates from CO* in regime
1 to O* in regime 2.

The kinetic transition between regimes 1 and 2 occurs at
different ¢ values on Ag clusters (5.1 nm), Ru(0001),’
Rh(111),” and Ir(111)."° The transition, labeled in Figure 2 as
@, occurs at the lowest ¢ value of 0.07 kPa~' on Ru(0001) at
500 K,” followed by 4 kPa™' on Ag clusters at 443 K, 6 kPa~!
on Rh(111) at 500 K,” and 50 kPa~" on Ir(111) at 525 K.'°
The kinetic transition on these metals appears to correlate with
the difference in their heats of O* and CO* adsorption
(AQo-coy €q 1), in the decreasing order of Ru, Ag, Rh, and Ir
(151 kJ mol™" > 80 kJ mol™* > 70 kJ mol™' > 37 kJ mol™",
respectively, Figure 1). Metals with smaller and negative
AQp_co values such as Pd and Pt (Figure 1) only exhibit rate
dependencies characteristic of regime 1. Although Ag binds to
both O* and CO* much more weakly than other transition
metals, it has a higher AQgy_¢o value among all metals except
for Ru and thus binds to O* much more strongly than CO*.
For this reason, Ag cluster surfaces remain preferentially cov-
ered with O* rather than CO* during CO oxidation catalysis,
previously unattainable at the moderate temperatures on Pd and
Pt clusters. On such O* covered surfaces, CO* no longer inhibits
CO oxidation; thus all sites may be able to participate in catalytic
turnovers.

Since the CO turnover rates are functions of the operating
CO and O, pressures (eqs 3b, 4b), we extract and summarize
the effective rate coefficients in regimes 1 (k.g,) and 2 (k)
such that we could directly compare their values among Ag,
Pd, and Pt clusters (this work: 5.1 nm Ag, 9.3 nm Pd, 11.2 nm
Pt; literature: 1.2—20 nm Pt'°) and on Pt(100),"® Pd {(100),"
(110),'° (111)°}, Rh(111),” Ir(111),'® and Ru(0001)’
surfaces. Figure 3a shows the effective rate coefficients for
the different metals in regime 1. In this regime, the effective
rate coeflicients on all metals except Pt are within 1 order of
magnitude from each other over the temperature range 373—
600 K, and their values are 2 orders of magnitude larger than
those of Pt. Similarly, Figure 3b compares the effective rate
coefficients of regime 2 for Ru, Rh, Ir, and Ag supported cata-
lysts and single crystals. In this regime, the effective rate coeffi-
cients on 5.1 nm Ag clusters are 1—2 orders of magnitude
larger than those on Ru(0001). Furthermore, the extrapolated
rate coefficients on 5.1 nm Ag clusters (from 383 to 443 K) are
within 1 order of magnitude from those of Rh(111) (500 K)
and Ir(111) (525 K). These results in Figure 3 indicate that Ag
clusters (1) exhibit similar reactivities to group VIII transition
metals for CO oxidation while operating in regime 1, during
which metal surfaces remain covered with CO* inhibitors, and
(2) remain more reactive than group VIII transition metals in
regime 2, when metal surfaces are free of CO* and covered
with O*. We note that small Au clusters appear to catalyze
CO—0, reactions at much lower temperatures than group VIII
transition metals and Ag; e.g,, the CO oxidation turnover rates
on 2.8—3.5 nm Au clusters”** at 288—300 K are within an
order of magnitude {0.05—0.5 mol (g-atom of M;) ™", where M,
denotes surface metal atoms} of those on 9.3 nm Pd, 11.2 nm
Pt, and 5.1 nm Ag clusters at 373—461 K and similar reactant
pressure ranges (107" kPa™" < ¢ < 10* kPa™'). On Au cata-
lysts, the reaction orders toward O, and CO are between zero
and one,'”** suggesting that Au cluster surfaces are partially
covered by O*, CO¥, or both, likely due to the small heats of
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Figure 3. (a) CO oxidation effective rate constants for regime 1 (k., eqs 3a and 3b) as a function of inverse temperature for CO—O, reactions
from data taken from the literature for Ru(0001)” (orange W, ¢ = 0.005—0.02 kPa™"), Rh(111)” (green M, ¢ = 0.1—6 kPa™"), Ir(11 1) (6purple |}

¢ = 0.04—10 kPa™"), Pd(100)° (red A, ¢ = 3.8 kPa™"), Pd(110)'® (red @, ¢ = 0.23 kPa™'), Pd(111)° (red O, ¢ = 3.8 kPa™'), Pt(100)"

(blue @,

¢ =0.23), and 1.2—20 nm Pt clusters'® (blue [J, ¢ = 10°> kPa™'), as well as our work for 9.3 nm Pd clusters (red W, ¢ = 10> kPa™'), 11.2 nm Pt
clusters (blue W, ¢ = 3.8 X 10> kPa™'), and 5.1 nm Ag clusters (M, ¢» = 0.13—1 kPa™’, Table 2). (b) CO oxidation effective rate constants for
regime 2 (kg eqs 4a and 4b) as a function of inverse temperature for CO—O, reactions from data taken from the literature for Ru(0001)”
(orange O, ¢p = 0.23 kPa™!), Rh(111)” (green O, ¢ = 7—14 kPa™"), and Ir(111)"® (purple OJ, ¢ = 10>—6 x 10° kPa™'), as well as our work for

5.1 nm Ag clusters (O, ¢ = 10*—6.4 x 10° kPa™!, Table 2).

Scheme 1. Proposed Sequence of Elementary Reactions for
CO Oxidation Reactions on Ag Clusters”

Step Elementary Reaction Rate or
Equilibrium Constant

1 Ox+* %= Ox* Ko,

2 O +* == 20%* ko, ko, s Ko

3 CO+* #* CO* Ko

4 (Pathway A) CO* + Ox* M CO2+O* + * keoo,

5 (Pathway B) CO*+0* M COr+*+* keoo

“# denotes an active site, = with A through it denotes an irreversible
step, 2 denotes a reversible step, and 2 with a circle through it
denotes a quasi-equilibrated step. K; is the equilibrium constant, k; or

ki¢ is the forward rate constant, and k; is the reverse rate constant for

step j.

adsorption of O* and CO* on Au, relative to the group VIII
transition metals and Ag.

3.2. Elementary Steps and Rate Expressions for CO—
0O, Reactions on Dispersed Ag Clusters. Scheme 1 shows a
proposed sequence of elementary steps for CO oxidation on
Ag clusters that captures the observed dependencies for the

Tco =7co, pathway A T 70, Pathway B

rate coefficients k{* and k) and turnover rates rco; and rcq,

for both regimes, as shown in Figure 2b and Figure S1, over
the entire operating ¢ values ((0.13—6.4) X 10° kPa™"). The
reaction begins with quasi-equilibrated molecular O, adsorp-
tion on a vacant Ag site () as O,* (step 1), followed by revers-
ible O,* dissociation that forms two O* adatoms (step 2). CO
adsorbs on a vacant site in a quasi-equilibrated step (step 3) as
CO¥*, followed by its irreversible reaction with either a mole-
cular O,* (step 4, pathway A) or an O* adatom (step S,
pathway B), forming CO, and O* or only CO,, respectively.
These reactions complete the catalytic cycle. Both pathways
A and B are plausible and have been previously proposed to
occur on Ag”’ % and Pt.'”'" Both the O,* dissociation
(forward reaction of step 2) and CO* reaction with O,* (step 4)
generate O* atoms, whereas the O* recombination (reverse reac-
tion of step 2) and the CO* reaction with O* (step S) consume
O* atoms.

We derive, from the elementary reactions proposed in
Scheme 1, the general form of the governing rate equation for
CO oxidation via pathways A and B that results in the apparent
rate dependencies in regimes 1 and 2 (eqs 3a,3b, 4a, and 4b,
full derivation in section S2 of the Supporting Information):

8ko Ko, [0,]

keoo, Ko, Ko [COJ[0,]+ (keooKco [CO])2 { \/1 +

4k,

(kco.cho )Z [CO]Z

(2ks, +keo0,Keo [CO) —1}

%)

[1+kcucho [co] { \/1+ 8Koko, (0] (2ks, +keoo,Kco [CO])—1:|+KOZ [Oz]+KCO[CO]]

4k0, (kcoano )2 [CO]Z
0 0
* o*

where kco_o, and kgo_g are the rate constants for CO* reac-
tions with O,* via pathway A and with O* via pathway B, respec-
tively; Ko, and K¢ are the equilibrium constants for O,* and
CO* adsorption, respectively; ko and ko are the forward and

reverse rate constants for O,* dissociation, respectively. These
rate and equilibrium constants are defined in Scheme 1.

Nonlinear regression of eq 5 against the rate data in Figure 2b
provides the rate parameter values for CO—O, reactions on
5.1 nm Ag clusters at 443 K, as summarized in Table S1 of the
Supporting Information. These parameters, together with
eqs S8—S13 in section S2 of the Supporting Information, deter-
mine the relative rate contributions of pathways A and B, as
well as the relative surface coverages of O*, O,* and CO*
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Table 2. Rate and Equilibrium Constants for CO Oxidation Reactions on 5 wt % Ag/SiO, (5.1 nm Ag clusters) at 383—443 K
from Nonlinear Regression of CO—O, Reaction Rate Data (Figures 2a and 7) against the Proposed Rate Expression (eq 6b)

temp [K] kg [mol (g-atom of Ag, s)™']
443 0.20 + 0.01
428 0.052 + 0.008
413 0.012 + 0.002
398 0.0070 + 0.0015
383 0.0030 + 0.0007
akeff;l = LOZKOZ in eq 7. bkefﬁz = kco—[{% ineq 8. Ko_co =

keg2” [mol (g-atom of Ag, s kPa)™!]

0.5 0.5
Ko, Ko

Ko_co® [kPa™*°]

6.1 +£0.3 0.18 + 0.01
2.8 + 04 0.14 + 0.02
1.6 + 0.2 0.087 + 0.012
12 £ 0.1 0.074 £ 0.011
0.5+ 0.1 0.080 + 0.012

in eq 9.

intermediates, as summarized in Table S2. From the rate con-
tributions, we conclude that pathway B (step S) contributes to
less than 5% of the total CO turnovers under most reaction
conditions [rCO,pathwayB(rCO, athway A + rCO,pathwayB)_l < 0.0$ for
¢ = (2-64) x 10° kPa_lj’. At the smallest ¢ value (0.13),
pathway B contributes to at most 13% of the total CO turnover
rate. The regressed parameters in Table S1 also imply the
reversibility of O, dissociation, which relates to the relative rate
ratios of the competitive O,* dissociation, O* recombination,
CO*—0,* and CO*—O%* reactions. Since the rate of pathway B
is negligible, O, recombination (the reverse of step 2) removes
O* adatoms much more rapidly than CO*—O* reactions
(step S). Furthermore, the values in Table SI reveal that O,
dissociation (step 2) generates O* adatoms much faster than
CO*—0,* reactions (step 4) (2ko, > kco_0,Kco[CO]). Over

the entire range of reactant pressures and reaction temperatures,
the rates of O, dissociation and O* recombination are nearly
equal to each other (<16% different) and their magnitudes are
at least 1 and up to 4 orders of magnitude larger than the
CO—-0,* and CO—O* reaction rates. These results suggest that
the O, dissociative step (step 2) is quasi-equilibrated. Finally,
the fractions of vacant Ag sites (*) and sites occupied by O,*
remain below 0.02 and 0.00S ML, respectively, under all
reaction conditions. In addition, sensitivity analyses show that
kco-o and Ko, are insensitive to the perturbation of their values:

a 20% variation in their magnitude increases the residual sum
of squared errors by 20 + 17% (Figure S2).

Based on the above interpretations, we conclude that the
rate of the CO*—O* reaction (rco pathways) remains kinetically
insignificant, the O, dissociation step is quasi-equilibrated, and
the fractions of uncovered Ag sites () and adsorbed O,* are
small. Taken together, these approximations result in the sim-
plified equations for turnover rate rcq and rate coefficient k',
considering that the CO,*—0,* reaction (pathway A) as the
predominant path, taking place on Ag clusters covered with
either CO* or O*:

kccyoZ Kocho [CO] [02 ]
KSKYf[0,]+ Koo [Co])2
0 0 (62)
o* co*

Tco =70, pathway A = (

kco.0,Ko,
“_ Teo _ Keo
[CO] [KO 5 KOS

o ‘/E“] (6b)

¢
kl

co
0 0
O* CO*

where K is the equilibrium constant for O,* dissociation

(Ko = ko(ko,_l)-

The relative magnitudes of the rate and equilibrium
parameters in eqs 6a and 6b, together with the operating
conditions, determine the apparent kinetic dependencies of
CO—-0, reaction. In regime 1, when CO¥* is the most
abundant surface intermediate (MASI), the Kco[CO] term in

the denominator is much larger than the KOZO'SKOO'S1 [[O,] term

(KeolCOJT > KOZO'SKOO‘S,/[Oz] ). As a result, eqs 6a and 6b
simplify to eqs 3a and 3b, the observed rate dependencies for this
regime (Figure 2b). The effective rate constant for regime 1 is

regime 1:

kco-oKo,
kg1 = ———
Keo (7)

For the contrasting case of regime 2, when O* instead of
% 057, 05 .
CO* is the MASI, Ko, Ko J[0,] is much larger than

Kco[CO] (KOZO'SKOO'S./[OZ] > KCO[CO]) and eqs 6a and 6b

reduce to eqs 4a and 4b, which describe the rate dependencies
for this regime (Figure 2b). The effective rate constant is

regime 2:

kco—ocho
keff,Z =
K, (8)

These two effective rate coefficients, kg, and kg, fully
describe the reactivity dependencies on ¢ for both regimes 1
and 2 in Figure 2b. Specifically, k., is the slope for the rate
coefficients at low ¢ values (eq 3a) and k., equals the
maximum first-order rate coefficients, which remain constant,
at high ¢ values (eq 4a). Since eqs 6a and 6b capture the
dependencies for both regimes 1 and 2, k' becomes a single-
valued function of ¢. Finally, the square root of the kg ,-to-k.g,
ratio, defined as Ky_cq, equals the grouping of equilibrium
coefficients in eq 6b (Ko, >°Ko"*Keo™') and relates to the

transition between regimes 1 and 2:

057 05
ki Ko, Ko

Ko_co= =
ket Keo 9)

Table 2 shows the values for the kinetic (ko and kg, eqs 7
and 8) and thermodynamic (Ko_co, €q 9) groupings, deter-
mined from the parameters in Table S1. These kinetic and
thermodynamic values give the predicted first-order rate
coefficients via eq 6b, included in Figure 2b for a direct
comparison with the measured values. Figure 4 shows the
parity plot comparing the measured (Figure S1) and calculated
(from eq 6a and Table 2) rates, showing that the model
captures the measured rates. Section S3 in the Supporting
Information includes the sensitivity analyses of the estimated
parameter values, which indicate that k.; and Ko o are
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Figure 4. Parity plot between predicted and measured CO turnover
rates (per exposed Ag atom, S wt % Ag/SiO,, 5.1 nm clusters) at 443 K.
Predicted rates were calculated from eq 6a and regressed kinetic and
thermodynamic parameters from Table 2; measured rates were
obtained at 0.25—100 kPa O, and 0.0125 (A), 0.025 (A), 0.05
(9),01 (<), 02 (@),0.5(0), 1 (M), and 2 (O) kPa CO ((0.5-2) x
10° cm’ypp (g-atom of Ag)™' s™!, Figure S1 of the Supporting
Information).

highly sensitive to variations of their values: a 20% change in
their magnitude increases the residual sum of squared errors by
91 + 47%.

3.3. CO* and O* Coverages on Ag Cluster Surfaces at
Chemical Equilibrium and during Steady-State CO-0,
Reactions and Their Catalytic Effects That Cause the
Transition between the Kinetic Regimes. Isothermal
CO uptakes at CO pressures and a temperature similar to
those used for steady-state CO oxidation studies (0.01—
1.3 kPa CO, 443 K) lead to CO* coverages of up to 0.40 ML
on Ag clusters (5.1 nm), as shown in Figure S4a. These uptake
data translate to a CO* adsorption equilibrium constant
(Kco) of 0.30 kPa™". By assuming a loss of one translational
and one rotational degree of freedom during CO adsorp-
tion,”® which corresponds to an entropy loss (AS,4co) of
=90 J (mol K)7!, the average heat of CO* adsorption
(Quasco) is 53 = 1 kJ mol™". This heat of CO adsorption
(53 + 1 kJ mol™") is larger than the previously reported values
on uncovered Ag(111) surfaces of 27 and —8 kJ mol ™", derived
based on equilibrium CO uptakes®” and DFT calculations,"*
respectively. The larger heat of adsorption from the clusters
than surfaces is expected, because clusters contain corner and
edge sites that bind to CO much more strongly than the
terrace sites on Ag(111) surfaces, as predicted from the bond-
order conservation principle.”

Isothermal, equilibrium O, uptakes on 5.1 nm Ag clusters at
the same temperature (443 K) and between 0.01 and 13 kPa
O, (Figure S4b) give the equilibrium constant for dissociative
0, adsorption, Ko Ko. The Ko Ko value is 26 kPa™, which

corresponds to an average heat of O* adsorption (Q,4,0) of
55 + 1 kJ (mol of O)™" for Ag clusters with O* coverages
ranging from 0.16 to 0.99 ML, assuming that O, loses all
translational and rotational degrees of freedom during its
dissociative adsorption,” which is equivalent to an adsorption
entropy loss (AS,4,0% per two O* adatoms) of —181 J (mol
of O, K)~". This average heat of O* adsorption is similar to
those measured on polycrystalline Ag {33—52 kJ (mol of O)™"
at 0.68—0.82 ML O*}.**!

During steady-state reactions, both CO* and O* inter-
mediates occupy Ag sites. The instantaneous CO* and O*

fractional coverages during steady-state catalysis, denoted as
[CO*]/[Ag,]ss and [O*]/[Ag,]ss (subscript SS denotes steady
state), respectively, are:

[co*]] _ 1
[Ags] ss KO—CO\/E +1 (10a)

[[O*]] _ KO—CO\/g
[Ag ] s KO—CO\/E +1 (10b)

as derived from the denominator terms of eqs 6a and 6b.
As shown in the expressions, these instantaneous CO* and O*
coverages are also single-valued functions of ¢. Equations 10a
and 10b, together with the parameters in Table 2, give the
CO* and O* coverages during steady-state CO—O, reactions
shown in Figure 5. In regime 1 (¢ = 0.13—1 kPa™"), the CO*

1.00

0.75

0.50

Regime 1

!

0.25

Fractional Coverages of CO* or O*

0.00 L
10" 1 10 10° 10° 10* 10° 10°
¢ [kPa™]

Figure S. Steady-state fractional coverages of CO* (eq 103, A, 00, V,
o; Q; O; D) 7:7) and O* (eq IObJ A} .1 vl .J 4; ‘; ’r *) during
CO—0, reactions on Ag clusters (5 wt % Ag/SiO,, 5.1 nm clusters)
as a function of ¢ ([0,][CO]™2) at 0.25—100 kPa O, and 2 (A, A),
1(0,m), 05 (V,V¥),02(0,®),0.1 (<, «), 0.05 (, @), 0.025
(T>, ), and 0.0125 (%, %) kPa CO at 443 K ((0.5-2) X 10° cm®gyp
(g-atom of Ag,)™' s7").

coverages are larger than 0.85 and O* coverages are smaller
than 0.15. In the contrasting case of regime 2 (¢ = 10*—6.4 X
10° kPa™'), the CO* coverages remain below 0.05; thus O*
adatoms occupy almost all Ag sites.

The equilibrium constant ratio (Kg_co) determined from
the rate data regression (0.18 + 0.01 kPa™®° Table 2) at
443 K on Ag cluster surfaces nearly saturated with both CO*
and O* is much smaller than the value derived from the
individual O* and CO* equilibrium uptakes at 443 K
{(Ko," Ko™ Keo™) =16 + 1 kPa™®°}, measured inde-

pendently and without the presence of competing coadsor-
bates. The much smaller Ko_co value during steady-state
reactions, when both reactants are present, than the calculated
value derived from individual reactants indicates that inter-
actions between CO* and O* adsorbates at near saturation with
a combined coverage approaching 1 ML, which occurs during
CO-0, reactions, decrease the Ko, **Ko"*-to-K¢ ratio relative

to those with single adsorbates of either CO* (0—0.40 ML) or
O* (0.16—0.99 ML) in CO or O, uptakes.

The transition between regimes 1 and 2 occurs gradually
over a wide range of ¢ values (e.g,, 1—10* kPa™' for 5.1 nm Ag

equilibrium
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clusters, 443 K, Figure 2b), as the CO*-to-O* coverage ratio
varies gradually with ¢. This coverage ratio also varies with
temperature, AQq_co (eq 1), and an entropic parameter
(ASy_co, which is the difference between the entropies
of O* and CO* adsorption), obtained by dividing eq 10a
by 10b:

( [CO¥] ) _ 1
[O*] SS KO—CO\/E
1

- eXp(AS;){CO) eXP<AQROT_CO>\/$ (11)

To capture this transition between the two kinetic regimes,
we define a critical ¢ value, ¢, (subscript “t” denotes
transition), at which the CO* and O* coverages both equal
0.5 ML and k™ acquires a half-order dependence on ¢. This
transition point occurs halfway between regimes 1 (first order)
and 2 (zero order). This ¢, value depends on the reaction
temperature as well as the AQg_co and ASq_co of the metal:

ASO—CO ) AQ—O—CO
% eXp( R )7 RT

(12)

One would expect that the differences in the O* and CO*
adsorption entropy (ASy_co) across all metals would remain
insignificant, because of similar losses in translational and
rotational degrees of freedom during adsorption. Taking this
into consideration, AQp_coT™" becomes the sole parameter
that dictates the critical ¢, value leading to the transition in
kinetic regimes. Figure 6 shows this transition, as In(¢,),
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Figure 6. Values of ¢b, parameter, which defines the midpoint of the
transition between regimes 1 and 2 (from Figure 2), as a function of
the difference in heats of O* and CO* adsorption on uncovered
closed-packed terrace surfaces (Figure 1) divided by the reaction
temperature, AQo_co T~ (eq 12), from data taken from the literature
for Ru(0001)” (orange @, 500 K), Rh(111)7 (green @, 500 K), and
Ir(111)*° (purple @, 525 K), as well as our work for 9.3 nm Pd
clusters (red @, 400 K), 11.2 nm Pt clusters (blue ®, 453 K), and
5.1 nm Ag clusters (black @, 443 K).

extracted from a variety of experimental data in Figure 2b,
either generated from this work or obtained from the literature,
as a linear function of AQq_coT™" for the entire series of
metals (Pt, Pd > Ir > Rh > Ag > Ru). This linear relation
between In(¢,), a kinetic property, and AQq_coT ", a thermo-
dynamic property, confirms the direct connection of CO
oxidation kinetics to the difference in the heats of O* and CO*
adsorption for the series of metals.
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Figure 7. Pseudo-first-order rate coefficients (k' = rco[CO]™") for
CO—0, reactions at 383 (green @), 398 (purple @), 413 (blue @),
428 (red @), and 443 K (black @) on dispersed Ag (5 wt % Ag/SiO,,
S.1 nm average Ag cluster diameter) and calculated rate coefficients
using eq 6b (—) as a function of ¢ ((0.5—2) X 10® cm’yp (g-atom of
Ag,)7"' s7!). Label % indicates the midpoint of the transition between
regimes 1 and 2 (¢,) according to eqs 11 and 12.

3.4. Effects of Temperature on the Kinetic and
Thermodynamic Parameters and Rate Coefficients for
CO-0, Reactions on Dispersed Ag Clusters. Figure 7
shows the first-order rate coefficients (k™' = ro[CO]™") for
Ag clusters (5.1 nm average diameter, S wt % Ag/SiO,) plotted
as a function of ¢ at several temperatures between 383 and
443 K. Over the entire temperature range, the rate coeflicients
exhibit the two distinct kinetic regimes (regimes 1 and 2)
described in section 3.1. These rate coefficients at different
temperatures all remain single-valued functions of the oper-
ating ¢ ratio, as captured by eq 6b, based on the values of the
rate and equilibrium constants from nonlinear regressions of
eq S against the rate data in Figure 7 (Table S1). As the
operating ¢ value increases, the rate coeflicients undergo a
transition from regime 1 to regime 2. Taking the example at
443 K, their values increase linearly with ¢ at low ¢ values
(0.13—1 kPa™") but become independent of ¢ at high ¢ values
(>10* kPa™"). As the reaction temperature increases from 383
to 443 K, the critical ¢ required for the transition between
regimes 1 and 2 (¢, eq 12) decreases from 500 to 4 kPa™'.
This decrease in the ¢, values reflects an increasing preference
for O*, instead of CO¥*, to occupy Ag sites at the higher
temperatures, caused by the higher heat of adsorption for O*
than for CO*, which is equivalent to a much higher tempera-
ture sensitivity of Ko *°Ko*® than Kco, and in turn, to a

decrease in Ko_co with increasing temperature.

Nonlinear regression of the rate data at the different tem-
peratures (383—443 K) against eq 6a provides the groupings of
kinetic and thermodynamic parameters (keg, kegr2, and Ko_co)
shown in Table 2 and the predicted rate coefficients from these
parameters, shown as solid lines in Figure 7, that describe the
trends for both regimes 1 and 2. Figure 3 shows these effective rate
coeflicients on Ag clusters together with those on Ru, Rh, Ir, Pd,
and Pt clusters as a function of inverse temperature. In regime 1,
the effective rate coeflicients are larger on Ag than on Pt and Pd
clusters over the temperature range 383—443 K (Figure 3a).
The observed activation barrier for regime 1 (E, .¢,) reflects the
barrier for CO*—0,* reactions (E,co_o,) and the heats of O,*

and CO* adsorption (Qug,0, and Qg co, respectively):
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Ea:eff;l = Ea,CO—02 + Qads,CO - (lads,OZ (13)

The value of E, 4, for 5.1 nm Ag clusters is 98 + 7 kJ mol ™.
This observed barrier E, 4, is similar to those on 9.3 nm Pd
and 1.2—20 nm Pt clusters {84—97 kJ mol™'}; it is smaller
than those on 11.2 nm Pt clusters, Rh(111),” Pd(100),® and
Pd(111)° {109—123 kJ mol™'}. The differences among the
barriers for these different metals and surface structures may
reflect the different heats of adsorption on the metal surfaces
according to eq 13. Despite the variation in these effective
barriers (104 + 20 k] mol™"), the rate constants on various Pd
{9.3 nm clusters, Pd(100),° Pd(110),"° Pd(111)°} and Pt
{112 nm clusters, 1.2—20 nm clusters,"’ Pt(100)'°} based
catalysts appear to follow a single trend across a wide range of
temperatures (Figure 3a, 373—695 K). These results reflect the
structure insensitivity of the CO oxidation reaction on CO*
covered surfaces, on which CO* adsorbates appear to signifi-
cantly lower and thus remove the differences in the heat of
CO* adsorption across these metals and also metals with
different coordinations, as previously proposed for the cases of
Pt'” and Pd* clusters.

The effective rate coefficient in regime 2, kg, is larger on
Ag than Ru clusters (383—443 K, Figure 3b). The activation
barrier in regime 2, E, 4, reflects the barrier for CO*—0,*
reactions (E,co_o,) and the heats of O* O,* and CO*

adsorption (Q,4,0, Quas0, and Quu,co respectively), according
to

Eyeip = Eyco-0, T 2Q40 ~ Quaso, ™ Quasco (14)

The E, ., value is 51 £ 9 kJ mol ™' on 5.1 nm Ag clusters. This
effective barrier (E, .4,) on Ag clusters is smaller than that on
Ru(0001) (84 kJ mol™").”

Finally, the temperature dependence of the equilibrium
constant ratio (Kgo_co, eq 9) relates to the difference in the
heats of O* and CO* adsorption (AQo_co, eq 1), which
through egs 6b, 9, 13, and 14 also relates to the kinetic param-
eters for CO oxidation and, consequently, to the difference
between the effective activation barriers in regimes 1 and 2:

K = exp AQO—CO exp ASO—CO
0-CO RT R
_ eXp[Ea,eff,Z - Ea,eff,l)
2RT (15)

The value of AQqy_co, extracted from the rate data at dif-
ferent temperatures (Figure 7) and eq 15, is =24 + S kJ mol™".
The AQq_co value derived from the rate data fittings (—24 +
S kJ mol™") is smaller than that derived from the equilibrium
0, and CO uptakes (2 kJ mol™, section 3.3) and much smaller
than the value determined from DFT calculations for O*'® and
CO*'* adsorption on uncovered Ag(111) surfaces (80 kJ mol ™!,
Figure 1). Since Ag cluster surfaces are nearly saturated with
CO* and O* during steady-state reactions, the negative and
much smaller AQg_co suggests that lateral repulsive inter-
actions between the O* and CO* adsorbates lower the heat of
O* adsorption much more significantly than the heat of CO*
adsorption.

3.5. Effects of Mean Ag Cluster Size and Average Ag
Surface Coordination on CO Turnover Rates. As the
cluster size increases, the average coordination of Ag sites
increases and, as a result, their affinity to bind with adsorbates
decreases. Such changes may affect the coverages, the energies

of adsorbed intermediates and transition state, and in turn, the
kinetic and thermodynamic parameters in the rate expression
of eq 6a. We probe the catalytic effects of Ag surface coordi-
nation, by measuring CO turnover rates on a series of catalysts
with varying mean Ag cluster diameters between 3.1 and 29.3 nm
and over the entire ¢ range ((0.13—6.4) X 10° kPa™'),
covering both regimes 1 and 2 and the transition between
them.

Figure 8 shows the rate coeflicients kg; and kg, for regimes
1 and 2 (eqs 7 and 8), respectively, and the thermodynamic
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Figure 8. Effective rate constants k., (@, regime 1, eq 7) and ke,
(@, regime 2, eq 8) and equilibrium constant ratio Ko_co (0, eq 9)
obtained from nonlinear regression of rate data against the proposed
rate expression (eq 6a) for CO—0, reactions at 443 K on dispersed
Ag clusters (1—5 wt % Ag/SiO,), plotted as a function of Ag mean
cluster diameters (¢ = (0.13—6.4) X 10° kPa™", (0.5—2) X 10® cm’yyp
(g-atom of Ag,)™' s7").

parameter Ko_co (eq 9) at 443 K, plotted as a function of
mean Ag cluster diameters. These rate and thermodynamic
parameters were determined from nonlinear regression of the
rate data from the series of catalysts against eq Ga. As Ag
cluster size increases from 3.1 to 5.1 nm, the effective rate
coefficient kg, in regime 1 (k) first increases by 5-fold from
0.04 to 0.22 g-atom of Ag, s™' kPa™". Above 5.1 nm, the kg,
value decreases markedly by 50-fold to 0.004 g-atom of Ag, s™"
kPa~'. As the mean Ag cluster diameter increases from 3.1 to
29.3 nm, both the equilibrium constants of O, and CO adsorp-
tion (Ko, and K¢p) decrease in response to the weaker O,*
and CO* bindings to the clusters as the fractions of coordi-
natively unsaturated edge sites decrease from 0.30 to 0.03,
while those of corner sites rapidly decrease from 0.05 to 0.0004
(shown in Table S3 of the Supporting Information).*’ Here,
Ko, seemingly decreases more significantly than K¢, indicating
that the O, adsorption has a stronger cluster size dependence
than that of CO, thus resulting in an overall decrease in the
Ko,(Kco)™" ratio with increasing cluster diameter. At the same
time, the rate constants for CO*—0O,* reactions (kco_o,)
increase because the more weakly bound CO* prevalent on the
larger Ag clusters is able to bind more strongly to the O atom of
O,* at the transition state, thus lowering the activation free
energies. Therefore, the initial increase in k., value with Ag
cluster diameter up to 5.1 nm suggests that the increase in
kco—o, is larger than and compensates for the decrease in the

KOZ(KCO)_1 ratio. For Ag clusters larger than 5.1 nm, the
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fraction of coordinatively unsaturated sites becomes excep-
tionally small and the kco_o, increase is much less significant

when comparing to the decrease in the Ko (Kco)™" ratio. For

this reason, k., values decrease for clusters above 5.1 nm.
In regime 2, the effective rate coefficient kg, increases by 2
orders of magnitude, ie., from 0.42 to 39 g-atom of Ag, s
kPa™!, as the Ag cluster diameter increases from 3.1 to
11.3 nm, after which it remains nearly constant at 36 + 3 mol
(g-atom of Ag, s kPa)~', insensitive to any further increase in
the Ag diameter. The initial increase of the k., value with Ag
diameter is likely a result of a significant increase in kco_o,

while the Kco(Ko)™" ratio remains relatively constant due to
the strong binding of both CO* and O* to surface Ag atoms
and their similar dependence on the Ag diameter. As the Ag
diameter increases to above 11.3 nm, kco_o, becomes nearly

invariant with cluster diameter since the fraction of active sites
at terraces approaches unity (0.93—0.97) and most sites
remain highly coordinated (shown in Table S3 of the Sup-
porting Information),* leading to the nearly constant kg,
values.

Included in Figure 8 is the thermodynamic parameter
Ko_co, which reflects the difference in the heats of O* and
CO* adsorption (AQp_co, €q 9). Its value sharply decreases
by 30-fold from 0.31 to 0.01 kPa™®° with increasing cluster
diameter, an indication that the heat of O* adsorption
decreases much more sensitively than that of CO* adsorption.
In other words, the larger Ag clusters prefer to bind to CO*
instead of O*, when comparing to the smaller Ag clusters.
These observations agree with the DFT calculated changes in
the heats of O* and CO* adsorption in response to changing
coordinative unsaturation. For example, the heat of O,*
adsorption decreases from 352 to 271 kJ mol™', as the Pt
coordination number changes from 8 on (100) terraces to 9 on
(111) terraces. In contrast, the heat of CO* adsorption
decreases by a much smaller magnitude on the same surfaces,
from 140 to 120 kJ mol™, in response to changing coordi-
nation numbers from 8 to 9.'°

4. CONCLUSIONS

Rate measurements in the kinetically controlled regime and
equilibrium uptakes of oxygen and carbon monoxide lead to a
proposed reaction pathway for carbon monoxide oxidation on
supported Ag clusters. During steady-state catalysis, Ag cluster
surfaces remain nearly saturated with CO* and O* with their
relative abundance depending on the operating ratio of O,
pressure to the square of CO pressure. On these surfaces, CO*
reacts with a small number of molecular O,* in a kinetically
relevant step. At low [O,]-to-[CO]? ratios, the most abundant
surface intermediates are CO* and the first-order rate
coefficients in CO increase linearly with these ratios. As the
pressure ratio increases, the identity of the most abundant
surface intermediate undergoes a transition from CO* to O%,
causing the first-order rate coeflicients to become independent
of the pressure ratio. The transition in the kinetic depend-
encies, caused by the changes in the relative coverages of CO*
and O%, is general for Ag, Rh, Ru, and Ir metal catalysts; the
[0,]-to-[COJ* ratios that lead to the transition in kinetic
regimes appear to vary with the difference in the heats of O*
and CO* adsorption for these metals.

On surfaces predominantly covered with CO¥, the effective
CO rate coeflicients are similar on Ru, Rh, Ir, Pd, and Ag, and

smaller on Pt metal catalysts. On surfaces covered with O%, the
effective rate coeflicients on Rh, Ir, and Ag are similar, while
those on Ru metals are smaller. CO oxidation effective rate
coefficients in the CO* covered regime first increase and then
decrease with increasing Ag cluster size. The initial increase in
effective rate coeflicients arises due to the more weakly bound
and thus reactive CO* and O,*, which are prevalent on the
larger Ag clusters. As cluster diameter increases further, the rate
coefficients decrease, indicating that the heat of O,* adsorp-
tion decreases to a much larger extent than the heat of CO*
adsorption. The structure sensitivity effects suggest that larger
Ag clusters prefer binding to CO* instead of O*.
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