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bstract

Several high surface area graphite-supported Ni catalysts were prepared and reduced by different methods. Samples were prepared by impreg-
ation of the support and then submitted to traditional H2 flow reduction at high temperature or to reduction with aqueous hydrazine at low
emperature, and compared with a sample prepared by the deposition–precipitation method by means of the reduction of the dissolved Ni precursor
y hydrazine at low temperature. The surface of these catalysts was characterised by means of CO adsorption microcalorimetry and by X-ray
hotoelectron spectroscopy (XPS), and a correlation of the results obtained with those on the selective hydrogenation of citral can be done. In
his sense, only Ni0 sites were detected at the surface of the Ni catalysts prepared by reduction with hydrogen leading to high catalytic activities
nd selectivity towards citronellal formation, while Ni oxidised species are also present (and are major) for catalysts prepared by reduction with
ydrazine, what leads to an enhanced selectivity towards the formation of the unsaturated alcohols, geraniol and nerol. The oxidation of these latter

0
atalysts seems to be only superficial, as suggested by the absence of H2 consumption peaks in the TPR experiments. The presence of Ni sites
ver these latter catalysts was not detected by XPS, thus our study proves that CO adsorption microcalorimetry is a very powerful tool for surface
haracterisation of heterogeneous catalysts.

2006 Elsevier B.V. All rights reserved.
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. Introduction

It is noticeable how in the last years there has been an
nhanced interest on the application of supported nickel cata-
ysts. In this sense, heterogeneous Ni catalysts have been used
n a variety of reactions such as reforming of methane [1,2],
ydrogenolysis of hydrocarbons [3,4], and selective hydrogena-
ions of aromatic rings and oxygenated compounds for the
ne chemicals industry [5–7], among others. Most of these
atalytic transformations have been seen to depend on the
ize, shape and structure of the metal particles, and thus on

he electronic properties of the active sites. For such rea-
ons, numerous studies have been devoted to the study of the
arameters involved in the preparation of the catalysts. On
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upported metal catalysts one of these parameters, among oth-
rs, is the reduction method, since it has an impact on the
ispersion and final structure and electronic properties of the
atalyst.

Conventional supported metal catalysts are usually prepared
y in situ reduction at elevated temperatures of a metal salt.
owever, it is often difficult to control the size, structure and
orphology of the final metal particles, particularly for impreg-

ated catalysts [8], and rather heterogeneous distributions are
chieved. In this way an alternative method for obtaining sup-
orted catalysts with well-defined metal particles is the prepa-
ation from metal colloids [9]. Besides, chemical methods have
een developed to provide a better control of the structure at
microscopic level. In particular, reduction with hydrazine in
queous or alcoholic media is receiving attention [9–12]. How-
ver, in spite of the numerous studies, a profound study concern-
ng the surface active sites thus generated by this method is not
vailable.

mailto:irodriguez@icp.csic.es
dx.doi.org/10.1016/j.molcata.2006.05.056
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Table 1
Nomenclature and main preparation conditions of the high surface area graphite-
supported nickel catalysts

Catalyst Ni (wt.%) Ni precursor Reduction method

NiH–N-400 2 Ni(NO3)2·6H2O H2 flow at 673 K
NiH–N–N2H4 2 Ni(NO3)2·6H2O N2H4 (ac) at 353 K
NiH–A-400 2 Ni(CH3COO)2·4H2O H2 flow at 673 K
NiH–A–N2H4 2 Ni(CH3COO)2·4H2O N2H4 (ac) at 353 K
NiH–A–N2H4-200 2 Ni(CH3COO)2·4H2O N2H4 (ac) at 353 K

and H2 flow at
473 K

NiH–A–N2H4P 2 Ni(CH3COO)2·4H2O Reduction of salt
(ac) by N2H4 (ac) at
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Among the many techniques available for surface character-
sation of heterogeneous catalysts, adsorption microcalorimetry
f probe molecules and X-ray photoelectron spectroscopy (XPS)
re very powerful tools. The former can provide information on
he energy of interaction of reactive molecules with the surface
f the catalyst, which is a parameter related with its surface struc-
ure [13,14]. While the latter, can give useful information about
he surface chemical state of the active sites of the catalysts. In
his sense, the combination of both methods can provide quanti-
ative information about the type and number of surface sites on
he metal clusters. Moreover, the adsorption microcalorimetry
echnique provides more accurate adsorption heat values than
hose obtained from other techniques, and an energetic surface
ite distribution as a function of coverage may, thus, be obtained.
owever, adsorption microcalorimetry is scarcely applied to

haracterise metal supported catalysts [15].
In this work we have performed a surface analysis of high

urface area graphite-supported Ni catalysts, prepared and acti-
ated (reduced) by several different methods, by CO adsorption
icrocalorimetry and X-ray photoelectron spectroscopy (XPS).
urthermore, the catalytic activity and selectivity of the samples
ere evaluated in the hydrogenation of the �,�-unsaturated alde-
yde citral (3,7-dimethyl-2,6-octadienal). This compound can
e used as a probe molecule in the liquid-phase hydrogenation,
ecause it contains three unsaturated bonds including conjugated

C and C O bonds and an isolated C C bond. Thus, the cat-
lytic hydrogenation of these bonds results in different reaction
electivities depending on, for example, the reaction conditions
16], the metal precursor and support used in the preparation of
he catalyst [17], the presence of promoters [18], etc. Hence, the
atalytic properties are going to depend on the type and nature of
urface sites of the catalyst. The final aim is to go deeply into the
urface characterisation of the catalytic systems by determining
he nature of the surface sites on Ni clusters supported on a high
urface area graphite and generated from different preparation
nd reduction methods. In particular, our specific interest is to
etermine the type and nature of the surface sites generated by
eduction with hydrazine alone, with no further reduction treat-
ent, and to determine their catalytic properties. Comparison
ith a commercial Raney Ni catalyst and with catalytic samples

ctivated by traditional hydrogen reduction will give us hints on
he possible applications of such hydrazine reduced catalysts.

. Experimental and methods

.1. Catalyst preparation

A commercial high surface area graphite (HSAG-200, Lonza
td.), hereinafter named H, with specific surface area of
00 m2/g and 3 wt.% oxygen content at surface, was used as sup-
ort of Ni nanoparticles. Two different metal salts were selected
s Ni precursors, Ni(NO3)2·6H2O and Ni(CH3COO)2·4H2O.
omenclature of the different graphite-supported Ni catalysts
nd a summary of the conditions used for their preparation
nickel precursor, preparation method, reducing agent, reduc-
ion temperature) are listed in Table 1. Two main methods were
sed for the preparation of the catalysts: the first one consisted on

o
p
r
2

353 K and DP
over H

a Deposition–precipitation.

ypical impregnation of the H support, in a rotator–evaporator,
ith an aqueous solution of the adequate quantity of the cor-

esponding Ni precursor so as to obtain a 2 wt.% of Ni in the
nal catalysts. The samples so prepared were dried overnight

n an oven at ca. 373 K and further submitted to traditional
eduction (under flowing H2 at 673 K for 2 h) or to hydrazine
eduction, before characterisation or catalytic tests. Hydrazine
eduction was performed in a five-necked glass reactor fitted
ith a stirred head, a thermometer, a reflux condenser, and a gas

ntry through a glass filter [19], and following a similar proce-
ure as in [9,11,12]. Typically, about 3.0 g of the H-impregnated
ample where suspended in 200 mL of doubly distilled water
nder flowing He atmosphere for 30 min, after which ca. 22 mL
f hydrazine (85% aqueous solution N2H4·H2O; 55 wt.% N2H4;
igma) where poured inside the reactor (pH of the final solution
0–11). Reduction was carried out at 353 K for ca. 3 h. The sec-
nd preparation method consisted on the in situ reduction of
he aqueous (dissolved) Ni precursor by aqueous hydrazine and
recipitation of the so generated Ni nanoparticles over the H
upport (353 K, 3 h; flowing He atmosphere). This latter was
lso performed in the five-necked glass reactor using similar
oncentrations of reactants as described above and fitting both
upport and Ni precursor quantities to prepare a 2 wt.% loaded
i catalyst. Catalysts prepared by the impregnation-hydrazine

eduction method and by the hydrazine reduction–precipitation
ethod (NiH–N–N2H4, NiH–A–N2H4 and NiH–A–N2H4P)
ere stored in the He-saturated aqueous media to prevent the
xidation of the Ni particles. The Raney Ni sample tested was a
ommercial one (>80 wt.% Ni, suspension in water; Fluka) and
as used as will be specified later.

.2. Catalyst characterisation

.2.1. Temperature-programmed reduction (TPR)
xperiments

Temperature-programmed reduction (TPR) measurements
ere carried out in a quartz micro-reactor over 200–300 mg

f prepared impregnated sample and over catalysts pre-
ared by the impregnation-hydrazine reduction and hydrazine
eduction–precipitation methods, under a continuous flow of
0 cm3/min of a H2/Ar gas mixture (5% H2). The temperature
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as increased from room temperature up to 950 K at 2 K/min.
2 consumption, as well as decomposition products (NO, CO,
O2 and CH4), were measured by on-line gas chromatography

Varian 3400) using a thermal conductivity detector (TCD).

.2.2. CO adsorption microcalorimetry measurements
The CO chemisorption isotherms were determined volumet-

ically and the evolved heats in each pulse were measured
imultaneously by means of a Tian Calvet heat-flow calorimeter
Setaram C-80 II) operated isothermally at 330 K and connected
o a glass vacuum-dosing apparatus. Doses of approximately
× 1017 molecules of the probe gas were introduced into the sys-

em to titrate the surface of the metal catalysts. Both calorimetric
nd volumetric data were stored and analysed by microcom-
uter processing. The apparatus has been described in detail
lsewhere [20]. The metal dispersions, D (%), were calculated
rom the total CO uptake at the monolayer (Nads), considered to
e attained when the evolved heat falls to the physisorption field
40 kJ/mol), and assuming a Ni:CO = 1:1 [21,22] stoichiome-
ry. The mean crystallite sizes were calculated from dispersion
alues, assuming spherical metal particles, using the equation d
nm) = 1.01/D [23].

Manipulation of the samples, previous to these experi-
ents, were different depending on the preparation and reduc-

ion method. Impregnated samples were in situ reduced under
ydrogen flow at 673 K for 2 h, out-gassed (6.5 × 10−6 mbar)
vernight at the same temperature, and cooled to 330 K. On the
ther hand, NiH–N–N2H4, NiH–A–N2H4 and NiH–A–N2H4P,
s well as the Raney Ni sample, were dried and manipulated
nder inert (Ar) atmosphere in the calorimetric cell reactor pre-
ious to out-gassing overnight at 473 K. This temperature was
hosen in order to avoid sintering of the metal particles. An
xperiment where sample NiH–A–N2H4 was reduced in flowing
2 for 2 h previous to the out-gassing stage was also performed.
he temperature for this reduction was the same as the one used

or the vacuum treatment, 473 K.

.2.3. X-ray photoelectron spectroscopy (XPS)
The surface chemical state of the catalysts was monitored by

PS with a VG-Microtech Multilab electron spectrometer using
he Mg K� radiation (1253.6 eV) from a twin anode in the con-
tant energy analyser mode with a pass energy of 50 eV. The pres-
ure in the analysis chamber was maintained at 5 × 10−10 mbar.
he binding energy and Auger kinetic energy scale were set by
ssigning a value of 284.6 eV to the C 1s transition. The accuracy
f the binding energy (BE) and Auger kinetic energy (KE) val-
es were ±0.2 and ±0.3 eV, respectively. The BE and KE values
ere obtained by using the Peak-fit Program implemented in the

ontrol software of the spectrometer. Previous to these character-
sation experiments, impregnated samples were reduced in situ
NiH–N-400 and NiH–A-400) in the pre-chamber of the appa-
atus, while NiH–N–N2H4, NiH–A–N2H4 and NiH–A–N2H4P
ere dried and pre-degassed in the pre-chamber of the appa-
atus (ca. 1 × 10−3 mbar) and further degassed in the transport
hamber (ca. 1 × 10−8 mbar).

Determination of the surface composition of the catalysts
as done by integration of the C 1s, Ni 2p, O 1s and N 1s

b
r
t
5
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egions, and using the corresponding sensitivity factors, after
ubtraction of the base line (non-linear Shirley type) and after a
aussian–Lorentzian fitting of the peaks. For the analysis of the

urface oxidation state, analysis of the Ni 2p level was done by
xing the distance between the Ni 2p3/2 and Ni 2p1/2 peaks at
a. 18.0 eV [24] and the satellites (when present) at ca. 6.0 eV
rom the corresponding photoelectron peaks [25].

.3. Citral hydrogenation

The hydrogenation of citral was performed in a stainless steel
atch reactor, operated at 5 MPa of H2, at 323 K, using 0.4–0.5 g
f reduced catalyst, 0.4–0.5 mL of citral, 100 mL of 2-propanol
s the solvent, and keeping the system under continuous stirring
f 500 rpm. Previous to the experiments, impregnated samples
ere treated at 673 K for 2 h under a continuous 20 cm3/min H2
ow (NiH-400 catalysts), while NiH–N–N2H4, NiH–A–N2H4,
iH–A–N2H4P, and the Raney Ni sample, were dried under inert

tmosphere (Ar) followed by vacuum. All the catalysts were wet-
ed with 2-propanol before transferring them to the batch reactor
nd then were kept within at 353 K under 5 MPa of H2 overnight.
hen, the reactor was cooled to the reaction temperature and cit-

al was admitted into the reactor. Manual liquid samples were
aken and analysed using a gas-chromatograph (Varian 3350)
quipped with a flame ionisation detector (FID) and a capillary
olumn. No mass transfer limitations occurred using the condi-
ions described above. The initial intrinsic catalytic activity, A
�mol/gcat s), was calculated from the slope of the linear region
f conversion versus time plots.

. Results and discussion

.1. Temperature-programmed reduction (TPR)

Fig. 1 shows the TPR profiles of the H-supported Ni impreg-
ated samples. The sample prepared from impregnation with
i(NO3)2·6H2O (NiH–N) shows two main reduction peaks at

a. 499 and 538 K, due to reduction of Ni2+ to Ni0 species, as
ell as a broad band at ca. 623–841 K. The first H2 consump-

ion peak (ca. 499 K) appears along with a small quantity of
O2, which can be assigned to the decomposition of the sup-
ort’s surface oxygen functional groups (carboxylic acid and
actone types), while peak at 538 K appears along with some
H4 typical of the gasification of the support’s surface carbon
toms. Higher amounts of CH4 in addition to the hydrogen con-
umption band at 623–841 K are detected, in agreement with
revious results obtained with a similar H-supported Ni cata-
yst [5]. Similar results are obtained for the sample prepared by
mpregnation with Ni(CH3COO)2·4H2O (NiH–A). One main

2 consumption peak at 582 K with a shoulder at ca. 565 K and
broad region at ca. 633–924 K are detected. In this case, very

mall amounts of CO2 are detected (almost negligible), and CH4
volution together with H2 consumption at 565 and 582 K may

e ascribed to the decomposition and further reduction of the
emaining acetate-type ligands of the precursor. Gasification of
he support’s surface carbon atoms would also take place at ca.
80 K but its extent would be larger for the 633–924 K region,
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Table 2
X-ray photoelectron spectroscopy results obtained for the high surface area
graphite-supported Ni catalysts

Catalyst (Ni/C)XPS Ni 2p3/2 BE (eV)

NiH–N-400 0.0054 852.8
NiH–N–N2H4 0.0210 855.9
NiH–A-400 0.0085 852.6
N
N

H
t
H
4
f
p
o
X
r
F
o
a
a
of Ni0 species [26–28]. On the other hand, a very different
surface state can be observed for samples prepared by reduction
with hydrazine. In this sense, the Ni 2p3/2 XPS peaks of
ig. 1. Temperature-programmed reduction (TPR) profiles of H-impregnated
i samples.

here a higher concentration of CH4 is detected, in agreement
ith previous studies [5]. A precursor effect can be thus observed
n the TPR profiles of these Ni samples. Reduction occurs at
ower temperatures for NiH–N most probably due to the higher
tability of Ni(CH3COO)2 type compounds respect to those of
i(NO3)2. Also, crystallite size effects could account for this
bservation. When TPR experiments were performed over the
iH–N–N2H4, NiH–A–N2H4 and NiH–A–N2H4P samples no
ydrogen consumption peaks were detected, indicating that Ni
as been reduced by the hydrazine treatment as expected. In
ddition, no gases evolution from residual fragments of pre-
ursor (acetate or nitrate) on the hydrazine reduced catalysts
as detected. This is different to that reported for silica sup-
orted nickel catalysts [11] where the supported nickel particles
emained inserted in an organic matrix after reduction of the
ickel precursor with hydrazine. Likely the nature of the sup-
ort, a metal oxide in the latter case, plays a key role in the
tabilization of the organic fragments.

.2. X-ray photoelectron spectroscopy (XPS)
XPS was used to provide information about the oxidation
tate and chemical composition of the surface of the catalysts.
able 2 shows the binding energy of the Ni 2p3/2 photoelec-

ron peak along with the Ni/C surface atomic ratios of the
iH–A–N2H4 0.0126 855.8
iH–A–N2H4P 0.0069 856.0

-supported Ni catalysts as determined by XPS. We can see
hat the Ni/C atomic surface ratios follow the trend NiH–N–N2

4 > NiH–A–N2H4 > NiH–A-400 ≥ NiH–A–N2H4P ≥ NiH–N-
00. This Ni/C ratio is related with the size of the nickel particles
ormed on the graphite. Thus, as smaller metal particles are
resent at the surface of the catalysts, a higher concentration
f nickel atoms would be exposed and thus detected by
PS. Therefore from these data it can be inferred that the

eduction with hydrazine conduces to better metallic dispersion.
ig. 2 shows the background subtracted Ni 2p3/2 XPS spectra
btained for the graphite supported-Ni catalysts. NiH–N-400
nd NiH–A-400 show the Ni 2p3/2 peak centred at 852.8
nd 852.6 eV (Table 2), respectively, typical of the presence
Fig. 2. XPS results: deconvolution of the Ni 2p3/2 level.
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CO molecule (ca. 125–105 kJ/mol) in the Raney Ni sample is
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Fig. 3. XPS results for NiH–N–N2H4: deconvolution of the O 1s level.

iH–N–N2H4, NiH–A–N2H4 and NiH–A–N2H4P are centred
t ca. 855.9, 855.8 and 856.0 eV, respectively, that can be fitted
ith one contribution and assigned to Ni3+ species in Ni2O3

26,29] and/or to Ni2+ as Ni(OH)2 [29,30] or NiOOH [30].
econvolution of the O 1s XP peak (shown in Fig. 3 only for
iH–N–N2H4 for the sake of brevity), shows two contributions

entred at ca. 530.2 and 531.9 eV. The 530.2 eV peak can be
ssigned to the presence of O2− in NiO [26,27,30,31] and/or
n Ni2O3 [26]. While peak at 531.9 eV could be due to Ni2O3
24] and/or Ni(OH)2 [24,26]. But, peaks between 529.9 and
32 eV have also been reported for oxygen species with single
–O and double C O bonds present at the edge of the graphite

ayers on high-surface carbons [32]. Thus, as the oxygen

ontent in the H support is around 3 wt.%, some contribution
rom the oxygen surface groups to the 531.9 eV peak is also
xpected. In any case, no Ni0 species were detected for samples

h
t
(

ig. 4. Differential heats of CO adsorption at 330 K as a function of surface coverag
atalysts prepared with Ni(NO3)2·6H2O, and (C) Ni catalysts prepared with Ni(CH3C
atalysis A: Chemical 258 (2006) 221–230 225

repared-reduced with hydrazine, while Ni2+ and/or Ni3+

pecies seem to populate the surface of these catalysts. Even
hough the assignment of the specific oxidised Ni species is
ifficult due to the similarity in the binding energies (for both
he Ni 2p3/2 and O 1s core levels), it can be inferred that surface
xidation is total in the case of NiH–N–N2H4, NiH–A–N2H4
nd NiH–A–N2H4P as determined by XPS. Considering that no
2 consumption peaks were detected by the TPR experiments
e may say that oxidation is only superficial. No signals in

he Ni 2p3/2 level can be assigned to residual acetate or nitrate
856.5 [33] and 856.8 eV [24], respectively) type compounds.

.3. CO microcalorimetry measurements

Fig. 4A shows the CO differential adsorption heats versus
overage plots of the high surface area graphite-supported Ni
amples after hydrogen reduction at 673 K, and of the Raney
i bulk sample. We can see that the profiles are quite different,

nd typical of three heterogeneous surface site distributions. CO
dsorption over Raney Ni results in an initial adsorption heat of
a. 124 kJ/mol that falls slowly to reach a value of ca. 105 kJ/mol
t θ ∼ 0.4. Then, heats fall in a more sharp fashion until mono-
ayer formation (ca. 40 kJ/mol). The initial adsorption heat of
24 kJ/mol would be in agreement with other studies carried
ut by other research groups for Ni powder (ca. 120 kJ/mol)
34]. In fact, it also fits well with those found in the litera-
ure for CO adsorption over the Ni (1 0 0) face arrangement:
25 kJ/mol [35], 120 kJ/mol [36] and 123 ± 2 kJ/mol [37]. Such
eats may be ascribed to linearly adsorbed CO over metal-
ic Ni sites (Ni0–CO) as previously suggested for Ni powder
38]. The population of Ni sites strongly interacting with the
igh (ca. 40%), but since there is a strong fall of the adsorp-
ion heats for θ > 0.4, a contribution of polycarbonylic species
Ni0(CO)x, x = 2 and/or 3) can also be considered. No bridged

e: (A) Raney Ni and H-supported Ni catalysts reduced with hydrogen, (B) Ni
OO)2·4H2O.
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O species (Ni2(CO)) seem to be formed since their formation
ver the Ni (1 0 0) face has been reported to give adsorption heats
round 140–150 kJ/mol [39]. On the other hand, NiH–N-400
hows a CO adsorption microcalorimetric profile with an ini-
ial adsorption heat of ca. 117 kJ/mol that slowly falls to reach

value of ca. 97 kJ/mol at θ ∼ 0.7. Finally, heats sharply fall
o the physisorption field (ca. 40 kJ/mol). The microcalorimet-
ic profile obtained for this NiH–N-400 sample is comparable to
hose obtained with similar carbon-supported Ni catalysts [3,40].
lso, the initial CO adsorption heat of ca. 117 kJ/mol would fit
ith that reported for Ni powder (ca. 120 kJ/mol) [34] and with
O adsorption over the Ni (1 0 0) face [35–37]. Similarly as for

he Raney Ni sample, such heats would be ascribed to linearly
dsorbed CO over metallic Ni (Ni0–CO) as suggested for Ni
owder [38]. In the case of NiH–N-400, a contribution of poly-
arbonylic species (Ni0(CO)x; x = 2 and/or 3) can be considered
oo (taking into account that the heats of adsorption are slightly
ower than those of Raney Ni). The formation of these poly-
arbonylic species have been previously suggested for alumina
nd silica-supported Ni catalysts [41]. NiH–A-400 shows a CO
dsorption microcalorimetric profile with an initial adsorption
eat of ca. 125–130 kJ/mol that sharply falls to ca. 90 kJ/mol at
a. θ = 0.18. Then heats decrease again, but in a slower fashion,
ntil ca. 80 kJ/mol at θ ∼ 0.65. Further increase in the surface
overage produces a sharp fall of the differential CO adsorption
eats until monolayer formation. Formation of linear Ni0–CO
pecies seems possible, but it looks as though the surface of
iH–A-400 is covered mainly by Ni0(CO)x (x = 2 and 3) poly-

arbonylic species.
XPS showed that both NiH–N-400 and NiH–A-400 exhibit

i0 sites, in agreement with CO adsorption microcalorimetry
nd with the literature. In addition, microcalorimetry shows dif-
erent surface site distributions over the two NiH-400 samples,
hat is indicative of differences in the surface structure and/or
orphology of the Ni0 clusters, as previously suggested for car-

on supported-Co catalysts [40], and that would be derived from
he Ni precursor and its interaction with the support.

Fig. 4B and C show the CO differential adsorption heats
ersus coverage plots of the graphite-supported Ni catalysts pre-
ared from the Ni(NO3)2·6H2O (Fig. 4B) and Ni(CH3COO)2·
H2O (Fig. 4C) precursors, comparatively for the different
eduction/preparation methods (profiles of the hydrogen treated
amples are again shown to enable comparison). Again, we
an see profiles typical of heterogeneous surface site distribu-
ions, and that the microcalorimetric profiles are very different
epending on both the preparation and the reduction method.
iH–N–N2H4 (Fig. 4B) shows a profile starting with a CO ini-

ial adsorption heat of ca. 108 kJ/mol that sharply falls until
∼ 0.1 at ca. 93 kJ/mol, where a very narrow plateau (cover-
ge zone with a constant adsorption heat value) can be found
θ ∼ 0.1–0.22). Finally, heats fall again until the physisorption
eld is reached. Lower adsorption heats can be found for all the
urface coverage range, compared to those of NiH–N-400, as

xpected considering the XPS results where no Ni0 was detected
or NiH–N–N2H4. However, the sample shows adsorption heats
bove 90 kJ/mol and a plateau at a qads value comparable to those
btained for NiH–N-400 and that were ascribed to linear and

t
s
c
o
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olycarbonylic species over Ni0 sites. Thus, a small contribution
f Ni0 sites seems to be present at the surface of NiH–N–N2H4
espite the XPS results. This can be explained considering the
easured signal for the whole XP spectra, which is very low

nd highly diffuse, and the low proportion of Ni0 species, which
s probably not enough to be detected. We can thus say that the
urface of NiH–N–N2H4 is composed by a small contribution
f Ni0 sites that interact with the CO molecule by formation
f linear (Ni0–CO) and polycarbonylic species (Ni0(CO)x; x = 2
nd/or 3), as previously ascribed for NiH–N-400. Adsorption
eat values obtained for θ > 0.3 would be due to the major for-
ation of carbonylic species over oxidised Ni species (Ni2+ and
i3+), in agreement with XPS results and with the chemical
ature of CO adsorption over transition metals (�-back dona-
ion to CO antibonding molecular orbitals is disfavoured from
lectron deficient metal sites). Heats of CO adsorption that can
e found in the literature over NiO (1 0 0) are ca. 29–37 kJ/mol
42], determined by means of thermal desorption spectroscopy
TDS), and 43.7 kJ/mol by means of infrared reflection absorp-
ion spectroscopy (IRAS)–thermal programmed desorption
TPD) [43]. These data would be in general agreement with
ur results, considering the different characterisation tech-
iques and the calculation errors of the TDS method. Besides,
nfrared–visible sum frequency generation (SFG) spectroscopy
tudies for adsorption of CO over NiO (1 1 1) reveal the for-
ation of CO linear species over fully oxidised Ni2+ sites

44].
For NiH–A–N2H4 (Fig. 4C) something similar happens. This

ample shows a profile with an initial adsorption heat of ca.
20 kJ/mol that sharply decays to reach a small plateau at ca.
0 kJ/mol comprising the θ ∼ 0.1–0.3 range. Finally, heats fall
lowly to the weak-adsorption field. Again, a small propor-
ion of Ni0 seems to be present at the surface (linear Ni0–CO
nd Ni0(CO)x), even though the major formation of carbonylic
pecies over oxidised Ni species is apparent. Reduction of this
ample under a H2 flow at 473 K previous to the CO adsorption
odifies the calorimetric profile. The initial heats of adsorp-

ion of 120–125 kJ/mol are similar to those obtained for the
ample reduced directly at 673 K, NiH–A-400. As the cover-
ge increased to 0.15, the heats of adsorption decreased sharply
o 90 kJ/mol. After that, the heats decreased at a slower rate
eaching the physisorption region. It is important to note that
he heats of CO adsorption for this sample are higher than those
btained for the samples reduced only with hydrazine all over
he range of coverage. Also, the general profile is very similar
o that for NiH–A-400, although the progressive decay in the
dsorption heats indicates that the sites are energetically more
eterogeneous. Therefore, the two treatments at 473 K, vacuum
r hydrogen flow, carried out over the hydrazine reduced sam-
les generate different surface states. Although the reduction of
he fresh sample starts at 550 K as we can see in the TPR (Fig. 1),
he hydrogen treatment at 473 K seems to be enough to reduce
he partially oxidised surface formed after the hydrazine reduc-

ion. The values for the heats of adsorption observed for this
ample added to the higher amounts of adsorbed CO (Table 3)
an corroborate that Ni is bulky reduced but partially oxidised
n its surface in the samples treated with hydrazine.
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Table 3
Catalytic properties in the hydrogenation of citral carried out at 323 K (conversion 40–45%)

Catalyst Nads (�mol/g) A (�mol/gNi s) Product distribution (selectivity, %)

SUOL SSAL SSOL S3,7DMO Snon-ident

NiH–N-400 12 187.0 0 93 2 2 3
NiH–N–N2H4 11 0.1 19 64 15 1 1
NiH–A-400 6 55.5 0 87 7 0 6
NiH–A–N2H4 9 0.2 21 49 23 6 1
NiH–A–N2H4-200 15 2.9 10 72 15 2 1
N 43
R 1
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iH–A–N2H4P 10 0.5
aney Ni 360 33.1

For NiH–A–N2H4P, intermediate heats among those obtained
or NiH–A-400 and NiH–A–N2H4 can be observed as well
s a microcalorimetric profile typical of a more homogeneous
urface site distribution. In this sense, two constant heat val-
es (plateaux) are observed at ca. 90–92 and 60 kJ/mol for
he 0.0–0.15 and 0.49–0.72 ranges, respectively. It can thus
e inferred that two different types of Ni active sites for CO
hemisorption are present at the surface of the NiH–A–N2H4P
ample. The formation of polycarbonylic species over Ni0 and
arbonylic species over oxidised Ni sites seems most suitable.
or this sample too, the apparition of a plateau at low qads indi-
ates the interaction of the CO molecule with a specific oxidised
i species.
The CO adsorption amounts (Nads; �mol/g) values for the

ifferent nickel catalysts are shown in Table 3. Calculation
f dispersion (D; %) and mean metal particle size (d; nm)
as not performed considering that, as above described,

everal stoichiometries can occur during CO adsorption, such
s M:CO = 1:1 (linear M–CO species), M:CO = 2:1 (bridged
pecies M2CO) or M:CO = 1:2 or 1:3 (polycarbonylic species
(CO)2 or M(CO)3), depending on both the Ni precursor used

n the preparation of the samples and on the reduction method.
hus, in view of these factors calculation of accurate values for

hese catalysts is prone to error.

.4. Citral hydrogenation

Data for intrinsic activity (A, �mol/gNi s) calculated as
escribed in the experimental section, and selectivity towards the
ain hydrogenation products for a ca. 40–45% citral conversion:

itronellal (SAL), nerol and geraniol (UOL), citronellol (SOL),
,7-dimethyloctanol (3,7DMO), and other products (non-ident)
uch as isopulegol, acetal of citronellal, etc., are summarized in
able 3. It can be observed that the Raney Ni catalyst, along
ith the hydrogen reduced samples (NiH–N-400 and NiH–A-
00), independently of the Ni precursor, show closer initial
ctivity values. Furthermore, the activity of these three catalysts
s several orders of magnitude higher than those observed for
atalysts prepared by reduction with hydrazine (NiH–N–N2H4,
iH–A–N2H4 and NiH–A–N2H4P). For the latter catalysts the

ery low catalytic activity should be pointed out (the 40–45%
itral conversion was achieved in several minutes, ca. 15–40 min,
or the NiH-400 catalysts, while it took more than 3.5 days with
he NiH–N2H4 catalysts). On the other hand, the activity for

t
t
p
r

35 22 0 0
74 17 8 0

ample NiH–A–N2H4-200 is higher than that obtained for the
ample reduced with hydrazine, but still lower than for NiH–A-
00. These results indicate that the determining factor in the
ctivity data is the reduction method employed and not the metal
recursor. The metal precursor may have an impact on the sur-
ace structure and/or morphology of the metal particles as the
icrocalorimetry results may suggest, but activity depends on

he quantity of completely reduced Ni0 sites, in agreement with
he characterisation of the catalysts, and as suggested elsewhere
45]. The microcalorimetry results have also indicated that sam-
les reduced with hydrazine have a much lower contribution
f Ni0 species on the surface compared to catalysts reduced in
ydrogen at 673 K. Also, it showed that the amount of these
educed species increases after the sample was subsequently
educed in H2 at 473 K. Besides, it should be noted that no acti-
ation period for the NiH–N2H4 catalysts appeared. Thus, this
ould be in agreement with microcalorimetry where small con-

entrations of Ni0 were detected, and discards the generation of
ew Ni0 sites during the catalytic reaction.

On the other hand, in Table 3 it can also be observed that for
aney Ni and the hydrogen treated samples (independently of

he Ni precursor), the main product generated in the hydrogena-
ion of citral is citronellal (SSAL). The formation and evolution
f the reaction products with reaction time is consistent with the
eneral scheme for the possible reactions for this hydrogenation
rocess (Fig. 5). As can be seen in Fig. 6A for Raney Ni, forma-
ion of citronellal is maximum at total conversion of citral, and
ts concentration decreases as it is successively hydrogenated to
itronellol. Moreover, citronellol and the total saturated alcohol,
,7-dimethyloctanol are produced by the consecutive hydro-
enation of citronellal and citronellol, respectively, even when
itral has not been completely converted. In spite of the lower
onversions obtained for the hydrazine reduced catalysts, a sim-
lar behaviour is observed for those catalysts as the profiles for
iH–N–N2H4 in Fig. 6B indicate.
On the other hand, NiH–N–N2H4, NiH–A–N2H4, and

iH–A–N2H4P generate an important amount of unsaturated
lcohols geraniol and nerol (SUOL), these amounts being very
imilar for the two former catalysts and lower than those obtained
or the latter. For these three catalysts, the selectivity towards

he different products is rather constant as conversion and
ime increase. The distribution of products observed for sam-
le NiH–A–N2H4-200 clearly evidenced the influence of the
eduction treatment, as occurred for the activity results. It can
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Fig. 5. Possible reactions

e seen in Table 3 that the selectivity to saturated aldehyde
SSAL) has increased up to 72% at the expenses of the unsat-
rated alcohols, and approaching the values obtained with the
ample reduced by the traditional method. Again, and similarly
s for the activity data, selectivity towards the various products
n the hydrogenation of citral seems to be related to the reduc-
ion method and to the Ni species present in the catalysts. As
ould be observed in the characterisation of the catalysts, the
ifferent reduction treatments generated different Ni species.
his has been translated to different hydrogenation activities as

function of the surface Ni0 species concentration (dissocia-

ion of the H2 molecule proceeds over reduced metal sites), in
greement with CO adsorption microcalorimetry. However, the
electivity patterns observed for NiH–N–N2H4, NiH–A–N2H4

c
o
o
p

Fig. 6. Evolution of composition in the hydrogenation of cit
hydrogenation of citral.

nd NiH–A–N2H4P seem to be related to the oxidised Ni species.
hese species can activate the �,�-unsaturated aldehyde via the

O bond, either acting as the electron-acceptor species and
oordinating the oxygen atom of the substrate, or by polariza-
ion of the adsorbed substrate (through electronic interactions
etween oxidised Ni and Ni0 species or by direct interactions
etween the oxidised Ni species and the adsorbate) [46, and
eferences therein]. The higher selectivity to SAL for sample
iH–A–N2H4-200 agrees well with this assumption, since a

ower proportion of oxidised Ni species exists on its surface

ompared to sample NiH–A–N2H4. In addition, we cannot rule
ut the fact that differences in the structure and/or morphol-
gy of the Ni particles induced by the different reduction and/or
reparation methods, and evidenced by the microcalorimetry

ral for catalysts: (A) Raney Ni and (B) NiH–N–N2H4.
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esults, may have an influence on the selectivity results. The
igher selectivity towards the unsaturated alcohols geraniol and
erol observed for NiH–A–N2H4P respect to those of the other
iH–N2H4 catalysts can be related to such differences.

. Conclusions

The CO adsorption microcalorimetry technique provides,
long with the identification of the Ni species by means of
PS, information that allows identification and quantification
f the surface active sites. These data can be used to identify
pecific catalytic behaviours (activity and selectivity) in the
ydrogenation of citral, and how such catalytic properties are
odified when different surface sites are present at the surface

f the catalysts.
The characteristics and properties of the high surface area

raphite-supported Ni catalysts have been seen to depend
mainly) on the preparation-reduction method. Thus, reduction
ith hydrogen at high temperature (673 K) provides a surface

onstituted by Ni0 sites only, while reduction with hydrazine
t 353 K provides a surface constituted by low proportions of
i0 sites and mainly oxidised Ni2+ and/or Ni3+ species. The

ormer implies high CO adsorption heats, due to formation
f linear (Ni0–CO) and polycarbonylic (Ni0(CO)x, x = 2 and
) species, and “high” activity in the hydrogenation of cit-
al to yield citronellal and 3,7-dimethyloctanol. On the other
and, surface oxidation decreases the catalytic activity and
avours the formation of the unsaturated alcohols (geraniol and
erol).

Besides, CO adsorption suggests that for NiH–A–N2H4 and
iH–A–N2H4P a specific oxidised Ni species (Ni2+ or Ni3+)

s prevalent at the surface. However, the higher concentrations
f geraniol and nerol detected for NiH–A–N2H4P could be
xplained as a consequence of structural and/or morphologi-
al modifications on the Ni particles derived from the hydrazine
eduction–precipitation method.
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