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Mono- and Bimetallic Ni� Co Catalysts in Dry Reforming of
Methane
Xuliang Zhang,[a] Zuzana Vajglova,[b] Päivi Mäki-Arvela,[b] Markus Peurla,[c] Heikki Palonen,[d]
Dmitry Yu. Murzin,*[b] Svetlana A. Tungatarova,[a, e] Tolkyn S. Baizhumanova,[a, e] and
Yermek A. Aubakirov[a]

Several bimetallic Ni� Co catalysts supported on θ-Al2O3 togeth-
er with 10 wt% Ni and 10 wt% Co on θ-Al2O3 were prepared
via the incipient wetness method, characterized by X-ray
diffraction (XRD), nitrogen adsorption, transmission electron
microscopy, temperature programmed reduction, temperature
programmed CO2 desorption, Fourier Transformed Infrared
Spectroscopy (FTIR) with pyridine adsorption-desorption and
tested in dry methane reforming at 700 °C in a fixed bed
reactor. According to XRD the metal oxide crystallite sizes
decreased from 20 nm for 10 wt% Co/θ-Al2O3 to 13 nm for
5 wt% Ni-5 wt% Co/θ-Al2O3, which also showed formation of a
mixed oxide alloy. The unit cell parameters for spinel in the

fresh catalyst and fcc metal formed during the reaction
followed the Vegard’s rule. Although monometallic 10 wt% Co/
θ-Al2O3 exhibited high hydrogen consumption, desorption
temperature was also high resulting in a rather low activity of
10 wt% Co/θ-Al2O3 in comparison to bimetallic 5 wt% Ni-
5 wt% Co/θ-Al2O3. The latter exhibited the highest initial
activity for hydrogen formation due to its relatively small metal
particle size. This catalyst suffered, however, from extensive
coking. The most stable catalyst was 10 wt% Ni/θ-Al2O3 for
which the hydrogen yield decreased form 56% to 45% during
100 h time-on-stream. For this catalyst no sintering occurred,
opposite to 10 wt% Co/θ-Al2O3.

Introduction

Inexpensive supported transition metal catalysts, especially
nickel and cobalt catalysts on alumina and silica are very
attractive in several industrially important reactions in the
presence of hydrogen, such as hydrogenation,[1]

hydrodeoxygenation[2,3] and dry methane reforming generated
by hydrogen.[4–7] The industrial catalysts should be active,
selective and stable. Typically, high metal dispersion is
beneficial in several reactions and metal dispersion can be
increased, for example, via applying the atomic layer deposition
method.[8,9] In addition catalyst stability can be enhanced when
metal particles are confined in the support.[10] and specific
support properties, such as acidity[2,3] and/or basicity[6] are
required. Especially for high temperature reactions, e.g.
hydrodeoxygenation[1,2] and dry methane reforming[6,11] high
catalyst stability is a necessity. For that purpose also bimetallic
Ni� Co catalysts,[12] and Ni� Co alloys have been prepared, which
have been reported to be very active, selective and stable in
dry methane reforming.[6,13]

In order to understand which kind of properties are
required for a stable catalyst for example in dry methane
reforming, catalyst characterization and elucidation of the
effect of metal dispersion, metal phase composition, acidity,
reducibility of metal and changes of the metal faces during the
reaction are important. In this work Ni� Co catalysts supported
on θ-Al2O3 with varying Ni and Co content were tested in
methane reforming in a continuous fixed bed reactor. Several
reports exist in the literature on methane reforming over Ni/γ-
Al2O3.

[4–6,14–17] According to our knowledge θ-Al2O3 has not been
previously used as a catalyst support for dry reforming of
methane. Although θ-Al2O3 has typically a lower specific surface
area in comparison with γ-Al2O3, it facilitates higher Ni
reducibility.[18] Performance and stability of mono- and bimet-
allic Ni and Co supported on θ-Al2O3 with the total metal
content of 10 wt% were studied in this work and for the best
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catalyst also a stability test for more than one hundred hours
time-on-stream was performed. The aim was to correlate the
catalysts performance with their properties and elucidate the
role of different Ni/Co ratios. Several physico-chemical methods
including hydrogen TPR, nitrogen physisorption, XRD, trans-
mission electron microscopy, evolution of the carbon content
with CHNS analysis, pyridine adsorption-desorption with FTIR
and temperature programmed oxidation of the spent catalysts
were used. In addition, catalyst stability was also investigated
during methane reforming to carbon oxide and hydrogen.

Results and discussion

Characterization of catalysts

Diffractograms of the fresh catalysts 10Ni/θ-Al2O3, and 5Ni-5Co/
θ-Al2O3 are shown in Figure, while diffractorgram of 9Ni-1Co/θ-
Al2O3, is shown in Figure S1e. The main phase in all catalysts is
the θ phase of alumina.[19] In the catalysts with predominant Ni
content, a small fraction of α-Al2O3 was seen,

[20] which was
even further increased in the spent catalyst. In addition,
graphite[21] was found in the spent catalysts containing 5–
10 wt% Ni.
The XRD peaks in Co3O4 spinel are overlapping with those

of θ-Al2O3,
[19,22] except at ca. 20° for Co3O4 which can be better

separated from θ-Al2O3 (Figure 1 and Figure S1). The spinel
formation can additionally be confirmed via excluding the

presence of CoO, i. e. absence of a peak at 19° for CoO
structure[23] and at 37° with CoO with NaCl structure.[24]

Furthermore, absence of CoO2 structure of CoO2 was confirmed
as a peak at 9° was not present.[25] In addition, XRD pattern for
NiAl2O4 is close to that of Co3O4.

[22,27] It is, however, possible to
exclude the presence of NiAl2O4, since its unit cell parameter is
8.046 Å, while in the current case the measured value is
8.144 Å. Thus is it proposed that Ni2Co2O4 can be formed.

[27]

The amounts of Co and Ni in the spinel calculated based on
Table S1 exceeded their nominal loading. It should, however,
be stated that the peak at ca. 20° can be assigned also to other
structures, such as (Co0.87Al0.13) ((Al0.60Co0.40)2O4).

[28] In that case,
the corrected amounts of Co and Ni are consistent with their
nominal loading. In the fresh catalysts, Co and Ni are present in
the form of Co3O4, NiO

[24] and as Co3� xNixO4 and Ni1� xCoxO,
while in the spent catalyst also fcc metal phase was present
(Table S1).[29–30] The substitution of Co into NiO is expected to
be minimal because the formation of the spinel structure is
favored over the formation of NiO across a broad composition
range. The spinel structure is found in all other samples but not
in 9Ni-1Co/θ-Al2O3 and 10Ni/θ-Al2O3 since only Ni cannot form
a spinel structure and the catalysts rich in Ni the amount of Co
is not sufficient to stabilize the spinel structure. Since the XRD
peak position for Co3O4 is shifted according to the Vegards’
rule[29,30] when more nickel is added it is likely that cobalt is
being substituted by nickel in the spinel structure. Due to

Figure 1. XRD patterns of a) fresh and b) spent 5Ni-5Co/θ-Al2O3, c) fresh and d) spent 10Ni/θ-Al2O3. The black line shows the Rietveld refinement of the data.
The y-axis values are square roots of the intensities.
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coexistence of Co2+ and Co3+ the spinel structure formation is
preferred for cobalt oxide.
The unit cell sizes of θ-Al2O3 and α-Al2O3 phases agree with

the corresponding literature values.[19,20, 22] Both the unit cells of
the spinel and metallic fcc structures follow the Vegard’s law as
can be seen in Figures 2 a and b as also reported in.[27,28]

Addition of Ni into Co3O4 the spinel or alternatively Co into fcc
Ni expands the structure as in.[28] When comparing the fresh
and the spent catalysts, it can be seen that Co- and Ni-oxides
are reduced to the fcc Co1� xNix solid solution (Table S1).
Interestingly Co is also in fcc phase,[31] although it should be in
the hexagonal phase.
The crystal sizes of the particles were determined from the

individual peak widths using the Scherrer formula. The chosen
peaks were (202/002), (200), (440), (200) and (002) for θ-Al2O3,
Ni1� xCoxO, Co3� xNixO4, fcc-Co1� xNix and graphite, respectively.
Large crystal particle sizes of the spinel structure were observed
in the fresh 10Co/θ-Al2O3, 9Ni-1Co/θ-Al2O3 and 10Ni/θ-Al2O3
(Table 1). The fcc metal particle size in the spent catalysts
decreased with increasing nickel content most probably due to
easier reduction of nickel in comparison to cobalt. [32]

Furthermore, the smallest Co3� xNixO4 particles were found in
5Ni-5Co/θ-Al2O3 which exhibited the same amount of α-Al2O3
as 10Co/θ-Al2O3 (Table 1) On the other hand, for 10Ni/θ-Al2O3
with a higher amount of α-Al2O3 about the same metal oxide
particle size was found as for 10Co/θ-Al2O3 indicating that the
amount of α-Al2O3 did not have any major effect on metal

oxide particle size. The spent catalysts exhibiting the nickel
content between 5–10 wt% contained additionally crystalline
graphite with the size of 4–6 nm. The crystal sizes of θ-Al2O3
were the same for different catalysts decreasing slightly for the
spent catalysts. The α-Al2O3 phase has much large crystal sizes,
at least ca. 50 nm.
The specific surface area, pore volume and micropore area

for the fresh and spent Ni/θ-Al2O3, Co/θ-Al2O3 and Ni� Co/θ-
Al2O3 catalysts are given in Figures S2 and S3 and in Table 2.
The catalysts exhibited only the mesopores. Slightly increased
surface and micropore areas were determined for the spent
10Co/θ-Al2O3 and 1Ni-9Co/θ-Al2O3 catalysts (Figure S3a), while
the surface area of the fresh and spent 10Ni/θ-Al2O3 remained
the same. Furthermore, for the spent 5Ni-5Co/θ-Al2O3 a minor
increase of the specific surface area was observed in compar-
ison to the fresh one. These results indicate that coking of
catalysts occurs mainly at the outer surface, since more carbon
was formed over nickel containing catalysts in comparison to
Co-catalyst (Table 3). The pore size distribution of the spent
catalysts shows a shift from larger pores to smaller ones
compared to the fresh ones (Figure S2). This indicates the
clogging of the larger pores during the reaction. The specific
surface area of 10 wt% Ni/θ-Al2O3 reported in

[18] correlates
quite well with the current data. Typically surface area for θ-
Al2O3 is also lower than that for γ-Al2O3.

[18]

TEM images of fresh and spent mono-and bimetallic
catalysts (Figures 4 and S4) and the corresponding average

Figure 2. The unit cell parameters for a) the spinel Co3� xNixO4 in which 100 wt% Ni equals to x=3 (observe no spinel was present in 9Ni-1Co/θ-Al2O3 and 10Ni/
θ-Al2O3) and b) metallic Co1� xNix phase for different spent catalysts (see Table 1). The line corresponds to the Vegard’s law.

Table 1. Results from TEM. In parenthesis data for the spent catalysts.

Catalyst Crystal size
D θ-Al2O3

(nm)
DCo3� xNixO4
(nm)

DNi1� xCoxO
(nm)

DCo1� xNix
(nm)

DTEM
(nm)

10Co/θ-Al2O3 24 (21) 18 n.d. (20) 14 (17)
1Ni-9Co/θ-Al2O3 23 (22) 16 n.d. (18) 39 (28)
3Ni-7Co/θ-Al2O3 23 (21) 13 (17) n.d. n.d. 19 (25)
5Ni-5Co/θ-Al2O3 23 (21) 13 [a] (14) 22 (17)
7Ni-3Co/θ-Al2O3 23 (23) [a] [a] (13) n.d. 17 (29)
9Ni-1Co/θ-Al2O3 23 (23) [a] 17 (13) 21 (17)
10Ni/θ-Al2O3 23 (23) [a] 16 (12) 17 (16)

[a] below the detection limit.
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metal (oxide) particle sizes are shown in Table 1 and in
Figure S5. Furthermore, uneven distribution of different ele-
ments can be observed (Figures 4 and S4). For monometallic
10Ni/θ-Al2O3 the metal particle size decreased during the
reaction, being in accordance with XRD results (Figure 3,
Table 1). On the other hand, the particle size for 10 Co/θ-Al2O3
increased from fresh to spent one as also confirmed by XRD
(Table 1). It can be seen from the particle size distribution
(Figure S5) determined from TEM images (Figures 4 and S4)
and from the average particle size (Table 1) that in most cases
metal oxide particles were smaller in the spent catalysts. These
results correlate well with the XRD results.
From SEM images of the fresh and spent 10Ni/θ-Al2O3 and

5Ni-5Co/θ-Al2O3 (Figure S6) it can be seen that especially in the
mapping image of the spent 5Ni-5Co/θ-Al2O3 catalyst that the
metal on the catalyst surface is slightly covered by carbon after
the reaction. The Ni and Co mapping images (Figure S7) in 5Ni-
5Co//θ-Al2O3 catalysts show that these elements remain in the
same position also after the reaction. Figure S7 also illustrates
that Ni and Co are concentrated in different places non-
uniformly across the surface.
The results from acidity measurements with FTIR pyridine

adsorption-desorption for three different catalysts (Table S2)
show that the highest acidity was determined for 5Ni-5Co/θ-
Al2O3 and the lowest for 10Co/θ-Al2O3.

According to the temperature programmed reduction an
increase in the Co content resulted in a higher reduction
temperature (Table 3, Figure 5). The lowest hydrogen consump-
tion was obtained in hydrogen TPR (Table 3) for the mono-
metallic 10Ni/θ-Al2O3. Interactions between NiO and Al2O3 are
relatively strong requiring a higher temperature for nickel oxide
reduction compared to the bulk oxide. [18] In general, nickel-
based catalysts have a lower reduction temperature because Ni
is much easier to be reduced than Co. [32] When Ni content
decreased, the peak area for hydrogen consumption gradually
increased (Table 3). The 10Co/θ-Al2O3 catalyst has the highest
reduction temperature and the largest degree of reduction,
although its crystal particle size is larger than for 5Ni-5Co/θ-
Al2O3. According to the literature

[33] 1 wt% Co-10 wt% Ni
supported on γ-Al2O3 exhibited a peak at 560 °C assigned to
NiO reduction. It should, however, be stated that the reduc-
ibility of Ni supported on θ-Al2O3 is better than on γ-Al2O3 with
the peak maxima for hydrogen consumption for 10 wt% Ni/θ-
Al2O3 at 380 °C and 490 °C. [34] In the current case the main
hydrogen consumption peaks for 10Ni/θ-Al2O3 were found at
450 °C and 580–610 °C, with the latter being close to the
literature. [34] It should, however, be stated here that the first
reduction peak of 10Ni/θ-Al2O3, related to reduction of the bulk
nickel oxide, [34] is rather small indicating that NiO is not easily
reduced or its amount is low. In addition, the main hydrogen
consumption peak for 10Ni/θ-Al2O3 was found previously

[18] to
be close to 600 °C which corresponds very well to the current
case.
The relative area of hydrogen consumed is the smallest for

9Ni-1Co/θ-Al2O3 among the bimetallic catalysts and even lower
for 10Ni/θ-Al2O3 indicating that it is difficult to reduce NiO
particles. Introduction of Co makes reduction of NiO easier with
an increase of Co content and for Co� Ni/Al2O3 catalyst a peak
at 345 °C became visible in TPR.[33] The interpretation of the
current TPR results is not straightforward because the TPR
profiles are rather complex and the literature on Ni supported
on θ-Al2O3 is very scarce.

[18,34] Furthermore, it is known that the
peak position in TPR can be determined by 1) metal loading, 2)
support nature, 3) presence of the second metal and 4) the size
of metal particles. [33,35]

CHNS results showed that the highest amount of carbon
was accumulated on the spent 5Ni-5Co/θ-Al2O3, while only
minor amounts of coke were detected on 1Ni-9Co/θ-Al2O3 and
10Ni/θ-Al2O3. Furthermore, no carbon was observed in the
spent 10Co/θ-Al2O3 (Table 3). When comparing these results
with the literature[11] it can be concluded that monometallic Ni
supported on γ-Al2O3 accumulated 10 fold more carbon in

Table 2. Textural properties of Ni� Co/θ-Al2O3 catalysts.

Catalyst A* Vp** dp Aex*** Aμ***
m2/g cm3/g nm m2/g m2/g

5Ni-5Co/θ-Al2O3 (P) 61 0.39 17.3 56 5
10Co/θ-Al2O3 (F) 60 0.37 17.1 52 7
1Ni-9Co/θ-Al2O3 (F) 61 0.37 16.9 54 7
5Ni-5Co/θ-Al2O3 (F) 57 0.35 16.0 52 6
9Ni-1Co/θ-Al2O3 (F) 65 0.38 16.5 59 6
10Ni/θ-Al2O3 (F) 64 0.37 16.2 59 6
10 wt% Ni/θ-Al2O3

[18] 76 0.26 14.0 – –
10Co/θ-Al2O3 (S) 74 0.33 16.5 61 14
1Ni-9Co/θ-Al2O3 (S) 72 0.33 16.5 58 13
5Ni-5Co/θ-Al2O3 (S) 63 0.33 16.2 57 6
9Ni-1Co/θ-Al2O3 (S) 64 0.32 16.1 57 7
10Ni/θ-Al2O3 (S) 65 0.36 16.2 57 8

P – fresh powder form, F – fresh catalyst, S – spent catalyst, A – specific
surface area (BET method), Vp – specific pore volume, dp – median pore
diameter (BJH desorption method), Aex – external surface area, Aμ –
micropore area. *determined by BET method, ** determined by BJH
method, *** determined by t-plot method.

Table 3. Results from hydrogen TPR and CHNS analysis from the fresh and carbon content in the spent catalysts.

Entry Catalyst Hydrogen TPR Carbon content by CHNS analysis (wt%)
Tmax1 (°C) Tmax2 (°C) Area of consumed hydrogen (a.u.)

1 10Co/θ-Al2O3 400 680-740 26.6 0.3
2 1Ni-9Co/θ-Al2O3 360 670-700 23.6 1.2
3 5Ni-5Co/θ-Al2O3 310 420, 580–600 23.7 14.3
4 9Ni-1Co/θ-Al2O3 309 400, 640–650 17.1 4.7
5 10Ni/θ-Al2O3 299 450, 580–610 12.7 3.1

ChemistrySelect
Full Papers
doi.org/10.1002/slct.202100686

3427ChemistrySelect 2021, 6, 3424–3434 © 2021 The Authors. ChemistrySelect published by Wiley-VCH GmbH

Wiley VCH Montag, 12.04.2021

2114 / 200243 [S. 3427/3434] 1



comparison with the corresponding monometallic Co catalyst
in dry methane reforming analogously to the current results.
The highest carbon content was observed for 5Ni-5Co/θ-Al2O3,
which exhibited the highest methane conversion among all
catalysts (see below). Despite a high amount of coke, no carbon

filaments were visible, opposite to e.g. carbon nanotubes
formed in methane reforming over Co� Mo/ZrO2/Al2O3.

[32]

Figure 3. The spinel (&) and metal oxide particle size (~) in the fresh catalysts and metal particle size (&) in the spent catalysts determined by XRD (Table 1)
as a function of nickel content in Ni� Co/ θ-Al2O3 catalysts.

Figure 4. TEM images of a) fresh and b) spent 5Ni-5Co/θ-Al2O3 and c) fresh and d) 10Ni/θ-Al2O3.
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Catalytic results

The performance of monometallic Ni and Co supported on θ-
Al2O3 as well as their bimetallic counterparts was studied in
methane reforming at 700 °C (Table 4). The highest initial
conversion of methane was observed for the bimetallic 5Ni-
5Co/θ-Al2O3, which exhibited the smallest metal oxide particles
(Table 1, Figure 6a). The higher initial activity of 5Ni-5Co/θ-
Al2O3 can be explained by the presence of relatively small metal
oxide particles in the fresh catalyst (Table 1), which are also

prone to deactivation. [36] It was reported in[36] that rather small
particles (6-10 nm) after being encapsulated in coke are not
active in methane reforming. The metal oxide particle size of
10Co/θ-Al2O3 is also larger than that for 10Ni/θ-Al2O3, which
can explain the better performance of the latter catalyst in
comparison to the former one. Ni per se can be more active,
because of electronic properties, etc. Methane conversion after
2 h TOS for three studied catalysts could also be correlated
with catalyst acidity determined by FTIR pyridine adsorption-
desorption (Figure 6c), i. e. methane conversion increased with

Figure 5. a) b) TPR patterns of different catalysts. Notation: 1) 10Co/θ-Al2O3 2) 1Ni-9Co/θ-Al2O3, 3) 5Ni-5Co/θ-Al2O3 f, 4) 9Ni-1Co/θ-Al2O3 and 5) 10Ni/θ-Al2O3.

Table 4. Conversion of methane and CO2 and the degree of deactivation in methane reforming at 700 °C, CH4:CO2:Ar=1 :1 : 1 ratio and GHSV=6000 h� 1 and
comparison with the literature.

Entry Catalyst Methane conversion after
2 h (after 12 h)

CO2 conversion after
2 h (after 12 h)

Deactivation degree based on
methane conversion (%)[a]

Deactivation degree based on
CO2 conversion (%)

[b]

1 10Co/θ-Al2O3 64 (65) 69 (50) 0 28.8
2 1Ni-9Co/θ-Al2O3 65 (55) 72 (59) 17.8 18.6
3 5Ni-5Co/θ-Al2O3 75 (49) 82 (59) 34.2 28.5
4 9Ni-1Co/θ-Al2O3 58 (46) 65.5 (57) 15 13.7
5 10Ni/θ-Al2O3 72 (66) 76.3 (73) 9 4
6 9 wt%

Co/γ-Al2O3
[16]

72[c] n.d. 1 n.d

7 9 wt%
Co/γ-Al2O3

[36]
75[d] 83d 0 n.d.

8 9 wt%
Ni/γ-Al2O3

[4]
54[c] n.d. 10 n.d.

9 5 wt%
Ni/γ-Al2O3

[5]
67[e] (68) 73.5 (72) 0 2

10 5 wt% Ni- 5 wt
Co/γ-Al2O3

[17]
76[f] n.d. 0 n.d.

11 15 wt%
Co/γ-Al2O3

[4]
negligible n.d. n.d. n.d.

[a] Deactivation degree after 12 h TOS was calculated as follows:

where X is conversion,
[b] deactivation degree based on CO2 conversion was calculated analogously to methane, using instead CO2 conversion after 2 and 12 h time-on-stream,
[c] 700 °C, GHSV=20 000 h� 1, after 6 h
[d] 700 °C, 22000 h� 1, after 6 h
[e] 700 °C
[f] 700 °C, 800 °C, GHSV=998400 mlgcat

� 1h� 1, 60 h time-on-stream
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increasing acidity. Furthermore, deactivation is more prominent
with increasing Lewis acidity. This result correlates well with
the literature,[37] reporting that higher acidity leads to more
coking in dry methane reforming over Ni/Al2O3 modified with
P. On the other hand, methane conversion increased with
increasing time on stream for 10Co/θ-Al2O3 because of catalyst
activation during the stability test. 1Ni-9Co/θ-Al2O3 catalyst
exhibited initially nearly the same methane conversion, as
10Co/θ-Al2O3, however, the former catalyst was deactivated
rapidly with increasing time-on-stream (Table 4).
Lower conversion levels of CH4 were obtained after 12 h

TOS over 1Ni-9Co/θ-Al2O3, 5Ni-5Co/θ-Al2O3, and 9Ni-1Co/θ-
Al2O3 and two latter catalysts contained more than 5 wt%
graphite according to XRD (Table S1). The highest methane
conversions after prolonged TOS were, however, obtained over
monometallic catalysts, 10Ni/θ-Al2O3 and 10Co/θ-Al2O3. When
comparing the performance of 10Ni/θ-Al2O3 in the current case
with that of 9 wt% Ni/γ-Al2O3 reported in

[16] it can be seen that
in this work methane conversion after 12 h TOS is much better
than that obtained with 9 wt% Ni/γ-Al2O3 after 6 h TOS at
700 °C. This might be due to a degree of Ni reduction for Ni/γ-
Al2O3 in comparison to Ni/θ-Al2O3 because of a lower amount
of surface defects present in θ-Al2O3.

[18]

CO2 conversion obtained after 2 h and 12 h time-on-stream
remained nearly constant for 10Ni/θ-Al2O3, while it dropped

from 69% to 50% for 10Co/θ-Al2O3 (Figure 6b). As a compar-
ison with literature the ratios between methane to CO2
conversion after 2 h TOS at 700 °C for 5Ni-5Co/θ-Al2O3 in the
current work and for 5 wt% Ni-5 wt% Co/γ-Al2O3

14 were very
close to each other (0.91 and 0.91,[14] respectively), despite
different metal crystallite sizes (13 nm and 7.7 nm, [14] respec-
tively). Only monometallic 10Ni/θ-Al2O3 was stable in trans-
forming CO2 (Figure 6b). Noteworthy is that the spent 10Ni/θ-
Al2O3 contained also the smallest fcc metal particles deter-
mined by XRD after dry methane reforming after 12 h TOS
(Table 1), which can partially explain its stable performance. On
the other hand, CO2 conversion was not stable over mono-
metallic 10Co/θ-Al2O3 or bimetallic Ni� Co/θ-Al2O3 catalysts. It is
difficult to compare directly the current results with the
literature data, because interactions between the support and
the metal are different. When using γ-Al2O3 as a support, it was
demonstrated in[4] that 15 wt% Co/Al2O3 was not efficient in
methane dry reforming contrary to 9 wt% Co/γ-Al2O3 with Co
particles of the size 14.1 nm (Table 4).
The degree of deactivation calculated based on methane

conversion was also the highest for 5Ni-5Co/θ-Al2O3 being the
lowest for 10Co/θ-Al2O3 which also displayed some sintering
according to XRD (Figure 7, Table 4). Analysis of catalyst
stability in methane conversion for different catalysts based on
methane conversion (Table 4), indicates that deactivation was

Figure 6. a) Methane conversion and b) CO2 conversion as a function of time-on-stream over 1 (x), 2 (o), 3 (~) and 5 (&) catalysts and c) as a function of
Brønsted (&) and Lewis acidity (&) in methane dry reforming for 1) 10Co/θ-Al2O3, 3) 5Ni-5Co/θ-Al2O3 and 5) 10Ni/θ-Al2O3 catalysts. The notation is same as in
Table 4.
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the highest for 5Ni-5Co/θ-Al2O3, which is correlating well with
the carbon content in the spent catalysts determined by CHNS
(Figure 7). Better results after prolonged time-on-stream were
obtained for monometallic Ni/θ-Al2O3. In the case of Ni
containing catalysts, graphite was formed when Ni loading was
above 5 wt% (Table S1) concomitant with a partial trans-
formation of the Ni� Co oxide phase to a metallic Co� Ni alloy.
Generally, one of the reasons for catalyst deactivation may

be carbon deposition in the catalyst pores.[38,39] Ni� Co catalysts
supported on θ-Al2O3 exhibited large pores (Table 2), which is
beneficial for stability. Furthermore, especially methane crack-
ing is one reason for formation coke over Ni/γ-Al2O3.

[6] Coking
of bimetallic 5 wt% Ni-10 wt% Co/γ-Al2O3 was also observed
during dry methane reforming at 700 °C. [14] In addition
monometallic spent 9 wt% Ni/γ-Al2O3 used in dry reforming of
methane at 700 °C contained coke free metal particles indicat-
ing that the catalyst exhibited activity after 6 h TOS.[16]

Dehydrogenation of methane to hydrogen and carbon occurs
on metal sites, which most probably are rapidly deactivated,
especially in the case of Ni. H2/CO ratio was 1 with mono-
metallic Co catalyst (Table 5, entry 1) as well as for 1Ni-9Co/θ-
Al2O3, while for the catalysts containing more Ni, this ratio
exceeded unity. Such high H2/CO ratio indicates either methane
cracking or the water gas shift reaction.[40] A temperature
increase was beneficial for H2/CO ratios giving a value of ca. 1.5
in methane dry reforming at 900 °C. [41] On the other hand, the
Fischer-Tropsch process can be successfully performed even at
the H2/CO ratios exceeding one.

[42]

The highest rate for hydrogen formation was observed for
5Ni-5Co/θ-Al2O3 after 2 h TOS (Figure 8a). This catalyst exhib-
ited small metal oxide particle size (Table 1) and a relatively
high hydrogen consumption in TPR. Furthermore, the low
temperature peak in hydrogen TPR was present at 299 °C
(Table 3). As can be seen from Figure 8b, the catalyst with the

Figure 7. Coke formation (&) and deactivation degree calculated from methane conversion after 12 h (&) as a function of Ni content in the catalyst.

Table 5. Yields of hydrogen, methane and their ratio in methane reforming at 700 °C, CH4:CO2:Ar=1 :1 :1 ratio and GHSV=6000 h� 1 and comparison with the
literature.

Entry Catalyst Yield of H2 after 12 h (%) Yield of CO after 12 h (%) H2/CO after 12 h Ref.

1 10Co/θ-Al2O3 24.1 24.1 1.0 This work
2 1Ni-9Co/θ-Al2O3 25.8 25.0 1.0 This work
3 5Ni-5Co/θ-Al2O3 29.0 22.8 1.3 This work
4 9Ni-1Co/θ-Al2O3 28.0 22.0 1.3 This work
5 10Ni/θ-Al2O3 33.3 30.3 1.1 This work
6 9 wt% Co/γ-Al2O3 n.m. n.m. n.m. [16]
7 9 wt% Co/γ-Al2O3 n.d. n.d. n.d. [36]
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low Tmax, 1 at the same time exhibiting a large peak area of
consumed hydrogen was the most active one. On the other
hand, if the Tmax,1 was low, as was the case for 10Ni/θ-Al2O3, its
hydrogen formation rate was quite low. Interestingly 10Co/θ-
Al2O3 exhibited high T1,max and a large peak area for hydrogen
consumption giving a rather low hydrogen formation rate. This
result is in accordance with the work of Cao et al., [6] who
proposed that strong interactions between Ni and Co are
beneficial for activity enhancement in dry methane reforming.
The highest selectivity to hydrogen after 2 h TOS was

obtained over 5Ni-5Co/θ-Al2O3 while after 12 h TOS 9Co-1Ni/θ-
Al2O3 displayed the highest selectivity (Figure 9). In 5Ni-5Co/θ-
Al2O3 small metallic alloy particles of fcc structure were formed
during the reaction probably active in methane decomposition
rather than in methane reforming.[40] Hydrogen selectivity
decreased substantially to ca. 57% for 10Co/θ-Al2O3 most
probably due to sintering of metal oxide particles (Table 1).
Based on preliminary experiments with all five catalysts,

showing the best results for 10Ni/θ-Al2O3, it was decided to

perform stability tests in dry methane reforming with this
catalyst.
Over 10Ni/θ-Al2O3 methane conversion decreased from

73% to 66% between 2 h and 12 h TOS (Figure 10a). Analo-
gously methane conversion decreased only slightly during 65 h
time-on-stream[5] in dry methane reforming at 700 °C over
5 wt% Ni/γ-Al2O3 pre-reduced at the same temperature. It was
also pointed out in[4] that when Ni/γ-Al2O3 is reduced at high
temperature, its stability is increased. In the current work
activity of 10Ni/θ-Al2O3 after 100 h TOS decreased slightly,
however, hydrogen yield decreased from 56% at 2 h TOS to
51% at 8 h TOS and only to 46% after 100 h TOS. When the
catalyst was reduced after 100 h TOS under hydrogen flow, its
activity increased and at the same time the hydrogen yield was
elevated from 46% to 51% after 100 hours (Figure 10b).
The monometallic 10Ni/θ-Al2O3 was quite stable and did

not show any sintering in the preliminary catalyst screening
(Table 1, Table 4). The H2/CO ratio over this catalyst after 18 h
was 1.1. Typically, higher CO2 conversion in comparison to
methane conversion has been reported over Ni/γ-Al2O3 catalyst

Figure 8. a) formation rate of H2 after 2 h (with stripes) and 12 h (empty rectangular) time-on-stream as a function of Ni weight fraction in different catalysts. b)
Tmax,1 as a function of the relative total area of H2 TPR for different catalysts. The graph contains also the specific hydrogen formation rates. Conditions: 700 °C,
CH4:CO2:Ar=1 :1 : 1 ratio and GHSV=6000 h� 1.

Figure 9. Selectivity to H2 and CO calculated as a function of methane and CO2 conversion, respectively over different catalysts after a) 2 h and b) 12 h time-on-
stream. Notation: open symbol H2 selectivity, closed symbol CO selectivity, 1) 10Co/θ-Al2O3 2) 1Ni-9Co/θ-Al2O3, 3) 5Ni-5Co/θ-Al2O3, 4) 9Ni-1Co/θ-Al2O3 and 5)
10Ni/θ-Al2O3.
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in dry methane reforming.[14,15] At the same time H2/CO ratio is
lower than the one reported earlier. [10] In the current case over
Ni supported catalyst conversion of CO2 was higher than
methane conversion, while the H2/CO ratio exceeded unity
(Figure 10b), indicating that the Boudourd reaction[32]

2CO ðgÞ  ! CðsÞ þ CO2ðgÞ (1)

which could occur instead of the reverse water gas shift
reaction. On the other hand H2/CO ratio decreased rapidly with
increasing TOS for 10Co/θ-Al2O3 reaching 0.87 at 38 h TOS.

Conclusions

Several bimetallic Ni� Co catalysts supported on θ-Al2O3 with a
varying ratio of Ni to Co were synthesized in addition to
monometallic Ni and Co catalysts. These materials were
characterized by several physico-chemical methods and tested
in dry reforming of methane at 700 °C. The transmission
electron microscopy results revealed that the smallest metal
oxide crystallite sizes were found for monometallic 10 wt% Co/
θ-Al2O3 and 10 wt% Ni/θ-Al2O3. The formation of Co� Ni-spinel
and oxide alloy phases was confirmed in bimetallic catalysts.
The bimetallic 5 wt% Ni-5 wt% Co/θ-Al2O3 exhibited the

highest initial activity for hydrogen formation giving CH4 and
CO2 conversion of 75%, and 82%, respectively at 700°C. Its
activity, however, declined rapidly with increasing time-on-
stream along with a phase transition of the spinel type metal
oxide to fcc mixed Co� Ni metal structure. The most stable
catalyst was monometallic 10 wt% Ni/θ-Al2O3 for which still the
hydrogen yield decreased form 56% to 45% during 100 h TOS
while concomitant with a change of the mixed Co� Ni oxide to
fcc type metallic alloy.

Supporting Information Summary

Supporting Information contains the experimental section, data
on adsorption isotherms, specific surface area, particle size

distribution based on TEM, SEM images, metal mapping, and
acidity.
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