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ABSTRACT: Dry reforming of methane (DRM) is a promising method to
utilize two greenhouse gases, such as CH4 and CO2, to produce synthesis gas. In
the current work, both monometallic Ni and bimetallic Ni−Fe catalysts with
different Fe/Ni molar ratios, synthesized by solution combustion synthesis (SCS)
in DRM, were investigated using a feed ratio of CH4/CO2/Ar of 1:1:1 at 600−
900 °C. The catalysts were characterized by several physicochemical techniques
such as X-ray diffraction (XRD), scanning electron microscopy energy-dispersive
X-ray (SEM-EDX) spectroscopy, transmission electron microscopy (TEM),
CHNS, N2 physisorption, H2-TPR, O2-TPO, NH3-TPD, and thermogravimetric
analysis (TGA). One of the highest hydrogen yields of 81% was obtained at 93%
conversion of CH4 and 94% conversion of CO2 for the bimetallic 15Ni−5Fe−
30Al catalyst, which contained, according to XRD, NiAl2O4 spinel and metallic
Ni phases. The spinel phase was decomposed during the reaction, while the
Ni3Fe alloy was formed. Catalysts with a higher Fe/Ni ratio exhibited lower conversion and contained an inactive FeAl2O4 spinel.
Rather stable yields of CO and H2 were obtained in an experiment with 20 h time-on-stream.

1. INTRODUCTION
Fossil fuels (such as oil, coal, and natural gas) are predominantly
used nowadays, accounting for ca. 80% of all energy produced
per year. The consumption of energy through the oxidation of
fossil fuels inevitably leads to significant CO2 emissions,
accompanied by detrimental environmental problems such as
global warming and climate change. Thus, much effort has been
put into supplying renewable and sustainable energy from
carbon-free resources (such as photovoltaic, solar thermal, wind,
and tidal energy). While these alternative resources can provide
heat and electricity, they are not capable of producing value-
added products such as liquid/gaseous fuels and carbon-based
organic chemicals.1

A significant role in recent decades has been played by
technologies based on the use of waste, namely, anaerobic
digestion of municipal solid waste in landfills, cattle manure, and
urban wastewater, which allow the production of methane-rich
gas, commonly referred to as raw biogas.2

Biogas is a gas mixture of products, consisting mainly of CH4
and CO2, although it has other impurities and gas products, the
concentration of which can vary significantly depending on the
feedstock and other factors, namely, the bacteria responsible for
the anaerobic fermentation of these substrates. When properly
processed, this gas has various energy applications, one of the
most common being the production of heat and electricity
through the direct combustion of raw biogas.3,4 There is a

growing interest in finding other uses for raw biogas, such as its
use as a feedstock for the production of alternative, sustainable,
and environmentally friendly biofuels, as well as valuable
chemicals of industrial importance, such as synthesis gas (CO
+ H2), through dry reforming. The latter has been widely
proposed in the literature due to the direct utilization of both of
themain raw biogas components (CH4 and CO2).

5 As a rule, the
reaction is carried out using catalysts, which must be active,
selective, stable, and cheap.
Besides dry reforming of methane (DRM)6

+ +CH (g) CO (g) 2CO(g) 2H (g)4 2 2 (1)

steam reforming of methane (SRM)7 and partial oxidation of
methane (POM)8 can also occur.

+ +CH (g) H O(g) CO(g) 3H (g)4 2 2 (2)

+ +CH (g) 0.5O (g) CO(g) 2H (g)4 2 2 (3)
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The main disadvantage of DRM is a decrease in the catalytic
activity with time-on-stream due to carbon formation. The
carbon can be formed from methane decomposition and the
Boudouard reaction, as demonstrated, respectively, below.

+CH (g) C 2H (g)4 2 (4)

+2CO(g) C CO (g)2 (5)

Noble metals, such as Rh, deposited on different supports have
been used as catalysts in the dry reforming of methane,
exhibiting high catalytic activity and stability with time-on-
stream.9 However, noblemetal catalysts are more expensive than
transition metals; subsequently, Ni-based catalysts were ex-
plored, resulting in the conclusion that they can be promising
alternatives in dry methane reforming due to their comparably
high activity. Although nickel-based catalysts are active in DRM,
their activity can decrease as a result of metal sintering and coke
formation. A reason for activity decline might also be the
formation of a NiAl2O4 spinel phase at high temperatures,
although this phase can be involved in the reaction pathway of
carbon elimination in the DRM reaction.10 To resolve this
problem, a decrease in the Ni particle size and the application of
suitable supports and promoters have been proposed. For
example, nickel reacting with iron can form an alloy that
improves the resistance to coke deposition.11 In addition, Li et.
al.12 found that the use of Fe as a promoter increases the catalytic
activity; subsequently, xNi−Fe−Al catalysts were found to be
significantly more active than a Ni−Al catalyst without iron.12

Furthermore, the special structure of the catalyst can enhance its
stability and catalytic activity. According to the literature,13

although the addition of iron improves stability, it can decrease
the catalytic activity of iron-rich Ni−Fe catalysts.
Several Ni-based catalysts have been tested in DRM, with

their textural properties, particle sizes, and process parameters
summarized in Table 1.
A promising catalyst in DRM could be Ni/Al2O3 with highly

dispersed small metal particles, which have stronger interactions
with alumina (Table 1, entry 1). Accordingly, this catalyst was
more active and stable, developing only a moderate amount of
deposits, which were less graphitized.14 In another work,15 the
addition of an alkaline-earth metal, such as Mg, to Ni/Al2O3
enhanced the nickel dispersion, improving the stability of the
catalyst (Table 1, entry 2). The catalyst was stable in DRM for
200 h without visible deactivation. The presence of NiAl2O4,
formed as a result of the strong interactions between Ni and
alumina, is important in improving the catalyst stability during
DRM. The following reaction mechanism for DRM over Ni−
Fe−Mg(Al)O was proposed in ref.16 CH4 is adsorbed and
decomposed on Ni active sites, whereas CO2 undergoes
activation at the metal−support interface and Fe sites (Table
1, entry 3). Thus, the formation of a Ni−Fe alloy can prevent
coke deposition by inhibiting the cracking of CH4. According to
ref 17, the presence of 15 wt % La in the support is required to
make it basic and, at the same time, improve the catalytic activity
(Table 1, entry 4). It was additionally stated that NiO is highly
dispersed in the Ni/La2O3−Al2O3 catalyst. When, however,
increasing the La concentration to 20wt%, the surface area, pore
diameter, and pore volume decreased, making this catalyst
inactive in DRM.
In solution combustion synthesis (SCS), which is a relatively

unexplored method for catalyst preparation, typically, combus-
tion of a solution containing metal precursors is carried out in
the temperature range of 300−600 °C, using urea and glycine as T
ab
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oxidizing agents. In addition to catalysts, several other types of
materials, such as semiconductors, bioceramics, luminescent
nanospheres, and various types of nanosized oxides, can be
synthesized.18 It should be mentioned that the catalyst prepared
via SCS can be active in DRM due to its small particle size,
thereby increasing its catalytic activity.19

Catalysts derived by SCS are divided into two groups, such as
bulk and supported. The first group of catalysts comprises
powders or foam-like aggregates used in various catalytic
reactions. The second group of catalysts is obtained from the
deposition of active metals on a solid support at high
temperature. In the first group of oxides, alloys and metals are
formed. For instance, autothermal reforming of hydrocarbons is
carried out over LaFeO3 perovskites, which exhibit high activity
and very good stability. It is important to mention that the
temperature in a preheated furnace (300−600 °C) initiates a
rapid high-temperature synthesis.20,21 The first step of
combustion is the evaporation of water in a few seconds and
the formation of gels. The second step is the combustion of gels
in air with flame, resulting in the formation of highly dispersed
nickel particles with a size of 5 nm. Depending on the fuel used,
nitrates and the fuel react in different ways. During explosion,
heat, as well as COx and NOx, is released. Therefore, the
temperature of the flame is higher than the initiating
temperature or preignition temperature (500 °C). It is
important to notice that the solution cannot be burned at a
furnace temperature below 300−600 °C. A higher temperature
reduces the time of ignition and improves the crystallinity of the
powders, i.e., catalysts.
It is reported that NiAl2O4 is formed at high temperatures

during SCS.22 The formation of NiAl2O4 was confirmed when
different preignition temperatures, i.e., 500, 700, and 900 °C,
were used in the SCS method.22 The solution mixture was
heated rapidly in the chamber. In addition, when the flaming
point of the fuel was extended to the mixture, it was burned to
form the powdered catalyst. According to ref,22 X-ray diffraction
(XRD) results showed that, together with NiAl2O4, NiO was
also identified; however, Al2O3 was completely absent, in
agreement with the current work.
The aim of this work is to study the effect of Fe on the catalytic

activity and stability when using 15 wt % nickel nitrate together
with varying amounts of iron and aluminum nitrates and 50 wt %
urea as an oxidizing agent. Comprehensive characterization of
the fresh and spent catalysts was performed using XRD,
transmission electron microscopy (TEM), energy-dispersive
X-ray (EDX) spectroscopy, CHNS, H2-TPR, NH3-TPD, O2-
TPO, and thermogravimetric analysis (TGA).

2. EXPERIMENTAL SECTION
2.1. Materials. For catalyst preparation, the chemical

reagents shown in Table S1 were used. For laboratory
experiments, gases such as methane, carbon dioxide, and
argon were used, with their purity being 99%.

2.2. Catalyst Preparation via Solution Combustion. All
necessary chemical reagents for the catalyst preparation were
used without additional pretreatment. After weighing the
required amounts of salts on an analytical balance, their mixture
was placed in a thermostable beaker to which 15 mL of
deionized water preheated to 80 °C was added. After the
complete dissolution of all salts, the beaker with the solution was
introduced in a preheated muffle furnace to 500 °C. The
catalysts were synthesized under air. As a result, a powdered
material was obtained by combustion of the solution. The

beaker was cooled to room temperature under a fume hood. The
catalysts were denoted based on the initial weight % of nickel(II)
hexahydrate (x), iron(III) nonahydrate (y), and aluminum
nitrate nonahydrate (z) as xNi−yFe−zAl, which comprised
overall 50% of the weight, the remaining 50 wt % being urea in
the solution.

2.3. Catalyst Characterization. The phase composition
and structure of the synthesized catalysts were characterized by
X-ray diffraction using a DRON-4-0.7 diffractometer (Russia) at
the D.V. Sokolsky Institute of Fuel, Catalysis and Electro-
chemistry applying CoKα radiation and the powder method in a
2θ range of 5−100°.
The MicrotracBelcat II equipment was used to perform

temperature-programmed reduction (TPR) measurements.
Catalyst samples (ca. 100 mg) were pretreated at 200 °C for 2
h, followed by cooling to 50 °C and subsequent heating to 800
°C with a 10 °C/min ramp under 1.5 mL/min hydrogen and
28.5 mL/min argon (5 vol % H2 and 95 vol % Ar), and the
holding time at the target temperature was 20 min.
Temperature-programmed desorption (NH3-TPD) of am-

monia was also conducted with the MicrotracBelcat II
equipment. The required amount (ca. 60−100 mg) of the
catalyst sample was pretreated at 500 °C for 1 h. Then, the
sample was cooled to 50 °Cbefore being heated to 600 °Cwith a
10 °C/min ramp under 1.5 mL/min ammonia and 28.5 mL/min
helium (5 vol % NH3 and 95 vol % He). The holding time at the
target temperature was 20 min.
Temperature-programmed oxidation (O2-TPO) was carried

out in the MicrotracBelcat II equipment connected to a mass
spectrometer. The pretreatment of the catalyst sample (ca. 50
mg) was conducted at 300 °C for 2 h, followed by cooling to 50
°C and then heating to 865 °C with a 2 °C/min ramp under 1.5
mL/min oxygen and 28.5 mL/min argon (5 vol % O2 and 95 vol
% Ar). The holding time of the target temperature was 20 min.
CHNS analysis was performed using a Thermo Fisher

Scientific Flash 2000 Organic Elemental Analyzer equipped
with a TC detector. A furnace temperature of 950 °C was used.
Four organic compounds, cystine, 2,5-bis(5-tert-butyl-benzox-
azol-2-yl)thiophene, sulphanilimide, and methionine, were used
as standards.
Scanning electron microscopy (SEM) measurements were

performed using a Zeiss Leo Gemini 1530 scanning electron
microscope equipped with a Thermo Scientific UltraDry silicon
drift detector (SDD).
For thermogravimetric analysis (TGA) and differential

thermal analysis (DTA), an SDT Q600 apparatus (TA
Instruments) was used, operating under air with a flow rate of
100 mL/min and a heating rate of 10 oC/min.
A Jeol JEM-1400Plus with 120 kV acceleration voltage and

0.38 nm resolution and an OsisQuemesa 11 Mpix bottom-
mounted digital camera were utilized to investigate the metal
particle size and textural characteristics. The catalysts were
reduced using the same reduction program as that before the
catalytic experiments. Determination of the metal particle sizes
was performed with ImageJ software.
A Micromeritics 3Flex-3500 was used to determine the

textural properties. The catalyst samples (ca. 150 mg) were
subjected to the first stage of pretreatment, where moisture from
the catalyst was removed by degassing ex-situ under vacuum at
180 °C for 20 h. The sample was then pretreated in the
physisorption equipment under vacuum at 180 °C for 5 h,
followed by liquid nitrogen adsorption at −196 °C and various
relative pressures. The Brunauer−Emmett−Teller (BET) and
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density functional theory (DFT)methods were used to calculate
the specific surface area and the pore volume along with the pore
size distribution.

2.4. Catalytic Experiments. A study of the catalytic activity
of the synthesized catalysts was carried out in a catalytic flow unit
(CFU-1). The activity of the catalysts was determined at various
temperatures in the range of 600−900 °C with a step of 100 °C,
followed by a measurement at 600 °C. The initial feed ratio was
CH4/CO2/Ar = 33%:33%:34% (vol), in line with previous
studies.23 The total flow of the gases was equal to 100 mL/min
(GHSV 3000 h−1). The samples were kept for 10 min at the
analyzed temperature in the flow of reacting components, after
which an online GC analysis of the reaction products was carried
out. Then, the reaction temperature was elevated, and the
analytical procedure was repeated in a similar manner.
0.3 g of the catalyst was placed in a quartz reactor with 20 mm

diameter and 410 mm length. The catalyst with a grain size of
0.21−0.42 mm without any dilution was placed onto a layer of
quartz wool, giving the solid layer a height of 5.0 mm. The
volume of the catalytic bed was 1.6 mL, i.e., the bulk density was
0.19 g/mL. The impacts of internal mass transfer limitations are
minor, if the Weisz−Prater criteria are met,24,25 defined as the
ratio of the effective (observed) reaction rate to the maximum
effective rate of diffusion at the external surface

=
r r RT

p D
1

obs p
2

CH eff
4 (6)

where robs [mol/s/m3] is the observed reaction rate, defined as
robs = rCHd4

·ρbulk (in this case, the reaction rate of methane, rCHd4

[mol/s/kg], was higher than the reaction rate of carbon dioxide;
ρbulk [kg/m3] is the bulk density of the catalyst), rp [m] is the
radius of the catalyst particle, R [8.314 m3·Pa/K/mol] is the gas
constant, T [K] is the reaction temperature, pCHd4

[Pa] is the
partial pressure of methane, and Deff [m2/s] is the effective
diffusivity calculated according to the following equation25

=D Deff e (7)

where the porosity/tortuosity factor ε/τ was taken as 0.1, and
the diffusivity De was determined by the Bosanquet equation25

= +
D D D
1 1 1

e AB K (8)

where DAB is the binary diffusivity in gases (methane and carbon
dioxide) calculated by the Chapman−Enskog equation,25 with a
value of 1.56× 10−4 m2/s, andDK is the Knudsen diffusivity

25 for
methane in the 15Ni−5Fe−30Al catalyst with a pore radius of
3.6 nm (determined by the BJH desorption method from N2
physisorption), which is equal to 2.86 × 10−6 m2/s.
In the current case for the long-term experiment at 800 °C and

1 atm over the 15Ni−5Fe−30Al catalyst, the Weisz−Prater
criterion,ϕ, was calculated to be 0.26, indicating that the internal
mass transfer limitations can be neglected.

2.5. Analysis. Analysis of the initial mixture and the reaction
products was carried out using a Chromos GC-1000 chromato-
graph with Chromos software and an Agilent Technologies
6890N chromatograph with TCD and FID detectors. The
chromatograph was equipped with packed and capillary
columns. The packed column was used for the analysis of the
initial feed (CH4, CO2), products (H2, CO), and C2H6, C2H4,
C3−C4 hydrocarbons. The detector temperature was set at 200

°C, the inlet temperature was 280 °C, and the column
temperature was 40 °C. The carrier gas flow (Ar) was 10 mL/
min.

2.6. Definitions. The conversion of methane and carbon
dioxide was calculated according to the following equations

= ×X
F F

F
100%CH

CH ,in CH ,out

CH ,in
4

4 4

4 (9)

= ×X
F F

F
100%CO

CO ,in CO ,out

CO ,in
2

2 2

2 (10)

in which Fi,in and Fi,out denote the molar flow of i in and out,
respectively.
The turnover frequency was calculated according to the

following equation24

= ×
F F

n
TOF 100%CH

CH ,in CH ,out

Ni(surface)
4

4 4

(11)

in which FCHd4
is the molar flow of methane, and nNi(surface) is

the number of moles of exposed Ni calculated according to the
equation

=n m
c D
MrNi(surface) cat
Ni Ni

Ni (12)

In eq 12, mcat is the mass of the catalyst, cNi is the
concentration of Ni determined by EDX analysis, MrNi is the
molecular weight of nickel, and DNi is the Ni distribution. The
dispersion of Ni was calculated using the formula described by
Sholten et al.26 assuming spherical shapes of Ni, yielding the
equation given below

=D d101/Ni FeNi (13)

where dFeNi is the metal particle size determined by TEM.
The yields of hydrogen and CO can be obtained as follows

= ×Y
F

F2
100%H

H ,out

CH ,in
2

2

4 (14)

=
+

×Y
F

F F
100%CO

CO ,out

CH ,in CO ,in

2

4 2 (15)

The H2/CO ratio is calculated as follows

= Y YH /CO /2 H CO2 (16)

The carbon balance (CB) was calculated as shown below27

=
+ +

+
×

F F F

F F
CB 100%

CH ,out CO ,out CO,out

CH ,in CO ,in

4 2

4 2 (17)

3. RESULTS AND DISCUSSION
3.1. XRD Results. Both fresh and some spent catalysts were

studied by XRD, and the results are shown in Table 2 and Figure
1. According to the XRD pattern, the 15Ni−35Al catalyst
contains both NiAl2O4 and metallic Ni crystalline phases
(Figure 1a). The relative intensities and positions of the reflexes
are distinctive for the NiAl2O4 spinel structure [ASTM 71-964],
and its lattice parameter was determined to be 8.076 Å, which is
close to that reported in the literature.28 The intensity of,
especially, the nickel aluminate peak (311) at 45.2° was
decreased in the spent catalyst,29,30 and the intensity of the
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metallic nickel peak at 52° was higher than that of spinel.30−32

On the other hand, the NiO phase (PDF# 00-047-1049) is
definitely absent because characteristic reflexes at 2θ = 43.5,
50.7, and 74.5o are not found. Furthermore, γ-Al2O3 and θ-Al2O3
were not found in 15Ni−35Al, and their lattice parameters are
also different from those of NiAl2O4, being 7.90533 and 7.901
Å,34 respectively.
According to XRD results, NiO is also absent in the fresh

15Ni−5Fe−30Al catalyst.35 The cubic Ni0 phase was also
determined in the fresh 15Ni−5Fe−30Al at 52°.36 This phase
was, however, absent in the spent catalyst. On the other hand, in

contrast to the current case, NiO and NiAl2O4 existed in the
fresh catalysts, and after DRM, the NiO was reduced to metallic
Ni.35

X-ray diffraction reflexes in the fresh 15Ni−5Fe−30Al catalyst
at 52.1, 60.9, and 91.7° correspond to the Ni3Fe alloy.36,37

Furthermore, it was proposed in ref37 that de-alloying occurs,
leading to the formation of FeO.

+ +CO Fe CO FeO2 (18)

When carbon is formed by the decomposition of methane

+CH 2H C4 2 (19)

This carbon reacts further with FeO

+ +C FeO CO Fe (20)

helping thus to remove carbon from the catalyst surface and
retain catalytic activity.
In the current case, under the conditions when only 10 min

time-on-stream at each temperature was used, Ni3Fe remained
stable in 15Ni−5Fe−30Al. Furthermore, it was reported in ref
38 that NiAl2O4 is decomposed during DRM forming Ni2+,
which in turn is reduced to metallic nickel, observed as the reflex

Table 2. Phases Present in the Fresh and Spent Catalystsa

catalyst
phases (fresh/
nonreduced)

phases (spent, short test�10 min
TOS at up to 900 °C)

15Ni−35Al Ni, NiAl2O4 Ni, NiAl2O4

15Ni−5Fe−30Al Ni, Ni3Fe,
NiAl2O4

Ni3Fe, Al2.667O4, Al3Ni2

15Ni−15Fe−20Al NiO, FeAl2O4 Ni3Fe, Al3Ni2, FeAl2O4

15Ni−25Fe−10Al NiO, Ni3Fe,
FeAl2O4

Ni3Fe, Al3Ni2, FeAl2O4

an.d., no data.

Figure 1.XRDpatterns of the fresh and spent catalysts (short-term test�10min TOS): (a) 15Ni−35Al, (b) 15Ni−5Fe−30Al, (c) 15Ni−15Fe−20Al,
and (d) 15Ni−25Fe−10Al catalysts. Notations: 1, NiO [ASTM47-1049]; 2, Ni3Fe [ASTM88-175]; 3, NiAl2O4 [ASTM 71-964]; 4, Al2.667O4 [ASTM
80-1385]; 5, Al3Ni2 [ASTM 14-468]; 6, FeAl2O4 [ASTM 86-2320]; and 7, Ni [ASTM-4-850].
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at 52 or 53°.29 In addition, with metallic Ni in the spent 15Ni−
5Fe−30Al, Al3Ni2 alloy and Al2.667O4 were also formed.39−41

The latter phase was identified as the reflexes at 37 and 79°.39
Furthermore, the Al−Ni alloy has reflexes at 31, 36, and 79°,39
and only one reflex at 31° corresponds to Al3Ni2.

40,41 In contrast
to other iron-containing catalysts, 15Ni−5Fe−30Al does not
contain any FeAl2O4 in both the fresh and spent 15Ni−5Fe−
30Al catalysts.
In the 15Ni−15Fe−20Al catalyst, the FeAl2O4 spinel phase

and NiO were identified in the fresh sample, while in the spent
sample, the reflex that corresponds to Ni3Fe overlapped with
those of the FeAl2O4 phase. NiO reflexes were present at 42 and
75° in ref.42 The reflexes of 2θ = 36 (37), 42 (45), 52 (55), 60
(59), 65, and 76° were identified in both fresh and spent 15Ni−
15Fe−20Al catalysts, corresponding to the FeAl2O4 spinel.

43,44

FeAl2O4 was also found in the 15Ni−25Fe−10Al catalyst, in
reflexes of 30° (spent), 35° (fresh), 60.2° (59°), 65°, and
76°.43,44 Furthermore, small reflexes of the Al3Ni2 alloy appeared
to overlap with the reflex of the Ni3Fe alloy. In the spent catalyst,
a small reflex of the Al3Ni2 alloy was also identified. According to
XRD data, FeAl2O4 was also found in the spent catalyst. In
addition, XRD results of the long-term stability test showed the
presence of Ni3Fe and NiAl2O4, which are discussed in Section
3.7.2.
The Al3Ni2 alloy can be formed at high temperatures. The

alloy could appear after DRM by the following reaction at 880,
940, and 1000 °C45

+ +6NiO 13Al 2Al O 3Al Ni2 3 3 2

As can be seen, nickel oxide was reduced to Al3Ni2. The
operating temperatures of the DRM reaction in the present work
were in the range of 600−900 °C. In addition, taking into
account the fact that NiO was present in the fresh 15Ni−15Fe−
20Al and 15Ni−25Fe−10Al catalysts, the reduction of NiO can
occur during DRM; thus, it is possible to explain the presence of
the Al−Ni alloy in spent catalysts. The absence of NiO in fresh
15Ni−5Fe−30Al can be explained by its high dispersion in the
catalyst.

3.2. TEM Analysis. The results of TEM showed well-
dispersed metal particles (Figure 2). 15Ni−5Fe−30Al has the
smallest Ni particle size among the studied catalysts (Figure 3),
which can be a reason for its better catalytic performance.12 In all
spent catalysts, carbon nanotubes were observed,46 indicating
carbon formation on the catalyst surface, also confirmed by TGA
and TPO. This result for bimetallic Ni−Fe−Al catalysts is in
agreement with those reported in ref 47, wherein carbon
filaments were observed in the Ni−Fe/Al2O3 catalyst. One
reason for high coking over 15Ni−5Fe−30Al could be a high
weight ratio of Ni/Fe of 4.1. Furthermore, metal particle sizes of
all spent catalysts remain below 15 nm. The Ni particle sizes in
carbon nanotubes for 15Ni−35Al and 15Ni−5Fe−30Al are
approximately 24 and 27 nm, being 15 and 18 nm for 15Ni−
15Fe−20Al and 15Ni−25Fe−10Al, respectively. It is important
to mention that for Ni clusters larger than 9 nm, which is critical
for coke formation, the carbon deposition is high.48 15Ni−
25Fe−10Al has larger Ni particles (∼26 nm), also in line with
the XRD data, and the catalytically inactive FeAl2O4 remained
partially stable in the spent catalyst. It was, however, observed
that, for example, the reflex at 2θ = 42° decreased, indicating that
FeAl2O4 can be reduced under DRM conditions (see TPR
results). Generally, sintering of metal particles occurs during
DRM, together with carbon nanotube formation; however,
when nickel is embedded on the support and/or exhibits strong

interaction with the support, both sintering and carbon
nanotube formation are suppressed.46 For 15Ni−35Al and
15Ni−5Fe−30Al catalysts, strong metal−support interactions
are visible in hydrogen TPR, showing the low reducibility of Ni
(Figure 5), and thus, the Ni particle size remains nearly the same
after DRM. For catalysts with a higher Fe loading, NiO in the
fresh catalyst is reduced to the Ni3Fe alloy during DRM. It was
also reported in ref 12 that the particle size of the Ni3Fe alloy
phase in NiFeAl catalysts remained constant during DRM, while
in the current work, this phase with a small particle size was
formed during DRM.
In the current case, according to XRD results, Ni3Fe was

formed, and the metal particle size decreased during DRM over
15Ni−5Fe−30Al. As a comparison with the literature,49 Ni
particles were agglomerated in the 5Ni/La2O3 catalyst after 50 h
of DRM at 650 °C, increasing the particle size to 17 nm, while
for the Ni-impregnated mesoporous La2O3 spent catalyst, the Ni
size was 5.5 nm, indicating that less sintering occurred. In the
current case, no agglomeration of particles during DRM was
observed, because the Ni particle size was decreased in the spent
catalysts compared to the fresh catalysts. On the other hand, the
addition of Fe to Ni-based catalysts can reduce the Ni
nanoparticles, and also, the particle distribution becomes more
narrow, which improves the catalytic activity in DRM.47 It was
mentioned that Ni tends to form an alloy with Fe; however, as
reported in ref 50, the formation of the Ni−Fe alloy does not
affect the metal particle size, and the metal particle size does not
influence the catalytic properties. In addition, no sintering

Figure 2. TEM images of (a) 15Ni−35Al fresh, (b) 15Ni−35Al spent,
(c) 15Ni−5Fe−30Al fresh, (d) 15Ni−5Fe−30Al spent, (e) 15Ni−
15Fe−20Al fresh, (f) 15Ni−15Fe−20Al spent, (g) 15Ni−25Fe−10Al
fresh, and (h) 15Ni−25Fe−10Al spent catalysts.
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Figure 3. Histograms of the fresh and spent (a) 15Ni−35Al, (b) 15Ni−5Fe−30Al, (c) 15Ni−15Fe−20Al, and (d) 15Ni−25Fe−10Al catalysts. The
spent catalysts were obtained from short-term DRM experiments using a GHSV of 3000 h−1, 20 L/g/h, with CO2/CH4/Ar 33%:33%:34% and 10 min
TOS at 600−700−800−900−600 °C.
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occurred for Sr2FexNi1−xMoO6−δ double-layered perovskites
after a 10 h stability test, and the metal particle size was in the
range of values obtained before the reaction (ca. 31 nm).51

Furthermore, it was concluded that carbon formation caused a
slight decrease in the particle size.

3.3. SEM-EDX Analysis. SEM images of fresh and spent
15Ni−35Al and 15Ni−5Fe−30Al (Figure S2) show that the
catalysts exhibit an irregular flake-like structure with dimensions
in the range of 60−420 μm. The particles also contain surface
cracks and microporosity. No major differences were observed
in the shapes of the fresh and spent catalysts. For fresh 15Ni−
5Fe−30Al, the catalyst surface appeared smooth; however, it
was composed of small (1−3 μm) agglomerated particles
(Figure S1e). Furthermore, in spent 15Ni−5Fe−30Al, carbon
nanofibers were clearly visible. SEM-EDX analysis demonstrated
that the weight ratio of Fe/Ni decreased from the fresh to the
spent catalysts as follows: 4% for 15Ni−5Fe−30Al, 3% for
15Ni−15Fe−20Al, and 2.5% for 15Ni−25Fe−10Al (Table S2).
The oxygen content decreased by 60% for 15Ni−5Fe−30Al
when its amount in the fresh catalyst was compared with the
spent one, while the decrease in the oxygen content was the
second largest for spent 15Ni−15Fe−20Al and the lowest for
spent 15Ni−35Al. This can be explained by phase changes, i.e.,
the amount of Ni aluminate decreased substantially in 15Ni−
5Fe−30Al. In addition, the Al/Ni weight ratio increased from
fresh to spent catalysts by 20% for 15Ni−5Fe−30Al and 15Ni−
25Fe−10Al, while this ratio increased by only 12.6% for 15Ni−
15Fe−20Al. The same is valid for the Al/Fe weight ratio in

which the corresponding increase is 27% for 15Ni−5Fe−30Al,
14% for 15Ni−15Fe−20Al, and 24% for 15Ni−25Fe−10Al.
When the Fe/Ni molar ratio is equal to or above 0.7, the

intensity of diffraction reflexes decreases, indicating that the
crystallinity was lower for a higher Fe loading.12

3.4. Nitrogen Physisorption. The results of textural
property analysis are presented in Figure 4 and Table 3. All
isotherms exhibited type IV hysteresis, which indicates the
presence of mesopores. For the 15Ni−5Fe−30Al fresh catalyst,
the BET surface area was 16 m2/g for the synthesized catalyst
and 14 m2/g for the spent catalyst. The surface areas of the fresh
15Ni−25Fe−10Al catalysts were 4 m2/g, being slightly below 4
m2/g in the spent catalyst. It was also possible to correlate the
amount of carbon in the spent catalyst with the increase in the
adsorbed volume in nitrogen physisorption because the highest
amount of coke was observed in 15Ni−5Fe−30Al, which
exhibited the highest pore volume among spent catalysts,
followed by 15Ni−35Al. The latter displayed the second highest
carbon content based on CHNS analysis.

3.5. Hydrogen TPR. The hydrogen consumption (reduc-
ibility) of the Ni−Al and Ni−Fe−Al catalysts was studied by
temperature-programmed reduction with H2 (Figure 5 and
Table 4). The maximum peak was observed at 470 °C, which
was related to different levels of NiO interactions with the Al2O3
support in accordance with previous studies.52 The reduction
profile of 15Ni−5Fe−30Al revealed a single peak at about 467
°C along with a small shoulder at 403 °C. For NiAl2O4, also
present on the fresh 15Ni−5Fe−30Al catalyst according to
XRD, it has been reported that reduction starts already at 742

Figure 4. (a) Adsorption isotherms and (b) pore size distribution of the fresh and spent 15Ni−5Fe−30Al catalysts. Notations: 15Ni−35Al (red),
15Ni−5Fe−30Al (blue), 15Ni−15Fe−20Al (green), and 15Ni−25Fe−10Al (black). The solid line denotes the fresh catalyst and the dashed line
denotes the spent catalyst. Spent catalysts were obtained from short-term DRM experiments using a GHSV of 3000 h−1, 20 L/g/h, with CO2/CH4/Ar
33%:33%:34% and 10 min TOS at 600−700−800−900−600 °C.

Table 3. Textural Properties of Catalystsa,b

catalyst SBET, cm3/g Vtot, cm3/g Vμ cm3/g Vm, cm3/g Vμ/Vm dp,avg, nm

15Ni−35Al (f) n.d. n.d. n.d. n.d. n.d. 9.2
15Ni−35Al (s) 8 0.014 0.004 0.011 0.33 16.3
15Ni−5Fe−30Al (f) 16 0.012 0.007 0.004 1.75 7.2
15Ni−5Fe−30Al (s) 14 0.021 0.003 0.018 0.19 8.0
15Ni−15Fe−20Al (f) 11 0.011 0.003 0.008 0.33 6.1
15Ni−15Fe−20Al (s) 9 0.019 0.001 0.018 0.06 12.2
15Ni−25Fe−10Al (f) 4 0.008 0.001 0.007 0.16 14.8
15Ni−25Fe−10Al (s) <4 0.008 0.001 0.007 0.13 25.7

aVtot denotes the total adsorbed volume; Vm and Vm denote the micro- and mesopore volumes, respectively; f and s denote fresh and spent catalysts,
respectively; and dp,avg denotes the average pore diameter. bn.d., not determined.
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°C,52,53 which would explain the hydrogen consumption at a
high temperature. The TPR results confirm the presence of
small Ni particles with uniform size, eliminating the possible
formation of larger agglomerates on the catalyst, which would
result in reduction peaks at lower temperatures.52 A second
reduction peak appeared for catalysts with a higher amount of
Fe.54

As can be seen in Figure 5, the higher the iron loading, the
higher the amount of hydrogen consumed for 15Ni−25Fe−
10Al above 600 °C, which could be related to the reduction of
the hercynite phase, FeAl2O4, reported to occur at 665 °C.55

3.6. Acidity of Different Catalysts. The acidity of different
catalysts determined by ammonia TPD is shown in Table 5 and
Figure 6, illustrating that it increased with increasing aluminum
content. The peak for the maximum adsorption of ammonia also
shifted toward higher temperatures with increasing iron content,
indicating a higher amount of strong acid sites.
As can be seen from the CHNS results (Table 6), the higher

the amount of iron, the lower the amount of carbon formed
during the reaction. It was reported in the literature54 that iron-
promoted Ni-based catalysts are more coke resistant. On the
other hand, the amount of carbon can reflect more active centers
during DRM. Here, the spent catalyst 15Ni−5Fe−30Al has the
highest amount of carbon, which correlated with higher catalytic
activity in DRM among other catalysts. The calculated molar
ratios of H/C for 15Ni−5Fe−30Al and 15Ni−25Fe−10Al were
0.08 and 0.19, respectively, also showing that the type of coke
was different. In particular, the former catalyst contained more
graphitic coke in comparison to the latter one.
The TGA results (Figure 7, Table 6) demonstrated that more

coke was obtained with 15Ni−15Fe−20Al than with 15Ni−

25Fe−10Al, which can be correlated with the lower acidity of
the latter catalyst.
The results of TPO show that the temperature for the largest

peak from 15Ni−25Fe−10Al was 671 °C, while the maximum
carbon release was observed at 709 °C for 15Ni−15Fe−20Al
(Figure 8). It was stated in ref56 that carbon released above 650
°C corresponds to the pyrolytic type of inert coke. For 15Ni−
5Fe−30Al, the intensity was the highest due to high heat
development, because this catalyst contained a very high amount
of coke (44 wt %), as confirmed by CHNS analysis. According to
TPO results, the relative area for carbon dioxide release for
15Ni−15Fe−20Al was 0.41- and 0.47-fold that of 15Ni−25Fe−
10Al.
According to the coke analysis, the highest amount of carbon

was obtained for 15Ni−5Fe−30Al in accordance with TGA
results. On the other hand, it was reported that the highest
weight loss of 12% was observed in Ni/Al2O3 in the temperature
range of 650−800 °C in DRM, while for Ni−Fe/Al2O3, it was
only 6%.25 The catalyst contained 3.95 wt % Ni and 5.14 wt %
Fe, while in the current case, the Ni and Fe contents were 35 and
9 wt %, respectively, indicating that the excess of Ni was much
larger.27 Analogously, lower carbon formation was observed in
the bimetallic Fe−Ni−Al catalyst in comparison to the
monometallic Ni/Al2O3 catalyst in DRM at 700 °C,12 when

Figure 5. Temperature-programmed reduction of Ni−Fe catalysts.

Table 4. Results of the Temperature-Programmed Reductiona

catalyst Tmax,1, °C Tmax,2, °C Tmax,3, °C Tmax,4, °C relative area of consumed H2

15Ni−35Al 454 800 n.a. n.d. 0.35
15Ni−5Fe−30Al 403 467 800 n.d. 0.57
15Ni−15Fe−20Al 477 800 n.d. n.d. 0.79
15Ni−25Fe−10Al 417 500 630 800 1

an.d., not detected.

Table 5. Results of Ammonia TPD

catalyst Tmax,1, °C Tmax,2, °C
relative area of NH3 desorbed
normalized by catalyst mass

15Ni−35Al 129 621 1.0
15Ni−5Fe−30Al 129 621 0.82
15Ni−15Fe−20Al 198 621 0.55
15Ni−25Fe−10Al 173 621 0.33

Figure 6. Ammonia TPD of the catalysts.
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the molar ratio of Fe/Ni was 0.5. In the current case, the molar
ratio of Fe/Ni for 15Ni−5Fe−30Al is only 0.27, which can
explain the high coke formation.

3.7. Catalytic Results. 3.7.1. Effect of Iron Loading on the
Activity, Selectivity, and Stability. The effect of iron loading
was investigated at 700 and 800 °C in the current work (Figure
9). As can be seen in Figure 9a, the conversions of CH4 and CO2
for the 15Ni−35Al catalyst are lower than for those for the
catalyst with the lowest Fe/Ni ratio, i.e., 15Ni−5Fe−30Al. This
result is different from the results of Li et al.,12 in which both
methane and CO2 conversion increased when the Fe/Ni molar
ratio reached a value of 0.7. When the Fe/Ni molar ratio was 0.9,

lower CO2 and CH4 conversions were obtained. This difference
in activity cannot be explained by the metal particle sizes, which
were the same for all catalysts, ca. 7 nm;12 however, in their case,
the hydrogen uptake decreased with an increasing Fe/Ni molar
ratio. It was also concluded that bimetallic Ni−Fe−Al catalysts
were superior in comparison to their monometallic Ni−Al
counterparts, and especially, the Ni−Fe alloy enhances the
methane cracking determining activity in DRM.12 When a large
iron loading is used in Ni−Fe−Al catalysts, Fe species are only
partially present in the alloy, which is active in DRM.
Furthermore, it was observed that surface enrichment of Fe
occurred during catalyst reduction.12

A higher conversion at 700 °C was observed over the catalyst
with the lowest iron content, i.e., 15Ni−5Fe−30Al (Figure 9a).
The yields of H2 and CO for this catalyst are also higher than
those for 15Ni−15Fe−20Al and 15Ni−25Fe−10Al catalysts,
while the lowest yields were obtained over 15Ni−25Fe−10Al
(Figure 9b). The catalyst with the lowest iron content, 15Ni−
5Fe−30Al, was active due to the NiAl2O4 spinel, which,
however, was not present after DRM. On the other hand,
XRD exhibited reflexes of Al2.667O4 and Al3Ni2. It was reported
in the literature54 that the presence of Ni-aluminate and lower
amounts of metallic nickel led to the suppression of coking.
Further transformation of this phase, as observed for 15Ni−
5Fe−30Al, would result in a more prominent coking in line with
TPO and CHNS data for this catalyst.
In the current case, CO2 conversion was always slightly higher

than the conversion of methane (Figure 9a,c), analogous to the
results obtained in the work of Li et al.12 From the TEM analysis,
the metal particle size of 15Ni−35Al was larger in comparison
with that of 15Ni−5Fe−30Al, which could explain the lower
activity of the former catalyst. It is confirmed in ref 57 that a high

Table 6. Results of TGA, TPO, and CHNS Analyses of Spent Catalysts, which were Obtained from Short-Term DRM
Experiments using a GHSV of 3000 h−1, 20 L/g/h, with CO2/CH4/Ar 33%:33%:34% and 10 min TOS at 600−700−800−900−
600 °C

catalyst weight loss by TGA, %a TPO relative area carbon, wt % nitrogen, wt % hydrogen, wt %

15Ni−35Al 14 n.d. 19.3 0.04 0.2
15Ni−5Fe−30Al 40 1.0 44.2 0.18 0.3
15Ni−15Fe−20Al n.d. 0.41 16.5 0.05 0.2
15Ni−25Fe−10Al n.d. 0.47 10.7 0.38 0.2

aBetween 100 and 800 °C; n.a., not available; n.d. not determined.

Figure 7. TGA results from fresh and spent (a) 15Ni−35Al and (b) 15Ni−5Fe−30Al catalysts.

Figure 8. Results of TPO.
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metal dispersion can improve the catalytic activity. On the other
hand, the Ni-CeO2 nanorod catalyst with the largest Ni particle
size exhibited the highest activity.58 Furthermore, coke
formation was low for well-dispersed Ni-based catalysts.59

However, in the current case, the most active bimetallic catalyst,
15Ni−5Fe−30Al (Table 7, entry 2), among other Ni−Fe
catalysts, produced a substantial amount of carbon.

The effect of temperature was investigated by increasing the
temperature after 10 min time-on-stream from 600 to 900 °C
with a 100 °C step. For the best bimetallic catalyst with the
smallest metal particle size among other Ni−Fe catalysts, i.e.,
15Ni−5Fe−30Al, the stability test was also performed by
restoring the temperature from 900 to 600 °C (Figure 10c,d).
The results demonstrated that at 600 °C, the highest methane

Figure 9. Influence of the Fe/Nimolar ratio on the conversion of CO2 andCH4 at (a) 700 °Cand (c) 800 °C; the yield of H2 andCO at (b) 700 °C and
(d) 800 °C.

Table 7. Catalytic Results from DRM over Different Catalystsa

entry catalyst
metal particle
size (nm) conditions XCHd4

, % XCOd2
, %

H2/
CO TOF, s−1 reference

Temperature 600 °C
1 15Ni−35Al 13 GHSV = 3000 h−1, 20 L/g/h, CO2/CH4/Ar

33 vol %:33 vol %:34 vol %
27 28 0.5 0.03 this work

2 15Ni−5Fe−30Al 10 39 46 0.9 0.05 this work
3 15Ni−15Fe−20Al 16 21 25 0.7 0.04 this work
4 15Ni−25Fe−10Al 26 n.a. n.a. n.a. n.a. this work
5 5 wt % Ni/silica 3.3 GHSV = 600 h−1, 60 L/g/h, CO2/CH4/He 1:1:1 54 54 0.98 2.46 64
6 5.8 wt % Ni-HMS 3.9 GHSV = 240 h−1 <20% n.a. n.a. 5.67 63

Temperature 700 °C
7 4 wt % Ni−5.1 wt % Fe/Al2O3 n.a. GHSV = 3200 h−1, 8.4 L/g/h, CO2/CH4 = 1:1 92 n.a. n.a. n.a. 27
8 Ni−Al n.a. GHSV = 24 L/g/h,

CH4/CO2He = 10 vol %:10 vol %:80 vol %
52 n.a. n.a. n.a. 27

9 0.3-FeNiAl 7 52 61 n.a. n.a. 12
10 0.5-FeNiAl 7 57 63 n.a. n.a. 12
11 0.7-FeNiAl 7 60 67 n.a. n.a. 12
12 0.9-FeNiAl 9 62 69 n.a. n.a. 12

an.a., not available.
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conversion was obtained over 15Ni−5Fe−30Al and the second
highest over the 15Ni−35Al catalyst (Table 7), while catalysts
with higher iron loadings were less efficient due to a large nickel
particle size.60 The 15Ni−5Fe−30Al catalyst also displayed
relatively high stability, yielding nearly the same methane
conversion after being tested at 700−900 °C and thereafter
restoring to 600 °C despite high coking (Figure 10c,d, Table 7).
The conversion of CH4 and CO2 for the 15Ni−15Fe−20Al

catalyst increased respectively in the range of 21−92% and 25−
94% at 600−900 °C (Figure 10e).
H2 yields of 57, 35, 28, and 10% at 700 °C were obtained in

the order of 15Ni−5Fe−30Al > 15Ni−35Al > 15Ni−15Fe−
20Al > 15Ni−25Fe−10Al, respectively. The corresponding
hydrogen yields over different catalysts at 800 °C were 75%
(15Ni−35Al), 74% (15Ni−5Fe−30Al), and 68% (15Ni−35Al),

Figure 10. Effect of temperature on the (a, c, e) conversion of CH4 and CO2 and (b, d, f) yields of CO and H2 and the H2/CO ratio in dry methane
reforming for (a, b) 15Ni−35Al, (c, d) 15Ni−5Fe−30Al, and (e, f) 15Ni−15Fe−20Al catalysts. GHSV = 3000 h−1, 300 mg catalyst, 100 mL/min.
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which can be caused by an increase of the metal particle size
(Figure 10).
The H2/CO ratio was 1.4 at 900 °C for 15Ni−35Al, which is

the highest in the current work (Table 7, entries 1−4).
Furthermore, for this catalyst, the H2/CO ratio was 1.3 at 800
°C. For the 15Ni−5Fe−30Al catalyst, the H2/CO ratio was 1.3
in the temperature range of 700−900 °C, while also after
temperature cycling at 600 °C, it was close to unity (Figure 10d).
When the H2/CO ratio is lower than unity, a reverse water-gas
shift reaction (RWGS, CO2 + H2 → CO + H2O) and/or
hydrocarbon oxidation with CO2 take place.
The initial TOF was also calculated for the mono- and

bimetallic catalysts studied in this work (Table 7, entries 1−4).
The highest initial TOF was observed for 15Ni−5Fe−30Al,
which also exhibited the smallest metal particle size. This result
is in accordance with the literature,61 in which the turnover
frequencies in DRM were systematically investigated over four
Ni/SiO2 catalysts exhibiting different metal particle sizes. In
another study,62 the initial TOF decreased with increasing metal
particle size.
On comparing the current results with those reported in the

literature,27 it was observed that a bimetallic Ni−Fe/Al2O3
catalyst was very active in DRM at 700 °C, yielding 92%
methane conversion (Table 7, entry 7). The metal particle size
was ca. 10 nm in ref 27, which is the same as that for 15Ni−5Fe−
30Al. The highest initial methane conversion was obtained over
the Fe−Ni−Al catalyst with an Fe/Ni molar ratio of 0.7 (Table
7, entry 11), while in the current case, the highest methane
conversion at 700 °C was obtained with 15Ni−5Fe−30Al with
an Fe/Ni molar ratio of 0.26 (Table 7, entry 2).12 These results,
such as conversion levels at both 600 and 700 °C, are quite
comparable, with GHSV close to each other.
Comparing the TOF inDRMwith the literature data, it can be

seen that in the current case, low TOFs were calculated. The
main reason for this might be the low specific surface area of the
catalyst prepared by the solution combustion method in the
current case (Table 7, entries 1−4), wherein, also, relatively
large nickel particles (10−26 nm) were present. On the other
hand, in the case of Ni/SiO2

61 and Ni-HMS (HMS denotes
hexagonal mesoporous silica),63 small metal particles with a high
metal dispersion promoted catalytic activity. Specific surface
areas of Ni/SiO2 and Ni-HMS were 540 and 728 m2/gcat,
respectively (Table 7, entries 5 and 6).63,64

The carbon balance (CB) correlates very well with methane
conversion over different catalysts at different temperatures, as
demonstrated in Figure 11. The lowest CB was obtained at the
highest methane conversion, being independent of acidity.
On comparing the amount of carbon determined by CHNS

(Table 6), there is a good correlation with the low carbon
amount of 15Ni−15Fe−20Al and 15Ni−25Fe−10Al, and for
the most active catalyst 15Ni−5Fe−30Al, a high carbon content
was also determined.
The activation energy (EA) was determined to be 32−51 kJ/

mol from methane conversion using the Arrhenius equation
(Figure 12). Activation energies reported in the literature for
DRM over various Ni-based catalysts are also in the same range,
varying from 32 to 56 kJ/mol,65−68 indicating the absence of
mass transfer limitations. This result is in line with a low value of
the Weisz−Prater criterion (0.26). It was also reported in ref 65
that when the gas flow rate was increased, the conversion
changed only slightly, indicating that external mass transfer
limitations for the reactants were not present.

3.7.2. Long-Term Stability. A long-term stability test was
conducted over the 15Ni−5Fe−30Al catalyst at the same feed
ratio and GHSV for 20 h at 800 °C. Initially, this catalyst
displayed CH4 and CO2 conversions of 92 and 81%,
respectively, as shown in Figure 13, remaining stable for 20 h
time-on-stream. The Fe/Ni molar for 15Ni−5Fe−30Al
investigated in the current work is 0.26. Furthermore, the yields
of H2 and CO remained the same after 20 h TOS, and the H2/
CO ratio varied in the range of 1.0−1.1 during the experiment.
Alterations in this ratio, in general, are caused by the reverse
water-gas shift reaction when the excess of hydrogen formed
starts to react with CO2.

59 However, in the current case, with
increasing TOS, differences in the yields of CO and H2 were not
significant.
The ratio between the yields of H2 and CO and TOF for

methane consumption generated in the current work at all
temperatures and in a long-term experiment are summarized in
Figure 14.
It can be seen in Figure 14a that the YHd2

/YCO ratio increased
with increasing reaction rate, and no large differences between
different catalysts could be observed. On the other hand, TOF
for methane deviated at higher temperatures, as visible for the
values for different catalysts at 800 and 900 °C. A higher activity
for methane conversion under these conditions was displayed by
15Ni−15Fe−20Al compared to other catalysts (Figure 14b).
This might be due to the formation of the Ni−Fe alloy for this
catalyst (Figure 1b), and it remained stable during 20 h TOS,
together with NiAl2O4, while no metallic nickel was observed in
the spent catalyst (Figure S2).
The catalytic performance of 15Ni−5Fe−30Al was compared

with the results obtained with other Ni- and Ni−Fe−Al catalysts
(Table 8).
The results showed that CO2 conversion decreased by only

0.25%/h, indicating rather good stability. Comparison with the
literature is, however, not straightforward, because the reaction
temperature in the current work was the highest. For a bimetallic
0.3-FeNiAl catalyst, methane conversion decreased only 0.41%/
h at 700 °C.12 It is also noteworthy that highly dispersed
monometallic Ni catalysts displayed stable performance in
DRM.63,64 One example is a monometallic Ni/silica catalyst,
exhibiting very small nickel particles (Table 7), prepared by the
impregnation of citric acid-chelated Ni onto silica, followed by
calcination/carbonization.63 On the other hand, Ni supported
on hexagonal mesoporous silica HMS when loading of Ni was
achieved by self-assembly exhibited a rather stable performance
in DRM at 700 °C even if some sintering occurred for this

Figure 11. Carbon balance as a function of methane conversion over
different catalysts in DRM.
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Figure 12. Activation energy: (a) Arrhenius plot and (b) activation energy as a function of the number of moles of exposed Ni on the surface.

Figure 13. Time-on-stream behavior in a long-term stability test for 15Ni−5Fe−30Al in dry methane reforming at 800 °C using GHSV of 3000 h−1,
with CH4/CO2/Ar = 1:1:1: (a) conversion of CH4 and CO2 and (b) yields of CO and H2 and the H2/CO ratio.

Figure 14. (a) Ratio of H2/CO yields as a function of the reaction rate of methane. (b) TOF for methane formation as a function of reaction
temperature based on the results from Figures 10 and 13.

Table 8. Comparison of Long-Term Activity and Stability of Different Catalysts in DRM

catalyst conditions initial XCHd4
, % initial XCOd2

, % initial H2/CO YHd2
, % YCO, % TOS, h adeactivation degree, %/h ref

15Ni−5Fe−30Al 800 °C 92 81 1.0 57 56 20 0.25 this work
0.3-FeNiAl 700 °C 57 63 n.a. n.a. n.a. 24 0.41 12
Ni/silica 750 °C 91 84 1.3 n.a. n.a. 100 0.01 63
Ni-HMS 700 °C 72 83 0.83 n.a. n.a. 100 0.03 62

aDeactivation degree was calculated according to the equation = ×D t100%/ (h)
X X

Xdeact
r r

r

CO2, 1 CO2, 2

CO2, 1
; X�conversion, %; n.a., not available.
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catalyst with the nickel particle size increasing from 4.1 to 11.2
nm.62

5. CONCLUSIONS
In this work, Ni−Al2O3 and bimetallic Ni−Fe−Al2O3 catalysts
with different Fe/Ni molar ratios were synthesized by the
solution combustion synthesis (SCS) and evaluated in the dry
reforming of methane. According to XRD, the Ni−Al catalyst
contained NiAl2O4 and metallic Ni phases. For 15Ni−5Fe−
30Al, besides metallic Ni, the Ni3Fe alloy was also found in both
fresh and spent catalysts. NiAl2O4 was reduced to metallic Ni,
forming at the same time the Al3Ni2 alloy and Al2.667O4. A
decrease in catalytic activity for materials with higher Fe loadings
is in line with XRD, featuring an inactive FeAl2O4 spinel for a
catalyst with a higher Fe/Ni ratio, as well as with HRTEM,
illustrating an increase of the metal particle size. The acidity of
catalysts increased with increasing Al concentration in the
composition, as could be anticipated. Although TGA, TPO, and
CHNS confirmed a high carbon deposition on 15Ni−5Fe−
30Al, there was no significant decline in the activity at the lowest
temperature, when the reaction temperature was first elevated
from 600 to 900 °C and then decreased again. In a 20 h time-on-
stream stability test, methane conversion remained constant,
while a minor decrease in CO2 conversion was observed. The
H2/CO ratio was close to unity. The Ni3Fe phase confirmed by
XRD enhanced catalyst stability. The specific surface area (4−16
m2/g) and pore volume (0.008−0.014 cm3/g) remained
constant, while the median particle size of metals (10−26 nm)
decreased during DRM.
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