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Abstract: A series of newly-developed Ni/SBA-15 catalysts were synthesised by combining strong 
electrostatic adsorption (SEA) of [Ni(En)3 ]2+ (En = ethylenediamine), [Ni(NH3)6] 2+ and [Ni(EDTA)] 2-  

complexes, respectively, and engineered SBA-15 support, or, in other words, by adopting Charge 
Enhanced Dry Impregnation (CEDI), to produce highly active catalysts with very small nickel 
particles, resistant to carbon deposition, sintering and deactivation phenomena associated with nickel 
based catalysts in dry reforming of methane (DRM). In parallel,  other  Ni/SBA-15 catalysts were 
prepared by conventional incipient wetness impregnation method with [Ni(H2O)6]2+ complex and 
used as the reference catalysts. TEM, wide-angle XRD, EDX, TGA results and temperature 
programmed experiments confirmed that the catalyst’s preparation method has a strong impact on 
the size of the generated nickel particles and the amount of Ni deposited, which in turn were 
responsible for the catalytic activity and coke resistance. SEA on SBA-15 deposits from 4.8 wt% to 6.1 
wt% Ni, depending on the complex used, while the DI deposits only 3% wt of Ni. The size of resulting 
Ni particles is between 3 and 8 nm for the unwashed SEA samples. For the DI unwashed samples, 
the size is significantly bigger,  at  20 – 50 nm. For the SEA washed samples before calcination, i.e., those 
synthesised by using [Ni(NH3)6] 2+  and [Ni(En)3 ]2+ complexes, the Ni particles size is less than 1 nm. For 
these catalyst’s samples, only small amount of carbon was deposited during the DRM reaction as 
confirmed by TGA results at 0.08 and 0.13 %. 

Keywords: dry reforming of methane; Ni/SBA-15 catalysts preparation; electrostatic adsorption; 
nickel complexes; carbon deposition; catalyst stability; ultrafine nickel nano particles 
 

1. Introduction 

Dry (CO2) reforming of methane (DRM) is gaining increasing attention because two problematic 
greenhouse gases which are in abundance; methane (from natural gas production and landfill gas) 
and carbon dioxide (from several cheap sources of carbon) can be converted to syngas (H2 and CO), 
a building block for production of liquid fuels, chemicals and electricity generation [1–8]. Biogas from 
either anaerobic decomposition or thermochemical conversion of biomass such as gasification and 
pyrolysis is also receiving attention as an alternative to natural gas for energy sustainability [9–13]. 
Hot biogas from gasification or pyrolysis of organic matter contains methane and CO2 either in 
similar ratio or higher methane to CO2 ratio, and so converting the gas to H2 and CO with little or no 
CO2 left in the product stream is seen as a way of increasing the gas calorific value [14,15].  

Dry (CO2) reforming of methane is a highly endothermic reaction and requires a stable catalyst  
that will not sinter and easily deactivate within the optimum reaction temperature region, usually 
600 – 800 °C  [16]. Catalysts containing noble group VIII metals such as Pt, Pd, Ru, Ir. etc. have been 
reported to be highly active in DRM, however their high cost and scarcity make them commercially 
unattractive for any scale-up process. Alternatively, cheap and relatively abundant non noble metals, 
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especially nickel is most sort after as its catalytic activity is comparible to those of nobel metals in 
DRM, however, nickel based catalysts are easily prone to carbon deposition and consequently 
deactivation which is a major setback to its full scale commercial application [17–24]. For this reason, 
many researchers have tried to improve on the synthesis of more stable nickel based catalysts with 
longer catalyst life time in DRM, unfortunately, rapid coking and subsequent deactivation of nickel 
based catalysts still remains an unresolved issue, especially in gas streams with higher methane to 
carbon dioxide ratios operated at tempertures above 600 °C   [4,23,25–31]. 

The major reactions that take place along side DRM are shown below[32]: 

1. Dry (CO2) reforming of methane (DRM) 

CH4 + CO2       2CO + 2H2    (∆H298K = +247 kJ mol-1) (1)

2. Decomposition of methane to form solid carbon and hydrogen 

CH4      C(s) + 2H2                 (∆H298K = +75 kJ mol-1) (2)

3. Reverse water gas shift reaction (RWGS) occurs simultaneously with DRM to reduce H2 

produced during DRM reaction so that H2/CO ratio could become slightly <1 where CH4/CO2 

ratio is 1  

CO2 + H2     CO + H2O     (∆H298K = +41.2 kJ mol-1) (3)

The water formed in Eqn (3) can either react with methane (methane steam reforming, MSR) as 
shown below: 

CH4 + H2O     CO + 3H2       (∆H298K = +206 kJ mol-1) (4)

or can oxidise C(S) and reduce or eliminate coke deposition on the surface of the catalyst  

C(s) + H2O(g)     CO + H2           (∆H298K = +131.3 kJ mol-1) (5)

Reverse Boudouard reaction (BR) which involves the disproportionation of CO to form solid 
carbon and CO2 is also possible, however from themodynamic point of view, this exothermic reaction 
which also includes possible CO2 disproportionation reactions are not favourable under the high 
reaction temperatures above 600 °C used in dry methane reforming, and so the formation of solid 
carbon or coking on the surface of the catalyst during DRM is mainly from Eqn (2), and has the 
tendency to deposit and grow as armorphous, filamentous or graphite type of carbon. It has been 
reported that when nickel particles are poorly attached to the support, detached nickel particles are 
usually present. The formed carbon from methane decomposition (Eqn 2) easily encapsulate 
detached nickel particles to form a shell-like carbon coating, causing rapid catalyst deactivation with 
time during DRM [33–41]. Carbon formation from methane decomposition is more where the ratio 
of CH4 to CO2 is greater than one and at higher reaction temperatures above 600 °C [42]; and so only 
the most stable nickel catalysts resistant to sintering and coking can remain active for a long time in 
high temperature DRM with higher CH4 /CO2 ratio.  

In summary, it has been suggested that coke formation on nickel based catalysts and other 
catalysts are sensitive to: 

1. Acid - basic character of support [43]  (higher basicity increases the acidic CO2 adsorption on 
the basic catalyst to form oxygen species from CO2 disproportionation that can oxidise formed 
carbon and prevent catalyst coking for DCM below 600 °C ) 

2. Metal-support interactions [43] (active supports can supply  reactive oxygen to oxidise and 
remove carbon) 

3. Metal-support attachment (strongly attached nickel on support prevents shell-like carbon 
coating as explained earlier)  

4. Metal crystalline structure [44,45] (smaller metal particles are usually more active thereby aiding 
formed water to quickly react with carbon to prevent coking on the surface of the catalyst. It is 
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also more difficult to have a large carbon coating on ultrafine nickel particle, thereby aiding the 
ease of carbon oxidation during DRM)  

In order to make DRM commercially viable, there is the need to develop cheap, thermally stable 
nickel based catalysts with high catalytic activity and resistance to coking.  

Ever since the discovery of the synthesis of highly ordered mesoporous silica materials with 
high specific surface area, large pore size and volume, starting with MCM-41 in 1992, and then SBA-
15 with better hydrothermal stability in 1998 [46–49], there has been a growing interest to apply SBA-
15 as catalyst support material. It has been reported that SBA-15 cylindrical pores are capable of 
confining the growth of metal nano-particles and restricting their mobility and aggregation to prevent 
sintering and thus improve catalyst stability [50–52]; however, research has also shown that at high 
reaction temperatures, the cylindrical pore channels do not adequately mitigate the mobility of nickel 
nano-particles as they migrate out of the mesoporous channels to the external SBA-15 surface, 
resulting to sintering and eventual catalyst deactivation [53], and so it is still necessary to improve on 
the strength of metal – support attachment. For this reason, an investigation was carried out with 
different nickel complexes such as [Ni(NH3)6] 2+, [Ni(En)3 ]2+ (En = ethylenediamine) and  [Ni(EDTA)] 
2-  (EDTA = Ethylenediaminetetraacetic acid) to study the possibility of generating very small nickel 
particles having stronger attachement to SBA-15 support by strong electrostatic adsorption 
impregnation method and comparing the catalysts those from the conventional impregnation 
method with [Ni(H2O)6 ]2+ complex which usually produces nickel with poorer attachement to SBA-
15 support. It is important to note that for nickel based catalysts on inert supports such as SBA-15 
with no significant suppy of surface oxygen, supported metal particles are the only active sites and 
therefore solely responsible for catalytic activity [54].  The type of SBA-15 mesoporous silica with 
high hydrothermal stability reported in our previous publication was  used as catalyst support for 
all the nickel catalysts [55]. Since SBA-15 is inert and has no significant free lattice oxygen to 
contribute to the reaction and has neither Bronsted acidity nor basicity, the prevention of coke 
deposition will greatly depend on strong metal – support attachement and generation of small nano-
nickel particles that are well dispersed in the pores and the external surfaces of SBA-15 which can 
promote rapid carbon-water oxidation reaction (Eqn 5). In this research, the synthesised Ni/SBA-15 
catalysts were characterised and tested in dry (CO2) reforming of methane using higher methane to 
carbon dioxide ratio (2.7:1) to study their activity, stability and resistance to coking.  

2. Experimental 

2.1. Conventional Methods for Synthesis of Ni/SBA-15 Catalysts  

Ni/SBA-15 catalysts are usually prepared by the traditional incipient-wetness impregnation 
method which involves dissolving nickel salts in water to form greenish [Ni(H2O)6 ]2+ complex by 
stirring for some minutes at room temperature before introducing it SBA-15 in solution. The as-
synthesised Ni/SBA-15 sample is rarely washed with water due to the poor interaction between 
[Ni(H2O)6]2+ complex and SBA-15. Our analysis of washed as-synthesised samples revealed that the 
nickel complex was completely washed away from SBA-15. The unwashed as-synthesised sample is 
then filtered, dried and calcined between 400 – 800 °C to burn off the complex, leaving only nickel 
(II) oxide (NiO) on the surface of the catalyst. Usually, this results in Ni/SBA-15 catalysts with some 
large detached nickel particles from the support that are prone to coking. Two different Ni/SBA-15 
catalysts were prepared by heating one sample at 90 °C for 4 hours during incipient wetness 
impregnation while stirring, and the other stirred at room temperature for 8 hours, without washing 
both as-synthesied samples, followed by filtration, air drying and  calcination at 550 °C for 6hrs. The 
catalysts were labelled as Ni/SBA-15-H2O at 90 °C, unwashed and Ni/SBA-15 -H2O at RT, unwashed, 
respectively. 
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2.2. Novel Methods for Synthesis of Ni/SBA-15 Catalysts  

Novel methods were proposed to improve on the interaction of nickel complex with SBA-15 as 
a means of generating small NiO particles, strongly attached to the support for higher catalytic 
activity and resistance to coking. Five catalysts were synthesised by simply displacing the water 
molecules around [Ni(H2O)6]2+ complex with ammonia (NH3) from ammonium hydroxide, 
ethylenediamine (En) and Ethylenediaminetetraacetic acid (EDTA) respectively. Each sample was 
either washed with water or not, except for Ni/SBA-15 catalyst prepared with EDTA. We noticed that 
unlike the other catalysts, washing the Ni-EDTA-SBA-15 as-synthesised catalyst with water removed 
the entire nickel complex from SBA-15 support. The reason for this is that washing with water 
increased the pH of solution, causing the surface of SBA-15 which has low isoelectric point (2 – 4) to 
become negatively charged, and so repelled the negatively charged Ni-EDTA complex.              

All samples were calcined at 550 °C while another as-synthesied samples of Ni/SBA-15 (H2O at 
90 °C, unwashed) and Ni/SBA-15 (EDTA unwashed) were calcined at 700 °C due to observed 
incomplete removal of the complex at 550 °C from H2 TPR results.  

2.3. Catalyst Characterisation 

The seven Ni/SBA-15 catalysts were characterised using Scanning Electron Microscopy (SEM) 
Hitachi S-3400N to study the morphology of the catalysts. Energy Dispersive X-ray spectroscopy 
(EDX) was used to analyse the amount of nickel loading on support. Wide angle X-ray Diffraction 
spectroscopy (XRD) patterns using Siemens D500 diffractometer with CuK α radiation (1.54 Å), at 
tube voltage of 40 KV and 20 mA current with data collected over 2θ range from 10 ° to 80 ° confirmed 
the presence and particle size of nickel oxide nanoparticles on SBA-15. Transmission Electron 
Microscopy (TEM) carried out on a JEOL 2100F FEG operating at 200 kV with samples ultrasonicated 
and dispersed onto holey carbon grids for examination in TEM mode was used to study the 
dispersion and size of nickel oxide on SBA-15. Nitrogen adsorption – desorption results were 
obtained in Micrometrics Tristar II degassed at 350 °C for 2 hours. BET method was used to calculate 
the surface area. Pore size and volume were determined from BJH adsorption isotherm. Thermal 
gravimetric analysis (TGA) of Thorn Scientific Services was used to measure weight losses of spent 
catalysts after reaction to determine carbon deposition.  

2.4. Catalytic Reactions 

Hiden Analytical CATLAB – quadripole mass spectrometer micro-reactor system of fixed bed 
quartz tube (4mm i.d and 18.5 cm in length) was used for temperature programed reaction 
experiments of all catalysts which includes H2 TPR with 30ml/min of 5% H2 in Ar heated from room 
temperature to 850 °C at 20°/min ramp rate, and dry reforming of methane (DRM). For dry reforming 
of methane experiments, the catalysts were first reduced with 30ml/min flowrate of 5% H2 in He at 
850 °C, followed by passing 27ml/min flowrate of  5% CH4 in He and 10ml/min flowrates of 5% CO2 

in Ar over 35mg of each catalyst from room temperature to 850 °C, increasing the ramp rate at 20 
°/min to determine optimum conversion tempeatures in one set of experiments, and in another set, 
the same CH4 and CO2 flowrates were passed over 35mg of H2 reduced catalysts at 800 °C for 360 
minutes time on stream for each catalyst. Thermal gravimetric analysis (TGA) was done on spent 
catalysts (for 360 minutes time on stream) to determine carbon content via percentage weight loss in 
oxidative atmosphere from 24 – 1000 °C at 10°/min ramp rate using 10 – 15mg of spent catalyst. 

The percentage conversion for 360 minutes time on stream catalysts for CO2 and CH4 were 
calculated as: %  Conversion   = ூ௡௜௧௜௔௟ ௥௘௔௖௧௔௡௧ ௣௔௥௧௜௔௟ ௣௥௘௦௦௨௥௘ ି  ி௜௡௔௟ ௥௘௔௖௧௔௡௧ ௣௔௥௧௜௔௟ ௣௥௘௦௦௨௥௘ூ௡௜௧௜௔௟ ௥௘௔௖௧௔௡௧ ௣௔௥௧௜௔௟ ௣௥௘௦௦௨௥௘   x 100 

Product formation was observed on-line with noticible increases in the partial pressure signals 
of hydrogen and carbon monoxide from start-off reaction temperatures with corresponding decrease 
in the reactant partial pressures. 
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3. Results and Discussions 

3.1. Scanning Electron Microscope (SEM) Images of Fresh Catalysts 

SBA-15 with worm-like morphology was used to prepare all the catalysts [55]. After 
impregnation with nickel complexes, all the catalysts retained SBA-15 worm-like morphology with 
primary particle sizes of the catalysts (1.2 - 3.1µm lengths and 0.4 – 0.6 µm widths) remaining same 
with SBA-15 support. Ni/SBA-15 (H2O  RT, unwashed) appeared to be crushed in most areas, the 
reason for this could be the long stirring time (8 hours) used for impregnation, however, TEM results 
confirm that the inner cylindrical pore structures were not damaged. 

   

  
  

A 1 

2 3 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2025 doi:10.20944/preprints202502.2123.v1

https://doi.org/10.20944/preprints202502.2123.v1


 6 of 23 

 

  

  

Figure 1. SEM images of pure SBA-15 support (A), Ni/SBA-15 – H2O  90 °C, unwashed (1), Ni/SBA-15 H2O at 
RT, unwashed (2), Ni/SBA-15 – En unwashed (3), Ni/SBA-15 – En washed (4), Ni/SBA-15 – NH4OH unwashed 
(5), Ni/SBA-15 – NH4OH washed (6), Ni/SBA-15 – EDTA unwashed (7). 

3.2. Transmission Electron Microscope (TEM) Images 

TEM of pure SBA-15 support viewed along x-y vertical plane (A) reveal the circular pores (5.4 
nm diameter) surrounded by thick silica walls arranged in ordered 2D hexagonal fashion. When 
viewed along the x-y horizontal plane (B), the cylindrical pores with silica walls in-between are 
clearly seen. To maximise SBA-15 surface area for catalysis, impregnation or any other chosen 
method is usually aimed at generating and introducing very small metal particles inside the pore 
wall, as well as on the external surfaces. Ni/SBA-15 (H2O at 90 °C, unwashed) catalyst show a well 
dispersed nickel loading on the surface of SBA-15 (1a – 1b). Ni/SBA-15 (H2O at RT, unwashed) 
catalyst had large nickel particles that are poorly dispersed  on SBA15 (2a – 2b). Ni/SBA-15 (En 
unwashed) catalyst had well dispersed nickel nano-particles on SBA-15; however, there are some 
bigger particles which appear detached from the SBA-15 support  (3a – 3b). By washing the as-
synthesised Ni/SBA-15 (En) sample with water, the bigger nickel particles loosely attached to the 
surface were washed off, leaving only ultrafine nickel particles on SBA-15 (4a – 4b), this explains why 
the Ni loading slightly dropped from 5.4 to 4.6 w/w % (Table 2), and also suggests that unlike Ni/SBA-
15 (H2O) catalysts, most of the nickel particles on Ni/SBA-15 (En unwashed) catalyst where strongly 
attached to the surface of SBA-15, and washing with water only removed the unattached nickel 
particles. With ammonium hydroxide, TEM images in 5a – 5b show that Ni/SBA-15 (NH4OH 
unwashed) catalyst had both small and big Ni particles on SBA-15. Washing Ni/SBA-15- NH4OH as-
synthesised sample with water slightly reduced the Ni loading from 6.1 to 5.7 w/w % (Table 2), an 
indication that most of the nickel particles are strongly attached to SBA-15. Just like Ni/SBA-15 (En 
washed) catalyst, TEM image of Ni/SBA-15 (NH4OH washed) catalyst reveal ultrafine, well dispersed 
and hardly visible Ni particles on SBA-15 (6a – 6b). Ni/SBA-15 (EDTA, unwashed) catalyst had well 
dispersed Ni particles with some slightly bigger particles on SBA-15 support shown in 7a – 7b, 

6 7 

4 5 
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however sample was not washed with water as water quickly changed the pH of SBA-15, causing the 
complex to wash off due to like-charges with the support. It may be worthwhile to wash Ni/SBA-15 
(EDTA) with solvent of pH less than 3, although this was not investigated further.  

  

  

  

  

A B 

1a 1b 

2a 2b 

3a 3b 
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Figure 2. TEM images of pure SBA-15 support (A&B), Ni/SBA-15 - H2O at 90 °C, unwashed (1a - b), Ni/SBA-15-
H2O at RT, unwashed (2a - b), Ni/SBA-15 – En unwashed (3a - b), Ni/SBA-15 – En washed (4a - b), Ni/SBA-15 – 
NH4OH unwashed (5a - b), Ni/SBA-15 – NH4OH washed (6a – b) and Ni/SBA-15 EDTA unwashed (7a – b). 

  

4a 4b 

5a 5b 

6a 6b 

7a 
7b 
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3.3. Wide-Angle X-Ray Diffraction (XRD) 

Wide-angle XRD was used to analyse the presence and size of nickel oxide particles present on 
SBA-15. The results agree with TEM as samples unwashed had bigger NiO particles compared to 
washed samples.  

 

Figure 3. Wide-angle XRD of the seven Ni/SBA-15 catalysts to confirm the presence and sizes of NiO particles 
on the support. 

Table 1. Average nickel particles size based on TEM and Wide-angle XRD. 

No. 
Ni/SBA-15 catalysts 

Average nickel particle size – TEM 
and Wide angle XRD 

1. Conventional at 90 °C, unwashed 3nm and below 

2. Conventional at RT, unwashed 20 – 50 nm (TEM only) 

3. En unwashed 4 – 8 nm 

4. En washed Less than 1nm 
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5. NH4OH unwashed 3nm 

6. NH4OH washed Less than 1nm 

7. EDTA 3nm 

3.4. Physical Properties of the Catalysts 

In general, as shown in Table 2, all the catalysts have high surface areas, large pore volume and 
sizes with only Ni/SBA-15 (H2O at RT, unwashed) catalyst having lowest Ni loading of 3 w/w %. 
Ni/SBA-15 (H2O at 90 °C, unwashed) catalyst has the largest pore volume. Ni/SBA-15 (EDTA 
unwashed)  and Ni/SBA-15 (NH4OH washed) have the highest surface areas of 588 and 539 m2/g 
respectively. Ni/SBA-15 (H2O at 90 °C, unwashed) and Ni/SBA-15 (NH4OH unwashed) catalysts have 
the highest Ni loading of 6.2 and 6.1 w/w % respectively. Unlike Ni/SBA-15 (H2O) as-synthesised 
samples, Ni/SBA-15 catalysts prepared using nickel ethylenediamine and ammonium hydroxide lost 
small amount of Ni after washing with water, an indication that only strongly attached nickel 
remained on SBA-15 support for these catalysts after washing as-synthesised samples with water.  

Table 2. Physical properties of support and different Ni/ SBA-15 catalyst samples. 

 

No. 
Support/ Ni/SBA-15 catalyst 

BET 

surface 

area 

(m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

 

Ni loading 

(w/w %) 

 SBA-15 794 0.86 5.4 - 

1. Conventional at 90 °C, unwashed 485 0.82 6.6 6.2 

2. Conventional at RT, unwashed 482 0.64 6.5 3.0 

3. En unwashed 478 0.69 6.4 5.4 

4. En washed 491 0.77 6.8 4.6 

5. NH4OH unwashed 496 0.55 5.0 6.1 

6. NH4OH washed 539 0.65 5.3 5.7 

7. EDTA 588 0.71 6.1 4.8 

3.5. Hydrogen Temperature Programmed Reduction (TPR)  

Hydrogen reduction intensity is recorded as troughs in CATLAB-MS graphs. NiO is reduced 
from Ni2+ to Ni0. Depending on the NiO particle strength of attachment to the support, hydrogen 
reduction can occur at the lower temperature range (~370 – 570 °C) or at the higher temperature range 
(600 – 900 °C). When hydrogen reduction occur at the lower temperature range, it means the catalyst 
has weakly attached nickel particles on the support; while reduction at higher temperature range 
confirm strongly attached nickel particles on the support. When a catalyst has hydrogen reduction 
occurring within the low and high temperature ranges, having more than one trough, it indicates that 
both weak and strongly attached nickel particles are present [56,57]. 

TPR result for Ni/SBA-15 (H2O at 90 °C, unwashed) catalyst (Figure 4, 1) had TPR  showed 
reduction at 200, 450 and 575 °C respectively, an indication of both weak and strong nickel attachment 
to SBA-15. Some amount of hydrogen was released around 740 °C which appears as a peak, suspect 
to be undecomposed nickel complex. To investigate this observation, the as-synthesised Ni/SBA-15 
(H2O at 90 °C, unwashed) sample was calcined at 700 °C in air to completely burn off the complex. 
TPR of the new sample calcined at 700 °C was quite different from the initial sample as peak at 740 
°C disappeared. Some reduction occured between 200 – 300 °C and the major reduction trough 
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appeared at 720 °C. This result suggests that higher calcination temperature was required for this 
catalyst to completely burn off the complex to generate more stronger attachment of nickel particles 
to SBA-15 support. For Ni/SBA-15 (EDTA unwashed) catalyst, a peak intensity was also observed, 
this time at 650 °C for undecomposed complex which realsed hydrogen. This increase in hydrogen 
appeared as a peak signal. Calcination at 700 °C  removed the complex, however, it had minimal 
improvement on nickel-SBA-15 attachment, with some reduction occurring at 650 °C, and others at 
the other lower temperature range of 300 and 475 °C respectively. The case is different for washed 
Ni/SBA-15 samples prepared using ethylendiamine and ammonium hydroxide. Ni/SBA-15 (En 
washed) catalyst was slightly reducible at 600 and 800 °C, while Ni/SBA-15 (NH4OH washed) catalyst 
had most reduction at higher temperature range of , 675 °C and a little reduction trough was observed 
at 450 °C which may suggest that although few detached nickel particles were still present, most 
nickel particles were strongly attached to SBA-15.  
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Figure 4. TPR of Ni/SBA-15 - H2O at 90 °C, unwashed (1), Ni/SBA-15-H2O at 90 °C, unwashed calcined at 700 °C 
(1B), Ni/SBA-15-H2O at RT, unwashed (2), Ni/SBA-15 – En unwashed (3), Ni/SBA-15 – En washed (4), Ni/SBA-
15 – NH4OH unwashed (5), Ni/SBA-15 – NH4OH washed (6), Ni/SBA-15 – EDTA unwashed (7), Ni/SBA-15 – 
EDTA unwashed calcined at 700 °C (7B). 

3.6. Temperature Programmed Reaction (TPRx) – Catalyst Activity 

TPRx from room temperature to 850 °C at 20 °/min was carried out to quickly test the catalytic 
performance of all the prepared Ni/SBA-15 catalysts. The results (Figure 5) show that all the catalysts 
were highly active in DRM, producing only hydrogen and carbon monoxide, with start of reaction 
temperature occurring between 250 – 300 °C, except for Ni/SBA-15 (EDTA unwashed) catalyst with 
start off temperature at 460 °C with corresponding decrease in CH4 and CO2 partial pressures in all 
cases. CO2 was nearly consumed completely since it is the limiting- reactant.    
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Figure 5. TPRx of Ni/SBA-15 - H2O at 90 °C, unwashed (1), Ni/SBA-15-H2O at 90 °C, unwashed calcined at 700 
°C (1B), Ni/SBA-15 H2O at RT, unwashed (2), Ni/SBA-15 – En unwashed (3), Ni/SBA-15 – En washed (4), Ni/SBA-
15 – NH4OH unwashed (5), Ni/SBA-15 – NH4OH washed (6), Ni/SBA-15 – EDTA unwashed (7), Ni/SBA-15 – 
EDTA unwashed calcined at 700 ºC (7B). 

3.7. TPRx - Catalyst Stability 

The activity and stability of the nine Ni/SBA-15 catalysts were tested in continuous flow of 2.7: 
1 CH4/CO2 ratio at 800 °C for 360 minutes to measure the ability of the catalysts to resist coking . After 
6 hrs time on stream, Ni/SBA-15 (EDTA-U), Ni/SBA-15 EDTA-U @700 °C and Ni/SBA-15 (H2O, RT) 
catalysts showed some sign of gradual deactivation as CO2 conversion decreased with time (Figure 6). The 
rest of the catalyst remained stable throughout time on stream reaction. The high methane 
conversions for all the catalysts (Figure 7) includes in addition to DRM, some extra methane 
decomposition that took place due to higher CH4/CO2 ratio. Ni/SBA-15 (EDTA-U) catalyst calcined at 
700 ºC has the highest methane conversion of 63%. Due to the high decomposition of methane at 800 ºC  
for the catalysts, it is expected that high carbon formation will occur rapidly and only the most coke 
resistant catalyst will maintain high activity with little coking in such reaction condition. TGA 
analysis was done on the spent catalysts to compare the level of carbon depositions as a way of 
predicting the catalyst resistance to coking. 

 
Figure 6. CO2 conversion vs time on stream for the nine Ni/SBA-15 catalysts at 800 °C. 
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Figure 7. CH4 conversion vs time on stream for the nine Ni/SBA-15 catalysts at 800 °C. 

3.8. Carbon Deposition Analysis 

The weight loss of spent catalysts were carried out in oxidative atmosphere with TGA heated 
from room temperature to 1000 °C. Weight loss below 160 °C is attributed to loss of adsorbed 
moisture on the catalysts. For all the catalysts, hydrogen reduced nickel particles were oxidized back 
to NiO between 250 – 390 °C. Two type of carbon species were detected. Filamentous carbon which 
is burnt off between 400 – 800 and graphite carbon 800 – 1000 °C [58]. Amorphous type of carbon 
which is the easiest type of carbon to be oxidized around 300 °C was not detected in any of the 
catalyst, an indication that all the catalysts where capable of eliminating amorphous carbon during 
DRM, however, TGA analysis reveal that all the unwashed as-synthesied catalysts before calcination 
had filamentous carbon deposition with Ni/SBA-15 (H2O, RT) catalyst having the highest amount at 
1.75%, this is in agreement with TEM results which confirmed that the same catalyst had the poorest 
nickel dispersion on SBA-15 and consequently, most prone to coking due to unattached nickel 
particles. TEM results also revealed that Ni/SBA-15 catalysts from En and NH4OH unwashed as-
synthesised catalysts before calcination had loosely attached nickel particles. This explains why the 
finished catalysts recorded the formation of 0.97 and 0.55% filamentous carbon respectively, even 
though the complex had strong attraction to SBA-15 support. The case was completely different with 
washed as-synthesied samples from En and  NH4OH as they recorded no formation of filamentous 
carbon. The TGA results confirm that having small nickel particles with strong metal-support 
attachment in addition to washing off any loosly attached nickel particle on the support can 
completely eliminate the formation of filamentous carbon on the surface of catalysts during DRM 
thereby prolonging catalyst activity and life time. This is where the novelty behind the newly 
decribed catalyst preparation method lies. Only the Ni/SBA-15  washed with water had the least 
graphite carbon and overall, insignificantly low amount of carbon deposition as shown in Table 3.  

Table 3. Thermal Gravimetric Analysis (TGA) of spent catalysts. 

Ni/SBA-15 Catalyst % Filamentous carbon 
(400 – 800 ºC) 

% Graphite carbon 
(800 - 1000 ºC) 

Total carbon deposition 
(%) 

Ni/SBA-15 - H2O at 90 °C  - 0.47 0.47 
Ni/SBA-15 - H2O at 90 °C 

calcined at 700 ºC 
0.13 0.27 0.40 
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Ni/SBA-15 - H2O at 90 °C  1.75 0.23 1.98 
En-Unwashed 0.97 0.26 1.23 

En-Washed - 0.13 0.13 
NH4OH-Unwashed 0.55 0.27 0.57 

NH4OH-Washed - 0.08 0.08 
EDTA-Unwashed 0.64 0.10 0.74 

EDTA-Unwashed calcined 
at 700 ºC 

1.19 0.32 1.51 
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Figure 8. TGA graphs of all the spent Ni/SBA-15 catalysts. 

4. Conclusion 

This research has demonstrated that it is possible to develop nickel based catalysts with high 
activity, stability and resistance to coking in dry (CO2) reforming of methane. Novel preparation 
methods with [Ni(NH3)6] 2+ and [Ni(En)3 ]2+ complexes promoted a stronger attachment between 
nickel and SBA-15 support which generated ultrafine nickel paricles on SBA-15. However, the 
dependance of strong interaction between the nickel complex on the catalyst support alone is not 
sufficient to resist carbon deposition. There is in addition,  the need to wash off loosely bond nickel 
particles from the asynthesied catalyst to mitigate against carbon build up on bigger nickel particles 
during DRM reaction.By washing the as-synthesised catalysts with water, some loosely attached 
nickel particles which are always present and easily prone to coking were washed off the catalyst 
surface, leaving mostly strongly attached ultrafine nickel particles on the support. Also, the use of 
hydrothermally stable SBA-15 mesoporous silica with high specific surface area, large pore size and 
volume as catalyst support contributed significantly to catalyst high activity and stability in high 
temperature DRM reaction for all the catalysts. Silica as catalyst support for dry reforming of methane 
was previously reported as easily prone to carbon deposition [39], our investigation reveals however, 
that the main problem lie in the development of a suitable preparation method capable of generating 
uniformly dispersed ultrafine nickel particles on hydrothermally stable mesoporous silica with high 
surface area, and eliminating the loosly attached nickel particles by washing to inhibit carbon 
deposition and prevent catalyst deactivation [59,60]  

This novel preparation method can potentially remove the major hinderance to the commercial  
scaling-up of nickel based catalysts for dry reforming of methane, even in cases with higher CH4/CO 
ratio  used. It is expected that this prelimainary body of work will encourage more research into the 
use of specific nickel complexes and washing the asynthesised catalyst to generate strongly attached, 
ultrafine nickel particles on catalyst support materials which was shown to promote coke resistant 
nickel based catalysts in dry reforming of methane reactions.   
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