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Mesoporous Ni/Si microsphere catalysts were synthesized with a modified solegel

microencapsulation method and their activity was tested in dry reforming of methane

(DRM) reaction. Results indicated comparable conversion values and H2/CO ratios with

other catalysts reported in literature. Activity loss of 5% determined with time on stream

analysis of 5% Ni/Si catalyst revealed that sustainable production could have been possible

in the presence of these catalysts. Coke deposition which was frequently stated as the

reason of activity loss was not observed with Ni/Si microsphere catalysts. Taking into

account the impossibility of eliminating methane cracking and Boudard reaction during

DRM, we should come up with an explanation of the absence of coke. This explanation was

provided by silicon carbide (SiC) formation which consumed the coke deposited on the

catalyst. Characterization analyses conducted at spent catalysts validated both the

absence of coke and formation of SiC during DRM.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Shale gas recovery using current technology is important as

its amount worldwide constitutes a comparable portion with

natural gas [1]. The majority of shale gas is methane, a

greenhouse gas which can be evaluated in the production of

synthesis gas when used with carbon dioxide, also a green-

house gas. Recovery of shale and production of synthesis gas

from greenhouse gases are two goals that could be achieved

by dry reforming of methane (DRM). The produced syngas

with a H2/CO ratio of 1 can be used as feedstock in a variety of

reactions such as FischereTropsch synthesis, methanol and
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dimethyl ether production [2e6]. Synthesis gas is produced

based on the following reaction:

CH4 þ CO242COþ 2H2 DH
�
298 ¼ 247 kJ mol�1 (1)

Side reactions such as reverse water gas shift reaction

(RWGS) (Eq. (2)), methanation reaction (Eq. (3)) and steam

reforming of methane (Eq. (4)) also occur simultaneously.

CO2 þH24COþH2O DH
�
298 ¼ 41 kJ mol�1 (2)

CO2 þ 4H24CH4 þ 2H2O DH
�
298 ¼ �165 kJ mol�1 (3)

CH4 þH2O4COþ 3H2 DH
�
298 ¼ 206 kJ mol�1 (4)
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The ratio of H2/CO obtained by DRM is always below 1due

to the effect of RWGS. Coke deposition is another principal

factor preventing to reach the desired ratio. Coke deposition,

in long term use also hinders catalytic activity. Coke deposi-

tion occurs via CH4 cracking (Eq. (5)) and Boudouard reactions

(Eq. (6)) [6].

CH4/Cþ 2H2 DH
�
298 ¼ 75 kJ mol�1 (5)

2CO/Cþ CO2 DH
�
298 ¼ �173 kJ mol�1 (6)

It is possible to increase H2/CO ratio to a certain level by

utilizing active catalysts. However, coke formation rather

than efficiency is the problem in these reactions. In order to

maintain sustainable production, the catalyst used for DRM

must both be cost effective and resilient to coke formation

[7e9]. The noble metal catalysts (Rh, Ru, Pt, Pd and Ir) have

good catalytic activity and carbon resistance [10]. However,

their use are limited due to high costs in large scale applica-

tions [11]. As an alternative, Fe, Co andNi based catalysts have

widely been investigated for their potential in industrial uti-

lization. These catalysts have lower cost and have good ac-

tivity with high selectivity in reactions [12e15]. The main

problemwith Ni-based catalysts is their low coking resistance

[16]. Sintering of Ni during reactionmust be prevented in order

to eliminate coke formation and studies revealed that coke

formation of Ni could have been decreased by coating the

active material with a silica shell [9,17,18]. Silica (SiO2) has

long been used as a carrier in catalyst synthesis due to its high

surface area and metal surface dispersion [19e23].

Recent studies on dry reforming of methane have shown

that carbon deposition and sintering resulted in the loss of

catalytic activity [24]. Coreeshell structures, on the other hand

can provide a shelter for Ni particles protecting them from

sintering and hence this confinement medium helps elimi-

nation of coke formation [9,19,21,23,25,26]. Various findings

for the explanation of coke elimination were reported in

literature. In the work of Majeswki et al., a strong interaction

between nickel and the silica support in the form of nickel

phyllosilicate was stated as the reason of high activity and

stability of the catalysts towards methane steam reforming

[19]. Ding et al. referred to the effect of surface state of the

active nickel metal and stated that coke formation had been

enhanced with increasing amount of NiO inside silica struc-

ture [21]. Studies showed the compatibility of Nickel and silica

in catalyst synthesis. In a study conducted by Kang et al. [27].

immobilization of Ni-chelating polyethyleneimine complexes

in mesoporous silica was conducted. The activity of the syn-

thesized catalyst tested through DRM indicated stable activity

at 750 �C for 4 h with much smaller carbon deposition

compared to bare Ni containing mesoporous silica synthe-

sized without polyethyleneimine [27]. SBA 15, a well known

silica based mesoporous material is also used as catalyst

support in Ni containing catalysts. 10%Ni/SBA-15 catalyst was

utilized for DRM in the work of Omoregbe et al. [28]. Reaction

experiments were conducted at atmospheric pressure with

varying CH4/CO2 volume ratios at 923 and 1023 K. Results

indicated a stable activity for 4 h of reaction, a decrease in

activity was observed at 923 K due to coke formation. Con-

versions values of CH4 and CO2 were determined as 91 and
94% for the reaction conducted at 1023 K and 20 kPa partial

pressures [28]. Synthesis procedures applied in catalyst syn-

thesis are also important in obtaining stable activity with Ni

containing catalysts. In a work conducted by Zhang et al. [29],

Catalysts were synthesized by impregnation onto SBA-15. The

active material used in synthesis is the chelate of Ni metal

which was obtained using ethylene diamine, citric acid and

acetic acid. It was reported that high viscosity of these

chelating agents had a positive effect on Ni dispersion and the

activity in DRM was also higher in the presence of these cat-

alysts compared with the ones prepared by conventional

method [29]. As previously mentioned, coke deposition is

inevitable in Ni based catalysts and the use of Ni with other

metals was among the solutions being investigated to

decrease coke formation and enhance catalytic activity. Syn-

thesis of Ni based mesoporous silica catalysts by solegel

addition of Neodymium (Nd) was utilized in DRM and the ef-

fect of Nd on catalyst activity and stability was determined for

varying Nd/Si ratios in the catalyst. Results indicated an

enhanced activity for the first 12 h of reaction in the presence

of Nd inside the catalyst. This result was attributed to modi-

fied interaction of Ni and the support by Nd addition [30]. A

non-conventional synthesis of Ni/SBA-15 catalysts was con-

ducted by ascorbic acid addition as reducing agent and the

applied synthesiswas compared to conventionalmethods in a

study conducted by Galvez et al. [31]. Results indicated an

improved selectivity and hindered deactivation. Carbon

deposition in the presence of ascorbic acid was stated to be in

favour of amorphous carbon with growth mostly on the

external surface of the catalyst [31].

In the present study, dry reforming of methane in the

presence of Ni/Si microsphere catalyst was investigated with

varying Ni amounts inside the shell structure. SiC formation

during DRM was observed and its contribution in the elimi-

nation of coke formation was illustrated for the first time

based on our knowledge. The synthesized catalysts have

excellent resistance towards coke formation and their activity

and selectivity were comparable to those reported in literature

[1,5,23,26].
Experimental

Catalysts preparation

Ni based silicamicrospheres were prepared bymodification of

solegel microencapsulation method reported in literature

[32]. 0.5 g hexadecyl cetyl trimethyl ammonium bromide

(CTAB, Merck) and varying amounts of Ni(NO3)2$6H2O (Merck)

were dispersed in 20 ml deionized water by ultra-sonication

for 15 min. The resulting solution was homogenized in a

mixture of 50ml ethanol and 10ml 25wt.% ammonia solution.

5 ml of TEOS (tetraethylorthosilicate, Merck) was added

dropwise to resulting solution. The amount of Nickel inside

the microsphere was determined based on the weight of Ni in

its salt to the amount of silicium inside TEOS. Ni/Si amount in

microspheres were determined as 1.25, 5 and 10%. After stir-

ring at room temperature for 6 h, the product was washed

with ethanol and deionized water for 3 times and dried at

room temperature for 24 h. The catalysts were calcined at

http://dx.doi.org/10.1016/j.ijhydene.2017.05.121
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Table 1 e Textural and physical properties of Ni/Si
microsphere catalysts.

Sample BET surface
area, m2/g

Pore
size,
nm

Pore
volume,
cm3/g

1.25% Ni 419.2 2.4 0.18

5% Ni 434.3 2.3 0.23

10% Ni 450.2 2.3 0.30

Fig. 1 e X-ray diffraction patterns of the Ni coreeshell

catalysts (þ: Si; *: Ni).

Fig. 2 e N2 isotherms of Ni/Si microsphere catalysts (a)

1.25% Ni (b) 5% Ni and (c) 10% Ni.

Table 2 e ICP-MS results of the catalysts.

Sample Ni content (%)

Synthesis solution ICP-MS

1.25 Ni 1.25 1.23

5 Ni 5 3.20

10 Ni 10 5.43
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750 �C for 6 h at the heating rate of 1 �C/min. Finally, NiO

containing microsphere catalysts were reduced to Ni form at

750 �C in a flow of hydrogen for 3 h.

Characterization of microsphere catalysts

Nitrogen adsorptionedesorption, X-ray diffraction (XRD),

Scanning electron microscopy (SEM), inductively coupled

plasma-mass spectroscopy (ICP-MS) techniques were used in

characterization of synthesized catalysts. The results obtained

from these analyses were evaluated in accordance with XRD,

SEM, thermal analysis (TGA), attenuated total reflectance

Fourier transform infrared spectroscopy (ATR-FT-IR) and

Raman spectroscopy results of the catalysts recovered after

reaction. Results were interpreted to explain the state of mo-

lecular structure, coke and/or SiC formation after reaction. The

X-ray diffraction (XRD) patterns were obtained by a Panalytical

Empyrean instrument (l¼ 1.5418�A) at 200 kV and 50mA in the

range of 2Ɵ value between 5� and 80� with a speed of 10� min�1.

BET surface area, pore volume and pore size distributions of

the catalysts were measured by the nitrogen adsorp-

tionedesorption method, using a Micromeritics Asap 2020 in-

strument. Samples were pretreated at 300 �C for 4 h prior to

BET analysis. The surface morphology of microspheres was

determined using a SEM, Zeiss Supra 40 V device. Metal loading

of Ni was determined by ICP-MS using a Perkin Elmer DRC II

device. Thermogravimetric analyses in the presence of airwere

conducted with Hitachi Exstar SII TG/DTA 7300 device in a

temperature range of 25e900 �C at a rate of 10 �C/min. Raman

spectroscopy was performed on a Bruker FRA 106/S Raman

instrument using a l ¼ 532 nm Nd-YAG laser. ATR-FT-IR

studies were performed using a Cary 630 Fourier transform

http://dx.doi.org/10.1016/j.ijhydene.2017.05.121
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Fig. 4 e SEM images of crushed microsphere catalyst and

uncoated Ni particles.
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infrared spectrometer, equipped with a single reflection dia-

mond attenuated total reflectance (ATR) accessory.

Catalytic reactions

DRM reactions were carried out in a fixed bed reactor fitted

inside a quartz tube (inner diameter of 6 mm). The catalysts,

reduced with a flow of hydrogen for 3 h at 750 �C, were loaded

in the quartz tube reactor. A total of 0.1 g catalyst was used in

reaction experiments. A mixture of CH4, CO2 and Ar with

volume ratio of 1 (CH4:CO2:Ar ¼ 1:1:1) was fed with 20 ml/min.

Experiments were performed at a space velocity of 36,000 ml/

(gcat h). The reactant and product stream leaving the quartz

tube were analyzed on-line by gas chromatography (Perkin

Elmer Autosystem XL), which was equipped with a thermal

conductivity detector and a Carbosphere column. The cata-

lytic tests were conducted at 750 �C for 3 h at atmospheric

pressure. The experiments were repeated in identical condi-

tions and the average data values were illustrated in the re-

sults. The equations used in calculating the conversions of

CH4 and CO2 (Eq. (7) and (8)) and the selectivities of CO and H2

(Eq. (9) and (10)) determined with respect to converted CH4

were given below [33]:

CH4conversion : XCH4
¼ ðCH4 in � CH4 outÞ=CH4 in (7)
Fig. 3 e SEM images of the microsphere cat
CO2conversion : XCO2
¼ ðCO2 in � CO2 outÞ=CO2 in (8)

H2 selectivity : SH2ðCH4Þ ¼ H2 out=ðCH4 in � CH4 outÞ (9)

CO selectivity : SCOðCH4Þ ¼ COout=ðCH4 in � CH4 outÞ (10)
alysts (a) 1.25% Ni (b) 5% Ni (c) 10% Ni.
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Results and discussions

Characterization of synthesized catalysts

Textural and physical properties of Ni/Si microsphere catalysts

synthesized with varying Ni amounts were illustrated in Table

1. An increase in surface area and pore volume of the catalysts

with increasing Ni amount were observed as seen from the

table. The increase was due to the porous structure of nickel

and the increase of porosity emanated from nickel presence

resulted in the increase of surface area and pore volume [19].
Fig. 5 e CH4 and CO2 conversions obtained in te presence of

(a) 1.25% Ni (b) 5% Ni and (c) 10% Ni catalysts (Reaction

temperature: 750 �C, CH4/CO2/Ar: 1/1/1).
XRD patterns of Ni containing microsphere catalysts pre-

pared with different amounts of Ni loading are given in Fig. 1.

The peaks observed at 2q values of 44.6, 51.9 and 76.4� corre-

sponded to (111), (200) and (220) reflections of Ni metal [34].

The broad peak obtained at 23.5� corresponded to amorphous

silica [35]. The intensity of 5% Ni catalyst was higher than

1.25% catalyst but close to 10% Ni catalyst implying some loss

of active material be observed with loading amounts higher

than 5% (Fig. 1). N2 adsorptionedesorption isotherms of cat-

alysts were Type IV according to IUPAC classification which

indicated the formation of mesoporous structure with narrow

pore size distribution [9,36,37] (see Fig. 2).
Fig. 6 e H2 and CO selectivities over (a) 1.25% Ni (b) 5% Ni

and (c) 10% Ni. Reaction temperature: 750 �C, CH4/CO2/Ar: 1/

1/1.

http://dx.doi.org/10.1016/j.ijhydene.2017.05.121
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Fig. 7 e Time on stream performance of 5% Ni/Si

microsphere catalyst Reaction temperature: 750 �C, CH4/

CO2/Ar: 1/1/1.
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The amount of Ni loss from the catalyst was determined by

ICP-MS analyses conducted on the catalysts. Results, as

shown in Table 2 indicated a significant loss of active material

for the catalyst synthesized with 10% Ni loading.

Fig. 3 displays the SEM images of the catalysts. As previously

mentioned, microsphere formation has occurred as a result of

Ni encapsulation by a silica shell and the images validated

formation of microsphere. However, formation of small parti-

cles on microsphere surface has also been observed indicating

the presence of uncoated Ni particles (shown by black circle in

Fig.). As amatter of fact it is hard to saywhether these particles

are Ni, based on the results presented. In order to validate the

presence of uncoatedNi, microsphereswere corroded and SEM

images of these microspheres were also obtained. As seen

from, Fig. 4, the amount of small particles has increased as a

result of corrosionwhichwas due to the increase of theamount

of Ni particles on the surface or near-surface layer.

Catalytic performance of the catalysts in dry reforming of
methane

DRM reactions were conducted in the presence of Ni loaded

microspheres at 750 �C. Catalysts were reduced in a flow of

hydrogen at 750 �C for three hours, prior to experiments. A

mixed stream of CH4, CO2 and Ar with volume ratio of 1

(CH4:CO2:Ar ¼ 1:1:1) was introduced to a fixed bed reactor

containing 0.1 g catalyst. Results were illustrated in terms of

methane, carbon dioxide conversions (Fig. 5). Hydrogen and

carbon monoxide selectivities (Fig. 6) were calculated by

interpretation of experimental results. CH4 conversions at the

end of 3 hwere determined as 0.65, 0.73 and 0.53 for 1.25, 5 and

10% Ni catalysts. Higher CO2 conversions (0.84, 0.89, and 0.70,

respectively) were obtained due to RWGS, as expected. Con-

version values were compared with equilibrium conversions

(Supplementary file Fig. 1) obtained via Gaseq Chemical

Equilibrium Programme. Results indicated that equilibrium

had been approached in terms of CO2 conversion in the

presence of 5% Ni catalyst. This catalyst was the most stable

one and showed no change in its performance within the

investigated reaction time.

H2 and CO selectivities were calculated based on the moles

of CH4 converted. Contribution of RWGS reaction could better
Table 3 e Literature comparison of the synthesized catalyst in

Researcher Catalyst Reaction

[1] Ni/Al2O3 750 �C, 1 atm

CH4/CO2: 1/1

WHSV: 132,

[5] Ni@SiO2 750 �C, 1 atm

CH4/CO2: 1/1

WHSV: 18,0

[23] Ni@SiO2 yolkeshell 700 �C, 1 atm

CH4/CO2: 1/1

WHSV: 12,0

[26] NiCe@m-SiO2 yolkeshell 750 �C, 1 atm

CH4/CO2: 1/1

WHSV: NA*

This work 5% Ni/SiO2 microsphere 750 �C, 1 atm

CH4/CO2: 1/1

WHSV: 36,0
be followed by comparing selectivity values of H2 and CO

which should be 2 in ideal case. However, CO selectivity

higher than 2 and H2 selectivity lower than 2 were obtained

indicating the effect of RWGS reaction during DRM. CO

selectivity values were 2.30, 2.23, 2.33 for 1.25, 5 and 10% Ni

microsphere catalysts, respectively. H2 selectivities were 1.80

for all of the catalysts.

The catalyst synthesized in our study has shown good ac-

tivity for DRM reaction. The H2/CO ratio which was another

parameter to assess the efficiency of reactionwas also close to

1. However, a comparison with literature must be made in

order to better visualize the extent of its activity and efficiency.

Literature survey showed a great number of studies regarding

to DRM reaction. These studies were conducted in the pres-

ence of a variety of catalysts with varying experimental con-

ditions and selected studies were summarized in Table 3. It

was clearly seen from the table that synthesized catalyst had

been among the ones with highest activity and efficiency.

It is obvious from reaction experiments and characteriza-

tion analyses that 5% Ni/Si microsphere catalyst had the

highest activity and stability among those synthesized by

varying Ni amounts. Consequently, this catalyst was selected

to determine its time on stream performance with 18 h
similar experimental conditions.

conditions CH4 conversion H2/CO ratio

000 ml/(gcat h)

0.72 0.68

00 ml/(gcat h)

0.85e0.90 0.91

00 ml/(gcat h)

0.61 0.6

0.90 NA

00 ml/(gcat h)

0.73 0.80
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reaction test conducted at identical conditions (Fig. 7). Results

indicated a 5% decrease of both CO2 and CH4 conversions. In

other words, the catalyst could have been used without any

significant loss of activity. H2 and CO selectivities remained

unchanged during reaction and H2/CO ratio was obtained as

0.80 at the end of 18 h. This was among the most important

results of the present study as it showed the possibility of a

sustainable production in long-term production of syngas in

the presence of microsphere catalysts.

Characterization of spent catalysts

XRD analysis with spent catalysts was conducted in order to

examine the effect of reaction conditions on molecular

structure of the catalyst. The peaks obtained from spent cat-

alysts were the same with synthesized catalysts indicating no

change of molecular structure. The peak value at 2Ɵ ¼ 26�

belonged to amorphous silica as previously stated (Fig. 8d).

Elimination or at leastmitigation of coke formationwas aimed

in almost all the works regarding DRM. Consequently, our

primary intent was first to determine the presence of coke on

spent catalysts and then its amount which could be achieved

by SEM and TGA analyses. SEM images, as seen in Fig. 8,

validated the presence of filamentous coke especially near

uncoated Ni particles (shown in black circle).
Fig. 8 e SEM images of a) 1.25% b) 5% c) 10% Ni/Si microspher
TGA analysis on spent catalysts was conducted to deter-

mine the amount of coke formed during reaction (Fig. 9).

However except for the region that belonged to vaporization of

moisture, it was interesting to observe an increase on weight

which should have been the exact opposite due to possible

decomposition of coke via oxidation during TGA analysis. The

first thing come to mind could be the oxidation of reduced Ni

in the catalyst which has been reported in various tempera-

ture intervals in literature [38,39]. However, two regions of

weight increase were determined in TGA analysis

(Supplementary file Fig. 2) which could not be explained by the

results obtained so far. The temperature of this second region

of weight increase varied with increasing Ni amount in the

microsphere. Total weight increase obtained from TGA ana-

lyses were determined as 1.61, 3.46 and 4.4% for 1.25, 5 and 10

Ni loadings, respectively. Considering that all of theoretically

determined Ni was present inside the microsphere, the

amount of weight added by NiO formation was still far below

total weight increase which implied formation of compounds

other than NiO. In our opinion this weight increase was

emanated from oxidation of Si or SiC that might have been in

catalyst structure. Oxidation of pure SiC occurred at 300 �C
and oxidation of aniline added SiC occurred at 500 �C in the

work of Kormanyos et al. [40]. Hence it will be fair to at least

imply that SiC oxidation may contribute to the second region
e catalysts d) XRD patterns of spent catalysts (þ: Si; *: Ni).

http://dx.doi.org/10.1016/j.ijhydene.2017.05.121
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Fig. 9 e TGA profiles of spent catalysts obtained after 3 h

reaction time at 750 �C (CH4/CO2/Ar: 1/1/1).
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mentioned in TGA analyses. On the other hand, crystalline SiC

was formed with the reaction between silica and petroleum

coke at temperatures much higher than the reaction of DRM

[41] and its formation must have been detected in XRD pat-

terns. Literature survey revealed that the onset of crystalline

SiC formation had been determined as 1000 K which was

closer to our reaction temperature. Temperatures below

1000 K yielded amorphous SiCwhich could be the reason of its

absence in XRD patterns (Fig. 8d) [42]. Having said that it could

still be possible to detect SiC formation which in our opinion

had occurred in the presence of nickel acted as catalyst. It was

our belief that SiC formation during DRM would have

enhanced stability of catalyst activity and increased the pos-

sibility of sustainable production. This was also shown by

time on stream analysis which had indicated only 5% loss in

activity during reaction (Fig. 7).

Although TGA analysis showed no signs of coke formation,

SEM images still revealed the presence of filamentous coke on
Fig. 10 e ATR-FT-IR analyses of (a) 1.25% Ni (b) 5% Ni (c) 10%

Ni microsphere catalysts.
catalyst surface. This could be a random case or the amount of

coke formed during DRM could be miniscule. In any case, it

would be better to obtain a third opinion about the presence of

coke which could be achieved by Raman spectroscopy. Raman

spectroscopy which was one of the most effective character-

ization methods to determine coke formation [43] indicated

no carbon peak. Based on TGA and Raman spectroscopy it

would be appropriate to state that the coke formed during

DRM transformed into SiC and an undetectable amount of

coke may have remained on catalyst surface.

We have shown none or negligible coke formation during

DRM. However we still need to validate a second analysis to

validate the presence of SiC. The Attenuated total reflectance

Fourier transform infrared spectroscopy (ATR-FT-IR) of the

used catalysts was conducted for this purpose (Fig. 10). Results

indicated the presence of two peaks around 1100e1200 cm�1

and 810e840 cm�1, which belonged to SieO and SieC,

respectively [44].
Conclusions

Ni/Si microsphere catalysts with high and stable activity has

been synthesized and tested for DRM reaction. Results indi-

cated that sustainable production of syngas with DRM reac-

tion could have taken place with these catalysts. Activity loss

in Nickel containing catalysts was generally emanated from

coke formation and its deposition on catalyst surface. How-

ever, this had not been the case for our catalysts and char-

acterization analyses conducted with spent catalysts revealed

that none or negligible amount of coke had been deposited on

catalyst surface during reaction. Since it was impossible to

prevent methane cracking or Boudard reaction during DRM, a

better explanation was needed for the disappearance of coke

in the process. Interpretation of reaction experiments and

characterization analyses of spent catalysts revealed forma-

tion of SiC which was reported for the first time based on our

knowledge. SiC formation prevented the deposition of coke

during DRM and enhanced the sustainability of catalytic ac-

tivity. The negligible activity loss obtained during time on

stream analysis also confirmed this conclusion.
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SiC Silicon carbide

RWGS Reverse water gas shift reaction

SiO2 Silica
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