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Abstract

The textural and structural properties of a skeletal Ni catalyst prepared by alkali leaching of aluminum from the rapidly quejpétheg Ni
alloy have been investigated by elemental analysis (ICP-AES), nitrogen physisorption, powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), and pithermal desorption techniques. As compared to Raney Ni, such a skeletal catalyst has a regidyaihdise,
lower surface area, higher average pore diameter and porosity, larger mean crystallite size, and unit-cell parameter. These differences &
attributable to the metastable character of the pristine rapidly quenched alloy and their relationship with the catalytic behavior is discussec
and correlated.
0 2003 Published by Elsevier Inc.
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1. Introduction tivity and structural and electronic properties of amorphous
alloys [2,5-9]. However, the fundamental knowledge of the
Since the introduction of the rapid quenching tech- textural and structural properties of the catalysts prepared
nique in production of metastable alloys with amorphous from the rapidly quenchedanocrystalline alloys, another
or nanocrystalline structure [1], these alloys have attractedkind of metastable alloy, is really deficient, although several
the attention of metallurgists, physicists, and chemists due torecent investigations have revealed their superior activity and
their superior electronic, magnetic, mechanical, and chemi- selectivity in some hydrogenation reactions [10-14].
cal properties [2]. In this paper, we report a detailed characterization of a
In catalysis, metastable alloys have been regarded as in-skeletal Ni catalyst (designated as RQ Ni) prepared by alkali
teresting from the point of view as follows: because of a dissolution of the rapidly quenched g§Alsq alloy (Ni/Al,
lack of long-range ordering, the surface of metastable al- w/w, designated as RQ Ni—Al). Choosing this system is sup-
loys is rich in low-coordination sites and defects which are ported by the fact that Ni is one of the most commonly used
essential for adsorption and activation of the reactants [3]. catalysts in industry [15]. Furthermore, as the characteristics
The catalytic activity obmorphousalloys was at firstexam-  of Raney Ni are well known [16—22], it simplifies the in-
ined in the hydrogenation of carbon monoxide. A compari- terpretation of the effect of rapid quenching on the skeletal
son of different amorphous Ni—-Fe—metalloid a||0yS and their Ni Catalyst' Based on elemental ana'ysisy nitrogen physisorp_
crystalline counterparts reveals that amorphous alloys havetion’ SEM, XRD, and H desorption, we disclosed that under
higher activity [4]. This pioneering finding has stimulated g typical alkali-leaching condition, skeletal Ni catalyst de-
a variety of studies all over the world into the catalytic ac- (jed from the rapidly quenched Al so alloy shows com-
prehensive differences in phase composition, particle size,
~ * Corresponding authors. surface area, and porosity as compared to Raney Ni. Careful
E-mail address: knfan@fudan.edu.cn (K. Fan). XRD analysis also reveals that the skeletal Ni catalyst has
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larger mean crystallite size and lattice constant. The textual nitrogen molecule. Samples were transferred to the adsorp-
and structural differences are well correlated with the origin tion glass tube with the storage liquid and treated at 383 K
of the alloys. These results provide the preliminary infor- under ultrahigh pure nitrogen flow for 2.0 h before measure-
mation for the elucidation of the different catalytic behavior ment. Samples were weighed by difference in the adsorption
between the as-quenched skeletal Ni catalyst and conventybe on completion of the experiment.

tional Raney Ni catalyst. Moreover, they may provide a ba-  powder X-ray diffraction (XRD) patterns were acquired
sis for the interpretation of the catalytic behavior of rapidly on a Bruker AXS D8 Advance X-ray diffractometer using
quenched alloys other than the Ni—Al alloy. Cu-K, radiation (0.15418 nm). The tube voltage and current
was 40 kV and 40 mA, respectively. Sample with solvent
was putin the in situ cell, with argon (99.9995%) flow purg-
ing the sample during the detection to avoid oxidation. The
mean crystallite dimensions were obtained from the integral
width of the Ni(111) diffraction line using the Scherrer re-
lation after correction for instrumental broadening with the
Warren procedure [23]. To obtain an estimate of the contri-
bution to any given peak width by the instrumental factor,
quartz powder was used due to its good crystalline per-
fection and virtually no intrinsic line broadening [19]. As

metallic Ni and Al specimens were melted at 1573 K under nickel is face-centered cubic, mean unit-cell-parameter eval-
Ar atmosphere before it was sprayed onto the high-speed ch_uations were mac!e from the interplana.r spacings calculated
tation copper wheel. The brittle ribbons were crushed and for all observed diffraction peaks by using the simple crys-

sieved, and the 200-mesh fraction was used throughout thgallographic relation between the two which holds for cubic
experiments. structures.

The RQ Ni catalyst was prepared by the following pro- H> desorption profiles were obtained in the following
cedure: 1.0 g of RQ Ni-Al alloy was added under gentle manner. After the samples were treated at 423 K for 1.0 h
stirring to an aqueous NaOH solution (10 ml, 6.0 M), heated under argon flow (99.9995%, deoxygenated by an Alltech
to 363 K in a thermostated oil bath. After addition, the reac- Oxy-trap filter), they were cooled down to room tempera-
tion system was kept on stirring at 363 K for 1.0 h for further ture before saturation chemisorption of hydrogen by pulsed
alkali leaching. The black precipitate was washed with dis- injection as confirmed by the constant eluded peak area. The
tilled water to neutrality and then with ethanol to replace maximum desorption temperature, 650 K, was reached at a
water. The resulting catalyst was kept in a stoppered test tuberamping rate of 20 Ks!.
under ethanol. Measurements were made within 24 h of cata-
lyst preparation. Raney Ni catalyst was prepared by alkali .
leaching of a commercially available crystalline Ni-Al al- 2-3. Activity test
loy (Ni/Al, 50/50, w/w, Shanghai Chemical Corp.) using the
same procedure. It should be noted that as RQ Ni catalyst is
pyrophoric, just like Raney Ni, during sample handling, care
must be taken to preclude air oxidation.

2. Experimental
2.1. Catalyst preparation

The RQ Ni-Al alloy, containing an equal weight of metal-
lic nickel and metallic aluminum with a purity of 99.99%
and in the form of ribbons with a cross section of ca.
0.02 x 5 mn?, was prepared by a single roller melt-spinning
method at a cooling rate of $K s~1. Accurately weighed

Liquid-phase hydrogenations of 14 common organic
molecules (cyclohexene, acrylonitrile, styrene, crotonalde-
hyde, cinnamaldehyde, glucose, cyclohexanone, acetophe-
none, 2-ethylanthraquinone, benzene, toluene, nitrobenzene,
p-nitrophenol, and acetonitrile) were carried out in a 220 ml

The bulk compositions of the leached samples (wt%) stainless-steel autoclave using Raney Ni and RQ Ni as the

were analyzed by inductively coupled plasma-atomic emis- catalyst. The studied molecules contain one or more olefinic,
sion spectroscopy (ICP-AES, Jarrell-Ash Atom Scan 2000). aldehydic/ketonic, phenyl, nitryl, and nitrile groups. The

The surface morphologies were observed by scanning elecdetailed reaction conditions were compiled in Table 2 for

tron microscopy (SEM, Philips XL 30). Before being trans- clarity. The hydrogenation process was monitored by sam-
ferred into the SEM chamber, Raney or RQ Ni catalyst with Pling the reaction mixture at intervals, followed by gas or
ethanol was dispersed on the sample holder and then quicklyliquid chromatographic analysis based on the characteris-
moved into the vacuum evaporator (LDM-150D) in which a  tics of the organic compounds. By fitting and differentiating

2.2. Catalyst characterization

thin gold film was deposited after drying in vacuo. the concentration-time curves of the reactant and the prod-
The nitrogen isotherms and subsequently the multipoint uct, the initial hydrogenation rate of the reactant and the
Brunauer—-Emmett-Teller (BET) surface aredggf) and initial formation rate of the product were derived. Thus the

the pore distributions of the samples were determinedby N turnover frequency (TOF) of the reactant and the selectivity
adsorption at 77 K in the Micromeritics TriStar 3000 appa- to the target product if there were one more product can be
ratus, using a value of 0.164 Rrfor the cross section of the  obtained. All data were measured at least in triplicate.
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3. Results
3.1. Sructural analysis of the pristine Ni—-Al alloys

The X-ray diffraction patterns of the pristine RQ and
Raney Ni-Al alloys are given in Fig. 1. The RQ Ni-Al al-
loy is composed of the NiAland NpAl3 phases [24], while
for Raney Ni—Al alloy there is an additional diffraction peak
at 20 = 38.5° characteristic of the eutectic phase having a
nickel content of only about 5% [25]. A comparison of the
intensities of the two lines at about 25.4 and 25.€or-
responding to the NAI3 and NiAl3 phases, respectively,
directly leads to the conclusion that the relative molar ra-
tio of NiAl 3 to Ni2Al3 in RQ Ni-Al alloy is higher than in
Raney Ni—Al alloy.

By a simple calculation, the weight percents of aluminum
in the NiAlz and NpAlz phases are 57.97 and 40.81%, re-
spectively. Thus the relatively higher content of the NiAl
phase compensates for the lack of the eutectic in the RQ
Ni—Al alloy. A microscopic interpretation of the difference
between these two XRD patterns can be depicted as follows.
For RQ Ni—Al alloy, as the solidification speed is extremely
high, the advance of the liquid-solid interface is so fast that
it depresses the long-range diffusion of the atoms and con-
sequently the formation of the phases with composition sub-
stantially deviating from the alloy average composition, e.g.,
the eutectic. In addition, under the supercooling condition as
the nucleation speed is much faster than the growth rate, it
leads to more nuclei and finer crystallites, which is clearly
evidenced by the broader diffraction lines for RQ Ni—Al al-
loy shown in Fig. 1.

3.2. Characterization of the skeletal Ni samples

The nitrogen isotherms for RQ Ni and Raney Ni sam-
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Table 1
Physicochemical characters of the RQ Ni and Raney Ni catalysts

Catalyst Composition SggT Vpore  dpore deryst deell®
wi%) (Mg (cmgg_l) (nm)  (hm)  (nm)

Raney Ni Npp 2Algg 114 0.0911 3.422 52 0.3525

RQ Ni Nigg 6Al10.4 106 0.1211 4.859 6.4 0.3548

@ Mean crystallite size.
b Mean unit-cell dimension.

mean pore diameters for these samples calculated from the
isotherms are listed in Table 1. The isotherms, being Type A
according to de Boer’s classification [26], indicate the open-
ended cylindrical pore shape for both samples. The pore-size
distributions of the samples are illustrated in Fig. 3. For
Raney Ni catalyst, it exhibits a bimodal distribution with
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Fig. 1. XRD profiles of (a) Raney Ni-Al alloy and (b) rapidly quenched
Ni-Al alloy.
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Fig. 3. Pore-size distribution of Raney Ni and RQ Ni catalysts calculated by
the BJH equation in desorption branch.
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maxima at pore diameters 2.4 and 3.6 nm from the desorp-
tion isotherm. The mean pore diameter from the ratio of pore
volume to area for cylindrical pores is 3.422 nm and the pore
volume is 0.0911 cihg~L. The characteristics of Raney Ni
catalyst are consistent with previous work [16]. On the other
hand, the pore distribution for RQ Ni catalyst shows a small
maximum or plateau at small diameters, followed by a large
broad maximum. These features occur at similar pore diame-
ters compared to Raney Ni catalyst. The mean diameter from
the volume-to-area ratio is 4.859 nm and the pore volume is
0.1211 cnig~L. Although the RQ Ni catalyst has a higher . T
pore volume, its surface area is about 8gn' lower than -2 o fOSRR I o
that observed for Raney Ni (because the RQ form exhibits o -
a larger mean pore size). Similar phenomenon has also been
reported for Ni2 sAl47.5[27] and CupAl 70 [28] alloys pre-
pared by the melt-spinning method and in a conventional
way.

Fig. 4 shows the SEM morphologies of the studied cata-
lysts. It is observed that after aluminum leaching the smooth
alloy surface becomes highly fractured, which contributes
partly to the three orders of magnitude increment of the
surface area. Furthermore, the surface morphologies of the
leached samples (Figs. 4b and 4c) emphasize vividly the
round and angular topographies of RQ Ni and Raney Ni
particles, respectively, demonstrating their different origin.
From the SEM graphs, it is found that the particle size of
RQ Ni catalyst (ca. 1 um) is smaller than that of Raney Ni
(ca. 5 um), while XRD will reveal a bigger crystallite size of
the former in the following context.

The XRD profile of Raney Ni (Fig. 5a) exhibits the fea-
tures at 2 = 44.0, 51.2, and 755 corresponding to metal-
lic Ni (111), (200), and (222) planes, respectively, [24].
However, additional diffractions at 44.2, 65.6, and 83.0
corresponding to residual plz (110), (202), and (212)
planes, respectively, are evident for the RQ Ni catalyst
(Fig. 5b), implying that the NiAl3 phase in the rapidly
guenched Ni—-Al alloy is more difficult to be leached than
that in the Raney Ni-Al alloy. The existence of a resid-
ual Ni;Al3 phase has also been noted for leaching similar
as-quenched Ni—Al [10] and Ni—P—-Al alloys [13]. Accord-
ing to Fig. 1 and the experimental fact that the eutectic _ _ - . .
is much more reactive toward alkali than the NjAdnd E'igé;",jiy ;:: %f)s,-fé(z)i E:;,;zt.rap'dly quenched Ni=Alalloy, (b) Raney
Ni2Al3 phases [22,29,30], the eutectic of dendritic structure
can immediately leave voids on dissolution [20], rendering
efficient alkali diffusion into the interior of the alloy and by different ways [19]. The unit-cell dimension for nickel
consequently a more complete leaching of aluminum in the in Raney Ni is 0.3525 nm, close to the value for crystalline
crystallites. An alternative may be that the rapid quenching Ni of 0.35238 nm [32]. For comparison, Robertson et al. re-
technique leads to a Pz phase with nonstoichiometric  ported values from 0.3528 to 0.3535 nm for Raney Ni [19].
composition [31] which is less vulnerable to alkali attack, as However, the value for RQ Ni catalyst is 0.3548 nm, signif-
metastable alloys are generally considered to have superioicantly larger than the values reported above. Presumably,
corrosion resistance [2]. between the larger structural units exist larger voids; con-

The mean crystallite sizes and unit-cell parameters for sequently, the sample with larger crystallites has a smaller
both samples derived from the XRD patterns are listed in surface area.

Table 1. The crystallite size of RQ Ni catalyst (ca. 6.4 nm)is  There is also difference in theoHlesorption profiles be-
remarkably larger than that of Raney Ni (ca. 5.2 nm), while tween the two samples. In Fig. 6, the Raney Ni catalyst
the latter is within the range for Raney Ni samples leached shows two H desorption peaks at 400 and 507 K with
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tion, RQ Ni catalyst is about 30 to 290% more active than
Raney Ni. The rapid quenching technique is less effective
in enhancing the phenyl group hydrogenation (entries 10
and 11); however, RQ Ni catalyst is still about 50 to 70%
more active than Raney Ni. If the discrepancy in activity
toward isolated groups is still held when two or more unsat-
NiAL (212) urated groups coexist in one molecule, over RQ Ni catalyst a
higher selectivity toward product with an intact phenyl moi-
ety is expected. Itis true that for bifunctional molecules such
as styrene, acetophenone, and 2-ethylanthraquinone (entries
3, 8, and 9), the selectivities to ethylbenzene, 1-phenyl
a ethanol, and 2-ethylanthrahydroquinone, respectively, are no
less than 90 mol% over RQ Ni catalyst. Fgr8-unsaturated
--------- e aldehyde hydrogenation (entries 4 and 5), formation of the
30 40 50 60 70 80 90 . .
20 (degree) saturated aldehyde§ (butanall and hydrocmnamaldehyde) is
favored over RQ Ni, suggesting an enhanced reactivity of

Fig. 5. XRD profiles of (a) Raney Ni catalyst and (b) RQ Ni catalyst. the olefinic group over the RQ Ni catalyst.
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The phase selection of the rapidly quenched Ni-Al alloy
is determined not only by the nucleation rate but also by the
growth velocity of the crystallite, according to the nucleation
theory and dendrite growth model out of the scope of the
present study [34,35]. It is found that the,Ml 3 phase nu-
cleates earilier upon cooling; however, the Njighase will
nucleate soon after the appearance of theANi phase due
to the extremely high cooling rate. Thus competitive growth
between these two phases occurs. On the other hand, the nu-
cleation and growth of the MAI3 phase lead to a liquid with
composition much nearer to that of the N¢Alhase, which is
favorable for the growth of the latter, as short-range diffusion
rather than the long-range diffusion of the atoms dominates
under the rapid quenching condition [36]. This may account
for the relatively higher NiAd content in the pristine RQ
Ni—Al alloy than in the usual Raney Ni—Al alloy as revealed

Intensity (a.u.)

Temperature (K) by Fig. 1. . .
When studying the effect of preparation parameters on
Fig. 6. The H TPD features over Raney Ni and RQ Ni catalysts. the pore structure of Raney Ni, Freel and co-workers con-

cluded that samples prepared under mild conditions have, in
similar intensity, respectively. This agrees with the work general, high surface area and narrow pores, while the sam-
by Serra et al. in both the desorption temperature and theples after a severe leaching process are low-area materials
relative intensity [33]. In contrast, for RQ Ni catalyst the Wwith larger pores [16]. It is suggested that the migration of
high-temperature peak is much more intense than the low-alumina trihydrate partially blocking and filling pores and
temperature one, although the temperatures of the desorptiorihe sintering of the crystallites change the pore structure to

maxima are similar to those of Raney Ni. that typical of high-temperature extraction.
Based on our results as well as the cases of the quenched
3.3. Catalytic performance Nis2 5Al47.5 and CuioAl7g alloys, the removal of alumina

trinydrate does not seems to be the key factor to result in

Table 2 summarizes the TOF values and selectivities, if the difference of the pore structure, as the concentration of
there is more than one product determined chromatograph-the alkali, the temperature, and reaction time when leach-
ically, over Raney Ni and RQ Ni catalysts in the liquid- ing the rapidly quenched and the Raney alloys are identical.
phase hydrogenation of the above-noted unsaturated comMoreover, when preparing Raney Ni catalyst, the removal
pounds. It is found that for olefinic (entries 1-5), carbonyl of alumina cannot account for the decrease of the surface
(entries 6-9), and nitryl (entries 12—14) group hydrogena- area when the leaching time is prolonged, as more alumina
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Table 2
The catalytic behaviors of RQ Ni and Raney Ni in hydrogenation of some unsaturated organic compounds
Entry Substrate Reaction conditions Product Selectivity (mol%) Tok)(s
Sub. (mol)/Sol. (mWecat (g)/Temp. (K)PH, (MPa) Raney Ni RQ Ni  Raney Ni RQ Ni
1 O 0.0986/cyclohexane, 30/0.20/323/1.0 O - - 040 091
2 CH,=CHCN 0.0760/ethanol, 45/0.20/323/1.0 §EH,CN - - Q20 059
3 ~N 0.0427/cyclohexane, 45/0.20/363/1.0 ©/\ 47.0 90.0 10 Q023
4 N0 0.0611/ethanol, 45/0.20/323/0.80 N0 82.4 96.2 B4 15
N
. @/\/\0 0.0397/ethanol, 45/0.50/303/0.80 @/wo 69.2 80.1 010 015
H H
HHOH HHOH
6 HOCH2WCHO 0.0694/water, 37.5/0.20/373/4.0 HOCHZWCHQOH - - 0012 Q024
H H
HH H HH H
e}
7 g 0.0815/cyclohexane, 30/0.20/363/3.0 - - 0061 024

74.5 92.7 a3 026

0
8 @)\ 0.0416/ethanol, 45/0.50/353/2.0
)
Et
9 O‘O 0.0148/mixture? 70/0.50/323/0.30
0

51.2 96.6 23 Q030

10 @ 0.256/cyclohexane, 25/0.20/363/4.0 - - Q016 024
11 ©/ 0.0941/cyclohexane, 30/0.20/373/3.0 - - 0083 Q14
NO,
12 ©/ 0.0977/ethanol, 30/0.20/363/2.0 - - 026 059
NO,
13 /©/ 0.0288/water, 40/0.20/353/2.0 — - 0056 Q13
HO
14 CH;C=N 0.190/ethanol, 30/0.20/363/1.0 - - 016 056

& A mixture of trioctylphosphate and trimethylbenzene (volume ratit) 3vas used as solvent.

should be leached out [16]. Thus, sintering of the crystallites catalytic behavior. Fouilloux has observed that residual alu-
is more likely to be accountable for the texture difference. minum in Raney Ni catalyst is responsible for increasing the
Remember that due to rapid quenching, more defects arehydrogenation activity in certain reactions [22]. The higher
formed in the alloy. Crystallites obtained from the rapidly catalytic activity of RQ Ni, as shown in Table 2, can be partly
guenched alloy are coordinatively unsaturated and inclined attributed to a similar effect. It is worthwhile to point out that
to form larger grains, leading to catalysts with smaller sur- the preparation of Raney Ni of large pore size and volume is
face area and larger pore size. This interpretation is rational-always at the expense of the loss of aluminum [16], while
ized by the bigger crystallite size of RQ Ni catalyst than that it is not the case for skeletal Ni catalyst prepared from the
of Raney Ni from XRD analysis listed in Table 1. rapidly quenched alloy.

On the other hand, Fig. 5 shows that there is residual The H desorption profiles in Fig. 6 show that the pop-
Ni2Al3 phase in RQ Ni catalyst, while this phase is in- ulation of the weakly bound hydrogen is remarkably lower
discernible in Raney Ni. The remaining Ml3 phase can  than the strongly bound hydrogen over RQ Ni catalyst, while
stabilize the skeleton, inhibiting the collapse of the pores they are comparable over Raney Ni. These results infer that
[37], which may also contribute to the textural difference the active sites over RQ Ni catalyst are more uniform, which
between RQ and Raney Ni catalysts. One should note thatmay lessen the adsorption modes of the reactant and de-
the existence of aluminum does not necessarily mean a poompress the occurrence of the side reactions. On the other hand,
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