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Abstract

Skeletal Ni catalysts (RQ Ni) prepared by alkali leaching of rapidly quenched Ni—Al alloys have been systematically characterized, focusil
on the effect of the cooling rate during alloy preparation. It is found that the residual Al content, texture, structure, surface hydrogen dpecies,
active sites of the RQ Ni catalysts can be controlled by the cooling rate of the Ni—Al alloys. In liquid-phase hydrogenation of 2-ethylanthraquinot
(eAQ), the RQ Ni catalyst with higher cooling rate favors hydrogenation of the carbonyl group and retards the saturation of the aromatic ring a
the formation of the degradation products, thus leading to a higher yield©hHBased on the characterizations, the improved selectivity is
ascribed to the dominant population of strongly chemisorbed hydrogen, which is inactive for the hydrogenation of the aromatic ring, along wi
the electronic interaction between residual metallic Al and Ni, favoring a carbonyl group-bonded configuration of eAQ on the catalyst.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction catalyst precursors rather than as catalysts. It has been found
that oxidation—-reduction treatment can effectively roughen the
Since the introduction of the rapid quenching technique iralloy surface, thus increasing the active surface area for reac-
the production of alloys with amorphous or nanocrystallinetion [4]. Controlled oxidation of one or more constituents in
structure[1], this technique has had a substantial impact orthe rapidly quenched alloys is another strategy for preparing
our fundamental understanding of materials synthesis by ssupported metal catalysts with unique structure and morphol-
lidification, as well as on our ability to develop materials for ogy[5].
technological applicationf]. In catalysis, rapidly quenched Raney-type catalyst precursors, withsdhl 5o alloy as a rep-
alloys are promising as new catalysts or precursors of new catesentative, are conventionally solidified naturally. Al, in the
alysts for specific reactions, because the surface of these allojtsrm of intermetallic compounds or eutectic, is leached by
is rich in low-coordination sites and defects, which are essentialkali, and then porous catalysts with surface areas as high
for adsorption and activation of the reactajs However, due as~100 nfg~! are obtained6]. Incorporation of the rapid
to the inherently low surface area of the alloysd(1 n?g=1),  quenching technique to the preparation of the Raney-type al-
particular emphasis has been devoted to utilizing the alloys asys is expected to retain the merits of the rapidly quenched
alloys, while circumventing the drawback of low surface area.
mpon ding authors. Fax: +86 21 65642978, Recently, several works have revealed that RQ Ni catalysts
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Ni [7-10]. More notably, the composition, texture, and struc-because the RQ Ni catalysts are pyrophoric, care must be taken
ture, and consequently the activity and selectivity, of the RQ Nio avoid air oxidation during sample handling.

catalyst deviate markedly from Raney M0D]. Nonetheless, to

the best of our knowledge, no work addressing the effect of th@.3. Catalyst characterization

cooling rate on the textural and structural properties of the RQ

Ni catalyst has been reported to date. In this paper we demon- The bulk composition of RQ Ni was analyzed by induc-
strate that the physicochemical properties of the RQ Ni catalydively coupled plasma—atomic emission spectroscopy (ICP-
can be adjusted smoothly by changing the cooling rate of th&ES; Thermo Elemental IRIS Intrepid). The multipoint Bru-
starting Ni—Al alloy as the preparation variable, which offersnauer-Emmett-Teller (BET) surface aresagt) and the pore

an efficient but facile way to tailor the catalytic behavior of thevolume of RQ Ni were determined by Nadsorption at 77 K

RQ Ni catalyst. using a Micromeritics TriStar3000 apparatus. Samples were
transferred to the adsorption glass tubes with ethanol and

2. Experimental treated at 383 K under ultrahigh-pure nitrogen flow for 2 h
before measurement. Sample weight was obtained from the dif-

2.1. Preparation of the RQ Ni—Al alloys ference in the adsorption tube on completion of the experiment.

Powder X-ray diffraction (XRD) was executed on a Bruker
The rapidly quenched N#Al 5o alloys solidified at different AXS D8 Advance X-ray diffractometer using CuzKadiation

cooling rates were prepared by a single-roller melt-spinnind0.15418 nm). The tube voltage was 40 kV, and current was
technique in argon atmosphere. Metallic Ni and Al powders40 mA. RQ Ni with solvent was loaded in the in situ cell,
with the weight ratio of 50/50 were melted at 1573 K in anwith argon (99.9995%) flow purging the cell during detection
induction furnace for a sufficient time to ensure homogeneityto prevent oxidation. The mean crystallite size was calculated
of the melt. The RQ Ni-Al alloy in the form of ribbons was from the integral width of the Ni(111) diffraction line using the
obtained by spraying the melt onto a high-speed water-coole8cherrer relation after correction for instrumental broadening
copper wheel. By changing the rotation speed of the coppewith the Warren proceduié1]. Estimates of the contribution to
wheel, the cooling rate of the RQ Ni—Al alloy was changedany given peak width by the instrumental factor were obtained
accordingly. Because the cooling ratel'(dlr) cannot be mea- using quartz powder because of its good crystalline perfection
sured directly, it is usually estimated from the rotation speednd virtually no intrinsic line broadening2]. Because nickel
based on the equation is face-centered cubic (fcc), mean unit-cell-parameter evalua-
df AT tions were made from the intraplanar spacings calculated for

K . . . . .
—_— =, all observed diffraction peaks using the simple crystallographic
dr - yel? relation that holds for cubic structures.
where AT is the temperature difference between the melt and The surface morphology and particle size were obtained
the copper wheelg is the thermal diffusivity of the sample, from scanning electron microscopy (SEM; Philips XL30). Be-
with a value of~0.3 cn?s~* on the highly conductive copper fore being transferred into the SEM chamber, RQ Ni with
substratey. is the dimensionless variable, with typical magni- ethanol was dispersed on the sample holder and quickly moved
tude of~3; andL is the thickness of the ribbd2]. RQ Ni-Al into the vacuum evaporator in which a thin gold film was
alloys with cooling rates of ca.8 x 10, 25x 107, 32 x 10/,  deposited after drying in vacuo. Transmission electron mi-
4.7 x 107, and 65 x 10’ Ks~! were prepared; these are des- croscopy (TEM; JEOL JEM2011) was operated at 200 kV. RQ
ignated as RQ Ni—Al1, RQ Ni-Al2, RQ Ni-AI3, RQ Ni—Al4, Nipowders were dispersed in ethanol and sonicated fomin.
and RQ Ni—AlI5, respectively. The ribbons were additionally One drop of the suspension was deposited on a specimen grid
embrittled in hydrogen atmosphere at 873 K for 2 h to easeoated with a holey carbon film.
pulverization. The 200-mesh fraction was used throughout the The surface composition and electronic state of the cata-

experiments. lysts were detected by X-ray photoelectron spectroscopy (XPS;
Perkin—Elmer PHI5000C). Al-K radiation ¢v = 14866 eV),
2.2. Preparation of the RQ Ni catalysts operated at 250 W and 14.0 kV, was used as the exciting source.

The sample was pressed to a self-supported disc and kept in

The RQ Ni catalysts were prepared by alkali leaching of theethanol before being mounted on the sample plate. Before
rapidly quenched Ni-Al alloys similar to Raney Ni. One gram analysis, the sample was degassed in the pretreatment chamber
of RQ Ni-Al alloy was added to 10 ml of 6 M NaOH aque- at room temperature for 4 h in vacuo. The C 1s line of conta-
ous solution at 363 K under gentle stirring. After addition, theminant carbon with binding energy (BE) of 284.6 eV was used
mixture was stirred at 363 K for 1 h for further alkali leach- as the internal standard. For quantitative purposes, the inten-
ing. The black powder was washed thoroughly with distilledsity of the photoelectron peak was integrated after subtracting
water to neutrality and then with ethanol to replace water. The& Shirley-shaped background. The surface composition of the
resulting catalyst was immersed in ethanol before characterizé&RQ Ni catalyst was calculated from the intensities of the Ni 3p
tion and activity testing. The as-prepared RQ Ni catalysts arand Al 2p peaks, which have similar probing depths.
labeled RQ Ni1, RQ Ni2, RQ Ni3, RQ Ni4, and RQ Ni5, inor-  The types of active sites present on the RQ Ni catalysts
der of increasing cooling rate. It should be emphasized here thatere studied by temperature-programmed desorption of hydro-
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Table 1

Physicochemical characters of the RQ Ni catalysts leached from Ni—Al alloys solidified at different rates

Catalyst Bulk composition Surf. comp? Surf. comp? SBET Vpore dpore deryst deenl® NT L
(wt%) (Wt%) (wt%) m?g™H  emigh  (m) () (nm) (m? gy

RQ Nil1 Nig2 0Al17.1 NigzAl17 NiggAl 12 122 Q091 30 6.2 0.3547 10

RQ Ni2 Nig2 6Al17.4 Nig3Al17 NiggAl 14 119 Q093 31 54 0.3551 11

RQ Ni3 Nig1.0Al18.1 NigzAl17 NigsAl 15 116 Q096 33 48 0.3553 12

RQ Ni4 Nig1 4Al15.6 NigoAl 15 NigsAl 17 112 0099 35 45 0.3556 14

RQ Ni5 Nigg.7Al19.3 NigoAl1g NigoAl1g 108 Q104 37 4.0 0.3558 16

& Surface composition including oxidized aluminum.

b Surface composition without considering oxidized aluminum.
¢ Mean crystallite size.

d Mean unit-cell dimension.

€ Active surface area derived from hydrogen chemisorption.

gen (Hb-TPD). After the catalyst was treated at 423 K for 1 h against the cooling rate are summarizedlable 1 After al-
under argon flow (99.9995%, deoxygenated by an Alltech Oxykali leaching, the amount of Ni increases from 50 wt% in the
trap filter), it was cooled to room temperature before saturatioriginal alloys to>80 wt%; that is,>75% of Al has been dis-
chemisorption of hydrogen by pulsed injection as confirmed bysolved.Table 1further reveals that with an incremental rise in
the constant eluted peak area. The maximum desorption tenthe cooling rate, the residual Al in the RQ Ni catalysts increases
perature of 700 K was reached at a ramping rate of 20 K'tin gradually, suggesting that the improved cooling rate does not
The H signal (mass 2) was monitored by an on-line masgavor the leaching of A[10]. The effects of residual Al on
spectrometer (MS; Stanford SRS200). Active surface area wake texture of the RQ Ni catalysts are twofold. On one hand,
calculated from the volume of hydrogen desorbed by assurmit leads to a lower surface area as fewer pores due to Al dis-
ing H/Ni(s) of 1 and a surface area of56x 1072° m? per  solution are generated, which is manifested by the monotonous
Ni atom[13]. Turnover frequency (TOF) was expressed as thelecrease in the BET surface area from 12Zm'" for RQ Nil
number of B molecules consumed on per active surface nicketo 108 nf g~ for RQ Ni5. On the other hand, a portion of resid-
atom per second by differentiating the Hptake curve and ex- ual Al in the form of NpAls, as elucidated by XRD patterns

trapolating to zero reaction time. discussed later in the paper, can stabilize the skeleton of the
o _ catalysts[14], accounting for the increased pore volume and
2.4. Activity test and product analysis pore diameter from RQ Nil to RQ Ni5. In addition, the RQ Ni

o . _ ~catalysts have similar Nadsorption—desorption isotherms and
Liquid-phase hydrogenation of eAQ was carried out in apore size distribution curves (not shown here), implying that

220-ml stainless steel autoclave at 323 K, a total pressure @he cooling rate does not affect the pore structure of the RQ Ni
0.3 MPa, and a stirring rate of 1000 rpm to eliminate the diffu-catalysts.

sion effect. After being loaded with 0.5 g catalyst, 3.5 g eAQ,

and 70 ml of working solution (trioctylphosphate/trimethylben- 3 2 phase composition and unit-cell parameter

zene= 3/7, in volume), the autoclave was sealed and purged

with hydrogen four times. When the reaction temperature was Fig. 1 reveals that besides the diffraction peaks associated
reached, the stirring was started, which was taken as the bgth the (111), (200), and (222) planes of fcc Ni, there are
ginning of the reaction. The reaction process was monitoregeaks Corresponding to the (110)' (202), and (212) p|anes of the
by sampling the reaction mixture at intervals fop Oxida-  Nj,Al; phase for the RQ Ni catalysfs5]. The existence of a
tion. The KO, produced was extracted by distilled water andresidual NpAl 3 phase when leaching similarly quenched Ni—Al
separated from the organic layer. The water layer was titratefb] and Ni—P—Al alloyg7] has been noted. Further inspection
by KMnOy in acidic solution. The percent yield of2@2 (X)  of Fig. 1reveals that the intensity of the il 3(110) peak sur-

is expressed as the ratio of the moles o0 to the initial  passes that of the Ni(111) peak for RQ Ni5, while they overlap
moles of eAQ in the reactor, that i&, = ”ﬁzoz/”gAQ x 100%.  for RQ Nil. This phenomenon is consistent with the chemical

The organic layer was analyzed by high-performance liquichnalysis result that the higher cooling rate leads to more resid-
chromatography (HPLC; Hewlett-Packard HP1100). eAQ andya| Al in the leached catalysts.

2-ethyltetrahydroanthraquinone {6AQ) can be readily quan-  The mean crystallite size and unit-cell parameter of the RQ
tified by HPLC with an ultraviolet detector using a Zorbax Nj catalysts determined from the diffraction peaks are compiled
column (ODS, 15 cnx 4.6 mm) with an accuracy of 5%. in Table 1 The crystallites reduce in size with increasing cool-
ing rate, which follows the trend observed for the starting Ni—Al
alloys. On the other hand, it is noteworthy that the unit-cell pa-
3.1. Bulk composition and texture rameters of the RQ Ni catalysts (i.e., the Ni—Ni distance) can
be changed by manipulating the cooling rate, with the result-
The evolutions of the bulk composition, BET surface areajng expected profound impact on the catalytic behavior of the
pore volume, and mean pore diameter of the RQ Ni catalystskeletal Ni catalysts. The expansion of the unit cells of the RQ

3. Resultsand discussion
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tion may be that the expansion is caused by defects introduced
Ni,AlL(110) by rapid quenching. It is known that the higher the cooling rate,
the more the defects of the melt are retained in the solidified
Ni—Al alloy [3], which is further carried over to the resulting
Ni,AL(202) - Ni(222) RQ Ni catalyst. Recent atomically resolved STM images of

surface defects on Ru(0001) have shown regions with lattice
RQNi4 A\ expansion of up to 10% in the immediate vicinity of the de-
- A R fects[17]. Because these two situations have the same origin,
RQ Ni3 j’\‘ it i_s difficult to distinguish them from each other for the time
being.
s oA 3.3. Morphology and microstructure

' ' ' ' ' Fig. 2a is a typical SEM image of the RQ Ni-Al alloy that
clearly shows the smooth, nonporous surface of the alloy before
alkali leaching. The surface is coarsened after alkali leaching,
Fig. 1. XRD patterns of the RQ Ni catalysts leached from rapidly quenched®S shown irFigs. 2b—2ffor the RQ Ni catalysts. Moreover, the
Ni—Al alloys solidified at different rates. particles of the RQ Ni catalysts exhibit round contours, in con-

trast to the angular morphology in Raney Ni prepared from the
Ni catalysts has been interpreted previously as resulting fromaturally solidified Ni—Al alloy[18]. Comparison of the parti-
more confined relaxation of the Ni atoms at a faster coolingtles inFigs. 2b—2fleads to the conclusion that a higher cooling
rate, leading further deviation of Ni atoms from the equilibratedrate produces a smaller particle size; the average particle size is
position, as in Raney Ni (0.3528-0.3535 nfip] and pure ca. 4 um for RQ Nil and decreases continuously to ca. 0.6 pm
metallic Ni crystal (0.35268 nn{jL6]. An alternative explana- for RQ Ni5.

Ni,AL(212)

Intensity (a.u.)

29 (degree)

Fig. 2. SEM images of (a) RQ Ni—Al5 alloy, (b) RQ Ni1, (c) RQ Ni2, (d) RQ Ni3, (e) RQ Ni4, and (f) RQ Ni5 catalysts.
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Fig. 3. TEM images of the RQ Ni5 catalyst: (a) low magnification and (b) high magnification.

: b) Ni 3p/Al 2p
(@) Ni 2p (
8527 66.9

RQ Ni5

Intensity (a.u.)
Intensity (a.u.)

885 875 865 855 845
Binding Energy (eV) Binding Energy (eV)

Fig. 4. XPS spectra of (a) Ni 2p and (b) Ni 3p/Al 2p levels of the RQ Ni catalysts.

The low-magnification TEM image shown Kig. 3a further  Ni 2pz/, peak at 852.7 eV assignable to metallic nickel for all
discloses that the particles in the SEM images consist of evecatalyst§19]. There is essentially no oxidized nickel species on
smaller primary crystallites, as is verified by the high-resolutionthe RQ Ni catalysts, consistent with the observations of Fouil-
TEM image inFig. 3. The mean crystallite size measuredloux [20] and Delannay et al. on Raney [i1], but different
from the TEM images is~6 nm, quite close to the value cal- than the observations of other authors on RQ9Yliand Raney
culated from X-ray line broadening. The intraplanar distanceNi [22—24] most likely due to partial oxidation of metallic Ni
measured from the lattice fringes Fg. 3 is ca. 0.205 nm, during sample handling, because the skeletal Ni catalysts are
attributable to the (111) plane of fcc Ni with a slightly ex- vulnerable to oxidation.
panded latticg15]. Fig. 3a clearly shows the homogeneous in-  Because the Al 2p level partially overlaps the Ni 3p level,
terparticle/intracrystallite mesopores with diameters of 2—4 nmthe Ni 3p/Al 2p spectra were deconvoluted for qualification and
close to the pore diameters derived from nitrogen physisorpguantification purposes. After curve fittingig. 4b reveals two

tion. chemical states of Al: metallic Al with BE of 72.9 eV and ox-
idized Al with BE of 74.4 eV[19], with the most of the Al
3.4. Surface species and electronic properties (>~70%) in the metallic state. Based on the XRD patterns in

Fig. 1, the former is attributed to Al in residual Ml 3 phase,
The XPS spectra of the Ni 2p and Ni 3p/Al 2p levels for theand the latter to alumina trihydrate adsorbed on the porous
RQ Ni catalysts are depicted Fig. 4. Fig. 4a shows only one skeletal Ni catalyst§5].
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From the present Ni 2p and Al 2p spectra, we are unable to Although two kinds of surface adsorption sites for hydro-
distinguish whether or not electron donation between metalligen are always present on the RQ Ni catalysts, the cooling
Al and Ni has occurred. Based on magnetic susceptibility, Marrate alters the concentration of these sites. For RQ Nii.,5
tin and Fouilloux suggested a donor effect of metallic Al to Ni shows that the intensity ratio between the peaks at low and high
in Raney Ni[25]. It is most likely that the broad line shape of temperatures is about 1:2. With increased cooling rate, the low-
the Ni 2p and Al 2p levels shadows such interaction. temperature peak is attenuated. On the RQ Ni5 catalyst with

The surface compositions with and without oxidized Al, cal- the highest cooling rate, the weakly chemisorbed peak becomes
culated from the intensities of the Ni 3p and Al 2p peaks, arealmost indiscernible. This finding may be used to purposely ad-
summarized inTable 1 The surface compositions including just the selectivity in certain reactions over the RQ Ni catalysts
oxidized Al (column 3) are close to the bulk compositions, sug-by changing the cooling rate during alloy preparation; previ-
gesting no obvious surface segregation of either Ni or Al. Inous work has demonstrated that the types of surface hydrogen
contrast, the surfaces of Raney Ni and its precursor are reporgpecies are closely related to the catalytic behavior of the Ni-
edly enriched with metallic and oxidized A22,24,26] It is  based catalysf®7-32]
also noted that the surface compositions excluding oxidized Al The evolution of the population of the weakly and strongly
corroborate well with the more intensive il 3 diffractions at  chemisorbed hydrogen should provide an indication of the

higher cooling rates. changes in the microstructure of the RQ Ni catalysts. As dis-
cussed in Sectio.2, the RQ Ni catalyst becomes more defec-
3.5. Qurface hydrogen species or active site tive at higher cooling rates. The defects, which are coordina-

tively unsaturated, tend to bind strongly with hydrogen. This is

To obtain information about the dependence of surface h analogous to the result of the theoretical calculation of hydro-

drogen species or active sites on the cooling rateTHD pro- gen on Ni(210) surface with low-coordination step Si{s].

files were acquired for all of the catalysts; these are plotted ir? hatia and Sholl reported that the most energetically favorable

Fig. 5. In the temperature range 300-700 K, these catalysts afidisorption configuration of hydrogen on the Ni(210) surface

characterized by two hydrogen desorption peaks with desorpﬁ—ﬂan b? 3'5_2'.512%6“ rlllﬁjgl ;nlore s(';aNb!eltlhOan th;)se on the IOVI\II'
tion maxima of~408 and 507 K, indicating the existence of iler index Ni(100), Ni(111), and Ni(110) surfaces (generally

two kinds of adsorption states for hydrogen. The desorptioi/(lms'der(ad the dominant planes on practical Ni cata[yty.

temperatures of hydrogen on RQ Ni catalysts are identical wit ore interestingly, by modeling surface strain W.ith lattice ex
those on Raney N27]. Following Mikhailenko et al[28], we pansion, Greely et al. _fpund that surface expansion can notice-
attribute the low-temperature peak to weakly chemisorbed hyz-albly improve the stability of surfaqe herogen on the I\.“(lll)
drogen and the high-temperature peak to strongly chemisorb surface35]. This result may be in line with the observation by

hydrogen. Both of these hydrogen species are reversibly a f ISzm arge(tjarll. c(>jfaconS|deraeg mcrea?eg r;lemountlgf str?r;gl)z
sorbed on the catalyst and are catalytically reactive. chemisorbed hydrogen on a L.u-promoted Raney N catalys

leached from a ternary Ni—-Cu—Al alloy, which they attributed
to the incorporation of Cu into the nickel latti{g6]. It is noted
that the XRD patterns shown Fig. 1and the data given ia-

ble Tunambiguously demonstrate the expansion of the lattice of
the RQ Ni catalysts relative to Raney Ni and pure nickel crystal.

507

3.6. eAQ selective hydrogenation

To demonstrate how cooling rate influences the catalytic be-
havior of the RQ Ni catalysts, liquid-phase selective hydrogena-
tion of eAQ was chosen as the probing reaction. It is well known
that the clearly dominant process fop® production is an-
thraquinone auto-oxidatidi7,38]. In this process§cheme },
eAQ dissolved in the working solution is cycled between two
main steps: (1) eAQ in the working solution is hydrogenated
catalytically to “active quinones” (2-ethylanthrahydroquinone,
eAQH,, and 2-ethyltetrahydroanthrahydroquinonge AQH,),
and (2) the “active quinones” are oxidized with an oxygen-
containing gas to produce2®, and simultaneously recover

oo b b, eAQ and HeAQ. However, besides the degradation products,
300 400 500 600 700 such as 2-ethyloctahydroanthrahydroquinone, 2-ethylanthra-
Temperature (K) cene, and 2-ethylanthrorjg9,40], H,eAQH, may be as well

minimized, because it adds to the viscosity of the working solu-
Fig. 5. H-TPD profiles of the RQ Ni catalysts. tion and the oxidation of feAQH; is inherently more difficult

Intensity (a.u.)
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Fig. 6. (a) The percent yield of D, and (b) the evolution of eAQ and4¢AQ after the hydrogenation—oxidation cycle as a function of reaction time over the RQ
Ni catalysts.

than that of eAQH, leading to poor efficiency in 05 produc-  Table 2

tion [41]_ Catalytic behavior of the RQ Ni catalysts in eAQ selective hydrogenation

Fig. 6a shows the percent yield o8, after the hydrogen-  Catalyst ~ Xu,0,* 12 YH,eAQH,? rH_b (rlnn101I TOfb
ation—oxidation cycle as a function of reaction time over the ) (min) — (mol%) mn~"gea)  (57)
RQ Ni catalysts. The reaction times corresponding to the maxRQNil 848 97 483 0316 Q021
imum vield of HO», the catalytic activities expressed in initial Eg m:g ggg gg ;‘ig 8‘2;2 gggi
_hydrogen up_take ratesy), and TOF values are summarized RONi4 913 76 176 0887 0040
in Table 2 It is found that the-y values over the RQ Ni cata- RQ Ni5 940 57 42 1271 Q052

IyStS increase in the order RQ Nl RQ Ni2 < RQ Ni3 < RQ & The maximum yield of HO, (XH,0,) and the corresponding reaction time
Ni4 < RQ Ni5. However, such an incremental increase cannog) and HieAQH, yield (Y,eaqH,)-

be attributed solely to the enlarged active surface ar8as ( ° Hydrogen uptake rate§) extrapolated to the zero reaction time and the
as listed inTable 1 Table 2shows that the TOF values also corresponding TOF value.
increase, implying that the nature of the active sites has been
modified by the varying cooling rate. about 27 mol% higher than that on Raney{8li, while the cor-

An even more attractive finding shown fiilg. 6a is that the  responding reaction time is substantially decreased, to 57 min.
maximum yield of BO, also increases in the same manner. On Referring to Scheme 1 the percent yield of b, re-
the RQ Nil catalyst, a maximum yield of,B, of 84.8 mol% flects only the overall hydrogenation selectivity to eA§d&hd
is achieved at a reaction time of 97 min, whereas on the R®l4,eAQH,. To gain deeper insight into the effect of the cool-
Ni5 catalyst, the yield reaches a value as high as 94.0 mol%ng rate on the hydrogenation selectivities toward the carbonyl
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group and the aromatic ring in eAQ molecule, we monitoreddrogenation. Moreover, by a systematic theoretical calculation,

the evolution of eAQ and FAQ during the hydrogenation Delbecq and Sautet suggested that the main attractive effect

process. Remember that because the chromatographic anaig-the adsorption of aldehyde on surfaces is the back-donation

sis follows the oxidation step, eAQHand H,eAQH; have  from the metal orbitals into theg, orbital[46]. In this respect,

already been completely converted to eAQ aneéMQ, respec- the electron donation from Al to Ni can enhance such back-

tively; the detected eAQ represents eAgdhd unreacted eAQ, donation and consequently favor the bonding using the carbonyl

whereas HeAQ equals HeAQH, in quantity. Thus the yield group. We believe that the higher population of the strongly

of H4eAQ versus time can be taken as an indirect measure tchemisorbed hydrogen and the presence of more residual metal-

compare the selectivities to the carbonyl group over differentic Al at higher cooling rates are the main factors underlying the

catalysts. higher selectivity in saturating the carbonyl group than the aro-
Table 2and Fig. eb show that over the RQ Nil catalyst, matic ring in eAQ hydrogenation.

H4eAQH; is generated as soon as hydrogenation commences.

At the maximum yield of HO,, 48.3% of eAQ is converted 4. Conclusion

to HseAQH,, suggesting that RQ Nil is not selective in the

hydrogenation of the carbonyl group. With increased cooling The cooling rate during the preparation of rapidly quenched

rate, the yield of HeAQH, at the maximum yield of KHO>  Ni-Al alloys plays a crucial role in the composition, texture,

decreases accordingly. On the most selective RQ Ni5 catalysind structure of the skeletal Ni catalysts and, consequently, on

H4eAQH, does not appear in the first few minutes, and therthe activity and selectivity in eAQ hydrogenation. Although the

increases very slowly at prolonged reaction time. On reachingeometric and electronic characters and the catalytic behavior

the maximum yield of HO,, the yield of HHeAQH, on RQ  of the rapidly quenched catalysts await further elucidation and

Ni5 is only 4.2 mol%, indicating that the hydrogenation of the exploration, the adjustable atomic distance and composition of

aromatic ring can be effectively suppressed by improving thehe rapidly quenched skeletal Ni catalysts are especially attrac-

cooling rate during alloy preparation. tive for researchers aiming to synthesize tailor-made catalysts.
The superior selectivity of the RQ Ni5 catalyst in eAQ hy- The present study clearly indicates that this tailoring can be

drogenation can be directly correlated with the predominanachieved by using the cooling rate as the preparation variable.
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