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Abstract

This paper describes the development of a structured aluminum-anodized alumina microreactor that exhibits high catalytic activity for
the decomposition of anhydrous ammonia to nitrogen and hydrogen at moderate temperatures. Modifications such as adjustments to the
geometry of the microreactor features, surface area enhancement of the anodized catalyst support, choice of Ru precursor, and application
of a catalyst promoter are each shown to affect the reactor performance to varying degrees. The reactor converts 99% of ammonia at 600◦C
into the equivalent of 60 W of hydrogen. These numbers are sufficient for to merit serious consideration for use in practical applications,
particularly in mobile devices fueled by hydrogen where monolithic structures are advantageous.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, there has been a sharp increase in the study
of chemical reactors far smaller than those commonly used in
industry today[1–3]. The promise of meso- and microreac-
tors rests upon the many possible advantages that small scale
reactors possess compared to their larger, conventional coun-
terparts. These advantages include improved heat and mass
transfer due to smaller characteristic lengths, improved re-
action efficiency due to higher surface-to-volume ratios, and
ease of use in portable applications due to reduced volume.
Recent interest in powering fuel cells for small, portable
electronic devices[4–6] has provided particular impetus for
research on microreactors for the production of hydrogen.
The catalytic decomposition of ammonia is widely viewed
as an attractive source of hydrogen for fuel cells[7–10].
Ammonia is readily available, has a high energy content, ex-
hibits a narrow explosion limit, and decomposes relatively
easily with no need for added steam or oxygen. These advan-
tages make ammonia particularly suited for portable power
applications. The best catalysts for this reaction are generally
metals such as Ru or Ni supported on oxides such as alumina.
Unfortunately, conventional catalyst particles loaded into a
microreactor suffer from problems with excessive pressure
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drop, mechanical attrition, and poor heat transfer. To cir-
cumvent these problems, we have developed a microreactor
configuration based on an aluminum body. The aluminum
oxide catalyst support is formed by anodization of the reac-
tor interior. Suitable machining of the reactor interior prior to
anodization reduces pressure drop, and the intimate contact
between the oxide layer and reactor body mitigates prob-
lems with mechanical attrition and heat transfer. Previously,
we have demonstrated the operation of such a microreactor
for ammonia decomposition to produce hydrogen[7,11].

One disadvantage of this design, however, stems from the
low melting point (661◦C) of the aluminum body. Oper-
ation is definitely limited to below 650◦C, and reliability
considerations suggest operation significantly lower than
that – probably no more than 600◦C. For many portable ap-
plications, the microreactor must be capable of producing
the hydrogen equivalent of roughly 20 W of electrical power,
and the reactor volume must remain below about 0.5 cm3 in
order to avoid unacceptably large overall device sizes. To use
the ammonia reactant efficiently and to avoid having to cap-
ture large amounts of unreacted ammonia out of the exhaust,
such reactors must be capable of high conversions of ammo-
nia >99%. The previous reactor reported by this group had a
volume near 0.3 cm3, but produced hydrogen equivalent to
only 13 W of power with a conversion of just 85% at 650◦C.
Although these numbers were encouraging, they clearly did
not meet the requirements for a practical microreactor.
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The present study examines the effects of several poten-
tial improvements to the reactor configuration and fabrica-
tion, including changing the geometry to a channel structure,
reducing key reactor dimensions, and employing different
catalyst preparation procedures. The results show that each
change produces only modest improvements in reactor con-
version. However, in aggregate, the changes permit the pro-
duction of hydrogen equivalent to 60 W with an ammonia
conversion of 99% at 600◦C—all in a volume of 0.35 cm3.
This result satisfies the performance requirements of practi-
cal reactors much more closely.

2. Experimental

2.1. Reactor fabrication

Aluminum microreactors were constructed from rolled
bar stock of 1100 aluminum (>99% Al). Electrical discharge
machining (EDM) was employed to cut 3 mm deep grooves
into the substrate to form either an array of square posts
(Fig. 1) or a series of parallel channels (Fig. 2). The post
reactor was 9.2 mm wide, 9.2 mm long, and 4 mm thick.
Each post was 300�m wide, and the distance between posts
was 260�m. Channel reactors were 9.2 mm wide, 12.6 mm
long, and 4 mm thick. Fourteen parallel channels stretched
along the reactor length. Two types of channel reactors were
constructed. The “standard” design incorporated channels

Fig. 1. Photograph of a post reactor beside a US penny.

Fig. 2. Photograph of a standard channel reactor beside a US penny.

that were 260�m wide, separated by walls 175�m thick.
In the “reduced-width” design, each channel was 140�m
wide, with walls 300�m thick.

The reactors were degreased in acetone, and then anodized
at 30 V for 30 min in a 0.6 M oxalic acid solution maintained
at 18◦C. The thin anodic film was then removed by immer-
sion in a 1.5 wt.% chromic acid and 6 wt.% phosphoric acid
solution at 60◦C for 15 min. Removal of this first anodic film
allowed a second, thicker film to be grown on a surface free
of the defects and scratches characteristic of the starting ma-
terial. The reactors were re-anodized for 16 h and dried in a
convection oven at 150◦C for 4 h. One of the standard chan-
nel reactors was also treated one or more times in the follow-
ing manner: immersion in deionized water at 100◦C for 1 h,
drying in a convection oven at 150◦C for 30 min, and then
dehydration at 550◦C in a tube furnace under air for 16 h.

The total surface area of each reactor was determined us-
ing single-point BET with a commercial unit (Micromeritics
ChemiSorb 2705), with nitrogen physisorption at 77 K. The
total pore volume was estimated by the weighing the reac-
tor before and after immersion in deionized water at room
temperature.

2.2. Reactor catalyzation and testing

Ruthenium catalyst was deposited onto the anodized reac-
tors by wet impregnation with either 0.66 M RuCl3 in 75%
acetone/25% water or 0.11 M ruthenium(III) acetylacetonate
in 2,4-pentanedione. The reactors were dried in a convection
oven at 150◦C for 1 h and calcined in a tube furnace under
air for 4 h at 550◦C. In order to achieve a similar weight of
ruthenium catalyst (∼3.5 wt.%) from both solutions, the re-
actor using ruthenium(III) acetylacetonate was impregnated,
dried, and calcined six times. Following calcination, one re-
actor impregnated with RuCl3 was dipped into an aqueous
0.39 M solution of KNO3 to achieve a potassium loading
of ∼0.8 wt.% on the alumina. Prior to testing, the reactors
were reduced in hydrogen at 550◦C for 2 h. Active metal
dispersion for each reactor was calculated using pulsed CO
adsorption at room temperature in a commercial unit (Mi-
cromeritics ChemiSorb 2705).

Catalyst reactivity was measured in a quartz tube heated
by a temperature-controlled tube furnace. A few alumina
pellets placed upstream of the reactor housing served as
a reactant preheater. Concentrations in the product stream
were monitored by passing all reactor effluent through an
on-line thermal conductivity detector. The detector was
calibrated by passing known mixtures of ammonia, hy-
drogen, and nitrogen through the reactor bypass. Control
experiments throughout the temperature range of interest
showed that the reactor housing induced no conversion in
the absence of catalyst.

The reactant stream of technical grade (99.99%) anhy-
drous ammonia was controlled with a calibrated mass flow
meter. All experiments were carried out at atmospheric
pressure.
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Table 1
Microreactor characteristics

Reactor designation

A B C D E F G

Reactor type Channel Post Channel Channel Channel Channel Channel
Post gap or channel width (�m) 260 260 140 260 260 260 140
Hydrothermal–thermal treatment N N N Y N N Y
Catalyst precursor RuCl3 RuCl3 RuCl3 RuCl3 Ru(acac) RuCl3 RuCl3
Potassium promoter N N N N N Y Y
Reactor surface area (m2) 2.50 1.72 2.40 26.11 2.54 2.44 26.07
Ru catalyst dispersion (%) 15 16 14 25 4 15 28
Temperature for 95% conversion of

145 sccm NH3 feed (◦C)
625a 658b 595a 602a 735c 593a 554a

Conversion of 145 sccm NH3 feed at 525◦C 0.68 0.51 0.75 0.72 0.15 0.78 0.88

a Interpolated using experimental data.
b Extrapolated using experimental data.
c Extrapolated using experimental data, value is greater than the melting point of aluminum.

3. Results and discussion

Table 1summarizes the characteristics of each of the seven
reactors studied. Reactor A represented the base case: a stan-
dard channel reactor impregnated with RuCl3, no potassium
promoter, and no hydrothermal–thermal treatment of the ox-
ide.

3.1. Feature geometry: post vs. channel reactors

Earlier work[7,11,12]with the post configuration ofFig. 1
uncovered two significant problems. First, the anodic oxide
tended to delaminate from sharp features such as the edges
of square posts[7,11]. Thicker oxides, which offer greater
total surface areas, worsened the delamination. Second, a
computational study of this reactor type[12] showed sig-
nificant undesirable backmixing under slow ammonia flow
conditions that reduced reactant conversion because of the
first-order kinetics. By eliminating square posts, the stan-
dard channel configuration seeks to reduce the number of
sharp features as well as the degree of backmixing.

Reactors A (channels) and B (posts) inTable 1 were
designed to have similar ratios of surface area to interior
volume, as well a similar dispersions of the Ru catalyst
(15%). Reactor A had a support surface area of 2.50 m2 in
a volume of 0.35 cm3, leading to a surface-to-volume ra-
tio of 7.1 m2/cm3. Reactor B had a support surface area
of 1.72 m2 in a volume of 0.25 cm3, for a nearly identi-
cal surface-to-volume ratio of 6.9 m2/cm3. The thick oxides
formed on these structures exhibited limited film cracking
at sharp features in a similar fashion to those studied pre-
viously [7,11], but this cracking occurred only at the ends
of the channel reactor, compared to each of the corners of
every square post in the post reactor.

Fig. 3 shows the fractional conversion of a 145 sccm
anhydrous ammonia feed to reactors A and B at vari-
ous reactor temperatures. The reactors exhibited similar

ammonia conversions at low and high temperatures (where
conversions are near zero and unity, respectively). However,
at 525◦C, the channel reactor yielded significantly greater
conversions: roughly 0.68 versus 0.51 for the post reactor.
Thus, a basic premise of the channel design was confirmed:
that reduced backmixing would increase conversion.

3.2. Feature geometry: reduction in channel width

The heat and mass transfer benefits gained by reducing
the characteristic dimensions of heterogeneous microreac-
tors are well known[13,14]. In particular, smaller diffusion
distances in the gas phase promote decreased diffusion re-
sistances for reactions that are not completely controlled by
surface kinetics on the catalyst. Such kinetics have not been
completely worked out for ammonia decomposition on Ru,
however. To test whether diffusion resistances play a role,
reactor C was constructed in a channel configuration, with
the channel width nearly half that of the standard channel
reactor.

Reactors A and C inTable 1were designed to have simi-
lar ratios of surface area to interior volume, as well a similar
dispersions of the Ru catalyst (15%). Reactor A had a sup-
port surface area of 2.50 m2 in a volume of 0.35 cm3, leading
to a surface-to-volume ratio of 7.1 m2/cm3. Reactor C had a
support surface area of 2.40 m2 in a volume of 0.35 cm3, for
a nearly identical surface-to-volume ratio of 6.9 m2/cm3.

Fig. 4 shows the fractional conversion of a 145 sccm an-
hydrous ammonia feed to reactors A and C at various reactor
temperatures. The reactors exhibited similar ammonia con-
versions at low and high temperatures (where conversions
are near zero and unity), respectively. However, at 525◦C,
the reactor with smaller channels yielded slightly greater
conversions: roughly 0.75 versus 0.68 for the standard re-
actor. Thus, it appears that diffusion resistances do indeed
play a role in this reaction, and can be mitigated by smaller
reactor dimensions.
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Fig. 3. Fractional conversion of 145 sccm anhydrous ammonia over Ru-catalyzed microreactors of (�) 260�m channel width and (�) 260�m post-gap
configurations at various temperatures.

3.3. Catalyst support: hydrothermal–thermal treatment of
oxide film

Alumina may be treated with steam or boiling water to
produce a hydrated alumina hydroxide[15–18]. Importantly
for the present work, these hydrated alumina hydroxides
may be converted upon dehydration to the high-surface
area�- or �-alumina phases under the proper conditions
[19], allowing significant increases in the specific and total

Fig. 4. Fractional conversion of 145 sccm anhydrous ammonia over Ru-catalyzed microreactors of (�) 260�m channel width and (�) 140�m channel
width at various temperatures.

oxide surface areas[20]. To test whether such a treatment
of the porous alumina films used in this study could en-
hance reactor performance, reactor D was subjected to a
single hydrothermal–thermal treatment as described in the
experimental section.Reactors A and D inTable 1 were
prepared as standard channel reactors with identical vol-
umes and channel dimensions. Reactor A had a support
surface area of 2.50 m2 in a volume of 0.35 cm3, leading to
a surface-to-volume ratio of 7.1 m2/cm3. Reactor D had a
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Fig. 5. Fractional conversion of 145 sccm anhydrous ammonia over 260�m channel width, Ru-catalyzed microreactors with (�) no hydrothermal–thermal
surface treatment and (�) a single hydrothermal–thermal surface treatment.

support surface area of 26.11 m2 in a volume of 0.35 cm3,
for a much higher surface-to-volume ratio of 75 m2/cm3.
Reactor D also had an increased dispersion of the Ru
catalyst (25% vs. 15% for reactor A).

Fig. 5 shows the fractional conversion of a 145 sccm
anhydrous ammonia feed to reactors A and D at various
reactor temperatures. At 525◦C, the reactor with hydrother-
mal–thermally treated support yielded slightly greater con-
versions: roughly 0.72 versus 0.68 for the standard reactor.
Thus, it appears that the larger support surface area and
increased catalyst dispersion due to hydrothermal–thermal
treatment may enhance reactor performance.

3.4. Catalyst precursor: organometallic vs. metal halide

Homogeneous and supported ruthenium catalysts are of-
ten prepared from both organometallic precursors[21–23]
and aqueous or organic solvent solutions of RuCl3 [24,25].
Generally, solutions of much higher Ru concentration
can be made using a RuCl3 precursor, but the resulting
residual surface chlorides can be poisons for some het-
erogeneous catalytic reactions[23]. To test the effect of
the precursor used in the catalyzation of the microre-
actor, reactor E was constructed as a standard channel
reactor catalyzed with ruthenium(III) acetylacetonate for
comparison with reactor A; which was catalyzed with
RuCl3.

Reactors A and E inTable 1were prepared as standard
channel reactors with identical volumes, surface oxide,
and channel dimensions. Reactor A had a support sur-
face area of 2.50 m2 in a volume of 0.35 cm3, leading to
a surface-to-volume ratio of 7.1 m2/cm3. Reactor E had a

support surface area of 2.54 m2 in a volume of 0.35 cm3, for
a nearly identical surface-to-volume ratio of 7.3 m2/cm3.
Reactor E had a much lower dispersion of the Ru catalyst
(4% versus 15% for reactor A).

Fig. 6 shows the fractional conversion of a 145 sccm an-
hydrous ammonia feed to reactors A and E at various reactor
temperatures. The conversion of the reactor impregnated
with RuCl3 precursor was far higher than that of the reactor
made using ruthenium(III) acetylacetonate at all tempera-
tures considered. At 525◦C, the RuCl3-catalyzed reactor
yielded a much higher conversion: roughly 0.68 versus 0.15
for the reactor made using ruthenium(III) acetylacetonate.
The higher metal dispersion achieved with a RuCl3 precur-
sor produced a reactor that was far superior to one catalyzed
with the organometallic precursor ruthenium(III) acetylacet-
onate, even with an equivalent catalyst loading (∼3.5 wt.%).

3.5. Catalyst modification: potassium promoter

Alkali and alkaline earth catalyst promoters are important
in the production of Fe-and Ru-based ammonia synthesis
catalysts[26–30]. In particular, potassium in the form of
potash (K2O) has shown a strong promotion effect in these
catalysts by increasing the reaction rate in the appropri-
ate pressure and temperature regimes for both ammonia
formation and decomposition. For Ru catalysts, addition
of potassium causes no significant increase in dispersion
regardless of the support used[30–33]. The catalytic rate
improvement is attributed largely to electronic promotion.
To test the utility of potassium promotion, reactor F was
constructed as a standard channel reactor catalyzed with
3.5 wt.% Ru and promoted with 0.8 wt.% K from KNO3.
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Fig. 6. Fractional conversion of 145 sccm anhydrous ammonia over 260�m channel width, Ru-catalyzed microreactors made using (�) RuCl3 precursor
and (�) ruthenium(III) acetylacetonate precursor, for a total Ru loading of∼3.5 wt.% in each case.

Reactors A and F inTable 1were prepared with iden-
tical volumes, surface oxide, and channel dimensions.
Reactor A had a support surface area of 2.50 m2 in a
volume of 0.35 cm3, leading to a surface-to-volume ratio
of 7.1 m2/cm3. Reactor F had a support surface area of
2.44 m2 in a volume of 0.35 cm3, for a nearly identical
surface-to-volume ratio of 7.0 m2/cm3. Reactor F had the
same dispersion of Ru (15%) as reactor A.

Fig. 7. Fractional conversion of 145 sccm anhydrous ammonia over 260�m channel width, Ru-catalyzed microreactors made with (�) potassium promoted
Ru catalyst or (�) unpromoted Ru.

Fig. 7 shows the fractional conversion of a 145 sccm an-
hydrous ammonia feed to reactors A and F at various reactor
temperatures. The reactor with potassium promoter yielded
greater conversions at 525◦C: roughly 0.78 versus 0.68 for
the non-promoted reactor. This increased activity suggests
that the addition of a potassium promoter has a positive ef-
fect on reactor behavior, despite the lack of change in cata-
lyst dispersion.
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Fig. 8. Fractional conversion of 145 sccm anhydrous ammonia over channel reactors prepared using RuCl3 with (�) 260�m channel width, no
hydrothermal–thermal treatment, unpromoted Ru catalyst and (�) 140�m channel width, hydrothermal–thermally treated, promoted Ru catalyst.

3.6. Aggregate improvements

The previous sections have examined the impact of var-
ious reactor modifications individually; including reactor
geometry, catalyst support treatment, catalyzation precursor
selection, and catalyst promotion. Here, we compare the
characteristics and performance of a microreactor enhanced
with all of these modifications applied simultaneously (re-
actor G), with the standard channel reactor (reactor A).

Reactor G was a potassium promoted, support treated,
reduced channel-width microreactor with a support surface
area of 26.07 m2 in a reactor volume of 0.35 cm3, or a
surface-to-volume ratio of 74 m2/cm3. Reactor A, which was
had no potassium promoter, no support treatment, and a stan-
dard channel width occupied a reactor volume of 0.35 cm3

with a support surface area of 2.50 m2 for a much lower sur-
face area to volume quotient of 7.1 m2/cm3. Reactor G had
a higher dispersion of the Ru catalyst (28% versus 15% for
reactor A).

Fig. 8 shows the fractional conversion of a 145 sccm an-
hydrous ammonia feed to reactors A and G at various reactor
temperatures. At 525◦C, the summarily improved reactor
yielded a higher conversion: 0.88 versus 0.68 for the standard
channel reactor. Not surprisingly, reactor G outperformed all
other reactor configurations tested in the present study. At
600◦C and a 145 sccm ammonia feed, reactor G achieved
a conversion of about 0.99 and produces over 200 sccm, or
about 60 W, of hydrogen.

Reactor G converted 99% of a 145 sccm ammonia feed
at a reactor temperature of 650◦C. This represents an enor-
mous improvement compared to the results of our first gen-
eration microreactor study[7,11], in which an anodized post

reactor with ruthenium(III) acetylacetonate-derived catalyst
converted only 42% of the ammonia feed at the same feed
rate and temperature.

4. Conclusions

The results presented here demonstrated significant im-
provements in a structured aluminum-anodized alumina
microreactor for ammonia decomposition. Modifications
such as adjustments to the geometry of the microreactor
features, surface area enhancement of the anodized cata-
lyst support, choice of Ru precursor, and application of a
catalyst promoter were each shown to affect the reactor
performance to varying degrees. In aggregate, the changes
permit the production of hydrogen equivalent to 60 W
with an ammonia conversion of 99% at 600◦C—all in a
volume of 0.35 cm3. This performance exceeds the speci-
fications for practical use laid out in the Introduction. Of
course, a reactor operating in the real world forms part
of a system that requires a compact heating source and
must meet other performance and reliability criteria not
discussed in this paper. However, it is now safe to say
that microreactors for practical hydrogen production in
significant applications have progressed to the point where
the reactors considered in isolation can satisfy several of
the most fundamental criteria needed for useful opera-
tion.

Furthermore, the methods described in this study do not
exhaust all the possibilities for further improvements. Mov-
ing to a construction material with a higher melting tem-
perature than aluminum would permit operation at higher
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temperatures and yield faster rates. However, the relative
simplicity of creating a robust catalyst support by anodiza-
tion would be lost. Improvements may be possible even with
aluminum construction, however. For example, many com-
mercial catalysts are doubly or even triply promoted. While
the potassium ion obviously enhances the rate, further pro-
motion may be possible with the addition of other electronic
promoters such as Ca, Cs, or Mg; all of which are common
in ammonia synthesis catalysts. To our knowledge, Ru is
the most effective catalyst for ammonia decomposition. It
is conceivable, however, that bimetallic combinations of
various transition metal catalysts may exceed the activity
of Ru, as has been observed with CoMo nitride bimetallic
catalysts in ammonia synthesis with respect to Fe and Ru
[34,35].
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