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Abstract

A hierarchical multiscale parameter refinement approach was used to develop microkinetic models for G@xiddtidn, and CO-hl
coupling for water—gas shift (WGS) and preferential oxidation (PROX) of CO on Rh. The rate parameters were estimated with a combination
of quantum mechanical density functional theory (DFT), the semi empirical unity bond index-quadratic exponential potential method, and
transition-state theory. To improve the predictive ability, selected pre-factors of the CQamxitldtion reaction mechanisms were optimized
against multiple experimental data sets, such as ignition, molecular beam, and laser-induced fluorescence. Thermodynamic consistency
rate parameters was ensured over a wide temperature range by a combination of statistical mechanics and constraints-based optimizati
DFT calculations were used to estimate cross adsorbate—adsorbate CO-H interactions. It is shown that the coupling between the two fue
arising from these interactions is essential for PROX of CO. Important reaction pathways in the WGS and PROX chemistries are discussec
For example, it is shown that the oxidation of CO by OH via the carboxyl intermediate, and not by O, is the dominant path in PROX. Thus,
hydrogen acts as a “catalyst” for CO combustion under certain conditions. Finally, the mechanisms are validated against additional sets c
redundant experimental data.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction even minute amounts of CO in the,Huel can poison the
fuel-cell catalyst. Catalytic partial oxidation (CPOX) of nat-
Fuel-cell technology is of recent interest for generat- ural gas on various transition metals can be used to produce

ing electricity because of its potential widespread applica- Syngas. Syngas produced by various means typically under-
tions, ranging from small-scale portable devices to stationary 9oes water—gas shift (WGS) reaction to convert CO 30 H
power generation ar_1d automobiles. Compare_d with conven-co 4+ H,0 < CO,+ Ho. (1)
tional lithium batteries, fuel cells offer far higher energy L . ) .
densities, and they are less polluting and could be more effi- 10 Minimize the remaining CO content in the Btream in
cient than internal combustion engines. atts as the fuel in order to avoid poisoning of the fuel-cell catalyst, preferential

proton exchange membrane (PEM) fuel cells. However, H oxidation (PROX) of CO is typically carried out
storage and transportation are a major problem in the wide-CO + %Oz —CO, and H+ %Oz — H20. (2)

spread commercialization of PEM fuel cells. Furthermore, All of these processes encompass the same fundamental

chemistries of CO and Hadsorption, desorption, and com-
" Corresponding author. Fax: +1-302-831-1048. bustion, as well as synergetic effects arising from using mul-
E-mail addressvlachos@che.udel.edD.G. Vlachos). tiple fuels. This synergism was referred to in REf] as
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CO-H, coupling(see Sectiord for a more detailed discus- The development of CO andHatalytic oxidation mech-

sion). anisms is discussed in Secti@rwith pre-factor refinement
Microkinetic modeling[2] offers an efficient approach againsttargetedexperiments, which we identify via sensi-

to understanding the underlying chemistry and eventually tivity analysis (SA) inAppendix A and by ensuring thermo-

design fuel processors used upstream of a PEM fuel cell.dynamic consistency. These reaction mechanisms serve as

Obviously, the uniqueness of kinetic parameters that can ex-building blocks for the more complex WGS and PROX re-

plain certain experimental features still remains a problem actions and to illustrate some elements of the reaction mech-

under certain conditions. For example, we have found exam-anism development. Secti@is devoted to the development

ples where even small changes in parameters can change thef a CO—H coupling mechanism, along with an analysis of

rate-determining stefil]. A number of microkinetic mod-  the important reaction pathways in WGS and PROX. Finally,

els have previously been proposed for natural gas CPOXfurther validation of the reaction mechanisms is presented in

and its subsets on Pt and f3+10]. However, all of these  Appendix B

mechanisms have some inherent limitations, as outlined in

[11-14] A primary reason for the lack of a single com-

prehensive predictive reaction mechanism is that most of 2. CO and H» oxidation mechanismson Rh

these mechanisms are optimized against a single type of ex-

perimental data. A limited number of fundamental density 2.1. Experimental data on CO oxidation and bixidation

functional theory (DFT)-based microkinetic modgls,16], on Rh

for PROX and WGS on various transition metals, estab-

lished the foundations for first-principles modeling but do Sant and Wolf24] carried out atmospheric pressure igni-
not account for CO-kcoupling steps, adsorbate—adsorbate tion experiments on a Rh/SjQvafer with a mixture of CO,
interactions, and catalyst heterogeneity. Most fitted mecha-Q,, and N.. The ignition temperature of COfQOmixtures
nisms lack thermodynamic consistency, an essential featurewas found to increase with the inlet CO compositiBig( 1).
for ensuring correct rate calculations, equilibrium compo- Molecular beam experiments were carried out by Gopinath
sition, energy balance, and temperature profile§. This and Zaerd25] on a Rh(111) single crystal to investigate the
becomes an essential issue when equilibrium limited reac-effects of temperature and inlet composition on the rate of
tions, such as WGS, are modeled at high temperatures. CO; production Figs. 2 and B.L The CQ production rate
Over the past few years, we have been developing tech-yersus temperature shows a maximum for all compositions.
niques that overcome the above limitatiofis,14,17]to Coulston and Hallef26] studied the effect of temperature
describe CO oxidatiofi.8,19] H oxidation[1,13,14] and on the rate of C@ production on a Rh foil with molecu-
CO-H, coupling for WGS and PROXL,20] on Pt. More  |ar beam experiments. The G@roduction rate exhibited a
recently, we have introduced a hierarchical multiscale ap- maximum fig. B.2). CO TPD ig. B.3), O» TPD, and CO-

proach[21] that combines quantum mechanical DFT with O, TPR (Fig. B.4) experiments on Rh(111) and Rh(100)
semiempirical methods to improve predictive capabilities

with minimal computational cost. In brief, the approach is

hierarchical in nature, since we start with simple theoreti- 600
cal tools (e.g., semiempirical estimation methods, mean field
approximation, simple reactor models) to identify the impor-
tant parameters, followed by refinement (iterative, if neces-
sary) of these parameters only, with the use of advanced the-
oretical and computational tools (e.g., first-principles quan-
tum mechanics, kinetic Monte Carlo, molecular dynamics,
computational fluid dynamics). Our approachnisiltiscale,
since tools and phenomena span a broad range of length
and time scales, from the quantum to the reactor. Reviews
of multiscale simulation can be found j82,23]. Note that

in conventional bottom-up multiscale simulation, nearly all I
tools are coupled. However, for complex systems, such as CO-Ignition
catalytic reactions on polycrystalline and supported cata-

lysts, we advocate that only some of these higher-level the- 300 0 ' é ' ;1 ' é ' é ' 10
oretical tools should be used whenever judged necessary.
Consequently, the hierarchical approach makes simulations

feasible in reasonable computational times. . . - . .
. . . . Fig. 1. Performance of the screening and optimized CO mechanisms against
In t_h|5 paper, we develop microkinetic models for C_:O and e CO-ignition experimental data {#4] at atmospheric pressure. Other
H> oxidation and for the WGS and PROX on Rh, using the operating conditions include a catalyst area of 5.6%,careactor volume

hierarchical approach. The paper is organized as follows. of 6 cm?, and a residence time 6f1.9 s.
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Fig. 2. Performance of the_screening and optimized (_:O mech_anisms againstFig. 4. Performance of the screening and optimizedréchanisms against
the mole_cular beam e_>§per_|mental datdas]. The total inlet flux is 1 Ml/s the laser induced fluorescence (LIF) experimen{&pfThe operating con-
and the inlet composition is G, = 3/1. ditions include a pressure of 0.102 Torr (0.1 Tor &nd 0.002 Torr H),

a reactor volume of 400 cfnand a catalyst area of 0.51 ém
single crystals were investigated by several grd@gs-29]
The desorption rates of CO and O were found to be coverage
dependent.

To the best of our knowledge, ignition experiments for
H> oxidation on Rh are not available in the literature; there-
fore, we have conducted such experiments in our laboratory
at 1 atm with a Rh foil inserted into a metallic microreactor.
The ignition temperature of #0, mixtures was found to
decrease with increase in the inlet Ebmposition Fig. 3).

Zum Mallen et al.[5] carried out laser-induced fluores-
cence (LIF) studies on a polycrystalline Rh foil with/@;

mixtures. The OH LIF signal was found to increase with
increasing temperaturd=ig. 4). H> TPD (Fig. B.5), H2O
TPD, and B-0O, TPR (Fig. B.6) experiments on Rh(111),
Rh(110), and Rh(100) single crystals were carried out by
several group$30-33] The activation energy for fdes-
orption was found to be coverage dependent.

2.2. Screening surface reaction mechanisms, parameter
estimation, and model assessment

For the CO oxidation mechanism on Rh, we propose
five reversible elementary-like stepsi1ffRig), as shown
in Table 1 Similarly, nine reversible elementary-like steps

1050 Symbols: Experiments (this work)

Fig. 3. Performance of the screening and optimizedrté¢chanisms against
the Hp-ignition experimental data collected in our laboratory at atmospheric

1 1 1 1 1 1
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Z 900 [ - Screening H, mechanism are prgppsed for Hox.idation (a—R4 and Rl_l—R24). The
> | —— Optimized H, mechanism dissociative and atomic adso_rptlon—desorptlon steps of oxy-
= , 2 gen (R—R4) are common in both mechanisms. These
s 750 and all other steps in our mechanism follow Langmuir—
2 I I Hinshelwood kinetics. However, additional reactions, such
g 600 L ©o ‘sl as Eley—Rideal and steps involving subsurface species, could
= F N e easily be included if information existed. We first make ini-
= i k tial estimates of kinetics parameters to devesgpeening
‘go 450 I o0 o o reaction mechanisms, and we use the mean-field approxi-
o o © ; . . . .
- mation for all calculations. This process is outlined next.
300 - Transition-state theory (TST)-based order-of-magnitude

initial estimates of the pre-factors are taken to b&x0?!

for desorption steps and ¥6s~1 for Langmuir—Hinshelwood
(LH)-type surface reactiong]. The initial CO desorption
pre-factor is taken to be 1B s1, considering its typical
range of 16-10' s~1 [34]. Initial sticking coefficients of
0Oy, CO, Hp, and BO are taken to be 0.1, 0.9, 0.25, and 0.7,

pressure in a microreactor. Other operating conditions include a reactor vol- FfeSpectively, whereas those of the other species (G, CO

ume of 0.64 crd, a catalyst area of 1.56 ¢mand a flow rate of 2/min

(corresponding to a residence time-e20 ms).

OH, and H) are assumed to be equal to 1. These initial
sticking coefficients are similar to the ones in the screen-
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Table 1
Surface reaction mechanisms for CO oxidatiopR; o), H oxidation (R—R4 and R 1—Ro24), and CO—H coupling (R —R4g) for WGS and PROX reactions
on Rh
No. Reaction Sticking coefficient Temperature Activation energy at 300 K
(unitless) or pre-factor (sl) exponents (kcal/mol)
Oxygen adsorption—desorption steps
Ry Oy + 2 > 20 4.81x 1072 1.997 0.0
Ry 20" > Oy + 2* 4.31x 1012 1.199 809 — 4260 + f(T)
R3 O+*— 0" 4.45x 1072 —1.895 0.0
= O > O+* 9.76 x 1012 —1.999 100- 2160 + f(T)
CO oxidation on Rh
Rs CO+* - CcO' 5.00x 1071 —2.000 0.0
Rs CO" - CO+* 2.26x 1014 1.988 385 — 17co — 3.760n + f(T)
Ry COy +* — COy* 9.77 x 1072 —1.946 0.0
Rg COy* — COy +* 1.13x 1013 1.800 524 f(T)
Rg CO¥+ " —>CO +0O 2.04 x 1010 1.545 173+ f(60.6H.6co. T) 2
R1o CO +0 > CO*+" 1.17x 10° 1.781 235+ f(60.6H.0co. T) P
H» oxidation on Rh
Ri1 Hp + 2% — 2H" 7.73x 1071 0.939 0.0
Ri2 2H" — Hy + 2+ 5.56 x 1011 —0.435 204 — 56y — 7.46co + f(T)
Ri3 OH +* > H +0O 1.41x 1011 —0.375 242+ f(00.0H. OH,0. Oco. T)
Ri4 H +0" > OH +" 1.73x 1010 —0.710 142+ f(00. 0H. OH,0. fco. T)
* * * * 758 X 1011
R Ho0 H" + OH 0.828 154+ £(60.6H. 60H: OH.0- Oco. T
15 20 + —>H + 3.79 % 10L1¢ + f(00. 6H, OOH; OH,0. 6co, T)
* * * * 946 X 1010
R H* +OH" — H 4 17 T
16 OH — HO + 473 % 1010¢ 0.498 6+ f (00, OH, OoH. OH,0, fco, T)
R17 H,O" + 0" — 20H 1.87 x 1010 -0.918 114+ £ (0. boH. OH0. T)
Rig 20H — H,0" + O 3.20x 100 —1.485 236+ f (60, OoH. OH,0. T)
Rig OH+ " — OH" 559 x 10~2 0.354 0.0
Roo OH" —> OH+* 5.42 x 1013 —1.593 70— 3¥p + 259H,0 + £ (T)
Ro1 H,0 +* — Hy0" 7.72x 1072 1.407 0.0
Ro2 HpoO" — HoO + " 2.06x 1013 —1.861 108 — 4.5044,0 + 2500H + £ (T)
Ro3 Ht+" - H 1.63x 1071 1.688 0.0
Roa H > H+" 2.83x 10'2 1.164 623 — 2.504 — 3.79co + f(T)
Coupling between CO andgthemistries on Rh
Ros COy*+H" — CO" + OH" 1.07 x 1011 0.030 44+ £ (00. OH. OH,0. fco. T)
Rog CO +OH — COy*+H" 9.38 x 1010 —0.030 205+ £ (0. 0H. 01,0. 0co. T)
Ro7 COOH+ * — COOH' 1.51x 1072 —0.938 0.0
Rog COOH — COOH+ " 4.69x 1013 0.938 622+ f(T)
Rog COOH +* — CO" + OH' 4.83x 10t —0.397 62+ f(00. 0H. 0H,0. 0co. T)
Rso CO" + OH" — COOH" +* 2.07x 100 0.397 186 + f (00, OH. OH,0. fco. T)
. " 457 x 10t
* —_
Ra1 COOH +" - COy* +H 457 1010¢ 0.434 42+ f(6H.6co. T)
. . 2.19x 100
*
Ra2 COy* + H' — COOH' + 510 109 0.434 Q6+ f(6H,0co. T)
Ra3 CO" +H,0" — COOH +H" 7.15x 1010 0.440 207+ f(6H, O0H: OH,0,0co, T)
Ras COOH + H"' — CO" + Hy0" 1.40x 101 —0.440 105+ f(6H. 60H, 61,0, co. T)
Ras COy* + OH" — COOH + O" 9.54 x 1010 0.200 223+ f(00. 61,0, T)
Rag COOH + 0" — COy* + OH" 1.05x 101 —0.200 160+ £ (0. OH,0. T)
Ra7 COy* + Hy0" — COOH' + OH" 7.44 x 1010 0.479 135+ £ (80. oH. OH,0. T)
Rag COOH' + OH" — COy*+ Hy0" 1.34x 1011 —0.479 194+ £ (0. 6oH. OH,0. T)
Rag HCOO+ 2* — HCOO™ 1.89x 1072 —0.555 0.0
Rao HCOO™ — HCOO+ 2* 3.74x 1013 0.555 692+ f(T)
Ra1 COy*+ H" — HCOO™ 1.40 x 1010 0.654 424 f(0H,0co. T)
Ra HCOO™ — COy*+ H" 7.12x 1011 —0.654 Q0+ f(6H,6co. T)
Ra3 COy* 4+ OH" +* — HCOO™ + O° 5.97 x 1010 0.431 275+ f(00.6h,0. T)
Raa HCOO™ + 0" — COy*+ OH + * 1.67x 1011 —0.431 134+ f(00.0hy0. T)

(continued on next page
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Table 1 Continued

No. Reaction Sticking coefficient Temperature Activation energy at 300 K
(unitless) or pre-factor (s!) exponent3 (kcal/mol)

Ras COy* 4+ HyO" +* - HCOG™ + OH" 4.78 x 1010 0.696 184+ f (0. oH. OH0. T)

Rag HCOO™ + OH" — COy* + HyO" + * 2.09x 10t —0.696 164+ £ (80. OoH. OH,0. T)

The activation energies are temperature dependent according to statistical mechaifiablésgd1,17,18] The modified Arrhenius expression,

_ f_l (Lypee/rat) o g & [RAT (T ypor/ryT)
o To o N 2 M To

is used for computing the rate constéantereA is the pre-factors is the sticking coefficienty is the site density; is the reaction ordepg is the temperature
exponent is activation energyRq is the ideal gas constant, afids the absolute temperature. The coverage dependence of the activation energies of various
reaction steps is incorporated in our simulations via the UBI-QEP md8%a8] The functions f in the last column indicate the nonlinear dependence of
activation energies on specific coverages indicated and on temperature.

2 A bond index of 0.8 is used in the UBI-QEP formula for the calculation of the forward activation energy, instead of the usual value of 0.5.

P The backward activation energy is calculated using the forward activation energyasfdRhe heat of reaction.

¢ Modified pre-factor to improve the predictions of the coupling mechanism against the CO PROX experinfg8its of

ing reaction mechanisms on R83,14,19]and merely serve tions of Michaelides and Hi86]. The species chemisorption
as starting values that are optimized against experimentalenergies and their coverage dependence are summarized in

data and thermodynamic constraints (see Se&ign Table 2
The adsorption steps are considered to be non-activated, These coverage-dependent heats of chemisorption, shown
in accordance with previous mechanismg3ifb—10]and ex- in Table 2 are then used in the UBI-QEP framew¢8¢,38]

periments on the specific diatomi@&9,35] Most chemisorp-  to calculate the activation energies of the reaction steps. The
tion energies and adsorbate—adsorbate interactions are takeactivation energies are shownTable 1 For the LH surface

as intermediate values from a range of literature experi- reaction R—Rjp (CO* + * <» CO* 4+ O*), we propose a
mental and DFT data without further adjustment. Hydrogen modified bond index of 0.8 instead of the UBI-QEP value of
bonding interactions of 25 kcglmol ML) (ML stands for 0.5 that is usually assumg8a7,38]. Such modification was
monolayer) are assumed between adsorbed OH ai@ H previously proposed for CO oxidation on B8], because
molecules, by analogy to Pt], based on the DFT calcula- of a comparison of the UBI-QEP estimate with DFT pre-

Table 2
Temperature and coverage dependent heats of chemisorption using statistical méttiahi8]and the UBI-QEP methof87,38] The heat of chemisorp-
tion, Q(T), decreases with increasing temperature (liefe= T — Tg andTp = 300 K)

Species Heat of References Temperature Changes in degrees of freedom for
chemisorption Q dependence deriving the temperature depende*i’]ce
(kcal/mole) Q(Tp)—Q(T)
RgAT
o' 100— 2160 Expts.[28,59,60] 15 —3Fr + 3Fy
DFT [61-63]
co' 385— 179co — 3.70H Expts.[34,64—66) 2.0 —3Fr —2FR + FRR+ 4Fy
DFT [67,68], our DFT calculations
COx* 5.2 Expts[69,70] 2.0 —Fr —3FR +4Fy
UBI-QEP[71]
H* 62.3 — 2.56H — 3.76co Expts.[31], DFT [61,72—74] our 15 —3F7 +3Fy
DFT calculations
oH" 70— 3300 + 250H,0 UBI-QEP[71], 2.0 —3Fr — 2FR + FRR + 4Fy
DFT[61,73]
Ho0" 10.8 — 4504, 0 + 250K Expts.[75], 25 —3Fr — 3FR + FRR+ 5Fy
DFT[61,76]
COOH' 62.2 DFT[56] 25 —3Fr — 3FR + FRR+ 5Fy
HCOO™ (bidentate) 62 DFT[56] 3.0 —3Fp —3FRr + 6Fy

2 The generalized assumptions to calculate the temperature dependence are as follows: (1) Each translational, rotational, and vibratiofrettmmee of
(DOF) corresponds t0.BRyT, 0.5RgT, and RyT, respectively, whereRg is the universal gas constant. (2) Upon adsorption, all translational DOF are
converted into vibrational DOF. In the case of weakly bound molecules (such gs @@y 1 translational DOF is lost upon adsorption (the molecule is able
to move readily on the surface). (3) All rotational DOF are converted into vibrational DOF upon adsorption. For species, stighHa©QHnd COOH,
with a vertical axis through the adsorbed atom, 1 of the gained vibrational DOF is assumed to be a free, internal rotor (rigid rotor approximatiortyand ¢
as 05RgT

b Ft, FR, and Fy stand for translational, rotational, and vibrational D@Rkg indicates that a vibrational DOF is assumed to be a free, internal rotor. The
‘minus’ and ‘plus’ signs indicate loss and gain of DOF, respectively.
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dictions and experimental data. This modification is further 2.3. Optimization of pre-factors, model predictions, and
supported by recent DFT woifl89—-43] which shows that  validation
for certain classes of reactions, the structure of the transition

state is more similar to the products than the reactants or  pyegictions made with the screening mechanisms are not
vice versa. As an example, Michaelides e{8@] found that 4 angitative. This is due in part to the fact that the initial

dissociation activation energies are typically linearly propor- pre-factor and sticking coefficient estimates are very crude
tional to the heats of reaction with a slope of 0.86, rather than 5,4 4o not obey entropic consistency. Optimization and en-
the classical value of 0.5; this high slope implies that these forcement of entropic consistency of these parameters are
surface reactions have product-like or late transition states.iharefore necessary. To reduce the number of parameters
This |sdan examplzog hovzsem;?n;]mn::al rre;hods _car|1 b§||:r-n|-_ optimized, neither heats of chemisorption nor activation en-
frolve or retained based on higher level theoretical ( )ergies are modified. SA is first carried out to select targeted
00S. experiments for optimization, as describeddppendix A

The last part of parameter estimation is associated with The experimental data iRigs. 1-4have been selected as

ensuring enthalpic consistency as the temperature varies, fol-_ .. - " . . -
: . . optimization targets, and other data, judged as providing re-
lowing the concepts discussed[it¥]. Briefly, the gas-phase P 9 judg P 9

; ; dundant information in terms of the key kinetic parameters,
reacﬂoq enthglples are temperatqre dependent. TO ENSUre left for validation (seddppendix B. Note that these
enthalpic consistency in a mechanism, the enthalpies of ad'data are collected on single crystal, polycrystalline foil and

sorption, desorption, and surface reactions should also be o
- . . “supported catalysts and over a range of pressures. This di-

temperature dependent. We use statistical mechanics to in- """~ . .
. . versity is due in part to a lack of such data on the same (e.g.,

corporate temperature dependence in the heats of chemisorp-

tion by accounting for the changes in translational, rota- supported) catalyst and in part is created purposely to over-

tional, and vibrational degrees of freedom (DOF) that occur come the materials and pressure gaps. Obviously, itis tacitly
upon ,adsorption—desorptiqm 17,18] For example, O has assumed that the fundamental chemistry is structure insensi-
three translational DOF in gas phase. It is assumed thatt've‘ N - .- .

upon adsorption, these DOF are converted into three vibra- The opt|m|z3at|on range for sticking co_efﬁmen?s s taken
tional DOF. Assuming each translational DOF and vibra- to be 5x 107" to 1 (see[44_,45] for typical estimates),
tional DOF to be approximately equal ts®,T and RyT whereas that for pre-factors is taken to be as two orders of

respectively, the net heat of chemisorption has a tempera-r,nagnitUde in either di.re(,?tion from the nominal yalues men-
ture dependence of 3RyT. Here, Ry is the universal gas tioned above. The sticking coefﬁuel_wt of CO is restrlcteq
constant and’" is the temperature. Note that different as- ©© the range of 0.5-1, based on typical values reported in
sumptions may be invoked. For example, one could account[46—48] To ensure entropic consistency, the implicit ther-
for the high mobility of certain species, such as H, on the sur- modynamic constraints approach with a modified Arrhenius

face at higher temperatures. However, heats of chemisorp-£duation (denoted as case H17]) is used in the optimiza-
tion change moderately over typical temperature ranges. Thelion- The IMSL subroutine librarjA9] is used for optimiza-
temperature dependence of the heats of chemisorption and!on-
the associated formulae are summarizedaile 2 Since The screening CO mechanism is first optimized against
heats of chemisorption are input to the UBI-QEP method the CO ignition[24] and the molecular beam CO oxida-
to compute activation energies, this temperature dependencdion [25] experiments. While the screening Fhechanism is
makes the activation energies also temperature dependen@Ptimized against the Hgnition (this work) and the LIF K
Ensuring entropic consistency as a function of temperature isoXidation[5] experiments, the oxygen parameters (common
also crucial, and this is achieved in the optimization process reactions R—Ry) are kept the same as those in the optimized
with a previously described meth§ti7]. In the remainderof ~ CO oxidation mechanism. Pre-factors and temperature expo-
the paper, no adjustment of the activation energies is made. nents of both mechanisms are optimized against experimen-
Figs. 1-4show the predictions (dashed lines) made with tal points, along with entropic constraints over a temperature
the screening mechanisms against experimental data for cOange from room temperature t62000 K. The optimized
ignition [24], molecular beam CO oxidatid25], Hy igni- parameters are shown ifable 1 The mechanisms iffa-
tion (this work), and LIF H/O2 experimentg5], respec- ble 1 are hereafter referred to as tbptimizedCO and H
tively. Predictions are qualitative, indicating that the mecha- oxidation mechanisms.
nisms and associated parameters are reasonable. However, Predictions using the optimized parameters against the
the agreement between model predictions and the expertargeted experiments are shownFigs. 1-4(solid lines),
imental data is not spectacular. In particular, the ignition where reasonably good performance is observed. Significant
temperatures are either underpredicted (for CGiq 1) or improvement in thermodynamic consistency is observed af-
overpredicted (for K in Fig. 3). Reaction rate predictions ter optimization (ratios of equilibrium constants lie close
in Fig. 2 are flatter compared with the experimental data, to 1) compared with the screening mechanisms (ratios of
whereas the slope in the LIF predictionshkig. 4 is not in equilibrium constants are on the order of?20C%), over
complete agreement with the experimental data. the temperature range of 300-2000 K. Further validation of
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Fig. 5. Predictions of the coupling mechanism {Ryg) against the WGS
experimental data 60]. The operating conditions include a pressure of 1
atm, a reactor volume 0£0.5 cn¥, an inlet flow rate of 200 cﬁ}/min, and

an inlet composition of 3% CO, 10%J®, and 87% N. A/ V is fitted to
13.7 cm 1. Predictions without coupling reactions, i.e., with only reactions
R1—Rp4 of Table 1 are also shown with dotted lines.

60 |
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N
o

these mechanisms against additional experimental data sets 0
is shown inAppendix B
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3. Development of a CO—H2 coupling mechanism Temperature [K]

Fig. 6. Predictions of the coupling mechanism against the CO PROX
3.1. Experimental data on WGS and CO PROX on Rh experimental data of53]. The operating conditions include a pres-
sure of 1 atm, a reactor volume of0.1 cn®, an inlet flow rate of
Interest in WGS and CO PROX on noble metals has re- 120 cmé/min at STP, and an inlet composition of 1% CO, 1%,0
cently increased because of their non-pyrophoric nature andznsgé’h';hn’is"’;:d Vzif%(;i);‘/F{)’e:dgf;r:”;gi’i:_i“e(zs)hivﬂ Vitgégecf“;“lp"”g
high activity in the presence of steam. Different research 3y 4y _ 35 105 cm* and CO-H interactions of 3.7 kool ML),
groups have used Rh for such experiments. Panagiotopouloya) 4;v = 600 cnt! and CO-H interactions of 3.7 kggmol ML), and
and Kondaride§s0] carried out fixed-bed WGS experiments  (5) A/V =600 cnTt, CO-H interactions of 3.7 kcaimol ML), and mod-
on Rh/TiQ and found that Rh is an active catalyst for WGS ifigd pre-factors (;hown in' italigs Fﬁab[e ). Case 0 represents predictions
(Fig. 5). Wheeler et al[51] and Utaka et a[52] carried out a;m‘;”r:;hevczfg'g‘g rle;scé'r?‘rli’ 1.e., with only reactiong-Rp4 of Table 1
WGS experiments with a Rh/AD3 washcoat monolith re- / = '
actor and a fixed-bed reactor with Rhg@; catalyst, respec-
tively, and found similar observations. In those experiments,  These different types of experiments cover a wide range
CO conversion initially increases as a function of tempera- of operating conditions and are useful in the optimization
ture, corresponding to a kinetically controlled regime, and and validation of the surface reaction mechanism.
then decreases at higher temperatures because of the reverse
water—gas shift (RWGS) reaction. 3.2. Coupling pathways, initial parameter estimation, and
Regarding CO PROX experiments, Han et[&B] mea- predictions
sured CO conversion and selectivity on a Rh/MgO cata-

lyst in a fixed-bed microreactor. Similar to WGS, the CO For the combined reaction steps,(fR»4) of the CO and
conversion shows a maximum, whereas the selectl\gty for j, combustion mechanisms, little activity is found under
CO oxidation significantly decreases fromr0 to ~30%  ypical WGS and PROX experimental conditions, as shown
(Fig. 6. lto et al.[54] studied the low-temperature regime i, Figs. 5 and Grespectively. In this mechanism, the oxida-
of CO PROX (80-146C) on Rh/SiQ and observed a con-  jqn of cG" occurs via O forming by dissociative adsorp-

tinuous rise in CO conversion with increasing tempera- yjon of 0, in the case of PROX or after complete dissociation
ture (Fig. B.7). Chen et al[55] studied the effect of inlet of H,O" in the case of WGS

composition on CO conversion in a microchannel reactor
(Fig. B.9). H,0" — OH' + H" — O" + 2H". (3)
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In our previous work on WGS and PROX on Pt, we showed 1
that aside from the obvious coupling of site competition be-
tween the two fuels and sharing of @s an oxidant, there are 08+ T T
additional chemical reaction steps that couple the two reac- L CO* CO"WGS
tion mechanism§l]. These coupling steps between CO and 0.6 PROX
H> chemistries are essential for providing sufficient speed aa T  =450K
to capture the promoting effect of water on CO oxidation r wGS
as well as WGS and PROX experimental data, even under 041 Torox 380K
equilibrium conditions, with reasonable catalyst surface ar- | . .
eag[1]. = 02 H brox H' s
Here we propose the same additional mechanistic steps S :
for Rh (Ros—R46), shown inTable 1 The coupling pathways 3
include the oxidation of adsorbed carbon monoxidé ®@® oh
OH'’ to COy* via the direct path B 5 i
>

COy'+ H" < CO' + OH". (Ros—Ro) S 08
The indirect oxidation COto CO,* by OH’ via path Rg en- 06 |
tails the intermediate carboxyl COOHormation and ther- ’
mal decomposition: r

* * * 0'4
COOH +" < CO'+ OH', (Rog—Rs0)
COOH +" & COx* + H', (R31—R32) 0.2
and the oxidation of COby H,O" (reaction R3), 0 I (b)
CO" 4+ Hy,O" <> COOH + H". (R33—Raa) 0 02 04 06 08 1
Additional COOH -related reactions (R-Rog and Rss— Reactor length [cm]

Rsg, which describe other steps to gOfrom carboxyl) Fig. 7. Dominant surface species coverage profiles under typical WGS and
and formate (HCOO )-related steps (&—Rue) are also ac- PROX conditions, using the coupling mechanism without CO-H interac-
counted for. The overall mechanismTable 1(R1—Rye) is tions or any pre-factor modification. Panels a and b correspond to low and

referred to as theoupling mechanism high temperatures, respectively.
The heats of chemisorption of COOlnd HCOQ" are
taken from[56]. Pre-factors and activation energies are esti- 3.3. Hierarchical multiscale parameter refinement using
mated with the same approach explained in Seciohhe DFT
pre-factors and sticking coefficients are made thermodynam-

ically consistent by minimizing of the deviation between  As a first step toward rationalizing the inability of the
gas-phase reaction entropies and surface reaction entropiegoupling mechanism to predict the PROX data, the cover-
(see[1] for details). The thermodynamically consistent pa- ages of dominant surface species are checked. Under the
rameters of the coupling mechanism are showiiahle 1, low temperatures of WGS and PROX, C@nd H are the
and the relevant heats of chemisorption and their statistical most abundant reactive intermediates (MARI), with cover-
mechanics-based temperature dependence are sho@n in  ages on the order of 0.9 and 0.1, respectively, as shown in
ble 2 Fig. 7a. At high temperatures, the C@nd H coverages
The coupling mechanism is used to model the WGS and are in the range of 0.4-0.7 and 0.2-0.5, respectively (e.g.,
CO PROX experiments ¢b0] and[53], respectively, with-  seeFig. 7). Whereas the heats of chemisorption account
out any adjustments of kinetic parameters. With the area of for CO—CO and H-H interactions, adsorbate—adsorbate in-
catalyst per unit reactor volumei( V) as an adjustable pa-  teractions between CGnd H need to be incorporated into
rameter, it is possible to get reasonable agreement with thethe kinetic parameters, given that both species are present
experimental WGS data, as shownFig. 5 (dashed lines).  in significant fractions on the surface. This is an example of
Even though the WGS data are captured well, the CO con- hierarchical multiscale parameter refinement, whose overall
version and selectivity in PROX are substantially underpre- idea was discussed {21] and relies on refinement of pa-
dicted at high temperatures (case Fig. 6). Furthermore, rameters of the semiempirical UBI-QEP method using DFT
the good agreement at low temperatures of PROX is only calculations, only after the simulations have been carried out
possible for anA/V value of > 10Pcm1 that is too high. with the semiempirical method to identify the MARI and
Therefore, it is necessary to resolve this issue. rate-determining steps.
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crease in H coverage due to the high C@overage, and
a further increase in the CQoverage toward 1, which in
turn changes the mechanism activity at these relatively low
temperatures. In comparison, since theddverage is small,
the CO desorption energy is less affected (Egde J. This
coverage dependence is then incorporated into the UBI-QEP
method and affects a number of reaction steps.

In the WGS reaction, without CO-H interactions, the re-
action

CO" + H,0" «» COOH + H" (Ra3—Raa)

e DFT Calculations (this work) _ _ _ :
is the most dominant CO consumption reaction at low tem-

peratures (e.g., 450 K). When CO-H interactions are in-
45 + cluded, the H desorption energy decreases, leading to a
higher CO coverage. Because of an order-of-magnitude de-
crease in H-coverage, all remaining coverages, including
Linear fit H,O", increase. At the same time, the activation energy of
$ _ * R33 increases slightly, leading to an overall increase in the
40 - Q, (at CO*=0.25)=45.3-3.7TH rate of Ry3 by a factor of~2. Therefore, the CO-H inter-
actions shift the activity to lower temperatures (not shown)

Heat of chemisorption, Q_, [kcal/mole]

CO-H interactions by ~50°C, but the dominant CO consumption pathway re-
3.7 kcal/mole/ML (b) mains the same at low temperatures. Overall, the cross-CO—
35 I 1 I H interactions accelerate the onset of catalyst activity, but
0 0.25 0.5 0.75 1 their effect is not dramatic.
(CO*+H") coverage [ML] In the PROX reaction, without the CO—H interactions,
both Ry,
Fig. 8. Panel (a) shows the Rh slab with CO and H atoms, corresponding to * 5 *
a gH* -coverag(e z)f 0.25 ML and a CQzoverage of 0.25 ml. A (X Z;Jpe- *®co +0 CO*+ (R10)

riodic unit cell is used. Panel b shows the heat of CO chemisorption versus
H" -coveragedco = 0.25) using DFT calculations on a three-layer Rh(111)
slab. The line in panel (b) is a linear fit to the calculation points. Repulsive CQ" + OH" — COOH + * (Ra0)
CO-H interactions 0f3.7 kcaJ (mol ML) are found.

and the carboxyl path 4z,

are the important CO consumption pathways at low temper-
atures. The CO-H interactions decrease thedkelsorption
We have carried out periodic DFT calculations on athree- energy by~7 kcal/mol, resulting in an increase of the CO
layer 2x 2 Rh(111) slab with DACAPO softwarg57]. coverage of up t0~0.96 at low temperatures (e.g., at 380

A total of eight DFT calculations, that is, gas-phase CO, K) and a reduction of Hcoverage. The activation energy of
gas-phase H, Rh slab, CO/Rh, H/Rh, (GQH)/Rh, (CO+ hydroxyl formation,

2H)/Rh, and (CO+ 3H)/Rh, are carried out. The adsorbates . .

and the top two slab layers are relaxed, whereas the bottomt? +O — OH + (Ry4)

slab layer is fixed. A picture of adsorbates on the Rh slab is decreases by2 kcal/mol, resulting in higher OHproduc-
shown inFig. 8a. Fig. 80 shows the effect of Hcoverage  tion. This increased rate of GHproduction, in conjunction

on the heat of CO chemisorption. Repulsive CO-H inter- with a similar decrease in the activation energy of the car-
actions of 3.7 kcal(mol ML) are found. While calculating  boxyl formation via Rg by ~1.5 kca)mol, gives rise to a
these interactions, we assumed pairwise additivity. Upon the higher rate of By. The net result is that 4 becomes the
addition of an H to a system of C&rnH (n =0, 1, 2), CO-H most dominant CO consumption reaction and leads to higher
and H-H interactions are estimated. Furthermore, it is as-CO conversion at lower temperatures without the need for
sumed that the effect of CO on H is the same as that of H unrealistically high surface areas. Overall, the CO-H inter-
on CO. Because of symmetry and a typically observed lin- actions shift the activity to lower temperatures (case 3 in
ear behavior for other systerffsl,58] a similar dependence  Fig. 6a) by ~50°C whenA/V is kept fixed. However, the

of the heat of H chemisorption on C@overage is assumed  high-temperature data are still not well captured. An impor-
(seeTable 9. Even though the magnitude of these interac- tant consequence of including interactions is that one can
tions is relatively small, these cross-interactions significantly now adjustA/V to a reasonable value to predict the low-
affect the H desorption energy (by as much-ag kcal/mol, temperature region and part of the high-temperature data
which is a~35% decrease compared with the zero cover- fairly well (case 4 inFig. 6a). With this moderated/V,

age desorption energy 6f20 kcaymol). Such a substantial when the interactions are turned off, the low-temperature
decrease in activation energy of desorption results in a de-activity drops (case 2 iffrig. 6a). Therefore, in PROX the
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CO-H interactions significantly affect the dominant CO con-

57

in italics. The predictions of the coupling mechanism with

sumption pathways at low temperatures and enhance the netodified pre-factors are shown ffigs. 5 and gsolid lines,

rate for CO consumption.

The effect of CO—H lateral adsorbate—adsorbate interac-
tions on chemistry is an additional manifestation of syner-
gism between multiple fuels arising from concentration or
proximity effects, that is, the fact that surface processes often
operate under non-dilute and therefore non-ideal conditions.
This coupling is unique to reactions in liquids and on sur-

denoted as case 5 ffig. 6). Both sets of data are fairly well
captured, and the agreement at high temperature is signif-
icantly improved, especially for PROX. The WGS predic-
tions inFig. 5are slightly deteriorated, but this is definitely
outweighed by the significant gain in the PROX predictions
in Figs. 6, B.7, and B.8No adjustment of pre-factors was
made for the WGS data. In the remainder of the paper, we

faces. In our case, the presence of CO at low temperaturegefer to this set of parameters esupling mechanism with

has a promoting effect on CO combustion, with hydrogen
used to combust and regenerafe H

Reaction path analysis (RPA) at 380 K shows that reac-
tions Ry (H"+ 0" — OH" +")and Ro (CO" + 0" —
COy* 4+ ") contribute equally to O consumption without
CO-H interactions. COconsumption occurs almost equally
through Rgand Ry (CO" + OH" — COOH +7"), as men-
tioned before. FurthermoregR(H" +OH" — HoO" +7) is
negligible compared with R. This results ira H' -catalyzed
path, given as

H +0" - OH +7, (Ru4)
CO" 4+ OH" — COOH + ", (Rag)
COOH + " — COy*+ H", (Ra1)
nett CO +0" — CO*+ ", (Rs1)

where no net consumption of Hccurs, giving rise to 100%
CO, selectivity. However, with CO-H interactions, the ac-
tivation energy of Rg decreases by 1.9 kca)mol, leading

to Ria =~ Rye. Since Rg is no longer negligible, some net
H> consumption occurs, leading to a moderate selectivity for
CO, formation.

3.4. Important reactions for PROX at high temperatures

By including CO-H interactions, the coupling mecha-
nism still underpredicts the highest temperature PROX data
(case 4 inFig. 6a). To improve the high-temperature pre-
dictions, a pairwise SA is carried out at high temperatures
(635 K) with respect to the pre-factors. The forward and
backward pre-factors are perturbed by the same fraction
to maintain thermodynamic consistency. SA indicated (not
shown here) that the water dissociation reaction,

H,O" + " < H" + OH" (R15—Rue)

is the most important step (normalized sensitivity coefficien
= —0.28), followed by the carboxyl decomposition reaction,

COOH + " < CO*+ H" (R31-Rs32)

(normalized sensitivity coefficient —0.05). To keep the
predictions of optimized Fimechanism nearly unaltered, we
decreased the pre-factors ofsRR16 by a factor of only 2.
The pre-factors of R—Rs2 are decreased by a factor of 10
to improve the high-temperature PROX predictions. This is

t

another example of iterative parameter refinement. The mod-

ified pre-factors of these two steps are shownTable 1

interactions and modified pre-factors

The results of the K oxidation mechanism are almost
unaffected by the pre-factor modification. Such pre-factor
modification is within the range of uncertainty of typical pa-
rameter estimation techniques. In fact, instead of a change
in the pre-factors of R—R32 by a factor of 10, an in-
crease in the forward and backward activation energies by
~2.5 kca)mol (this could be done, for example, by a change
in the bond index of these reactions from 0.5 to 0.8) gives
similar predictions.

The CO-H interactions are also found to be important for
providing sufficient activity for the PROX predictions shown
in Figs. B.8against the experimental data[6b]. Similarly,
CO-H interactions are necessary to enable use of a moderate
A/V value against the experimental PROX dat4d5f], as
shown inFig. B.7.

Finally, one should note that the dominant surface species
are still CO (coverage~ 0.2-1.0) and H (coverage~ 0—
0.8), for the coupling mechanism with CO-H interactions
and modified pre-factors, which indicates that no further
hierarchical parameter refinement is necessary in terms of
additional adsorbate—adsorbate interactions.

3.5. Analysis of reaction pathways in the coupling
mechanism with interactions and modified pre-factors

An RPA is carried out with the coupling mechanism with
interactions and modified pre-factors, and adjustédl val-
ues to identify the important CO consumption paths as a
function of temperaturerigs. % and b show the RPA for
WGS and PROX, respectivelftigs. 1@ and b compare
the activation energies for the CO consumption pathways
for typical WGS and PROX conditions, respectively, with
adsorbate—adsorbate interactions taken into account (solid
lines), and without interactions (dashed lines}p Ras the
lowest activation energy with or without any adsorbate-
adsorbate interactions between CO-CO, H-H, and CO-H.
The interactions substantially decrease the activation energy
of Rs30.

At low temperatures, the dominant pathway for CO con-
sumption in WGS is carboxyl formation by-@"

CO" + H,O" — COOH + H". (Rs3)

However, at higher temperatures, the dominant CO con-
sumption path changes to

CO" + OH" — COOH +". (Ra0)
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\CO*+H20*—> COOH+H" Fig. 10. Comparison of activation energies of various 09 consumption
o | . L reactions under typical WGS (a) and PROX (b) conditions.iddicates
possible reactant, such a§ @H", or H,O". Dashed lines indicate the en-
400 450 500 550 600 650 ergetics with no adsorbate-adsorbate interactions between CO-CO, H-H,
Temperature [K] or CO-H, whereas solid lines indicate coverage dependent activation ener-
gies. The values in parenthesis indicate the activation energy of a surface
Fig. 9. RPA for WGS (a) and PROX (b) using the coupling mechanism with reaction. Typical coverages of ¢@nd H are 0.6 and 0.15 for WGS at
modified pre-factors and modifietl/ V values in the simulations. Various 600 K and 0.8 and 0.19 for PROX at 450 K. Reactiog I(CO* + OH
CO consumption pathways are analyzed excluding CO desorption, which — COOH' + *) has the lowest activation energy under all conditions.
has a significantly higher rate than the other reactions. A crossover in the
dominant CO consumption pathway occurs for WGS as temperature in-
creases.

interactions or pre-factor modification, because even with-
out taking these into account, a similar crossover is mech-

R3p has a lower activation energy thandat low temper- anistically observed on Rh. As a final note, it is clear that
atures (e.g., 5.7 kcamol vs. 13.6 kcglmol at 450 K (not activation energies alon€ig. 10a) do not explain the domi-

shown)) as well as at high temperatures (e.g., 9.7/keal nant paths shown iRig. 9a. Coverages are also important in
vs. 16.1 kcalmol at 600 K, as shown iRig. 10a). However, controlling activation energies and the actual reaction rates
at low temperatures, the Ottoverage <10~ 7) is negligi- via mass action kinetics.
ble compared with that of 0" (~10~%). Therefore, B3 In PROX on Rh, since pD" coverage is negligible at the
dominates at low temperatures. On the other hand, at highconditions of these experimentsgdls the most dominant
temperatures, £ and the HO" decomposition reaction CO consumption pathway at all temperatures. This is again
.« . . different from our observations on 0], where all CO con-
HO + — H 4+ OH (R15) sumption paths (B, Rzg, and Ry) except R4 contribute in

with a comparable activation energy of 16.9 keabl, start different temperature ranges. Since the coupling mechanism
competing with the HO" consumption path. As a result, 0n Rh shows higher CO conversion at all temperatures than
more OH is produced at a coverage on the orderdf0 >, the coupling mechanism on 0], Rh is a better PROX cat-
and the rates of & and Rg (CO" + OH" — COy* +H") in- alyst than Pt, in accordance with the experiment&af.

crease. Since the activation energy gf B much lower than

that of Rs3, there is a gradual crossover in the most impor-

tant CO consumption pathway towarddgR This crossover 4. Conclusions

is different from our previous observations on Pt, where the

carboxyl path Rz via H,O" dominated in the entire tem- Toward the goal of developing a comprehensive surface
perature range of WGRO]. This is not an effect of CO-H  reaction mechanism for natural gas partial oxidation on Rh
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Fig. A.1. Sensitivity analysis (SA) of the screening CO mechanism against Normalized Sensitivity coefficient
ignition (Ign.) data of24] and molecular-beam (MB[R5] and MB2[26])
experiments at different temperatures. N 1205 K 0 1685 K
20 OH desorption m
and subsequent CO removal, thermodynamically consistent I e I ST
reaction sets have been proposed for CO andokida- 19 e % OHadsorptlon
tion chemistry, WGS, and PROX reactions. Parameter es- . 18 20H %H20+O NN
timation entailed combining the semiempirical UBI-QEP 2 16 rOH > Ho L
method, DFT calculations, and crude TST estimates. All re- & e emeeenan 2 N
action sets have been thermodynamically consistent from é‘ 14 O— OH
room temperature t6-2000 K using statistical mechanics (= I o
and constraints-based optimization. It has been found that '% 13 — OH9H+O ...................................
the CO+ O reaction in WGS and PROX reactions is slow, S 12 H, desorption | (b)
and additional CO-bicoupling reactions, including the car- (% T T ] T adsorntion
boxyl and hydroxyl intermediates as well as® are cru- 11 _ﬂ ______ 2 P N
cial steps for these processes. Incorporation of adsorbate— 2| s~y O, desorption
adsorbate CO-H interactions, computed via DFT, into the O A et S @ """"""""""""""""""
UBI-QEP semiempirical method in a hierarchical multiscale 1 ! 02 adS(I)rptlon N
manner was found to be essential in developing a reaction -1 -0.5 0 0.5 1

mechanism that can predict the PROX data well. The pro-
posed mechanisms capture targeted and additional experi-
_mental data well over arange of Con_dltlons_' Thelr_lntegratlon Fig. A.2. Sensitivity analysis (SA) of the screening khechanism for our
into methane and oxygenate chemistry will be discussed inignition experiments at 10% #air conditions (a) and LIF experiments
a forthcoming publication. It is important to note that a one- of [5] at low and high temperatures (b).

step reduced-rate expression based on microkinetic models,

such as that developed jR0], could be valuable for reac-  Wisconsin, Madison, for providing heats of chemisorption
tor design. Finally, identification of rate-determining step(s) data, used ifable 2 before publication.

could assist the improvement of catalysts.

Normalized sensitivity coefficient
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Fig. B.1. Assessment of the optimized CO mechanism against the molec-

ular-beam experiments ¢25] for different compositions of CO and;0 Fig. B.2. Assessment of the optimized CO mechanism against the molecu-
The operating conditions include a total flux of 1 Mi-and CQO; ratios lar-beam experiments §26]. The operating conditions include a CO flux of

of 7/1,5/3, and 35. The ex_pc_anmental data is _falrly well captured by the 1 1, 1018 moleculeg(cn? s) and a CQO, ratio of 1/1. The predictions of
optimized mechanism. No fitting of these data is done. the optimized mechanism, normalized against the experimental peak rate,

are in good agreement with the data. Fair agreement (within a factor of two)
is observed when the predictions are not normalized. No fitting of these data
is done.

(MB1 and MB2 refer to experiments ¢25] and[26], re-
spectively) at different temperatures. The sensitivity coef-
ficients are defined as dRydInA, whereR is the model
response andl is the pre-factor. The model responses are
the ignition temperature for the ignition experiments and the 0.03

CO;, production rate for the molecular-beam experiments. —~ Iszymb.OIS'
; ) . @ xperiments (Klotzer et al.)

It is found that the adsorption—desorption of CO, the O — — Optimized CO mechanism

adsorption, and the surface reaction between @ad O 2 P

are the most important steps. Because of a similar sensitiv- _5 0.02 + e C0O*=0.15 9

ity in the two molecular-beam experiments, the second data ‘g 0 CO'=0.32

set (MB2) can be considered as a redundant experiment and 3

used for mechanism validation only. The CO-TEDJ] ex- a

periments depend only on the CO desorption pre-factor, as 8 0.01 +

expected (not shown), whereas the CO oxidation TPR exper- “ CO-TPD

iments of[29] are sensitive to the LH-type reaction between 2

CO" and O only (not shown); therefore they are also redun- ~ o

dant and are used for validation. 0.00 s N
Fig. A.2a shows the SA of the screening Fhechanism 200 300 400 500 600 700

for our ignition data, andrig. A.2b shows the SA for the Surface temperature [K]

LIF experiments 01[5] at low and high temperatures. The Fig. B.3. Assessment of the optimized CO mechanism against the CO-TPD
mOde.I responses are the Ignition t_emperature for |gn|t|c_)n daﬂaof{Z?] for two differentinit?al CJ -coverages indicateg. The operating
experiments and the OH mole fraction for the LIF EXPErl-  conditions include a pressure of ¥ Torr and an assumed ramp rate of
ments Fig. A.2a shows that the adsorption—desorption 9f H 15 k/s. The rate of CO production is normalized with the experimental
and @ and the surface reaction betweeh &hd O are the  peak rate. No fitting of these data is done.

most important steps. For the LIF data, the model response

is sensitive to the adsorption—desorption of @e adsorp-

tion of Hy, and the desorption of OH (as expected), and at

low temperatures it is affected to some extent by the loss of ~ Overall, the ignition, molecular-beam (MB1), and LIF
OH to H,O + O. Again, the H-TPD [30] experiments de-  experiments are selected as targeted experiments for opti-
pend only on the corresponding desorption pre-factor (not mization of the pre-factors of the mechanisms. These exper-
shown), whereas thejbxidation TPR33] experiments are  iments represent a wide range of operating conditions, from
sensitive only to LH-type reaction steps (not shown); there- atmospheric pressure to low pressures, and from low tem-
fore they are also redundant and are used for validation. peratures to high temperatures.
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of 200 K and a ramp rate of 3.5/&. The rates of KO and H production

of CO, () and CO (b) production are normalized with the experimental are normalized with the experimental peak rates. No fitting of these data is
peak rate (reported in arbitrary units). The simulated peak location and the done.

shape of the TPR curve compare fairly well with the experiments. No fitting

of these data is done.
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Fig. B.5. Assessment of the optimized Fhechanism against the;HTPD
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peak rate. No fitting of these data is done.

Appendix B. Assessment of reaction mechanisms
against additional experimental data on Rh

Even though the optimized parameters capture the tar-
geted experimental data, it is important to assess their perfor-
mance against other redundant data sets, so that their validity
under different operating conditions can be justified. Here
we show the performance of the reaction mechanisms listed
in Table 1against some selected experiments discussed in
the main paper.

Fig. B.1 shows the performance of the optimized CO
mechanism against the molecular-beam experimerjbpf
for different CO/Q compositions. Note that the targeted
experimental data ifrig. 2 are for a different inlet com-
position of CQO, = 3/1. The trends in the experimental
data are fairly well captured ifrig. B.1 Fig. B.2 shows
another validation against the molecular-beam experiments
of [26]. The peak location is well predicted by the optimized
microkinetic model. Finally, we present two more valida-
tions against CO-TP[R7] and TPR[29] data inFigs. B.3
and B.4 respectively. Good qualitative agreement between
experimental data and mechanism predictions indicates that
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Similar validations for the optimized Hmnechanism are

shown inFigs. B.5 and B.@&gainst the #TPD [30,31]and Fig. B.8. Predictions of the coupling mechanism with CO-H interactions
TPR[33] experiments, respectively. Good qualitative agree- and modified pre-factors against the CO PROX experimental dd&5bf

ment is observed between the experimental data and thelhe dashed lines show the minute activity when the CO-H interactions are
mechanism predictions turned off. The operating conditions include a pressure of 1 atm, a tem-

. . . . . . perature of 500 K, a reactor volume of 0.88%mnd a space velocity of
Validation of the coupling mechanism with CO-H in- 5 x 10° h~1 at STP. The dry feed stream contains 40% E0% CQ,

teractions and modified pre-factors is presented against they 219 cO, 0.2-1.5% £ with N, as balance. The mole ratio 068 to
low-temperature PROX experiments of Ito et f4] in dry gas is 1:10. In panel (a),£CO is equal to 11, whereas in panel (b),
Fig. B.7. Figs. B.8a and B.8Ishow the predictions of the the inlet CO fraction is 0.5%4/ V is adjusted to 225 cmt. No fitting of
coupling mechanism against the CO PROX experimental {hese datais done.
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