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Abstract 

The structure of catalyst containing Ni nanoparticles (NPs) supported over carbon nanofibers/few 

layer graphene (CNFs/FLG) was tailored via modification of chemical vapor deposition parameters in 

view of methanation of CO2 under induction heating mode (IH). High edges-to- graphitic plane ratio 

in the support achieved due to the specific herringbone morphology of CNFs allowed to get high CO2 

conversion of 85% at relatively low temperature (360°C) at very low Ni loading of only 10%. A 

design of catalyst included also the use of FLG known for high temperature conductivity and by 

occasion serving as a support to grow CNFs. The performances of certain catalysts are also tested 

under “standard” Joule heating in order to check the role of the magnetic and conductive carbon 

support. The morphology, chemical composition and SAR measurements of the catalysts and carbon 

supports themselves are addressed and their structure-catalytic performances are discussed. 
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1. Introduction 

Recent years have seen huge spike in the global emissions of carbon dioxide (CO2) reaching the 

values of 36.57 billion metric tons [1]. Rapid increase in the population has paved pathways for 

unprecedented demands in various sectors causing various global climatic changes. Industrialisation 

has aided in furthering the emission of CO2 gases by forming a majority share of 30%. Mitigation of 

such issues is of prime importance in order to have sustainable development of the society. This 



brings us to the two-faceted solution at hand to not only immediately help reduce the CO2 content in 

the atmosphere but also to convert it into a form which can be utilised as renewable energy. Catalytic 

hydrogenation of CO2 to form methane (CH4) has spurred an interest among researchers worldwide 

advocating the power-to-gas technology [2–6], as it can used for chemical energy storage as well as 

directly pumped into the existing gas lines without major modifications. Further, it has recently been 

viewed as a plausible candidate for space applications [6]. The catalytic hydrogenation is based on the 

Sabatier reaction,                                      , which requires 4 moles of 

hydrogen which can be obtained from renewable sources, such as converting excess electricity to 

hydrogen from catalytic water splitting and biomass gasification [7–9]. 

Metal-metal oxides (M-MxOy) based systems have been inherently utilised to tackle the issue 

of methanation of CO2 because of their superior mechanical performance and high stability. The most 

common active metals being Ni [10–17], Fe [18–20], Co [21–24] whereas the most common metal 

oxides supports are Al2O3 [12–14,21,24–27], SiO2 [28–30], ZrO2 [10,31–33], CeO2 [11,26,34–36] etc. 

Some noble metals like Ru [25,37–40] and Rh [41–43] provide better activity but are costly and 

susceptible to deactivation. The primary disadvantage of such systems is the ease of sintering of the 

metal nanoparticles (NPs) across the metal oxide supports because of lack of intrinsic M-MxOy 

interactions. Muroyama et. al.  have reported the order of influence M-MxOy interactions according to 

the CH4 yield at 250
o
C as Ni/Y2O3 > Ni/Sm2O3 > Ni/ZrO2 > Ni/CeO2 > Ni/Al2O3 > Ni/La2O3 [44]. It 

is regularly reported to be utilised in oxide based supports as they provide structural support necessary 

for high efficiency and recyclability, but is not ideal due to structural issues such as formation of 

spinel structures during calcination of Al2O3 supports [45]. Recently, Ni has also been used along with 

promoters like Co [21], La [46] and Mn [47,48] to obtain CO2 conversions of 65-82% with selectivity 

ranging from 84-99 %. The (111) facet of Ni has proved to be beneficial for CO2 methanation over 

metal-organic framework substrates [49]. But, few studies have been carried out to utilise metal-non-

metal oxide(Mx-NMy) based catalysts for CO2 hydrogenation, and even lesser reports involve carbon 

based nanomaterials for such reactions. 

Carbon nanomaterials  like nanotubes, nanofibers, graphene oxide and few-layer-graphene 

have been known to have unique properties which have shown promising results in the field of 

catalysis for energy applications [50]. The most common carbon structures studied for catalytic 

methanation of CO2 have been carbon nanotubes [48,51] which provide the idea that there is still 

room for further investigations involving graphene and its derivatives. Graphene based derivatives 

needs to be studied as they can provide unique charge-transfer and heat transfer characteristics which 

can accelerate the catalytic processes. The -electron charges clouding the basal plane of graphene 

makes it viable for anchoring of functional groups that can interact with excess electrons present on 

the oxygen atom of the CO2 species which in turn acts as a self-promoting substrate. The extended -

orbital of graphene planes favour its interaction with the d-orbitals of metal-support atoms increasing 



their stability [52], while the defects and edges are known to be good sites for attachment and 

stabilisation of metallic species [53,54]. Graphene has been used as photocatalyst with Ni dopants for 

CO2 reduction but lacks high quantum yield [55].It has also been studied for gas-phase methanation 

reactions. Ana et. al. have reported a directly proportional relationship between conversion rate and 

temperature using MoS2 platelets along with FLG [52], but substantial conversion of CO2 for this 

system arrives at a temperature of around 600
o
C which is pretty high in comparison to M-MxOy 

systems. Feiyang et. al. have recently demonstrated that Ni/RGO support alone is not a suitable 

candidate and needs Ce as promoter to achieve a conversion greater than 80% [56]. In the family of 

carbon supported Ni NPs, the best performance of methanation without additional promoter has been 

obtained for Ni/N-CNT showing 81% conversion at 360
o
C with a selectivity of 98% [51], while the 

reaction mechanism has been rarely discussed. 

The heating conditions required to carry out methanation have recently been of interest as 

many studies tend towards using cleaner methods where highly disperse temperature ramp could be 

generated in few minutes contrary to the traditional Joule Heating method. Research driven towards 

Induction Heating (IH) has been gaining momentum recently pertaining to its favourable 

characteristics which allows for a precise, cost-effective and repeatable high temperature ramp and 

cool down within a few minutes [57,58]. The laser pyrometer guided real-time temperature control of 

reactor beds for such IH setups makes it a promising candidate for future applications  in 

heterogenous catalysis where isothermal conditions and instant temperature ramps are considered 

essential. It has been already put into use for methanation of CO2 [59], but the type of catalyst and 

substrate used has been restrictive in terms of need for additional promoter and efficiency. Wang et. 

al. have initially used this technique to achieve 71% conversion at 320
o
C with a carbon felt support 

[60]. Recently, they have reported use of a composite having high Ni loading (~ 40%) on an alumina 

support which has been able to provide a low temperature methanation [61].There are several avenues 

concerning the design of catalyst and its integration to magnetically induced setup that can be 

improved. Graphene having its unique heat transfer properties becomes a suitable candidate for using 

such inductive heating based method [62]. FLG is advantageous considering the fact that it has 

properties similar to graphene while crediting itself as a good substitute for substrate for magnetic 

induced heating setups. It can help avoid formation of hotspots thereby increasing the lifecycle of 

catalyst and its methanation efficiency. 

Herein, we demonstrate the use of carbon nanofibers covered few-layer-graphene as a suitable 

new hybrid support of Ni NPs for CO2 methanation via inductive-heating process. The grown 

“herringbone” type CNFs having large number of active edges sites provide enhanced stabilisation of 

Ni NPs to achieve high NPs’ dispersion, while the presence of FLG enhances thermal conductivity 

[63]. Additional acid treatment of the support is applied to increase the CNFs edges activity. The 

impact of the growth parameters of CNFs on their morphology and distribution on FLG followed by 

their consequent effect on the NPs dispersion and methanation has been investigated. Ni has a double 



facetted role in the composite by contributing to the heating via induction process as well as acting as 

active site for methanation. 

2. Experimental Section 

2.1 Synthesis of Carbon Nanofibers on FLG 

Expanded Graphite (EG) was purchased from Carbon Lorraine company, Bovine Serum Albumin(A) 

was purchased from Sigma Aldrich. Ni(NO3)2.6H2O and Ni(acac)2 was obtained from Sigma Aldrich. 

Gases used for growth of CNFs was obtained from Air Liquide. The synthesis was carried out as 

shown in Erreur ! Source du renvoi introuvable.. The FLG was obtained similar to the previously 

reported work from the lab [63] with some modifications wherein EG is used in huge excess 

compared to the hHLB precursor. A typical synthesis involves dissolving about 600 mg of BSA (10% 

w/w of EG) in 500 ml ultra-pure water for 10 minutes followed by step-wise addition of 6gm of EG 

making sure it is properly wet and not coming out of the reaction beaker. Then the beaker is moved 

onto the stirring plus top-sonication setup which exfoliates the EG to FLG for about 2 hours at an 

amplitude of 25% power for the sonicator (BRANSON Sonifier 550) and stirring speed of 500-600 

rpm.  The solution was then centrifuged to remove major water content and obtain a paste like 

consistency of the FLG/hHLB mixture.  

The product obtained was then mixed with 2% Ni from Ni(acac)2 precursor in an autoclave  

with 300ml EtOH:H2O mixture of ratio 1:2. The sealed autoclave was subjected to 180
o
C for 24 

hours. The autoclave was cooled down under tap water followed by retrieval of product. The product 

obtained  was washed 3 times in water followed by oven drying. After overnight drying, it was 

calcined at 400
o
C for 3 hours.  

This 2% Ni-FLG composite was used for growth of carbon nanofibers (CNFs) by Chemical 

Vapour Deposition (CVD) process at 3 different temperatures, giving rise to FC-XXX samples where 

XXX is 700
o
C/ 800

o
C/ 900

o
C depending on the growth temperature. Initially, the composite was 

heated under Argon till 400
o
C. The hydrogen was the introduced with simultaneous argon cut-off. 

The oven remained at 400
o
C for 2 h to obtain maximum reduced Ni NPs which will be the active sites 

for CNF growth. After reduction, the temperature was increased up to the 3 different temperatures 

mentioned earlier by changing back to Ar atmosphere. At the target temperature, CNF was grown for 

2 h under 1:1 mixture of ethane and hydrogen flowing at a combined rate of 65 ml min
-1

. After the 

growth time, the reaction mixture was replaced with Ar and the reactor was cooled to room 

temperature. 



 

Scheme 1 Representation of synthesis procedure for FC-XXX-YYNi samples 

2.2 Preparation of Final Catalyst 

After the growth of CNFs, the product recovered was treated with nitric acid (35%) at 800
o
C for 24 h 

under reflux conditions for complete removal of Ni used for growth as shown in Erreur ! Source du 

renvoi introuvable.. The composite was washed multiple times with ultrapure water till the litmus 

gave a neutral pH. Then it was dried overnight following which Ni was introduced with different mass 

loadings of 10%, 20%, 40% compared to FLG-CNF weight giving rise to the FC-XXX-YY-Ni coding 

of the samples with ‘YY’ representing the percentage of mass loading. A Ni ethanol solution from 

(NiNO3)2.6H20 was added via wetness impregnation followed by overnight oven drying at 110
o
C. 

Next, it was calcined at 250
o
C for 2 h to get rid of all excessive moisture. Lastly, the sample was 

reduced at 350
o
C for 2 h under hydrogen before use in reactor. Such treatment should ensure 

decomposition and reduction of supported Ni [64,65].Thus, the catalyst was ready for further analysis 

and prior to the tests they were re-reduced/stabilized at 350°C for 0.5-1h. 

2.3 Characterisation 

Scanning electron microscopy (SEM), Scanning transmission electron microscopy (STEM) and High-

angle annular dark-field (HAADF) was conducted on a ZEISS Gemini SEM 500 microscope with a 

resolution of 5 nm. For each measurement, samples were dispersed in ethanol for a few minutes and 

were drop-casted onto copper grids. Transmission Electron Microscopy (TEM) was carried out on a 

JEOL 2100 F microscope working at 200 kV voltage with a point-to-point resolution of 0.2 nm. For 

TEM also, samples were previously dispersed in ethanol using ultrasonication (for few minutes) till a 

homogeneous dispersion is obtained and the resulting solution was drop-casted on a copper grid 

covered with a holey carbon membrane. Thermal gravimetric analysis (TGA) analysis was carried out 

in the 30-850 °C temperature range (heating rate of 5 °C min
-1

) using a TGA Q5000 instrument 

operating under an air flow (25 mL min
-1

). The Brunauer-Emmett-Teller (BET) specific surface areas 



(SSA) and porosity were calculated from N2 physisorption isotherms recorded at 77 K on an ASAP 

2020 Micromeritics® instrument. Pore size distribution was determined by Barrett‐Joyner‐Halenda 

(BJH) method. XPS analyses were performed with a MULTILAB 2000 (THERMO) spectrometer 

equipped with Al K anode (hν = 1486.6 eV). For deconvolution of spectra, the CASA XPS program 

with a Gaussian-Lorentzian mix function and Shirley background subtraction was employed. Powder 

X‐ray Diffraction (PXRD) measurements were carried out on a Bruker D‐8 Advance diffractometer 

equipped with a Vantec detector (Cu Kα radiation) working at 40 kV and 40 mA. X‐ray 

diffractograms were recorded in the 10-80° 2θ region at room temperature in air.  

CO2-temperature programmed desorption (TPD) experiments were performed on a mass 

spectrometer (MS). Prior to CO2-TPD, 50 mg of catalyst was in situ reduced by H2 flow (30 mL min
-

1
) at 350 °C for 1 h. Then, the sample was cooled to room temperature with Ar and saturated by CO2. 

After flushing with Ar for 1 h, the sample was heated to 600 °C by ramping at 5 °C min
-1

 in Ar flow. 

The detected signals for CO2 was m/z = 44. 

Temperature-programmed surface reaction (TPSR) experiment was carried out on a mass 

spectrometer using Ar as the carrier gas. The main detected signals for each gas were m/z = 44 (CO2), 

2 (H2), 28 (CO), 16 (CH4), and 40 (Ar). The flow rate was corrected to be 40, 4, and 1 mL min
-1

 for 

Ar, H2, and CO2, respectively. Prior to the experiment, the catalyst was reduced by H2 at 350 °C for 1 

h. The temperature was cooled down to 150 °C and maintained for 1 h until the baseline was stable. 

The reaction mixture was introduced into the reactor and the evolution of gases were monitored until 

the temperature increased to 450 °C at a rate of 5 °C min
-1

.  

2.4 Inductive Heating (IH) Setup 

The induction heating setup (EasyHeat 8310, 10 kW, Ambrell Ltd) is made up of a spiral 

6‐turn induction coil (length =1.05 m, pure coil resistance = 2.066×10−3 Ω), cooled by means of an 

external chiller with recirculated water/glycerol (10 %) mixture. The sample was initially placed 

inside a quartz reactor fabricated specifically considering the internal diameter of the coil. In a typical 

experiment, the quartz reactor was first placed inside the induction heater coils such that the catalyst 

held by quartz wool is placed midway of the induction coil. The temperature was controlled in 

real‐time by a PID system (Proportional Integral Derivative controller, Eurotherm model 3504) 

connected to a laser pyrometer (Optris, ∅ laser beam: ≈500 μm, power <1mW, located at ≈30 cm 

from the catalyst) directed to the catalyst bed and working in the 150-1000 °C range (accuracy ±1 °C). 

The temperature ramp rate allowed for the system is 50-70 °C min
-1

 in the 250-450 °C temperature 

range. 

 CO2 methanation reaction was carried out at atmospheric pressure in a fixed bed quartz 

tubular reactor [Øinternal = 12 mm, length = 400 mm] loaded with 200 mg of FLG-CNF/Ni catalyst over 

quartz wool. The reactants and products for IH heating setup were analysed online by a CP‐3800 gas 

chromatograph (GC) equipped with a thermal conductivity detector (TCD) and a flame ionization 



(FID) detector. All reactor exit lines were maintained at 110 °C by external heating tapes so as to 

avoid condensation of residual water in the gaseous feedstock to the GC. Prior to the tests the samples 

were stabilized under H2 for 0.5 h at 350°C. 

2.5 Joule Heating Setup 

Carbon dioxide methanation was conducted at atmospheric pressure in a fixed-bed down-flow reactor 

at 350°C. A thermocouple was inserted in the furnace to measure the pre-treatment and reaction 

temperatures in-situ. The reactor was heated in a tubular furnace monitored by a temperature 

controller. 

The flow of reactants was regulated by calibrated mass flow controllers (Brooks). H2 and CO2 were 

mixed at a stoichiometric H2:CO2 ratio of 4:1 and N2 was added as an internal standard. The total flow 

rate was set to 55 mL min
-1

 with catalyst charged (for e.g. 30 mg of FLG/C catalyst diluted with 300 

mg of SiC) into the quartz tube reactor [Øinternal = 6.5 mm, length = 300 mm] corresponding to a gas 

hourly space velocity of around 60 000 h
-1

/ 180 000 h
-1

. The feed and products were analysed on-line 

by a micro gas chromatograph (INFICON-3000 Series Micro GC equipped with MS5A and PPQ 

columns). Prior to the tests the samples were stabilized under H2 for 1 h at 350°C. 

 

2.6 Catalytic Test Measurements 

CO2 conversion (    
  and CH4 selectivity (    

  were calculated according to the following 

equations: 

    
    

                          

           
      

    
    

              

                          
      

where,             &               represent the flow of CO2 in the inlet and outlet respectively. 

Further,               refers to the flow of CH4 obtained in the outlet.  

2.7 Magnetic Hyperthermia and SAR Measurements 

The SAR (W/g magnetic nanomaterial) were measured by using a calorimetric method with a DM 

100 magnetic hyperthermia setup (applicator and controller, Nanoscale Biomagnetics™, nB) under 

the MaNIaC software. Vials adapted for SAR measurements were filled with 1.0 mL of each sample 

dispersed in toluene at 50 mg ml
-1

 by sonication and then were submitted to alternating magnetic field 

at 796 kHz and 200 G (15.9 kA m
-1

). The temperature change was recorded for 150 s. A second order 

polynomial function allowed to fit the temperature profile and to determine [dT/dt]t = 0 as described by 

Perigo et al.  [66] and in previous works [67,68] to  evaluate the SAR value by using the following 

equation: 



         
  

     
   

  

  
 
   

 

where ms and Cs are respectively the mass (kg) and the heat capacity (J kg
-1

 K
-1

) of the 

sample, mNi/C (g) is the mass of FLG-CNF-Ni material element present in the sample and 

(dT/dt)t = 0 the derivative of the temperature at t = 0 (K s
−1

). 

3. Results & Discussion 

Seven different key samples containing FLG, CNFs and Ni NPs in different ratios were 

synthesised according to Erreur ! Source du renvoi introuvable.. The CNFs were grown at 700, 800 

and 900°C. The Ni loading was designed to be 10, 20 for all and additionally 40% for the carbon 

hybrid grown at 800°C. The catalysts have been denoted as FC-XXX-YY wherein XXX refers to the 

temperature of the growth of CNFs on FLG and YY refers to the percentage of Ni loading on the 

FLG-CNF composite. An additional remark of ‘F’ and ‘S’ is added to distinguish between fresh and 

spent catalyst correspondingly. Further, another set of samples without any loading recovered just 

after nitric acid treatment and washing are denoted as FC-XXX-NA (essentially the pure carbon 

supports before any metal loading).  



3.1 Morphological and Physico-chemical Characterisation 

 

 Figure 1 BF-STEM (1
st
 column), HAADF-STEM (2

nd
 column) and enlarged section(3

rd
 column) of FC-800-

10Ni(1st row), FC-800-20Ni (2nd row) and FC-800-40Ni (3rd row) respectively. 

In order to understand the suitability of CNFs grown on FLG as a suitable support for Ni 

based CO2 methanation in an inductive heating setup, the samples were characterised using SEM, 

TEM, TGA, XRD, N2- adsorption desorption. After synthesis, initially the samples were studied 

under the HR-SEM. Figure 1 shows the STEM images of the FC-800 samples with various Ni 

loadings in each row. According to the HR-SEM and TEM observations, CNFs with herringbone 

attributed morphology has been found to be formed over the FLG flakes (Figure SI 1.1  (a, b)). Such 

CNFs have higher number of accessible edges which facilitate attachment and stabilization of active 

metal species.  Multiple layers of graphene sheets forming FLG flakes tend to curl around each other 

with some wrinkles. The flakes seem to be tossed one above the other in a fashion that exposes their 

edges and partial surface every time. The Ni nanoparticles are mostly attached to the grown CNFs and 

edges of the FLG flakes (marked in blue in the images). Lesser amount has been found to be attached 

to the surface of the FLG sheets (Figure SI 1.1 (c, d, e)). There is a distinct rise in the size of Ni NPs 

and a gradual increase in agglomeration (marked in red in the images) of the same with the increase in 

amount of metal loading as can be seen from the high resolution images. A flattening of nanoparticles 



to platelet forms along with agglomeration was observed for FC-800-40Ni sample having a high Ni 

loading of 40% (Figure SI 1.2) which is characteristic of high metal loadings on FLG [69]. 

 

Figure 2 TEM images and Particle Size Distribution of FC-800-10Ni (a, b),C-800-20Ni (c, d), and FC-800-

40Ni (e,f).  

The samples were further studied with TEM microscopy in order to evaluate the particle size 

distribution as shown in Figure 2. The average particle size (obtained via Gaussian distribution of  

>100 NPs as sample set) for FC-800-10Ni was found to be ca. 8 nm, and that for the FC-800-20Ni 



and FC-800-40Ni was found to be ca. 10 nm. FC-800-10Ni sample has however most of the Ni NPs 

in the range of 5-10 nm whereas FC-800-20Ni has most of the NPs in the range of  8-13 nm. It is 

interesting to note that although FC-800-40Ni has an average particle size of Ni NPs of ca. 11nm, a 

larger amount of the particles are more than 13 nm with some even higher than 30 nm. Further 

investigations revealed that the Ni NPs on FC-800-40Ni tend to stabilize to a larger extent along the 

edges of the FLG flakes (Figure SI 1.3) forming Ni NPs distinctively bigger than those attached to 

CNFs edges. This proves that with increase in the Ni loading on the supports, the particle size also 

increases. The increased size is typically detrimental for methanation reaction because the conversion 

depends on the amount of accessible active sites. Further, in Figure 2 (a), a small amount of large 

particles can be seen which are mostly attached to the FLG edges as discussed earlier. It is noteworthy 

that with the increase in Ni loading, the particle size distribution sees not only a shift towards larger 

value, but also a more pronounced increase in the edge attachments can be seen as the population of 

NPs greater than 16 nm increases. 

Sample 
Amount of 

Ni (%) 
a
 

Size of Ni 

NPs 
b
 

Tmax –IH 

(
o
C) 

C/O ratio 
c
 

FC-800-10Ni-F 9 5-10 nm >420 20 

FC-800-20Ni-F 22 8-13 nm >420 17 

FC-800-40Ni-F 43 8-15 nm >420 11 

FC-700-10Ni-F 12 6-9 nm >420 21 

FC-700-20Ni-F 23 - 270 19 

FC-900-10Ni-F 10 6-10 nm >420 23 

FC-900-20Ni-F 21 - 320 22 

Table 1 List of samples with their chemical composition and  average particle size. *a- obtained from TGA; *b- 

Average diameter obtained from TEM analysis; *c- Obtained from XPS (have approximative character) 

Table 1 comprehensively identifies the chemical composition of the samples and average 

particle size of the Ni NPs present on the FLG-CNFs (FC) composite. TGA studies revealed that the 

actual Ni weight present in the catalyst after all treatments is not exactly equivalent but very close to 

the theoretical approximation used during the incipient wetness impregnation method. The TGA and 

DTG curves for the set of samples prepared at 800
o
C are presented in Figure SI 1.4, which reaffirms 

the fact that deposition of Ni in the FC-800-NA samples reduces their combustion temperature based 

on the type of carbon Ni is attached to. The two distinctly observed slopes arise from the two different 

types of carbon present in the composites. It can be considered that the CNFs are burnt faster than the 

graphene flakes since the amount of edges in CNFs which aid combustion is much higher than the 

C=C planes contrary to the large flakes of FLG. Further, composite localizations having higher 

amount of Ni  gives rise to higher presence of Ni oxides, thus confirming that CNFs will burn faster 

than FLG because of higher Ni attachments.  



An important aspect of the materials was understood by heating them under Argon in the IH 

setup. It was found that not all the samples can be heated to the reaction temperature in this set-up 

contrary to that in the Joule Heating setup. All the FC-800 derived samples were easy to heat to 420
o
C 

and beyond whereas the samples from FC-700 and FC-900 had issues with higher Ni loading. Both 

systems had good heating with a 10% Ni doping but failed to heat after a certain extent when loaded 

with 20% Ni owing to limitations of power supply. This is supposedly due to their differences in the 

interactions dominated by the structure of the supports and metal dispersions which is explained in 

detail later (3.7 Role of Support Structure).  

An insight into the elemental composition were obtained by XPS studies of the composites ( 

Table 1 and Table SI 1.1). The various types of carbon bonding were approximated based on the 

deconvolution of XPS C1s spectra. XPS being a local measurement and the samples being readily 

oxidised  render a close resemblance of C1s peaks and percentage of different kind of bondings for all 

samples. For this reason, the C/O ratios and the sp
2
 carbon values presented in the table have an 

approximative character. A deconvoluted C1s spectra shown in Figure SI 1.5 (a) indicates a typical 

carbon peak for graphene the materials with a large percentage of sp
2
 carbon. The two different types 

of carbon present in the sample makes it difficult for a proper estimation.  The Ni 2p spectra for all 

samples follow the same order as FC-800 samples shown in Figure SI 1.5 (b). The increase in Ni 

loading increases the intensity but the peak formation remains constant. 

 

Figure 3 XRD spectra of, (a) FC-800-YY, (b) FC-700-YY & FC-900-YY. 

The XRD patterns obtained for the composites were in agreement to that studied in literature 

[70,71]. The diffraction peaks at 2θ = 26.6°, 54.8° corresponded to carbon peaks arising from the 

FLG/C supports. In particular, characteristic FLG, metallic Ni and NiO peaks can be seen for all 

samples in Figure 3. The face centred cubic (fcc) Ni peaks were observed at 44.8
o
 (111), 52.2

o
 (200), 

and 76.8
o
 (220) (JCPDS card no.: 04-0850), whereas distinct NiO peaks were also visible at 43.2

o
 

(200) (JCPDS card no.: 44-1159) because of inherent oxidation reaction taking place when the 

samples were exposed to atmospheric air. The increase in the Ni content in FC-800-20Ni-F and FC-



800-40Ni-F is evident from the relative increase in height of the combined Ni and NiO peaks in 

comparison to the sharp FLG peaks for these samples. The sharp signal of metallic Ni in the FC-800-

40Ni-F is attributed to the fact that larger Ni loading causes an agglomeration of Ni nanoparticles 

thereby allowing a larger amount of metallic Ni remain unoxidized. This is also in tandem to the 

particle size obtained via TEM. The oxidized Ni phase is probably absent in the catalytic set-ups, 

where additional reduction/stabilization step at 350°C is applied prior to the methanation reaction. 

Since the investigation of reduction kinetics for Ni supported over nanocarbons are scarce in 

literature, we know that the reduction at 350°C of Ni supported on oxides such as Al2O3  allow to get 

metallic Ni active phase, while interfacial, stabilizing oxide layers do not take a part in the catalytic 

process [72]. 

 

Sample SBET [m
2 
g

-1
]

a
 Vp [cm

3 
g

-1
]

b
 dp [nm]

c
 

FC-800-AAC 37 0.12 13 

FC-800-NA 179 0.55 13.4 

FC-800-10Ni-F 172 0.42 11 

FC-800-20Ni-F 147 0.33 10 

FC-800-40Ni-F 107 0.25 10.4 

FC-900-10Ni-F 54 0.14 12 

FC-900-20Ni-F 48 0.14 10.3 

FC-700-10Ni-F 160 0.3 7.5 

FC-700-20Ni-F 128 0.25 7.4 

Table 2 Table showing surface  properties of various FC samples. *a- Specific surface areas calculated from 

the BET equation, *b- Mesopore volumes obtained from the BJH desorption calculation method, *c- Average 

pore width from the BJH desorption calculation method. 

BET surface area measurements (as shown in Table 2) reveal that the growth of nanofibers 

improves the surface area of the FLG  composites largely. The multi-fold increase in surface area 

from 37 m
2
 g

-1
 of FC-800-AAC (sample after auto clave) to 179 m

2
 g

-1
 FC-800-NA (after growth of 

CNFs followed by nitric acid treatment) indicates that the introduction of CNFs onto the FLG flakes 

enhances its surface area and porosity. Such low surface area of the FC-800-AAC sample is also be 

attributed to the interlayer - restacking increased during the long degassing process before the 

chemisorption studies and also due to inherent tendency of FLG flakes of 7-9 layers. All the samples 

tend to follow Type IV isotherms with a one-step capillary condensation typical of Ni supported 

composites (Figure SI 1.6) [73]. The increase in metal loading leads to a decrease in porosity 

(especially mesopores of c.a. 30-35nm) which is indicative of the pore blocking effect caused by the 



Ni NPs. The size and amount of CNFs grown on the FLG seem to have a dominating effect on the 

SBET as composites with same Ni loading tend to have distinctly different surface areas. SBET clearly 

decreases with increase in % of Ni loading in the samples. Likewise, the SBET also decreases with 

increase in diameter of CNFs. 

3.2 CO2-TPD Measurements 

The basicity and CO2 adsorption capacity of FLG-CNFs samples were studied according to their CO2-

TPD profiles as shown in Figure 4. For all catalysts, no physisorbed and weaker chemisorbed CO2 

basic sites were observed as no desorption occurred below 300
o
C. Most of them indicated presence of 

moderate basic sites indicated by the peaks in between 380-470
o
C. The FC-800 samples desorb at a 

lesser temperature compared to FC-700 and FC-900 samples which makes it a better candidate for 

CO2 methanation. The CO2 desorption curves for the support sample (FC-900-NA) presented in 

Figure SI 1.7 suggests that both support has minor contribution in CO2 adsorption for formation of 

reaction intermediate which results in methanation. Thus metal NPs are the most active sites for such 

catalysts. 

 

Figure 4 CO2-TPD profiles of FLG-CNFs composites. 

3.3 Catalytic Activity  

The performances of the catalysts were measured at 280-420
o
C temperature range by quantifying the 

CO2 conversion (    
) and CH4 selectivity (    

  as can be seen from Figure 5. It must be noted that, 

in all the cases, CO was not detected by the GC-MS at all temperatures. For all the samples, the FLG-

CNFs support synthesized at different temperatures were first heated under regular reaction conditions 

in the induction heating setup without any Ni loading in order to confirm the negligible/null activity 

of the carbon support in absence of Ni. This ensured that all of the conversion obtained after loading 

arises due to the metal NPs. As a general trend, it can be noticed that the rate of     
 increased with 

increasing temperature till 360
o
C for most samples indicating that the reaction is under 



thermodynamic control in this regime optimising for stable product [74,75]. This effect is more 

pronounced for the FC-800 samples whereas the maximum     
 for FC-700-10Ni and FC-900-10Ni 

samples were observed at 400
o
C and 340

o
C respectively. As the loading is similar to that of FC-800-

10Ni, it is imperative that such shift in conversion arises from the structural incoherencies of the 

samples. 

 

Figure 5 Conversion and Selectivity of CO2 and CH4 respectively on FC samples. 

Comparing the conversion at the lowest feasible temperature under GHSV of 30,000 ml gcat
-1 

h
-1

 

constituting of pure reaction gas mixtures only without any adulteration of inert gas, FC-800-10Ni-F 

seems to be significantly superior with an 85% CO2 conversion and 99.6% CH4 selectivity at 360
o
C. 

This proves that FLG as a support having a very good thermal conductivity is able to avoid formation 

of local heat gradients which is common in methanation reactions even at low GHSV with inert gas 

mixtures [76]. The decrease in gradient of both     
and     

after these temperatures is common for 

methanation with such carbon based supports [51,60] and can be attributed to the occurrence of 

overpowering parallel reactions like water-gas shift reaction, reverse water-gas shift reaction or steam 

reforming reaction [77] which are favoured at higher temperatures. Water gas shift reaction causes 

decrease in     
 whereas both reverse water-gas shift reaction and steam reforming reaction cause 

decrease in     
. It is noteworthy that with such FC support materials,     

decreases with the 

increase in Ni loading which can be attributed to the increase in the Ni NPs size. The increase in the 

particle size reduces the effective active surface area of the catalyst for reaction to occur. The FC-700 

and FC-900 samples on the other hand showed reasonable amount of     
 with 10% Ni loading but 

faced issues via inductive heating when the loading was increased to 20%. As discussed earlier, we 

claim that this is because of the agglomeration of Ni NPs on CNF and FLG and their modified 

interaction with the FLG-CNF support structure causing anisotropic heat conduction and thereby 

limiting the temperature the sample can obtain for the same applied power. 



3.4 Effect of Reaction Gas Ratio and GHSV 

In order to better understand the     
 capabilities of the best sample identified earlier, i.e. FC-800-

10Ni, tests were carried out under various conditions mimicking the idea of dynamic nature in 

upscaled industrial plants. The     
 and     

was measured in a reaction mixture having a 

stochiometric excess of hydrogen which makes it more favourable for methanation. An increase in H2 

indeed resulted an increase in     
 up to a maximum of 96.8% with an     

 of 99.8% as shown in 

Figure 6 (a). All the tests with various H2 to CO2 ratios and different temperatures were carried out 

on the same sample with changing temperature and gas inflow as and when required. Such rapid 

change of heat is possible only in case of an inductive heating setup where temperature gradient can 

be neutralised at an approximate rate of  more than 150
o
C min

-1
. The adaptability of the FC-800-10Ni 

catalyst to such dynamic stat/stop cycles with changing gas mixture and temperature, providing 

similar     
at the end indicates the stability of such composite material to adverse conditions. This 

also confirms that FLG as a support having a very good thermal conductivity can be used in stress 

conditions without formation of local heat gradients and can provide a better CH4 output when 

hydrogen is provided in stochiometric excess. 

 

Figure 6 FC-800-10Ni sample under, (a) different reaction mixture ratio and temperature, (b) under different 

GHSV (blue dot- conversion, red dot- selectivity for the same sampling). 

 The validation of the catalyst stability to adverse conditions were further done by subjecting 

the FC-800-10Ni sample to gas flows having twice the GHSV or by reducing the mass of catalyst 

used initially. To make up for the high GHSV, equal amounts of reaction mixture and an inert gas like 

He was used as shown in Figure 6 (b).  It was found that     
decreased by 3% and 8% for 60,000 ml 

gcat
-1 

h
-1

 and 120,000 ml gcat
-1 

h
-1

 GHSV respectively. A lesser loss in     
 was observed though for the 

same experiment with the lowest being ~95% for GHSV of 120,000 ml gcat
-1 

h
-1

. This further reassured 

the fact that a four times increase in GHSV does not decrease the efficiency of the catalyst to a larger 

extent. 



3.5 Comparison with Joule Heating 

The benefits of using an Inductive heating (IH) setup was understood by carrying out the same 

reaction in a conventional Joule heating (JH) setup. Figure 7 shows the results of CO2 methanation 

carried out with FC-800-10Ni catalyst under IH and JH setups at 60,000 ml gcat
-1 

h
-1 

(108,000 h
-1

) and 

60,000 h
-1

 (33,333 ml gcat
-1 

h
-1

) GHSV respectively with a gas ratio maintained as CO2: H2: Inert gas 

(He/Ar) = 1: 4: 5. The test under JH was carried out up to 440
o
C where     

 achieved only 70%. It 

can be clearly seen from the two curves that the reaction takes off at a higher temperature in a JH 

setup compared to an IH setup. For example, a     
 of 61% and     

of 98% can be achieved at 

340
o
C in an IH (Figure 7 (a)) whereas similar results under a JH setup requires temperature as high as 

400
o
C (Figure 7 (b))The difference of 60

o
C for such conversion which prolongates further with 

increasing conversion proves the fact that IH is indeed a better approach for heating compared to JH 

for methanation reactions with samples at low metal NPs loading. This has a great industrial 

advantage as it has been already proven that a large amount energy for such reaction is used to heat 

the reaction unit rather than the catalyst itself [78]. Thus, IH not only facilitates tuning of the 

temperature and direct heating of catalyst but it also prevents loss of heat via convection and 

conduction from the reactor tube observed in case of JH. Further, the reduction temperature of the 

composite was also verified in order to make sure additional methane formation from the composite 

itself is not observed. Reduction at temperature of 450
o
C and beyond showed very minute but some C 

peaks on the micro-GC indicating decomposition of the composite which confirmed that 300-400
o
C 

working range is indeed most suitable for such composites. 

 

Figure 7 FC-800-10Ni CO2 methanation under, (a) Inductive Heating at 60,000 ml gcat
-1 

h
-1 

GHSV and, (b) 

Joule Heating at 60,000 h
-1 

GHSV. 

Temperature Programmed Surface Reaction (TPSR) studies being carried out in a manner 

analogous to the JH setup heats the entire sample chamber and sample as a whole and provides 

qualitative information concerning decomposition and formation of gas species as shown in Figure 8. 

TPSR studies revealed an interesting observation concerning the heating of the samples in two 



different setups. It shows that JH is indeed helpful in case of samples like FC-700-20Ni and FC-900-

20Ni which when tried in the IH setup could not be heated beyond a certain temperature owing to the 

limitations of the heating equipment which in turn depends on the structural properties and Ni NPs 

dispersion of the given composite. According to the TPSR analysis, the FC-700-20Ni-F catalyst 

seemed to be active and worthy for study in an IH setup. FC-700-20Ni under JH conditions showed a 

conversion of 67% at 440
o
C with almost 100% selectivity at a GHSV of 180,000 h

-1 
which increases 

to a value of 73% when GHSV is decreased to 60,000 h
-1

.  

 

Figure 8 TPSR studies of some FLG-CNF samples. 

3.6  Stability Tests 

 

Figure 9 (a) Thermodynamic stability under IH and, (b) kinetic stability under JH for methanation with FC-

800-10Ni sample. 

A catalyst cannot be proposed for upscaling for industrial applications if the conversion is 

temporary or easily deactivated. In order to verify this, FC-800-10Ni sample was subjected to long 



term stability tests under different conditions. Initially it was tested under the IH setup at 30,000 ml 

gcat
-1 

h
-1 

GHSV under only H2 and CO2 gas mixture in stochiometric ratios. After a test for 100 h as 

shown in Figure 9 (a), it was found that the conversion has decreased by 4% with the selectivity 

remaining almost the same. This confirmed that the catalyst is able to perform the conversion in the 

desired form for a larger timeframe without any significant deactivation by processes like coke 

formation on active sites, sintering of metal nanoparticle or metal leaching. Sintering of Ni NPs due to 

formation of local temperature gradients in conventional setups has been confirmed by works of  

Wang [51] and Olesen [79]. Similarly, Salvatore et. al. have identified the formation of coke during 

methanation over Ni NPs is partially support dependent where-in the interaction of the Ni NPs with 

the support material govern their reactivity towards coke formation [80].  

 A similar test was carried out in the JH setup at 180000 h
-1

 GHSV (Figure 9 (b)) contrary to 

the previous measurements at 60,000 h
-1

 GHSV so as to better understand the kinetic product 

formation under more adverse conditions. A temperature of 360
o
C was chosen so as to avoid the 

thermodynamic equilibrium states where the majority product is methane. This test proved not only 

that the catalyst is stable in the JH setup for about 75h with a slight decrease of 5-6% in conversion 

but also proved that the selectivity stays high. It also confirmed that even at low conversion there was 

no CO product formation. We can find in literature that the lower selectivity observed in the IH setup 

can be attributed to the formation of other hydrocarbons at lower temperatures that are more 

kinetically favorable [81]. 

 

Figure 10 Particle size distribution (a),and TEM micrographs ( b, c) of FC-800-10Ni catalyst after stability test. 

A particle size analysis of the sample (Figure 10 (a)) retrieved after stability tests by TEM 

microscopy revealed that the  majority of Ni NPs stay in the particle size range of 6-8 nm (Figure 10 

(b)) similar to the ones before  the test. Some of the particles in the image are larger than the rest 

which are mostly connected to the edges of the FLG flakes which has been a pronounced effect in all 

the samples. A strong interaction between the CNFs and the Ni NPs observed in Figure 10 (c) 

accounts for the high dispersity and avoidance of agglomeration after withstanding stability tests for 

100 h. XPS surface analysis of the spent catalyst (Figure SI 1.8) further confirms absence of Ni-

carbide species. Also, according to the TEM analysis, the formation of coke is null or negligible. 



The potential methanation of the carbon support was also checked with FC-800-10Ni via the test 

without CO2 injection. We could observed a first very weak signature of CH4 formation at 420°C, 

which is  above the operating temperature regime of CO2 methanation of our system.  

3.7 Role of Support Structure 

The current study deals with three unique batches of materials which were prepared to identify the 

best balance between FLG and CNF deposits which can be next doped with nickel for efficient CO2 

methanation.  The herringbone shaped CNFs forming in a stacked manner parallel to the FLG surface 

confirms the flat morphology of the Ni NPs during growth. It can be noted that initially FC 

composites were prepared at three different temperatures to which multiple loading of Ni were done 

to understand the influence of CNF growth temperature on the dispersion and stability of active sites. 

The thermal conductivity of the FLG support is very essential for such inductive-heating setups which 

in-turn depends on the crystal anharmonicity of the FLG lattice and defect scattering between the 

layers [82]. It has been found that the thermal conductivity of FLG decreases with the increase in the 

number of layers, thereby traversing towards bulk graphite limit [83]. 

 

Figure 11 SEM images of FC-700(a,d), FC-800 (b,e), and FC-900 (c,f) samples indicating the CNFs 

distribution and diameter. 

The FC-700 and FC-900 samples indeed have smaller surface area due to higher CNFs diameter 

compared to the 800°C sample. The improved surface area also confirms the avoidance of major re-

stacking of FLG flakes. As seen in Figure 11, it is apparent that the thinnest CNFs are obtained at 

800
o
C with a width less than 25 nm which is in tandem to its larger surface area in comparison to the 

samples prepared at 700
o
C and 900

o
C. The FC composites at 700

o
C have CNFs ranging from 30-

50nm in diameter whereas the composites prepared at 900
o
C have CNFs ranging from 60-100nm. 



With the multi-fold increase in the thickness of CNFs at 900
o
C it forms lesser amount of fibres in 

comparison to FC-800 and FC-700 samples where a large dispersed fibre cover is visible on the FLG 

flakes. This in-turn neutralizes the efficiency of the composite because the surface areas decreases 

(despite higher CNFs weight compared to those grown at 700
o
C and 800

o
C ) as well as makes 

favourable pathway for deposition of Ni on FLG flakes after CNFs edge saturation. 

 

 

Sample 
Amount of CNF(%) Diameter of 

CNF 
b
 (nm) 

Tmax –

IH (
o
C) 

C/O 

ratio
c
 

% of sp
2
 

carbon
c
 Weight TGA

a
 

FC-700-NA 25 33 33-45 344 31 71 

FC-800-NA 32 38 18-23 331 27 72 

FC-900-NA 47 53 85-95 324 29 70 

Table 3 Properties of FLG-CNF support materials. *a- obtained from TGA; *b- Average diameter obtained 

from SEM analysis; *c- Obtained from XPS (have approximative character) 

 Additionally, as mentioned earlier, higher Ni loading makes larger aggregates causing 

inhomogeneous heating distribution. The heating limits for each support under IH setup is listed in 

Table 3. All support materials are able to heat and the similar temperature values could be detected 

with a difference of 10°C which is related probably to slightly different morphology, i.e. diameter of 

CNFs and consequently variable edges to plane ratio. The support materials have very close C/O ratio 

but still the lowest one is measured for FC-800-NA and the same tendency is confirmed in the 

composites with Ni, i.e. the amount of O increases with decrease of CNF diameter confirming higher 

oxygen sensitive edge content. Comparing FC-800-NA and FC-700-NA of similar weight, it can be 

seen that the ratio of edge-to-surface is higher in FC-800-NA attributed to lower diameter of CNFs in 

this sample, also confirmed by SBET (CNFs can be longer or higher in quantity). The optimum 

temperature of 800°C for the growth of CNFs over Ni NPs during the CVD process is probably a 

result of balance between lower coalescence of Ni NPs catalyst compared to 900°C and higher 

growing rate compared to 700°C. Since a direct effect of FLG-CNFs morphology on the heating 

capacity is very low, the IH heating in the composites with Ni is influenced by interactions of the 

support with Ni NPs and their morphology, distribution and amount of loading. 

 A study into the magnetic properties of the samples also confirmed that introduction of the Ni 

magnetic NPs onto the FLG-CNF composites increases its specific absorption rate (SAR, measured in 

toluene) with the FC-800 samples showing the maximum for a 10% loaded Ni sample (Figure SI 1.9, 

see temperature profiles). FC-800-10Ni indicates a SAR value of 8.16 W g
-1

 (Table SI 1.2) which is 

distinctively more than all FC samples grown at various temperatures with 20% of Ni loading. 



4. Conclusion 

A series of catalysts with varying diameter CNFs grown on FLG flakes subjected to impregnation 

with different loadings of Ni have been prepared. Further calcination and reduction steps rendered Ni 

NPs of diameter 6-8 nm or higher on the CNFs depending on the CNFs structure and size. Majority of 

the Ni NPs on FLG flakes were arranged along edges of carbon, i.e.  edges of CNFs and also edges of 

FLG, with enhanced 2D aspects. A larger Ni loading gave rise to flattening of Ni NPs as platelets 

which further formed clusters. The samples were studied for their reactivity towards CO2 methanation 

reaction in an Inductive heating setup which heats magnetically active catalyst. This mode of heating 

is found to be essentially beneficial in reducing the reaction temperature as well as to improving the 

efficiency. It also helps avoid the heat loss caused in reacting the entire reactor found in case of 

conventional Joule heating method. The CNFs grown at 800
o
C have shown the best reactivity with a 

loading of ~10% Nickel. The role of FLG-CNF support for methanation in IH Setup has been studied 

in detail which helps identify the key parameters for structure designing of supports. The 800
o
C 

grown CNFs had the lowest diameter in the range of 17-23 nm which allowed them for better 

dispersion of nanoparticles. The decrease in diameter goes with higher surface area and higher 

number of active sites (edges) to attach and stabilize NPs. More Ni NPs of lower dimension and 

higher dispersion is then obtained and thus higher efficiency. It was interesting to note that although 

FC-700-10 Ni and FC-700-20-Ni were prepared from the same batch of FLG-CNF composite, the 

20% Ni loading maxed out the heating equipment but could not rise to a temperature suitable for 

methanation. Similar was the case for the FC-900 samples, although a high loading for FC-800 

samples could be heated easily by the same setup. This indicates the fact that CNFs diameter beyond a 

certain limit when loaded with a larger amount Ni creates interaction and morphology which degrade 

its specific heat absorption capacities thereby making them unable to heat under same heating 

conditions. The reason for such behaviour can be studied further via magnetic properties analysis and 

specific absorption rate studies. Further, it was also proved that the Ni NPs dispersion on such 

supports stays stable for a long time in a thermodynamic regime and doesn’t produce CO as by-

product in a kinetic regime. To conclude, conversion of 85% with selectivity of 99.6%  at a 

temperature of 360
o
C was achieved for the FC-800-10Ni sample in an Inductive Heating setup. Above 

this temperature, the drop of conversion and selectivity suggest presence of parallel reactions. 
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