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Electrochemical production of syngas from CO2 at pressures up to 
30 bar in electrolytes containing ionic liquid  
Sofia Messias a, Miguel M. Sousa a, Manuel Nunes da Ponte a, Carmen M. Rangel b, Tiago Pardal c and 
Ana S. Reis Machado*a

Electrochemical CO2 reduction in a reactor that can operate up to 100 bar and 800C with a configuration similar to  a 
electrolyser for hydrogen production alkaline like, suitable to be used industrially is reported for the first time. The effect of 
pressure in the co-electrolysis of CO2 and water was studied. The successful scale-up from a batch previously reported 
process to electrodes of  ca. 30 cm2 geometrical area (30 fold factor)  that combines the use of pressure and an ionic liquid-
based electrolyte is presented. Also for the first time, the potential of the system under study to achieve high conversions 
of CO2 to avoid a purification step of syngas from unreacted CO2 is shown. An inexpensive commercial foil of the common 
metal zinc was employed. Semi-continuous operation yielded syngas productivities in the range of 0.02-0.04 mmol/cm2h at 
ca. -1.2V vs. QRE Ag/Ag+. When an electrolyte consisting of 90 wt.% H2O and 1-ethyl-3-methylimidazolium 
trifluoromethanesulfonate 10 wt.% was used, selectivities  for CO in the range of 62% to 72% were obtained, at 10 bar 
pressure, whereas selectivities of 82% were obtained at 30 bar pressure. H2/CO ratios  in the range of 1/1 to 4/1 at 10 bar 
pressure suitable for the synthesis of a variety of fuels, such as hydrocarbons, methanol, methane and chemical building 
blocks were observed. An energy efficiency of 44.6% was calculated for a H2/CO ratio of 2.2 suitable for the synthesis of 
methanol. 

Introduction
Carbon Capture and Utilization Technologies (CCU) are being 
intensively investigated, such as power to Gas [1-2] and power 
to Liquid [3] to produce fuels and chemical building blocks from 
CO2. In a recent report [4] it was shown that CCU has the 
technical potential to change the paradigm of a chemical 
production based on fossil resources to renewable energy, 
reducing annual GHG emissions by up to 3.5 Gt CO2-eq in 2030. 
In these technologies, hydrogen is produced in an electrolyser 
using renewable electricity and water. In a second step, 
hydrogen and CO2/CO are reacted to synthetize hydrocarbons, 
or other fuels and chemical building blocks. Some of these 
technologies are already commercial, such as the George Olah 
plant producing renewable methanol in Iceland, others are 
being tested at a pilot scale, or ready for scale-up. Technologies 
presently with lower maturity that offer the potential of being 
very energy efficient and cost-effective are also being actively 
researched, namely electrochemical reduction of carbon 

dioxide, with or without simultaneous reduction of water to 
hydrogen. 
While water electrolysis is already at a commercial stage CO2 – 
water co-electrolysis has still a number of challenges to 
overcome [5] including low productivities, before it can be 
deployed industrially. Some of these challenges are a 
consequence of the stability of the CO2 molecule and the need 
to apply high overpotentials to reduce it electrochemically, 
leading to processes with poor energy efficiencies. 
Electrochemical CO2 reduction has been studied in gas phase, 
where gaseous CO2 is fed to the cathode through gas diffusion 
electrodes (GDE) and in liquid phase, where CO2 dissolved in the 
liquid electrolyte contacts the electrode. A figure of merit of this 
technology is productivity. One of the process-intensifying 
parameters that since the pioneer work in electrochemical CO2 
reduction has been recognized to improve productivities is 
pressure [5-12]. However, this variable has been seldom studied 
[13], due to the challenge of designing a configuration of an 
electrochemical reactor able to operate at pressures higher 
than atmospheric pressure. The aforementioned studies were 
conducted in liquid phase laboratory cells with configurations 
not suitable for industrial deployment. Gas phase electro-
reduction is in a higher maturity development stage than liquid 
phase configurations, most probably due to the ease of finding 
commercial laboratory prototypes for research. Dufeck et al. 
[14] have used a customized commercial PEM (Proton Exchange 
Membrane) electrolyser cell and implemented a pressurized 
system for continuous reduction of CO2 in gas phase into syngas 
using an Ag GDE electrode and an aqueous electrolyte using 
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conventional inorganic supporting salts. When CO production 
was compared with the production at atmospheric pressure a 
five-fold increase in CO production was observed. This is a 
configuration that can be scaled-up for an industrial application. 
In our previous study [15] CO2-water co-electrolysis to produce 
syngas was investigated combining operation at high pressure 
(30 bar), at 45°C and the use of an ionic liquid (IL)-based 
electrolyte. Room temperature ILs are salts that usually 
comprise an organic cation and are liquid at temperatures 
below 100°C. Some classes of ILs present wide electrochemical 
windows, good conductivities, thermal and chemical stability, 
negligible volatility and anti-corrosion properties [16]. Due to 
their remarkable properties, they have been recognised among 
the most promising materials for electrochemical CO2 reduction 
[17]. Their main advantages are not only as CO2 absorption 
media, allowing to overcome the low solubility of CO2 in 
aqueous electrolytes, but also their role as co-catalysts by 
stabilizing the reaction intermediate CO2

•− radical anion. The 
use of ILs for this application has been reviewed by Alvarez-
Guerra et al. [18] The first work combining operation at high-
pressure and an IL-based electrolyte was the work of Zhao et al. 
[19]. To our knowledge there are no further reports of 
combined use of pressure and an IL-based electrolyte besides 
the work of Zhao et al. and our previous work. In this latter 
work, a single compartment test bed with no separator was 
employed, where a sacrificial zinc anode was used to avoid the 
oxidation at the anode of the reduced products originated at 
the cathode. The electrolyte consisted of 1-ethyl-
3-methylimidazolium trifluoromethanesulfonate (EMIMOTf) 
and 10 wt. % of water. Bimetallic cathodes of zinc and copper 
of ca. 1 cm2 geometrical area were developed that showed 
electrochemical activity for syngas production with high 
selectivities, tunable H2/CO ratio and low energetic 
requirements. Both of the aforementioned studies used 
electrochemical cell configurations in liquid phase not suitable 
for industrial use, and to our knowledge no configuration able 
to be scaled-up for industrial use has been described in the 
literature. In this work for the first time, the electrochemical 
CO2 reduction in a reactor that can operate up to 100 bar and 
800C with a configuration similar to an alkaline electrolyser for 
hydrogen production, suitable to be used industrially is 
reported. In this purposely built high pressure electrochemical 
cell, the catholyte is separated from the anolyte by a protonic 
exchange membrane and the sacrificial anode of our previous 
work was replaced by a commercial anode available in the 
market, optimized for oxygen evolution in aqueous media. 
The present development study addresses co-electrolysis of 
CO2 and water to produce syngas in aqueous electrolyte 
containing IL. To take advantage of the properties of ILs as i) CO2 
absorption media ii) supporting electrolytes and iii) co-catalysts 
[20] an electrolyser with a liquid phase configuration able to 
operate at high pressure needed to be implemented.
The cathodic and anodic reactions and respective standard 
electrode potentials are indicated by equations (1-3) and the 
global equations for syngas production (4-5) are given together 
with the equilibrium cell potential E0cell in standard conditions 
[21-22].

(1) CO2 + 2H+ + 2e- CO + H2O          E0=-0.10 V vs. SHE
(2) 2H+ + 2e-  H2                                   E0= 0.0 V vs. SHE
(3) H2O  2H+ + ½ O2 + 2 e-              E0= + 1.23 V vs. SHE

(4) CO2  CO + ½ O2                                     E0
cell= -1.34 V

(5) H2O H2 + ½ O2                                       E0
cell= -1.23 V

The main objective of this work was to investigate the effect of 
pressure and the scalability of the process. Electrolysis were 
carried out at a much lower pressure than in our previous study 
(10 bar), but also at 30 bar, due to the interest of this operating 
pressure for coupling with other pressurized processes, such as 
Fischer-Tropsch. Operation in batch mode is also compared 
with operation in semi-continuous mode. 
Zinc-based catalysts are promising cost effective catalysts for 
electrochemical syngas production from CO2, due to the high 
selectivity of this common, inexpensive metal towards CO. 
Thus, a commercial zinc foil was used as cathode to develop the 
process. Although more advanced catalysts are known from the 
state of the art [23-26], the goal was to understand the 
influence of some process parameters of liquid phase 
electrochemical CO2 reduction using non-conventional 
electrolytes, before aiming at better performances. 
Zinc is a metal very prone to oxidation in air, in contact with 
moisture and with aqueous electrolytes. Rosen et al. [27] 
demonstrated that nanostructured and bulk Zn catalysts are 
structurally stable at potentials more negative than -0.7 V vs. 
RHE in aqueous neutral electrolytes. Chemical oxidation 
occurred at more positive potentials. In our previous study [15] 
using an electrolyte with a high content in IL, (1-ethyl-
3-methylimidazolium trifluoromethanesulfonate (EMIMOTf) 
and 10 wt. % of water) no corrosion currents were observed in 
the working potential range of -0.4 V- -1.9 V vs. RHE both for the 
bimetallic cathodes and for the pure metals copper and zinc. In 
particular, near 100% selectivities for CO were obtained for the 
zinc cathode at 30 bar in a slightly acidic electrolyte. As the 
target is to produce syngas, the possibility of varying H2O 
concentration in the electrolyte to tune the H2/CO ratio was 
examined in the present work. As comparison an electrolyte 
consisting of 90 wt. % water, where the IL can play essentially 
the role of supporting electrolyte and co-catalyst and an 
electrolyte with 50 wt. % water were tested. It is known that the 
size and nature of the ions of the supporting electrolyte 
influence the selectivity of electrochemical CO2 reduction [28]. 
For instance, it was recognized that Cl- inhibits H2 evolution. A 
selectivity of 93% for CO was obtained with a zinc cathode, 
when an 0.5 M NaCl aqueous electrolyte (pH 4.5) was used[23]. 
One disadvantage attributed to the use of ILs is their cost. The 
price of ILs can be 10 or 20 times higher than conventional 
solvents [29], but as ILs can be recycled, their cost should be 
considered as an investment cost. Nevertheless, the present 
work investigates electrolytes with a lower content in IL, 
namely, 10 wt. % and 50 wt. % than the electrolyte used in our 
aforementioned previous study (90 wt.% IL) with the aim of 
gathering data for the optimization of the CapEx of the process.

Page 2 of 10Reaction Chemistry & Engineering

R
ea

ct
io

n
C

he
m

is
tr

y
&

E
ng

in
ee

ri
ng

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 3
1 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
by

 K
E

A
N

 U
N

IV
E

R
SI

T
Y

 o
n 

7/
31

/2
01

9 
5:

01
:5

6 
PM

. 

View Article Online
DOI: 10.1039/C9RE00271E

https://doi.org/10.1039/c9re00271e


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

Results and discussion
Cyclic Voltammetry Characterisation

Cyclic voltammograms (CVs) with a zinc cathode carried out at 
45°C in 10 bar argon atmosphere and 10 bar CO2 atmosphere 
are presented in Fig. 1 The onset potential of electrochemical 
reactions was evaluated considering a cut-off current of -
1mA/cm2 [30]. CVs in argon atmosphere with dried IL as 
electrolyte were undertaken to show the electrochemical 
stability of the IL under the conditions of temperature, pressure 
and cathode used. In these conditions, the onset potential for 
the reduction of residual water present in the IL is -1.7 V vs. QRE 
Ag/Ag+. Then, the cathodic current starts to increase until 
eventually reductive degradation of the EMIM cation at more 
negative applied potentials starts to occur. When the CV is 
taken in argon atmosphere with the electrolyte composed by 90 
wt.% of H2O and EMIMOTf acidified to pH 3.5 with H2SO4, zinc 
oxide reduction starts at the onset potential of   -0.76 V vs. QRE 
Ag/Ag+, reaching a maximum at -0.83 V vs. QRE Ag/Ag+. The 
current starts to increase again at -1.01 V vs. QRE Ag/Ag+, where 
protons reduction predominantly occurs. In the CV taken under 
CO2 atmosphere, it can be verified that oxidative currents 
increase, due to the drop in pH of the electrolyte as a 
consequence of CO2 dissolution [31]. The onset potential is at    
-1.17 V vs. QRE Ag/Ag+ and current density increases 
continually, showing thus a different behaviour, than the CV 
taken in argon. It can also be observed that cathodic current 
densities are very similar, when taken in argon and in CO2 
atmosphere. However, an increase of current density was 
clearly observed in the CV obtained with the electrolyte 
composed by 50 wt. % of H2O and EMIMOTf acidified to pH 3.5 
with H2SO4. A similar behaviour is observed as for the 
electrolyte with 90 wt. % of H2O, but the onset potential is 
reached at the much less negative value of -0.62 V vs. QRE 
Ag/Ag+. Another remarkable difference is that for this 
electrolyte composition no significant zinc corrosion currents 
are observed, illustrating the anti-corrosion properties of ILs 
[16]. Thus, cyclic voltammetry shows that the Zn cathode does 
not suffer corrosion at potentials more negative than -1.17 V 

and -0.62V vs. QRE Ag/Ag+ in the electrolyte containing 90 wt. % 
of H2O and 50 wt. % of H2O respectively. 
The use of this simple catalytic system with the electrolyte 
containing 90 wt. % of H2O implies current densities in the range 
of -2 to -5 mA/cm2, when applied potentials are in the low 
overpotential region (<-1.17 V < -1.3 V vs. QRE Ag/Ag+), whereas 
for the electrolyte containing 50 wt.% of H2O currents of ca. 17 
mA/cm2 are obtained for an applied potential of - 1.3 V  vs. QRE 
Ag/Ag+.

Electrolysis in batch mode

Galvanostatic electrolysis were carried out in batch mode at 
45°C, 10 bar CO2 atmosphere using the two compartment 
electrochemical reactor and the electrolyte consisting of 90 
wt.% H2O and EMIMOTf acidified to pH 3.5 with H2SO4. Applied 
currents were in the range of -2 to -3 mA/cm2 and 50 C of charge 
was passed. Commercial protonic exchange membranes of the 
same type, but with different average thicknesses were tested, 
namely with 120 µm, 90 µm and 75 µm. Calculated faradaic 
efficiencies considering total H2 detected were well above 
100%. Bearing in mind that corrosion of zinc does not occur 
during electrolysis in the applied current range, this can be 
explained by the production of H2 by a chemical pathway due to 
the corrosion of zinc in acidic medium during stabilization 
periods. This was experimentally confirmed by sampling the 
headspace of the reactor after a stabilization period, without 
applying current. The gaseous products resulting from 
electrolysis are CO and H2. As bulk metallic zinc is known to 
reduce CO2 essentially to CO [32-34] other products containing 
carbon that are eventually produced at very low concentrations 
are not considered in this work. Thus, electrochemically 
produced H2 was calculated by subtracting from 100% CO 
faradaic efficiencies and then deriving the productions. Table 1 
presents total average productions of electrolytic H2 and CO and 
faradaic efficiencies of CO detected in the cathodic and in the 
anodic compartments. The calculation of productions and 
faradaic efficiencies are described in detail in ESI. This table also 
shows average crossovers of H2 and CO of the different 
membranes in the conditions tested. Membrane crossover was 
defined as the molar percentage of the gas produced in the 
cathode compartment that was detected in the anode 
compartment in respect to the total number of moles found in 
the cathode and the anode. Fig. 2 depicts the productions of 
electrolytic H2 and CO in the aforementioned conditions. Total 
quantities of H2 detected produced chemically and 
electrochemically are indicated in Table S1 of ESI. From Fig. 2 it 
can be observed that the thicknesses of membranes tested 
have no significant influence on both H2 and CO productions. As 
expected, hydrogen exhibited higher crossovers than CO, due 
to the higher diffusivity of the former gas. When CO2 dissolves 
into the electrolyte, it exerts a buffer effect. The pH of the 
electrolyte at 45°C and 10 bar can be estimated to be near 3.5, 
that is the pH of water with dissolved CO2 at this temperature 
and pressure [31]. However, during electrolysis the pH of the 
catholyte near the cathode tends to increase due to the 
consumption of protons to generate CO and H2 and on the other 

Figure 1 – Cyclic voltammograms on zinc cathodes at 45°C carried out at 50 mV/s in the 
potential range of -0.5 V to -2.5 V vs. QRE Ag/Ag+. Dashed blue curve –dry IL in 10 bar 
argon; brown curve- IL+90 wt.% H2O in 10 bar CO2; green curve – IL+90 wt. % H2O in 10 
bar argon; yellow curve IL+50 wt.% H2O in 10 bar CO2.
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Table 1 – Process parameters of electrolysis carried out in batch mode at 45°C, 10 bar 
CO2 pressure. Applied current was in the range of -2 mA/cm2 to -3mA/cm2, and 50 C of 
charge passed. Electrolyte: 90 wt. % of H2O and EMIMOTf at initial pH of 3.1.

hand, the pH of the anolyte tends to decrease near the anode 
due to water oxidation. Table 1 also shows the average pH of 
the electrolyte after electrolysis in the catholyte (WE) and in the 
anolyte compartments (CE) both measured at atmospheric 
pressure. It can be observed that the pH of the catholyte 
increased after electrolysis due to the presence of carbonates 
and bicarbonate and zinc corrosion species in the electrolyte 
[15]. The pH of the anolyte decreased due to the production of 
protons by water oxidation.
The protonic membrane with 120 µm thickness was selected to 
study the process in semi-continuous mode, due to the ease of 
manipulation of a more robust membrane. The cell potentials 
measured with the protonic exchange membranes were in the 
range of -3.3V to -3.0 V (Fig. S2 of ESI). Electrolysis were also 
carried out in the same conditions, but in the single 
compartment test bed (data not shown). CO productions of the 
order of magnitude of 10-2 mmol/cm2 were obtained. Although 
a comparison of two different reactor configurations and with 
distinct anodic reactions (zinc oxidation and water oxidation) is 
difficult, it can be verified that there is a loss in productivity, 
with a change to the two compartment configuration in batch 
mode. This is most probably due to mass transfer limitations. 

Electrolysis in semi-continuous mode

Galvanostatic electrolysis were carried out in semi-continuous 
mode at 45°C, 10 bar CO2 atmosphere using the two 
compartment electrochemical reactor with the selected 
protonic exchange membrane. Electrolysis were carried out, as 
previously, at 10 bar CO2 pressure but also at 30 bar CO2 
pressure.  The electrolyte used consisted of 90 wt. % H2O and 
EMIMOTf acidified to pH 3.5 with H2SO4. For comparison an 
electrolyte consisting of 50 wt.% H2O and EMIMOTf acidified to 
pH 3.5 with H2SO4 was also used. Applied currents were in the 
range of -2 to -3 mA/cm2 and 200 C of charge was passed. Table 
2 presents total average productions of electrolytic H2 and CO, 
faradaic efficiencies for CO detected in the cathodic and in the 
anodic compartments and average pH of the electrolyte before 
and after electrolysis measured at atmospheric pressure. 
Electrolytic H2 productions were calculated in the same way as 
already described for batch electrolysis. Total quantities of H2 
detected produced chemically and electrochemically are 
indicated in Table S2 of ESI. Table 2 also shows average 
crossovers of H2 and CO in the conditions tested. The crossovers 

of hydrogen are higher than those observed in the batch 
operation mode due to the longer stabilisation periods (see ESI). 
Crossovers of CO are similar for both modes of operation. It can 
also be observed that without the buffering effect of CO2, the 
pH of the catholyte increased due to consumption of protons at 
the cathode and the pH of the anolyte decreased due to the 
production of protons at the anode. 
In Fig. 3 the productions of electrolytic H2 and CO obtained in 
200C electrolysis are presented for the different operation 
modes. The results of the batch electrolysis (50C) were 
extrapolated for 200C electrolysis, assuming a constant 
productivity. It is noteworthy to mention, that in steady state, 
chemical production of hydrogen in electrolysis in semi-
continuous, or in continuous operation, will not occur, as in 
steady state the electrolyte will only contact the negatively 
charged cathode under applied currents, where zinc corrosion 
does not occur. It can be observed that for 10 bar electrolysis 
CO production is higher in semi-continuous mode and presents 
a maximum at a flow rate of 2.5 mL/min decreasing at the 
higher flow rates tested. This is due to the decrease in the 
residence time of CO2 at the surface of electrode, influencing 
the H2/CO ratio. Hydrogen production follows the opposite 
trend showing a minimum at a flow rate of 2.5 ml/min. The 
order of magnitude of production/cm2 of CO in the two 
compartment reactor with electrodes with a scale-up factor of 
ca. 30 fold increase in electrode area is the same as in the single 
compartment reactor in batch mode showing no loss in 
productivities.  At 30 bar pressure and at 1 ml/min flow rate the 
production of CO corresponds to the maximum production of 
CO at 10 bar. This fact can most probably be explained by the 
increase in CO2 solubility in the electrolyte and consequent 
enhanced availability at the surface of the electrode. The 
increase in EMIMOTf concentration in the electrolyte yielded 
less CO, when compared with electrolysis in 10 wt. % EMIMOTf 
(90 wt. % H2O), in the same conditions (Fig. 3). The higher 
current densities for this electrolyte composition observed in 
Fig. 1 are thus ascribed to enhanced hydrogen evolution. This is 
certainly the result of the interplay of different variables, such 
as CO2 solubility [35], conductivity/viscosity [36] and 
mesoscopic and nanoscopic organization of the electrolyte [17]. 
Without this type of data, predictions concerning performance 

Membrane 
thickness

(µm)
Final pH

Production 
(mmol/cm2)

CO 
Faradaic 

efficiency
(%)

Crossover
(%)

120
WE:6.6
CE:6.0

H2: 5.10x10-3 
CO: 1.65x10-3

CO:23.83
H2: 12.9
CO:11.2

90
WE:6.3
CE:3.4

H2: 5.50x10-3 
CO: 1.65 x10-3

CO:22.12
H2: 15.8
CO:6.1

75
WE:6.4
CE:3.5

H2: 5.60x10-3 
CO: 1.35 x10-3

CO:18.07
H2:11.9
CO:9.1

Figure 2 – Syngas production in batch mode at 45°C, 10 bar, with applied currents of -2 
to - 3 mA/cm2  and 50 C charge passed using the electrolyte 90 wt.%  H2O and EMIMOTf 
at initial pH of 3.1 and membranes of different thickness. Electrolytic H2: blue bar, 
dashed error bar; CO: brown bar, continuous error bar.
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of electrolytes are difficult to make and experimental testing is 
necessary. 
Many approaches to control the H2/CO ratio have been 
followed [37]. Using the flow rate as a control parameter, water 
concentration in the electrolyte as it is proposed here, or a 
specific bimetallic electrode proposed in our previous work, or 
by other authors [15,38] are approaches that can be easily 
implemented industrially.  Preferred H2/CO ratios for syngas for 
applications in hydrocarbon synthesis, dimethyl ether, 
methanol, methane are typically from 1/1 to 4/1, corresponding 
to a CO selectivity of 50% to 20%. It can be observed that in 
some of the conditions tested the present process yields syngas 
compositions in this range.
Fig 4 shows the faradaic efficiencies for the different operation 
modes. In semi-continuous mode, selectivities for CO are 
significantly increased, when compared with batch selectivity 

for CO at 10 bar. At 30 bar selectivities reach ca. 80%. The cell 
potentials of electrolysis carried out in semi-continuous mode 
were in the range of -3.5 V to - 3.9 V (Fig. S3 of ESI). Cell 
potentials become more negative with increasing CO selectivity. 
Considering the selectivity for a flow rate of 1 ml/min. at 10 bar, 
that yields a syngas composition corresponding to the H2/CO 
ratio of 2.2 suitable for methanol synthesis, an energy efficiency 
of 44.6% was calculated (see ESI).
Productivities of electrochemical reduction of CO2 are not 
frequently reported, because reaction selectivity is often not 
constant during electrolysis. Hatsukade et al. [39] reported a 
maximum productivity for CO of 0.09 µmol/cm2h at ca. -1.3V vs. 
RHE in electrolysis carried out at 25°C and atmospheric pressure 
with an Ag foil cathode of 99.998 % purity, a Pt anode, with an 
anion exchange membrane Selemion in continuous mode. As 
electrolyte 0.1 M KHCO3 was used. Sastre et al. [40] obtained a 
maximum productivity for CO of 50 µmol/cm2h at -1.05 V vs. 
RHE in electrolysis carried out at 20°C and atmospheric pressure 
in continuous mode. The cathode used was Ag nanoparticles 
supported on graphitic carbon nitride (g-C3N4), the anode was a 
Pt gauze and a Nafion 117 membrane was employed. As 
electrolyte 0.1 M KH2PO4/K2HPO4 buffer was used. In the 
present paper, productivities of ca. 0.02-0.04 mmol/cm2h at ca. 
-1.2V vs. QRE Ag/Ag+ were obtained, several orders of 
magnitude higher than the ones obtained with a noble metal 
cathode and of the same order of magnitude as the porous 
aforementioned electrode. However, in the literature, systems 
using other types of porous electrodes and IL-based electrolytes 
are reported [38] that have achieved current densities several 
orders of magnitude higher than the ones obtained in this work, 
showing the need for a better catalytic cathode. Comparing 
productivities obtained in this work in semi-continuous 
operation with productivities in our previous work for the zinc 
cathode [15], it can be verified that in the latter work, 
productivities of one order of magnitude higher were obtained, 
due to the higher quantities of solubilized CO2 in the electrolyte 
with a higher content in IL (90 wt.%). This is also in accordance 

Table 2 – Process parameters of electrolysis carried out in semi-continuous mode at 450C. Applied current was in the range of  -2 to -3mA/cm2, and 200 C of  charge passed

Flow rate 
(ml/min) Initial 

pH Final pH Pressure 
(bar)

H2O concentration 
in the electrolyte

(wt. %)

Production 
(mmol/cm2)

CO
Faradaic 

efficiency
(%)

Crossover
(%)

1 3.7 WE:5.7      
CE:2.6 10 90 H2: 9.40x10-3 

CO: 1.53x10-2 CO:61.99 H2: 23.8   CO: 
8.4

2.5 3.8 WE:5,7      
CE:2.6 10 90 H2: 7.10x10-3 

CO: 1.83x10-2   CO:71.98 H2: 23,0   CO: 
9.2

4 3.8 WE:5,9      
CE:2.6 10 90 H2: 1.22x10-2 

CO: 1.76x10-2 CO:59.16 H2: 28.4 CO: 
6.8

5 3.8 WE:5,8      
CE:2.7 10 90 H2: 1.05x10-2 

CO:1.19x10-2    CO:53.24 H2: 31.5   CO: 
9.20

1 3.8 WE:6.0      
CE:3.1 30 90 H2: 4.60x10-3 

CO:2.08x10-2 CO:81.80 H2: 24.7   CO: 
6.9

1 3.9 WE:5,8      
CE:3.0 10 50 H2: 1.76x10-3 

CO:0.8x10-2 CO:30.66 H2: 25.0   CO: 
7.6

Figure 3 – Syngas production in batch and semi-continuous mode at 45°C, 10 bar, 200 C 
charge passed in different operation modes, pressure and electrolyte composition. 
Values for the batch electrolysis were extrapolated to 200C. Electrolytic H2: blue bar, 
dashed error bar; CO: brown bar, continuous error bar; electrolytic H2/CO ratio: dashed 
red error bar. When not specifically indicated, 10bar pressure was used and the 
electrolyte composition was 90 wt. % H2O with EMIMOTf.
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 with the lower onset potential observed in these conditions (-
1.00 V vs. QRE Ag/Ag+) when compared with the onset potential 
of the present work for the electrolyte with 90 wt.% H2O (-1.17 
V vs. QRE Ag/Ag+).
Fig. 5a) and b) represent CO2 conversions (see ESI) into CO vs. 
charge passed and time respectively. The conversions obtained 
were extrapolated for total CO2 conversions yielding a time of 
73 h and a charge of 26314C. In the system under study it is not 
foreseen inactivation issues. Thus total CO2 conversions are 
most probably within reach. Considering the nature of the 
cathode employed in this work and the duration of the 
electrolysis, the conversions obtained compare very well with 
the 23% conversion of the scale-up study of Jeanty et al. [41] in 
gas phase using an Ag GDE after electrolysis of a couple of 
hundred hours. 

Conclusions
A process for producing green syngas to be powered by 
renewable energy operating at near room temperature and 
high pressures was successfully scaled-up from our previous 
reported batch process to an electrode size of ca. 30 cm2 
geometrical area (ca. 30 fold factor) without loss in 
performance. Pressures used in these work were only up to 30 
bar. Pressure shows the most significant influence on CO 
selectivity and CO productivities. The combination of high 
pressure, the use of ionic liquid-based electrolytes for 
electrochemical CO2 reduction in liquid phase has allowed 
achieving productivities of the same order of magnitude of 
some porous electrodes and much higher than those reported 
in the literature using noble metal catalysts, with strict purity 
requirements. A syngas composition H2/CO in the range of 1/1 
to 4/1 suitable for the synthesis of several fuels and chemical 
building blocks can be obtained using an inexpensive 
commercial foil of a common metal such as zinc. However, it 
presents the drawback of yielding limited current densities not 
appropriate for a commercial application, since costs decrease 
significantly as current densities increases. Further 

investigations are necessary for reliably estimating the costs of 
this technology. In terms of scalability, the potential is there to 
operate facilities at the MW power scale similar to water 
splitting electrolysers for H2 production [42]. Work will continue 
with the integration of more performant zinc-based electrodes 
in the system under study. As expected, semi-continuous 
operation mode yielded higher productivities as a consequence 
of more efficient mass transport, when compared with the 
batch operation mode. The process will be further adapted for 
a flow-by operation mode. A further research effort is necessary 
to develop membranes customized for a CO2 electrolyser with 
enhanced protonic conductivities, minimizing crossovers. 

Figure 4 – Faradaic efficiencies of CO obtained at 45°C. Applied current was from -2 to -
3mA/cm2, and 200C of charge passed. Values for the batch electrolysis were 
extrapolated to 200C. When not specifically indicated, 10 bar pressure was used and 
the electrolyte composition was 90 wt. % H2O and EMIMOTf.

Figure 5 – CO2 conversions of electrolysis carried out in semi-continuous mode with a 
flow rate of 2.5 ml/min. at 450C, 10 bar vs. a) charge passed; b) time.
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The present work shows the potential of the system under 
study to achieve high conversions of CO2 to avoid a purification 
step of syngas from unreacted CO2. This additional step adds-up 
to process costs and decreases energy efficiencies. The 
electrochemical cell configuration will be improved further, as 
the distance between the electrodes, and consequently the 
ohmic drop has not been optimized. This work also shows the 
potential for process intensification, in terms of productivities 
and of further integration with CO2 capture, since relatively low 
concentrations of IL were used. This can in principle be achieved 
as ionic liquid are also being used as CO2 capture agents at pilot 
scale [43]. Taking advantage of the tunable properties of ionic 
liquids, there is large room for designing ionic liquids optimized 
simultaneously as electrolytes and co-catalysts for syngas 
production, contributing to significant improvements in the 
energy efficiency of the process. As designer solvents there is 
also a wide scope for development of low toxicity compounds 
customized for a specific application.

Experimental

Materials and reagents

Carbon dioxide (N45 purity 99.995%) and Argon Alphagaz 1 
were purchased from Air Liquide. 1-Ethyl-3-methyl-imidazolium 
trifluoromethanesulfonate (triflate) > 99% purity was 
purchased from Iolitec and dried overnight before use.

Cyclic voltammetry

Cyclic voltammetry was carried out using an PGSTAT128N-
Autolab 84469 potentiostat.  A three-electrode system was 
used. The working electrode was a commercial zinc foil. The 
same material was also used as sacrificial anode. An Ag/Ag+ 
quasi-reference electrode (QRE) was employed. It consists of  a 
cylindrical piece of  high purity Ag of  1.5 mm diameter. Before 
each experiment the silver rod was mechanically polished with 
silicon carbide emery paper 220 µm thoroughly washed in 
distilled water and dried before immersion in the electrolyte. All 
voltammograms were performed in a potential range from -0.5 
V to -2.5 V vs. Ag/Ag+ QRE at 45° C, and a scan rate of       50 mVs-

1. The two first cycles were discarded. The electrochemical cell 
used is described in detail elsewhere [15].

Electrolysis

To be able to compare results obtained with cells with different 
configurations, electrolysis were carried out in a single 
compartment test bed and in a two compartment reactor. The 
probability of silver affecting catalysis, when electrolysis are 
carried out in the single compartment test bed is very low. In 

fact, energy dispersive X-ray spectroscopy (EDS) analysis of the 
cathodes after electrolysis did not detect Ag on the cathode. 
The two compartment electrochemical reactor is a two 
electrode system and the Ag/Ag+ QRE was not used.

Electrolysis in a single compartment test bed
The same set-up as the one used for cyclic voltammetry was 
employed. The working electrodes were zinc foils of 1.2 cm2 

geometrical area and 1 mm thickness. The electrolytes 
consisted of mixtures of 1-ethyl-3-methyl-imidazolium triflate 
(EMIMOTf) and water (90 wt. % and 50 wt. %) contained in a 
glass beaker; 5 ml of EMIMOTf were used. After assembling the 
electrochemical reactor, CO2 was introduced. A CO2 purge was 
carried out to remove air from the system. Then, carbon dioxide 
was again introduced and the reactor was brought to the 
desired pressure. After temperature stabilization, current was 
applied to the electrodes and electrolysis was carried out. 
Detailed electrolysis, sampling procedures and analysis are 
described elsewhere [15].

Electrolysis in the two compartment reactor
A detailed description of the pressure facility, and the 
electrolysis procedure is given in ESI.
The electrochemical reactor was designed and built for this 
work. This reactor can be operated from room temperature up 
to 80°C, and work at pressures in the range of atmospheric 
pressure up to 100 bar. It consists of a cylindrical stainless steel 
electrochemical cell with an inner volume of 170 cm3 divided by 
an ion exchange membrane and equipped with 2 cm diameter 
pressure resistant quartz view windows to the cathode and 
anode compartments. Protonic exchange membranes with 
average thicknesses of 120 µm, 90 µm and 75 µm were used. 
They were conditioned before electrolysis following the 
instructions of the manufacturer. The electrochemical cell is a 
two electrode system. The working electrode used was a 
commercial zinc foil and the anode was a commercial IrO2/Ti 
mesh purchased from DeNora. Fig. 6 shows a 3D scheme of the 
electrochemical cell, showing gas inlet/outlet ports, liquid 
inlet/outlet ports, electric wire connections, thermocouple port 
and quartz view windows. The dimensions of the electrodes 
were 6 cm x 6 cm x 0.1cm.  The electrodes are placed on an 
insulating polymer support on each side of the membrane. 
Between the electrode and the membrane there is a polymeric Figure 6 – 3D design of the two compartments electrochemical cell.

Figure 7 – a) View of the electrochemical reactor; b) Scheme of the electrode 
membrane assembly. Components are not on scale.
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separator mesh. Fig.7 a) shows a view of the electrochemical 
reactor and Fig. 7b) depicts a scheme of the electrode-
membrane assembly. 
After assembling the electrochemical reactor, the electrolyte 
was pumped into the reactor. CO2 was then introduced in the 
facility.  Teledyne Isco syringe pumps, model 500D, were used 
for charging the electrolyte and for recirculating it, when 
electrolysis were conducted in semi-continuous mode. Then, 
carbon dioxide was brought to the desired pressure, and when 
the reactor stabilized at the desired temperature and pressure, 
current was applied to the electrodes and electrolysis was 
initiated. 
Electrolysis were carried out under galvanostatic control. A 
potentiostat/galvanostat PGSTAT128N-Autolab 84469 was 
used. Vacuum was applied to the sampling zone and the valves 
between the reactor and the sampling vessel were slowly 
opened until the pressure reached 2 bar and then closed. The 
sampling vessel was disconnected from the pressure facility and 
the gaseous mixture was analysed by gas chromatography. 
Electrolysis were carried out at least in duplicate. 

Gas Phase Analysis

Gaseous products were analysed with a 3000 MicroGC from 
Agilent equipped with a TCD detector.  A molecular Sieve 5A, 10 
m x 0.32 mm column with a Plot U 3 m x 0.32 mm pre-column 
that can analyse H2, N2, O2, CO and CH4 with argon as carrier gas 
was used.  A Plot U de 8 m x 0.32 mm with Plot Q de 1 m x 0.32 
mm as pre-column that can quantify CO2 and other 
hydrocarbons was employed with helium as carrier gas. 
Compositions were determined by comparison with calibrated 
gaseous mixtures of known compositions supplied by Air 
Liquide.
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