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Abstract 

 

The electrochemically assisted synthesis of fuels by CO2 hydrogenation was studied over a 

cheap, widespread and non-precious Fe catalyst in a bench scale oxygen ion conducting 

membrane (YSZ) reactor. The studies were performed under conditions representative of  

potential practical application  i.e., under atmospheric pressure, at relatively low temperatures 

and high gas flow rates, with varying H2/CO2 ratios and using gas compositions typical for 

postcombustion CO2 capture exit streams and easily scalable catalyst-electrode 

configurations. 

The Fe-TiO2 catalyst film was deposited by “dip-coating” and characterised both after pre-

reduction and after testing.  

CO2 conversion and selectivities to CH3OH and C2H6O can be enhanced up to 4, 50 and 

1.7 times, respectively, by electrochemically controlled migration of O
2-

 promoting ions to or 

from the catalyst surface.  

The optimum temperature for the process was 325 ºC. Lower gas flow rates favoured the 

synthesis of CH3OH and C2H6O. CO2 conversion and selectivities to CH3OH and C2H6O 

showed a maximum for a stoichiometric H2/CO2 ratio of 3. Formation of C3H6 and CO is 

strongly favoured for a H2/CO2 ratio of 4 and 2, respectively, as a result of the increased and 

decreased hydrogen availability in the reaction system.  

 

Keywords: Solid electrolyte; Bench scale; CO2 hydrogenation; Fe-TiO2/YSZ; electrochemical 

promotion. 
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1. Introduction 

 

Due to the increase in CO2 atmospheric levels and the diminishing fossil fuel resources 

arising from wide spread production of energy by fossil fuels combustion, valorisation of CO2 

emissions to clean fuels is viewed as a complementary strategy to capture and storage for an 

effective quantitative reduction of the CO2 emissions, allowing their recycling and, therefore, 

a more sustainable use of the energy resources. Chemical recycling of carbon dioxide from 

combustion power plants, as an energy carrier, can be accomplished via its capture and 

subsequent hydrogenation to renewable, useful and environmentally neutral fuels (methane, 

methanol, dimethyl ether, etc.), provided that any available renewable energy source (wind, 

solar or hydraulic) is used for both production of necessary hydrogen (by water electrolysis) 

and chemical conversion of CO2. Moreover, it has been foreseen that increasing amounts of 

cheap CO2 will be available from carbon sequestration in the near future. In this way, carbon 

dioxide can be chemically converted from a harmful greenhouse gas causing global warning 

into a valuable, renewable, environmentally neutral and inexhaustible fuel source for the 

future [14]. 

Two main reactions can occur on co-feeding CO2 and H2 over a hydrogenation catalyst: 

OH z)-(2x  OHC H y)z-(2x  COx 2zyx22       (1) 

OH  CO H  CO 222         mol kJ 19.9 G -1o   (2) 

The former is the synthesis reaction resulting in the formation of hydrocarbons and/or 

oxygenates (alcohols or ethers). The latter is the reverse water gas shift (RWGS) reaction. 

Most studies on conventional catalytic hydrogenation of CO2 to fuels, such as methanol 

and dimethyl ether, have been accomplished using fixed-bed reactor configurations [3] of 

metal or metal oxide based catalysts supported on metal oxides [5] and at high pressures [6] to 

favour the CO2 hydrogenation reaction. Electrochemical promotion is reported to be a very 
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powerful tool, especially suitable for activation of very slow processes [7]. These processes if 

realized with conventional catalytic technologies need either extreme operating conditions 

(very high pressures and temperatures) or long retention times [7], as seems to be the case for 

catalytic CO2 hydrogenation. In fact, CO2 adsorption and activation has been suggested to be 

the rate limiting step in CO2 hydrogenation [5, 8, 9]. Therefore, operation of conventional 

catalysts at higher pressures results in an increased amount of adsorbed CO2, and, hence, in an 

increase of reaction rate. However, electrochemical promotion of catalysis allows increasing 

the surface coverage of chemisorbed CO2 species, giving rise to a concomitant increase in 

reaction rate and allowing the operation of the catalyst at lower pressures, which may result in 

energy savings. 

Electrochemical promotion of catalysis (EPOC), by coupling electrochemistry to catalysis, 

has been considered as an alternative approach to classical chemical promotion of catalyst by 

electrochemically supplying and controlling the concentration of a promoter on an active 

metal catalyst surface. The application of small currents or potentials between a metal catalyst 

which is in contact with a solid electrolyte, which acts as a source of promoter species, and a 

counter electrode results in the migration of promoting species to or from the catalyst surface, 

allowing increasing the catalytic activity for the CO2 hydrogenation reaction and modifying 

the selectivity to the desired products, as well as to simultaneously monitor and control the 

reaction during the process [4, 9]. However, there are few previous studies of 

electrochemically promoted catalytic CO2 hydrogenation. It has been studied over Cu on 

SrZr0.9Y0.1O3-α (a proton conductor) [8], Pt on YSZ (an O
2-

 conductor) [5, 10], Pd on YSZ or 

Na-βAl2O3 (a Na
+
 conductor) [11], Rh on YSZ [5, 12], Cu on TiO2-YSZ [5], Ru on YSZ,  Na-

βAl2O3, K-βAl2O3 (a K+ conductor)  or BZY (a proton conductor) [13–17],   Ni or Ru 

impregnated carbon nanofibers on YSZ [18] and Ni on K-βAl2O3 [19]. In addition, these 

studies have been carried out at lab scale [8, 10–19] and using reactor configurations (discs) 
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[8, 10, 13–19], costly metals (Pt, Pd, Ru, Rd, etc.)   [10–17], metal film preparation methods 

[8, 10–12, 18] and simplified gas compositions (H2 and CO2 diluted in He or N2) [5, 8, 10–19] 

which are not representative of the potential practical application of the technology to real 

postcombustion CO2 capture exit streams. 

According to literature [7, 20, 21], to foster the ultimate utilization of electrochemical 

promotion of catalysis in commercial reactors, some challenges need to be addressed: 

a) Material cost minimization. Moving from thick catalyst films (0.1–5 mm thick), mostly 

made via paste deposition of high cost materials (noble metals) which lead to poor material 

utilization (metal dispersion below 0.01%) and low surface area, to thin (on the order of few 

nm thick) catalyst electrodes or dispersed catalysts that are sufficiently active, robust and 

inexpensive so as to be deployed in practical reactors. The use of less expensive catalysts 

(non-noble metals) and electrolyte systems is also needed. Commercially available materials 

and semiproducts should be used [20, 21]. 

b) Devising efficient and compact reactor design with easiness of electrical connection [20, 

21].To simplify reactor design and to make scale-up of electropromoted reactors easier, it is 

necessary to use configurations (multitubular, monoltithic,  etc.) which would be susceptible 

of application in available devices (fixed bed conventional flow reactor), such as bipolar 

systems in combination with a single chamber reactor. 

c) The research focus has to be shifted from lab-scale, fundamental research, to more 

applied research (pilot plant scale tests, development of necessary catalyst manufacturing 

techniques etc.) [7]. 

d) To verify the electrochemical promotion of catalysis in larger scale reactors at larger 

scale throughputs and in continuous mode of operation [7]. 

  Therefore, there were some scale-up facets, such as operation at high flow rates, under 

realistic gas compositions and using catalyst-electrode configurations easily adaptable to the 



 6 

existing devices (conventional flow reactors), that need to be tackled in more depth for the 

potential practical application of this technology [7, 20, 21]. Moreover, there are also several 

aspects regarding the practical application of the technology, such as cost minimization, 

durability, useful lifetime, etc. which have not yet been addressed in detail [7, 20, 21].  

We have recently reported various bench-scale studies of electrochemically assisted CO2 

hydrogenation to valuable hydrocarbon and oxygenated fuels over Pt [22] and Cu [23] on K-

βAl2O3 and over Pt, Ni and Pd on YSZ [24]. These studies were carried out at high gas flow 

rates, under atmospheric pressure, at relatively low temperature and using gas compositions 

representative of CO2 capture exit streams and tubular configurations easily adaptable to the 

existing catalytic devices (conventional flow reactors) and prepared by easily scalable 

procedures.  

In the present work, we extend the study to other electrochemical catalyst systems, more 

specifically to Fe-TiO2 on YSZ (an O
2-

 conductor). This system is based on a cheaper metal 

than Pt [22],  but was also prepared by “dip-coating”, which is thought to allow obtaining a 

thinner metal film than the “electroless” method used to deposit other non-noble metals, such 

as Cu [23] and Ni [24], which cannot be deposited by “dip-coating”.  Therefore, this study 

may contribute to decrease material cost for the process and to the development of the 

necessary catalyst manufacturing technique, which may have an impact in the potential 

practical application of the technology. 

This work presents, to the extent of our knowledge for the first time, a bench-scale study of 

electrochemically promoted synthesis of renewable fuels by CO2 hydrogenation over a cheap, 

widespread and non-precious Fe catalyst on -TiO2/YSZ. This study was performed using only 

one-tube solid oxide cell configuration, but it could be envisaged to upscale the reactor design 

in a modular multi-tubular solid oxide cell configuration [25] with only two external 

connecting wires, which would be easily adaptable to available conventional flow reactors 
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(fixed bed) and may simplify electrical supply to the electropromoted system.   

In this study, Au was used for the counter electrode and connecting wires, given that it has 

been reported to be catalytically inactive for the CO2 hydrogenation reaction [5, 13], in order 

to ascribe the observed electrocatalytic behaviour to the Fe catalyst only. However, with a 

view of potential application, the use of other cost effective and easily available counter 

electrodes (stainless steel mesh/sheet, composites, etc.) and connection wires should be 

considered.  

The use of a wireless electrochemical promotion approach, which is reported [26] to allow 

controlling the migration of oxide anion species through the solid electrolyte by controlling 

the oxygen chemical potential difference between both electrodes without the need of using 

connection wires, could also result in a simple configuration for upscaling the proposed 

catalyst system in a double chamber configuration with the counter electrode exposed to 

oxygen atmosphere. 

The present study was performed at high flow rates, under atmospheric pressure, at 

relatively low temperatures and  using concentrated CO2 streams, meant to represent exit 

streams of post-combustion CO2 capture plants (commercial amine plants)  and  H2/CO2 

ratios from 2 to 4 to consider the effect of a discontinuous H2 flow, as the H2 needed for CO2 

hydrogenation may be discontinuously produced by water electrolysis only when electricity 

demand is low and from intermittent renewable energy sources [2, 3]. It has been reported [3] 

that somewhat higher total CO2 conversions (especially to CH4) could be possible by using 

higher H2/CO2 ratios, but the most efficient use of available H2 occurs at lower H2/CO2 ratios.  

Reactions conditions of temperature, flow rate and H2/CO2 ratios were varied to evaluate 

their influence on the extent of the electrochemically assisted CO2 hydrogenation reaction and 

on the selectivity to the different target oxygenated fuels.  
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2. Experimental 

 

2.1 Electrochemical catalyst 

 

The electrochemical catalyst evaluated in the present work consisted of a thin Fe film 

(catalyst-working electrode), coated on a TiO2 intermediate layer (used to improve electronic 

conductivity of the electrocatalyst), both deposited by dip-coating on the outer surface of a 

26-mm-i.d., 100-mm-long, 1-2-mm-thick YSZ tube open on both sides.  

A gold counter electrode was painted on the inner side of the tube to perform polarizations.  

Au was chosen as the auxiliary electrode material because it is reported [5, 13] to be inert for the 

CO2 hydrogenation reaction. 

The Au counter electrode was prepared by painting the inner side of the YSZ tube with a 

gold paste (HERAEUS-C5729). The deposited paste was dried at 150 ºC during 10 min, 

heated to 850 ºC at a controlled rate and, finally, annealed at 850 ºC during 10 min. 

Fe catalytic and intermediate TiO2 layers have been also coated on the outer surface of the 

YSZ tube after deposition of the Au counter electrode on the inner side of the tube.  Both 

open ends of the YSZ tube were plugged in order to avoid adding active catalyst particles to 

the counter electrode side. 

Firstly, substrates were cleaned with absolute ethanol in an ultrasonic bath, rinsed with 

absolute ethanol and dried in an oven at 90ºC during 30 minutes. 

 Titanium dioxide has been deposited by sol-gel technique, using a precursor solution that 

contains water, ethanol, hydrochloric acid and tetrabutyl orthotitanate in a molar ratio    

1/14/0.5/1. Withdrawal speed varied from 15 to 25 cm/min. Coatings have been thermally 

cured at 500ºC during 30 minutes. 
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 Iron oxide has been deposited by dip-coating, withdrawing substrate from a precursor 

solution composed of 2-(2-aminoethylamino)ethanol, ethanol and ferrous nitrate, according to 

European patent EP1321539 [27], at speeds from 15 to 25 cm/min. Coatings have been 

thermally cured at 500ºC  during 30 minutes. 

The main role of TiO2 intermediate layer is to enhance electronic conductivity of the Fe 

film which, as indicated above, was deposited as iron oxide and, as will be explained later, 

after reduction in H2 at 400º C was mainly composed by metallic Fe and Fe3O4.  

It has been reported ,  that under oxidizing conditions, TiO2 alone exhibits mixed electronic 

-ionic (O
2-

) conductivity and can lead to pronounced electrochemical promotion of oxidation 

reactions [28] and, in some cases, may protect active metal (Rh) from oxidation (by lowering 

the stability of potentially formed surface Rh oxides) under conditions (anodic polarization) 

where otherwise will be oxidized [29]. However, under the strongly reducing conditions of 

the present investigation, the conductivity of TiO2 is entirely electronic [28] and the main role 

of TiO2 is only to enhance the electronic conductivity of the Fe film. 

 

2.2 Catalyst characterisation 

 

A small fragment of the electrochemical catalyst was characterized, both after reduction 

and after testing, by Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD) and X-

ray Photoelectron Spectroscopy (XPS) techniques.  

The morphology of the catalyst film was investigated via SEM using a HITACHI SU6600 

FEG-SEM instrument with ZrO/W emission type of 1kV - 30kV (100V steps) of accelerating 

voltage and 3 nm at 1kV   /   1.2 nm at 30kV of resolution.  
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XRD patterns of the catalyst-working electrode films were recorded on a PHILIPS “Xpert-

MPD” instrument using a Cu Kα X-ray source (45 kV and 40 mA), a 2θ range of 15-75º, a 

step size of 2θ=0.03º and a step time of 2 s.  

The surface chemical composition of the catalyst electrode film was examined by XPS 

using a Perkin-Elmer PHI 5400 System equipped with a Mg Kα (hν = 1253.6 eV)  excitation 

source running at 15 kV and 20 mA and having a beam diameter of 1 mm. Base pressure in 

the analysis chamber was maintained at about 10
-9

 Torr. The pass energy was set at 89.5 eV 

for general spectra (0-1100 eV) and at 35.75 eV for high resolution spectra.  The energy scale 

was referenced to the carbon 1s signal at 285.0 eV. 

 

2.3 Experimental set-up 

 

Electrochemically assisted CO2 hydrogenation over Fe-TiO2 catalyst film was studied in a 

bench-scale plant, described in detail elsewhere [22], which is able to treat up to 20 m
3
 h

-1
 (at 

273 K and 1 atm) of gas with temperatures ranging between 250 and 450 ºC, at about 

atmospheric pressure. 

The different gas constituents of a post-combustion CO2 capture exit stream and hydrogen 

can be provided by mass flow controllers from bottled gases. Steam can be supplied by 

vaporising water fed into a boiler by a metering pump. The mixed wet gas is then preheated 

and directed to a fixed-bed down-flow quartz reactor, with 35 mm of diameter and 900 mm of 

length, heated by a three-zone electrical furnace. Polarization across the cell was measured 

and controlled via a potentiostat-galvanostat. 

Gaseous products from the reactor were delivered through a heated transfer line to the gas 

analysis system in order to avoid condensation of any volatile products. Gas composition was 

simultaneously determined using a gas micro-chromatograph, and an NDIR CO2/CO on line 
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analyser [22], allowing the analysis of: H2, N2, CO, CH4, CO2, C2H2, C2H4, C2H6, C3H6, C3H8, 

methanol, dimethyl ether and ethanol. 

 

2.4 Operating conditions and procedure 

 

The electrochemical catalysts were properly situated in the reactor in order to lessen by-

pass phenomena and to enhance catalyst-reactive gas contact. The electrical connections in 

the reactor were made from gold wires (HERAEUS), which is reported to be catalytically 

inert in the process [5]; therefore, all the potential-induced changes in catalytic activity and 

selectivity can be exclusively attributed to the metal film.  

The Fe film was reduced in a stream of H2 at 400 ºC during 1 h [22], before performing the 

electrochemically assisted CO2 hydrogenation experiments. 

Open circuit potential was maintained during 30 min prior to each test to define a 

reproducible reference state. Electrochemically assisted hydrogenation tests were performed 

under H2/CO2 binary mixtures, at different applied potentials (between -2 and 2 V), H2/CO2 

ratios (from 2 to 4), temperatures (225 – 400 ºC) and flow rates (90 - 216 N l h
-1

), in order to 

determine the effect of the utilized operating conditions on CO2 conversion, efficiency of 

electrochemical promotion and selectivity to the different fuel products. 

CO2 hydrogenation tests were performed under H2 and CO2 binary mixtures; although a 

small amount of N2 (about 0.5 %) was added to the reaction gas mix as an internal standard. 

Accordingly [20], CO2 conversion ( X CO2
) and “CO2 free selectivity” is defined as (3) and 

(4), respectively: 

   
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CO2  and  
o

CO2  are the corresponding CO2 molar quantities at the inlet and 

outlet of the reactor. As well,  
i

N2  and  
o

N 2  are N2 molar quantities at the inlet and outlet 

of the reactor, respectively. Additionally, iS  is the selectivity to product i, in  is the number of 

carbon atoms of product i and iM  is moles of product i, respectively.  

The effect of polarization on catalyst performance for the CO2 hydrogenation reaction was 

gauged in terms of CO2 rate enhancement ratio (5) [22]. 

CO2 rate enhancement ratio is defined as (5): 

rCO

rCO
CO

up

p

2

2

2            (5) 

Where rCO
p
2  and rCO

up
2  are the CO2 catalytic rates with (under application of a given 

potential V) and without (unpromoted reference state, under open circuit conditions, i.e., no 

potential application and measured open circuit potential almost equal to 0 V) electrochemical 

promotion, respectively.  

According to literature [5, 13, 16], in the case of CO2 hydrogenation on metal catalysts 

deposited on YSZ (an O
2-

 ion conductor), O2 is not a reactant and, therefore, any positive 

potential-induced catalytic rate change is due to electrochemical promotion independently of 

the value of Faradaic efficiency. The same can be reasoned in the case of negative potential, 

because even if CO2 is decomposed via O
2-

 removal from the catalyst surface, this does not 

lead to H2O formation.  In any case, the apparent Faradaic efficiency Λ [5], which is also 

commonly used to quantify the magnitude of electrochemical promotion, has been also 

calculated. The apparent Faradaic efficiency Λ [5] is defined from (6): 
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Where r is the electropromoted rate and ro is the normal, open circuit catalytic rate (both in 

g-eq/s). Δri is the current- or potential-induced change in the catalytic rate of each product 

formation (mol/s) and Ei is the g-eq factor for each product formation reaction.  In this study, Λ 

has been calculated for the main product obtained at each H2/CO2 ratios, i.e. ΛC2H6O (EC2H6O=6), 

ΛC3H6 (EC3H6=6) and ΛCO (ECO=2) for H2/CO2 ratios of 3, 4 and 2, respectively.  F is the 

Faraday’s constant, I is the applied current.  The term I/F corresponds to the rate of ions (g-

eq/s) supplied to catalyst according to the Faraday’s law. Thus, | Λ |= 1 refers to pure Faradaic 

rate enhancement, and |Λ|>1 implies electrochemical promotion. 

The value of current efficiency (ηc) and energy cost (CE) were calculated for each fuel product 

formation (methanol, ethanol and dimethyl ether) under different applied potentials and 

operating conditions, following the expressions (7) and (8), respectively: 

  )()(c tIFMm pepp          (7) 

)()( cE ppe MFVC           (8) 

Where, νe is the number of electrons transferred and νp is the stoichiometric coefficient in 

each product formation reaction. Additionally, mp and Mp are the mass and molecular weight of 

product formed, respectively. 

The carbon mass balance (relative difference between carbon mass at the reactor inlet and 

outlet) was also calculated for each test and resulted to be below 0.5 % for all cases. 

 

3. Results and Discussion 

 

3.1 Catalyst characterisation studies 

 

As reported in literature [6, 3035], the utilised preparation technique determines also 

porous structure, surface morphology and particle size of the metal thin film and therefore the 



 14 

electrochemically assisted catalytic behaviour of the system. SEM micrographs of Fe catalyst-

working electrode film, both as prepared and after reduction (a) and after testing (b), are 

shown in Fig. 1a and Fig. 1b, respectively. As can be observed in SEM image of the sample 

after reduction in Fig. 1 (a), the obtained film seems to resemble a typical foam structure [36], 

suggesting that they are porous (allowing reactants and products diffusion), and continuous, 

as verified by electrical conductivity measurements. The Fe film thickness was also 

determined by SEM and resulted to be about 200 nm. 

XRD spectra of the fresh (as prepared and reduced) and used (after exposure to reaction 

conditions) samples of Fe film are compared in Fig. 2. The peaks at 2θ=44.8º, 65.1º and 82.6º, 

in the XRD spectra of the as reduced sample, were identified as the typical diffraction peaks 

of Fe metal (JCPDS card no. 01-087-0722); whereas the rest of peaks were assigned to the 

YSZ solid electrolyte (JCPDS card no. 98-008-9429) and to the TiO2 intermediate layer 

(JCPDS card no. 98-009-2363). No peaks of iron oxides, or other phases, were detected for 

the sample after reduction.  

The average crystallite size of the as reduced sample was evaluated from X-ray broadening 

of the main metallic Fe diffraction peak at 2θ = 44.815 by using the well-known Debey-

Scherrer equation [37, 38]. The average particle size resulted to be of about 38 nm.  The 

catalyst film metal dispersion has been also estimated from the obtained particle diameter and 

resulted to be of about 3.2 % [39]. 

The XPS analysis of the fresh (as prepared and reduced) sample revealed the presence of 

several superficial compounds that could not be identified by XRD, resulting in Fe being 

present mainly as Fe3O4 as shown by the appearance of peaks at a binding energy of about 

711 eV in the Fe 2p3/2 spectra and at a binding energy of about 724.6 eV in the Fe 2p1/2 

[4043]. The appearance of a peak at 529.77 eV in the O1s spectra seems to confirm the 

presence of Fe3O4 in the as reduced sample. 
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Reflections of the rest of Fe3O4 phase were undetectable in the XRD pattern of the as 

reduced sample. This seems to indicate that the as-deposited and reduced Fe film could be 

almost XRD-amorphous or nanocrystalline.   

According to literature [44], the reduction of iron catalyst by hydrogen is known to be a 

two or three-staged process. That is first Fe2O3 is reduced at 397 º C to Fe3O4, which is then 

reduced to metallic iron at 702 ºC. According to catalyst characterization, initially deposited 

iron oxides were reduced to Fe3O4 and partly also to Fe during reduction in H2 at 400 º C. 

Some agglomerates can be observed in SEM image of the sample after testing (Fig. 1 (b)), 

which are thought to be related with sintering of iron particles upon exposure to testing gas 

environment and not to the fact that the examined area is different in the case of the used 

sample. This fact seems to be confirmed also by XRD which revealed a loss of crystallinity, 

as can be deduced from the decrease of the intensity of XRD peaks associated with metallic 

Fe. 

The XPS spectra of the used sample revealed also the coexistence of Fe oxides and 

oxides/hydroxides as resembled by the appearance of peaks at binding energies of about 710.3 

eV in the Fe 2p3/2 spectra. The O1s spectra showed also that oxygen could be present as OH 

groups (38.7 %) and Fe oxides (61.4 %) as indicated by the appearance of peaks at binding 

energies of about 529.8 and 531.6 eV, respectively. These results suggest that Fe and or Fe3O4 

could be oxidized/oxohydroxized under reaction conditions.  

 

 

 

3.2 Electrochemically assisted CO2 hydrogenation tests 

 

3.2.1 Effect of temperature 
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Fig. 3 (a) shows the effect of temperature on the conversion of CO2  under open-circuit state  

and upon cathodic (-2 V) and anodic (+2 V) polarization conditions, at temperatures from 225 

to 400 ºC and using 90 l h
-1

 of total gas flow rate and  a H2/CO2 ratio of 3.  

Dimethyl ether, methanol, ethanol, CO and in lesser extent hydrocarbons (mainly C2H6 and 

C3H6), CH4, formic acid and acetic acid were formed depending on polarization conditions 

and temperatures.  

As can be observed in Fig 3 (a), under open circuit and positive polarization conditions, CO2 

conversion monotonically decreases as temperature increases for whatever value of applied 

potential. This fact may be related to catalyst poisoning by carbon deposition over Fe and 

Fe3O4 which progressively blocks the active sites [44, 45] or by oxidation of Fe3O4 to inactive 

Fe oxides (Fe2O3) [45] (during ongoing carbon deposition) or hydroxides (Fe(OH)3) [46] (by 

OH
-
 [13] species resulting from O

2-
 ions thermally and/or electrochemically supplied to Fe 

surface).  

Upon negative polarization CO2 conversion decreases on increasing temperature up to 300 º 

C, also probably due to catalyst poisoning by carbon deposition, and then slightly increases 

with temperature, showing a maximum at about 350 º C, and after that, CO2 conversion 

decreases on increasing temperature.  

According to catalyst characterisation results, iron oxides were reduced to Fe3O4 and partly to 

metallic Fe during pre-reduction at 400 º C and subsequently oxidized to a less crystalline 

(amorphous) phase consisting of iron oxides and hydroxides upon exposure of the catalyst to 

the testing gas environment and operating conditions. 

Iron oxides, which have been used as FT catalysts for many years, are also active in reverse 

water gas sift reaction (RWGS) (2) [47]. According to literature [48, 49] active species for 

Fischer Tropsch (FT) reaction are generally obtained by the reduction of α-Fe2O3 via Fe3O4, 
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i.e. the iron species derived from α –Fe2O3 seems to be the catalytic sites for FT-reaction. 

Moreover, during CO2 hydrogenation, Fe3O4 phase is reported to disappear slowly and a new 

amorphous, probably oxidic phase is formed, which appears to be also active for the RWGS 

reaction [47].   

In accordance with literature [47, 50], CO2 hydrogenation over Fe based conventional catalyst 

(unpromoted conditions) proceeds via a two-step process, with initial reduction of CO2 to CO 

via RWGS reaction followed by conversion of CO via FT reaction.  FT synthesis is reported 

[51] to produce both hydrocarbon and oxygenated products (oxygenates) by reducing CO 

with hydrogen on a suitable catalyst, such as iron supported on TiO2 [49]. It has been reported 

[49] that on Fe-TiO2 catalysts, both metallic and oxidic iron phases may play different roles in 

CO2 hydrogenation. Iron oxides are necessary for the hydrogenation of CO2 to from CO. 

Metallic iron is beneficial to form lower olefins in CO hydrogenation. Moreover, iron oxides 

are also active to form oxygenates (CH3OH, C2H6O, etc.) from CO [51].  

Another coexistent reaction is the CO2 reduction to carbon.  According also to literature [44] 

CO2 can be at least partially dissociated to CO on the Fe3O4 species and in part decomposed 

further to carbon, which may result in catalyst deactivation by deposition of carbonaceous 

material. Therefore, decomposition of adsorbed carbon dioxide (9) into carbon on magnetite 

species occurs in two steps (eq. 10 and 11). Simultaneously, Fe3O4 may capture the oxygen 

released by CO2 and CO dissociation and converts itself into Fe2O3 (inactive for RWGS and 

carbon deposition), which may also result in catalyst deactivation. The amount of carbon on 

the surface of the catalyst may be considered an indication of the dissociative adsorption of 

CO2. Propensity for CO2 decomposition is reported to be higher over zirconium catalysts [44].  

(ads.) CO e  CO  *-

22         mol kJ 183.3  G -1o  (9) 

 O  (ads.) COe  (ads.) CO -2* -*

2      -1o mol kJ 257.2  G  (10) 

 O (ads.) Ce  (ads.) CO -2**        mol kJ 137.2  G -1o  (11) 
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CO2 conversion could decrease with temperature also as a result of the concomitant 

increase in the extent of carbon deposition and in the stability of the surface carbon species 

formed [52]. It has been reported [47, 53] that at the beginning of the reaction (at low 

temperature), carbon deposition on the catalyst surface takes place dominantly with a little 

formation of CO. On increasing temperature, reverse water gas shift reaction yield increases 

and products from RWGS dominate during ongoing carbon deposition. Upon additional 

increase in temperature, the RWGS activity increases further and FT activity develops and is 

progressively stablished on the catalyst surface. CO yield increases with temperature via the 

RWGS reaction which is a reversible endothermic reaction. However, the dependence of 

hydrocarbon and oxygenates yield is under a compromise between higher driving force in 

activity and larger tendency to inert carbon deposition [47, 52].  

It has been reported [13] that under reducing conditions, as in the present case (binary 

mixture of H2 and CO2), it is likely that hydroxyl group anionic species (OH
-
) are formed by 

reaction of hydrogen with electrochemically/thermally migrated O
2-

 species, which are 

reported [5] to have a short lifetime, on the catalyst surface. Therefore, in spite of the strongly 

reducing environment, Fe3O4 might be oxidized to inactive Fe hydroxides [46] by the 

hydroxyl species, contributing also to magnetite deactivation. The application of positive 

potentials (+ 2 V) results in O
2-

 supplying from solid electrolyte to the catalyst surface [5, 13]. 

Therefore, the decrease in conversion values obtained for positive polarization could be also 

because upon application of positive potentials oxygen ions are transferred from the solid 

electrolyte to the Fe catalyst surface resulting in an increased Fe3O4 oxidation. In absence of 

polarization, i.e. under unpromoted conditions, although no electrical current passes across the 

cell, O
2-

 ions could also thermally migrate from the solid electrolyte to the catalyst surface as 

temperature increases, due to the increased ionic conductivity of the solid electrolyte at higher 

temperatures.  In both cases CO2 conversion decreases as temperature increases, because 
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migration of O
2-

 to the catalyst surface increases with temperature as a result of the increased 

ionic conductivity at higher temperatures.  

On the contrary, under negative polarization (-2 V), O
2-

 species are pumped away from the 

catalyst surface to the solid electrolyte YSZ, enhancing CO2 dissociative adsorption to CO 

(10) and subsequent formed CO dissociation into surface carbon species (11) [6, 54, 55],  as 

well as direct CO2 reduction to carbon species (12) . Therefore, the initial decrease on CO2 

conversion on increasing temperature observed is thought to be due to Fe poisoning by carbon 

deposition, given that the amount of surface carbon adsorbed on the catalyst surface is 

expected to increase with time and temperature [2]. As commented above on increasing 

temperature reverse water gas shift reaction (RWGS) activity increases. Under negative 

polarization (-2 V), upon increasing temperature ionic conductivity of the electrolyte, and 

therefore, O
2-

 removal from the catalyst surface, increases also,  facilitating further RWGS 

reaction by the electrochemically enhanced CO2 dissociative adsorption to CO and subsequent 

CO hydrogenation to oxygenates and hydrocarbons. Therefore, the increase in CO2 

conversion levels observed under negative polarization could be due to the improved CO2 

dissociation, via O
2-

 abstraction. 

-2*-*

2 O 2  (ads.) C e 4 (ads.)` CO      -1o mol kJ 394.4  G  (12) 

Given that there is no O2 in the gas phase, the reported [5] short lifetime of the O
2-

 species 

on the catalyst surface under reducing conditions  and the limited  O
2-

 capacity of the YSZ 

support, the stability of the solid electrolyte (YSZ) under working conditions can be 

questionable.  However, the O
2-

 species in the solid electrolyte can be replaced by pumping of 

O
2-

 species, resulting from  electrochemical reduction of CO2/adsorbed CO on the 

corresponding electrode (gold or iron), to the solid electrolyte, allowing the solid electrolyte 

to be stable under EPOC working conditions. In fact, it has been previously demonstrated [13] 

that, upon positive polarization, O
2-

 ions could be generated at the gold counter electrode by 
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electrochemical reduction of CO2 with the subsequent formation of CO adsorbed on the 

surface and also possibly by subsequent electrochemical reduction of the adsorbed CO species 

forming C surface species, followed by removal of O
2-

 from the gold film surface to the solid 

electrolyte. Upon negative polarization, O
2-

 ions can be originated by same phenomena taking 

place at the iron catalyst electrode.  

Fig. 3 (b) shows the effect of temperature on the selectivity to the target oxygenated products 

(CH3OH and C2H6O) under open-circuit state  and upon cathodic (-2 V) polarization 

conditions, at temperatures from 225 to 400 ºC and using 90 l h
-1

 of total gas flow rate and a 

H2/CO2 ratio of 3.  

The selectivity to CH3OH exhibited a maximum at a given temperature and then decreased with 

the temperature increment, which agree with the fact that the equilibrium conversion of CO2 to 

methanol decreases as temperature increases [49, 50]. A H2/CO2 ratio of 3 matched with the 

theoretical stoichiometry in the methanol and dimethyl ether synthesis reactions by CO2 

hydrogenation according to Eqs. (13)– (14), and thus they are thermodynamically favoured 

under these conditions. Moreover, C2H6O can be also formed by dehydration (15) of CH3OH. 

In fact, as reported by literature [57], methanol converted to dimethyl ether at 250–300◦C and 

both methanol and dimethyl ether are reported to be transformed into hydrocarbons at 

temperatures about 400◦C [57], where RWGS (2) and methanation (16) reactions are also 

favoured [5].  

OH    OHCH H 3  CO 2322        mol 9.1kJ-  G -1o   (13) 

OH 3   OHC H 6  CO 2 26222       mol kJ 36.8 -  G -1o  (14) 

OH   OHC OHCH 2 2623                      (15) 

OH 2   CH H 4  CO 2422                  mol kJ 7.130G -1o  (16) 

In the absence of surface oxygen ions (no polarization) and under anodic (+2 V) 

polarization, CO2 conversion shows a maximum (around 7 % and 3 %, respectively) at about 
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225 ºC. Cathodic (-2 V) polarization leads to a slight increase in CO2 conversion which 

reaches about 8 % at an higher temperature of about 350 ºC, where the effect of 

electrochemical promotion is more pronounced due to the increased ionic conductivity of the 

solid electrolyte at higher temperatures.  

In the absence of surface oxygen ions (no polarization), the selectivity to CH3OH attained a 

maximum of about 19 % around 350 ºC, then decreased with the temperature increment, 

whereas selectivity to C2H6O increased with temperature from about 4 % at 225 ºC to around 

20 % at 400 ºC. Application of negative polarization (-2 V) leads to a slight increase in the 

maximum of CH3OH selectivity (20 %), and it is obtained at lower temperature (around 300–

325◦C). Selectivity to C2H6O is noticeably electrochemically enhanced over the studied 

temperature range, showing the same tendency against temperature, increasing from about 10 % 

at 225 ºC to around 50 % at 400 ºC.  

As commented above, negative polarization results in higher levels of CO2 conversion and 

selectivity to CH3OH and C2H6O with respect to that under open circuit conditions, because CO2 

dissociative adsorption, which is reported to be the limiting step in CO2 hydrogenation [5, 8, 9, 

58], is facilitated by oxygen removal from the catalyst surface. 

Results obtained at different temperatures revealed that CO2 conversion and selectivity to the 

different target products were maximum at temperatures around 325–350◦C. Therefore, a 

temperature value of 325 ºC was selected for subsequent experiments. 

 

3.2.2 Effect of potential 

 

The steady state effect of polarization on the behaviour of Fe-TiO2/YSZ/Au was 

investigated through potentiostatic experiments performed at different H2/CO2 ratios (2, 3 and 

4) at the selected temperature of 325 ºC and 90 l h
-1

.  
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In order to consider the less favourable, although more realistic, conditions associated with 

a discontinuous flow of renewable H2 [2], the behaviour of the catalyst was also studied using 

H2/CO2 ratios of 2 and 4, which correspond to a lack and an excess of H2, respectively, in 

relation to the stoichiometry of the target products (CH3OH and C2H6O) formation reactions 

((10) and (11), respectively). 

The steady state response of CO2 conversion, Turn Over Frequency (TOF) and CO2 rate 

enhancement ratio to different applied catalyst potentials (between -1.5 and 1.5 V) is 

displayed in Fig. 4a at 325 ºC and 90 l h
-1

 and using a H2/CO2 ratio of 3. Fig. 4b shows the 

effect of applied potential on the selectivity to CO, CH3OH, C2H6O, and C2H5OH, 

respectively, whereas, Fig. 4c shows the variation of apparent faradaic efficiency (| Λ |) and 

current with applied potential, under the same conditions. 

As commented above, for H2/CO2 ratios of 3, the hydrogenation of CO2 over Fe-

TiO2/YSZ/Au gives rise mainly to the formation of methanol (13), dimethyl ether (14), 

ethanol (17) and  CO (2), but (not shown) hydrocarbons (mainly C2H6 and C3H6), CH4, formic 

acid and acetic acid were also detected to be formed. 

OH 3   OHHC H 6  CO 2 25222         (17) 

Moreover, C2H5OH can be also formed by hydrogenation (18) and hydration (19) of 

CH3OH. 

OH    OHHC H 3  OHCH 2 25223         (18) 

OHHC OH  OHCH 2 5223          (19) 

In fact, a H2/CO2 ratio of 3 is about the stoichiometric ratio required for CH3OH, C2H5OH 

and C2H6O production and thus these reactions are thermodynamically favoured and are in 

competition over the catalyst surface under these conditions. 

In this case, CO2 hydrogenation is considerably influenced by the applied potential, with 

selectivities to C2H6O, C2H5OH, CO and CH3OH up to about 47 %, 10 %, 12 % and 50 %, 
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respectively. CO2 rate enhancement ratio values are rather low (up to about 4) with CO2 

conversions up to 15 %. TOF exhibited higher values (up to 5.5 s
-1

) than those reported [5] for 

a similar electrochemical catalyst (Cu/TiO2/YSZ/Au), which evidenced a better performance of 

the present catalyst system.  

As can be observed in Fig. 4c, | Λ | > 1 for whatever value of applied potential. The 

maximum value of | Λ | is obtained for -0.5 V and resulted to be 209. Such a high apparent 

Faradaic efficiency is a distinguishing feature of electrochemical promotion vs. 

electrocatalysis [9]. 

The catalyst showed an “inverted volcano type” electrochemical behaviour, i.e., CO2 rate 

enhancement ratio exhibits a minimum at certain potential (at around 0 V) [9, 59] (Fig. 4a).  

This behaviour can be attributed to the increase of hydrogen (electron donor) and CO2 

(electron acceptor) adsorption strength and surface coverage upon positive and negative 

polarization, respectively, as expected from the rules of electrochemical promotion [5, 13]. 

The difference in the rate enhancement observed for negative and positive potential 

application can be attributed to the difference in the chemisorption propensity of CO2 and 

hydrogen on Fe. CO2 is less easily adsorbed on Fe compared to H2, thus enhancement of its 

chemisorption via negative polarization is expected to have a more significant impact on the 

rate [11]. 

However, selectivity to C2H6O diminished with potential decrease (Fig. 4b), i.e., an 

electrophobic electrochemical behaviour is observed, while selectivity to CO increases with 

decreasing catalyst potential (Fig. 4b), showing an electrophilic electrochemical behaviour [9, 

59].  

As can be deduced also from Fig. 4b, the selectivity to C2H5OH follows opposite trends vs. 

applied potential with respect to that of CO selectivity, whereas C2H6O production is strongly 

enhanced at positive potentials, being a competition for the formation of the different 
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hydrogenation products over the catalyst surface. In fact, as shown in Fig. 4b, with increasing 

catalyst potential by approximately 1 V (from 0 to 1 V), the selectivity to C2H6O increases by 

1.4 times. As can be also observed in Fig. 4b, with decreasing catalyst potential by about 1.5 

V (from 1 to -0.5 V), CO selectivity increases by about 100 times and C2H5OH selectivity 

decreases by about 2 times. 

As can be observed also in Fig. 4b, the optimum applied potential for CH3OH formation is 

about -0.5 V, which corresponds with an enhancement in their selectivity of up to about 4 

times (with respect to unpromoted open circuit conditions).Increasing or decreasing applied 

potential from this value resulted in a decrease in CH3OH selectivity, i.e. selectivity to 

CH3OH exhibited a maximum at this potential, showing a “volcano type” electrochemical 

behaviour. C2H5OH exhibit a concomitant minimum at this potential, showing an “inverted 

volcano type” electrochemical behaviour, which corresponds with a decrease in C2H5OH 

formation of up to approximately 50 %. 

Chemisorption of reactive molecules on a catalyst surface is the previous step to any 

catalytic process. Chemisorption of an adsorbate on a metal gives rise to a real chemical bond, 

thus implying electron donation from adsorbate to metal or from metal to adsorbate. In the 

first case, the adsorbate is called electron donor (electropositive), whereas in the second, is 

called electron acceptor (electronegative). There is a certain scale of electronegativity or 

electron acceptor capacity, in which oxygen is one of the strongest electron acceptors. The 

concept of electropositive or electronegative is also valid for the promoter ions in charge of 

the phenomenon, being these cations (electropositive promoters) and anions (electronegative 

promoters), respectively [9]. 

The origin of the electrochemical activation relies on the modification of adsorption 

phenomena. In the electrochemical promotion, promoter species are ions which 

electrochemically migrate in a controlled manner from the support (solid electrolyte) to the 
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metal. The migration of these ions are accompanied by that of the corresponding charge 

compensation ion, forming neutral surface dipoles which are distributed along the metallic 

surface giving rise to the «effective double layer». Formation of the effective double layer 

gives rise to a change in the work function of the metal catalyst (Φ), modifying its bond 

capacity which each reactive, and therefore its catalytic behaviour [9, 59]. 

On the one hand, the increment in catalyst work function of the metal catalyst by addition 

of an electronegative promoter (O
2-

 for YSZ), via application of positive potentials, favoured 

the adsorption of electron donor species (H2), because the electrode becomes positively 

charged (due to a defect of electrons), favouring the transfer of electrons from electron donor 

molecules, like H2, to the catalyst electrode and thus the adsorption of the latter on the catalyst 

surface, whereas at the same time hindered the adsorption of electron acceptor species (CO2 in 

this case), giving rise to an increase in H2 (electron donor) coverage and to a decrease in the 

coverage of CO2 (electron acceptor). The opposite occurs for application of negative 

potentials which results in the removal of O
2-

 promoter species from the catalyst electrode to 

the solid electrolyte, giving rise to a decrease of the catalyst work function, i.e., the electrode 

becomes negatively charged (due to an excess of electrons), which favours the transfer of 

electrons from the catalyst to electron acceptor molecules, like CO2, and, thus, the adsorption 

of the latter on the catalyst surface, whereas at the same time hindered the adsorption of 

electron donor species (H2 in this case), giving rise to an increase in CO2 (electron acceptor) 

coverage and to a decrease in the coverage of H2 (electron donor) [911, 13, 59].  

In this way, depending on the relative electronegativity of the different adsorbates involved  

in the reaction and on which of them is in excess over the catalyst surface, the application of 

polarization will have a positive or negative effect on the overall kinetics of the process [9, 

59]. Namely, the electrochemical promotion allows modifying the adsorption of the different 

reactive molecules over the catalyst-electrode surface. Thus, there is a given value of potential 
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or promoter coverage which optimizes catalyst activity and selectivity to the desired product, 

which depends on temperature and gas composition. 

Therefore, the observed electrochemically assisted catalytic behaviour can be rationalized 

considering the effect of varying applied potential on the chemisorptive bond strength of 

reactants and intermediate surface species [9, 59] and in accordance with the mechanisms 

proposed for the CO2 hydrogenation reaction [44, 47, 5052, 60]. CO2 can be chemisorbed 

and at least partly dissociated to CO on iron species (Fe and Fe3O4) on a clean Fe catalyst 

surface [44].  

The pumping of O
2-

 species away from the catalyst surface to the solid electrolyte YSZ, 

enhances CO2 (electron acceptor) chemisorption (9) and dissociation to CO (10). In fact, 

under application of negative potentials, a strengthening of the Fe-(CO2)* bond strength is 

achieved [13], since O
2-

 species are pumped away from the catalyst surface to the solid 

electrolyte (YSZ), enhancing CO2 adsorption and activation (9). Negative polarization also 

strengths Fe-C bond and weakens C-O bond enhancing CO2 dissociation to CO (10) 

The application of positive potentials give rise to a migration of oxygen ions to the catalyst 

surface, favouring H2 (electron donor) dissociative adsorption (20) on Fe surface, resulting in 

an increase of the surface coverage of hydrogen and in a decrease in CO2 coverage, being CO2 

(electron acceptor) adsorption the reaction limiting step.  

e 2  (ads.)  H 2 H *

2          mol kJ 38.9  G -1o  (20) 

At high O2
-
 coverage or positive potentials, CO2 dissociative adsorption on Fe is 

considered to be enhanced by the presence of coadsorbed hydrogen (21) [60].  

According to literature [44, 47, 5052, 60], the mechanism of CO2 hydrogenation on Fe based 

catalyst implies firstly CO2 dissociative adsorption to adsorbed CO (Eq. 10 or 21) on the catalyst 

surface. CO adsorbed species resulting from CO2 dissociation may desorb in the gas phase (22) 

or can react with H2 to form CH3OH (23), C2H6O (24) or CH2 (25) adsorbed species. CH2 
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adsorbed species are regarded as carbon-carbon propagation species with chain growth taking 

place, presumably, by addition of CH2 units, resulting in the formation of hydrocarbons (mainly 

C3H6) (26).  Subsequent hydrogenation of CH2 species gives rise to adsorbed CH3 species (27) 

which can be further hydrogenated to CH4 (28) or can react with adsorbed CO to form CH3CO 

adsorbed species (29) which subsequent hydrogenation results in ethanol formation (30) [60].  

OH  (ads.) CO H 2 e  (ads.) CO 2

* *-

2         (21) 

CO (ads.) CO*            (22) 

 OHCH (ads.) H 4  (ads.) CO 3

*         (23) 

  CO  OCHCH (ads.) H 6  (ads.) CO 3 233

*        (24) 

OH (ads.) CH (ads.) H 4  (ads.) CO 2

*

2

*        (25) 

63

*

2 HC (ads.) CH 3           (26) 

(ads.) CH (ads.) H   (ads.) CH *

3

*

2        (27) 

4

*

3 CH (ads.) H  (ads.) CH         (28) 

(ads.) COCH (ads.) H (ads.) CO  (ads.) CH *

3

**

2       (29) 

 OHHC (ads.) H 3  (ads.) COCH 52

*

3         (30) 

At high positive potentials (hydrogen adsorption region), hydrogen coverage is supposed to 

be higher than that of CO adsorbed species resulting from CO2 dissociation [13], and, thus, 

they can be gradually hydrogenated to C2H6O and C2H5OH. 

It can be observed that under application of decreasing positive potentials to negative 

values (up to about -0.5 V), a migration of oxygen ions from the catalyst surface to the solid 

electrolyte is produced, decreasing oxygen surface coverage [9]. As a result, the adsorption of 

electron acceptor species, as CO2 (9), is favoured [59] due to its higher electronegativity [61], 

increasing their surface coverage at the expense of electron donors (hydrogen) and giving rise 
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to a progressive increase in surface CO formation by dissociative adsorption of CO2, whereas 

H2 (electron donor) dissociative adsorption on Fe is hindered and therefore hydrogen 

evolution is favoured [5, 13]. As a result, CO selectivity increases and selectivity to C2H6O 

and C2H5OH decreases on decreasing catalyst potential [13].  

In fact, on decreasing applied potential, a strengthening of the Fe-(CO2)* bond strength is 

achieved [13], since O
2-

 species are pumped away from the catalyst surface to the solid 

electrolyte (YSZ), enhancing CO2 adsorption and activation (9), whereas H2 dissociative 

adsorption (20) on Fe surface is hindered. Lowering applied potentials also strengths Fe-C 

bond and weakens C-O bond enhancing CO2 dissociation to CO (10), resulting in an 

enhancement of CO formation [10, 11, 13]. Moreover, CO dissociative adsorption is less 

favoured at lower potentials (CO has a lower electron acceptor capacity than CO2) [9, 11, 59, 

62] and it tends to desorb (22). Both phenomena result in an increase in the selectivity to CO. 

Moreover, it can be observed that under application of decreasing positive potentials 

formation of CH3OH is increasingly enhanced reaching a maximum at about -0.5 V. As 

commented above, around open circuit conditions (-0.5 V), at low negative or positive 

potentials, selectivity to CH3OH exhibited a maximum, showing a “volcano type” 

electrochemical behaviour. In fact, formation of CH3OH is reported to be enhanced over 

almost promoter free metal surfaces (around 0V), where surface coverage of both reactants 

(CO2 and H2) is expected to be very similar. Therefore, a strong competition between CO2 and 

H2 adsorption could be expected within this potential range, and, thus, according to this 

mechanism, it is expected that the formation of CH3OH will be limited by the dissociative 

adsorption of both H2 and CO2 [63, 64].  

A subsequent decrease in potential below -0.5 V, gives rise to an enhancement of CO2 

dissociative adsorption on Fe surface, via formation of adsorbed CO species, and to a 

decrease in H2 dissociative adsorption, because H2 adsorption is retarded and tends to be 
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evolved from the catalyst surface [5, 13]. Therefore, the amount of hydrogen adsorbed on the 

surface is reduced and could limit CO2 hydrogenation reactions. CO selectivity increases on 

decreasing applied potential, because CO formation (via enhanced CO2 dissociative 

adsorption) and desorption (given that CO has a lower electron acceptor capacity than CO2) 

are favoured. As commented above, selectivity to C2H5OH selectivity exhibited a concomitant 

minimum at the same potential value (-0.5 V) as selectivity to CH3OH exhibited a maximum, 

resembling an “inverted volcano type” electrochemical behaviour. Therefore, selectivity to 

C2H5OH increases on decreasing applied potential below -0.5 V due to the enhanced adsorbed 

CO,  and thus CH3CO*, species formation, as a result of the improved CO2 dissociation via 

O
2-

 abstraction,  because, in spite of hydrogen evolution (which may limit the CO2 

hydrogenation) is also favoured on decreasing applied potential, under a stoichiometric 

H2/CO2 ratio of 3, hydrogen coverage is still enough [13] for CH3CO* adsorbed species to be 

hydrogenated to C2H5OH, given that CH3OH formation is inhibited (sharply decrease to 

almost zero) for negative potentials  [63]. As a consequence, C2H5OH formation competitive 

reaction is increasingly enhanced, resulting in an increase in C2H5OH selectivity, with the 

decrease in potential. On the contrary, selectivity to C2H6O decreases for potentials below -

0.5, because, as commented above the coverage of both hydrogen and CO adsorbed species 

decreases on lowering applied potential resulting in a decrease in selectivity to C2H6O [2, 12, 

13]. 

The steady state response of CO2 conversion, Turn Over Frequency (TOF)   and CO2 rate 

enhancement ratio to different applied catalyst potentials (between -1.5 and 1.5 V), at 325ºC 

and 90 l h
-1

 and using a H2/CO2 ratio of 4, is displayed in Fig. 5a. Fig. 5b shows the effect of 

applied potential on the selectivity to CO, CH3OH, C2H6O, C2H5OH and C3H6, respectively,   

whereas Fig. 5c shows the variation of apparent faradaic efficiency (| Λ |) and current with 

applied potential, under the same conditions. 
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As can be observed in Fig. 5b, for H2/CO2 ratios of 4, the hydrogenation of CO2 over Fe-

TiO2/YSZ/Au, at 325 ºC and 90 l h
-1

, gives rise also to the formation of CO (2), CH3OH (13), 

C2H6O (14) , C2H5OH (17) and C3H6 (31), and it is, as well, affected by the applied potential, 

with selectivities to CO, CH3OH, C2H6O, C2H5OH and C3H6 up to about 10 %, 5 %, 25 %, 15 

% and 50 %, respectively.  

OH 6   HC H 9  CO 3 26322       mol kJ 177- G -1o      (31) 

CO2 rate enhancement ratio values are again rather low (up to about 1.6) with CO2 

conversions up to 6 % and TOF up to 1.7 s
-1

. The catalyst resembled, as well, an “inverted 

volcano type” electrochemical behaviour, showing also a minimum in CO2 rate enhancement 

ratio at about 0 V (Fig. 5a) [9, 59].  

As can be observed in Fig. 5c, | Λ | > 1 for whatever value of applied potential. The 

maximum value of | Λ | is obtained for -0.5 V and resulted to be 1570, demonstrating the non-

Faradaic nature of the process [9]. 

For this high H2/CO2 ratio, the performance of the catalyst is similar to that obtained for a 

H2/CO2 ratio of 3, but the main product obtained is C3H6. Therefore, the selectivity to C3H6 

has been also plotted consequently. 

C3H6 is reported to be formed from CH2 radicals (26) resulting from hydrogenation of CO 

adsorbed species deposited by CO2 dissociation. The increase in the formation of C3H6 is 

thought to be due to the presence of an excess of H2 with respect to that stochiometrically 

required for CH3OH and C2H6O formation (H2/CO2 ratio of 3), i.e. due to an increased H2 

availability in the system. In fact according to literature [47, 49], higher hydrocarbon 

selectivity is attributable to a hydrogen excess in the reaction system [47, 49]. 

Selectivity to C3H6 diminished with potential decrease (Fig. 5b), i.e., an electrophobic 

electrochemical behaviour is observed, because, as commented above, on decreasing applied 

potential, H2 (electron donor) dissociative adsorption is hindered and hydrogen evolution is 
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favoured [5, 13], limiting adsorbed CO species hydrogenation to CH2, and thus, C3H6 

formation. In addition, as more water is formed, the amount of surface CO generated by CO2 

dissociation could decrease also trough the WGS (water gas shift) (32) [65], resulting in a 

concomitant decrease in C3H6 yield. 

222 H  CO OH  CO         mol kJ 19.9 -  G -1o  (32) 

Moreover, it can be observed that under application of decreasing positive potentials 

within the positive range, formation of CH3OH and C2H6O is increasingly promoted reaching 

a maximum at about 0.5 V. As indicated above, under application of high positive potentials, 

H2 (electron donor) dissociative adsorption on Fe surface is favoured, being CO2 (electron 

acceptor) adsorption the reaction limiting step. CO2 dissociation is considered to be enhanced 

by the presence of adsorbed hydrogen. Hydrogenation of CO adsorbed species resulting from 

CO2 dissociation leads to the formation of these oxygenated products. Decreasing catalyst 

potential results in the migration of oxygen species to the solid electrolyte favouring CO2 

(electron acceptor) dissociate adsorption on Fe surface, whereas H2 dissociative adsorption is 

hindered. As a result, selectivity to CH3OH and C2H6O increases up to a maximum value, 

which corresponds with a maximum enhancement in its selectivity of up to 50 and 1.7 times, 

respectively. In this case, selectivities to CH3OH and C2H6O showed similar trends against 

potential, because in spite of hydrogen dissociative adsorption is hindered on decreasing 

applied potentials, for H2/CO2 ratios of 4 (higher than the stoichiometric ratio) hydrogen 

coverage is always higher than that of CO adsorbed species resulting from CO2 dissociation 

[56] and thus CO adsorbed species can be gradually hydrogenated to both compounds. 

Therefore, the competition between hydrogenation reactions is less pronounced. A subsequent 

decrease in potential results in a decrease in selectivity to CH3OH and C2H6O, because the 

hydrogen evolution reaction is increasingly favoured, and the amount of hydrogen adsorbed 

on the surface is reduced limiting hydrogenation reactions.  
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In general, the variation of C2H5OH and CO selectivities vs. applied potential is very 

similar to that observed for a H2/CO2 ratio of 3. 

In this case the maximum in C3H6 and C2H5OH formation corresponds with an 

enhancement in their selectivity of up to about 1.4 and 150 times, respectively, whereas the 

concomitant minimum in CO formation corresponds with a decrease in its selectivity of up to 

approximately 100 times. 

Fig. 6 shows the steady state effect of the applied potential on CO2 conversion, Turn Over 

Frequency (TOF) and CO2 rate enhancement ratio (Fig. 6a) and on the selectivity to CO, 

CH3OH, C2H6O and C2H5OH (Fig. 6b), respectively, at 325 ºC and 90 l h
-1

 and using a 

H2/CO2 ratio of 2, whereas Fig. 6c shows the variation of apparent faradaic efficiency (| Λ |) 

and current with applied potential, under the same conditions. 

As can be observed in Fig. 6b, for H2/CO2 ratios of 2, the hydrogenation of CO2 over Fe-

TiO2/YSZ/Au, at 325 ºC and 90 l h
-1

, gives rise to the formation of CO (2), CH3OH (13), 

C2H6O (14) and C2H5OH (17, being a competition for the formation of the different 

hydrogenation products over the catalyst surface, and it is, as well, perceptibly influenced by 

the applied potential, with selectivities to CO, CH3OH, C2H6O and C2H5OH  up to about 80 

%, 6 %, 5 % and 5  %, respectively.  

CO2 rate enhancement ratio values are rather low (up to about 1.5). CO2 conversion is also 

fairly low (up to 5 %) with TOF values up to 4.2. The catalyst showed also an “inverted 

volcano type” electrochemical behaviour, i.e., CO2 rate enhancement ratio exhibits a 

minimum at a certain potential (under open circuit conditions approx.) (Fig. 6a) [8, 59].  

As can be observed in Fig. 6c, | Λ | > 1 for whatever value of applied potential. The 

maximum value of | Λ | is obtained for -0.5 V and resulted to be 44.5, demonstrating the non-

Faradaic character of the process [9]. 
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For this lower H2/CO2 ratio, the electrochemical behaviour is similar to that obtained for an 

H2/CO2 ratio of three, but CO is produced dominantly for all range of potentials, due to the 

defect of H2 [49] with respect to that required by stoichiometry for methanol and dimethyl 

ether formation (H2/CO2 ratio of 3) and closer to that required for reverse water gas shift 

reaction (H2/CO2 ratio of 1). 

Under high positive potentials H2 adsorption is favoured, being CO2 adsorption the 

reaction limiting step. In this case, on decreasing catalyst potential CO selectivity increases  

and selectivity to C2H6O and C2H5OH decreases due to the improved CO formation (via CO2 

dissociation) and desorption (CO has a lower electron donor capacity than H2), and enhanced 

hydrogen evolution on decreasing potential. For H2/CO2 ratios of 2 (lower than the 

stoichiometric ratio for C2H6O and C2H5OH formation) and on hydrogen adsorption region 

(positive potential) coverage of H2 is still higher enough for CO adsorbed species to be 

partially hydrogenated. On hydrogen evolution region (negative potential), H2 coverage is 

lower, in addition CO formation and desorption (CO has a lower electron acceptor capacity 

than CO2) are favoured as a result of the enhanced CO2 dissociative adsorption, being RWGS 

the dominant reaction. However, as more water is formed from CO2 hydrogenation reactions, 

the amount of CO could decrease also trough the WGS (water gas shift) (32) reaction [65], 

resulting in a concomitant decrease in CO yield, giving rise to the observed decrease in CO 

selectivity and providing surface CO2 and H2 adsorbed species needed for the different 

oxygenates production. 

In this case, selectivity to CH3OH, C2H6O and C2H5OH showed the same tendency vs. 

applied potential variation as for an H2/CO2 ratio of 3, showing a “volcano type” (maximum 

at -0.5 V), “electrophobic” and “inverted volcano type” (minimum at 0 V) electrochemical 

behaviour, respectively, whereas CO selectivity exhibited also a “volcano type” 

electrochemical behaviour, i.e. it attained also a maximum at a given potential value (0 V).  
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In fact, as shown in Fig. 6b, with increasing catalyst potential by approximately 0.5 V 

(from 0 to 0.5 V), the selectivity to C2H6O increases by 1.5 times. As can be also observed in 

Fig. 6b, with increasing  catalyst potential by about 1.5 V (from 0 to 1.5 V), C2H5OH  

selectivity increases by about 12.5 times and CO selectivity decreases by about 1.3 times. 

As can be deduced also from Fig. 6b, the optimum applied potential for CH3OH formation 

is about -0.5 V, which corresponds with an enhancement in their selectivity of up to about 2.5 

times (with respect to unpromoted open circuit conditions). 

One of the main challenges for advancing CO2 hydrogenation to fuels is increasing the 

energy efficiency of the process, i.e., decreasing the energy requirements for producing the 

products. The trend is to maximize products yield with minimal energy input. However, as 

stated in the introduction part of the manuscript, there are other aspects which may justify the 

application of the electropromoted CO2 hydrogenation to fuels even with low energy 

efficiency, because this technology offers a way for chemical storage of the surplus of 

intermittent renewable energy that would otherwise be wasted, turning the excess electricity, 

through electrolysis of water, into renewable hydrogen which can be used to produce fuels. 

From the above commented results, it seems that the control of the yield of the CH3OH, 

C2H5OH and C2H6O can be carried out by modification of the applied potential, i.e., there is 

an optimum value of potential, at a given flow rate, temperature and H2/CO2 and ratio, which 

maximized CH3OH, C2H5OH or C2H6O selectivity.   

The energy efficiency (energy balance) of the overall process can be calculated as the ratio 

between useful energy that can be produced by combustion of the synthesised fuel (output 

energy) and the energy consumed in the formation of the product. The energy produced can 

be calculated by multiplying the amount of fuel produced by its calorific value, whereas the 

consumed energy can be calculated as the sum of the thermal energy (needed to increase 

temperature of reactives to that required for the reaction) and electrical energy (needed to 
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supply the current needed for electropromotion of the process) necessary for obtaining the 

fuel product. Therefore, the energy efficiency (energy balance) of the overall process should 

be calculated for each target product formation.  

The electrical energy requirements for producing the different products can be evaluated 

from the values of energy cost (kWh/Kg) associated with each product formation calculated 

according to equation (8). In this work, the energy cost (kWh/Kg) has been calculated for 

each product fuel (methanol, ethanol and dimethyl ether) formation under different operating 

conditions as an indication of the energy efficiency of the process.  

The minimum value of energy cost (kWh/Kg) associated with each product formation was 

0.004, 0.003 and 0.0005, for methanol, ethanol and dimethyl ether, respectively. These values 

were obtained for -0.5 V at 325 ºC and using H2/CO2 ratios of 3 (for methanol and ethanol) 

and 4 (for C2H6O). In the case of methanol, the minimum in energy cost coincides with the 

maximum in CH3OH selectivity, which makes methanol a candidate target product, but also 

with a rather low CO2 conversion and high selectivity to the rest of the products, which 

implies an additional cost associated with product purification.  

 

3.2.3 Effect of H2/CO2 ratio 

 

For better understanding of the influence of H2/CO2 ratio on catalyst behaviour and 

selectivity to the different products, the potentiostatic variation of CO2 conversion, CO2 rate 

enhancement ratio and selectivity to CO, CH3OH, C2H5OH, and C2H6O is plotted for different 

H2/CO2 ratios in Figs. 7a to 7f, respectively.  

Results (Fig. 7a) indicate that, in general, CO2 conversion is slightly affected by H2/CO2 

ratio, except in the case of H2/CO2 ratio of three where the CO2 conversion versus potential 

curve is shifted to the highest values of conversion, in special at highly negative potentials. 
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As can be deduced from Fig. 7b, at positive potentials, in general, CO2 rate enhancement 

ratios, i.e., promotion levels, decrease on increasing H2/CO2 ratio. 

Selectivity to CO increases on decreasing H2/CO2 ratio, as result of the decreased hydrogen 

availability with respect to the stoichiometrically required for the synthesis of the different 

hydrogenated products. In the case of H2/CO2 ratio of two, the CO selectivity vs. potential 

curve is shifted to the highest values (between 60 and 80 %), presumably because an H2/CO2 

ratio of two is closer to the value required by stoichiometry for RWGS reaction (about 1), 

favouring CO production. 

CH3OH selectivity (Fig. 7d) exhibits a maximum around open circuit conditions (+0.5-0.5 

V), because the surface reaction could be restricted by the coverage of both CO2 and H2 

adsorbed on the catalyst surface [63, 64], and for H2/CO2 ratios equal to three (of about 50 %), 

which corresponds with that required for stoichiometric synthesis of methanol by CO2 

hydrogenation (10), and, therefore, thermodynamically favours the formation of CH3OH as 

the expenses of other CO2 hydrogenation products. On the other hand, for H2/CO2 ratios 

distinct from three, selectivity to methanol was almost unaffected by H2/CO2 ratio [66]. 

Selectivity to ethanol (Fig. 7e) follows an opposite trend vs. H2/CO2 ratio with respect to 

methanol selectivity, showing a minimum at about -0.5 V, which seems to indicate that they 

are formed through competitive reactions. For other potential values, selectivity to ethanol 

increases with H2/CO2 ratio [67], as result of the increased hydrogen availability with respect 

to the stoichiometrically required for the ethanol synthesis reaction. 

As can be obtained from Fig. 7f, for an H2/CO2 ratio of three, the C2H6O selectivity vs. 

potential curve is shifted to the highest values (between 25 and 50 %), presumably because 

this H2/CO2 ratio coincides with that required for stoichiometric synthesis of C2H6O by CO2 

hydrogenation (14), and, therefore, thermodynamically favours the formation of C2H6O as the 

expenses of other CO2 hydrogenation products. On the other hand, for H2/CO2 ratios distinct 
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from three, selectivity to dimethyl ether decreased on increasing H2/CO2 ratio. 

As commented above, selectivity to C3H6 reaches a maximum for a H2/CO2 ratio of 4, 

because the amount of hydrogen is in excess with respect to that required by stoichiometry for 

the synthesis reactions via CO2 hydrogenation [47]. 

 

3.2.4 Effect of gas flow rate 

 

The influence of gas flow rate (the reciprocal of contact time) on CO2 hydrogenation 

behaviour, at 325 ºC and using a H2/CO2 ratio of 3, is depicted in Fig. 8. Results indicate that 

increasing gas flowrate, and correspondingly, decreasing contact time, resulted in a decrease 

in CO2 conversion (Fig.8 a) and in CH3OH and dimethyl ether selectivities (Fig. 8 b), as well 

as in an increase in CO and C2H5OH selectivities (Fig. 8 c), whereas CO2 rate enhancement 

ratio is almost unaffected by the variation of gas flow rate (Fig. 8 a). 

As expected, the CO2 conversion values decreased upon increasing gas flow rate as a result 

of the lower contact time available for the reaction to take place, and, very interestingly, the 

methanol and dimethyl ether selectivity also followed a negative trend [68, 69]. This seems to 

suggest that both CH3OH and C2H6O were produced, to a large extent, from the CO 

hydrogenation, as a consecutive step of the RWGS reaction, rather from the direct CO2 

hydrogenation reaction. On the contrary, selectivity to C2H5OH and CO increases on 

increasing gas flow rate. This could be indicative of the fact that C2H5OH and CO are 

produced  in parallel paths through the corresponding hydrogenation reactions, because a 

diminution in selectivity to C2H5OH with the increase in gas flow rate could be expected if 

C2H5OH was produced via consecutive hydration or hydrogenation of the formed CH3OH 

[70, 71]. However, C2H6O selectivity decreases with the increment in gas flowrate as CH3OH 

does, which seems to indicate that C2H6O is formed in any consecutive reaction from CH3OH 
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(via consecutive dehydration of the formed CH3OH) or from the same reaction intermediate 

(CO) [70, 71].  

The observed decrease in C2H5OH selectivity at higher residence times  could resemble a 

possible inhibition of primary ethanol synthesis, via hydrogenation of the adsorbed CO 

deposited by CO2 dissociation, by H2O formed as side product of higher alcohols and by 

hydrocarbons secondary reactions of adsorbed CO with CH2
*
 radicals, which are favoured by 

long residence times [51, 69].  

 

4. Conclusions 

 

In this study, a Fe-TiO2/YSZ/Au tubular electrochemical catalyst has been successfully 

prepared by dip-coating and characterised, both after reduction and after testing, by Scanning 

Electron Microscopy, X-Ray Photoelectron Spectroscopy and X-Ray Diffraction techniques.  

The CO2 hydrogenation over Fe in an oxygen ion conducting membrane reactor can be 

electrochemically assisted under atmospheric pressure, at relatively low temperatures and 

high gas flow rates and under realistic postcombustion CO2 capture exiting gas compositions. 

Selectivity to the different target fuels can be modulated by modifying applied potential under 

given operating conditions. 

The hydrogenation of CO2 over the Fe catalyst leads to different products depending on 

operating conditions. The main products were methanol, dimethyl ether, ethanol, CO and 

C3H6, but CH4, C2H6, formic acid and acetic acid were also detected to be formed.  

CO2 hydrogenation and selectivities to CH3OH, C2H6O, C3H6 and C2H5OH were 

electrochemically enhanced up to a maximum of 50, 1.7, 1.4 and 150 times, respectively. 

A temperature value of 325 ºC was selected to be the optimum for the electrochemically 

assisted CO2 hydrogenation process.  
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Increasing gas flow rate, and correspondingly, decreasing contact time, for a given H2/CO2 

ratio of 3 and at 325 ºC, resulted in a decrease in CO2 conversion and in CH3OH and dimethyl 

ether selectivities and in an increase in CO and C2H5OH selectivities, whereas CO2 rate 

enhancement ratio is almost unaffected by the variation of gas flow rate. 

Results obtained at different H2/CO2 ratios, at 90 l h
-1

 and 325 ºC,  showed that CO2 

conversion and selectivities to CH3OH and C2H6O showed a maximum for a H2/CO2 ratio of 

3, whereas selectivites to C3H6 and CO strongly increase for a H2/CO2 ratio of 4 and 2, 

respectively, as a result of the increased and decreased hydrogen availability in the reaction 

system and selectivity to C2H5OH increases with the increment in H2/CO2 ratio, being the 

maximum values attained around 80 %, 50 %, 50 %, 15 % and 47 % for CO, C3H6, CH3OH, 

C2H5OH and C2H6O, respectively. 

Therefore, this study addresses some scale-up aspects, such as operation at high flow rates 

and atmospheric pressure, under realistic gas compositions and using catalyst-electrode 

configurations easily adaptable to the existing catalytic devices (conventional flow reactors), 

based on a cheap, widespread and non-precious Fe catalyst, and prepared by commercial 

ready procedures, which may have an impact on the potential practical application of the 

process for CO2 recycling, contributing not only to controlling the global “Green-house 

Effect”, but also to the availability of fuel sources for the future. 
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   (a)      (b)  

Fig. 1. SEM micrograph of the Fe catalyst-working electrode film: (a) after reduction, (b) 

after testing. 

 

Fig. 2. XRD analysis of the Fe catalyst-working electrode film: (a) after reduction, (b) after 

testing. 

 

Fig. 3. Influence of temperature on (a) CO2 conversion under open circuit conditions ( ), upon 

negative polarization (-2V) ( ) and upon positive polarization (2V) ( ) and on (b) selectivities 

to CH3OH ( , ) and C2H6O ( , ) under open circuit conditions (filled symbols) and upon 

negative polarization (-2V) (open symbols) over Fe-TiO2/YSZ/Au. (225-400 ºC, 90 l h
-1

, 

H2/CO2 = 3). 

 

Fig. 4. Influence of the applied potential on (a) CO2 conversion/TOF ( ) and CO2 rate 

enhancement ratio ( ), on (b) selectivities to CH3OH ( ), C2H6O ( ), CO ( ) and C2H5OH ( ) 

and on (c) current ( ) and apparent faradaic efficiency ( ) over Fe-TiO2/YSZ/Au. (325 ºC, 90 

l h
-1

, H2/CO2 = 3). 

 

Fig. 5. Influence of the applied potential on (a) CO2 conversion/TOF ( ) and CO2 rate 

enhancement ratio ( ), on (b) selectivities to CH3OH ( ), C2H6O ( ), CO ( ), C2H5OH ( ) and 

C3H6 ( ) and on (c) current ( ) and apparent faradaic efficiency ( ) over Fe-TiO2/YSZ/Au. 

(325 ºC, 90 l h
-1

, H2/CO2 = 4). 
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Fig. 6. Influence of the applied potential on (a) CO2 conversion/TOF ( ) and CO2 rate 

enhancement ratio ( ), on (b) selectivities to CH3OH ( ), C2H6O ( ), CO ( ) and C2H5OH ( ) 

and on (c) current ( ) and apparent faradaic efficiency ( ) over Fe-TiO2/YSZ/Au. (325 ºC, 90 

l h
-1

, H2/CO2 = 2). 

 

Fig. 7. Effect of H2/CO2 ratio on the potentiostatic variation of CO2 conversion (a), CO2 rate 

enhancement ratio (b) and selectivities to CO (c), CH3OH (d), C2H5OH (e) and C2H6O (f) on 

Fe-TiO2/YSZ/Au. (325 ºC, H2/CO2 = 2 ( ), H2/CO2=3 ( ) and H2/CO2=4 ( ), 90 l h
-1

).  

 

Fig. 8. Effect of gas flow rate on the potentiostatic variation of (a) CO2 conversion ( ,
 

) and 

CO2 rate enhancement ratio ( , ), (b) selectivity to CH3OH ( ,
 

) and C2H6O ( , ) and (c) 

selectivity to CO ( ,
 

) and C2H5OH ( , ) at 216 l h
-1

 (filled symbols) and 90 l h
-1

 (open 

symbols) over Fe-TiO2/YSZ/Au. (325 ºC, H2/CO2 = 3).  
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 Calculations for the metal dispersion and particle diameter  

 

The mean particle diameter of metallic Fe was estimated from the XRD patterns of the as 

reduced sample using the well-known Debey-Scherrer equation [1, 2]: 





cos

K
dp   

Where dp is the particle diameter in nm, K is the shape factor (0.9), λ is X-ray wavelength 

(0.154 nm), β is the line broadening at half (0.00389 radians) of the maximum intensity 

diffraction peak of Fe metal (JCPDS card no. 01-087-0722) at 2θ = 44.815º and θ is the Bragg 

angle (22.4075º). The calculated particle diameter resulted to be 38.55 nm.   

The catalyst film metal dispersion (D) has been also estimated using the following classical 

and semi empirical equation [3]:  

dp

C
D (%)  

Where C is a constant which for Fe is found to be 123 [3] and dp is the particle diameter 

obtained from XRD measurement given in nm (38.55). 

The calculated metal dispersion resulted to be 3.2 %. 
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