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A B S T R A C T   

The hydrogenation of CO2 to methane over a 20 wt% Ir/TiO2 catalytic coating has been investigated in a tubular 
dielectric barrier discharge (DBD) reactor. The 1.2 µm Ir/TiO2 coating was deposited onto the inner wall of a 
quartz tube by a combustion-evaporation method from a mixture containing a Ti precursor and a colloidal 
suspension of Ir nanoparticles (2 nm). The catalyst was characterised by XRD, SEM, TEM/EDS and CO chemi-
sorption. The Ir(0) state in the as-synthesised film was confirmed by XPS. The CH4 conversion increased by 1.5 
times, as compared to an empty tube. A maximum CO2 conversion rate of 2.1 μmol s− 1 was achieved at a fuel 
production efficiency of 3.5%. Surface reactions onto the catalyst surface are responsible for enhancement of 
reaction rate. The results presented in this work open up new possibilities in plasma-catalysis, whereby efficient 
reactions can be carried out over small volumes of catalyst.   

1. Introduction 

Carbon capture and utilisation (CCU) is rapidly being recognised as a 
key aspect of a sustainable future [1]. If appropriately harnessed, CCU 
technologies could enable the realisation of a circular economy, within 
which greenhouse gases are recycled by converting them into fuels [2]. 
The fundamental difficulty in activating CO2 arises from its inertness, 
caused by the lack of a dipole moment in conjunction with huge ther-
mochemical stability of the C––O bond (783 kJ mol− 1) [3]. CO2 is a 
thermodynamic product of every organic compound which is often 
unused due to high process costs. Biochemical/biological, photochem-
ical, photoelectrochemical and traditional thermal catalytic routes such 
as Fischer-Tropsch synthesis are commonly employed, with several ad-
vantages and disadvantages in each case. These CO2 reduction methods 
are characterised by low selectivity leading to various products and 
therefore complicated purification procedures, low yields, and product 
mixtures which often require recycling at high energy cost. These pro-
cesses and the materials they make use of are also often difficult to 

scale-up. CO2 hydrogenation provides routes to CO and CH4 [4–6], as 
well as oxygenates and higher alkanes, which can be used as fuels [7–9]. 

Plasma-assisted conversion of CO2 allows a more efficient small-scale 
implementation. In the plasma phase, gas molecules are bombarded by 
electrons producing energetically excited, highly reactive gas species. 
Non-thermal plasma (NTP) reactors operate at ambient temperatures 
and pressures [10–13] and are modular and easily scalable [14] making 
them attractive for decentralised operation [15,16]. Ozone synthesis 
and decomposition of volatile organic compounds have already been 
implemented on industrial scale [17–19]. NTP reactors have also been 
used for CO2 hydrogenation [20,21], N2 fixation [22,23], and H2S 
decomposition [24]. The reactors are powered by electricity, and so can 
operate using entirely renewable inputs, thus being a promising 
approach for storing renewable electricity as chemical energy in fuels. 

Plasma produces many possible active intermediates, leading to a 
plethora of products, potentially requiring costly separation steps. In 
order to selectively convert these highly reactive intermediates into 
desired products, a catalytic coating can be used to direct the reaction 
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[10]. Maximising mass transport rates of plasma species to the catalyst 
surface is still a challenge [13] as the characteristic lifetime of plasma 
species is rather short (in the order of few microseconds to milliseconds) 
and they often need to travel over distances in the mm range to reach the 
catalyst surface [25]. This provides one of the fundamental challenges of 
combining plasma with catalysis and to improve existing 
plasma-catalytic systems, enhancing the interaction of active species 
with catalyst surfaces is as important as synthesising and testing new 
catalysts. It is also crucial to understand the extent to which the surface 
of the material is altering the chemistry taking place, as other factors, 
particularly as a change in discharge behaviour, can be the real cause of 
effects observed [26,27]. The combination of plasma with heteroge-
neous photocatalysis, involving TiO2 as catalyst or catalyst support 
under UV-irradiation, is a growing field [13]. However, catalysts with 
tunable properties for plasma-assisted CO2 reduction are not yet at a 
mature level and there are still major questions to answer about what 
properties enhance a material’s ability to catalyse reactions in the 
plasma phase. 

Plasma-induced vibrationally excited CO2 must directly (despite the 
short lifetime of the excited species) reach the catalyst in order to be 
activated at a lower energy than the first dissociation step on its surface. 
This can be done if the catalyst forms a thin, porous layer on the inner 
surface of the reactor wall. For this purpose, mesoporous thin films as 
catalyst supports provide the shortest pathway for reactive species to 
reach catalytic active sites [28,29]. A commonly-used technique for film 
preparation is sol-gel processing. This involves depositing a complex 
fluid on a microstructured substrate by dip, spin, or spray coating, fol-
lowed by surfactant removal to form the porous nanostructures. To 
facilitate the adsorption of hydrogen and/or organic species, metal 
nanoparticles such as Pd [30,31], Au [32], and bimetallic PtSn [33], are 
added to the synthesis solution. Cu and copper oxides [20,34], Ru [35] 
and Pd [36] are reported as active, near room temperature catalysts for 
CO2 hydrogenation. 

Previously we developed an elegant strategy by which a uniform 
coating containing controlled amounts of (poly)metallic nanoparticles 
can be obtained [37]. This is based on the condensation of metal oxide 
species by self-assembly in the presence of metallic colloids. A DBD 
reactor recently reported in our group uses a helical electrode which 
generates plasma near the catalyst surface [38]. A combination of the 
helical electrode with a thin catalyst layer allows the formation of 
plasma CO2 species directly over the surface of the catalyst and within 
the pores of the support, rather than generating plasma species too far 
from the catalyst surface and operating in an effective post-plasma 
catalysis mode, as is used in many other works. 

In an attempt to develop an efficient NTP catalyst for CO2 hydro-
genation, iridium is employed as an active catalyst on a titania support. 
It is able to dissociate hydrogen at room temperature [39] and it can also 
absorb hydrogen in the subsurface layer [40,41]. Supported Ir catalysts 
can initiate many reactions at room temperature or slightly above it. For 
example, a supported Ir catalyst was employed in decomposition of 1, 
1-dimethyl hydrazine (unsymmetrical dimethylhydrazine, UDMH, 
technical name: heptyl), which is the main component of rocket fuels. Ir 
nanoparticles are typically added onto support in the range between 1 
and 50 wt%, but for economic reasons, the lower concentrations are 
preferred [42]. A 32.9 wt% Ir/Al2O3 was employed for UDMH oxidation 
in a pilot plant where the main catalytic reactor operated under fluidised 
bed conditions [43]. Supported Ir catalysts were also used in CO2 hy-
drogenation. A 20 wt% Ir/CeO2 catalyst provided a CO2 conversion of 
8.8% at 300◦C and a pressure of 1 MPa [44] while a 10 wt% Ir/In2O3 
gave a CO2 conversion of 17.7% at 300◦C and a pressure of 5 MPa [45]. 
Ir/TiO2 catalysts have not yet, however, been used for the plasma 
assisted hydrogenation of CO2. 

This study presents the synthesis of Ir/TiO2 thin films onto the inner 
surface of a quartz tube and their catalytic performance in the plasma 
assisted hydrogenation of CO2 to CH4 in a DBD reactor with a helical 
electrode. The reactor used in this study is designed to maximise the 

interaction between the catalyst and the plasma. A discharge is gener-
ated in a small volume close to the catalyst surface to enhance efficiency 
and to intensify plasma-catalytic effects. It is hypothesised that this 
interaction enhancement will enable catalysis to take place over a thin 
film, without the need for greater quantities of catalyst material in the 
form of powder or pellets. The objective of the study was to utilise a 
helical electrode to generate a surface confined plasma on the catalyst 
surface, demonstrating the effectiveness of this novel plasma-catalyst 
configuration. Broadly, the target is to demonstrate the feasibility of a 
simple and compact reactor to hydrogenate CO2 in an energy efficient 
way by initial plasma activation followed by hydrogenation on the 
catalyst surface. 

2. Experimental 

2.1. Preparation of Ir/TiO2 thin films 

Aqueous IrCl3 (2.85 mM, 360 mL, 88.5 wt%, Merck) was heated to 75 
◦C under stirring. Ice cold aqueous NaBH4 (0.1 M, 15 mL, 97 wt%, 
Scientific Laboratory Supplies Ltd.) was added to the IrCl3 solution, and 
the reaction mixture was stirred for 30 min at 75◦C. The reaction 
mixture was subsequently cooled to room temperature. Poly-
vinylpyrrolidone (1.0 g, MW = 10,000, Sigma-Aldrich) was added to the 
solution, which was then stirred for 12 h. Water was removed by heating 
at 70 ◦C and the Ir nanoparticles were redispersed in methanol (20 mL, 
99.8 vol%, Sigma-Aldrich). 

A catalytic film was produced on the inner surface of a quartz tube (i. 
d: 3 mm, o.d.: 5 mm, Robson Scientific) using a method adopted from 
Peeters et al. [46] and a coating protocol from Svetlov et al. [47]. A 
quartz tube was activated using aqueous NaOH (4 M, Honeywell) and 
then washed with water. PVP (3.0 g, MW = 40,000), P25 TiO2 (0.3 g), 
methanol (20 mL for Ir/TiO2 films, 40 mL for TiO2 films), and the Ir 
nanoparticle suspension (20 mL) were mixed for 30 min to produce the 
solution. The solution was fed with a syringe pump and mixed with air 
flow in a T-mixer. The resulting two-phase mixture provides an annular 
flow with the gas core in the centre of the tube and the liquid flowing in 
the annulus between the gas core and the inner channel wall. Then the 
two-phase (air-liquid) flow enters the quartz tube from its bottom end. 
At the same time, the quartz tube was fed into the tubular furnace using 
a stepper motor at a displacement speed of 6.6 cm min− 1. The furnace 
was maintained at a temperature of 175 ◦C. At the exit from the oven, 
complete evaporation of solvent occurred, resulting in a thin solid layer 
attached to the inner wall of the tube. The coated tube was calcined in 
air for 2 h at 450 ◦C with a heating rate of 1 K min− 1, cooled to room 
temperature, and then reduced under a 5 vol% H2/N2 mixture for 2 h at 
450 ◦C with a heating rate of 1 K min− 1. The coated tubes were cut to 
sections with a length of 250 mm. A powder was also obtained by the 
same method to complete characterisation, as the films provided too 
little material. 

2.2. Characterisation of catalysts 

The phase composition was determined with X-ray diffraction (XRD) 
using an Anton Paar XRDynamic 500 instrument equipped with Co Kα 1/ 

2 radiation over the range 2θ = 20–70◦ at a scanning rate of 0.08 ◦

min− 1. Grazing incidence measurements were made at several different 
incident angles, ω. The sample height was aligned to ensure the sample 
surface was in the centre of rotation of the goniometer. The phases 
present in the coatings and the anatase/rutile ratio were determined 
using multi-phase Rietveld refinements, performed using the GSASII 
software [48]. The film thickness was measured by scanning electron 
microscopy (SEM) using a Zeiss SUPRA 55VP FEGSEM apparatus. Par-
ticle size was determined by transmission electron microscopy (TEM), 
conducted using a JEOL JEM-2100 Plus apparatus operated at 200 kV. 
For average particle sizes, a sample of a minimum of 100 particles was 
used. Energy dispersive X-ray spectroscopy (EDS) was carried out using 
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a JEOL ARM 200 F equipped with a 100 mm2 EDS detector (Oxford 
Instruments). Nitrogen chemisorption measurements were carried out 
using an ASAP 2020 PLUS instrument (Micromeritics). Samples were 
degassed under vacuum at 30 ◦C for 30 min, then heated to 120 ◦C at a 
heating rate of 10 K min− 1 and held at that temperature for 3 h under 
vacuum. The Ir dispersion was determined by CO chemisorption. Before 
measuring the CO chemisorption isotherm, the catalysts were reduced at 
450 ◦C for 1 h (heating rate 10 K min− 1) and the vessel was evacuated 
(10 mPa) for 30 min. Desorption isotherms were measured at room 
temperature. The total amount of chemisorbed CO atoms was obtained 
by extrapolating the linear part of the isotherm to zero pressure. 
Correction for chemisorption on the support was not necessary, because 
the extrapolated values of the desorption isotherms for the titania sup-
ports, were zero within the uncertainty of the measurements. Oxidation 
states of surface atoms were determined by X-ray photoelectron spec-
troscopy (XPS) using a Kratos Axis Ultra DLD spectrometer with base 
pressure below 1.0 × 10− 10 mbar. Samples were illuminated using a 
monochromated Al Kα X-ray source (hν = 1486.7 eV) at a take-off angle 
of 90 ◦ with respect to the surface parallel. The core level spectra were 
recorded using a pass energy of 20 eV (resolution ≈ 0.4 eV, step size 
0.1 eV), from an analysis area of 300 ×700 μm. CasaXPS software was 
used to analyse the data. 

2.3. Catalytic tests 

A copper helix (o.d. 3.0 mm, wire thickness 0.35 mm, pitch 5.0 mm) 
was inserted inside the coated tubes and connected to the power supply 
as the high voltage electrode (Fig. 1). Aluminum foil (length: 200 mm) 
was attached to the outer tube surface as the ground electrode. A small 
opening was made in the ground electrode for OES measurements dur-
ing the reaction. The electrodes were connected to a high voltage plasma 
generator (G2000, Redline Technologies) providing sinusoidal wave 
voltages with an amplitude of 5.4–6.2 kV (peak to peak) and a frequency 
of 68 kHz. The voltage was measured with a high voltage probe 
(P6015A, Tektronix). The current was measured using a Rogowski coil 
(6600, Pearson). A 10 nF capacitor was introduced to the ground line for 
monitoring the electric charges generated in the plasma. An oscilloscope 
(PicoScope 6000 Series, Picotech) was used to record electrical signals. 

A mixture of CO2 and H2 was fed via the reactor with a set of mass 
flow controllers (Bronkhorst) at 20 ◦C. An optical emission spectrometer 
(200–900 nm, FERGIE, Princeton Instruments) fitted with an optical 
fibre was used for measurements of reaction intermediates. The product 
mixture was analysed with a gas chromatograph (GC-2010 Pro, Shi-
madzu) equipped with Rt-QS-BOND and SH-Molsieve 5 Å columns and 
TCD and FID detectors. CO and CH4 were the only products observed in 
the whole range of experimental conditions studied. 

The CO2 reaction rate and the catalytic CH4 production rate are 
calculated by Eqs. (1) and (2), respectively. 

r CO2 (mol s− 1) = ṅCO2 ,in − ṅCO2 ,out (1)  

rCH4 (mol s− 1 g− 1) =
ṅCH4 ,out

mcat
, (2)  

where ṅCO2 ,in and ṅCO2 ,out are the inlet and outlet molar flow rates of CO2 
and mcat is the mass of the catalyst. The CO2 conversion and selectivity 
towards the two reaction products (CO and CH4) are calculated by Eqs. 
(3) and (4), respectively. 

XCO2 (%) =
ṅCO2 ,in − ṅCO2 ,out

ṅCO2 ,in
× 100, (3)  

Si(%) =
ṅi,out

ṅCO2 ,in − ṅCO2 ,out
× 100 (4)  

and ṅi,out is the outlet flow rate of the product. The power consumption 
(P) is calculated by integrating the product of current (I) and voltage (V) 
across the plasma gap over one period (T): 

P(W) = f
∫ T

0
I(t)V(t)dt, (5)  

where f is the plasma frequency (68 kHz). Power consumption is defined 
here as the power dissipated in the plasma itself rather than the total 
amount of electrical power drawn by the system from the electrical 
power source. The fuel production efficiency (FPE) and energy cost (EC) 
were calculated by Eqs. (6) and (7) [49]: 

FPE(%) =
LHVCO • ṅCO,out + LHVCH4 • ṅCH4 ,out

P + LHVH2 • ṅH2 ,in
, (6)  

EC(Jmol− 1) =
P

ṅCO2 ,in − ṅCO2 ,out
, (7)  

where LHV is the lower heating value of the respective gases. 

3. Results and discussion 

3.1. Catalyst characterisation 

The XRD pattern of the Ir/TiO2 catalyst (Fig. 2) shows a mixture of 
anatase and rutile phases of 90:10 (Fig. S1), a higher anatase/rutile ratio 
than P25 titania, alongside a broad Ir peak and minor NaCl impurity 
from the synthesis solution. There were no IrO2 peaks, suggesting that 
the Ir was mostly Ir(0) metal. 

SEM images showed the Ir/TiO2 thin film to have a mean thickness of 
1.2 μm (Fig. 3a). The as-synthesised catalyst has a high surface rough-
ness of about 0.5 μm, but fully covers the internal surface of the quartz 
tube. Such morphology is good to create local mixing which enhances 
mass transfer of active species to the catalyst surface. In spite of the 

Fig. 1. (a) A photo of the Ir/TiO2 coated tubular reactor with the ground 
electrode attached (top) and without the ground electrode (bottom). (b) A 
schematic view of the reactor cross section. Fig. 2. XRD pattern of the Ir/TiO2 thin film.  
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differences in micron-scale morphologies, all the films are composed of 
very similar crystalline nanosized units. The specific surface area of the 
Ir/TiO2 catalyst was 13.0 m2g− 1 (Fig. S2), which is a factor of 3 lower 
than that of P25 (50 m2g− 1) [50]. The titania support demonstrates a 
low open porosity; the surface area was significantly lower than those of 
some other commercially available photocatalysts such as P25, P90, 
C-E100 [50]. Its low value is likely the result of coalescence of the pri-
mary particles in the combustion-evaporation process. It should be 
noted that vibrationally exited CO2 species have short lifetimes (<
1 ms), and to bring them to the catalyst surface is impossible by 
convective mass transport. For example, a maximum lifetime of about 
100 μs was estimated for vibrationally excited CO2 [51]. Therefore, 
these excited species generated in the bulk gas cannot reach the outer 
surface of the catalyst, the only alternative is for them to be generated 
inside a porous catalytic structure. However, plasma can only be created 
in pores with dimensions larger than the Debye length, which is about 
500 nm at typical plasma conditions used in this study. Such pores 
cannot be created by bottom-up methods and would require a different 
templating approach. Therefore, the support was designed to maximise 
the external surface area exposed to the plasma, rather than the total 
surface area. 

To further obtain structural information for the coated films, TEM 
images were recorded before (Fig. 4a) and after the reaction (Fig. 4c) 
and the corresponding particle size distribution patterns were analysed 

(Fig. 4b and d, respectively). The as-synthesised Ir/TiO2 catalyst has a 
rather narrow particle size distribution of Ir nanoparticles with a mean 
size of 2.5 nm. Similar particle size was also observed in other supported 
Ir catalysts used for hydrogenation [52–54]. The particles were uni-
formly distributed over the support although clusters can still be 
observed. The loading of Ir was close to the nominal loading, thus it 
suggests that the catalyst’s composition can be controlled facilely by 
tuning the ratio of the precursor. A metal surface area of 4.1 m2 gIr

− 1 was 
obtained from CO chemisorption experiments (Fig. S3). 

A characteristic HRTEM image of the Ir/TiO2 catalyst is shown in  
Fig. 5a. The Ir nanoparticles have an elongated (non-spherical) 
morphology. The EDS suggested that iridium was uniformly distributed 
across the nanoparticle while higher oxygen content was observed 
largely at the metal/support interface (Fig. 5b). The mean oxygen con-
tent was below 5 mol.%, which may derive from the support layer below 
the Ir nanoparticle. 

3.2. Plasma assisted CO2 hydrogenation 

The methanation reaction requires four moles of H2 per mole of CO2 
(CO2 + 4 H2 → CH4 + 2 H2O). In this system, there are several points to 
consider. Firstly, operation at close to the stoichiometric ratio is desired, 
as hydrogen utilisation is important and hydrogen conversion should 
usually be kept close to completion to facilitate separation of reaction 
products. Secondly, the water gas shift (WGS) reaction between the re-
action products, CO and H2O, can take place at longer residence times 
and low CO2 concentrations, therefore it is necessary to operate the 
reactor at short residence times and high CO2 concentrations to elimi-
nate the contribution from the WGS reaction to the overall reaction ki-
netics. Initially two H2/CO2 mixtures with stoichiometric (H2 /CO2 

Fig. 3. SEM images of the Ir/TiO2 thin films (a) as-synthesised and (b) spent.  

Fig. 4. TEM micrographs (a and c) and particle size distribution (b and d) of the Ir/TiO2 thin film: as-synthesised (a and b) and spent (c and d).  
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molar ratio = 4) and substoichiometric compositions (H2/CO2 molar 
ratio = 0.5, representing large CO2 excess) were selected for comparison 
of performance of uncoated, TiO2-coated, and Ir/TiO2-coated reactors 
(Fig. 6). Volumetric plasma assisted decomposition of CO2 was observed 
in the empty reactor which produced CO (Fig. 6a). This rate is propor-
tional to the plasma power, and it is influenced by the presence of the 
catalytic coating on the inner wall of the reactor. The deposition of a thin 
titania coating creates an additional dielectric layer between the two 
electrodes and therefore reduces the intensity of the electric field inside 
the reactor as well as the energy dissipation rate. The addition of a 
dielectric layer is known to increase energy losses in DBD reactors [10]. 
As a result, the amount of energy for the chemical reaction decreases, 
which leads to a 1.5-fold decrease in fuel production efficiency at the 
substoichiometric H2/CO2 ratio for the TiO2 coating (Fig. 6b). 

The additional dielectric layer decreased the CO2 reaction rate; 
however, the titania support increased the surface reaction rate which 
resulted in a substantial amount of CH4 formation, even without the 
addition of Ir nanoparticles (Fig. 6a). As the titania support is not able to 
dissociate H2 at room temperature, it may be argued that hydrogen 
dissociation in plasma to produce atomic hydrogen (H) and the subse-
quent surface reactions onto the titania surface are responsible for the 4- 
fold increase of CH4 yield over the TiO2 coating as compared to that in 
the empty reactor. It was suggested by Sun et al. that the adsorbed HOCO 
and HCOO species or CO could further react with adsorbed H to produce 

CH4, although the elementary steps were not provided explicitly 
(Scheme 1) [36]. It should be noted that the coating volume is only 
0.05% of the total reactor volume (reactor volume: 1.77 cm3, coating 
volume: 0.96 mm3), therefore the active discharge volume remains 
essentially the same in these cases and the decrease in the CO2 rate 
cannot be explained by a shorter residence time, as often observed in the 
reactors with pelleted catalysts. The chemical equations in Scheme 1 
only include the most basic and efficient dissociation paths, they do not 
include the many single and multistep reaction paths that occur within a 
CO2 plasma, nor any chemical and system inefficiencies, including 
quenching, energy recuperation, energy deposition in the molecular 
energy states, and higher energy reaction pathways. 

The OES spectra confirmed the presence of atomic hydrogen (Hα 
band at 652 nm) as well as several activated C-species such as CO2

+, CH*, 
CO in the 332–556 nm region, in line with previously published studies 
[55–58] (Fig. 7). The assignment of absorption bands is listed in Table 1. 
The reaction below is the dissociative excitation in plasma which causes 
the Hα band:  

Hα excitation: e- + H2 → H + H* + e- (12.1 eV)                                 (8) 

Once excited, the hydrogen atom releases the energy in the form of a 
photon and returns to the ground state.  

Hα emission: H* → H + hν (656 nm)                                                 (9) 

The presence of atomic hydrogen showed that hydrogen dissociation 
takes place under plasma conditions. The amount of atomic hydrogen 
(proportional to the area of the Hα band) increases with the concen-
tration of molecular hydrogen in the feed, while the intensity of the CO2

+, 
CH, and CO peaks decrease relative to the Hα band. 

The existence of an additional surface route over the TiO2 coatings is 
also supported by a higher overall CO formation rate and a much higher 
CH4 production rate that are due to the surface reactions in the exper-
iment at higher CO2 concentration in plasma (Fig. 6a). The surface rate 
is proportional to the number of titania active sites on the surface 

Fig. 5. (a) HRTEM micrograph of the 7 nm iridium nanoparticle from the Ir/ 
TiO2 catalyst. The yellow line indicates the region assessed using EDS. (b) EDS 
profiles for Ir and O elements. 

Fig. 6. (a) CO2 reaction rate and product (CH4 and CO) production rates, (b) fuel production efficiency (FPE) with two CO2/H2 mixtures containing 25 and 67 vol% 
CO2 in the empty reactor (blank), over TiO2, and over Ir/TiO2. Voltage: 5.6 kV peak to peak. 

Scheme 1. Possible surface routes towards CO and CH4. Adopted from Sun et 
al. [36]. 
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available for catalysis rather than gas phase concentration of H2. The 
rate of volumetric CO2 decomposition increases at higher CO2 concen-
trations, as can be seen in Fig. 6a, as the volumetric reaction has a 
positive reaction order with respect to CO2, therefore its rate is pro-
portional to the CO2 concentration in the reaction mixture. 

Comparing the data over the Ir/TiO2 catalyst and the TiO2 support 
(Fig. 6) it can be seen that the CH4 formation rate over the Ir/TiO2 
catalyst is faster than it is over TiO2. This can be explained by an 
additional surface route for CH4 formation over the Ir nanoparticles. The 
gain is more clearly pronounced in the CO2 rich mixture (at a lower 
hydrogen concentration) where the contribution from the volumetric 
reaction to the total methane production rate decreases. In this addi-
tional route, H2 dissociation over Ir nanoparticles plays a crucial role in 
promoting the additional catalytic hydrogenation steps. This catalytic 
route does not consume energy needed for H2 dissociation which could 
explain higher energy efficiency over the Ir/TiO2 catalyst compared to 
over TiO2 (Fig. 6b). 

In the next series of experiments, the effect of residence time on CO2 
reaction rate, selectivity and FPE was studied by keeping the same CO2 
flow rate while increasing the total flow rate (Fig. 8). It should be noted 
that the specific energy input reduces at shorter residence times and 
therefore it decreases the rates of volumetric plasma reactions. In line 
with this trend, the CO2 reaction rate monotonously decreases from 1.1 
to 0.85 μmol s− 1 over TiO2 as residence time decreases, while the 
methane selectivity increases due to a reduced contribution from the 
volumetric reactions leading to CO formation (Fig. 8a). In the absence of 
external mass transfer limitations, the rate of surface reactions does not 
depend on the flow rate (or residence time). However, this is clearly not 
the case here. The flow rate has a major influence on the reaction rate 
demonstrating severe mass transfer limitations and hence it is a clear 

disadvantage of the plasma-catalytic approach in the present configu-
ration. In other words, the active H species cannot reach the catalyst 
surface before they converted to other product (water) in gas phase 
reactions. 

The fuel production efficiency decreases at shorter residence times 
(Fig. 8b). This trend is observed both over Ir/TiO2 and TiO2. However, at 
longer residence time, the FPE over the support also decreases, which 
can be explained by heat losses due to gas heating as the active species 
cannot be effectively converted to CH4 over the TiO2 support. This fact 
suggests an essential role of catalytic surface reactions that take place on 
the Ir/TiO2 catalyst. 

Fig. 9 shows the Ir 4 f XPS spectra of the as-synthesised and spent Ir/ 
TiO2 catalysts. The as-synthesised catalyst was found to have exclusively 
Ir(0) at the surface (Table 3). From the evolution of the XPS spectra, 

Fig. 7. Optical emission spectra of CO2/H2 gas mixture in the presence of TiO2 and Ir/TiO2 at (a) 50 vol% CO2 and (b) 83 vol% CO2.  

Table 1 
Emission lines from the OES of CO2/H2 gas mixture.  

Species Transition Δϑ Wavelength (nm) 

CO2
+ A2Π X2Π -  332 

CO2
+ A2Π X2Π -  349 

CO2
+ A2Π X2Π -  362 

CH(B-X) B2Σ X2Π 0  386 
CH(A-X) A2Σ X2Π 0  429 
CO Ångström band -1  407 
CO Ångström band 0  446 
CO Ångström band 1  478 
CO Ångström band 2  515 
CO Ångström band 3  556 
Hα Balmer n = 3 -  656  

Fig. 8. (a) CO2 reaction rate and CH4 selectivity and (b) fuel production effi-
ciency as a function of residence time over TiO2 and Ir/TiO2. CO2 flow rate: 
5 mL min− 1, voltage: 5.6 kV peak to peak. Lines are drawn as a guide for 
the eye. 
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there is a clear shift in the centre of gravity for the Ir 4 f core level to 
higher binding energies which is indicative of an overall higher oxida-
tion state than the initial state, based on the general understanding of 
binding energy shift. To obtain a quantitative description of the catalyst 
surface after a stability test, the Ir 4 f spectra were studied using the fit 
models of metallic Ir and amorphous IrOx [59,60]. The deconvolution of 
Ir 4 f spectra confirms a common phase, labelled as Ir, which was 
detected on the surface of both as-synthesised and spent Ir/TiO2 cata-
lysts. The only peaks fitted were the 4 f7/2 and 4 f5/2 associated with Ir 
(0) at 60.7 and 63.6 eV (corresponding with previous studies [61]). The 
Ir 4 f spectrum of the spent catalyst can be deconvoluted to Ir(IV), and Ir 
(0) with its Ir 4 f7/2 and Ir 4 f5/2 main peaks located at binding energies 
of 63.0 and 66.0 eV, respectively. In the spent catalyst, the Ir 4 f7/2 and 
4 f5/2 bands were observed at 61.7 and 64.6 eV, respectively, suggesting 
that Ir(IV) [61] were the dominant form accounting for approximately 
88% to the total peak area. A small fraction of Ir (0) was also observed in 
the spent catalyst. However, the reaction rate remains essentially the 
same after a time of stream of 3 h which may be due to the fact that IrO2 
is an active catalytic component and is responsible for the high selec-
tivity observed towards CH4. Previous studies have reported that the 
dehydration of hydrous Ir oxide/hydroxide, either in-situ in a TEM [62] 
or by using a high calcination temperature [63], results in an increased 
oxidation state of Ir. The mean particle size of the spent Ir/TiO2 catalyst 
(2.3 nm) was close to that of the as-synthesised catalyst (Fig. 4a and c) 
and there were no changes in the morphology of the support despite the 
oxidation of Ir metal under the reaction conditions. 

In the next series of experiments, the effect of CO2/H2 ratio on CO2 
reaction rate, selectivity, and energy efficiency was studied at a fixed 
residence time. Activation energy is the minimum input energy needed 
to start a reaction. The activation energy for CO2 dissociation is 
532 kJ mol− 1 (5.52 eV).  

CO2 + heat → CO + O                                                                  (10) 

Fig. 10a shows that the CO2 reaction rate increases almost linearly 
with an increase in CO2 concentration at a fixed flow rate over both TiO2 
and Ir/TiO2. This result, alongside increasing CO selectivity with 
increasing CO2 concentration, suggests that volumetric CO2 dissociation 
is playing a substantial role in the overall reactivity. However, at the 
highest CO2 concentration, the reaction rate over the Ir/TiO2 catalyst 
slightly decreases and the absolute value becomes less than that over 
TiO2. This can be explained by the presence of an additional pathway 
which consumes CO to produce CO2 over Ir nanoparticles as this effect 
was not observed over TiO2. It can be assumed that CO2 dissociation 
produces a large amount of oxygen which cannot be fully consumed in 
the reaction with hydrogen at high CO2 concentrations. This oxygen can 
be adsorbed onto Ir nanoparticles and contribute to CO oxidation, which 
can take place at room temperature over Ir nanoparticles [64]. In the 
study which demonstrated this, it was proposed that the CO reaction 
order changes from negative to positive as the CO partial pressure in-
creases. According to this line of reason, the CO oxidation reaction rate 
would not contribute noticeably to the overall reaction at low CO con-
centrations in the gas mixture, which is concurrent with the experi-
mental observations. Moreover, oxygen is fully consumed in the reaction 
with atomic hydrogen to produce water at lower CO2 concentrations. 
Increasing the CO2 concentration to 100% resulted in a much higher CO 
production rate over the TiO2 support as compared to that over Ir/TiO2 
catalyst (Table 2), which would be expected if Ir were to catalyse the 
oxidation of CO back to CO2. The results highlight that there exists an 
optimum CO2 concentration which provides the highest reaction rate in 
the plasma assisted catalysis of CO2 hydrogenation. 

Fig. 10b shows that FPE monotonously increases with the CO2 con-
centration over both TiO2 and Ir/TiO2. The ionisation of H2 requires 
more energy than that of CO2, meaning that at the lower CO2 concen-
tration, reaction rate and FPE are greater. By changing the CO2 con-
centration from 17 to 83 vol%, FPE was enhanced by a factor of 3, which 
can be partly ascribed to the reduced energy losses for H2 excitation, 
with H2 activation possible on the surface of Ir nanoparticles. 

The CO2 conversion increased with plasma power at low (17%) and 

Fig. 9. Ir 4 f XPS spectra of Ir/TiO2 coatings (a) as-synthesised, and (b) spent.  

Table 2 
The CO production rate over TiO2 and Ir/TiO2. Total flow rate: 30 mL min− 1, 
voltage: 5.6 kV peak to peak.  

CO2 concentration (vol%) Catalytic CO production rate (µmol s− 1) 

TiO2 Ir/TiO2  

67  1.6  1.8  
100  2.8  1.7  

Fig. 10. (a) CO2 conversion rate and CH4 selectivity and (b) fuel production 
efficiency with varying CO2 concentration over TiO2 and Ir/TiO2. Total flow 
rate: 30 mL min− 1, voltage: 5.6 kV peak to peak. Lines are drawn as a guide for 
the eye. 
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high (83%) CO2 concentration (Fig. 11a), in line with other literature 
studies. The power did not appear to affect the selectivity either; the 
selectivity lines were almost horizontal in the entire range of applied 
power. Fig. 11b shows that FPE decreased with increasing power at a 
CO2 concentration of 83% but did not change at a CO2 concentration of 
17%. These data are in line with those in Fig. 10b, where increasing the 
CO2 concentration significantly enhances FPE. 

The CO2 conversion in the plasma assisted hydrogenation reaction at 
optimised conditions was higher than that reported by most other re-
searchers (Fig. 12a). While the main reaction product was CO, the cat-
alytic rate of methane formation was two orders of magnitude higher 
than most other studies (Fig. 12b). This can be somewhat attributed to 
the use of thin catalytic films rather than pellets in this study, meaning 
that the catalyst mass is generally orders of magnitude smaller than 
those used in other work. The CO2 ionisation energy is shown with a 
dashed line. A thermal-catalytic process with energy costs lower than 
this is also shown for comparison. 

4. Conclusions 

1.2 µm thick Ir/TiO2 thin films were deposited onto the inner surface 
of a DBD tubular reactor. The CO2 conversion in the plasma assisted 
hydrogenation reaction at optimised conditions was higher than that 
reported in other studies at the same level of energy efficiency. Methane 
production was enhanced in plasma assisted CO2 hydrogenation over 

the Ir/TiO2 catalysts compared to the reaction without a catalyst. 
Hydrogen dissociation was observed under plasma conditions. The Ir 
nanoparticles were oxidised in the course of the reaction, however the 
particle size and dispersion remained essentially the same in spent cat-
alysts. The amount of atomic hydrogen in plasma increased with the 
concentration of molecular hydrogen in the feed, at the same time the 
energy efficiency decreased. Increasing the H2 concentration in the feed 
was hypothesised to saturate active sites, meaning that the rate of CO2 
hydrogenation decreased after an optimum H2 concentration. An opti-
mum in fuel production efficiency was found in a CO2/H2 mixture 
containing 60 vol% CO2. 

The design of the reactor provides a proof-of-concept that the 
interaction of plasma-generated species with the catalytic film can be 
maximised, leading to noticeable changes in the chemistry observed. In 
this case, the effect of the catalyst can be clearly distinguished from any 
other effects, as the selectivity was altered so drastically. It was not 
simply a case of conversion or efficiency enhancement, which can result 
from the improvement of electrical properties, but the accessing of a 
reaction pathway to produce methane at rates favourable when 
compared with other literature values, which contributes negligibly to 
the chemistry observed when no catalyst was present. This was achieved 
using a small quantity of catalytic material, demonstrating that reactor 
design, utilising a helical electrode to generate plasma species on the 
catalyst surface, enhanced plasma-catalyst interactions. Such design 
improvements are crucial to efforts in research towards improving 
plasma-catalytic systems for reaction selectivity towards high-value 
products. 
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