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Highly active supported nickel catalysts (SNCs) play crucial
roles in many chemical processes, such as olefin hydrogena-
tion,[1] cross-coupling reaction,[2] stereoselective synthesis,[3]

electrochemistry,[4] and biochemistry.[5] Catalytic hydrogenation
of arenes was considered to be the criterion for evaluating the
activity of SNCs.[6] For instance, methanol-to-gasoline (MTG) is
an important process of energy conversion, but it normally
produces substantial amount of a heavy mixture (HM), which is
rich in polymethylbenzenes (PMBs).[7–11] It is extremely difficult
to hydrogenate PMBs, because increasing the number of
methyl groups severely reduces both the equilibrium and rate
constants of the hydrogenation.[1, 6] Conventional methods of
catalyst preparation, such as impregnation, co-precipitation,
sol-gel, and in situ reduction,[12–15] are relatively tedious and no
reports have been issued on the hydrogenation of PMBs with
4–6 methyl groups. Metal carbonyls (MCs) can be decomposed
to fine metal particles at elevated temperatures and are there-
by ideal precursors of highly active metal particles,[16] e.g. , Ni-
Cu surface alloys were prepared by decomposing nickel tetra-
carbonyl (NTC) on a copper substrate at 302 8C.[17] Although
some attempts for preparing metallic catalysts using MCs have
been tried since 1980s,[18–21] the preparation of SNCs, which are
active enough to catalyze the hydrogenation of PMBs with 4–6
methyl groups, has not been successful, most likely becau-
se the boiling point (43 8C) of NTC is much lower than its de-
composition temperature and there is a decomposition-combi-
nation equilibrium (DCE) between NTC and its decomposition
products Ni and CO in a closed reactor.

Herein we report a new strategy for in situ preparation of
highly active SNCs by decomposing NTC at 100 8C to highly
dispersive Ni onto ZSM-5. The decomposition was successively
conducted to destroy the DCE by releasing the resulting CO.
This strategy allows successful preparation of a highly active
SNC (i.e. , Ni/ZSM-5), which exhibits dramatically high activity
for the hydrogenation of benzene, toluene, durene, and HM
from MTG. The operating conditions of the catalyst characteri-
zations are detailed in the Supporting Information.

As Figure 1 displays, a number of spherical particles with di-
ameter less than 100 nm adhere to the surface of ZSM-5. The

existence of Ni, Si, Al, and O in the catalyst was confirmed
from EDS spectrum analysis (Figure S1). In Figure S1, a small
peak area of Ni indicates a relative low Ni load, which is ap-
proximately 6.2 wt % according to ICP-OES analysis (Table 1). In
Table 1, the Al content comes from the framework of ZSM-5
and the other metallic elements, except Ni, are probably due
to impurities in the parent zeolite.

As shown in Figure 2, the average diameter of Ni clusters
supported on ZSM-5 is smaller than 100 nm, which corre-
sponds to the result given in Figure 1. Furthermore, in the
scope of HREM, most of Ni supported onto ZSM-5 does not

Figure 1. SEM image of Ni/ZSM-5.

Table 1. Metallic element contents in the catalyst.

Element Content Element Content
[ppmw] [ppmw]

Al 137 200.0 Cr 218.4
Ni 62 350.0 Mn 76.2
Fe 1695.0 Zn 70.9
Ca 745.4 Cu 9.7
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show the shape of crystals, but equably and amorphously dis-
perses onto ZSM-5, which probably results from NTC decom-
position at the relative low temperature. The selected area
electron diffraction of Ni/ZSM-5 shows a diffraction pattern of
amorphous state as well.

The characteristic diffraction peaks of Ni crystalloid at 44.5,
51.7, and 76.48 from Ni/ZSM-5 are very weak (Figure 3), sug-
gesting the poor crystallinity of Ni on Ni/ZSM-5,[22, 23] which is

in agreement with the highly dispersive Ni on Ni/ZSM-5 as
shown in Figure 1 and with the amorphous state of supported
Ni, as exhibited in Figure 2.

The peaks in the profile (Figure 4) of H2 temperature-pro-
grammed reduction (TPR) located at 169.5, 301.3, and 532.5 8C

are attributed to the superficial reduction of NiO outside ZSM-
5, the further reduction of the bulk phase NiO supported on
the surface of ZSM-5, and the reduction of stabilized Ni2 + spe-
cies via the interaction with ZSM-5, respectively.[24] The Ni clus-
ters could contact the support intimately, owing to their amor-
phously dispersive status onto ZSM-5 as shown in Figure 2.

Two broad peaks are observed in the profile of NH3 temper-
ature-programmed desorption (TPD) for Ni/ZSM-5 (Figure 5)
around 209.6 to 493.5 8C, indicating the presence of weakly
and strongly acidic sites on Ni/ZSM-5, respectively. Compared

with Ni/ZSM-5, ZSM-5 itself displays a much stronger desorp-
tion peak at 160 8C and a much weaker peak at 480 8C. These
facts indicate that the amount of weak acidic sites on ZSM-5
was greatly reduced during the catalyst preparation, owing to
the interaction of supported nickel with the acidic sites on
ZSM-5. More strongly acidic sites, created after supporting Ni,
are, however, tentatively attributed to the creation of the
stronger acidic [Ni(OH)]+ groups.[25]

As shown in Figure S2 and Table S1, the atomic density of Ni
is approximately 2.68 % on the surface of the catalyst, which
further indicates a relative low Ni load. In Figure 6, the multi-

peaks located at 852.2, 852.8, and 853.6 eV denote the chemi-
cal bonds of metallic Ni, Ni2Si, and Al3Ni, respectively.[26–28] Main
peak located at 856.4 eV demonstrates the existence of
[Ni(OH)]+ .[29] The EB of the satellite peak for NiO is characteristic
at 861.5 eV.[30] These facts indicate that supported Ni partially
interacts with ZSM-5, especially with the acidic sites of ZSM-5,
which is in agreement with the reduction of acidic sites of
ZSM-5 in Figure 5.

As Figure 7 illustrates, the isotherms are classical type-IV iso-
therms with little uptakes at high partial pressures.[31] Each of
the isotherms has a typical type-H4 hysteresis loop, indicating
the presence of mesopores both in ZSM-5 and in Ni/ZSM-5.[31]

The specific surface area of ZSM-5 falls down from 270 m2 g�1

to 185 m2 g�1 after supporting Ni. The microporosity of Ni/
ZSM-5 is not noticeably different from that of ZSM-5, and the
mesoporous are only partially blocked. These facts indicate
that most of the NTC decomposed on the surface of ZSM-5,
while only a small amount of the NTC was impregnated into
the mesopores of ZSM-5 and then decomposed there.

Benzene is most inert toward hydrogenation in non-substi-
tuted arenes and the substitution of methyl group further de-

Figure 2. HREM image of Ni/ZSM-5.

Figure 3. XRD pattern of Ni/ZSM-5.

Figure 4. H2 TPR profile of Ni/ZSM-5 (HC denotes H2 consumption).

Figure 5. NH3 TPD profiles of ZSM-5 and Ni/ZSM-5 (AD denotes NH3 desorp-
tion).

Figure 6. XPS spectrum of Ni 2p3/2 region after deconvolution for Ni/ZSM-5.
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creases the reactivity of benzene ring toward hydrogenation
due to steric effects.[32–34] The decrease is significant by com-
paring catalytic hydrogenation of benzene with that of toluene
over Ni/ZSM-5 under the same conditions (Figure S3). It can be
imaged that the hydrogenation of PMBs should be more diffi-
cult. However, neither benzene nor toluene is well hydrogenat-
ed over the Ni/ZSM-5-C prepared via conventional impregna-
tion and drying, indicating a higher catalytic efficiency of Ni/
ZSM-5 than Ni/ZSM-5-C (Figure S3). The kinetics of durene hy-
drogenation was investigated over Ni/ZSM-5 in the tempera-
ture range of 100–220 8C. As shown in Figure 8, neglecting the

impact on the reaction order from temperatures and catalyst
deactivation, good linear relations between durene conversion
X and the reaction time t suggest a close zero-order reaction
with respect to durene, which corresponds to previous reports
on PMBs hydrogenation.[34, 35] The relation between X and t can
be expressed as: X = k t, where k denotes the close zero-order
rate constant.

The rate constants are calculated from the slopes of plots of
X versus t for each reaction temperature and listed in Table 2.
Based on data in Table 2, an Arrhenius plot was obtained
(Figure 9), which also shows a good linear correlation. The ap-
parent activation energy (Ea) estimated from the slope of ln k
versus T�1 plot is only 12.2 kJ mol�1, which is much lower than
previous reports on the Ea (40-60 kJ mol�1) of arene hydrogena-
tion over nickel catalysts.[35–37] 1,2,4,5-Tetramethylcyclohexane is
the only product from durene hydrogenation (Figure S4).
Indeed, the hydrogenation of durene was also performed over
Ni/ZSM-5-C, but there was no saturated product detected in

a wide reaction temperature range of 100–220 8C, which fur-
ther demonstrates the superior efficiency of Ni/ZSM-5, espe-
cially for the hydrogenation of PMBs.

As shown in Figure S5 and Table S2, main components in
HM are arenes, especially PMBs. The PMBs are extremely diffi-
cult to be saturated; meanwhile the blended arenes would re-
strain mutual reactivity toward hydrogenation, owing to the
competitive adsorption on the catalyst used.[38–41] The high ac-
tivity of Ni/ZSM-5 toward hydrogenation successfully over-
comes the difficulties. As Figure S5 and Table S3 (HHM denotes
hydrogenated HM) exhibit, all the arenes in HM were catalyti-
cally hydrogenated to saturated species over Ni/ZSM-5 at
180 8C for 20 h. Such outstanding catalytic activity of Ni/ZSM-5
is attributed to the following two reasons: the amorphous
state of Ni supported on ZSM-5 and the strong interaction be-
tween Ni and the support. The amorphous dispersion of Ni sig-
nificantly enhances the opportunity of interaction between
substrates and the catalyst ; meanwhile, the synergic effect be-
tween Ni and acidic support creates an electron-deficient sur-
face, which substantially increases the activity of Ni loaded and
facilitates the activation of the p bond in the arenes.[42–46]

The stability of Ni/ZSM-5 was examined according to catalyt-
ic hydrogenation of durene at 180 8C for 10 h using fresh and
used Ni/ZSM-5. As Figure 10 displays, durene conversion X de-
creases with increasing recycle number of the catalyst and
drops to approximately 20 % after the 3rd recycle. Analysis of
the HREM image of the recycled catalyst in Figure 10 reveals
the severe agglomeration of nickel clusters over ZSM-5, caused
by the long catalytic reaction time at 180 8C, which is regarded
as the main reason for catalyst deactivation.

In summary, using NTC as the precursor, a highly dispersive
and active Ni/ZSM-5 catalyst was prepared by successively re-
leasing the resulting CO. Nickel amorphously disperses onto
ZSM-5 and strongly interacts with the support. The catalyst
shows very high activity for the hydrogenation of benzene, tol-

Figure 7. A) N2 adsorption/desorption isotherms and B) pore-size distribution
of ZSM-5 and Ni/ZSM-5.

Figure 8. Kinetics of durene hydrogenation.

Figure 9. Arrhenius plots for durene hydrogenation.

Table 2. Close zero-order reaction rate constants for durene hydrogena-
tion.

T k T k
[8C] [·10�2 h�1] [8C] [·10�2 h�1]

100 4.33 190 9.07
130 5.78 220 11.42
160 7.21

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemCatChem 0000, 00, 1 – 5 &3&

These are not the final page numbers! ��

CHEMCATCHEM
COMMUNICATIONS www.chemcatchem.org

www.chemcatchem.org


uene, durene, and a series of PMBs in HM from MTG. Especially,
complete hydrogenation of all the arenes in the HM was ach-
ieved over the catalyst. This strategy may open up a route for
the design and preparation of more active supported metal
catalysts.

Experimental Section

NTC was synthesized by the reaction of active Ni powder with CO
under 8.0 MPa at 100 8C in a 100 mL stainless steel and magnetical-
ly stirred autoclave. Diethyl ether (25 mL), ZSM-5 (8 g, particle size
<178 mm), and NTC (2 mL) were put into the autoclave. After re-
placing air inside the autoclave with N2, the mixture in the auto-
clave was slowly stirred (70 rpm) for 1 h at room temperature to
sufficiently impregnate NTC onto ZSM-5. Then the autoclave was
heated to 100 8C and kept at the temperature for 1 h with rapid
agitation (150 rpm) to allow in situ decomposition of NTC onto
ZSM-5. After cooling the autoclave, CO in the autoclave was re-
leased followed by subsequent heating and cooling mentioned
above to decompose NTC as exhaustively as possible. Then the re-
action mixture was taken out from the autoclave and filtrated
under N2 protection to obtain the supported Ni catalyst (i.e. Ni/
ZSM-5), in which the Ni loaded was measured by using a ICP-OES
Agilent 720. The catalyst was characterized by using a Hitachi S-
3700N scanning electron microscope (SEM) combined with an
energy dispersive spectrometer (EDS), JEOL JEM-2100 high resolu-
tion electronic microscope (HREM), Bruker Advance X-ray diffrac-
tometer (XRD), TP-5080 automatic adsorption apparatus for H2-
TPR and NH3-TPD, Thermo Escalab 250XI apparatus for XPS mea-
surement and Autosorb-1 MP apparatus for N2 adsorption-desorp-
tion. The comparative same Ni loaded catalyst was prepared by im-
pregnating ZSM-5 (8 g) with an aqueous solution containing Ni-
(NO3)2·6 H2O (9 mmol) under stirring at 60 8C until dryness, and
drying at 100 8C overnight. The dried sample was calcined at
550 8C for 4 h under air to obtain NiO/ZSM-5, followed by reduced
at 550 8C in H2 flow of 30 mL min�1 for 4 h to obtain the catalyst
(marked Ni/ZSM-5-C).[47]

Solvent cyclohexane or tetrahydrofuran (only for the substrate ben-
zene) (20 mL), catalyst (0.5 g) and a substrate (arene 5 mmol or HM
1.0 g) were fed into the autoclave. After replacing air in the auto-
clave and being pressurized with hydrogen to 5.0 MPa at room
temperature, the autoclave was heated up to an indicated temper-
ature within 20 min and kept at the temperature for a prescribed
period of time with rapid agitation (250 rpm), and the total pres-
sure inside the autoclave was maintained higher than 6.0 MPa via

timely H2 supplement during indi-
cated temperature heating. The re-
action mixture was taken out from
the autoclave and filtrated after
cooling the autoclave in a water
bath. The filtrate was analyzed by
using a Hewlett–Packard 6890/
5973 gas chromatograph/mass
spectrometer.
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A Highly Active Ni/ZSM-5 Catalyst for
Complete Hydrogenation of
Polymethylbenzenes

Amazing the crowd: A highly disper-
sive supported nickel catalyst is pre-
pared by in situ decomposition of
Ni(CO)4 over ZSM-5 zeolite. The catalyst
displays an amazing activity for com-
plete hydrogenation of polymethylben-
zenes which are extremely difficult to
be saturated.
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