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Hendrik Düddera, Kevin Kählera, Bastian Krauseb, Katharina Mettec,
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Highly stable Ni catalysts with varying Ni contents up to 50 mol% originating from

hydrotalcite-like precursors were applied in the dry reforming of methane at 800 and

900 ◦C. The integral specific rate of methane conversion determined after 10 h on stream

was 3.8 mmol s−1 g−1
cat at 900 ◦C. Due to the outstanding high activity a catalyst mass of

just 10 mg had to be used to avoid operating the reaction in thermodynamic equilibrium.

The resulting WHSV was as high as 1.44 · 106 ml g−1
cat h−1. The observed axial temperature

distribution with a pronounced cold spot was analyzed by computational fluid dynamics
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simulations to verify the strong influence of the highly endothermic reaction. Transmis-

sion electron microscopy and temperature-programmed oxidation experiments were used

to probe the formation of different carbon species, which was found to depend on the

catalyst composition and the reaction temperature. Among the formed carbon species

multi-walled carbon nanofibers were detrimental for the long-term stability at 800 ◦C,

whereas their formation was suppressed at 900 ◦C. The formation of graphitic carbon at

900 ◦C originating from methane pyrolysis played a minor role. The methane conversion

after 100 h of dry reforming at 900 ◦C compared to the initial one amounted to 98 % for

the 25 mol% Ni catalyst. The oxidative regeneration of the catalyst was achieved in the

isothermal mode using just carbon dioxide in the feed.

Keywords: Dry reforming; carbon deposition; catalyst regeneration; axial tempera-

ture profile

1 Introduction

Due to the threatening shortage of crude oil, one of the major challenges of present re-

search is the environmentally friendly and sustainable production of raw materials for

fuel production and chemical synthesis. CO as part of synthesis gas is one of the most

important industrially used C1 building blocks, which is applied in many large-scale pro-

cesses such as the synthesis of hydrocarbons, methanol, and dimethyl ether as well as in

oxo-synthesis1,2. A promising feedstock for CO production may be CO2, which can be

recycled using renewable energy and reincorporated in the value-added chain as carbon

source. Additionally, using CO2 as feedstock for industrial products may help to improve

the climate balance to a minor extent, as the global warming caused by the continuously

increasing emission of the well-known greenhouse gases CO2, NOx and CH4 is a huge

environmental problem3,4.

One efficient way to generate synthesis gas starting from CO2 is the dry reforming of

methane (DRM, eq. 1). The resulting synthesis gas is characterized by a H2/CO ratio close
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to unity, which is therefore an interesting feedstock particularly in oxo- or Fischer-Tropsch

synthesis5–8.

CO2 + CH4
−−⇀↽−− 2 H2 + 2 CO ∆rH

0 = 247 kJ mol−1 (1)

In addition to noble metals such as Pt, Rh, or Ru, Ni-based catalysts are known to be

active in the DRM9,10. The noble metal catalysts are highly stable during the DRM, but

are less suitable because of their high prices, whereas the non-noble metal catalysts suffer

from a lack of stability due to strong coking at moderate temperatures11,12. The carbon

deposits formed during the DRM can differ in their morphology and reactivity13.

Table 1 summarizes examples of catalyst activities in the DRM reported in litera-

ture14–22. For a better comparison specific average reaction rates rCH4 were calculated

for all catalysts according to equation 2, where mcat is the catalyst mass and ṅCH4,in and

ṅCH4,out are the molar flows of methane at the entrance and the exhaust of the reactor,

respectively.

rCH4 =
ṅCH4,in − ṅCH4,out

mcat

(2)

The molar flows can be estimated based on the reported weight hourly space velocity

(WHSV), CH4 conversion, feed gas composition, and catalyst mass. As described in

Ref.22, we recently succeeded in synthesizing a Ni-based catalyst from a hydrotalcite-like

(htl) precursor that shows outstanding stabilities during the DRM even at 900 ◦C. It has

to be pointed out that many studies report degrees of methane conversion exceeding 90 %.

Those measurements reach thermodynamic equilibrium and, as a result, comparisons of

activity and stability may be misguiding because of too small space velocities. In this

study, reaction conditions were chosen far below the equilibrium conversion, resulting in

exceptionally low catalyst amounts to ensure a sufficiently high space velocity.

Considering the thermodynamic equilibrium composition of the major components

CO2, CH4, CO, H2, C, and H2O (Fig. 1), a promising way to overcome the deactivation
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caused by coking is to operate the DRM at elevated temperatures. According to these

thermodynamic calculations, the carbon formation due to the exothermic Boudouard

equilibrium (eq. 3) is negligible at temperatures higher than > 750 ◦C. However, increas-

ing the temperature causes sintering of the active metal particles and thereby a loss of

active surface. Furthermore, endothermic homogeneous gas phase reactions are favored,

for instance the pyrolysis of methane (eq. 4)6.

2 CO −−⇀↽−− CO2 + C ∆rH
0 = -172 kJ mol−1 (3)

CH4 −−→ 2 H2 + C ∆rH
0 = 75 kJ mol−1 (4)

H2 + CO2
−−⇀↽−− H2O + CO ∆rH

0 = 41 kJ mol−1 (5)

C + O2 −−→ CO2 ∆rH
0 = -394 kJ mol−1 (6)

In addition to the need for an efficient catalyst for CO2 conversion, a substantial heat

transfer into the reactor is required due to the high endothermicity of the DRM. To

establish a sustainable process, the use of renewable energy sources such as wind or

solar power is required. These regenerative energies are supplied non-continuously, and

the DRM additionally offers an alternative in terms of energy storage23. A suitable

approach to store and transmit surplus energy are chemical energy transmission systems

(CETS)24–26. These CETS are based on a reversible reaction network: in energy-rich

periods the energy is used to perform an endothermic forward reaction such as the DRM,

thereby storing power in chemical bonds. In energy-lean periods an exothermic backward

reaction such as methanation or Fischer-Tropsch synthesis can be used releasing the stored

energy. This application can additionally be combined with long-distance heat pipelines

allowing the product to be transported to a consumer, where the conversion via the reverse

reaction releases the stored energy23,27,28. As alternative to the direct storage of primary

energy, synthesis gas produced by the DRM can be converted to high-density energy
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carriers23. Following this concept and using primarily regenerative surplus energy, it is

possible to perform even highly endothermic reactions in an economically and ecologically

favorable way.

In our present study Ni catalysts prepared from htl precursors with varying Ni con-

tents were investigated, which have large surface areas and are thermally stable at el-

evated temperatures22. Additionally, strong interactions between the Ni nanoparticles

and the support matrix can be achieved with a htl precursor18,29–34. The role of the

reaction temperature as well as of the Ni loading in the nature of the carbon deposits

and their influence on the activity and the long-term stability of the catalysts were inves-

tigated using steady-state activity tests combined with transient kinetic measurements

such as temperature-programmed oxidation (TPO) supported by transmission electron

microscopy (TEM) to identify the generated carbon species. The influence of the en-

dothermic reaction on the temperature distribution in the catalyst bed was investigated

by measuring axial temperature profiles and simulations based on computational fluid

dynamics (CFD).

2 Experimental

2.1 Catalyst preparation

A series of Ni/MgAlOx catalysts was synthesized from htl precursors with the general

formula NixMg0.67-xAl0.33(OH)2(CO3)0.17 ·mH2O, which were obtained by the constant

pH co-precipitation method at 50 ◦C using aqueous 0.6 M NaOH, 0.09 M Na2CO3, and

0.4 M metal nitrate solutions at pH 8.5. The precipitates were aged for 0.5 h in the mother

liquor, filtrated, thoroughly washed with water, and dried at 100 ◦C. The amount of Ni

was varied between 0− 50 mol%, i.e. 0≤ x≤ 0.5, leading to Ni amounts of 0 to 55 wt%

in the final catalyst. The precursors were calcined in air at 600 ◦C for 3 h.
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2.2 Catalyst characterization

X-ray powder diffraction (XRD) measurements were performed with a STOE STADI-P

transmission diffractometer equipped with a primary focusing Ge(111) monochromator

and a 3◦ linear position-sensitive detector (PSD) using CuKα,1 radiation. Small amounts

of X-ray amorphous grease were used to fix the powder samples between two thin films

of polyacetate foil. Specific surface areas of the calcined material were measured by N2

physisorption (Quantachrome Autosorb-1) and evaluated using the BET method. Prior

to the physisorption measurements, the calcined samples were outgassed for 4 h at 150 ◦C.

Temperature-programmed reduction (TPR) of the samples was performed in a fixed-bed

reactor in a quartz tube (TPDRO-1100, CE Instruments) using 5 % H2 in Ar and a total

flow of 80 Nml min−1 with a linear heating rate of 6 ◦C min−1. The H2 consumption

was monitored with a calibrated thermal conductivity detector (TCD). To determine the

specific Ni surface area, the H2 pulse chemisorption method was applied. The samples

were reduced in a fixed-bed reactor using 5 % H2 in Ar, a total flow of 80 Nml min−1 and

a heating rate of 6 ◦C min−1 to 1000 ◦C. After cooling to 50 ◦C in Ar, a defined volume

of pure H2 was introduced by dosing pulses of 250 µl, until no further H2 uptake was

detected. The Ni metal surface areas were determined assuming dissociative hydrogen

chemisorption and an adsorption stoichiometry of Hads:Nisurf = 1:135.

After the TPO experiments the samples were reactivated by reduction and exposed

to a second DRM run with the conditions described below to obtain the spent samples

for microstructural characterization. Afterwards, the catalysts were separated from the

diluent by sieving, dispersed in CHCl3 and deposited on a holey carbon film supported

on a copper grid. The microstructure of the spent catalysts was examined by using

Philips CM200 transmission electron microscopes (TEM) equipped with a LaB6 cathode

or a field electron gun. High-resolution images were taken with a CCD camera. For good

statistics 40 to 80 images were taken for each sample on different agglomerates and regions

of the catalysts.
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2.3 Catalytic DRM tests

The catalytic DRM tests were performed in a continuously operated flow system at at-

mospheric pressure using a fixed-bed tubular quartz reactor of 8 mm inner diameter. The

reactor was equipped with a ceramic tube of 3 mm outer and 1 mm inner diameter in

the radial center of the reactor. By means of a movable thermocouple inside this ceramic

tube, temperature profiles in axial direction were obtained. For the steady-state measure-

ments a calibrated on-line gas chromatograph (GC, Shimadzu 14-B) was used to analyze

the product gas composition every 60 minutes. The GC was equipped with two columns

(Porapak N and Molsieve 5 A) and a TCD. For the transient studies a coupled IR detector

(CO, CO2 & CH4) and a TCD for H2 (Emerson MLT 4 multi channel analyzer) and a

paramagnetic O2 detector (Magnos 16) were used.

For the catalytic tests, 10 mg of the calcined catalyst (sieve fraction of 250− 355 µm)

were diluted with 490 mg of high purity SiC (sieve fraction of 125− 180 µm). Initially,

the catalyst was activated using a linear temperature ramp: it was reduced in a total flow

of 20 Nml min−1 of 4 % H2 in Ar (purities 99.9 %, 99.999 %) by heating to the desired

maximum temperature of reduction with a linear heating rate of 5 ◦C min−1. The final

temperature was held constant for 30 min. Afterwards, the catalyst was cooled or heated

to the specified reaction temperature in Ar (99.999 %). The dry reforming reaction was

carried out with a gas mixture consisting of CH4 (99.9995 %), CO2 (99.9995 %) and Ar

in a ratio of 32:40:28. The total flow was set to 240 Nml min−1. To ensure a CO2/CH4

ratio ≥ 1.25 at any time, the CH4 partial pressure was increased stepwise while starting

the experiment. The reaction was performed at constant furnace temperature with reac-

tion times of 1, 10, and 100 h. Subsequent to the catalytic tests, the sample was cooled

to room temperature in Ar, and a TPO experiment was performed with flow rates of

20 or 40 Nml min−1 of 4.5 % O2 in Ar (99.995 %, 99.999 %) and a linear heating rate of

5 ◦C min−1. The final temperature of 800 ◦C was held constant until no more O2 con-

sumption was observed. Additionally, a blank experiment with 490 mg pure SiC including
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a subsequent TPO experiment was performed.

2.4 CNT growth experiments

CNT growth experiments were performed in the same reactor with 10 mg of the 50 mol%

Ni catalyst diluted with 490 mg SiC. The catalyst was heated to 800 ◦C with 5 ◦C min−1 in

a flow of 20 Nml min−1 4 % H2 in Ar36. The reduced catalyst was cooled to 680 ◦C. After-

wards, a mixture of 32 Nml min−1 CH4 (99.9995 %) and 68 Nml min−1 % H2 (99.9999 %)

was fed to the reactor for 1 h. The catalyst was then cooled to room temperature in

flowing Ar and a subsequent TPO experiment was performed in analogy to the TPO

experiments after the DRM.

2.5 TPO experiments using carbon reference samples

TPO experiments with different commercially available carbon samples were carried out

to obtain reference TPO profiles. CNTs with different amounts of residual growth cat-

alyst were obtained from Bayer: Baytubes C 70 P containing in total less than 5 % of

inorganic impurities and Baytubes C 150 HP with less than 1 % of inorganic impurities.

High surface area graphite powders (HSAG) were used with different specific surface areas:

HSAG 100 with 80 m2 g−1 and HSAG 300 with 270 m2 g−1. For the TPO experiments,

the carbon samples were diluted with 490 mg SiC and placed in the same reactor used for

the DRM tests. A TPO experiment similar to the DRM measurements was performed

with 5 ◦C min−1, a maximum temperature of 800 ◦C, and a total flow of 40 Nml min−1 of

4.5 % O2 in Ar. The final temperature was held constant until no more O2 was consumed.

2.6 Simulation of the axial temperature profiles

The temperature profiles were obtained by moving a thermocouple in axial direction. As

a reference, the temperature profile of pure SiC under DRM conditions was recorded. The

temperature profiles of the catalysts during the DRM were obtained after 1 h of time on

8
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stream under steady-state conditions. The reactor simulations were carried out using the

commercial CFD software FLUENT version 14.0 (Fluent Inc., USA) and appropriate user-

defined subroutines. A more detailed description of the model, on which the simulation is

based, will be published elsewhere. Due to the complexity of the flow phenomena occurring

in fixed-bed reactors there is a need for complex computational meshes and boundary

conditions to determine the actual velocity field in the bed37,38. In order to reduce the

associated computational effort the fixed-bed must be handled as a porous medium, which

corresponds to the assumption of a quasi-homogeneous reactor model on the sub-grid

scale39. The energy equation for this porous medium is based on the one-temperature

model implemented in ANSYS FLUENT 14.0. It suggests that the temperature of the

solid phase equals that of the gas phase due to the local thermal equilibrium between the

gas and solid phases. It also assumes one effective thermal conductivity for the porous

region40. This assumption is justified for the current case because of the low Biot number

of the system of about Bi = 3 · 10−3, mainly resulting from the high thermal conductivity

of the used dilutant. The flow in the fixed bed is modeled as a porous fluid region with

extra terms in momentum balance to allow additional resistance to the flow40. Due to

the high diameter ratio of reactor and particle, the void fraction of the porous fixed-bed

was set to a constant value of ψ = 0.4. Therefore, an inhomogeneous void fraction

distribution only occurs at very small reactor wall distances and does not significantly

affect the velocity distribution. The low Reynolds number of the system amounting to

about 25 in the tube and 50 in the fixed-bed predict laminar flow. Thus, turbulence

modeling was not required. The flow in the porous medium was influenced by the solid

matrix extracting energy from the reaction zone40. The simulation was based on the dry

reforming of methane (eq. 1) and the reverse water-gas shift reaction (eq. 5). The kinetic

expressions were taken from Richardson and Paripatyadar27, whereas the equilibrium

constant of the RWGS was taken from Ref.41. Because of the small crushed catalyst and

inert particles, external mass and heat transfer limitations were absent27, leading to an

9
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isothermal temperature distribution in the particles with an effectiveness factor of 1.0.

2.7 Regeneration of the catalyst

Regeneration of the catalyst was carried out using either the temperature-programmed

or the isothermal mode after the DRM at 800 ◦C. Subsequent to the DRM and cooling

to room temperature in Ar, the catalyst was either heated with a linear heating ramp of

5 ◦C min−1 to a maximum temperature of 800 ◦C in 4.5 % O2 in Ar or 10 % CO2 in Ar

with a total flow of 40 Nml min−1, followed by a further DRM run at 800 ◦C. For the

isothermal regeneration after 20 h of DRM, the feed gas composition was changed to 10 %

of CO2 in Ar with a total flow of 40 Nml min−1 for 1 h. Afterwards, methane was dosed

again, and the DRM was carried out for another 20 h.

3 Results and discussion

3.1 Characterization of the samples

A series of htl precursors was calcined at 600 ◦C resulting in the decomposition of the

precursor structure into nearly X-ray amorphous NiMgAl oxides (Fig. 2 A). Only broad

modulations of the background are observed at the peak positions of a rock salt structure-

type phase such as NiO or MgO. Due to the similar diffraction patterns of MgO and NiO

no detailed phase identification can be achieved based on XRD for the poorly crystalline

materials. The surface area was increasing from 134 to 226 m2 g−1 with increasing Ni

content and decreasing Mg content (Table 2). The reduction behavior of the calcined

materials was investigated using TPR in 5 % H2 in Ar (Fig. 3 A). Upon reduction with

H2 the Ni oxide components of the calcined samples were reduced to metallic Ni. The

maximum reduction temperature was decreasing with increasing Ni content from 915 ◦C

for 1 mol% Ni to 670 ◦C for 50 mol% suggesting autocatalytic reduction kinetics due to

hydrogen spill-over. The reduction profiles revealed that at a reduction temperature of
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1000 ◦C Ni was completely reduced in all samples. According to the criterion developed

by Monti and Baiker42 the amount of sample used in the TPR experiments was adjusted

to obtain comparable peak areas. Upon reduction at 1000 ◦C a nanoscopic segregation

of the components had taken place and XRD clearly confirmed the presence of metallic

Ni (Fig. 2 B). While the oxidic components in the catalyst with the highest Ni content

were still only poorly crystalline, the intensity of the MgO and MgAl2O4 phases increased

with decreasing Ni content. In order to determine the accessible Ni metal surface area, H2

pulse chemisorption measurements were applied using samples reduced at 1000 ◦C. An

increasing Ni surface area was found for increasing Ni contents (Table 2). It is remarkable

that the Ni dispersion of the 25 mol% Ni catalyst is 2.5 times higher than the Ni dispersion

of the 1 mol% Ni sample pointing to a strong embedding effect of the support matrix.

Therefore, sintering of the Ni particles is suppressed and even at higher loadings a degree

of Ni dispersion in the range from 1 to 7 % is achieved (Table 2).

3.2 Catalytic testing

The TPR results revealed a strong influence of the catalyst composition on the reducibility

of Ni. Therefore, the studies on the effect of the Ni loading on the catalytic performance

were carried out with a reductive pre-treatment up to 1000 ◦C for all catalysts to ensure a

complete reduction of Ni and to exclude the influence of different pre-treatment tempera-

tures. During the reduction, the H2 consumption was only detectable for the sample with

the highest Ni contents of 25 mol% and 50 mol% Ni due to the low amount of catalyst

used in the reactor. In good agreement with the TPR results reduction peaks at around

720 ◦C for 25 mol% Ni and 670 ◦C for 50 mol% Ni were observed.

We showed recently that the catalyst with 50 mol% Ni had a higher stability in DRM

at 900 ◦C than at 800 ◦C22. Therefore, the comparison of the ex-htl catalysts with varying

Ni content was performed at 900 ◦C. During the DRM, the catalysts with Ni contents

between 5 mol% and 50 mol% achieved a stable degree of conversion over 10 h on stream as

11

Page 11 of 33 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



shown in Figure 4 B, whereas for the catalyst with 1 mol% Ni an activation period of about

2 h was observed (Fig. 4 A). The detected H2/CO ratio was lower than the stoichiometric

ratio of 1:1, which would be expected for the exclusively occurring DRM (Table 3). In

addition, the formation of water was detected indicating the simultaneously occurring

reverse water-gas shift reaction (RWGS, eq. 5). The degrees of methane conversion (XCH4)

as well as the integral specific rates of methane conversion (rCH4 , eq. 2), after 10 h on

stream are summarized in Table 3. The degree of methane conversion increased with

higher Ni content and correlated almost linearly with the specific Ni surface area (Fig. 3 B).

During the catalytic test using pure SiC, no significant conversion within the detection

limits was observed.

The almost linearly increasing degree of conversion with increasing Ni surface area

might indicate that the average turnover frequency does not depend on the Ni particle

size (Table 3). However, both the dispersion of the nickel particles (1 - 7%) and the mean

particle size of the nickel particles estimated by TEM (7 - 19 nm) are comparable for all

investigated catalysts (Table 2). Therefore, the catalytic data do not allow us to draw

any conclusions on the structure sensitivity of DRM over Ni catalysts, which is known to

be strucure-sensitive10.

In the following, the kinetic DRM investigations were focused on the most active cat-

alyst with 50 mol% Ni. Instead of 1000 ◦C maximum reduction temperature for the

comparison of the different Ni contents, the catalyst was pre-reduced at temperatures

only up to 800 ◦C, which should lead to complete reduction according to the TPR results.

The lower pre-treatment temperature led to a slightly higher activity in the DRM due to

less severe sintering of the Ni particles as detected by TEM22. After the pre-reduction

the catalyst was tested in the DRM at 800 ◦C and 900 ◦C. The integral specific rates of

methane conversion determined after 60 min on stream were 3.5 mmol s−1 g−1
cat at 800 ◦C

and 4.2 mmol s−1 g−1
cat at 900 ◦C22. Due to the outstanding activity the catalyst mass had

to be lowered to 10 mg to avoid operating the reaction in thermodynamic equilibrium.
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The resulting WHSV was as high as 1.44 · 106 ml g−1
cat h−1 according to 240 Nml min−1 to-

tal gas flow. The calculated thermodynamic equilibrium and the highest observed degrees

of methane conversion are plotted against temperature in Figure 5, as these are closest

to equilibrium. For this purpose, the lowest measured temperature in the catalyst bed

was used. Figure 5 clearly shows that both DRM measurements at 800 ◦C and at 900 ◦C

were below the thermodynamic equilibrium conversion.

The catalysts with a Ni content of 25 and 50 mol% were additionally tested in long-

term measurements for 100 h at 900 ◦C after optimized maximum temperatures of pre-

treatment of TRed = 850 ◦C for 25 mol% and and TRed = 800 ◦C for 50 mol%, respectively.

Both catalysts showed a remarkable stability during the DRM as a function of time. For

the catalyst with 50 mol% Ni a degree of conversion of 94 % of the initial conversion was

detected after 100 h of DRM, while the stability of the 25 mol% Ni catalyst was even

higher, amounting to 98 % of the initial conversion.

3.3 Temperature profiles

To assess the influence of the high endothermicity of the DRM (eq. 1) axial tempera-

ture profiles of the catalyst bed were measured under reaction conditions. The profiles

were determined after 1 h of DRM at 900 ◦C during the catalytic tests after the reductive

pre-treatment up to 1000 ◦C. With the exception of the 1 mol% Ni sample, steady-state

conditions were achieved for all catalysts (Fig. 4). Three temperature profiles are shown

in Figure 6: a profile of pure SiC under DRM conditions and the profiles of the catalysts

with Ni contents of 5 mol% for medium activity and 50 mol% for high activity under

DRM conditions (Table 3). The recorded temperatures are plotted as a function of the

axial position with respect to the beginning of the catalyst bed at 0 mm. As verified by

the temperature profile of pure SiC, a homogeneous and due to the heat up of the feed gas

asymmetric temperature distribution was established in the fixed bed by the furnace. For

the active catalysts the formation of significant cold spots was observed: for 5 mol% Ni
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∆T> 80 ◦C, and for 50 mol% Ni ∆T> 130 ◦C. This temperature gradient lowered the

temperature even in the pre-catalyst region. As expected for an endothermic reaction,

the temperature difference in the cold spot became larger with increasing conversion of

methane. The control thermocouple of the furnace was placed close to the catalyst bed in

the annular gap between the quartz reactor and the heater. The large temperature gradi-

ent in the catalyst bed led to a lower measured temperature at the control thermocouple.

For this reason, the furnace adjusted the temperature and the temperature profile was

shifted to higher temperatures. Therefore, temperatures slightly higher than 900 ◦C were

detected in the pre-catalyst zone for the active catalysts.

The measured axial temperature profiles were compared to the simulated ones (Fig. 6).

The axial position of the simulated profiles was adjusted such that the turning point

matches with the measurements. The simulations of the temperature profiles are in good

agreement with the measured temperatures reproducing the qualitative and the quantita-

tive characteristics of the temperature profiles with a maximum deviation of 15 ◦C close

to the fixed-bed area. The model accurately describes the pre-heating phase in front of

the bed and the temperature drop in the catalyst bed. The simulation showed further

that due to the strong influence of thermal radiation, the lowest temperature in the cat-

alyst bed is not the measured one (radial center of the reactor), but can be located in

the radial center of the annular catalyst bed. The temperature difference between the

measured and the simulated lowest temperature was detected to be only 5 ◦C. The heat

is transported via two ways: the major part is the heat transfer from the quartz reactor

into the SiC, and the minor part is from the ceramic tube into the SiC. In the catalyst

bed and the pre-heating zone the conduction is the dominant mechanism, whereas the

radiative heat transfer merely controls the bed and gas temperature indirectly by heat-

ing up the aluminium oxide and the quartz tube. For the simulation of the temperature

profiles, a simple extension of the Richardson kinetics was used to apply the Rh-based

kinetics to our Ni-based catalysts. The catalytic activity was multiplied by a constant
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factor of 16 in case of 50 mol% Ni and by a factor of 6 in case of the 5 mol% Ni catalyst.

It is interesting to note that the investigated Ni-based catalysts are much more active

than the Richardson kinetics27 based on Rh catalysts predicts.

3.4 TPO experiments

Ni catalysts tend to form coke deposits during the DRM, which can lead to fast deactiva-

tion. To investigate the carbon deposits temperature-programmed oxidation was applied,

and the amounts of O2 consumed and COx formed during a TPO experiment were used

as a measure for the amount of carbon deposited during the DRM. Although the catalysts

did not show significant deactivation during the DRM, the consumption of O2 and the

simultaneous formation of COx due to the removal of carbonaceous species were detected

for all samples (eq. 6). Due to the re-oxidation of Ni, the consumption of O2 is not a

suitable measure for the formed carbon deposits during DRM. Therefore, C equivalents

were calculated as sum of the formed COx species. In presence of Ni, the carbon forma-

tion was suppressed compared with the pure support (0 mol% Ni). For Ni contents higher

than 1 mol% the amount of carbon formed can be correlated with the degree of methane

conversion during the DRM (Table 2).

Depending on the composition of the sample, total and partial oxidation of the car-

bonaceous deposits were observed. During the TPO experiments with pure MgAlOx and

SiC the formation of CO2 and CO occurred, while for the Ni-containing catalysts exclu-

sively the formation of CO2 was detected due to Ni-catalyzed CO oxidation. In the TPO

profiles shown in Figure 7 different peaks can be detected, which are assigned to carbon

deposits differing in their stability under oxidizing conditions. The TPO profiles of pure

MgAlOx and 1 mol% Ni contain two peaks with comparable burn-off temperatures. In

the presence of Ni the maximum of the first peak was shifted from 690 to 650 ◦C. Fur-

thermore, the intensity of this shifted peak was lowered significantly. Simultaneously,

the overall amount of removed C was lower compared with the Ni-free sample. For the
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catalyst with 5 mol% Ni only one peak at 760 ◦C was found. In the rather similar TPO

profiles of the catalysts containing 25 mol% and 50 mol% Ni three peaks appeared. The

first one was observed in the temperature range between 450 and 570 ◦C, the second one

between 650− 700 ◦C, and the last one at 770 ◦C.

For the assignment of the different TPO peaks several approaches were used. TEM

micrographs of spent samples revealed the presence of different carbon species as a function

of the Ni content as expected from the TPO profiles. The micrographs of the 25 and

50 mol% Ni catalysts show mainly graphite as well as filamentous carbon, i.e. multi-walled

carbon nanofibers (CNFs, Figs. 8 A+B). For the 5 mol% Ni catalysts mainly graphitic

carbon and no filaments were found (Fig. 8 C), which is in agreement with the TPO

profile showing only one major signal at 760 ◦C. The Ni-free sample led to the formation

of far less ordered graphitic carbon layers (Fig. 8 D) in agreement with its TPO profile

showing an additional signal at lower temperatures compared to the 5 mol% Ni catalyst.

Based on the local microscopy observations the presence of less ordered graphite cannot

be excluded for the catalysts with ≥ 5 mol% Ni.

To clarify the correlation between the different carbon species detected by TEM and

the TPO peaks, TPO experiments after a blank experiment, a CNF growth experiment,

and TPO experiments with commercially available carbon reference materials were carried

out. After the DRM blank experiment, only one peak at Tmax = 760 ◦C was observed

during the subsequent TPO (Fig. 9). For the HSAG samples with different surface areas,

it was found that these metal-free graphite powders showed burn-off temperatures higher

than 700 ◦C, which increased with decreasing surface area (Fig. 9). These observations

are in good agreement with results obtained by Gaur et al.43 and Serrano-Lotina et al.44,

who found burn-off temperatures of graphite at temperatures higher than 675 ◦C. Thus,

the high-temperature TPO peak found after the DRM blank experiment is assigned to

graphite on the dilutant originating from methane pyrolysis.

Furthermore, TPO experiments with commercially available CNFs showed a strong
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influence of the residual amount of the metallic growth catalyst on the oxidation kinetics

(Fig. 9). The metal residues in Baytubes C70 P lowered the burn-off temperature by 50 ◦C

from 630 ◦C to 580 ◦C, and the same trend was found by Becker et al.45. A TPO profile

after a CNT growth experiment using the 50 mol% Ni catalyst showed a clear peak at

580 ◦C with a shoulder at higher temperatures (Fig. 9). This burn-off temperature is

in very good agreement with the TPO profile of metal-containing CNFs. Therefore, the

peak at 580 ◦C originates from the catalyzed total oxidation of CNFs.

Additionally, the TEM micrographs of a sample used in the CNF growth experiment

showed that in addition to CNFs, graphite-encapsulated Ni particles were formed in a low

amount during the growth experiment (Fig. 10). On the basis of the previous assignment

of the peak at 580 ◦C to the catalytic total oxidation of CNFs, these encapsulating graphite

deposits should cause the shoulder at the high-temperature side (680− 700 ◦C) in the

TPO profile after CNT growth and the DRM at 800 ◦C (Fig. 9). In summary, based on

the TEM and TPO results the peak at 580 ◦C is assigned to the catalyzed oxidation of

CNFs, the peak between 650− 690 ◦C to the removal of encapsulating graphite detected

for the catalysts with ≥ 5 mol% Ni and less ordered graphitic carbon for ≤ 1 mol% Ni,

and the peak at 760 ◦C to the non-catalyzed oxidation of low surface area graphite.

3.5 Deactivation studies

For the identification of the carbon species that lead to deactivation, the stabilities during

DRM were correlated with the subsequent TPO profiles. After a reductive pre-treatment

with optimized maximum temperatures for 25 and 50 mol% Ni, as previously used during

the long-term measurements, the DRM reaction was performed at 900 ◦C for 1, 10, and

100 h. Thereby, the consecutive formation of the carbon deposits was observed by TPO

for both catalysts (Fig. 11). Initially, CO2 formation was observed between 500− 700 ◦C

attributed to the removal of CNTs based on the established assignment. When perform-

ing the reaction for 10 and 100 h, the formation of graphite based on the pyrolysis of
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CH4 took place to a larger extent. The formation of the pyrolytic graphite was much

more pronounced during the long-term measurements than the formation of other carbon

species without much differences for both catalysts.

The TPO profiles looked nearly identical, but the intensity of the CNT oxidation

peak at 580 ◦C was different (Fig. 11). For the catalyst with the higher Ni content the

amount of CNTs removed by TPO after 100 h on stream was slightly higher than for the

25 mol% Ni catalyst. During the corresponding DRM measurements different stabilities

were observed as well. The methane conversion after 100 h of DRM compared to the

initial one was higher for the 25 mol% Ni catalyst amounting to 98 % than the conversion

of the highly loaded catalyst with 94 %. Furthermore, as already presented in Ref.22 for

the 50 mol% Ni catalyst, the CNT peak was dominant in the TPO profile after DRM

at 800 ◦C. The formation of low surface area graphite (TPO peak 760 ◦C) was only

observed during the DRM at 900 ◦C. In addition, the higher temperature resulted in a

higher stability in the corresponding DRM experiments. Therefore, graphite originating

from methane pyrolysis cannot be the main deactivating carbon species, because it was

not formed during the DRM at 800 ◦C and the amounts of graphite were similar after

100 h on stream for the 25 mol% and the 50 mol% Ni catalyst at 900 ◦C. It is reasonable

to assume that the formed graphite was not blocking active Ni sites, but was located on

the oxide matrix, the inner reactor wall, the SiC particles or on the quartz wool. The

major difference in the presented TPO profiles (Fig. 7) was the amount of CNTs. This

observation points to a correlation between the stability during the DRM and the amount

of formed CNTs: the higher amount formed at the lower reaction temperature and during

100 h of the DRM at 900 ◦C suggests that CNTs are the most deactivating carbon species.

3.6 Regeneration of the catalyst

The catalytic DRM activity can be recovered by removing the deposited carbon species

as shown by performing the DRM subsequent to a TPO experiment22. Instead of O2,
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the carbon species can also be removed by CO2 according to the Boudouard reaction

(eq. 3). A slight shift to higher burn-off temperatures was observed, when the TPO

experiment was performed with CO2 instead of O2 (Fig. 9 bottom), whereas the effect on

the catalytic activity was identical. In addition to the temperature-programmed mode,

this regeneration can be performed in an isothermal way at the reaction temperature by

changing the feed gas composition to CO2 and Ar only (Fig. 12 A). The latter can easily be

achieved by stopping the feed of methane for 60 min inducing the removal of carbonaceous

deposits by CO formation. After stopping the feed of CH4, initially a fast drop of the

effluent mole fractions of CO and CO2 was observed. Thereafter, a slight increase in the

effluent mole fraction of CO2 was detected, whereas a slight decrease of CO was observed,

respectively. After 12 min no further CO2 consumption and CO formation was observed,

indicating complete removal of the carbonaceous deposits (Fig. 12 B). Subsequent to the

removal of carbonaceous deposits, methane can be added again, resulting in an increase

in the effluent mole fraction of CO due to the ongoing DRM. After the regeneration the

initial activity is regained due to complete removal of carbonaceous deposits (Fig. 12 A).

4 Conclusions

The synthesis of hydrotalcite-like precursors for DRM catalysts is an effective route to

obtain highly active and stable catalysts with different Ni contents. These catalysts with

efficiently embedded Ni nanoparticles show outstanding stabilities in the high-temperature

dry reforming reaction at 900 ◦C. Measured axial temperature profiles as well as CFD

simulations demonstrated the strong influence of the endothermic DRM on the temper-

ature gradient in the catalyst bed. During the reaction, different carbon species were

formed depending on the metal loading and the reaction temperature. At higher tem-

perature the formation of non-deactivating graphite originating from methane pyrolysis

is enhanced, whereas at lower temperature the formation of CNTs is favored causing the

continuous deactivation with time on stream. It was shown that the carbon species can

19

Page 19 of 33 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



easily be removed by O2 and CO2 either isothermally or using a temperature ramp to

re-establish the original methane conversion.
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Figure 1: Calculated product distribution in thermodynamic equilibrium of 32 % CH4 and
40 % CO2 in Ar as a function of temperature considering the products C, H2O, CO2, CH4,
H2 and CO. The calculations were based on a Gibbs free energy minimization implemented
in CHEMCAD 6.4.2 by Chemstations.
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Figure 7: TPO profiles of all samples after 10 h of DRM at 900 ◦C. Effluent mole fraction
of CO2 (black) and CO (grey), heating with 5 ◦C min−1 up to 800 ◦C in a total flow of
20 Nml min−1 4.5 % O2 in Ar.
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Figure 8: TEM micrographs after DRM of 50 mol% (A), 25 mol% (B) , 5 mol% (C),
0 mol% (D) after 10 h of DRM at 900 ◦C in a total flow of 240 Nml min−1 and a compo-
sition of 32 % CH4 and 40 % CO2 in Ar.
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Figure 9: TPO profiles of 50 mol% Ni after DRM at 800 ◦C and 900 ◦C, of SiC after 10 h
of DRM at 900 ◦C, following the CNT growth experiment using the 50 mol% Ni catalyst
and of commercially available carbon for an assignment of the TPO peaks. The effluent
mole fractions of CO2 were detected while heating with 5 ◦C min−1 up to 800 ◦C in a
total flow of 40 Nml min−1 4.5 % O2 in Ar (top) or 10 % CO2 in Ar (bottom).

Figure 10: TEM micrographs after the CNT growth experiment using the 50 mol% Ni
catalyst in a flow of 32 Nml min−1 CH4 and 68 Nml min−1 H2 at 680 ◦C. CNTs (left),
graphite encapsulating Ni particles (right).
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Figure 11: TPO profiles after 1, 10, and 100 h of DRM at 900 ◦C with 25 mol% after
TRed = 850 ◦C (black) and 50 mol% Ni after TRed = 800 ◦C(grey). The effluent mole frac-
tions of CO2 were detected while heating with 5 ◦C min−1 up to 800 ◦C in a total flow of
40 Nml min−1 4.5 % O2 in Ar.
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Figure 12: Isothermal regeneration with CO2 of the 50 mol% Ni catalyst during DRM
at 800 ◦C after thermal pre-treatment up to 800 ◦C, A) methane conversion in DRM
as a function of time, B) effluent mole fraction of CO and CO2 during the isothermal
regeneration with 40 Nml min−1 of 10 % CO2 in Ar.
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Table 1: Evaluated average reaction rates of selected catalysts from literature.
catalyst Ref. WHSV / TDRM / XCH4 / reaction rate /

ml g−1 h−1 ◦C % mmol s−1 g−1
cat

1 wt%Ni/Al2O3
14 20000 800 74 0.09

10 wt%Ni/Al2O3
15 52000 800 80 0.13

10 wt%Ni/Al2O3
15 52000 900 95 0.15

13.6 wt% NiO/5.1 wt% MgO/SA 16 40000 800 34 0.08
13.6 wt% NiO/5.1 wt% MgO/SA 16 40000 850 48 0.12
13.6 wt% NiO/5.1 wt% MgO/SA 16 40000 900 60 0.15
β-Mo2C

17 2870 847 92 0.02
Ni-Co/Al2O3

14 20000 800 61 0.08
NiO/MgAlOx

18 34000 800 95 0.12
NiO-CaO (Ni/Ca=3) 19 11500 850 98 0.07
NiO-CaO (Ni/Ca=3) 19 70000 850 62 0.27
NiRhCe2Zr1.51

20 30000 800 94 0.03
NiRhCe2Zr1.51

20 12000 800 40 0.04
2Ni-1Zr/MCM-41 21 50000 800 95 0.15
55 wt% Ni/MgAlOx

22 1440000 800 62 3.5
55 wt% Ni/MgAlOx

22 1440000 900 74 4.2

Table 2: Specific Ni surface area, dispersion, particle size, specific BET area, and carbon
equivalents formed during TPO experiments after 10 h of DRM at 900 ◦C.
Ni content / Ni surface area / Ni dispersion / Ni particle size / BET area / C equivalents /

mol% m2 g−1 % nm (TEM) m2 g−1 mmol g−1
cat

0 0.0 - - 134 33
1 0.1 1.0 7.0 180 13
5 3.0 6.9 9.3 205 12
25 5.0 2.5 7.3 221 22
50 6.0 1.6 19.4 226 24

Table 3: Degree of methane conversion, average reaction rate, metal sites, average turnover
frequency, H2/CO ratio, and H2 yield after 10 h of DRM at 900 ◦C.
Ni content / XCH4,10h / reaction rate / metal sites / TOF / H2/CO H2 Yield

mol% % mmol s−1 g−1
cat µmol g−1

cat s−1

0 0 0.0 - - - -
1 7 0.4 3 - 0.7 0.07
5 42 2.4 77 31 0.7 0.36
25 66 3.7 128 29 0.8 0.61
50 67 3.8 154 25 0.8 0.63
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