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Abstract

This paper presents a detailed surface reaction mechaarsiimef decomposition of Ngto H, and N> on Ni surface. The mech-
anism is validated for temperatures ranging from 700 to 1%6@hd pressures from 5.3 Pa to 100 kPa. The activation ersergie
for various elementary steps are calculated using unityl ioehex-quadratic exponential potential (UBI-QEP) meth®dnsitivity
analysis is carried out to study the influence of varioustidérparameters on reaction rates. ThedN\técomposition mechanism is
used to simulate SOFC button cell operating orgNiél.
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Introduction Pd, Rh, Ni, Ru etc. (Papapolymerou and Bontozoglou, 1997,
, , Loffler and Schmidt, 1976, Choudhary et al., 2001, Zheng
A practical alternative to challenges ofztstorage for o 5 2007). There are many studies on\¢composition
portable and decentralized power generation is to produce ey sypported metal catalysts. Choudary et al. systeaigtic
on site from hydrides. Ammonia (N is considered as a gy,gied NH decomposition on Ni, Ir, and Ru catalyst. They
perfect H carrier and has a worldwide distribution infrastruc- 5,nd Ni to be less active compared to Ir and Ru. Moreover
ture (Christensen et al., 2006). Recently Nstarted gaining  hejr study shows that the catalyst support does play a role i

attention as a source of,Hor fuel cell applicgtions (Kaisare ihe overall catalytic activity (Choudhary et al., 2001). #flo
et al., 2009, Li and Hurley, 2007). The major draw back of ¢ 1he NH, decomposition studies are carried out at very

NHjs is its toxicity which imposes stringent regulations on its |, pressures. For instance ffér and Schimidt studied the

emission. Otherwise Ndthas the advantageous over alcoholsyinetics of NH; decomposition over Pt catalysts and developed
and hydrocarbon fuels that it is CO free, and therefore a goog | 4ngmuir-Hinshelwood rate expression which fitted their

source of H for polymer electrolyte membrane fuel cells gyherimental measurements (@ér and Schmidt, 1976).
(PEMFC). However, it may be used directly in solid-oxidelfue (o vever, the experiments were carried out for pressuressang
cells (SOFC) without upstream fuel processing (Fuerte .t al ¢ 5 01 t0 1.25 Torr.

2009). Motivated by application of NHas a fuel for SOFCs
and a source of pHfor PEMFC, this paper presents a detailed Choudary et al.

- . X studied the decomposition of J\dth sup-
kinetic model for the decomposition of NHn Ni.

ported metal catalysts at high pressures and temperatdre an
concluded that Ru is a better catalyst compared to Ni and
Ir (Choudhary et al., 2001). In another significant work Mc-
Babe studied the kinetics of NHlecomposition over Ni wires

There are many studies on direct Nbblid oxide fuel cells;
some of them are on proton conductnig systems (SOFC-H) (M

etal., 2006b,a, Méei et al., 2006, 2005, 2008, Ni et al., 2008, 5 high temperatures and low pressures (McCabe, 1983)eThes

Zhang and Yang, 2008), and others are on oxygen ion Cofy,q yorks serves to validate the model developed in this work
ducting systems (SOFC-O) (Fournier et al., 2006, Fuerté et a

2009, Ma et al., 2007, Meng et al., 2007). Based on open

circuit potential analysis Fuerte et al. concluded thatzNH Kinetic model

oxidation is a two stage process in SOFC; decomposition of

NHs into H, and N and then the electrochemical oxidation of ~ The mechanism of Nsidecomposition has been assumed to

H, to H,O (Fuerte et al., 2009). consists of the following steps
Decomposition of NH is a mildly exothermic reaction Hog 2 Has 2 2Hs, 1)
ArH = 45.9 kJmol), and can be achieved catalytically over Pt,
(Ar Jmol) yucally N2g 2 Nas 2 2Ns, 2)
Email address: vj@iith.ac.in (Vinod M. Janardhanan) NHzg4 2 NHag, 3)
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NHss 2 NH2s + Hg, (4)  barriersAE, 5 andAE, ; , may be same or fferent depend-

ing on the sign of gasphase dissociation barrier (Shusitrov
NHzs 2 NHs + Hs, (5)  1990).i.e,

NHs 2 Ng + He. (6)

Based on the above mechanism the detaled kinetic “FA-8s=AFasg=Qa+Qe - Dag +ABq  (10)
model presented here is developed based on unity bond it AEpgg>0.
index-quadratic exponential potential (UBI-QEP) method

(Shustorovich, 1990). This phenomenological method great®”

the energetics of atomic and polyatomic adsorbates on tran- AEj gy =AEA s~ AErgy = Qa + Qs — Dag (11)
sition metal surfaces by using the chemisorption and bond ' ' ' f AE. >0
dissociation energies. Therefore, the input data reqifived ABg ~ T

the model development are the chemisorption energy and thehe gasphase dissociation barrd; . ~ can be evaluated ac-

. - AB.g
gas-phase dissociation energy. cording to
Closed shell molecules such as pestablishes a weak bond- AEq = 1/2(DAB + QaQe Qas — Qa - Qs (12)
ing with the metal atom and for such cases the chemisorption 9 Qa+ Qs

energy is calculated according to Eq. 7 (Shustorovich aiid Be  The detailed surface reaction mechanism developed here

2001) consists of two parts. The first part deals with the catalytic
2 decomposition of NK, which has 12 reactions among three
Qns = W. (7)  gas-phase species and five surface adsorbed species. étthe s
0A AB ond part additional reactions forHbxidation is considered so

Here Qua corresponds to the maximum M-A two center bondthat the mechanism can be used for directN8OFC as well.
energy (Shustorovich, 1990). For an ad-atom imdold site  The reactions in the second part are taken from Janardhanan

the maximum two center bond energy is given by and Deutschmann (Janardhanan and Deutschmann, 2006). The
complete mechanism is listed in Table 2. Reactions R1 to
Qa = Qoa(2 - 1/n). ®)  R12are steps for the decomposition of Neh Ni surface and

wheren is the number of nearest metal atoms. For stronglyactions from R13 to R22 are for hydrogen oxidation on Ni.

bonded radicals such as NH and NtHe chemisorption energy ©Oné needs. to consider all the reactions.for direcz\BOFC,

) decomposition on Ni. There are slight variations in the rate
Qa parameters for R13 to R22 as reported against Janardhanan
Qa +Das’

et al. (Janardhanan and Deutschmann, 2006). These slight
Based on Eq. 7 we determined the chemisorption energvarlatlons are made to ensure that the entire mechanisraris th
of NH3 on Ni to be 18 kcdmol, which is in good agreement

P[nodynamically consistent. The thermodynamic consistésncy
with experimental (20 kcahol) and Ab initio calculation

explained in the following section.
(17-19 kcalmol) reported respectively by Klauber et al. and
Chattopadhyay et al. (Klauber et al., 1985, Chattopadhyag0
et al., 1990). The calculated chemisorption energy for NH,

Qg = 9)

The net molar production ratg o6f a gaseous or surface ad-
rbed species due to heterogeneous reaction is given by

NH, and NH; is given in Table 1. Rs Ng+Ns
& = Z i K¥i l_[ [Xk]wki. (13)
The mechanism of Ngldecompoasition involves the adsorp- i=1 k=1

tion of NH; from the gas-phase on to the Ni surface (Eq. 3) andHereR; is the number of surface reactiondy andNs respec-

the subsequent hydrogen abstraction steps given by Eds. 4, fvely represents the number of gasphase species and surfac

and 6. The hydrogen and nitrogen atoms recombine to forngpecies, X, is the concentration of speciés ki; is the for-

gas-phase hydrogen and nitrogen (Egs. 1 and 2). ward rate constant for reactionandyy; is the diference in sto-

ichiometric codicient for specie& between the products and

Once the chemisorption and dissociation energies of alfeactants in reaction

chemical species are known the activation energy barr@rs f  Based on mean field approximation the forward rate constant

various adsorption, desorption, and recombination stes C js expressed in the Arrhenius form as

be evaluated from general thermodynamic relationshipsv-Ho

ever, in the following treatment, we assign sticking ffi@éent 5 Eai Ks i €Ok

for adsorption reactions. The sticking ¢beient for NH is ki = AT exp( - ﬁ) 1_[ 0 exp( - ﬁ) (14)
taken from McCabe (McCabe, 1983). For recombination of k=1

chemisorbed Aand B, to chemisorbed ABor for the associa- HereA, is the pre-exponential factor affig; is the activation

tive desorption of chemisorbed;and B to ABg the activation  energyu is the order dependendyis the surface coveragg,
2



is the temperature exponeRtthe gas constant, the tempera-  which is a linear equation system for the unknown free en-

ture, anck is the coverage dependent activation energy. thalpiesGy. Since most species are involved in more than one
reaction, this system is usually over-determined. Equoati®

Thermodynamic consistency for several temperatt_;r@ gives a system of linear equations
in the unknown coicientsay’y:

The equilibrium of a chemical reaction 6

Ny
S Az S viA @s) 22, wudi =0 )

- - 11=0
is completely defined by the thermodynamic properties of thé1ere
participating species. Expressed in terms of the equilibri 0 N 0
constanKy, the equilibrium activities,  obey the equation gij = AiGY(T)) - Z Vi Gy (T)) (22)
k=Ny+1
Vii A‘GO
- Nl - 2=
Kpi = l:[(ak) = exp( = ) (16) and
vl T if 1<6 23
HereR is the gas constant and is the absolute temperature. = TiInT; if 1=6 (23)

The change of free enthalpyG° at normal pressurg® is given i . ) _
An optimal set of parametessy s determined by a weighted

b
y least-square approximation. The weights can be chosen
AGO = Z vikGY(T). (17)  individually for each pair of reactions according to a stvisy
K analysis of the reaction mechanism. This guarantees that th

equilibrium of crucial reaction steps will be shifted lesen

When the heat ity i d forth ord I i
en the heat capacity is expressed as a forth or erpoyathomlotherS after the adjustment.

function of temperatur&, then the standard free enthalpies can

be expressed in terms of seven fiméents,ag; . .. as; as . . .
P foi--- i The newly adjusted polynomial cfigients are then used

GO = agr+aykT+agkT2+agk T3 +as T4 +ask T +ag,T InT(18)0 calculate the change of free enthalpy for each reaction
. o ] (Eq. 20), the equilibrium constant, and the rate fiioent
In order to predict the correct equilibrium, the rate §i@gents o the reverse reaction. In case the reverse reaction kball
for forward and the reverse reaction must obey the equation expressed in terms of Arrhenius dbeients, another least
Kii Oy square approximation using the rate constants at the thscre
K o l_[(ck) (19)  temperaturesT; is performed.

c? are the reference concentrations at normal pressure, i.e, Since we prefer to write surface reaction mechanisms as pair
@ = p%/RT for gas-phase species aofi = T/ for surface _of |rrever5|bl_e reactions, this procedure h_z;s to be repadie-
species; her€ is the total surface site density ang are the ~INg mechanism development after modification of rate coef-
site occupancy number for species However, one problem ficients belonging to any of these pairs. Théfefience be-
in setting up a reaction mechanism is théidulty to define tween this method and the scheme proposed by Mhadeshwar
the thermo-chemistry data for intermediate species. Fheret al- (Mhadeshwar et al., 2003) is that there is no need #r th
fore, when the thermo-chemistry data for the intermediatd!Ser to select a linearly independent set of reactions eduist
species are unknown Eq. 19 can not be used to calculaf distinguishing reactions between linear base and linear-
the reverse reaction rate constants. The forward and eever§inations, all reactions are treated equally by solvingstuee
reaction rates are then defined separately with their owe ratin€ar problem using a least-square fit.
laws. Nevertheless, these rates cannot be chosen indeyiignde
Reactor model

Assuming an initial guess for the rate parameters of a sur-
face reaction mechanism, the rate fméent for the forward A packed bed reactor model is used to validate the reaction
and reverse reactions may be adjusted separately to make thiechanism. An isothermal packed bed reactor model is imple-
entire mechanism thermodynamically consistent. Suppage t mented in FORTRAN assuming
the thermodynamic data for species. 1IN, out of N species
are unknown. For each pair of a reversible reactions we can
calculate the equilibrium constant according to Eq. 19 by,

arithm of Eqg. 16 yields change of free enthalpy. Separation 0 o there are no variations in the transverse direction.
the known and unknown variables in Eq. 17 leads to

e axial diffusion of any quantity is negligible compared to
corresponding convective term.

The species transport equation in one dimension is modsled a

Ny ~ N

0 _ 0 0

&G = ) vaGY(T) + > wiGH(T), (20) AU _ e (24)
k=1 k=L+N, dz



Herea, is the specific area of the catalyst @ is the molec- The ohmic overpotential is calculated according to
ular weight of the speciek. Summing the species transport

equation over all specidsy leads to the total continuity equa- Mohm = Lel/0el, (34)
tion as wherelL is the length of the electrolyte amrdis the conductivity
N, defined as
d(ou S
(dpz) =a, ) Wi (25) . Eq
k=1 ool =0T~ exp( - ﬁ) (35)
The pressure in the reactor is calculated according to
d 2 Results and discussion
d_s - p#, (26)
P Mechanism validation
and density is calculated from ideal gas equation Thermodynamic analysis of NH+ O, system shows that at
PM temperatures below 1000 K (typical operating temperatoire f
P=FRT" (27)  direct NH; SOFC) the amount of NOformed is very much

o ] ) , negligible. Six gas-phase species namelysN&,, H,, H,0,
The friction factorf in Eq. 26 is calculated from Ergun’s equa- NO, and NQ are considered for thermodynamic equilibrium

tion as calculations. Figures 1 and 2 shows the map of NO and NO
f l-€ 1754 150(1-¢€) (28) mole fraction as a function of temperature for an initial taire
283 |7 Re ’ of O, and NH;. In these figures as the mole fraction of O

. . ) increases from 0 to 1, the mole fraction of Blldecreases
where Re is the Reynolds number and is the porosity. from 1 to 0. Composition of N@is maximum at 1500 K
The packed bed reactor model is a part of DETCHEM soft-for 0,:NHs ratio of 0.2:0.8. However, for NO the £NHs
ware (Deutschmann et al., 2007). ratio is 0.4:0.6. The experiments performed by Ma et al. also
reports the absence of NO at the anode exhaust (Ma et al.,
Fuel cell model 2006b). Furthermore, the partial pressure of oxygen, which

) o o results from the dissociative desorption of®in the anode

~ A detailed description of the SOFC model used in this workeomnartment of an SOFC will be much lower than that required
is published elsewhere (Zhu et al., 2005). However, themlec o NO, formation. Therefore, in the present mechanism re-

chemistry model is implementedftérently. Instead of using  4ction steps leading to the formation of N@re not considered.
the modified Butler-Volmer equation, we implement the Butle

\Volmer equation in the conventional form as Although there are numerous studies on catalytic decom-
- @aNeFna (1 - @)NeFna - position of NH;, there are no consensus on the rate limiting
I'= 1| €Xp RT —exp — rt I (29) steps of NH decomposition on dierent catalysts under

different operating conditions (Ni et al., 2009). For model
and validation purpose we consider the data reported by McCabe

and Choudary et al., (McCabe, 1983, Choudhary et al., 2001).

. (30)

i = ig[ exp(—acr;_:_:nc) - exp(—(1 — (;C_)I_nanc)

Choudary et al. studied the decomposition ofyN\técompo-
Herea, andac are respectively the asymmetry factors for anodesition on various supported metal catalysts. A 2 cm long peck
and cathode sidé; is the Faraday constam,the gas constant, pe( reactor is used for simulating the experiments repdnyed
T the temperature, ang is the number of electrons transferred. Choudary et al., (Choudhary et al., 2001). The geometrigal p
The exchange current densities for the anode side and @thogymeters of the reactor and the operating conditions aesllis
sideig andig are functions of temperature and concentrationjn Taple 3 and the reactor model itself is presented in one of
However, in the present work we consider them to be only as ghe previous sections. A comparison between experimgntall
function of temperature. i.e, observed conversion of NfHor Ni supported on Si@and the
model predictions at 1 atm is shown in Fig. 3. Very good agree-

0

I = K, €XPE-En,/RT), (31) ment is observed between the model predictions and the mea-
and sured values. McCabe carried out Nelecomposition experi-

_ ments over resistive heated wires at pressures betweemd.3 a

ig = ko, exp(-Eo,/RT), (32) 133 Pa and temperatures between 700 and 1400 K (McCabe,

&383)' A comparison between the experimentally measured
rate and the mechanism predicted rate for the decomposition
NH3 for the data reported by McCabe is shown in Fig. 4. Again
very good agreement is observed between the model predic-
tions and the experimental observations at temperatuesab
Ecell = Erev — 72 — 17c — Nohm- (33) 1000 K for all pressures.

Since the species transport equation considers the poro
media transport, concentration losses are not treatedtilypl
The activation losses of the anode and cathode sides atedela
to the cell potential as



Sensitivity analysis the anode and the presence ofd$ a diluent does noffect the

Sensitivity analysis for the Ngldecomposition part of the Cell performance adversely. This is again confirmed by nugni
mechanism is carried out by changing the pre-exponential fa the model with 75% I and 25% N, which gave performance
tor (A) of each reaction by:10%, while keeping all other op- CuUrves very close to that of 99%,Hinder identical operating
erating parameters constant. The scaled sensitivitficent ~ conditions.

(SSC) for NH conversion is defined as (Mantri and Agha-
layam, 2007) A comparison of kinetically predicted limiting current for

button cell as a function of specific surface area is shown
in Fig. 7. As the surface area increases, the limiting ctirren
approaches the equilibrium predictions. The equilibrium
prediction is calculated by considering 75% &hd 25% N.

Xt — X0

NH3
0
XNH3

SSC= (36)

Here Xy, indicates NH conversion fort10% change in pre-

exponential factors anﬁ,ﬂH3 indicates the conversions for the  The kinetics model can be quite useful when planar or tubu-
pre-exponential factors as noted in Table 2. These seitsitiv |ar cell calculations are desired. The species molefrastimd
codficients are further normalized with respect to the maxithe current density for a 10 cm long planar cell is shown in
mum SSC. A plug flow reactor model is used for sensitivity Fig. 8. The channel is modeled under isothermal condition of
analysis. 100% NElis assumed to enter reactor at a velocity 1023 K with the same membrane electrode assembly parame-
of 10 cy's and 1 atm pressure. The catalytic area to geometrigers as given in table 4. 100% NHs considered to enter the
area factor of 100 is chosen so the9% N conversion is  cell at a velocity of 0.1 ffs. NHs is fully converted within 2
obtained for the parameters given in Table 2. The catalyiaa c¢m from the cell inlet. Although no His present in the inlet

to geometric area is a measure of catalyst loading and amighguel, H, is generated within the porous media by catalytic de-
factor indicates higher catalyst loading (Mladenov et2010).  composition of NH. The H thus generated takes part in the
Figure 5 shows the normalized sensitivity foment (NSC) for  electrochemical charge transfer reactions occuring arioele

NH3 conversion. Small values of NSC indicates that particuelectrolyte interface. The current density drops alondehgth
lar reaction has no significantfect on NH conversion. Itis  of the channel because ofidepletion.

quite obvious from the figure that the sticking fib@ent of N
(R3) does not have any influence on NEbnversion, where Conclusions
as decreasing #ticking codiicient and increasing N¢stick- We have developed a micro-kinetic model for the decompo-
ing coeficient has positiveféect on NH conversion. Among  sition of NH; on Ni catalyst. The decomposition mechanism is
the sticking reactions, the sticking deient of NH; has high-  supplemented with Hoxidations reactions reported previously
est influence on Nkiconversion. Other than sticking reactions, so that the model can be used for direct NSOFC. Further-
hydrogen abstraction from surface adsorbed {R¥7) and NB  more, the overall mechanism is made thermodynamically con-
(R9) are the most influential reactions. hlebnversionis least = sistent in enthalpy as well as in entropy. The decomposition
affected by the rate constants of reactions R10, R11 and Rlz.mechanism is validated by Comparing against experimebta| o}
servations over a wide range of temperatures and pres3dures.
SOFC modeling complete mechanism is used to model the direct SBFC ex-

Ma et al. have reported performance of a conventionaperiments reported by Ma et al., (Ma et al., 2007). Overall th
SOFC button cell (Ni-YSZYSZ/LSM-YSZ) at diferent tem- model predictions are in very good agreement with experimen
peratures using Has well as NH fuel (Ma et al., 2007). The tal observations.
micro-kinetic model developed here is used to simulate e e
periments and the results are shown in Fig. 6. For carrying Oy ofer ences
these simulations, we assume &bk the only electrochemically
active species and the electrochemical model parameters aghattopadhyay, A., Yang, H., Whitten, J. L., 1990. Ammoniani(111). J.
fixed by reproducing the experimental observation ferfirel, Phys. Chem. 94 (28), 6379-6383.

. . Choudhary, T. V., Sivadinarayana, C., Goodman, D. W., 2@talytic am-
and the same parameters are applied fog fi¢l. Figure 6(a) monia decomposition : COree hydrogen production for fuel cell applica-

shows the comparison between model predictions and exper- tions. Catal. Lett. 72 (3), 197-201.
imental observation for Hfuel. The model parameters are Christensen, C. H., Johannessen, T., Sorensen, R. Z.,kéords K., 2006. To-

. . . . wards an ammonia-mediated hydrogen economy ? Catal. Tddayl20—
given in Table. 4. The comparison between the experimental ;,,

observations and the model predictions for ]Ndel is shown  Deutschmann, 0., Tischer, S., Kleditzsch, S., Janardhanav., Miadenov,
in Fig. 6(b). Overall, good agreement is observed between th N., Minh, H. D., 2007. DETCHEM User manual.
it ; ; URL www.detchem. com
meas_L_Jred values and the. model_ predlctlons. Under Identlclallournier, G., Cumming, |., Hellgardt, K., Nov. 2006. Highrfsemance direct
conditions the model predlcts similar performances fohlbdit ammonia solid oxide fuel cell. Journal of Power Sources 1§2198-206.
and NH;, which is in very good agreement with experimental Fuerte, A., Valenzuela, R., Escudero, M., Daza, L., Jul.920dmmonia as
observations. Nl which enters the anode compartment efiicient fuel for SOFC. Journal of Power Sources 192 (1), 178-17
; ‘L : Janardhanan, V. M., Deutschmann, O., 2006. CFD analysissolid oxide

decomposes into Hand N, and H further participates in the ; : = : .

. uel cell with internal reforming : Coupled interactions todnsport , het-
charge transfer reactions. The comparable performancélgf N erogeneous catalysis and electrochemical processeswér Bources 162,

with H; indicates that significant conversion of Nidccurs in 1192-1202.
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Table 1: Heats of chemisorption and total bond energiesamgés phase (D) and chemisorbed-(D) states on Ni(111)

Adsorbate D D+Q
H - 63
N - 135
NH 81 166
NH, 169 229
NH3 279 323

All energies are in kcainol
calculated according to Eq. 9
bealculated according to Eq. 7

Table 2: Detailed kinetic model for Ng-tlecomposition for SOFC applications

R No Reaction A(cm,mol,s) B Ea?
NH3 decomposition
R1  H, + (Ni) + (Ni) — H(Ni) + H(Ni) 0.01° 0 0
R2  NHs + (Ni) = NH3(Ni) 0.012 0 0
R3 N+ (Ni) + (Ni) — N(Ni) + N(Ni) 1.000x10°® 0 0
R4 H(Ni) + H(Ni) = Hy + (Ni) + (Ni) 3.315¢10° 0 8221
R5  NHz(Ni) — NHs3 + (Ni) 8.21x10** 0  78.63
R6  N(Ni)+ N(Ni) - Ny + (Ni) + (Ni) 44421072 0 210.84
R7  NHa(Ni) + (Ni) — NH>(Ni) + H(Ni) 5.723%10%> 0  78.99
R8  NHy(Ni) + H(Ni) — NHz(Ni) + (Ni) 1.320x10%* 0  48.81
R9  NHy(Ni) + (Ni) = NH(Ni) + H(Ni) 27181072 0 75.74
R10  NH(Ni)+ H(Ni) = NHx(Ni) + (Ni) 3.7010° 0 74.87
R11  NH(Ni)+ (Ni) — N(Ni) + H(Ni) 6.213x10*° 0 2293
R12  N(Ni)+ H(Ni) — NH(Ni) + (Ni) 2.07x10"° 0 156.04
H, oxidationJanardhanan and Deutschmann (2006)
R13 O + (Ni) +(Ni) — O(Ni) + O(Ni) 0.0 0 0
R14  O(Ni)+ O(Ni) — O, + (Ni) +(Ni) 3.928107 0 473.41
R15 HO + (Ni) = H,O(Ni) 0.1° 0 0
R16  HO(Ni) — (Ni) + H,O 4.74%1*? 0 62.09
R17  O(Ni)+ H(Ni) — OH(Ni) + (Ni) 5.00x1072 0  97.90
R18  OH(Ni)+ (Ni) — O(Ni) + H(Ni) 1.761x10* 0  36.00
R19  OH(Ni)+ H(Ni) — H,O(Ni) + (Ni) 3.000x10° 0  42.70
R20  HO(Ni) + (Ni) — OH(Ni) + H(Ni) 2.06810°1 0  91.07
R21  OH(Ni)+ OH(Ni) — O(Ni) + H,O(Ni) 3.00x10** 0 100.00
R22  O(Ni)+ H,O(Ni) — OH(NI) + OH(Ni) 5.871x10%% 0 210.27

aArrhenius parameters for the rate constants written indh@f k = AT exp(ERT). The units of A are given in terms of moles, centimetens| seconds. E is

in kJ/mol

bsticking codficient. Total available surface site densityis2.49x10- mol/cn?

Table 3: Packed bed reactor parameters

Parameters

value

Length (cm)
Diameter (mm)

Particle diameten(m)

Porosity
Specific area (/)
Inlet conditions

Inlet velocity ( m's)
NH3z mole fraction

2

10

20
38%

2.8x10°

0.1
1.0



Table 4: SOFC button cell membrane electrode assembly (MErgmeters

Parameters value units
Anode

Thickness 500 um
Porosity 45%

Tortuosity 3.8

Pore diameter 1.0 wm
Particle diameter 1.0 wm
Specific area 2025¢<10° 1/m
Prefactor for exchange current density,{ 1.8710° A/cn?
Activation energy for exchange current densigy/) 81.6 kJmol K
Symmetry factor ¢z) 0.36

Cathode

Thickness 8 um
Porosity 45%

Tortuosity 3.8

Pore diameter 1.0 wm
Particle diameter 1.0 wm
Prefactor for exchange current density, 27.7 Alcn?
Activation energy for exchange current densigy/) 45.3  kJmol K
Symmetry factor¢c) 0.35

Electrolyte oo = 00T exp(~Eei/RT)

Thickness 10 um
Activation energy Eg|) 80 kJmol
Pre-factor o) 3.6x10° Scm
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Figure 1: Map of equilibrium composition of NO resulting finca mixture of @ and NH;. On the y-axis as the mole fraction of @anges from 0 to 1, the mole
fraction of NH; ranges from 1 to 0.
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Figure 2: Map of equilibrium composition of NQesulting from a mixture of @and NH;. On the y-axis as the mole fraction op@nges from 0 to 1, the mole
fraction of NH; ranges from 1 to 0.
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Figure 6: Comparison between experimentally observedpaence curves and the model predictions (Ref Ma et al. (200%e symbols indicate experimentally
measured values and the solid lines represent model goedici(a) shows the comparison between the model predictiod experimental observations fog ()
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Figure 7: Limiting current predicted by the kinetic modelkafuinction of specific surface area. The horizontal lineesents equilibrium
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Figure 8: Species profiles in the fuel channel and currensitiealong the length of a 10 cm long planar cell. 100%3N$lconsidered to enter the fuel channel at
0.1 mys and air at 5 rfs is in the air channel. The MEA parameters used for this tation is same as the ones given in Table 4

12



