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bstract
Different ultrananosized diamonds obtained by shock-wave procedure and their nickel modifications were prepared and characterized by nitrogen
hysisorption, X-ray diffraction, Temperature-programmed reduction and IR spectroscopy. The catalytic behaviour of the modified composites
n methanol decomposition to hydrogen, carbon monoxide and methane was also studied. The state of supported nickel particles as well as their
eductive and catalytic properties strongly depends on the pretreatment conditions and the composition of the support.

2006 Elsevier B.V. All rights reserved.

ol de

n
v
g
w
f
m
f
s
C
s
p
f
t
i
i
t
s
h

eywords: Ni-supported ultrananosized diamonds; TG and TPR study; Methan

. Introduction

The new type of carbon materials, the shock-wave synthe-
ized ultrananosized diamonds, possess unique surface charac-
eristics as high adsorption capacity, high specific surface area
nd large concentration of unsaturated surface carbon atoms usu-
lly stabilized by different heteroatoms (O, H and N) [1–5]. It
as also reported that like the other types of carbon supports [6],

he surface functional groups of the ultrananosized diamonds
ight act as nucleation centers for generation of highly dis-

ersed metal/metal oxide crystallites [1,7,8]. It is known that
he design of these supported composites strongly depends on
everal factors, such as the choice of metal precursor, the pro-
edure of its deposition, thermal decomposition and reduction.
n the other hand, the composition and stability of the support

urface has an important role for the formation of the supported
etal phase. In the case of diamond-based materials the thermal

reatment under various media is found to influence strongly

heir surface properties [1,4,9–13].

Recently, methanol is expected to become alternative energy
ource, because it can be synthesized from biomass, coal and
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atural gas by well-known technologies [14–16]. Among the
arious catalytic processes, methanol decomposition to hydro-
en, carbon monoxide and methane is often reported as a suitable
ay for producing ecological fuels for vehicles, gas turbines and

uel cells [17–31]. Methanol decomposition is highly endother-
ic process and that’s why it has attracted growing interest also

or recovering waste heat from exhausted gases. However, a
ignificant improvement of the catalysts should be achieved.
atalysts, working at low temperatures with high activity and

electivity are needed. Nickel containing materials, usually sup-
orted on silica or other oxides are often reported to be suitable
or methanol decomposition [20–23,25,29–31]. It was shown
hat the catalytic activity of Ni/SiO2 in methanol decomposition
s promoted only by well-crystallized nickel particles, adsorb-
ng strongly hydrogen and carbon monoxide [22]. That’s why
he preparation method and surface properties of the support
eems to be important factor for their catalytic behaviour. It
as been demonstrated high catalytic activity and low degree
f carbon deposition for nickel modified oxidized diamonds in
omparison with the conventional supports for CO2 reforming of
ethane, hydrocarbons partial oxidation, methane and methanol
ecomposition [32–36]. Weak, but significant enough interac-
ion between loaded metal and support surface was revealed
o be an important factor in enhancing and prolonging the cat-
lytic activity of these type of materials [32–40]. However, data
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typical of NiO species (37.3 , 43.3 and 62.9 2θ). They are most
strongly pronounced in the case of diamond blend supported
samples in comparison with UDD one. Reflections typical of
Ni0 (44.5◦ and 51.9◦ 2θ) also appear in the XRD patterns of all
24 T. Tsoncheva et al. / Journal of Molecula

oncerning the catalytic properties of modified nanodiamonds
btained by detonation is rarely reported [1,41–43]. In our pre-
ious study it was found, that the phase composition, reductive
roperties and catalytic behaviour in methanol decomposition
f iron modified diamond materials are significantly affected by
he amount of ultradispersed diamond present in them [44].

The aim of the present paper is to compare the catalytic
ehaviour in methanol decomposition of nickel supported on
ifferent shock-wave synthesized ultrananosized diamonds. The
ffect of the support phase composition and the pretreatment
onditions on the state and reductive properties of nickel species
s also studied.

. Experimental

.1. Materials

The shock-wave synthesized ultrananosized diamonds were
roduced by explosive conversion of TNT/RDX (trinitro-
oluene/hexogene) mixture, with negative oxygen balance, in
ater-cooled combustion chamber with 3 m3 volume according

o the procedure described in [45,46]. The samples denoted as
iamond blends contain 7% (DB1) and 40 wt.% (DB2) ultra-
anosized diamond. Cylindrical or conical charges were used
or DB1 and DB2 synthesis, respectively. The sample, denoted
s UDD was isolated from DB1 by liquid phase oxidative
urification in mixture of K2Cr2O7 and H2SO4 at 373–393 K.
s a result, ultrananosized diamond powder, containing below
wt.% non-diamond carbon was obtained. The final refining of
iamond blends and UDD was performed by boiling in diluted
ydrochloric acid and by washing with distilled water.

The UDD and diamond blends were modified by impreg-
ation with Ni-acetylacetonate (Ni(AcAc)2) in chloroform in
rder to prepare formulations (Ni/DB1, Ni/DB2 and Ni/UDD)
ontaining 7 wt.% Ni. The salt precursor was decomposed by
eating in Ar (10◦/min) at two different final temperatures, 650
r 770 K, for 90 min.

.2. Methods of investigation

X-ray powder diffraction (XRD) patterns were collected on
ruker AXS D8 diffractometer (Cu K�) in θ/θ geometry with a

econdary monochromator. The BET surface areas, pore diam-
ters and total pore volumes were determined by N2 adsorp-
ion/desorption isotherms at 77 K on Quantachrome Autsorb 1.
he total pore volumes were measured at p/p0 = 0.0995. The
ore size distributions were calculated using the desorption
ranch of the N2 isotherm and the Barret–Joyner–Halenda (BJH)
ethod [47]. The IR spectra (KBr pellets) were recorded on
ruker-Vector 22 FT-IR spectrometer at resolution of 1–2 cm−1

ccumulating 64–128 scans. Thermal gravimetry–temperature
rogrammed reduction (TG–TPR) experiments were performed
n Setaram TG 92 microbalance where the temperature pro-

rammed profiles of the samples were obtained upon heating in
nert and hydrogen atmosphere. Typically, 50 mg of the sample
ere placed in a microbalance crucible and heated in a flow

100 cm3/min) of argon or H2 (H2:Ar = 1) at 10 or 5 K/min,
alysis A: Chemical 259 (2006) 223–230

espectively. Prior to the TPR experiments the samples were
reated in-situ in a flow of Ar up to 770 K followed by a hold-up
f 1 h. The medium and/or temperature of samples modifica-
ion treatment were denoted in brackets for each of them where
eeded for clarity.

.3. Catalytic test

The catalytic experiments were performed in a fixed-bed
eactor (0.055 g catalyst) at a methanol partial pressure of
.57 kPa, argon being used as a carrier gas. The temperature
as raised with a rate of 1 K/min in the range of 350–770 K. On-

ine gas chromatographic analysis was performed on a Porapak
and a molecular sieve column using an absolute calibration

ethod. Before the catalytic experiments the samples were pre-
reated in situ in argon at 650 or 770 K for 1 h. In some cases,
he samples were additionally reduced with hydrogen at 770 K
or 2 h.

. Results and discussion

.1. Structural characterization of the pristine and nickel
odified materials

In Figs. 1–3 the XRD patterns of DB1, DB2 and UDD mate-
ials and their Ni-modifications are presented. The XRD results
ndicate that graphite (26.2◦ 2θ) and diamond (43.8◦ 2θ) grains
ompose the diamond blends based materials. An additional
ypical of cubic diamond-like lattice reflection at 75.2◦ 2θ is
lso observed in case of UDD. For all samples a halo localized
t about 17◦ 2θ is detected, which could be ascribed to small
on-diamond carbon clusters [1,5]. The interpretation of XRD
atterns of Ni-supported materials is rather complicated due to
he overlapping of the strongest reflections of diamond, metal-
ic nickel and NiO. However, Ni/DB1, Ni/DB2 and Ni/UDD,
retreated in Ar at 770 K (Fig. 2), show well-defined reflections,

◦ ◦ ◦
Fig. 1. XRD patterns of pristine ultrananosized diamond containing materials.
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Fig. 2. XRD patterns of nickel modified ultrananosized diamond containing
materials treated in Ar at 770 K.
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Table 1
BET surface area and total pore volume of parent and Ni modified diamond
containing materials, pretreated under various conditions

Sample BET (m2 g−1) Vpores (cm3 g−1)

UDD 269 1.02
DB1 470 1.84
DB2 518 1.77
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ig. 3. XRD patterns of reduced Ni modified ultrananosized diamond containing
aterials.
rgon treated at 770 K samples, which are most intense in the
ase for Ni/DB1.

After the samples reduction with hydrogen at 770 K, no
eflections of NiO are observed in XRD patterns for all mate-

c
p
r
s

ig. 4. Nitrogen physisorption isotherms (shifted in y-direction in order to prevent ov
B2 (Ar, 770) 552 1.87
i/DB2 (Ar, 770) 452 1.56
i/DB2 (red) 470 1.55

ials (Fig. 3). The intense and sharp peak at 51.9◦ 2θ in the
iffractograms of Ni/DB1 and Ni/DB2 samples are indicative
or presence of Ni0 particles on the diamond blends (Fig. 3). The
roader reflection at 51.9◦ 2θ for the Ni/UDD (Fig. 3) indicates
hat more finely dispersed Ni0 particles are formed in UDD.

In Fig. 4 and Table 1 are presented data for nitrogen
hysisorption on the studied pristine materials and selected mod-
fied ultrananosized diamond material (DB2). The adsorption
sotherms (Fig. 4) of both pristine diamond blends (DB1 and
B2) could not be ascribed definitely to any of the typical

ypes of isotherms according to IUPAC classification. They are
haracterized with a smooth condensation step above 0.7 p/p0
ith a H1 type hysteresis loop. These peculiarities could be

ssigned to porous materials with a prevailing presence of textu-
al mesopores (BJH pore diameter of about 9 nm). Practically, no
ignificant changes in the textural characteristics are found after
he diamond blends pretreatment in Ar even at 770 K (Table 1,
ig. 4), indicative of structure preservation under these condi-

ions. However a significant decrease in the pore volume and
ET surface area is observed after samples modification with
ickel. This could be an evidence of nickel particles location pre-
ominantly into the support mesopores. Significantly different

ourse of the nitrogen isotherms is observed for the UDD sam-
le (Fig. 4). Here, the nitrogen uptake is clearly seen just above
elative pressure of 0.9 and not very well pronounced hystere-
is loop is also registered in this case. It could be assigned to

erlapping) for the pristine (A) and differently modified DB2 materials (B).
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much lower degree of mesoporosity in UDD. This assump-
ion is also confirmed by the registered lower values of BET
urface area and pore volume (Table 1). The structural char-
cteristics of UDD are also not influenced by the pretreatment
t different temperatures. Here, only about 10 % decrease in
he pore volume is observed after the sample modification with
ickel.

The FT-IR spectra (not shown) reveal absorption bands illus-
rating the presence of surface functional groups in various

odes and ratio on all studied samples. The absorption bands
ith maxima at 2982 and 2866 cm−1, as well as 2929 and

859 cm−1 detected predominantly for diamond blend samples
ould be ascribed to the CH3 and CH2 groups. The surface CH3
roups prevail in the case of DB2. In contrast, the spectra of UDD
eveal the typical bands of acid-purified nanodiamonds carbonyl

a
p
i
c

ig. 5. Temperature programmed desorption profiles in Ar (A and B) and temperatu
f pristine and Ni modified UDD containing materials.
alysis A: Chemical 259 (2006) 223–230

1730 cm−1) and hydroxyl (1640 cm−1) fragments [9,10] that
ere completely missing in case of both diamond blends [1,4,5].

.2. TG and TPR study

In Fig. 5 the results from the thermogravimetric study for the
ristine supports (Fig. 5A) and their Ni modifications (Fig. 5B)
eated in Ar up to 770 K are displayed. Both, pristine diamond
lends and UDD, reveal a sharp peak (not shown) at about 360 K
ue to elimination of physically adsorbed H2O and gases. In
he higher temperature region, progressive weight loss (about 3

nd 4 wt.% for diamond blends and UDD, respectively), most
robably due to evolution of hydrocarbon containing fragments
s observed (Fig. 5A). Considering the position of Tmax of DTG
urves it is evident that the surface integrity of diamond blends

re programmed reduction profiles after pretreatment in Ar at 650 K (C and D)
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nd UDD differs and less easily removable species leave the
urface of the latter. According to [1,48] mostly CH4 and H2
esorb from diamond blend materials, while CO2 is the main
roduct evolved from the surface of UDD.

Only one, high temperature peak with maxima at 554
nd 616 K is registered for Ni/DB2 and Ni/DB1, respectively
Fig. 5B). In contrast, two desorption effects in the same tem-
erature interval are seen in case of Ni/UDD. Obviously, the
bserved DTG curves features are due to the salt decomposi-
ion and the acetylacetonate ligands replacement and point to
diverse mode of interaction of the precursor with the surface
f the different diamond based materials as it is proposed for
i/(AcAc)2 supported on SiO2 and Al2O3 [49].
TPR profiles of pristine and Ni modified materials are pre-

ented in Fig. 5C and D. As the calculations show, the subsequent
eduction of both types of pristine samples in H2 after Ar pre-
reatment leads to an additional 2–4 wt.% loss. The detected
ffect may be connected, according to the IR investigations of
any authors [1,41], to transformations and decomposition of

ifferent surface functional groups in presence of hydrogen. Two
eductive peaks are registered for both blends, independently on
heir diamond content. The low temperature peak (Tmax at 653
nd 630 K for DB1 and DB2, respectively) can be attributed to
he replacement of more loosely connected functional groups
xisting on the diamond blend surface. At the same time, only
ne peak with Tmax at 768 K, is observed for UDD and it is situ-
ted at approximately the same position to the high temperature
eak in TPR profiles of the diamond blends.

The TPR profiles of the corresponding Ni-modifications seem
o be a superposition of complex transformations taking place
nder hydrogen medium, concerning both the functional groups
hanges and the nickel oxide reduction (Fig. 5D). Two reductive
eaks could be distinguished in the TPR curves of all nickel mod-

fied materials. A significant increase in the relative part of the
igh temperature peak (Tmax about 770 K) is the main observed
ffect for the Ni/DB1 and Ni/DB2 in comparison with the corre-
ponding non-modified materials (Fig. 5C and D). This could be

o
p
i
w

ig. 6. Methanol conversion (A) and methane selectivity (B) vs. temperature for the p
alysis A: Chemical 259 (2006) 223–230 227

artially ascribed to the reduction of highly dispersed NiO par-
icles, strongly interacting with the support. In our opinion, the

ain loosely connected part of NiO particles seem to be already
educed during the samples pretreatment in Ar at 770 K. This
ssumption is also confirmed by the XRD patterns for the Ar pre-
reated Ni/DB1 and Ni/DB2, where metallic nickel in significant
mount is registered (Fig. 2). In case of Ni/UDD appearance of
ew doublet-like peak at 570–650 K in its TPR profile is regis-
ered. Here predominant reduction of homogeneously dispersed
iO particles, weakly interacting with the support is assumed.
ractically no changes in the high temperature region in com-
arison with the corresponding pristine material are observed.
his effect could be ascribed again to evolution of the diamond
urface hydrogenation products.

.3. Catalytic study

The temperature dependencies of methanol decomposition
n Ni modified diamond blends and UDD materials, pretreated
nder various conditions are compared in Figs. 6–8. At the
ame time, all pristine materials show low catalytic activity
o methanol decomposition only just above 650–700 K (not
hown). In contrast, for the modified materials pretreated in
r methanol decomposition is observed already at 520–550 K.
arbon monoxide and methane are the only registered carbon
ontaining products in all cases (Figs. 6 and 7). However, despite
he temperature pretreatment in Ar, higher catalytic activity and
ower selectivity to methane were registered for Ni/UDD in
omparison with the diamond blend-based modifications. The
atalytic behaviour of the latter is rather similar when the lower
retreatment temperature (650 K) is realized (Fig. 6). Some
ifferences in methane selectivity, being higher in the case of
i/DB1, is only registered in this case. The catalytic behaviour

f the samples changes in different way with the temperature
retreatment increase (Fig. 7). A decrease in catalytic activity
s observed both for Ni/UDD and for Ni/DB2, characterized
ith higher content of UDD, while in contrast, it significantly

retreated in Ar at 650 K various ultrananosized diamond containing materials.
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ig. 7. Methanol conversion (A) and methane selectivity (B) vs. temperature fo

ncreases for Ni/DB1. More over, methane selectivity increase
as observed for all materials in this case, but this effect is
ery small for Ni/UDD and highest for Ni/DB1. So, some sig-
ificant changes with the Ni species could be expected under
amples pretreatment in Ar. Both agglomeration processes as
ell as reductive transformations of the nickel particles due to

he influence of precursor decomposition products [50] and the
upport are possible. The reductive effect of the support seems
o be more significant in the case of diamond blend with higher
ontent of non-diamond carbon in it (Ni/DB1). This is also con-
rmed by XRD patterns obtained after samples pretreatment in
r, where most clearly defined signal of metallic nickel was
bserved for Ni/DB1 (Fig. 2). In order to ignore these complex

ickel phase transformations and also to prove this assumption,
ome experiments with preliminary reduced in hydrogen mate-
ials were performed (Fig. 8). As a whole, the catalytic activity
f the samples significantly increase in comparison with the

p
f
c
i

ig. 8. Methanol conversion (A) and methane selectivity (B) vs. temperature for the
retreated in Ar at 770 K various ultrananosized diamond containing materials.

on-reduced ones. Here methanol decomposition starts at lower
emperatures, but this effect is most notable for Ni/UDD. Both
iamond blends exhibit less pronounced increase in the catalytic
ctivity and it is close for both materials in all temperature
nterval. At the same time, an increase in methane selectivity
s observed for all materials after the hydrogen pretreatment,
ut this is most essential once again for Ni/UDD. The obtained
esults are in accordance with our assumption (see Sections 3.1
nd 3.2), that more homogeneously dispersed Ni particles, not so
trongly interacting with the support, exist in UDD. Based on the
ata of our previous investigation [51], Ni/UDD exhibits close
atalytic activity, but higher selectivity to methane formation in
ethanol decomposition in comparison with Ni modified meso-
orous silicas with different porous structures. In our opinion,
ormation of nickel particles with optimal size and well-defined
rystalline structure are formed in UDD due to the weaker nickel
nteraction with the support (Ni O C mode). As it was already

reduced in hydrogen various ultrananosized diamond containing materials.
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blend materials in our previous study [44].

4. Conclusion

The preparation procedure and the further treatments in
different media allow ultrananosized diamond materials with
various phase compositions, textural mesoporosity and surface
functionality to be obtained. On the basis of these materials, Ni
modified composites with different state of nickel particles could
be prepared from the corresponding acetylacetonate precursor.
Their catalytic behaviour in methanol decomposition strongly
depends on the ultrananosized diamond content as well as on
the pretreatment conditions. The absence of clearly defined ten-
dency in the physicochemical and catalytic properties changes
with the phase composition of the studied materials suggests that
they are not a simple mixture of condensed carbon materials in
different state.
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