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Abstract

The stringent CQ-free hydrogen requirement for the current low temperature fuel cells has motivated the developmerfreE@@dro-
gen production alternatives to the conventional hydrogen production technologies. Recently, our group has investigated step-wise reforming
of hydrocarbons and catalytic decomposition of ammonia foy-86e production of hydrogen. These investigations have employed con-
ventional surface science techniques, model catalysts as well as high surface area supported metal catalysts. This paper presents an overvie
of the studies undertaken in our laboratory and highlights the important aspects of the proposed CO-free hydrogen production processes.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction 2. Conventional fuel processing for fuel cell
applications
Fuel cells represent an exciting technology for converting
fuel directly into electricity[1]. The intense interest in fuel Hydrogen is the most promising fuel for the low temper-

cell technology stems from the fact that fuel cells are envi- ature fuel cells, however, chemical processes are required to
ronmentally benign and extremely efficient. Fuel cells can process hydrogen-rich materials into hydrogen. Among the
be broadly classified into two types; high temperature fuel various fossil fuels, methane (the major constituent of natu-
cells such as molten carbonate fuel cells (MCFCs) and solid ral gas) has the largest H/C ratio making it the most promis-
oxide polymer fuel cells (SOFCs), which operate at temper- ing primary raw material for production of hydrogen. Steam
atures above 923K and low temperature fuel cells such asreforming of natural gas is a well-established process and
proton exchange membrane fuel cells (PEMSs), alkaline fuel currently the most widely utilized method for production of
cells (AFCs) and phosphoric acid fuel cells (PAFCs), which hydrogen[2]. This highly endothermic process involves the
operate at temperatures lower than 523 K. Because of theirreaction of steam with methane in the presence of a Ni-based
higher operating temperatures, MCFCs and SOFCs have acatalyst to obtain hydrogen and CO. High and low tempera-
high tolerance for commonly encountered impurities such ture water gas shift reactors are further employed to convert
as CO and CQ (CO,). However, the high temperatures the CO formed in the first step to GGnd additional hy-
also impose problems in their maintenance and operationdrogen. The small amounts of CO remaining after this are
and thus, increase the difficulty in their effective utilization removed (to less than 10 ppm) via a preferential oxidation
in vehicular and small-scale applications. Hence, a major reactor in which CO is selectively oxidized to @@ the
part of the research to-date has been directed towards lowpresence of hydrogen. Additionally, the g®as to be re-
temperature fuel cells. Unfortunately the low temperature moved if the hydrogen is to be used in an alkaline fuel cell.
fuel cells have a very low tolerance for impurities such High levels of CQ in the hydrogen stream are also known to
as CQ; PAFCs can tolerate up to 2% CO, PEMs only a be detrimental to the efficiency of PEMs. Other conventional
few ppm, whereas the AFCs have a stringent (ppm level) hydrogen production methods such as partial oxidation and
CO, tolerance limit. Thus, fuel processing to produce autothermal reforming also require similar circuitous proce-
impurity-free fuel for fuel cell applications is extremely dures for CQ removal. Such procedures make the process
crucial for wide-scale commercialization of fuel cells. extremely bulky and complex, and thereby prohibit the use
of existing hydrogen production technology for use in ve-
"+ Corresponding author. Tek:1-979-845-0214; fax+1-979-845-6822. hicular and small-scale fuel cell applications. It is therefore,
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with specific applications for the current fuel cells. In our hydrogen. This was accomplished by routing all of the
laboratory, we have recently investigated step-wise reform-  hydrogen flow to the FID through the methanizer. An
ing of hydrocarbon$3-5] and catalytic dehydrogenation of auxillary flow of carrier gas was employed to obtain the
ammonia[7,8] as alternatives to conventional methods of  optimum carrier/hydrogen ratio for maximum detector
hydrogen production. These studies have employed conven- sensitivity. Various amounts of CO were injected into
tional surface science techniques, model catalysts as well as the methanizer to check for 100% conversion of CO to
high surface area supported metal catalysts. methane. This process was repeated regularly to ensure
complete conversion of CO. The methanizer was peri-
odically regenerated (oxidation followed by reduction)

3. Experimental to insure quantitative conversion of CO to methane.
Regular regeneration/testing of the methanizer assured
3.1. Catalyst synthesis reproducible and complete conversion of CO to methane.

A similar CO detection procedure was employed in a con-
Most of the supported catalysts (10% Ni/SiOL0%  tinuos flow set-ug6]. For ammonia decomposition experi-
Ni/HY, 10% Ni/HZSM-5, 10% Ni/HY, 10% Ni/C, 10%  ments only the TCD was employed for product detectin
Ir/SiO2, 10% Ir/Al,O3, 10% Ru/SiQ and 10% Ru/AO3)
employed in this investigation were prepared by the conven-3 5 2 pylse mass analyzer (PMA)
tional wet impregnation method. A tOtal Of 88% Ni/ZiI’COhia Experiments on the pu|se mass ana'yzer redét]o,vere
was prepared by the co-precipitation method and the 65% carried out at Rupprecht and Patashnick Co. Inc. For these
Ni/SiO2/Al 203 catalyst was obtained from Aldrich. experiments, similar experimental conditions to those used
in our laboratory were employed.
3.2. Apparatus and analytical techniques
3.2.3. Bulb experiments
3.2.1. Set-up for pulse and continuos flow experiments Kinetics of ammonia decomposition on Ir(1 0 0) was per-
Fig. 1 shows the schematic of the set-up for the pulse formedinaUHV chamber contiguous with an elevated pres-
experiments. As mentioned earlier, detection of CO in ppm sure reactof9]. The ammonia decomposition experiments
levels is of paramount importance. In order to achieve this were performed in the elevated pressure reactor, whereas

the following analysis procedure was employed. the pre- and post-surface analysis was accomplished in the

UHV chamber by Auger electron spectrosco AES).
e The effluents from the reactor were first introduced in y Aug P Py ( )

the thermal conductivity detector (TCD) for detectlt_)n of 3.3, Surface characterization
hydrogen and methane; Ar was employed as a carrier gas.

e Analysis of CO was carried out by converting it into
methane in a methanizer prior to its introduction in a
flame ionization detector (FID). Essentially 100% con- 1. CO pulse experiment$he Ni surface area was measured
version efficiency (CO to methane) was achieved by by CO-pulse adsorption experiments carried out at room
operating the methanizer at 673 K with large amounts of  temperature assuming a CO/Ni ratio of 1.0.

3.3.1. Specific area measurements

0, +([GHMFCI—
Ar—GHMFC|
CH,~%G-HMFC|__,
H, »GHMFC| | V
G = Gas Filters
MFC = Mass Flow Controllers
R = Reactor Setup
CG =Carrier Gas
\"% = Vent
FID = Flame Ionization
Detector
TCD = Thermal Conductivity
Detector
SL. = Sample Loop

Fig. 1. Schematic of the pulse set-up to study the step-wise steam reforming process.
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Table 1 In the second step steam can be replaced by air, if desired.
Chemisorption data for the various metal supported catalysts This process can be carried out in a cyclic manner to produce
Catalyst Surface metal atoms per  Dispersion (%) clean hydrogen.
gram of catalyst Our initial studieq3,4] were performed in a pulse mode

88% Ni/Zro, 5.0 x 10'° 0.5 as such studies permit extremely accurate quantitative anal-
10% Ni/HY 4.2 % 101: 0.4 ysis of the products involved. Ni supported on zirconia was
1822 E:;ﬁ%MS 93'61i igg g'ﬁ employed in this pulse investigation as previous studies by
65% Ni/SiOy/Al,03 5.7 x 1079, 6.2 x 102 7:76' 8. Moore and Lunsford13] Qe_allng with the s'Fep 2 of the
10% Ir/Si0 1.0 x 1019 3. process had shown promising results on this catalyst. The
10% Ir/Al,O3 4.8 x 101° 15.4 studies indicated a rapid deactivation of the 88% Ni/Zirconia
10% Ru/SiQ 6.8 x 10'® 12 catalyst when methane was pulsed sequentially onto the
10% Ru/AROs 1.52 x 10% 2.8 catalyst at 648K without intermittent steam regeneration

aFrom CO chemisorption. (Fig. 2). However, the catalytic activity was maintained when

®From H, chemisorption. the process was performed in a step-wise manner and re-

peated in cyclesig. 3 shows 16 reaction cycles (step-l

step2) on 0.2g 88% Ni/Zirconia at 648 K. The amount of

methane reacted (step 1) is shown by data points below the

abscissa, whereas the gas phase carbon containing products

are denoted by data points above the abscissa. The amount
Measurements of Ni dispersion by both the methods were of surface carbon removed varied from 91 to 100% (of the

in excellent agreement with each other. The dispersion dataamount deposited in step 1) in the various cycles; 93% of the

2. Hydrogen chemisorption experimeritfiese experiments
were performed in a home-built sorption set-up and were
mainly used for determining the specific surface areas of
Ir and Ru.

for the catalysts are shown able 1 surface carbon could be removed on an average. The average
amount of hydrogen produced per mol of methane consumed

3.3.2. X-ray photoelectron spectroscopy (XPS) and in step 1 was 1.1 and the total amount of hydrogen produced

transmission electron microscopy (TEM) per mol of methane consumed including steps 1 and 2 was

XPS was performed in an ion-pumped (300 1/s) ultra-high 3.0. CO in step 1 was less than 20 ppm and was less than
vacuum chamber (UHV) chamber in our laboratory 0.5% in step 2. The effect of surface coverage was inves-
equipped with a PHI 25-270 AR double pass cylindri- tigated by maintaining a constant reaction temperature and
cal mirror analyzer[5]. Samples were mounted onto a varying the surface coverage of carbon. The surface coverage
1.0cm x 1.0cm x 1.0cm support using a double sided (monolayer equivalents, MLE) was estimated from the spe-
tape attached to a probe and introduced into UHV via a cific metal surface area, assuming 1 monolayer to correspond
turbo-pumped antechamber. The support was attached to 40 a C/Nkyrface ratio of 1.0. Increasing the carbon surface
probe that was differentially pumped using sliding seals.  coverage made it increasingly difficult to remove the surface

TEM micrographs were obtained using a high resolution carbon in step 2Kig. 4g. Similarly, an increase in tempera-
Jeol 2010 instrument at the Electron Microscopy Center, ture was found to have a detrimental effect on the removal of
Texas A&M University. carbon in step 2Kig. 4b). The effect of temperature and sur-

face coverage was attributed to the conversion of active to in-
3.3.3. Diffuse reflectance infrared spectroscopy (DRIFTS) active surface carbon species. TEM indicated the absence of

The DRIFTS experiments were performed with a filamentous carbon in these pulse experiments. Recent stud-
Perkin-Elmer Spectrum 2000 spectrometer equipped with ies by Aiello et al[14] and Choudhary et gl15] on Ni-based
an MCT detector and a DRIFTS (Harrick) cell used in a flow catalysts have shown that the step-wise reforming process
mode[5]. The sample was packed in a metal cup reactor can also be successfully performed in a continuos flow mode.
whose temperature could be varied from ambient to 873 K.  There exists the possibility of CO formati¢h6] during

methane decomposition due to reaction of the carbonaceous
) ) surface species with the hydroxyl groups. Since thermo-
4. Step-wise reforming of hydrocarbons dynamics favors CO formation at higher temperatures, it
becomes imperative to investigate CO formation under

Conventional hydrogen generation involves the conver- these conditions. In order to address this objective, we
sion of hydrocarbons to hydrogen in the presence of oxi- subsequently, focussed on the first step of the step-wise re-
dants (air, steam or oxygei}0-12] and hence results in  forming process, i.e. decomposition of meth#ie In these
co-production of CQ. Alternatively, formation of CQ can studies a large number of Ni-based catalysts were explored
be avoided by reforming the hydrocarbons in a step-wise to investigate the dependence of CO formation and nature
mannerf3]. The process can be represented as follows:  of surface carbon on the type of support employed. Inter-

estingly, the time on stream activity pattern for methane
CiH, — xC+0.5yH, (step) decomposition was found to vary with the support (shown
xC + 2xH20 — xCO + 2xHy  (step 3 in Fig. 5. While rapid deactivation was observed in case of
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Fig. 2. Deactivation profile of 0.2g 88% Ni/Zglon sequential pulsing of methane at 648 K.

carbon and HZSM-5 supports the Ni/SIONi/SiOz/Al 203 carbon Fig. 7). In case of filamentous carbon since the Ni
and Ni/HY catalysts showed methane decomposition activ- particle (active component) is present at the apex of the
ity for several hour$6]. TEM of the surface carbon species carbon filament, the catalyst can accumulate large amounts
helped in gaining insights into the observed phenomenon. of carbon. In fact, recent investigations have shown that car-
In case of Ni/HZSM-5, the surface carbon resulting from bon amounts greater than 200g'gcatalyst can be obtained
methane decomposition formed an encapsulating layerunder optimum conditions of filament formatigh7—19]
around Ni, which resulted in rapid deactivation of the cata- Itisinteresting to note that the Ni/HZSM-5 catalyst, which
lyst (Fig. 6). Whereas, Ni/Si@, Ni/SiO/Al,03 and Ni/HY showed rapid deactivation at 823K, showed much greater
catalysts showed formation of large amounts of filamentous stability at 723 K. Investigation of the surface carbon species
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Fig. 3. Sixteen reaction cycles (step-Istep2) on 0.2g 88% Ni/ZrQat 648 K.



T.V. Choudhary et al./Chemical Engineering Journal 93 (2003) 69-80 73

35
30
25

]
20 |
15
]

% MLE of C deposited (Step I)

10

70 75 80 85 90 95 100

(a) Avg. % of C removed (Step Il)
94
=
— 92_
o
[
2
2
°
@ 90
>
o
£
2
88
(6]
o
o
©
t
S 86
»
R
84 T . T T T . I ; . : I :
620 640 660 680 700 720 740
(b) Temperature (K)

Fig. 4. Effect of (a) surface coverage at 648K and (b) temperature at 13% MLE surface coverage on the carbon removal in step 2 on 88% Ni/ZrO

at 723K revealed the presence of filamentous carbon atalso showed the difference in the chemical environments
723 K; leading to longer life-time of the catalyst. for carbide islands in case of the channeled HZSM-5
Earlier studies have shown that XPS can be success-and HY supports and the open Si®Gupport, respectively
fully employed to distinguish the different forms of surface (Fig. 9).
carbon[20,21] In order to acquire further insights into Fig. 10shows the hydrogen formation rate and CO con-
the dependence of the surface carbon on the support andent for the various Ni-supported catalysts. The CO data
reaction temperature, we obtained XP spectra of variouswas characterized by a common trend for all catalysts;
spent catalyst samples. These studies revealed the presendggh initial rates that rapidly decreased with time and fi-
of two types of carbon species (carbidic and graphitic) at nally stabilized6]. The CO content in the hydrogen stream
low temperatures and only the graphitic from at high tem- was ca. 50, 100 and 250 ppm for Ni/SiONi/SiO2/Al,03
peratures (shown ifig. 8). This is in excellent agreement and Ni/HY, respectively after the CO formation rates had
with our previous studies on model Ni catalysts which stabilized. This support dependence on the CO formation
showed the transformation of carbidic species to graphitic was attributed to the difference in the amount/stability of
species at higher temperatuf@®]. The XPS investigation  the hydroxyl groups present on different supports. DRIFTS



74

T.V. Choudhary et al./Chemical Engineering Journal 93 (2003) 69-80

30 vyYv YV VYV vy OV VY vy
el T L Y
my = el 1 Ni/Si0,/Al,0,

25 Ni/SiO,

n
—~ A‘AAA
T 50- A,
5.’ o Aa L]
- A
A
= \ A, -
E 154 Ni/H-ZSM-5 A
= ) A A
~z [ ] Ni/HY AA "
I -
10 ° A, .
] A
0
A
s-v.\ A
. Ni/C .
0'_"'| T T 1 T T T 1
0 100 200 300 400 500 600 700 800 900 1000
Time (min.)

Fig. 5. Comparison of the time on stream activity of various Ni-based catalysts for methane decomposition at 823 K.

experimentg5] showed the presence of two types of hy- are responsible for the production of the low levels of CO
droxyl species on silica; isolated and hydrogen bonded in the first step of the cyclic step-wise reforming process.

(similar to a previous studj23]). After the pre-treatment of
the catalyst and subsequent heating to 823 K, although theincreasing temperature; consistent with the fact that CO

total hydroxyls were found to decrease a significant quan- formation is favored at higher temperatures. It is important
tity was retained. We contend that these hydroxyl speciesto note that the hydrogen formation rates also increase with

The rate of CO formation was found to increase with

Fig. 6. TEM image of the spent 10% Ni/HZSM-5 catalyst after methane decomposition at 973 K.
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Fig. 7. TEM image of (a) carbon filaments after methane decomposition at 823K on 10% Ni/HY and (b) single carbon filament.

increasing temperature. The CO content in the hydrogen Ni/SiO, catalyst. Additionally a decrease in the contact time
stream is hence, a complex function of temperature. Underof the reactant gases was found to diminish the rate of CO
the experimental conditions employed in our investigation, formation on Ni/SiQ. This effect of the contact time was
the CO content was found to be the least at 823 K on the especially significant in decreasing the initial CO formation

I ' I ' I v I v 1

Cis

Relative Intensity

295 290 285 280 275
Binding Energy, eV

Fig. 8. XP spectrum of carbon formed on the Ni/gi@fter methane
decomposition at 823 and 723 K.

rates[6].

Studies involving the regeneration cycled] on
Ni/HZSM-5 are shown irFig. 11 In this case, the methane
was (step 1) decomposed for 1 h, following which the cata-
lyst was regenerated using an oxidation—regeneration cycle
(step 2). The total catalytic activity was maintained through-
out the 12 cycles investigated. Subsequently, we investigated
the step-wise steam reforming process on Nif#D,03
at 823K on a PMA reactdg]. Fig. 12a shows the decrease
in the mass of the catalyst as a function of time during the
reduction pre-treatment of the catalyst. A single cycle of
the step-wise steam reforming process is showfign 1.

The rate of carbon formation was found to be higher than
that of carbon removal during the steam gasification step
at 823 K.

5. Catalytic dehydrogenation of ammonia

The other approach for producing clean hydrogen involves
the use of a feed-stock that is not carbon based. Catalytic de-
hydrogenation of ammonia is a mildy endothermic process,
which results in production of CGfree hydrogen; nitrogen,
the only co-product is essentially benign for the fuel cells.
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Fig. 9. XP spectrum obtained in the C1s region after methane decomposition on Ni supported on HZSM-5, HY saatl 728K.

Transportation and storage of hydrogen is a complex issue.Ammonia can also be used as a source of hydrogen for acid
On the other hand, ammonia can be stored/transported aguel cells, if the un-reacted ammonia is stripped prior to its
a liquid at room temperature and 8 bar pressure. Although entry into the fuel cell.

steam reforming of methanol is touted as the best hydro- There are a plethora of articles in literat{26—28] which

gen source for fuel cells, economic evaluation has shown deal with the interaction of ammonia with metal surfaces.
that ammonia may be a better alternative for AF2425] However, most of these studies have been undertaken to ac-
Also, since the primary feed-stock for producing ammonia quire an in-depth understanding of the commercially impor-
and methanol is the same, the two have comparable pricegant ammonia synthesis project. Previous studies on metal
on a BTU basis. Bulk ammonia is prepared at 99.5% impu- wires indicated that Ir was more active for ammonia de-
rity (impurity is water, which is harmless to the fuel cell). In  composition than Pd, Pt, Rh and [29,30] This motivated
contrast the higher alcohol impurities present in commercial us to investigate the kinetics of the ammonia decomposition
methanol can lead to poisoning of the fuel cell electrodes. process on Ir single crystal8]. Since there is an increase
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in the number of molecules in the decomposition process,
the decomposition kinetics on Ir(100) could be measured
by following the pressure change as a function of time in
the static reactoiig. 13 shows the decomposition of am-
monia as a function of time with initial pressures of 1 Torr
at reaction temperatures ranging from 698 to 798K. The
initial decomposition rates were obtained from the slopes
of the initial linear portions of the plots. The slope of the
arrhenius plot for the data gave an activation energy of ca.
20 kcal/mol. The literature activation energy values for am-
monia decomposition on Ir wires vary from 1931] (in
excellent agreement with our values) to 31.2 kcal/fi28I.
Investigation of partial pressure dependence of hydrogen
and ammonia on the ammonia decomposition reaction gave
orders of 0.9 and-0.7 for ammonia and hydrogen, re-
spectively Fig. 14). Temperature programmed desorption
(TPD) experiments involving the co-adsorption of ammonia
and hydrogen showed that the desorption temperature of ni-
trogen (formed from ammonia decomposition on Ir(1 0 0))
increased in the presence of co-adsorbed hydrdgéh
Moreover ammonia and hydrogen were found to compete
for the same sites on Ir(100) thus, explaining the neg-
ative order of hydrogen on the ammonia decomposition
reaction.

Since there were no studies available in literature, which
systematically catalogued catalytic dehydrogenation of am-
monia on various supported metals for hydrogen production
we investigated the dehydrogenation of ammonia on Ir, Ni
and Ru-based catalygtg]. Ammonia decomposition activ-
ity per site was found to decrease in the order=Rlr > Ni
(Fig. 15. The ammonia conversions (disregarding the metal-
lic dispersion) also showed the same trend. Conversions

H —1
Fig. 12. (a) Catalyst mass change during pretreatment and (b) carbonapproaCh'ng 100% (GH%%monia = 3010(_)0 cni (g h) )
uptake and removal during the decomposition and steam gasification atwere obtained at 900 and 973 K for Ru/Si@nd Ir/Al,O3,

823K on Ni/ALO3/SiO;.

respectively. Hydrogen production activity for Ni-supported
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Fig. 13. Conversion of ammonia on Ir(100) as a function of time at different reaction temperatures;) R{NHorr.

catalysts though lower was not significantly different making was found to be least on Ni/HZSM-5 despite the fact that it
it suitable from an economic standpoint. Interestingly, the had the highest dispersion. In case of Ru and Ir catalysts,
supports exerted a profound influence on the ammonia de-the dehydrogenation activity per site was found to be greater
composition acitivity Fig. 16). The conversion of ammonia on silica as opposed to alumina. Similarly, Bradford et al.
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Fig. 14. Specific ammonia decomposition rates as a function of ammilliaugd hydrogen @) partial pressures in logarithmic form®;= 773 K.
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[33] had observed that the catalytic activity per site for 1.6% thoroughly investigate the role of promoters, supports etc.

Ru/Al,O3 was much greater than for 4.8% Ru@k. in the catalytic ammonia dehydrogenation process. Related
The activation energy for the ammonia decomposition studies are currently being undertaken.

process varied from 17 to 22 kcal/mol depending on the cat-

alyst employed. It should be noted that the activation energy

values obtained for Ir(1 0 0) was in excellent agreement with 6. Concluding remarks

the high surface area Ir supported catalysts.
Recently, it has been shown that addition of potassium The wide-scale commercialization of fuel cells will only

results in a tremendous enhancement in the rate of ammoniegbe possible if CQ-free hydrogen producing technologies are
dehydrogenation34]. Thus, it is of utmost importance to  developed. Preliminary work involving step-wise reforming
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of hydrocarbons and catalytic dehydrogenation of ammo- [3] T.V. Choudhary, D.W. Goodman, Catal. Lett. 59 (1999) 93.
nia has shown the potential of these processes for clean [4] T.V. Choudhary, D.W. Goodman, J. Catal. 192 (2000) 316.

hydrogen production for fuel cell applications. However,

these processes are still in their infancy and a large amount

of work will have to be undertaken prior to their com-
mercial application. In the past Universal Oil Products had
devised a process (Hyptd process)[35], in which the

step-wise reforming process was carried out in a fluidize

bed reactor-regenerator. The steam reforming process had

an economic edge over the HypM process for production

of large-scale hydrogen (for methanol and ammonia synthe-

sis) and hence the Hyptd process was discontinued. In
the current context of fuel cells (small-scale applications), it

is wise to reconsider such a process. Instead of employing
air, steam or a combination of steam/air could be used for

regeneration.

The following topics should be considered for step-wise
reforming and catalytic ammonia dehydrogenation pro-
cesses.

1. Robust and economical catalysts.

2. Effects of promoters, poisons on the proposed processes

Thermodynamic calculations indicate equilibrium conver-

sions approaching 100% for ammonia dehydrogenation at

723 K. Therefore, it is extremely important to invest efforts
in developing catalysts which would approach high conver-
sions at low temperatures.
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