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Catalytic ammonia decomposition: G&ree hydrogen production
for fuel cell applications
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Catalytic decomposition of ammonia has been investigated as a method to produce hydrogen for fuel cell applications. The absence of
any undesirable by-products (unlike, e.g., G@rmed during reforming of hydrocarbons and alcohols) makes this process an ideal source
of hydrogen for fuel cells. In this study a variety of supported metal catalysts have been studied. Supported Ru catalysts were found to
be the most active, whereas supported Ni catalysts were the least active. The supports were found to play a profound role in the ammonia
decomposition process. The activation energies for the ammonia decomposition process varied from 17 to 22 kcal/mol depending upon the
catalyst employed. The activation energies of the supported Ir catalysts were found to be in excellent agreement with our recent studies
addressing ammonia decomposition on single crystal Ir.
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1. Introduction The process operated as such produces no CO ot CO
but rather nitrogen (essentially benign to the fuel cell) as

The interaction of ammonia with metal surfaces has be##e only co-product. Regarding storage, ammonia is a lig-
thoroughly investigated [1-14]. These studies have been whid at 293 K and 8 atm pressure. Considerable attention has
dertaken primarily to acquire insights into the industrialljpeen given steam reforming of methanol as a process for the
important ammonia synthesis process. However, motivatiggneration of hydrogen for fuel cells. However, a compar-
our interest in catalytic ammonia decomposition is the recefn of the economics for hydrogen production via ammo-
interest in the generation of clean hydrogen for fuel cell§ia decomposition for alkaline fuel cells as opposed to the
Conventional processes such as steam reforming, autotfggduction of hydrogen by methanol reforming for acid fuel
mal reforming and partial oxidation yield large amounts df€lls shows that ammonia decomposition is a more attractive
CO as a by-product [15-17]. Removal of this CO into thBrocess from an economic standpoint [23,24]. Commercial
ppm range (tolerance levels of CO for the state of art pr@mmoniais prepared at 99.5% purity (the impurity is mainly
ton exchange membrane fuel cells is only a few ppm) rendégter and is harmless) [22], whereas the higher alcohol im-
these methods of hydrogen generation complex, bulky apdrities present in commercial methanol can result in pro-
expensive. These drawbacks remain a serious technoldiction of contaminants during reforming that can lead to
cal obstacle in the practical utilization of these processes f@isoning of the catalyst. Finally, the prices of the hydro-
vehicular and small-scale fuel cell applications. gen from methanol and ammonia are comparable on a BTU

Recently, extensive efforts have been undertaken in de@sis [22]. With these considerations, the decomposition of
laboratory to explore CQfree alternatives for production of @Mmonia appears to be an excellent choice for production
hydrogen for fuel cell applications [18—21]. We have invef hydrogen for alkaline fuel cells. Ammonia can also be
tigated step-wise steam reforming of methane/hydrocarbdti€d as a source of hydrogen for acid fuel cells if the unre-
as a method for production of CO-free hydrogen. Unforticted ammonia in the hydrogen stream is removed prior to
nately, hydrocarbons as fuel sources invariably lead to tH& @dmission into the fuel cell. _ o
production of CQ associated with the hydrogen. Alkaline Unfortunately, there has been no investigation that has
fuel cells (highly efficient low temperature fuel cells) aréystematically catalogued catalytic decomposition of ammo-
very intolerant of even very low levels of GOn the hy- Nia on various supported metal_ cgtalysts for hydrogen pro-
drogen fuel stream [22]. duct|on._ In order to ia_ddress 'th|s issue we have undertaken

Decomposition of ammonia is a mildly endothermi@\mmon|adecomposm(_)n studies on single crystal mode_l sys-
process, yielding hydrogen and nitrogen: tems [25] as well as hlgh §urface area catalysts. In Fh|s pa-

per, ammonia decomposition studies on supported Ni, Ir and
Ru catalysts are reported. Various supports have been in-
vestigated to gain information relevant to the effect of the
* To whom correspondence should be addressed. support on the ammonia decomposition process. The results

2NH3 — N2 + 3H» AH =11 kcal/mol.
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obtained on supported Ir catalysts have been related to theséty (crm?/s)) was used to ensure the absence of any mass-

obtained on single crystal model catalysts. transfer limitations. Calculation for 65% Ni/SAl 203
catalyst (temperature 723 K, conversion 9%, flow rate
50 cn/min pure ammonia, particle radius20~2 cm) pro-

2. Experimental vided a value o6 of ca. 0.02, which is well below the regime
. for mass-transfer effectg (> 1). Other catalysts were also
2.1. Catalyst synthesis similarly found to be free from mass-transfer resistance un-

der all conditions employed for the study. The rate of the
Supported Ni, Ir and Ru catalysts were prepared by a Weaction was found to be the same for constant gas-hourly
impregnation method with a nominal metal loading of 10%pace velocity (mass of catalyst and flow rate was changed).
The supports H-ZSM-5 (Degussa), HY (Na-Y, SifAl100  A|so the activation energy for the reaction was found to be
from Degussa), AlOs (Aldrich Chemicals), Si@ (Cab-O- ynchanged when lower partial pressures of ammonia were

Sil) were calcined at 823 K for 4 h prior to the impregnasmployed for the study, thus providing direct evidence for
tion procedure. The Na-Y zeolite was converted tosa¥H the absence of mass-transfer limitations.

via aqueous ion-exchange (ammonium hydroxide solution).
The procedure was repeated six times at 353 K and the pr
uct subsequently washed with deionized water and heate

373 K for drying. The NHY was then decomposed to HY 1,4 gispersion of the Ni catalysts was determined by CO-

by calcination at 573 K for 6 h. After impregnation the caty, jse experiments carried out at room temperature assuming
alysts were dried overnight at ca. 373 K and then calcined aboij ratio of 1.0. Further details of this procedure can be
823 K for 4 h. Following this the catalysts were finely powq, g in [19]. The hydrogen chemisorption results were ob-
dered. The 65 wt% Ni/AiOs/SIO; catalyst was obtained (ineq from the irreversible hydrogen uptake at room temper-
from Aldrich chemicals and was used as obtained. ature (standard procedure as given in [27] was employed).

_ Before the measurements the catalysts were heated to 523 K
2.2. Catalyst testing for 0.5 h and 673 K for 2 h under a static atmosphere of hy-
) ) drogen (Matheson, Research Purity). Following this the cat-

The continuous-flow-reactor system consists of a conveljyqts were evacuated and cooled to room temperature. Dis-

tional fixed-bed plug-flow reactor, a quartz reactor and a futs rsion of the Ni/SIG/AI O3 catalyst was measured with
nace controlled by a temperature controller (Omega). T and H chemisorption for comparison of the two meth-
catalyst (usually 0.1 g) was placed in a small section of thgyo

quartz reactor which, in turn, was placed in the constant

temperature zone of the furnace. Product analysis was car-

ried out with an on-line gas chromatograph (Varian 370@) regylts and discussion
equipped with a thermal conductivity detector. Separation

was via a Poropak Q column with argon (Ar) used as the car- The results obtained from the CO-pulse experiments and
rier gas. The detector was calibrated for the gasess(NH  hydrogen chemisorption experiments are presented in ta-
and h) over a wide dynamic range spanning the analysige 1. Metal dispersions have been estimated assuming an
region. Prior to the reaction the catalyst was reduced Wiﬁasorption of one CO (H) per Ni (Ru, Ir) site. The disper-
hydrogen in flowing argon (bt Ar = 1:1) at a total flow gjon for 65% Ni/SiGQ/Al,O3 obtained from the CO-pulse
rate of 20 ml/min for 0.5 h at 523 K and for 2.5 h at 773 Kexperiments and hydrogen chemisorption experiments are in
Following this the catalyst was flushed with argon for 0.5 Bood agreement. Among the supported Ni catalysts the high-

and heated to the desired temperature in a flow of carrier ggs; dispersion was observed for 65% Ni/$i®,03 and the
Pure ammonia (Matheson) at a flow rate of 50 ml/min was

%?t. Catalyst characterization

passed over the catalyst (usually 0.1 g). Decomposition of Table 1
ammonia was carried out on individual supports (silica, alu- Chemisorption data for the various supported metal catalysts.
mina, HY, H-ZSM-5) and empty reactor at different temper- c,qyst Surface metal atoms Dispersion
atures; reaction conditions were maintained similar to those per gram of catalyst (%)
employed for the decomposition on supported metal cata o 42 108 oz
Iysts.. The TOF values have been corrected whenever thqoo/0 Ni/SIO, 9.6x 108 0.9%
contribution from the support exceeded 5% of the total con- ;9o NiHZSM-5 3.1x 1019 312
version shown by supported metal catalysts. 65% Ni/SiQ/Al,03 357 x 1070, 6.2 x 1070 7.7, 85
Since mass-transfer (mainly pore-diffusion) effects are a10% Ir/SiG 1.0x 10¥° 3.20
concern at high reaction rates the catalysts were used in 0% I/Al;03 4.8 10 15.4°
finely powdered form (few microns diameter). The Weisz 10% Ru/SiQ 6.8x 1018 120
10% Ru/AbOs3 1.52x 109 2.8°

criterion [26] @ = (dN/dr)(1/Co)(R?/ Deir), Wwhere aV /dr
is the reaction rate (mol/chs), Co reactant concentration @From CO chemisorption.
(mol/cm?), R particle radius (cm) andef effective diffu- °From H, chemisorption.
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least for Ni/HY. The 10% Ir/A}O3 catalyst showed the high- Ir dispersion in table 1). Conversions approaching 100%
est dispersion of ca. 15%. The average particle size for eagtre reached for both catalysts at 973 K. The slopes of the
catalyst can be approximated by assumihhm) = 1/D  Arrhenius plots (figure 2(b)) yiel#; values of 17.2 and 19.5
[28]. Calculated in this manner the average particle size kb¢al/mol for Ir/SiG and Ir/AlLO3, respectively. We have re-
the catalyst particles ranged from ca. 5 to 250 nm. cently investigated ammonia decomposition (static system,
Supported Ni catalysts are used in a number of industriab—1.5 Torr, 698—798 K) on Ir(100) [25]. The, values
processes and are relatively inexpensive. Also previous stud-
ies have shown Ni to be active for the ammonia decomposi- [ u
tion process [12]. Figure 1(a) shows the hydrogen formation " f ]
rate per site per second (TOF) for supported Ni catalysts as a 3

function of temperature. The rate of hydrogen formation was - . ¢
found to be similar for HY and Si& while it was found to ! ' 2 .
be much lower on ZSM-5. Even though the dispersion weg ; = .

highest for ZSM-5 the conversion of ammonia was found tg=" | o
be the lowest. This clearly illustrates that the support play@ °'§
an important role in determining the activity for the ammo-
nia decomposition process. Although the conversion on the
Ni/SiO; catalyst was higher by a factor of ca. 2 compared "~ E o
to Ni/HY, the TOFs were essentially the same due to the [
higher dispersion of the the Ni/SyCcatalyst. The conver- . —— e T S
sion of ammonia was ca. 70 and 42% at 923 K for Ni/SiO 550 600 650 700 780 B0 BSO 900 950 1000
and Ni/HZSM-5, respectively. Ammonia conversions ap- Temperature (K)
proaching 100% were reached at 923 K when high Ni load- (@)
ings (65% Ni/SiQ/Al>,03) were employed (table 2). Time
on stream studies for Ni/SiCand Ni/SiQ/Al 03 indicated
constant activity at 723 K for a period of ca. 4 h. Since therg N
was no deviation in catalytic activity during the course oﬂ’z I Py
the reaction, it is surmised (as in previous studies [12]) th& o} . .
there is no formation of bulk nitrides under the conditionsﬁ I .
used in our investigation. Figure 1(b) shows Arrhenius plot’s.Q . .
for the various catalysts; the activation energies were calcg
lated from the slopes of the plots. The values for the activém i . N
tion energies £3) varied from 20 kcal/mol for Ni/HZSM-5 & | .
to 22 kcal/mol for Ni/SiQ/Al20s. These values are much @ I .
lower than values reported for Ni films (43 kcal/mol, [10]) @
and Ni wires (50 kcal/mol,[12]). Similar large differencesin™ 2|
Eavalues are also observed between supported Ru catalysts —t e
[9] and Ru films [10]. The metal—support interaction proba- 0.0011 00012 0.0013 0.0014 0.10015 0.0016  0.0017  0.0018
bly plays a decisive role in determining the apparexfor 1T (K)
the ammonia decomposition reaction in these cases. (b)

Figure 2(a) shows the hydrogen forma_\tlon rates for Sl_“lpi_gure 1. (a) Comparison of hydrogen formation rates (molecules/site s) as
ported Ir catalysts. Although the conversion on the alumingnction of temperature fom( Ni/HY, (M) Ni/SiO, and ) NifHZSM-5.
support was slightly higher, the catalytic activity on a TORb) Arrhenius plots for £) Ni/HY (H), Ni/SiO, (s) Ni/HZSM-5 and @)

L1 d

*

basis is higher for the silica support (taking into account the Ni/SiO2/Al203.
Table 2
Conversion and hydrogen formation rates for silica-containing catalysts.

Temp. 10% Ni/SiQ 65% Ni/SiG/Al203 10% Ir/Si0 10% Ru/SiQ

(K) Conv. Rate (H) Conv. Rate (H) Conv. Rate (H) Conv. Rate (H)
(%) (mmol/min gat) (%) (mmol/min gat) (%) (mmol/min gat) (%) (mmol/min gat)

673 14 0.44 35 11 39 12 143 45
723 42 13 9.3 29 81 26 364 114
773 105 33 217 6.8 182 57 64.0 200
823 216 6.8 487 152 304 95 - -
873 364 114 795 249 560 176 97 303
923 700 211 97.0 303 - - 99 309

973 - - - - 98 3 - -
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Figure 2. (a) Comparison of hydrogen formation rates (molecules/site s) . . .
as a function of temperature and (b) Arrhenius plots B [{/SiO, and Figure 3. (a) Comparison of hydrogen formation rates (molecules/site s)
(o) I/AI 303, as a function of temperature and (b) Arrhenius plots By Ru/SiO, and

() RU/Al>O3.
(ca. 20 kcal/mol) obtained from these studies are in excel-
lent agreement with the corresponding values obtained ¥alue for Ru/AbQOs is in good agreement with a recent ki-
the high surface area supported Ir catalysts in this work. PRetic study on an identical catalyst (21 kcal/mol) [9].
vious studies on Ir wires report values ranging from ca. 19 Figure 4 provides a comparison of catalytic activity
[8] to 31.2 kcal/mol [11]. It is noteworthy that Ir differs (TOF) for hydrogen production via ammonia decomposition
from Ni and Ru in that the appareBt, values are similar for over Ni, Ir and Ru supported on silica. Ru is clearly the most
Ir metal and supported Ir catalysts (unlike Ni and Ru whective catalyst for the process, whereas Ni is the least. The
the E, values are much lower for the supported catalysts).ammonia conversion (disregarding the metal dispersion) at
Similar to supported Ir catalysts the TOF values fovarious temperatures shows the same trend:>Ru > Ni
Ru/SiQ> are greater than that of Ru/fDz (figure 3(a)). for the same nominal metal loading (table 2); high loading
Even though the dispersion of Ru is greater on the alumifia wt% Ni/SiG/Al 203 is shown for comparison. Previous
support, a larger ammonia conversion was obtained for thtidies involving ammonia decomposition over wire cata-
silica support. The influence of the support for the catalytlysts have shown that Ir was far more active than Rh, Pd
decomposition of ammonia has also been observed in a prad Pt [11]. Also Ir wire [11] was found to be more active
vious study by Vannice and co-workers [9]; 1.6% Ru@¢ than Ni wire [12] for the ammonia decomposition process.
was found to have an order of magnitude greater TOF valilibis in good agreement with our high surface area supported
than 4.8% Ru/C. Interestingly thE, values (figure 3(b)), catalyst studies. All the catalysts studied showed stable con-
unlike the catalytic activity, are essentially the same for botrersions over several hours. It is known that no bulk ni-
Ru/Al,O3 and Ru/SiQ (19.0 and 19.5 kcal/mol). Th&, trides exist for Ru and Ir [29] and as such no decline in cat-
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