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Abstract

The effects of using fumed SOMCM-41, and SBA-15 as supports for Ru and Ni catalysts on ammonia decomposition were investigated. I
was found that the supported catalysts on these siliceous materials are more active than those supported on ordinary silica. In generalj the supj
Ru catalysts are more active than the Ni catalysts, and MCM-41 is the best support material for Ru and Ni. Significant enhancement in acti
was observed when the supported Ru catalysts were modified by KOH, but such effect was minimal in the cases of supported Ni catalysts.
results of N adsorption and transmission electron microscopy studies revealed that the Ni particles of Ni/MCM-41(TIE) prepared by template-ic
exchange (TIE) method are largely located inside the pores of MCM-41. Compared with the Ni/MCM-41(IMP) catalyst prepared by impregnatic
method, the Ni/MCM-41(TIE) catalyst exhibited appropriate Ni dispersion and weaker Ni/support interaction, and consequently higher cataly
activity. In terms of the remarkable changes in turnover frequency (TOF) with Ni dispersion on different catalysts, it was demonstrated that NI
decomposition over Ni is significantly structure sensitive. Some unique metal clusters similar to B5 active sites should be responsible for
catalytic activities. Preparation methodology has a substantial influence on metal dispersion. For the supported Ni catalysts prepared by the
method, the generated metal particles are very small and the constitution of unique active sites becomes unfavorable, which accounts fo
apparently lower TOF values.
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1. Introduction method, and NklIstorage and delivery can be more readily han-

. . dled[16,17]
The on-site generation of hydrogen for proton-exchange As for the research on Ngdecomposition, most of the

membrane fuel cellr_s (PEMFCS) 'S. of great |mpc_)rtance for enWork has been related to NHynthesis and/or Niabatement
vironmental protection consideratidgth]. The option of pro-

ducing hydrogen directly from carbonaceous substances (e.g.ls_271 There are reports onzgeneration from pure Nii

methanol, methane) has limitations, because the byproduct cGL9-26} however, catalytic activity is low even at 873 K. Many
(x = 1, 2) degrades the cell performance even at extremely lovnetals, alloys, and com-pounds with poble metal characters have
concentrationg2—6]. As an alternative route, the direct gen- Peen tested forammonia decompositigyi1,13,28-36]it was

eration of hydrogen from ammonia decomposition has beefpund that Ru is the most active among the noble metals, and
considered for the production of G@ree hydrogen7—15].  nickel is the most active among the cheap metals. In terms of
On the other hand, N¥idecomposition is a more economical cost, Ni is attractivg15]. Supports have been used to increase
the dispersion and surface area of active components. Recently,
mpon ding authors. Fax: +852 3411 7348, it was reported that Ru cata.llyst usmg. garbon nanotubes (CNTS)
E-mail addresses: jiwj@nju.edu.cr(W.-J. Ji),pctau@hkbu.edu.hk as a support showed the highest activity among metal catalysts
(C.-T. Au). supported on various materigi0—-34}
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Fumed silica is a unique kind of siliceous material com-as K-Ni/MCM-41(TIE). Inductively coupled plasma—atomic
prising nonporous primary particles. It has chain-like particleemission spectrometry (ICP-AES) measurements showed that
morphology and porosity only between primary partid@g].  the actual loading of Ni was 7.2 wt%.

MCM-41 and SBA-15 are two important mesoporous siliceous

materials synthesized by liquid crystal template (LCT) method®.2. Catalytic testing

that have well-ordered hexagonal porosity and are high in ther-

mal stability and surface ard88—40] In view of the unique Catalytic testing was carried out in a continuous-flow quartz
structural features of these siliceous materials, we envisageéactor (catalyst: 100 mg, 60—80 mesh) under pure Kildw

that better catalytic activity could be achieved by using thenrate: 50 mfmin; GHSWH,: 30,000 mf(h gcaf). Before the re-

as catalyst supports for ammonia decomposition. In contrasgction, the catalyst was reduced in situ in a 25%A1 flow at
carbon-based supports are unstable, due to methanation, in t823 K for 2 h, then purged with a flow of pure Ar. The reaction
presence of blat high temperatures. The metal catalysts suptemperature was in the range of 623—993 K. The acquisition of
ported on siliceous materials should be more stable and hawtivity data at a particular temperature was conducted after the
better prospects for practical applications. establishment of steady state. Product analysis was performed

In this work, fumed Si@, MCM-41, and SBA-15 were on an on-line gas chromatograph (Shimadzu) equipped with
adopted as catalyst supports for ammonia decomposition, artdermal detector and Poropak Q column, using Ar as a carrier
Ru and Ni were selected as the active components. Specighs. NH conversion in a blank reactor wasl.0% at 823 K.
attention was given to the nickel catalysts, and two differ-
ent methods for loading Ni were adpoted. Investigation of2.3. Characterization
physicochemical properties of the catalysts was done using
techniques such as X-ray diffraction (XRD), transmission Powder XRD experiments was conducted on a Rigaku Au-
electron microscopy (TEM), N adsorption—desorption, H tomatic diffractiometer (Rigaku D-MAX) with monochroma-
temperature-programmed reduction (TPR), andteimpera- tized Cu-K, radiation ¢ = 0.15406 nm) at a setting of 30 kV.

ture-programmed desorption (TPD). A JEM-2010F TEM device was used (at 200 kV) to investigate
the morphology and particle size of the catalysts. The amount

2. Experimental of Ni loading in the Ni/MCM-41(TIE) catalyst was validated
on an American JA-1100 type ICP-AES instrument. The BET

2.1. Catalyst preparation surface areas and pore structures were measured with a NOVA-

1200 Material Physical Structure Determinator. The samples

Fumed silica was commercially available from Aldrich and were degassed at 573 K for 3 h, then &tlsorption was con-
used without any further treatment. MCM-41 and SBA-15ducted at 77 K. H TPR and TPD experiments were conducted
were synthesized by direct hydrothermal treatment accordings described previousfB3], with sample sizes of 40 mg for
to the procedures described previougdy—40] The loading TPR and 0.2 g for TPD.
of metal component and potassium promoter onto the supports
was done by the incipient wetness impregnation method a@. Results
cording to the procedures of Yin et 4B3]. Analytic-grade
RuCk (Aldrich) and Ni(NGs)2-6H,O (Aldrich) were used as 3.1. Physical properties
the precursors of Ru and Ni components, respectively. Ace-
tone (for Ru and Ni loading) and ethanol (for KOH loading) The mesostructure features of the three support materials
were used as solvents, and KOH was used as a K precursavere verified by small-angle XRD patterns ang &tisorption—
The intended loading of metal component was 5 wt%; the catadesorption measurements. MCM-41 and SBA-15 showed typi-
lysts are designated as Rugport(IMP) and Nikupport(IMP), cal mesoporous structures in accordance with those reported in
respectively. The KOH-modified catalysts are designated as kthe literaturg[38—40] whereas fumed Siis essentially non-
metalsupport(IMP), and the Kmetal molar ratio was /2. porous.

Another MCM-41-supported Ni catalyst was prepared by Table 1reports the physical characteristics of the support
a template ion-exchange (TIE) method and designated awaterials and the supported metal catalysts. It is apparent that
Ni/MCM-41(TIE). Typically, 2 g of as-synthesized MCM-41 the loading of active component has a notable impact on the
containing 50 wt% template was added to an ethanol solusurface area of mesoporous MCM-41 and SBA-15, but not as
tion of nickel nitrate, and the mixture was stirred vigorously much on that of nonporous fumed SiOrhe specific surface
at 333 K for 6 h. The as-prepared Ni/MCM-41(TIE) catalystarea and pore volume of MCM-41 dropped appreciably with
precursor was collected by hot filtration, followed by thor- metal loading and decreased further with KOH modification.
ough washing with ethanol to remove the unbound metal ion3he slight decrease in average pore size indicated that signifi-
on the surface of MCM-41. The remaining organic templatecant amount of active component had entered the pores. When
was expelled by calcination at 823 K for 2 h in Ar flow. SBA-15 was loaded with an active component, the specific sur-
The reduction procedure was carried out in a 25%AH  face area and pore volume decreased more notably than that
flow at 973 K for 2 h. The KOH-modified catalyst was pre- of the MCM-41 case, and, interestingly, average pore size in-
pared similarly to the metal/MCM-41(TIE) and is designatedcreased. Surely, the large pores of SBA-15 can provide more
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Table 1 between the two. It is possible that the TIE method had a con-
The physical properties of supports and supported metallic catalysts siderable effect on the structural character of the support.
Catalyst SBET Pore volume Pore diameter

(m?/g) (cm®/g) ) 3.2. Catalytic activity
MCM-41 991 092 370
SBA-15 762 096 504 Table 2gives the NH conversion and bl formation rates
E‘L’J’/“,\/Tg S_'%(IMP) gi% e s over supported Ru catalysts. One can see that the Ru catalysts
K-RUMCM-41(IMP) 816 069 340 prepared in this study are more active than the 10% Ry/8fO
RU/SBA-15 616 ars 503 ordinary silica support reported previougls]. Both catalysts
K-Ru/SBA-15 415 ®9 569 were evaluated under identical conditions. The results clearly
Ru/fumed SiQ 227 - - illustrate that the nature of support material plays an impor-
E}/F:A“g;\lﬂrleld(li:% ggg - s tant role in determining the activity of metal catalysts. It was
K-Ni/MCM-41(IMP) 742 060 323 previously reported that alkali or alkaline earth metal ions are
Ni/MCM-41(TIE) 449 Q38 338 efficient promoters for supported Ru or Fe catalysts ingS¥yh-
K-Ni/MCM-41(TIE) 297 025 335 thesis and decomposition; they are also effective adjuvants for
Ni/SBA-15 389 058 598 preventing Ru or Fe from sintering9,30] As shown inTa-
EJ}'&’ES@;& jf;‘ 052 634 ble 2, KOH modification leads to increased catalytic activity
K-Niffumed Si0, 189 _ _ for all catalysts. The effect of KOH modification becomes most

@ The metal catalysts not prepared by TIE method were all prepared by im-Significant over Ru supported on MCM-41 at reaction tgmper—
pregnation method. atures above 450C. Over K-Ru/MCM-41, K-Ru/fume_d Sie)
and K-Ru/SBA-15, almost 100% ammonia conversion can be
achieved above 55@. The corresponding Hformation rates
space for access of more active components, producing a ngchieved on these three catalysts at 8D@vere 29.41, 27.61,
table decrease in surface area and pore volume. Some existiggd 26.51 mmol(min geay), respectively, much higher than that
micropores were preferably blocked by metal particles, and the20.0 mmo} (min gea) achieved over 10% Ru/SiOat equal
apparent average pore size of SBA-15 increased appreciabigmperaturé7].
with metal loading. Table 3depicts the NH conversion and biformation rates
The surface area of the supported Ni catalyst is slightlyover supported Ni catalysts of the current study. Similarly,
lower than that of the corresponding supported Ru catalystNHz conversion was much higher than that achieved over
signifying that the dispersions of the metal particles in thel0% Ni/SiQ with ordinary silica as a suppoft]. At 600°C,
two cases are somewhat different. The surface area and poNHs conversion achieved over NifMCM-41(IMP) was almost
volume of Ni/MCM-41(TIE) are only about half those of twice that achieved over 10% Ni/SpJ7]. It is noteworthy
Ni/MCM-41(IMP), but there is little difference in pore size that the nickel catalysts supported on the three siliceous ma-

Table 2

H» formation rate (mmgl(min gcat)) and NH; conversion (data in parentheses, %) over the supported Ru catalysts

Temperature Ru/support K-Ru (2:1)kupport 10% Ru/SiQ
¢C) Fumed SiQ MCM-41 SBA-15 Fumed Si@ MCM-41 SBA-15 Ref.[7]
400 76 (22.6) 6.9 (20.5) 9.2 (27.6) 110(327) 11.3(33.8) 11.8(35.4) 4.5 (14.3)
450 167 (49.7) 14.2 (42.4) 16.4 (49.0) 19.0 (56.6) 20.4 (60.9) 19.4 (57.9) 114 (36.4)
470 203 (60.7) 18.4 (54.9) 19.8 (59.3) 22.6 (67.5) 26.4 (78.9) 22.4 (66.8) -

500 262 (78.1) 239 (713 24.6 (73.4) 27.6 (825) 294 (87.8) 26.5(79.2) 20.0 (64.0)
520 292 (87.3) 275 (821) 27.7 (82.7) 29.9 (89.3) 31.6 (94.4) 29.3 (87.4) -

550 323 (96.5) 317 (94.6) 312(933) 327 (97.7) 335 (1000) 32.0(95.5) -

Table 3

H» formation rate (mmol(min gcat)) and NH; conversion (data in parentheses, %) over the supported Ni catalysts

Temperature Ni/support K-Ni (2:1)/support 10% Ni/SIQ
4 Fumed SiQ MCM-41 (IMP) MCM-41 (TIE) SBA-15 Fumed Si® MCM-41 (IMP) MCM-41(TIE) SBA-15  Ref.[7]
400 15(4.6) 2.7 (8.0) 21(6.3) 2.8(8.2) 2.28(6.8) 2.9(8.6) 3.2(9.5 3.2(9.5 0.44 (1.4)
450 35(9.9) 4.7 (14.1) 4.0 (119) 4.0 (12.0) 4.52 (135) 4.9 (14.5) 5.7 (17.0) 4.4 (13.2) 1.34.2)
500 65 (18.1) 9.0 (26.9 8.9 (26.5) 7.3(220) 837(250) 89(265) 10.7 (319) 77229 33(105)
550 116 (346) 149 (44.6) 15.9 (47.6) 127 (37.8) 14.28(426) 15.0(44.9) 17.3(51.8) 129 (384) 6.8 (21.6)
600 180 (537) 215(64.2) 24.0 (71.6) 192 (57.3) 20.77(620) 21.8(65.1) 245 (732 193 (57.8) 11.4(36.4)
650 251(750) 27.9(832) 30.6 (915) 256 (76.6) 27.28(8L5) 282 (84.2) 311(928) 264 (787) 211(70)
670 277 (826) 29.8(89.1) 321(957) 282(84.1) 29.78(889) 30.3(90.4) 325 (97.0) 288(859 -

700 313(934) 320(954) 331(98.8) 31.3(936) 3206(957) 328(97.8) 335 (100 318(949) -
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Fig. 1. XRD patterns of supported Ru catalysts: (a) RuMCM-41; (b) K-Ru/Fig- 2. XRD patterns of supported Ni catalysts: (a) Ni/MCM-41(IMP);
MCM-41; (c) Ru/SBA-15; (d) K-Ru/SBA-15; (e) Ru/fumed SiO(f) K-Ru/ (b) K-Ni/MCM-41(IMP); (c) Ni/MCM-41(TIE); (d) K-Ni/MCM-41(TIE);
fumed Si0. (e) Ni/SBA-15; (f) K-Ni/SBA-15; (g) Ni/fumed Si@; (h) K-Ni/fumed SiG.

terials were also more active than that supported on CNTs
[30-34] The H, formation rates at 500C for the Ni catalysts
supported on MCM-41, SBA-15, and fumed Si@ere 9.00,
7.35, and 6.05 mmg(min g.ay), respectively, compared with

a value of 2.90 mmg(min gca) for Ni/CNTs [31]. Further-
more, the Ni/MCM-41(TIE) catalyst was more active than
Ni/MCM-41(IMP), probably owing to higher Ni dispersion
(seeTable 4later). The effect of KOH modification on nickel
catalysts was also investigated. The catalyst supported on
fumed SiQ showed a certain improvement in activity, but only
slight changes were observed over the catalysts supported on
MCM-41 and SBA-15. Thus it follows that the effect of potas-
sium modification varies depending on the active components
and supports. S T

100

Intensity (a.u.)

) . 20/°
3.3. Metal dispersion

Fig. 3. Small angle XRD patterns of MCM-41 and supported Ni catalysts via
Fig. 1 shows the XRD patterns of reduced Ru catalystsdifferent preparation methods: (a) MCM-41, as prepared; (b) MCM-41, after
All samples exhibit broad diffraction peaks of siliceous ma-calcination; (c) Ni/MCM-41(IMP); (d) N/MCM-41(TIE).
terials. Compared with the SBA-15 sample, the MCM-41 and
fumed SiQ samples demonstrate weaker diffraction lines atmainly on the pore wall of MCM-41 and retained in much
tributable to crystalline Ru particles{2= 43.86°), signifying ~ smaller sizes.
relatively higher Ru dispersion. The larger pore size of SBA-15 Fig. 3 shows the small-angle XRD patterns of the as-
means more space and better accommodation for active coratepared MCM-41, calcined MCM-41, Ni/MCM-41(TIE), and
ponents, which may favor the formation of bulk-like species.NI’lMCM-41(IMP) samples. The XRD diffraction lines of
There are no obvious changes in KOH modification. As sugthe four samples can be indexed to hexagonal regularity of
gested by Ying et al34], the potassium might still remain as MCM-41 pore structure, that is, (100), (110), and (200) planes.
KOH, because the corresponding oxide phase is unfavorable ifhe (100) peak of calcined MCM-41 and Ni/MCM-41(IMP)
the presence of water produced during the reduction process.is more intense, because of removal of the template. The peak
Fig. 2 reports the XRD patterns of the reduced Ni cata-intensity of Ni/MCM-41(TIE) is much weaker than those of
lysts. Diffraction lines attributable to crystalline Ni particles the other samples; we deduce that even though the mesoporous
(20 = 44.25°,51.8°) are clearly visible for all samples pre- pore structure of MCM-41 was not largely destroyed in the
pared by the impregnation method. The Ni diffraction signalTIE method, the long-range order of the hexagonally ordered
can hardly be identified for Ni/MCM-41(TIE). Considering the porosity may be significantly lowered, which also accounts for
7.2 wt% Ni loading of Ni/MCM-41(TIE) and 5.0 wt% Ni load- a considerable decrease in the surface area of this safele (
ing of Ni/MCM-41(IMP), the TIE method enables greater Ni ble 1).
dispersion. It follows that due to ion exchange between Ni Figs. 4 and Slepict the N adsorption—desorption isotherms
and template ions, the supported Ni components were locateahd pore size distributions of MCM-41, NifMCM-41(TIE), and
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Fig. 5. Pore distribution of MCM-41, Ni/MCM-41(TIE) and Ni/lMCM-41 -5 he ascribed to weaker interaction of Ni component with
(IMP). support and/or to smaller size of the metal particles.

) ] Fig. 7 illustrates the K desorption behaviors of the K-Ni/
'N|/MCM-41(I'MP). The samples show -type IV hysteresis loop MCM-41(IMP), K-Ni/MCM-41(TIE), and K-Ru/MCM-41
lsotherms.wﬂh a sudden increase within tR¢ Pp range of (IMP) catalysts. (H adsorption on pure MCM-41 is insignif-
0.3-0.4, S|gn|fy|ng that- the mesoporous pore structures Wou%ant.) The H-desorption profiles of K-Ru/MCM-41(IMP) and
be largely maintained in both loading methods-. HO\./vever-, th‘?(—Ni/MCM—41(IMP) are quite similar, the desorption tempera-
pore volume of MCM-41 was greatly reduced with Niloading, tres are ca. 70 K lower than that of the K-Ru/CNTs—a catalyst
especially in the Ni/MCM-41(TIE) case. The results of Porereported by Yin et al[33]. However, Ni loading with the TIE
size distribution indicate uniform pore size and a ca. 4 A demethod resulted in a notable decrease in both onset temperature
crease in average pore size of the sample with Niloading.  and peak temperature (ca. 50 K shift to the lower-temperature
end). The amount of FHdesorption over K-Ni/MCM-41(TIE)
was almost twice as that over K-Ni/MCM-41(IMP), indicated
that the former has more exposed surface Ni atoms.

Based on the peak area of the-HPD profiles and assum-

Fig. 6 reports the TPR profiles of Ru and Ni precursorsing an adsorption of one H atom per metal atpth the H
supported on MCM-41. The metal oxides (NiO and BUO chemisorption uptakes can be estimated accordingly as cali-
could be completely reduced below 83D. It can be seen that brated by a standard procedure of CuO reduction. As shown in
the impregnated Ni precursor is the most difficult to reduceTable 4 Hy chemisorption uptake over K-Ni/fMCM-41(IMP)
(Fig. 6, a). The temperature for Ni/MCM-41(TIE) reduction is is roughly 42.5 umolgca, slightly higher than that over
notably lower than that for Ni/MCM-41(IMP) reduction. This K-Ru/MCM-41(IMP) (34.1 umolgcay), but lower than that

3.4. Metal—support interaction
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20 0y
—

Fig. 8. TEM images of catalysts: (A) RuU/MCM-41(IMP); (B) Ni/MCM-41(IMP); (C) Ni/MCM-41(TIE).

9

over K-Ru/CNTs (51.4 umgbcay) [33]. The H chemisorp- L o K-Ru/MCM-41(IMP)
tion uptake of K-Ni/MCM-41(TIE) (89.2 umgbca) was . 8[ 4 KNMCMa1IMP) - ©
twice that of K-Ni/MCM-41(IMP). The dispersions of metal 0 AL v KNMCMAHTE)
components were 14.4% for K-Ni/MCM-41(TIE), 9.9% for w | o A
K-Ni/MCM-41(IMP), and 13.8% for K-Ru/MCM-41(IMP), F s A
much higher than the values of 0.9% for 10% Ni/S&hd 1.2% sl R “
for 10% Ru/SiQ reported by Choudhary et 4¥]. I i
4 |-
3.5. Particle size of metal components sl ° . 4 .
L o v
We used the TEM technique to investigate the effects of sup- 2 . N oV v
port and loading method on the particle size and morphology of 1L ALY
catalysts. As shown ifrig. 84, the Ru particles are spherical 24 alt v
and evenly dispersed on MCM-41. The mean particle size was o1~ 430 500 : 500 : 700
estimated by averaging the diameter of 100 randomly distrib- Temperature, °C

uted particles; it was approximately 5 nm for Ru metal particles.

TEM image ofFig. 8B clearly shows that the dispersion level Fig. 9. Comparison of TOFs of fHformation over MCM-41 supported K-Ni

of Ni particles on MCM-41 is indeed lower than that of Ru. 2nd K-Ru catalysts.

This observation is consistent with the results of XRD and H

Chemisorption measurements. It is obvious that Ni aggregatiohe attributed mainly to their intrinsic chemical natures; whereas
to larger particles (ca. 8 nm) occurred. Besides the differencthe difference in TOF values between the Ni catalysts prepared
in intrinsic chemical nature between Ni and Ru, the relativelydy different methods should be ascribed to the changes in Ni
lower dispersion may also account for the lower activity of Ni dispersion and, consequently, to the changes in morphology and
in ammonia decomposition. Comparing with the TEM image ofstructure of Ni particles.

Ni/MCM-41(IMP), that of Ni/MCM-41(TIE) Fig. 8C) shows It is generally accepted that at metal surfaces, the “active
fewer Ni particles were on the outer surface of MCM-41, im- Sites” with low-coordination atoms are more reac{##]. The
plying that a larger amount of Ni was located inside the poregurrent studies on ammonia synthesis/decomposition were fo-

of the support. cused mainly on Fe and Ru systeid2—44] and less on Ni-
based catalysts. For the Fe catalysts, the active sites associated
4. Discussion with N2 dissociation in ammonia synthesis were thought to
be the oligo-atomic metal clusters, that is, the C-7 sites (with
4.1. Turnover frequency and structure sensitivity seven nearest neighbofdp]; for the Ru catalysts, the B5 sites

(with five nearest neighbors) were propo§£8i44] The results

The turnover frequency (TOF) of the reaction over differ-of DFT calculations suggested that B5 sites can be the five-
ent catalysts was calculated by normalizing the observed ranember sites on the steps of the Ru(0001) p[d48¢ Because
action rate (mol H/(s ¢tap) to the number of exposed Ru or of their unique geometry configuration and electronic proper-
Ni surface atoms per gram of catalyst. The TOF value deties, the B5 sites can favor both dissociation and desorption
rived on the K-Ru catalyst was much higher than that derive@f N2 at the steps of the Ru(0001) face rather than at the ter-
on the Ni-based catalyst&ify. 9). For the Ni-based catalysts, raceg44].
the TOF value of K-Ni/MCM-41(TIE) was lower than that of = The constitution of such active sites is very structure-
K-Ni/MCM-41(IMP), despite the fact that the former is actu- sensitive; in other words, the concentration of these unique
ally more active on the basis of per unit mass of catalyst. Theites is strongly dependent on metal dispersion or particle size.
difference in TOF values between the Ru and Ni catalysts caRecent work on a series of Ru/C catalysts with different Ru
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Table 4

H»-TPD results of MCM-41 supported K-Ni and K-Ru catalysts for ammonia decomposition

Sample B-TPD Eq°
Onset desorption H> uptake Peak temperature Dispersio (kJ/mol)
temperature(C) (MmMol/gear) (°C) (%)

K-Ni/MCM-41(TIE) 84 892 126 144 493

K-Ni/MCM-41(IMP) 125 425 176 Q9 535

K-Ru/MCM-41(IMP) 107 341 178 138 497

2 Dispersion was estimated according tp #ptake, assuming molar ratio of RuzH1:1.
b Apparent activation energy was obtained from the corresponding Arrhenius pfets ib0

loadings revealed that Ru particle size increased monotonously
with increasing Ru conterjd5]. At Ru loading <3 wt%, the

Ru particles were smaller than 0.7—-0.8 nm and catalytically in- "o
active for ammonia synthesis. This is because less B5 active
sites were present on these extremely fine Ru particles. The
maximum concentration of B5 sites was observed over the Ru I
crystallites of~2 nm size. Another study of ammonia synthe- 0.5
sis on Ru/C catalystgl6] showed that the optimal Ru loading I
was ca. 3.5 wt%, with Ru dispersion of 10-15% very close to 0.0
the values of Ni dispersion (9.9-14.4%) reported in the present I 0 K-Ni/MCM-41(TIE)
study. Too high a dispersion-(L5%) would result in a reduc- 05 L ; ﬁ:gzxﬂ%“&ﬂm?)
tion of B5 sites and consequently lower catalytic activity. But I

Ru loading beyond a certain amount also was not helpful, be- 1.0
cause heavy Ru loading simply increased the particle size but ooz ooos oooma 00015
did not effectively increase the number of B5 sites. Jacobsen 1T, K

et al. [47] found significantly increased activity over Ru cat-

alysts supported on magnesium aluminium spinel during thé&ig. 10. The Arrhenius plots over MCM-41 supported K-Ni and K-Ru cat-
initial period of ammonia synthesis. This activity increase Wasi/ll)ésl\t/lsﬁl(?&;?nw:;atslgseirzgg; aﬁimﬁj (‘;(C’)rnv*é‘r';‘i'é '\r’l'sc'\g];“ig”% ;ngn';"\'"
ascn-bed to sintering of very small Ru par_tICIeSl(nm) to 40 + 15%, respectively. The te;nperature range adopted for K-Ru/MCM-41
medium Ru crystals. All of these observations strongly sugyvpy was 708+ 35 K, at NH; conversions of 58 17%.

gest that the concentration of B5 sites is closely related to the

metal particle size. One should bear in mind that in these studss e gifference in Ni dispersion between K-Ni/MCM-41(TIE)
ies, the adopted supports are different, and the procedures fgf,4 K-Ni/MCM-41(IMP), the morphology of Ni particles can
catalys'F chargcterizgtion and evaluation are not identical; thugi5 pe envisaged to change. In K-Ni/MCM-41(IMP), there are
the optimal dispersion can vary somewhat even for the samgger N crystallites and hence flatter faces, on which more
supported metal component. _ _ B5-like sites are probably present, resulting in a higher TOF
In the present study, the TOF values derived on the Ni-baseg N, decomposition. A correlation between metal dispersion
catalysts for ammonia decomposition changed S|gn|f|cantl)(partic|e size) and TOF for Ngldecomposition has been ob-
with varying levels of Ni dispersion. It follows that ammonia ggped by other investigators. For instance, Choudhary gfal.
decomposition over Ni catalysts is also very structure—sensitivqnvestigated ammonia decomposition over Ni, Ir, and Ru cata-
and that a relationship between the number of active sites angsis supported on different materials. A common observation
the Ni dispersion (particle size) can also be established. The B{yas that for a certain metal component, TOF decreased with in-
like sites are proposed to be active for ammonia decompositiogreasing metal dispersion. Liang et j#9] observed that the
on the surfaces of Ni particles. For the K-Ni/MCM-41(TIE) cat- TOF value over a Ru catalyst supported on activated carbon in-
alyst, the Ni componentis located mainly on the internal wall ofcreased by a factor of 9 when the size of Ru particles increased
MCM-41 and has an extremely fine particle size. Although thé&rom 1.7 to 10.3 nm. Yin et a[33] also observed similar phe-

metal dispersion is higher, less active sites are present on theggmenon on the Ru catalysts supported on CNTSs.
very fine Ni particles, leading to a considerable decrease in TOF

values. It should be mentioned that the morphology of metah.2. Activation energy

crystallites changes simultaneously with metal dispersion (par-

ticle size), which in turn influences the constitution of unique From the Arrhenius plots iffig. 10 based on the pifor-
active sites. A previous study on Ru catalyjg3] revealed that mation data far away from the equilibrium value, we obtained
at low Ru loading, the small Ru particles’2 nm) are spher- the related apparent activation energiés)( the results are
ical, whereas at higher loadings, the exposed faces of largdisted in Table 4 The E, values are estimated from the inte-
Ru crystallites are essentially flat. There were more B5 sitegral reaction rates obtained at S\Mconstant and at typical NH
present on the latter planes, beneficial for the reaction. Becausenversions, for example, at 4515% and 40t 15% NHs con-
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700°C

100 L 0 B BN R e L]

catalysts supported on MCM-41 are thermally more stable and
have better prospects for practical applications.

8
5

5. Conclusion

[==]
o
T

supports, highly active Ru and Ni catalysts have been fabri-
570°C cated for the generation of G&ree H, from ammonia. The
Ru catalysts were more active than the corresponding Ni cat-
alysts. Modification of Ru catalysts with KOH led to signifi-
570°C cant activity enhancement; however, KOH modification of Ni
catalysts did not result in any significant change in catalytic
wl Z ﬁ'g%%mﬂﬁé activity. Among thg Ru and Ni catalysts, the_ KOH-modified

_ o KNIMOMA 1M Ru/MCM-41 and Ni/MCM-41 are the most active. Thus, of the
% L three siliceous materials, MCM-41 is the most suitable for sup-

0 10 20 30 40 50 60 porting Ru and Ni for ammonia decomposition.

Reaction time, h The Ni component loaded on MCM-41 by the TIE method
is located largely inside the pores of support and exhib-
ited appropriate dispersion and higher catalytic activity than
that loaded by conventional impregnation method. Accord-
ing to the deviations in metal dispersion and TOF between
K-Ni/MCM-41(TIE) and K-Ni/MCM-41(IMP), it was demon-

NH, conversion, %
3
T

5 Adopting fumed SiQ, MCM-41, and SBA-15 as catalyst

Fig. 11. stability study of K-Ni/MCM-41(TIE), K-Ni/MCM-41(IMP), and
K-Ru/MCM-41(IMP).

versions for K-Ni/MCM-41(TIE) and K-Ni/MCM-41(IMP), re-

spe_ct|vely. Th_eEa valge for_ K-RUMCM-41(IMP) was _also strated that NI decomposition over the supported Ni catalysts
estimated similarly. It is believed that th&, values obtained . L . .
is also significantly structure-sensitive. Preparation methodol-

in such a way are still meaningful and are not influenced sig- : ) .
e SO ogy can have a considerable effect on metal dispersion and
nificantly by mass transfer limitations. If one compared the,

£, valle of K-NIMCH-41(MP) (535 kgmol, seeTable 4 tin “C008 1% SURE BEVRREEL O & BE o e
with that of Ni/CNTs (90.3 kJdmol) [31], one can conclude P Y Y g Y.

that the E, value derived in the present study is reasonabld’ - -41-supported Ru and Ni catalysts are promising candi-

o . dates for practical applications.
because the former catalyst is indeed more active than the lat- P PP
ter. It is also evident that loading method of Ni has a greatR
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