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Abstract

The effects of active component (Ru, Rh, Pt, Pd, Ni, Fe) and support (CNTs, AOz3AMgO, ZrO,, TiO») on the catalysis of ammonia
decomposition were studied for the generation of@@e hydrogen. It was shown that the Ruatgst using CNTs as support exhibits the
highest conversion of Nkl The performance can be further improved by modifying CNTs with KOH. According to the results of XRD,
TEM, and chemisorption (CO andjHas adsorbates) investigations, Ru dispersion is the highest on CNTs. In the range of 2-5 nm, the
particle size of Ru on CNTSs is the smallest among the supported Ru catalysts; the Ru particles on the metal oxides are in the 3—16 nm rang
It seems that larger Ru particles are more active fogMElcomposition in terms of TOF. Further investigation on the relationship between
support basicity and catalytic activity disclosed that a support material of strong basicity is essential for high catalytic performance. In the
N>-TPD studies of supported Ru catalysts, desorption was promoted over catalysts of strong basicity, suggestirdewaptbn is the
rate-determining step in ammonia decomposition. These results implied that it is possible to develop a highly efficient Ru catalyst for NH
decomposition by using eleoin-conductive materialsf gtrong basicity as support.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction level by means of a suitable adsorber [1]. It has been pointed
out that it is more economical to generatg ¥a NH3 de-
The concern for environmental protection has risen dra- composition than via methanol reforming [7,8]. Tradition-
matically over the past two decades. In order to eliminate ally, research conducted on the catalytic decomposition of
pollution that arises from automobile exhaust and small- NH3 is mainly devoted to the understanding of the catal-
scale power units, on-site hydrogen generation for proton- ysis of NH; synthesis and/or NfHabatement [9-17]. The
exchange membrane fuel cells (PEMFC) is a topic of current reaction was usually conducted under diluted conditions for
interest [1]. The option of producing hydrogen directly from mechanistic studies. Recentynumber of papers have been
carbonaceous substances (e.g., methanol, methane) has ifsublished and patents filed fortgeneration from ammonia
limitation because the by-product GQQx = 1, 2), evenatex- ~ [18-23]. However, a reaction temperature higher than 873 K
tremely low concentrations, degrades the cell performancewas required for satisfactory activity over these catalysts.
[2-6]. The use of ammonia (N§)l as a hydrogen provider Based on thermodynamic data at 298 K [24], the follow-
appears to be attractive because it produces ng, @ad ing equation can be adoptedrfthe calculation of equilib-
the unconverted Nkican be reduced to less than 200 ppb rium conversion in NH decomposition at normal pressure
(1.01325x% 10° Pa):
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Table 1
Equilibrium conversion of NH at different temperatures and 1 &m

Temperature (K) 523 573 623 643 673 693 723 743 773
Conversion (%)  89.21 9569 98.12 98.61 99.11 99.31 99.53 99.63 99.74

2 NH3(g) = %Nz 9 + %Hz(g), ArHOm(NH3(g), 298.15 K) = —46.19 k¥mol,
ArG%m(NH3(g), 298.15 K)= —16.63 kJ/mol, ACp = 25.46— 0.0183F + 205000 2.

whereT andX are reaction temperature (K) and equilibrium 2.2. Catalyst preparation
NH3 conversion (%), respectively. Listed in Table 1 are the
related data; one can see that at 673 K, the equilibrium con-  All the catalysts were prepared by wetness incipient im-
version is 99.1%. Above 673 K, the conversion becomes lesspregnation with acetone as seh, followed by drying at
dependent on temperature. In the viewpoint of thermody- 328 K for 5 h and calcination at 823 K for 2 h in Ar
namics, it is possible to develop active catalysts for complete flow. The precursors of the active metals wegdkCls-H20,
NH3 decomposition at around 673 K. PdCb, RuCk - xH20, RhCE - xH20, Ni(NOs)2 - 6H,0, and
In a recent communication, we reported that the use of Fe(NG)3-9H,O (analytic grade), reectively, and were
multiwall carbon nanotubes (CNTSs) as support for Ru re- purchased from Aldrich Chemical Company, Ltd. The de-
sulted in a highly active Ru/CNTSs catalyst for Nidecom- sired loadings of the active components in the catalysts were
position [25]. In order to understand the roles of the support 4.95 x 10~% mol per g catalyst. The KRu atomic ratios in
and to investigate further éhcatalysis for complete Ng-He- the RUK/CNTs and RuK/Zr@BD catalysts were 1.
composition, we conducted a systematic investigation on the
effects of active metals (Ru, Rh, Pt, Pd, Ni, Fe) on the re- 2.3. Catalytic testing
action with CNTs being the support material. Then CNTs
was compared with a number of other materials@, ac- Catalytic testing was carried out on a continuous flow
tivated carbon (AC), MgO, Ti@ ZrO,, and ZrQ-BD) as quartz reactor (catalys100 mg, 60-80 mesh or 180-
a support for Ru catalyst. To understand the effect of sur- 200 mesh) under pure ammonia atmosphere {NHi-
face basicity on the catalysis, we modified neutral CNTs and rity, 99.99%; flow rate, 50 niimin; GHSWn, = 30,000
acidic Zr&-BD with KOH for comparison purposes. ml/(h gcar); another flow rate, 250 mimin; GHSWH, =
150,000 m}(hgeay)]. Prior to the reaction, the metal (Ru,
Rh, Pt, Pd) catalyst was reduced in situ in a 25%Ad
2 Methods flow at 773 K for 2 h and then purged with pure argon. The
reaction temperature was in the range of 623-873 K. The
reduction temperature for Ni and Fe catalysts was 973 K.
Product analysis was performed on an on-line GC-8A gas
chromatograph (Shimadzu) equipped with a thermal con-
The employed CNTs (i.d. 3-10 nm, OD 6-20 nm, ductivity detector and a Poropak Q column, using Ar as
ratio of length to diameter 100-1000, specific surface carrier gas. We found that ammonia conversion observed
area 224 rfi/g) were prepared by the CVD method using in a blank reactor or over the supports was less than 0.2% at
Fe/AlL,O3 as catalyst [26]. The surface area of the commer- 773 K.
cially available activated carbon (AC) was 1228 /m. The
Al203, MgO, TiOy, and ZrQ (A.R.) materials were pur- 2.4, Characterization
chased from the Beijing Chemical Plant, China. A Z+BD
support of high surface area was also adopted; this mate-  The actual loadings of the active components and the con-
rial was prepared by reflux digestion in a glass vessel of tents of residual chlorine in the prepared catalysts were de-
ZrO(OH), in an aqueous NEDH solution at pH 11.5 ac-  termined on a sequence XRF-1700 X-ray fluorescent spec-
cording to the procedures described by Yin and Xu [27]. trometer (Shimadzu), at a setting of 40 kV and 95 mV. The
The calcination temperature of this Z#BD support was  BET surface areas of the supports and catalysts were mea-
873 K. The raw CNTs were purified in 5 M aqueous HNO  sured on a Micromeritics 2010C instrument; before each
solution for 2 h by means of refluxing, followed by calcina- measurement, the sample was heated to 573 K and kept
tion at 973 K in B flow for 2 h. For support modification,  at this temperature for 5 h. The same instrument was used
potassium was impregnated onto 2rBD and the purified  for the measurement of CO- ang+g¢hemisorption uptakes
CNTs from a KOH/ethanol solution, followed by calcina- at 313 K. Prior to each measment, the sample was first
tion at 773 K for 5 h in Ar flow. The metal oxide supports reduced in H flow at 773 K for 2 h, followed by 1 h evacu-
were calcined at 873 K for 5 h prior to the loading of active ation.
metal component. The specific surface areas of the support Powder X-ray diffraction experiment was conducted on
materials are listed in Table 4. a Rigaku Automatic Diffraaimeter (Rigaku D-MAX) with

2.1. Preparation and pretreatment of catalyst support
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monochromatized Cu-K radiation ¢ = 0.15406 nm) at a 100 T

setting of 40 kV and 80 mA. The patterns recorded were re-
ferred to the powder diffraction files-1998 ICCD PDF Data- 80
base for identification. TEM was used to investigate the mor- :
phologies and particle sizes of the catalysts. Images were
taken on a JEM-2010F transmission electron microscope op-
erating at 200 kV.

Temperature-programmed reduction (TPR) was operated
according to the following stegp Prior to each measurement,
the sample (0.1 g) was heated from room temperature (RT)
to 623 K with a heating rate of 10 Mnin under Ar flow i
(40 ml/min) and kept at this temperature for 30 min for the m
removal of adsorbed impurities (e.g.2®l). After the sample 0 '
was cooled to RT, the gas flow was switched to 5%A 600 650 700 750 800
(40 ml/min). Finally, TPR profiles were obtained with a Reaction temperature /K
j[emperature ramp of 10/,Knm using a thermal conductiv- Fig. 1. NHz conversion over CNT-supported metal cataly#s, Ru; <,
ity detector. Before entering the detector, the gases from thegy. g Ni: A, Pd; 0, Fe;a, Pt), GHS\H, = 30,000 mj(h geap.

TPR reactor were passed through a glass tube filled up with

4A molecular sieve and cooled to ca. 177 K to ensure com- Table 2

plete elimination of any water in the gases. Calibration of H,, formation (mmof (min gead) over the CNT-supported metal catalyts
the TPR peak area for absolute Bonsumption was made

on /%
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py refducwllg aseries oflstandard CuO samplgs. The redu0|bll-te?;;a2ure ® ! ! ©
ity of the loaded meta Component was estimated based o= 1 o2 005 003 o0 =
the amount of Kl consumption. 643 242 034 010 007 017 002

The Nb-TPD experiment was carried out using the mass 673 573 06 021 015 033 —
analyzer of a HP4890 GC-MS instrument as the detector. 703 951 138 037 03 074 Q07
Before the measurement, the catalyst was heated at 623 K7i§ 1464 194 061 057 111 0(;‘71

. 0 - - - _ _
and reduced with 20% #HAr at 773 K for 1 h. Then the 773 2835 419 141 143 290 065

gas flow was switched to pure He for purging at 773 K for " : . :
30 min, and the gas flow was switched te Ahd the sam- The _rr)lolar Ioadlngg of the active metal in th_e cataly_sts are c‘a.

. 4.75 x 10~ mol/gcat, Which corresponds to a 5% weight loading for Ru;
ple was cooled slowly to R_T and kept at RT for 29 min. GHSW\H, = 30,000 m}(h gcay); the data are averaged within initial TOS
Then, the gas flow was switched to pure He (4Q'mrih). of 3h.

A stable baseline was established after a flow of He at RT
for 30 min, and the catalyst was heated (1L0Wn) and the  ml/(h g.a). One can see that at 623 K, the hEbnversion
N2-TPD curve was recorded. The desorbed amount was cal-over Ru/CNTs is 6.31%, 8—40 times larger than those ob-
ibrated against a standard pulse of\Na a sampling tube of  served over the supported Rh, Ni, Pt, Pd, and Fe catalysts at
10 pl. equal temperature; and the correspondiagd¢tmation rate
The procedure for the Ngd or CO-TPD experiment of i 2.11 mmof (min geay). Since NH decomposition is an en-
support was similar to that described previously [28]. The dothermic processH = 11 kcaymol; 45.98 kJmol), an
carrier gas was pure He, and the gases for adsorption weréncrease in reaction temperature would result in an enhance-
1% NHs/He and high-purity C@, respectively. The detector ment in NH; conversion [18]. In the range of 623-773 K,
was MSC-200 quadrupole mass spectrometer from Balzerelevation of reaction temperatileads to a drastic increase
Company, Ltd. of the absolute difference in N-tonversion over the cata-
lysts. At 773 K, the conversion (84.65%) over the Ru catalyst
approximates equilibrium value (99.74%). Thefdrmation

3. Results rate over RU/CNTSs is ca. 28.35 mmji@hin geay) at 773 K.
We found that under similar reaction conditions, RU/CNTs
3.1. Investigation on active component (e.g., 17.14% NH conversion at 673 K) is superior to 10%

Ru/SIG (14.3% NH; conversion at 673 K), the most active

In tests that lasted tens of hours, we observed stable percatalyst recorded in Goodman and co-workers’ work [18].
formance for ammonia decomposition over all the catalysts. Since the space velocities of Ntdopted in evaluation of
Shown in Fig. 1 and Table 2 are the Hlldonversion and  the catalysts are identical, a change inN¢bnversion re-
H, formation rate over the different CNT-supported cata- flects the variation of bl formation rate over the catalysts
lysts recorded at a time on stream (TOS) of 3 h, respectively. at different temperatures. Therefore, Ru can be regarded as
The particle size of catalysts was 60—80 mesh, and the de-the most suitable for Ngldecomposition. Goodman and co-
composition reaction was conducted at GH@Yy= 30,000 workers [18] reported that over the SiBupported metal
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30

catalysts for NH decomposition, Ru was more active than
Ni and Ir. It has been suggested that Ru is an attractive cat-
alyst for NH; synthesis because Ru/C, a commercialized
product, is much more active than the conventional Fe-base
catalyst [29].

N
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T

3.2. Investigation on catalyst support

NH3 conversion I%
-
o
L
T

In the evaluation of catalytic efficiency of Ru cata-
lysts, we adopted a high reaction space velocity (flow rate,
250 ml/min; GHSWH; = 150,000 mf(h gca) and very
small catalyst particle size (180-200 mesh). Since the ef- 0 ¥ t t
fect of mass transfer would become a genuine concern at 600 650 700 750 800
high reaction rates, all the tests of the present study were Reaction temperature /K
carried out at conditions o® < 1, where there would be _ _
no mass-transfer limitations dog the reactions according ;‘gaé Q‘FWK‘;QR"T‘*;S&” ‘(’:Vﬁ;f "<V>‘%MR“O?T3'¥%S ?Zpi’geg Ogr‘g‘zr_'o.us ma-
to the Weisz criterion [30}¢ = (AN/d1)(1/Co)(R%/Defl), 1,00, 0, 210,-B; ®, Kiz105-8D), GHS iyt = 150,000 mih tead.
where dV/dr is the reaction rate (mp{cm®s)), Co reac-
tant concentration (mgtm®), R particle radius (cm), and
Derr effective diffusivity (cn?/s). It should be noted that In ammonia synthesis, alkali or alkaline earth ions are
both CNTs and AC (unlike the metal oxide supports) are used as efficient promoters for supported Ru or Fe cata-
relatively fragile, leading to a gradual size reduction of the lysts; they are also effective adjuvants for preventing Ru or
catalysts. Therefore, the calculatédvalue for the CNT- or Fe from sintering [31-33]. Here, we modified CNTs and
AC-based catalysts is higher than the theoretical one. Zr0O,-BD with KOH; then RUK/CNTs and RuK/Zr&BD

Depicted in Fig. 2 are the N¢conversions over the sup-  catalysts were obtained by impregnating the modified sup-
ported Ru catalysts at GHRQy, = 150,000 mf(h gcay), ports with RuC} dissolved in acetone, respectively. The
and listed in Table 3 are the corresponding fidrmation catalytic results at GHSMy, = 150,000 mf(hgca) are
rates. It is obvious that within the temperature range of shown in Fig. 2 and Table 3. At 623 K, NHconver-
623-773 K, although the data of Table 3 were obtained sion and H formation rate over RUK/CNTs are 3.54% and
at a NH; space velocity 4 times that adopted for the col- 5.93 mmoj(min gcay), respectively, much higher than those
lection of the data in Table 2, no significant difference in over Ru/CNTs. However, compared to a KOH-modified
H> formation rate was observed at similar reaction temper- Ru/CNTs catalyst [15], it is lower in activity. At 773 K,
atures for the same RuU/CNTSs catalyst, thus providing di- NH3z conversion over RUK/CNTSs is 28.60%, and the cor-
rect evidence for the absenof mass-transfer limitations responding K formation rate is 47.88 mmgImin geay.
in the present study. Moreover, the order of Nebnver- When the reaction was carried out at GH&V = 30,000
sion can be ranked as Ru/CN¥sRu/MgO > Ru/TiO; = ml/(hgea) and 773 K, there was no detectable ammonia
Ru/Al2O3 = Ru/ZrO, > RU/AC > Ru/Zr0Gx-BD, signifying in the effluent, showing that N¢gHconversion was close to
that RU/CNTs are indeed the most active. In other words, the equilibrium level (99.74%). Similar enhancement in ac-
among the support materials studied, CNTs are the mosttivity was observed for Ru catalyst supported on a KOH-
suitable support for Ru catalyst. modified ZrQ-BD sample. In ammonia synthesis, Aika and

Table 3
Effect of support on H formation (mmo}(min gecay) over supported Ru catalysts at different reaction temper&tures

Reaction temperature (K) CNTs MgO TO AC Al,O3  ZrO,  ZrOo-BD KCNTs  KZrO,-BD

623 201 198 167 097 151 142 0.40 593 365
643 330 311 268 151 224 209 0.67 812 529
673 623 542 435 268 385 368 1.32 1222 854
693 - - - - - - - 181 1155
703 1008 767 690 502 559 552 241 - -

723 1428 1035 911 7.37 787 720 3.28 2595 1707
743 - - - - - - - 338 2176
753 - - - - - - - 3D0 2511
773 2774 2243 1893 1758 1808 1624 8.54 4788 3164

a The molar loadings of Ru in the catalysts are c&@54 10~4 mol/geat, and the ratio of KRu is 1 in the RUK/CNTs
and RuK/ZrG-BD catalysts; GHSWH, = 150,000 m}(h gcay); the data are averaged within initial TOS of 3 h.
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co-workers [32], observed no marked difference in activities ~ The XRF results (in Table 4) also showed that the molar
over RuK/MgO and Ru/MgO. We also found that the mod- ratios of C[/metal in the present catalysts of unmodified sup-
ification of MgO with KOH does not result in a remarkable port were in the range of 0.003-0.061. For the Fe/CNTs and
increase in activity (not shown here). Thus, the modification Ni/CNTs catalysts, the Cinetal ratios are very small; they
effect of the alkali metal ions is dependent on the nature of are 0.003 and 0.007, respectively. Therefore, we deduce that
support materials and the reaction system. the CI-1 ions are originated from the precursor of the corre-
sponding metal component, and the H reduction at 773 K
could almost lead to the complete removal of €l The
4. Characterization reduced RUK/CNTs and RuK/ZgaBD catalysts, however,
show a molar GIRu ratio of 0.284 and 0.258, respectively.
The decomposition steps of NHare sensitive to the The high coqtent pf Cl in these two catalysts is a.result of
structure and texture of support and metal catalyst. In order KOH interaction with RuQ, and the KCl generated is a sta-

to investigate the essential factors that affect catalytic perfor- 0/€ compound under hydrogen [40].
mance, we employed XRF, BET, XRD, TEMH PR, CO
(H2)-chemisorption, and NTPD techniques to characterize 4.2. BET surface area
the catalysts.
From Table 4, one can see that among the supports, there
4.1. Elemental analysis are significant discrepanciés surface area. For example,
the surface area of activated carbon is 1228 gn while
that of CNTs is 224 rfyg. The metal oxide supports ex-

10~ mol per gram of catalyst, which corresponds to a cept ZrGQ-BD (289 nt/g) exhibit surface areas in the range

weight percentage of 5% for the Ru catalysts. According to ©f 6-189 nt/g, much lower than the carbon materials. The
the color of the precursor metal salts, one can have a rough©@ding of metals on these support materials led to a slight
estimation on the successfulness of loading the metals on thel€crease in specific surface area.

supports. If there was no color implanted on the inner wall

of the glass container used for impregnation, the actual load-4.3. NH3z and CO2-TPD

ing could be considered as close to the intended value. After

impregnation and drying processes, we observed no color Fig. 3 depicts the NgtTPD profiles of the supports. No
implantation on the wall of the container, and deduced that signals of NH desorption were observed over AC, CNTSs,
the actual content of the active component should be closeKOH-modified CNTs, and KOH-modified Z#2BD, sig-

to 4.95 x 10~* mol/geat The results of XRF measurement nifying that there were no acidic sites on these materials.
(Table 4) revealed that the actual contents of active metal in Broad signals ranging from RT to 723 K were observed over
the prepared samples (except the modified ones) were in theTiO2, ZrO,, Al203, and ZrQ-BD. It is obvious that ZrG-
range of 4.6—4.% 10~* mol/gca, Suggesting that the met-  BD is the strongest in acidity and the largest in number of

The designed loadings of active component weBb 4

als were loaded nearly completely on the supports. acidic sites.
Table 4
Properties of catalysts employed in ammonia decomposition
Catalyst Surface area fyg) Cl/mPb Loading Ru particle sizes by TEM (nm) Dispersfon
Support Catalyst (umdbcat) Size range Average size (%)
RU/CNTs 224 168 058 464 2-5 3.9 25.6
Rh/CNTs 224 171 044 469 - - —
Pt/CNTs 224 172 035 481 - - -
Pd/CNTs 224 162 061 476 - - -
Fe/CNTs 224 174 003 482 - - -
Ni/CNTs 224 170 o7 486 - - -
Ru/AC 1220 1130 M56 469 2-5 4.1 24.4
Ru/MgO 24 13 21 477 2-15 9.1 11.0
Ru/Al,O3 159 108 0024 480 3-16 8.7 11.5
Ru/TiO, 6 3 0022 469 - - -
Ru/ZrO, 30 19 0022 475 - - -
Ru/ZrO,-BD 289 223 0012 481 4-16 9.4 10.6
RUK/CNTs 189 147 284 447 2-5 3.7 27.0
RuK/ZrO,-BD 264 227 0258 438 - - -

a Estimated by the equatiod;, = Y n;d;/ Y n; from Ref. [39] based on TEM data.
b M, active metal component; @V, molar ratio of the residual chlorine ion to the active metal, measured by XRF.
¢ The dispersion is obtained according to the average size of Ru.
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NH;

Desorption signal, mv/(g-cat)

300 400 500 600 700 800 900

Desorption temperature /K

Fig. 3. NHz-TPD curves of supports (a, AC; b, CNTs; c, K/CNTs;
d, K/ZrO»-BD; e, MgO; f, TiOp; g, ZrOy; h, AloOg; i, ZrO»-BD).

CO;

Desorption signal, mv/(g-cat)
| PFP f:. o } .

500 600 700 800
Desorption temperature /K

900 1000

Fig. 4. CQ-TPD curves of supports (a, AC; b, CNTs; ¢, Z+BD; d, TiOy;
e, ZrQy; f, Al,03; g, MgO; h, K/ICNTSs; i, KIZrGQ-BD).

Fig. 4 shows the C®TPD profiles of the supports. One
can see that there was almost noGf@sorption from AC,
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Fig. 5. TPR profiles of CNTs-supportedetal catalysts (a, Ni; b, Fe; c, ref-
erence Ru@ without support; d, Ru; e, Pd; f, Rh; g, Pt).

The acid/base natures of MgO, 83, ZrOp, and TiIG
are similar to those reported in the literature [35,36]. The
high surface area Zrf2BD support prepared by the reflux-
digestion method was found to show higher acidity than the
conventional ZrQ@ support. Our previous study showed that
during the reflux digestion in basic solution, dissolution of
Si** ions from the glass vessel can result in incorporation of
Si*t ions into the sample of ZrBD [27]. According to the
results of colorimetry analysis, the Si content in this ZrO
BD sample was 5.0%. The presence of Sitould lead to
the elimination of surface basicity on ZsBD [36—38].

4.4. Ho-TPR

In Ho-TPR studies, one can obtain useful information
for catalyst reduction prior to activity evaluation as well as
evidence for the interaction between active component and
support. Plotted in Figs. 5 and 6 are the TPR profiles of Ru
catalysts and CNTs-supported metal catalysts. The calcined
precursors of Rh/CNTs, Pd/CNTs, Pt/CNTs, and Ru/CNTs

CNTs, and ZrQ@-BD. It was suggested before that CNTs can be completely reduced at a temperature below 673 K,
is weakly basic [34]; according to our current results, the while those of the other two CNT-supported (Ni and Fe)
adopted CNTs after purification are neutral. Small amounts catalysts are more difficult to reduce. The reduction temper-

of CO, were desorbed from Ti®and ZrQ and desorption

atures for the supported Ru catalysts are slightly higher than

ended up at ca. 550 K, revealing that there are weakly ba-“pure” RuQ,, implying that there is interaction between sup-
sic sites on these supports. Three peaks centered at 383, 453 0rt and active component. From Fig. 6, it is apparent that
and 467 K over MgO and two broad ones at ca. 383 and 839the supports show little effect ahe reduction behavior of

K over KOH-modified CNTs and Zr&@BD samples were

observed, showing that there are both weak and strong ba-

the supported Ru precursors.
Based on the amounts o, tonsumption, the reducibil-

sic sites on the two KOH-modified support materials. The ity of and oxidation states of the active components in the
broad peak at 839 K is possibly related to the decomposition calcined catalyst precursocan be estimated, respectively.

of KoCQOgs, because KOH can react with G@n the course

As listed in Table 5, H consumption for all the Ru catalysts

of CO;, adsorption. Certainly, the results still reflect the pres- is almost identical, independent of support materials, and the

ence of strong basic sites on the KOH-modified supports.

reducibility of the active metal components is nearly 100%.
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Fig. 6. TPR profiles of Ru catalystsupported on different materials
(a, KICNTs; b, AC; c, ApO3; d, MgO; e, TiQ; f, ZrO,-C; g, Zr0,-BD;
h, K/ZrO,-BD). the metals indicates that theye highly dispersed on the

CNTs support. But, there are characteristic lines ascribed

The active metals in the calcined precursors are in the formto Fe (2 = 44.67°) and Ni (& = 4452, 52.T°) in the

of Fe,03, NiO, RhGy, RuG,, PdG, and PtQ, respectively. XRD patterns of Fe/CNTs and Ni/CNTs, respectively. With
respect to the XRD patterns of the Ru catalysts (Fig. 8),

4.5. XRD those of RU/CNTs, RuK/CNTs, and Ru/AC show no dif-
fraction lines related to Ru particles, whereas the other Ru
In the XRD analysis of the reduced CNT-supported cat- catalysts exhibit characteristic lines of Ru nanocrystals at
alysts, we observed only the broad diffraction lines (100 44.02, 38.38, and 42.154®. The results again suggest that
and 102) of CNTs (Fig. 7) for the supported noble metal CNTs and AC are support materials enabling high Ru dis-
catalysts. The absence of any diffractions attributable to persion.

Table 5
Properties of catalysts for ammonia decomposition
Sample H-TPR Chemisorption (Um@Ycat) Activation energy
H» uptake Peak temp. Reducibility CO Ho Dispersiof? (Eq, kJ/moI)b
(Hmol/g) (K) (%) (%)
CNTs 114 879 - ik 0.8 - -
RuG, 14,987 465 99.7 - - - -
RU/CNTs 907 518 97.7 93 500 212 69.2b,69.9C
Rh/CNTs 912 473 97.2 115 503 245 809P
Pt/CNTs 914 468 95.0 138 614 289 8g2P
Pd/CNTs 925 495 97.2 13B 621 280 99,70
Fe/lCNTs 703 839 97.2 w 319 9.8 1485P
Ni/CNTs 476 568373 97.9 67 325 140 903P
Ru/AC 914 514 97.4 91 522 207 757¢
Ru/MgO 921 508 96.5 42 - 93 623¢
RU/AlyO3 917 518 95.5 5@ - 105 64.6°
RU/TiO 913 511 97.3 4% - 103 633¢
Ru/ZrOy 911 494 95.9 54 - 108 655°
Ru/zrO,-BD 914 513 95.0 53 - 121 804°
RUK/CNTs 864 473 96.6 102 - 233 56.1¢
RuK/zZrO,-BD 850 503 97.0 63 145 57.2¢

@ The dispersion was estimated according @-€hemisorption data, assuming Ru:Q1:1 [18].
b The apparent activation energies wereaitiéd from the Arrhenius plots with GHS; = 30,000 m) (h geay)-
¢ The apparent activation energies wereaired from the Arrhenius plots with GHS, = 150,000 mf (h geay).
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Fig. 8. XRD patterns of Ru catalystsupported on different materials
(a, KICNTs; b, AC; c, A)Os3; d, MgO; e, K/ZrGQ-BD; f, ZrO,-BD;
g, TiOy; h, ZrOy).

4.6. TEM

In order to investigate the effect of support on the parti-
cle size and morphology of the Ru catalysts, we employed
the TEM technique. As shown in Fig. 9, the Ru particles on
CNTs, K/CNTSs, and AC are spherical, and 2-5 nm in size.
With tilting operation in the TEM measurement, we detected

that some of Ru particles were actually inside the channels of

CNTs, while the others on the outer walls. The TEM results
of Ru sizes over CNTs and AC are similar to those obtained
by HRTEM [25]. On AbOg3, MgO, and ZrQ-BD, the sizes

of Ru crystals are in the 3-15 nm range. According to the
d, = _n;id;/ > n; equation depicted in Ref. [39], the aver-
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The chemisorption capacity of CO on Ru/CNTs, RuK/
CNTs, and Ru/AC is rather close, ca. 100 ppogh: The
number of exposed metal sites based on CO-chemisorption
results agrees well with that indicated by thg-¢hemisorp-
tion data. Since the H:metal (e.g., Ni, Ru, Pt) stoichiom-
etry is commonly assumed to be 1, we deduced that the
CO:metal stoichiometry is 1:1, consistent with that of Good-
man’s group [18]. The levels of CO chemisorption over
the Ru catalysts supported on the metal oxides are in
the 40—60 pmalgcat range, lower than those over RuU/AC,
RU/CNTs, and RuK/CNTs. We observed no significant dif-
ference in chemisorption level between Ru/Z+BD and
RuK/ZrO;-BD, although that observed over the latter was
marginally higher than that over the former. In terms of CO
adsorption on the CNT-supported catalysts, both Pt/CNTs
and Pd/CNTs adsorb ca. 140 pungda, while the ad-
sorbed amounts over Rh/CNTs and RuK/CNTs are similar
to that over RU/CNTs. The amounts of CO adsorbed on
Ni/CNTs and Fe/CNTs are considerably smaller, 67.9 and
47.4 umoJfgca, respectively, much lower than those on the
noble metal catalysts supported on CNTSs.

Based on the chemisorption data and assuming an adsorp-
tion of one CO (or H) per metal atom [18], one can estimate
the dispersion of the metal catalysts. The dispersions of Pt
and Pd are 28-29%, the highest among the present cata-
lysts. The dispersion of Ni is 9.8%, the lowest among the
CNTs-based catalysts. The dispersion of Ru over AC, CNTSs,
and K/CNTs is ca. 21%, significantly better than that over
the other supports. Such level of Ru dispersion is higher
than that reported by Goodman and co-workers over the
10% Ru/SiQ and 10% Ru/AdOs catalysts [18]. The dis-
persion figures of Ru/AC and Ru/CNTSs are agreeable to the
H>-chemisorption data (118 pm@kcay) reported by Brad-
ford et al. over Ru/C [16]. As for CO chemisorption, they
reported a value of 647 umca: They regarded that the

age size of Ru particles was estimated based on the randonlwarge extent of CO adsorption is due to carbonyl formation.

size of 100 particles. We found that the average sizes of RuWe, however, did not find such a large discrepancy between
nanocrystals on CNTs and AC are around 4.0 nm, smaIIeer and CO uptakes over a particular sample. Therefore, we

than those observed on MgO, Zr@D, and AbO3. The
modification of CNTs with KOH shows only a slight effect
on the size of Ru particles.

deduce that the formation of carbonyl complexes was not
serious in the course of CO adsorption on catalysts of the
present study. Moreover, our data indicated that the modi-

According to average particle sizes, the dispersions of the ¢ ~tion of CNTs and Zr@BD with KOH results in only

Ru catalysts were calculated and are listed in the final col-
umn of Table 4. The Ru dispersions on CNTs, K/CNTs, and

slight changes in Ru dispersion.

AC are almost the same, around 25%. Thus, the modification4'8_ N,-TPD

of CNTs with potassium shows little effect on Ru dispersion.
The dispersions over AD3, MgO, and ZrG@-BD are simi-
lar, ca. 12%.

4.7. CO and H; chemisorption

First, CO and K chemisorption was conducted over the
supports. We observed a small amount of &tisorption
(0.1 umo)gcnTte over CNTs but zero adsorption over the

others. All the supports showed zero capacity of CO adsorp-

tion.

Shown in Fig. 10 are the NTPD patterns of RU/CNTSs,
RUK/CNTs, Ru/ZrQ-BD, and RuK/ZrQ-BD. Over Ru/
CNTs, Np desorption begins at 503 K and shows a maximum
at 623 K. Over RuK/CNTSs, the values are 478 and 607 K,
respectively, suggesting that the modification of CNTs with
KOH promotes N desorption. We observed similar results
in the modification of a reduced RuU/CNTs catalyst with
KOH [40]. The Nb-TPD behavior over the KOH-modified
samples is similar to those over KRu/C reported by Kowal-
czyk and co-workers [41]. Compared to Ru/CNTs, Ru/ZrO
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Fig. 9. TEM pictures of Ru catalysts on differentpports (a, CNTs; b, K/ICNTs; ¢, AC; d, MgO; e, Zs@D; f, Al,03).

BD shows a higher temperature of maximum desorption a reduction in the surface area of Ru. The modification of
(648 K) but no marked difference in onset temperature. The ZrO,-BD with KOH resulted in ca. 9% increase in the N
modification of ZrQ-BD with KOH results in a similar ef-  desorption.
fect on N> desorption.

As for the amount of M desorption, it is 29.2 and 13.1
pumol/g, respectively, over Ru/CNTs and Ru/Zr8D. The 5. Discussion
modification of CNTs with KOH led to a slight increase in
the amount of desorbed;N31.4 umofg), whereas there The results of Ru dispersion based on the chemisorption
was a decrease in the case of KOH-modified Ru/CNTSs [40]. data are in good agreement with those of TEM and XRD; Ru
It is possible that the loading of KOH on Ru/CNTs caused dispersion is good on CNTs and AC supports. One explana-
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Fig. 10. No-TPD curves over three Ru catalysts (a, RW/CNTSs; b, RuK/ Fig. 11. Arrhenius plots of CNT-supported metal catalyss, Ru; M, Ni;
CNTs; ¢, Ru/ZrGQ-BD; d, RuK/ZrO,-BD). <, Rh; A, Pd;0, Fe; A, PY).

tion is that AC and CNTs are high in surface area, and being observed [40]. Similar results were observed over the other
nanosize, the CNTs material restricts the growth of Ru par- catalysts of unmodified supports. Thus, despite that resid-
ticles. It is known that there are various functional groups ual chlorine has been considered as a strong inhibitor for
(e.g., -COOH, —OH) on CNTs and AC [42] that cause a ammonia decomposition/synthesis catalysts [10,31-33], its
negative effect on the electronic structure of metal catalyst negative effect on the activity of the present catalysts of un-
in NH3 decomposition and synthesis. However, it is possi- modified supports can be considered as negligible.

ble that such groups are responsible for the anchoring of the

metal on the carbon material® addition, because of the 5.1. Comparison of active component

strong oleophylic ability of CNTs and AC, the use of ace-

tone as solvent for Ruglis beneficial for the anchoring of As a standard parameter for catalytic performance, TOF
Ru precursor. Previously, we found that the use of water asis calculated by normalizing the observed reaction rates (mo-
solvent would result in Ru particles of larger sizes on CNTs lar conversion, NH/(S G:a9) to the number of exposed Ru
[40]. The poor dispersion of Ru on the metal oxide supports sites (atoms per gram). The Arrhenius plots of the CNT-
is possibly related to a different kind of interaction between supported catalysts are shown in Fig. 11. Obviously, at
the support oxides and Ru precursor during the impregnationa reaction temperature of 673 K, the TOFs on the CNT-

and drying processes. supported metal catalysts can be arranged in the order of
The results so far show that RU/CNTs and RUK/CNTs Ru> Rh = Ni > Pt= Pd > Fe. The ranking is nearly
are promising catalysts for on-site generation of frbm similar to that of NH conversions over the metal catalysts.

NH3. We ascribed the high activity to the high dispersion of Therefore, supported Ru is the most active catalyst fog NH
Ru, and to the high graphitization and purity of CNTs [25]. decomposition, similar to the reported results ind\yinthe-
Generally speaking, the catalytic performance of a cata- sis [10] and decomposition [13,18]. The TOF in the present
lyst is dependent on (i) acidity and/or basicity of support, Ru catalyst is slightly lower than that reported by Goodman
(i) interaction of active site with reactants and/or products, et al., because the Ru particles in their work are much bigger
(iii) surface area and structure of catalyst and/or support, andthan the Ru particles on CNTs [18]. In ammonia synthesis,
(iv) resistance to sintering. Despite that the surface area ofit has been reported that the larger the particle size of Ru
Ru/CNTs is much lower than that of Ru/AC, the catalytic on carbon support, the more active the catalyst in terms of
activity of the former is much higher than that of the latter. TOF value [43]. A similar trend was observed over the Ru
Also, Ru/Zr& is catalytically more active than Ru/Zp© catalysts of different supports in the present study. Till now,
BD, though the surface area of the latter (223/g) is 11 there has been no clear explanation for such an experimen-
times larger than that of the former (19 ). Therefore, tal observation. We cannot compare the present TOF results
it seems that surface area is not a determining factor for with those of the others in the literature due to difference in
good performance of the supported Ru catalysts. The resultseaction conditions.

of the XRF study showed that the Cl ions in the catalysts = The apparent activation energieB,) based on the Ar-

of unmodified supports are small and similar in concentra- rhenius plots are listed in Table 5. Thg, values for
tion. Another study on the stability of Ru/CNTs catalyst Ru/CNTs, obtained at different hourly space velocities
disclosed that over a TOS of ca. 30 h, a slight§%) in- of ammonia [i.e., 69.2 kimol at GHS\Wn, = 30,000
crease in ammonia conversion (from 43.71 to 45.53%) was ml/(h gcap); 69.9 k¥mol at GHS\WH, = 150,000 mf (h geay)]
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are reasonably close. This fact excludes any possible in-values of the Ru catalysts on the metal oxide supports except
volvement of mass transfer and equilibrium limitations that of Zr&-BD are in the range of 62-66 kdol, lower

that could affect theE, values. TheE, of RU/CNTs than those over the CNTs- and AC-supported Ru catalysts.
is the lowest among the metal catalysts; it is interesting The E, is 69.9 kJmol for the Ru/CNTs and 80.4 kdol

to note that the value is lower than those reported for for Ru/Zr&;-BD. The modification with KOH results in a
Ru/Si® (19.0 kcaymol, i.e., 79.6 kJmol) and Ru/AbO3 marked decrease iB, of the Ru/CNTs and Ru/Zr&BD
(19.5 kcafmol, i.e., 81.5 kJmol) [18]. The apparent acti- catalysts. TheE, is 56.1 kJymol for RuK/CNTs and 57.2
vation energies of the Rh, Ni, and Pt catalysts are within kJ/mol for RuK/Zr&;-BD.

the 80.9 to 90.3 kdmol range, while those of the Pd and According to the TOF and,, data, the order of catalyst
Fe catalysts are 99.7 and 148.5/tbl, respectively. Pa-  activity can be ranked according to the order of increasing
papolymerou and Bontozoglou [13] found that the appar- basicity of the support materials. The TOF over the Ru cat-
ent activation energies for the decomposition reaction over alyst using basic MgO as support is the highest among the
polycrystalline Pt and Rh wires are both 21 kabl (i.e., unmodified catalysts. On the other hand, thezNténver-
87.8 kJmol), while over Pd wires, it is 26.2 kcahol (i.e., sion and TOF over the Ru catalyst using acidic Z8D as
109.5 kJmol). TheE, of the Ni/CNTs catalyst is similarto  support is the lowest among the present Ru catalysts. The
those of Ni/SiQ and Ni/SiGQ/Al ;03 [18]. The E,, of KRu/C increase in basicity of neutral CNTs and acidic 248D

and KFe/C catalysts reported by Kowalczyk and co-workers due to KOH modification results in a marked increase in
[22] are 139 and 166 Kinol, respectively, much higher than  both NH; conversion and TOF. We deduce that a support of
those of the present CNT-supported catalysts. Previously,high acidity is unsuitable for Ngldecomposition, whereas a
Bardford et al. [16] showed that in NHsynthesis and de-  support of high basicity is nessary for high catalytic effi-
composition, reaction condiths can exert great influences ciency.

on theE, of Ru catalysts. It is noted that after hydrogen reduction at high temper-
ature, residual chlorine in the Ru catalysts of unmodified
5.2. Effect of the basicity of support supports is almost completetgmoved. The stability of ac-

tivity also suggests that the negative effect of residual chlo-

lllustrated in Fig. 12 is the effect of supports on the TOF ine on the catalysts is negligible. As for the RUK/CNTs and
of the Ru catalysts. Unlike the CNT-supported ones, the or- RUK/Zr0;-BD catalysts, the CI/Ru molar ratios are ca. 4-20
der of TOF over the Ru catalysts is support dependent andtimes higher than that of the unmodified supports. Due to the
is different from the order of Nkiconversions. Despite that ~ Partial conversion of KOH to KCl, the amount of KOH avail-
the NH; conversion over RU/CNTSs is higher than that over able on the modified supports was reduced after the loading
Ru/MgO, the TOF of the former is lower than that of the lat- Of RUCk. We believe that most of the potassium still ex-
ter. The TOF of RUK/CNTs is higher than that of Ru/MgO. iSts @ KOH. After refluxing the reduced RuK/CNTs and

Among all the catalysts, the TOF over Ru/AC is the second RUK/ZrO,-BD samples in deionized water (sofiajuid ra-
lowest, only higher than that over ZeBD. tio 1/5) at 370 K for 4 h, we found that the water turned

The apparent activation energigs,) of Ru catalysts on  Pasic, confirming that the two catalysts are still strongly ba-

different support materials are also listed in Table 5. Ege  Sic- Hence, despite the negative effect of residual Cl, the
activities of RUK/CNTs and RuK/Zr@BD are still higher

2 than that of the corresponding Ru/CNTs and Ru/ZrO
In NH3 synthesis, Aika and co-workers [32] observed that

¢ the activities of supported Ru catalysts could be arranged
N according to support electrondiyity; the higher the elec-

tronegativity, the lower the activity. Furthermore, the extent
of such support effect shows an inverse relationship with
the electronegativity of the compounds adopted for Ru/MgO
modification. The activities of Ru catalysts can be ranged in
the order of the basicity of supports or promoter/supports:
Al2,03 < MgO < Cs/AbOs (Cs/Ru = 8 mol/mol) <
Cs/MgO (CgRu = 0.1 molmol) < Cs/MgO (CgRu =
1.0 mol/mol). Using FTIR to study the effect of promoter,
3 . ' : ' . ' . Aika et al. found that with the increase of support basic-
0.00125 0.00135 0.00145 0.00155 0.00165 ity, the vibration frequency of adsorbed Nhifts to a lower
wavenumber. They considered that activity enhancement is
due to electron transfer from the promoter to Ru [44]. It
Fig. 12. Arrhenius plots of Ru catalysts on different suppos CNTs: <, should be noted that for both ammonia synthesis and decom-
MgO; A, TiOy; A, AC; B, Al,03; [, ZrOy; O, ZrO»-BD; @, K/ZrO»-BD; position, the use of acidic support for metal catalysts is rare.
x, KICNTs). One reason for that is an acidic support means strong NH
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adsorption; the other reason disclosed by the present studyrO»,-BD with KOH results in a significant enhancement in

is that being an electron-withdrawing material, an acidic the catalytic activity of supported Ru catalyst. A support of

support exerts a negative effect on NHecomposition, an  basic nature is required for high catalytic efficiency, and an

aspect to be discussed in the next subsection. increase in the support basicity leads to TOF enhancement
Additionally, we observed that the TOFs of the Ru cata- of the Ru catalysts. The apparent activation energies of the

lysts show a declining tendency when the size of the Ru par-reaction over Ru catalysts are dependent on the property of

ticles becomes smaller or the Ru dispersion level becomesmaterials adopted as the catalyst support. The desorption of

higher.
5.3. Reaction kinetics of NH3 decomposition

The Np-TPD results (Fig. 10) and TOF data (Fig. 12) dis-
close that the lower the temperature fof tesorption, the
larger the TOF over the Ru catalysts, suggesting that the
desorption of N is the rate-determining step in Nidecom-
position. Moreover, a higher temperature of dlesorption

N2 appears to be the rate-determining step in the catalytic
NH3 decomposition reaction. The results also implied that,
if a support having both strong baisicity and good electronic
conductivity is used as the support for Ru catalyst, it is pos-
sible to develop a more efficienatalyst for the generation

of COx-free hydrogen from ammonia.
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