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Abstract
Mesoporous carbon spheres (CSs-H) were hydrothermally synthesised using sugar as carbon source. The as-synthesized 
CSs-H was microporous but after thermal treatment at 900 °C for 4 h it became mesoporous (surface area of 463 m2 g−1). 
Further treatment of the annealed CSs-H with  HNO3 gave a functionalized CSs-H with a high defect content in the carbon 
matrix which resulted in an increase in surface area (509 m2 g−1). The functionalized and un-functionalized CSs-H were 
used to support nano Ru particles for CO,  CO2 and selective CO methanation reactions. The Ru supported catalysts were 
prepared using both impregnation and microwave polyol synthesis methods. It was evident from the reduction studies that 
the functional groups on the surface of the CSs-H influenced the reduction of the  RuO2 to Ru. The catalyst with smaller and 
well dispersed  RuO2 particles (d = 2.7 nm) (prepared by the microwave polyol technique) gave a high activity in both CO and 
selective CO methanation studies. The larger Ru particles observed on the un-functionalized CSs-H showed poor activity for 
CO and selective CO methanation reactions and also did not promote the reverse water gas shift reaction.
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1 Introduction

Hydrogen is an alternative to fossil fuel for generating ther-
mal or electric energy and can be fed directly into fuel cells 
to generate electric power cleanly. Hydrogen is among the 
most abundant elements on earth and it is generally pro-
duced from catalytic reforming of hydrocarbons followed by 
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the water gas shift reaction (WGS). This secondary hydrogen 
production process (WGS) leaves the  H2 rich feed with ~ 1% 
carbon monoxide. The CO in this  H2 rich feed is regarded as 
a major setback because this concentration of the CO is high 
enough to poison the anode catalyst of a polymer electrolyte 
fuel cell (PEMFC). The anode is usually made of Pt or a Pt-
alloy and a maximum CO concentration that is permissible 
for use in fuel cells is 10 ppm for Pt electrodes and 50 ppm 
for Pt-alloy electrodes [1–3].

The preferential oxidation of CO in a  H2-rich gas (Eq. 1) 
has been the most effective approach to address this prob-
lem of the removal of CO [4–6]. However, there are some 
severe limitations that have generated interest in finding 
alternatives to this process. These limitations include the 
challenge of supplying the appropriate amount of oxygen 
(or air) needed from external sources into the PROX cham-
ber, designing a cooling system, and an oxygen (or air) and 
hydrogen-rich gas mixer component, all making the tech-
nique complicated and costly. The addition of oxygen (or air) 
gives rise to hydrogen dilution, which restricts the operation 
parameters of the PEMFCs further, hampering its applica-
tion in the transportation industry [2, 7–10]. The challenges 
experienced in the PROX reaction can be circumvented 
through the use of selective CO methanation (Eq. 2). Both 
reactants necessary for the methanation reaction (CO and 
 H2) are present in the reformate gas feed and the methane 
generated in the process is inert and can be utilized in the 
afterburner [7, 11, 12].

The methanation of  CO2 (Eq. 3) and the reverse water gas 
shift reaction [RWGS (Eq. 4)], which are undesired reac-
tions, can occur if the reaction conditions and the catalyst 
are not carefully chosen. Both of these reactions result in 
the consumption of large quantities of  H2. Efforts have thus 
been made to design a catalyst with high activity at suffi-
ciently low temperatures to overcome the  CO2 methanation 
and RWGS reactions.

The above reactions are all catalysed by a range of met-
als and these metals are supported to enhance their activity. 
Numerous studies have revealed that the nature of a support 
can alter the dispersion and the surface area of the catalyti-
cally active species. These studies have affirmed the crucial 
role played by a catalyst support material in immobilizing 
the active phase species against the loss of surface area via 
sintering which can influence the overall activity of the cata-
lyst [13–15].

(1)CO + (1∕2)O2 ↔ CO2; ΔH◦

298 = −284 kJ/mol

(2)CO + 3H2 ↔ CH4 + H2O ΔH◦

298 = −206 kJ/mol

(3)
CO2 + 4H2 ↔ CH4 + 2H2O ΔH◦

298 = −165 kJ/mol

(4)CO2 + H2 ↔ CO + H2O ΔH◦

298 = 41 kJ/mol

Recent studies have focused on exploring mesoporous 
materials as catalyst supports which stabilize the metal/
metal oxide species within the mesopores. This approach has 
been used to address the sintering of the active metal species 
[16]. To a large extent, the catalytic performance can be con-
nected to the effective loading of the metal species into the 
pore network of the mesopores. Mesoporous supports tend 
to provide easy accessibility to the dispersed active metal 
species [17]. High dispersions have been reported when 
nickel or noble metal nanoparticles are loaded into an alu-
minum oxide framework via in situ metal ion incorporation 
[1, 18–21]. The active centers tend to be isolated from each 
other and this enhances their catalyst sinter resistance [18].

Another approach to support metal particles for use in 
selective CO methanation is to use carbon supports. Selec-
tive CO methanation studies on carbon based supported cat-
alysts have focused on the use of carbon nanotubes (CNTs) 
and carbon nanofibers (CNFs) [22–30] with fewer studies 
reported on the use of carbon spheres (CSs). Similar proper-
ties might be expected when CNFs, CNTs or CSs are used as 
catalyst support materials. However, studies have revealed 
that typical synthesis methodologies to produce CNFs and 
CNTs do not remove all the catalyst used to make the car-
bons, even after acid treatment [31]. The exact effect of the 
residual catalyst on a catalyse reaction is difficult to quantify. 
CSs on the other hand are made without the use of a catalyst 
and so metal purification issues are not a problem. Different 
facile routes have been established to synthesize CSs, and 
these include the chemical vapour deposition technique [32] 
and the hydrothermal technique [33]. Further, the advan-
tages known to be associated when using CNTs and CNFs as 
catalyst supports such as high surface area and easy surface 
functionalization apply to CSs as well.

Studies from Tada et al. showed that OH groups that are 
present on a catalyst support promotes  CO2 hydrogenation 
[34]. Other studies have suggested that  CO2 interacts with 
the surface support which leads to carbonate specie forma-
tion on the support, which then converts into formate spe-
cies via hydrogen spill over. The formate species bordering 
on the active metal are then decomposed into CO at the 
metal-support interface leaving the residual species on the 
support. The CO adsorbs on the active metal surface and 
finally reacts with  H2 to form  CH4. In contrast, the CO inter-
acts with the surface of the active metal species [35, 36]. 
This implies that the design of a catalyst with less fuctional 
groups that facilitate adsorption of  CO2 could reduce CO 
production or reduce the RWGS reaction (Eq. 3).

Herein, we have employed hydrothermally synthesized 
CSs with known high surface areas and well-structured 
pores [33] as a catalyst support for Ru in the selective CO 
methanation reaction. The CS surface was modified by acid 
treatment  (HNO3) which introduced functional groups such 
as COOH and OH species onto the surface [37, 38]. This 
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permitted a study of the effect of the surface groups on the 
selective CO methanation reaction. A catalyst was also pre-
pared without acid functionalizing the surface of the CSs to 
study the effect of functional groups on the RWGS reaction. 
As far as we are aware, this is the first report on the behav-
iour of Ru-carbon sphere catalysts for the methanation of 
carbon oxides.

2  Experimental

2.1  Hydrothermal Synthesis of Carbon Spheres 
(UN‑CSs‑H)

The hydrothermal approach was employed to synthesize 
the carbon spheres [32, 39]. The carbon source used was 
sucrose. The experiment was conducted using a 0.3 M aque-
ous sucrose solution, added into a Teflon vessel (90% fill-
ing ratio) with a total volume of 90 mL. The vessel and 
its contents were placed in a stainless steel autoclave and 
heated to 190 °C using a ramping rate of 1 °C/min. The 
reaction temperature was maintained at 190 °C for 4 h. The 
autoclave was the left to cool to ambient temperature. The 
suspension was recovered and washed several times with 
ethanol and then water. The product was left overnight in 
an oven at 90 °C. To further purify the product, a Soxhlet 
extraction method was used to remove polyaromatic hydro-
carbons (PAHs) from the carbon spheres using toluene as the 
solvent. After the extraction, the spheres were dried again 
overnight at 90 °C.

2.2  Annealing of the UN‑CSs‑H

The carbon spheres prepared were subjected to a further 
heat treatment under inert  (N2) conditions. To carry out the 
annealing experiment, about 3 g of the as-prepared carbon 
spheres were placed in a quartz boat in a quartz tube. The 
boat and its content were placed in the middle of a quartz 
tube reactor and the reactor was inserted into a furnace. 
Nitrogen (flow rate of 20 mL/min) was passed through the 
reactor while the temperature was ramped at 10 °C/min 
to 900 °C left for 4 h and then cooled. This material was 
labelled as CSs-H.

2.3  Functionalization of CSs

The annealed CSs-H (1.5 g) was added to 100 mL of 55% 
 HNO3. The suspension was then stirred and refluxed at 
110 °C for 2.5 h. The product was washed with a large 
amount of distilled water until the pH attained a neutral 
value (pH 7). It was then left in the oven overnight at 100 °C 
and this was labelled F-CSs-H.

2.4  Catalyst Preparation

Two different catalyst preparation methods were employed 
in this study. A set of Ru catalysts were made by adding Ru 
to the un-functionalized and functionalized supports (CSs-H 
and F-CSs-H) respectively using the impregnation method. 
This was achieved by dropwise addition of the desired 
amount of  RuCl3 in water to the support to achieve a 5 wt% 
Ru loading. The materials were labelled as CSs-HIMP and 
F-CSs-HIMP.

Another catalyst was prepared by the microwave irradia-
tion polyol method. The  RuCl3 solution and the F-CSs-H 
was dispersed in ethylene glycol and sonicated for 15 min. 
The Ru mixture obtained was added dropwise to the F-CSs-
H (1 g) and the reaction content transferred into Teflon ves-
sels and then placed in the microwave oven. In the polyol 
synthesis method, the reaction involves the oxidation of 
the solvent ethylene glycol into glycolic acid which is pre-
ceded by oxidation to an aldehyde intermediate. Reduction 
of metallic ions to their elemental state then proceeds fol-
lowing decomposition of the ethylene glycol (120–160 °C). 
Microwave heating of a polyol solution has also been used 
for the reduction of a metal salt. Microwave irradiation is 
believed to favour dehydrogenation of the aldehyde interme-
diate which plays a critical role in the reduction of the metal-
lic salt. This arises because of the high reduction ability as 
well as high dielectric losses of ethylene glycol. Generally, 
microwave irradiation offers significant advantages over con-
ventional heating. This includes, homogeneous nucleation 
as a result of uniform heating, very short thermal induction 
periods and shorter crystallization times. Localized high 
temperatures generated at reaction sites also enhances the 
reduction rate of metallic salts and usually super heating 
above the solvent’s boiling point occurs due to the micro-
wave dissipation over the whole liquid volume. Due to the 
above mentioned advantages, microwave dielectric loss heat-
ing is a good option for a synthesis process in view of its 
energy efficiency, time saving, lack of thermal convection 
and simplicity. The poloyol sample was labelled F-CSs-
HMIC. All catalysts with ruthenium contained 5 wt% of the 
metal and all were calcined at 220 C prior to use.

2.5  Catalyst Testing

The methanation reactions were carried out in a fixed 
bed tubular reactor (FBTR). A K-type thermocouple was 
employed to monitor the temperature in the fixed bed. The 
methanation gases (99.99%) were fed into the reactor cham-
ber from gas cylinders (for CO methanation: 1% CO, 10% 
 N2 and  H2 balance; for selective CO methanation: 1% CO, 
20%  CO2, 10%  N2 and  H2 balance; and for  CO2 methana-
tion: 20%  CO2, 10%  N2 and  H2). The catalyst (1 g) was typi-
cally reduced in situ using hydrogen gas (99.995% purity) 
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at 250 °C for 3 h at 1 bar. For all the methanation reactions, 
the temperatures ranged between 100 and 360 °C. The gas 
flow rate was kept at 150 mL/min for all the reactions. An 
online gas chromatograph (GC) equipped with Porapak Q 
and Carboxen-1000 columns coupled to a FID and a TCD 
were used to monitor the outlet gas composition.

2.6  Characterization

The surface areas of all the catalysts and supports were ana-
lysed by BET using  N2 physisorption (Micromeritics ASAP-
2000 Tri-star analyser). Before the surface area analysis, 
0.2 g of the sample was degassed for 6 h at 150 °C under a 
 N2 flow using a Micromeritics flow Prep 060. The weight 
losses of the carbon samples were monitored on a Perkin-
Elmer STA6000 TG/DTA Thermogravimetric analyser. The 
analyses were performed in air at a heating rate of 10 °C/
min.

The morphologies of the samples were identified using 
SEM (FEI Nova Nanolab 600) and TEM (Tecnai T12) 
images. TEM samples were prepared by dispersing the 
catalyst in ethanol followed by sonication for 2 min. A drop 
of the ethanol suspension was transferred to a copper grid 
and dried. The disorder in the carbon-based supports were 
measured with a micro-Raman attachment of a Jobin-Yvon 
T64000 Raman spectrometer. The excitation wavelength was 
514.5 nm from an Ar ion laser and the spot size on the sam-
ple was ca. 1.5 µ in diameter.

TGA analysis of the as-synthesized and CSs-H and 
F-CSs-H were conducted in a TGA-4000 (Perkin Elmer) 
analyser equipped with Pyris software. The analyses were 
done in air to ascertain the degree of functionalization. 
Approximately 10 mg of the sample was placed in the sam-
ple holder and air (flow rate of 20 mL/min) was flowed over 
the sample. The samples were heated to 900 °C at a heating 
rate of 10 °C/min from 35 °C.

The reducibility of the Ru was studied using  H2-TPR and 
carried out using a Micromeritics Autochem 2910 instru-
ment. Typically, 0.15 g of the catalyst was loaded into a 
U-shaped quartz tubular reactor. The reactor was heated to 
150 °C under an argon atmosphere at a heating rate of 5 °C/
min for 30 min and then cooled to 50 °C. The TPR analysis 
was performed by exposing the catalyst to 5%  H2, (balance 
Ar) at a flow rate of 40 mL/min while heating at a rate of 
5 °C/min to 900 °C. Any change in the amount of  H2 flowing 
through the reactor and the reference was observed using a 
TCD.

A Micromeritics Autochem 2910 instrument was used to 
conduct chemisorption experiments. The samples were first 
degassed in situ at 150 °C for 30 min. The samples were 
further reduced with  H2 (99.999% purity) at 250 °C for 2 h 
and cooled to an ambient temperature under helium gas. 
The pulsing experiments were carried out with a 423 µL 

sample loop filled with a mixture of helium and  H2 (99.999% 
purity). The sample temperature was held at 70 °C in the 
reactor and then the gas was injected for adsorption to take 
place. The percentage metal dispersion and the mean Ru 
crystallite size were calculated based on the  H2 uptake 
assuming a  H2:Ru stoichiometry of 1:2 [40]. The Ru crystal-
lites were assumed to be spherical in all cases and calculated 
from the relation below:

where  dM is the mean crystallite size, MW is the atomic mass 
for Ru (101.07 g mol−1), ρM is the Ru density (12.3 g cm−3), 
ϑM is the exposed surface area per gram of Ru metal and D 
is the percentage dispersion of the Ru metal [40]

3  Results and Discussion

3.1  Support Characterization

Insight into the morphology of the hydrothermally synthe-
sized CSs was gained through TEM analysis. Figure 1 shows 
the TEM images and size distribution graph for the synthe-
sized CSs after a Soxhlet extraction procedure and anneal-
ing at 900 °C. It was observed that the carbon materials 
were spherical in shape and consisted of sizes ranging from 
300 to 1000 nm with an average size of 650 nm as show 
in the size distribution graph in Fig. 1c. They appeared to 
be monodispersed (Fig. 1a, b) but showed a necklace like 
accreted conformation. Their surface morphology changed 
after annealing, consistent with earlier reports by Dlamini 
and Kumi who showed that the CS surface roughened, due 
to removal of polymeric species and this led to the opening 
of the pore structure [33].

3.2  Nitrogen Adsorption–Desorption

Nitrogen physisorption studies were performed on the 
annealed CSs-H sample (functionalized and un-function-
alized). A comparison of the two adsorption–desorption 
isotherms and pore size distributions are presented in Fig. 2 
and Table 1. Both samples exhibited micro and mesopores 
(type 4 according to the IUPAC classification) and a sharp 
capillary condensation occurred between 0.4 and 0.6 relative 
pressure. Interestingly, the functionalized (annealed) sample 
displayed a relatively higher  N2 adsorption at lower relative 
pressure (p/po) and a larger hysteresis loop (at p/po = 0.4–0.9) 
than the un-functionalized CSs-H. The hysteresis curve 
loops confirm the presence of well-defined mesopores. In 
addition to the larger hysteresis loop (Fig. 2a, b), a higher 
pore volume (0.31 cm−3 g−1) and average pore diameter 

(5)d
M
=

6 × 102 ×MW

�
M
× �

M
× 6.022 × 10

23 × D
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(4.5–6.5 nm) was also observed for the functionalized CSs-H 
compared to the un-functionalized CSs-H (0.21 cm−3 g−1; 
3.1–3.9 nm) as shown in Fig. 2c, d. This implied that func-
tionalizing the CSs-H created more and larger pores. This 
led to the higher surface area (509 m2 g−1) when compared 
to the un-functionalized CSs-H (463 m2 g−1) (Table 1).

3.3  Raman Spectral Analysis

The graphitic order in the carbon frame work was measured 
using Raman spectroscopy. In Fig. 3, the Raman spectra of 
the functionalized and un-functionalized (annealed) CSs-H 
were compared. The in-plane vibration of the  sp2 carbon 
atom indicated a G-band (at 1590 and 1595 cm−1) whereas 
the D-band characterized a defect-induced Raman feature, 

representing the degree of non-perfect crystalline structures 
(at 1344 and 1350 cm−1). The analysis of the band intensi-
ties (D vs. G, ID/IG) gives information about bond features 
in the carbon framework. An increase in the ID/IG ratio was 
observed when the annealed sample was functionalized, and 
this is consistent with a higher defect content as a result of 
the acid treatment [31, 41]. This result agrees with the BET 
data (Table 1).

3.4  Thermogravimetric Analysis (TGA)

Thermogravimetric analysis profiles of the carbon spheres 
are shown in Fig. 4. The measurements were carried out 
under an oxidizing atmosphere. Notably, the un-functional-
ized sample which demonstrated a higher graphitic nature, 

Fig. 1  TEM images (a, b) and (c) size distribution graph of the hydrothermally synthesized carbon spheres
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from Raman studies, also showed good thermal stability 
with complete decomposition at T > 600 °C. In contrast the 
F-CSs-H sample oxidized completely at T < 600 °C. This 
implied that acid treatment which introduced oxygen con-
taining functional groups compromised the CSs-H thermal 
stability. The removal of the functional groups on the surface 
of the carbon spheres led to the shape of the curve seen in 

Fig. 2  N2 adsorption–desorption isotherms and pore size distribution plots for functionalized (a, b) and un-functionalized CSs-H (c, d)

Table 1  Properties of the CSs-H

a In air from TGA analysis

Analysis F-CSs-H CSs-H

BET  (m2 g−1) 509 463
Pore volume  (cm3 g−1) 0.31 0.21
Pore diameter (nm) 4.9 3.5
D-band  (cm−1) 1351 1344
G-band  (cm−1) 1595 1590
ID/IG 0.96 0.69
Decomposition temp (°C)a 578 661

Fig. 3  Raman spectra of the functionalized and un-functionalized 
CSs-H
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Fig. 4. The data for the un-annealed sample was added to the 
TGA plots for comparison (Fig. 4). The derivative weight 
loss plots are presented in Fig. S1. It was observed that the 
un-annealed sample contained some polymeric materials 
after the Soxhlet extraction.

3.5  Catalyst Characterization

Figure 5 shows TEM images of the Ru nanoparticle catalysts 
supported on CSs-H made by the three different procedures. 
The Ru size distributions are also shown in Fig. 5. The cata-
lyst prepared by the microwave polyol technique gave fairly 
small  RuO2 particles (d = 2.7 nm) which were relatively 
well dispersed on the support (Fig. 5a). The size distribu-
tion graph indicated the particles had a narrow size distri-
bution. This shows that the microwave technology offered 
good control over the size of the Ru particles using the 
selected conditions for the preparation of the catalyst. Again, 
functionalizing the solid spheres created defects in the car-
bon framework and the sample had oxygenated functional 
groups that allowed the  RuO2 to bind to the supports. The 
Ru impregnated on the acid treated support (FCSs-HIMP) 
gave  RuO2 particles with an average particle size of 3.4 nm. 
The  RuO2 had a slightly wider size distribution compared to 
the microwave prepared catalyst as indicated in the particle 
size distribution graph in Fig. 5b. The absence of functional 
groups and defect content for the CSs-HIMP resulted in the 
synthesis of relatively larger  RuO2 particles (d = 10.2 nm) 
with a significantly wider size distribution range (Fig. 5c). 
The particles might also have sintered during the calcina-
tion process due to the absence of functional groups to aid 
in binding the particles.

Table  2 summarizes both the physical and chemical 
properties of the different Ru catalysts supported on carbon 

spheres. The surface areas for all the catalysts are reduced 
after loading with Ru. This was largely due to blocking of 
the mesopores by the Ru metal particles. Marginal pore vol-
ume reduction in this catalyst was noted. The catalyst pre-
pared using the microwave polyol method generated smaller 
Ru particles hence resulting in a higher dispersion (64%). 
The larger Ru particles observed on the un-functionalized 
CSs-H were poorly dispersed and this was confirmed by the 
chemisorption data as shown in Table 2. The impregnated 
catalyst supported on functionalized CSs-H had a relatively 
higher dispersion for the Ru particles.

3.6  TPR Studies

The different catalysts were subjected to reduction studies 
(Fig. 6) and all the reduction reactions occurred between a 
temperature range of 100–119 °C. Reduction from  RuO2 to 
Ru occurred at different maximum temperatures for the dif-
ferent supported catalysts, indicating that both support and 
the catalyst preparation method influenced the reduction of 
the active metal. From the graphs, the reduction of  RuO2 to 
Ru occurred at a higher temperature on the functionalized 
supports compared to reduction on the un-functionalized 
supported catalyst. This was attributed to the weakly bound 
 RuO2 on the un-functionalized support due to the absence of 
functional groups. The F-CSs-HIMP with larger  RuO2 parti-
cles reduced at a relatively higher temperature and in a wider 
temperature range when compared to the smaller and uni-
form  RuO2 particles generated by the microwave irradiation 
technique. No significant strong metal support interaction 
(SMSI) was observed implying that the functional groups 
did not form strong chemical bonds between the support and 
the Ru. The reduction profile revealed that the nature of the 
surface of the support and the size of the particles played a 
role in terms of the maximum reduction temperature and 
width of the peaks. The broad peaks observed between 300 
and 600 °C are due to carbon reduction to form methane 
[37].

3.7  CO Methanation

Figure 7 shows the behaviour of the three Ru catalysts 
on the CSs-H as support for the CO hydrogenation reac-
tion. As expected, increasing temperature resulted in an 
increased CO conversion. All the catalysts completely 
converted CO within a temperature range of 240–300 °C. 
The surface of the CSs-H support, modified by acid func-
tionalization, introduced oxygenated groups that corre-
lated with the CO methanation activity. It can be observed 
from the conversion plots (Fig. 7) that, both CSs-HIMP 
and CSs-HMIC displayed significantly higher activity 
when compared to the un-functionalized (CSs-H). From 
the Raman studies, it was confirmed that acid treatment 

Fig. 4  TGA plots showing functionalized, un-functionalized and un-
annealed SCs-H
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Fig. 5  Ru catalyst supported SCs-H a F-SCs-HMIC, b F-SCs-HIMP and c SCs-HIMP
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modified the surface and increased the defects in the sup-
port material. The BET data also revealed a higher surface 
area as well as a higher mesopore volume after acid treat-
ment of the support. This effect is believed to increase 
anchorage sites for the Ru particles. Also, the oxygenated 
functional groups helped stabilize the Ru particles against 
sintering under mild heat treatment conditions [37, 39, 41, 
42]. The improved dispersion of Ru species on the support 
is seen in the chemisorption data (Table 2). This explains 
the higher activity recorded.

From the plots in Fig. 7, it can be seen that the micro-
wave irradiation polyol technique which generated rela-
tively smaller, narrower and uniformly dispersed Ru parti-
cles gave the best data. The microwave catalyst preparation 
indicated that the method provided for good control over 
the size and size distribution of the Ru. This clearly sug-
gests that the microwave polyol technique is appropri-
ate for preparing laboratory scale catalysts with small 
diameters.

Data for the CO methanation activity at 200 °C are 
shown in Fig. 8. Overall, the methanation activity i.e. 
conversion data increased with the ruthenium dispersion.

Table 2  Physicochemical 
properties of the catalysts

a Surface area BET
b RuO2 from TEM
c Ru from H2 chemisorption

Sample BET  (m2 g−1)a Pore volume 
 (cm3 g−1)

dRuO2
 (nm)b dRu (nm)c Disper-

sion 
(%)

SCs-HIMP 443 0.21 10.2 5.9 17
F-SCs-HIMP 468 0.28 3.4 2.2 56
F-SCs- HMIC 471 0.29 2.7 1.8 64

Fig. 6  Temperature programmed reduction plots for the different cat-
alysts

Fig. 7  The effect of temperature on the CO conversion (XCO) as a 
function of reaction temperature using 5 wt% Ru. Experimental con-
ditions: mass of catalyst: 1 g; reactant composition: 1% CO, 89%  H2 
(balance  N2); total flow rate: 150 cm3 min−1

Fig. 8  Dependence of CO methanation activity and particle size as a 
function of Ru dispersion
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3.8  Methane Selectivity

Methane dominated as the major product for the CO hydro-
genation process at temperatures above 240 °C as shown in 
Fig. 9. It was noted that some other higher hydrocarbons 
were produced at lower temperatures. The un-functional-
ized supported catalyst with larger Ru particles produced 
other hydrocarbons besides methane at lower temperature. 
The main product formed below 240 °C over F-SCs-HMIC 
besides  CH4 was  C2H6 (15% at 160 °C), while CSs-HIMP 
gave about 0.4%  C3H8 at 160 °C in addition to  C2H6. Similar 
results have been reported in previous studies by Jiménez 
et al. when they studied the nature of carbon fiber supported 
Ru as an active catalyst [27].

3.9  CO2 Methanation

CO2 methanation was also studied with the three different 
catalysts using similar experimental conditions to those used 
in the CO methanation reaction. The results are presented in 
Fig. 9 and shows that the  CO2 conversion was less than 40% 
over the total range of temperatures studied. The catalysts 
prepared with the functionalized support using Ru added by 
impregnation or microwave routes had almost similar con-
versions. This indicated that the catalyst preparation had 
little effect on  CO2 activity. The CSs-HIMP catalyst was 
practically inactive below 250 °C. A conversion above 10% 
occurred at 320 °C which implied that the support affected 
this reaction (Fig. 10)

Fig. 9  The effect of reaction temperature on the selectivity of a CSs-HIMP, b F-CSs-HMIC and c F-CSs-HIMP catalysts
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3.10  Selective CO Methanation

The different catalysts were studied under selective CO 
methanation conditions in the presence of excess  CO2 
(Fig. 11). The functionalized supported catalysts displayed 
higher activity as seen for CO methanation in the absence of 
 CO2. This can be explained, as before, for CO methanation. 
None of the catalysts attained 100% CO conversion under 
the selective methanation conditions employed.

The CO output for all the catalysts (Fig. 11) dropped after 
they attained their maximum conversion between 280 and 
300 °C. This was due to the formation of CO produced by 
 CO2 [27]. This reaction, the RWGS, runs parallel with the 
CO methanation process. The un-functionalized supported 
Ru catalyst showed the lowest CO conversion. However, the 
RWGS reaction for the un-functionalised CS-H was less sig-
nificant when compared to the functionalized Ru supported 
catalyst i.e. the maximum % CO generated in the effluent 
at 360 °C (the maximum temperature studied) in the selec-
tive CO methanation reactions were, 98%, 71% and 14% 
for F-CSs-HMIC, F-CSs-HIMP and CSs-HIMP catalysts. 
Overall, functionalisation led to an over threefold increase 
in Ru dispersion. As mentioned in the introduction, some 
studies have suggested that  CO2 interacts with the surface 
support which leads to carbonate specie formation on the 
support. The formate species bordering the active metal are 
then decomposed into CO within the metal-support interface 
leaving the residual species [35, 38]. This suggests that the 
presence of oxygenated functional groups, especially OH 
groups which have been confirmed to be present on func-
tionalized carbon materials [37, 38, 42, 43] on the supports 
aided both  CO2 conversion [34, 35] and promoted the RWGS 
reaction under the experimental condition employed. This 
is in agreement with our previous work where surface func-
tional groups on CNTs were covered with  TiO2 and this cov-
erage of the functional groups retarded the WRGS reactions 
significantly [44].

4  Conclusions

The hydrothermally synthesized solid carbon spheres func-
tionalized with  HNO3 recorded a significant increase in the 
specific surface areas resulting from the modification of the 
support by acid treatment. These particles improved the dis-
persion of the Ru when compared to the un- functionalized 
support. The microwave polyol catalyst preparation tech-
nique resulted in the formation of small uniformly sized Ru 
particles dispersed on the support.

The un-functionalized carbon had poorly dispersed large 
Ru particles with a wide size range distribution with poor 
CO conversion. Despite this drop in CO conversion, the 
catalyst recorded the lowest reverse water gas shift activity 
which generated extra CO in the reformate gas feed. This 
was explained as due to the absence of OH functional groups 
on the support which should enhance associative adsorption 
of  CO2. A very small percentage of higher hydrocarbons 
(mostly  C2H6) were observed at lower temperatures when 
the CO conversions were below 10%.

The conversion for both CO and  CO2 methanation reac-
tions increased with increasing ruthenium dispersion i.e. 
decreased with Ru particle size.

Fig. 10  The effect of temperature on the  CO2 conversion (XCO) 
CSs-H as a function of reaction temperature using 5 wt% Ru. Exper-
imental conditions: mass of catalyst: 1  g; reactant composition: 1% 
CO, 89%  H2 (balance  N2); total flow rate: 150 cm3 min−1

Fig. 11  The effect of CSs-H support on catalytic performance a CO 
conversion (XCO) and b selective methanation of CO in the presence 
of  CO2 ( XCO

2
 ) as a function of reaction temperature using 5 wt% Ru. 

(Solid lines: CO conversion: broken  lines:  CO2 conversion). Experi-
mental conditions: mass of catalyst: 1 g; reactant composition: a 1% 
CO, 89%  H2 (balance  N2) and b 1% CO, 20%  CO2, 69%  H2 (balance 
 N2); total flow rate: 150 cm3 min−1
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