*Revised Manuscript (clean for typesetting)
Click here to view linked References

O 00 N oulphWN B

[ERY
o

11
12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Electrochemical membrane reactors for the utilisation of
carbon dioxide

lvan Merino-Garcia®, Enrique Alvarez-Guerra?, Jonathan Albo®, Angel Irabien®

®Department of Chemical and Biomolecular Engineering, University of Cantabria, Avenida de
los Castros s/n, 39005 Santander, Cantabria, Spain.

®Department of Chemical Engineering, University of the Basque Country, Apdo. 644, 48080,
Bilbao, Spain.

“Corresponding author; e-mail: angel.irabien@unican.es

Climate Change is among the greatest challenges for humankind in the 21% century.
Carbon Capture and Utilisation (CCU) allows the production of value-added chemicals
from COg, reducing at the same time the undesirable effects of global warming.

Among the available methods for CO; utilisation, the electrochemical reduction appears
as a promising technological solution to store intermittent renewable energy in the form
of chemical bonds, leading to valuable chemicals such as formic acid, methanol or
ethane, which can be put back into the market.

The application of electrochemical membrane reactors (ecMRs) for the valorisation of
CO, allows the separation of the catholyte and anolyte compartments, leading to an
enhanced separation of reaction products and avoiding their re-oxidation. Among these
membrane-based reactors, the utilisation of Membrane Electrode Assemblies (MEAS),
where the cathode and anode are coupled with a conductive membrane, are gaining
importance. Besides, Gas Diffusion Electrodes (GDESs) are able to reduce mass transfer
limitations and therefore, enhanced efficiencies in the process of CO, electroreduction.
Accordingly, the aim of the present review is to compile the literature on the application
of membrane reactors for CO; electroreduction, paying special attention to the type of

membrane, reactor configuration and catalytic material in the electrochemical reactor.
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Then, a performance comparison in terms of Faradaic efficiency and products reported

up to date, is carried out.

1. Introduction

Climate change is one of the most significant challenges to achieving sustainable
development. The emissions of carbon dioxide (CO;) to the atmosphere need therefore
to be drastically reduced in order to alleviate the proven effects of global warming [1,

2],

Among the available CO, mitigation strategies, Carbon Capture and Utilisation (CCU)
to produce useful chemicals from CO, [3-5] is particularly interesting, since it may
alleviate our rely on fossil fuels for energy and chemical synthesis [6], promoting, at the

same time, new technical sinks in the carbon life cycle.

There are different techniques to activate and convert CO; at low temperatures. Among
them, photoreduction (photocatalysis), electrochemical reduction (electrocatalysis) and

reforming of CO, are considered the most interesting ones [7].

The technology for CO, photoreduction is still incipient. Photocatalytic materials seem
to be unstable and current efficiencies are still low. Besides, plasma methods are clean
and fast, but their energy efficiency is still very low (around 6 %). On the other hand,
conventional methods (i.e. reforming) involve high cost associated to the needs of high

thermal power [7].

In contrast, the electrocatalytic reduction of CO; is an attractive solution since it allows
obtaining hydrocarbons and oxygenates with a simple procedure at low operation

temperatures. In addition, this technique shows promise to reduce greenhouse gas
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emissions and control the anthropogenic carbon cycle by transforming CO,, to fuels and
chemicals [8]. Due to the environmental and potential economic benefits, different

systems have been developed for the electrochemical conversion of CO, [9].

The efficiency of this process can be enhanced by selecting a highly active
electrocatalytic material, increasing the pressure of CO, (using gas diffusion electrodes
(GDEs)) or applying efficient electrochemical reactor configurations, among others

[10].

Besides, the application of membranes in electrochemical reactors for CO; reduction is
also interesting, since it allows separating the cathodic and anodic reactions that occur
simultaneously in a redox system. Thus, studies on CO, conversion in divided

electrochemical membrane reactors (ecMRs) are commonly found in literature [11].

Membranes may play a very important role, since they allow the use of different
catholyte and anolyte volumes, enhancing the separation of products, leading to
technical advantages in the reduction process. Besides, Membrane Electrode
Assemblies (MEASs), where cathode and anode are coupled with conductive membrane
materials, are also an interesting approach. The literature shows the application of
different ion exchange membranes for the electrochemical reduction of CO, in divided
cells, namely cation exchange membranes (CEMs), usually Nafion®, and anion
exchange membranes (AEMs) such as Selemion™. In addition, the phase involved in
these reactors has also been taken into account. Works based on gas phase at the
cathode side are emerging due to the low solubility of CO, in water [12], with the aim
to improve mass transfer limitations occurring in liquid phase systems. Moreover, the
utilisation of gas phase in both, the cathode and anode compartments, has been reported
in a few works [13, 14], although the efficiencies of those systems are still low, and

therefore, further developments are needed.
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There are several reviews on different aspects related to CO, electrochemical
conversion [6, 9, 15-17]. However, none of them pays specific interest to the discussion
on membrane reactor configurations for CO, electroreduction. Thus, the aim of the
present review is to discuss the different reports on electrochemical membrane reactor
configurations for CO, utilisation. A discussion of relevant studies on the topic are
presented, emphasizing on: membrane materials, electrochemical reactor designs and

catalytic material for each system.

2. Electrocatalytic reaction analysis

The performance of a CO, electrochemical reduction process is in general evaluated in
terms of Faradaic efficiency (FE), energy efficiency (EE) and current density (CD). The

FE represents the percentage of electrons that end up in the desired product:

znF

FE (%) = x100 1)

where z is the number of exchanged electrons, n is the number of moles for a product, F
is the Faraday constant (96,485 C-mol™), and Q represents the charge passed in the
system (C).
Besides, the energy efficiency (EE) refers to the amount of energy in the products
divided by the amount of electrical energy put into the system [8], as defined by
equation 2:

0
EQ-FEy

EE = Zk E,(c)'f'T]

(dimensionless) (2)

where E% is the equilibrium cell potential for a specific product k (V), FEx is the FE of
product k, and # is the cell overpotential (V) [6].
And finally, the current density (CD), which is related to the conversion rate of the

electrochemical reaction, usually expressed in mA-cm™.
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The goal for an efficient CO; electroreduction process is to achieve high EEs and
reaction rates for CO, conversion (i.e., high CD). Therefore, high FE and low
overpotentials on the cathode and anode are necessary in order to bring the technology
closer to an industrial scale.

Moreover, the reduction products obtained from the electroreduction of CO, are diverse,
mainly including carbon monoxide (CO), formic acid (HCOOH), formaldehyde
(CH20), methanol (CH3OH), methane (CHy,), ethylene (C;H,) or ethanol (CH3CH,OH),
depending on the number of electrons involved as shown from equation 3 to equation 9.

It is also very common to find a mixture of products [6, 16, 18].

CO,+ 2H" +2e¢~ - CO + H,0 (3)
CO, + 2H* + 2e~ -» HCO,H (4)
CO,+H*+2e” - HCOO™ (5)
CO,+ 4H" + 4e~ —» HCHO + H,0 (6)
CO, + 6H* + 6e - CH;0H + H,0 (7
CO,+8H* +8e~ » CH, + 2H,0 (8)
2C0,+ 12H* + 12¢™ > C,H, + 4 H,0 9)

The mechanisms for CO, reduction on metallic electrodes have been hypothesized by
several authors, as summarized in Figure 1 [6, 8, 16].

In general, metal groups 1 and 2, which lead to CO and HCOOH formation, are widely
found in the literature [19, 20]. On the other hand, studies applying metals included in

the group 3 for alcohols and hydrocarbon formation are less abundant [21, 22].
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123 Figure 1. Mechanisms for the electrochemical reduction of CO, in water at metal
124  surfaces. Reproduced with permission from ref. [8].

125

126 In order to give an overview of the available literature in the valorisation of CO, using

127  ecMRs, Figure 2 shows the products distribution of reported systems.

128
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Figure 2. Distribution products, sreports for CO, utilisation in ecMRs. Notation:

HCOOH;[@ CO; CHI Cills; @Hs (JsOH; [Himethyl {bonate (DMC)

[revised March 2016].

HCOOH and CO are the main products in ecMRs, due to their lower number of
electrons and protons exchanged. Besides, the production of hydrocarbons (i.e. CHy,
C,H4 and C,Hg) are gaining increasing importance, in spite of the higher number of
electrons and protons required in the process [9, 15]. On the other hand, CH3OH (3 %)
and DMC (2 %) have been scarcely found to be the main products in ecMR systems.

Considering the relevance of the cathode material in the CO, electroreduction process,
Figure 3 shows the type of catalysts applied for the production of different products in

ecMR systems.

100%

80%

60%

40%

20%

0%
co HCOO-/HCOOH  Hydrocarbons DMC CH30H

Figure 3. Different catalysts applied for the formation of different products obtained.

Notation: [llAg; 2 Ni; B Sn; ] Pb;L ] Pt;L_] Cu;[Z]Cu-Sn

As observed, CO is generally obtained in ecMRs with Ag-based catalysts (90 %).

Besides, Sn-based catalysts are the most common reported materials for HCOOH

7
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production, although Pb, Pt, and Cu-based catalysts can be also active for HCOOH
formation in ecMRs [20, 23-25]. Cu-based catalyst have been mainly used for the
electrochemical conversion of CO, to hydrocarbons and CH3;OH [21, 26]. DMC has
been obtained at Pt-Nb catalysts (95 % Pt). The figure, thus, demonstrates the
importance of the cathodic material selection in the valorisation of CO,, in order to

achieve high efficiencies for different products.

Some electrocatalysts for the electrochemical reduction of CO, gave desirable product
selectivity under continuous operation, but only a few of them have resulted in high
efficiency production (e.g. Sn and Pb to obtain HCOOH). In this way, the selectivity to
the desired product with high efficiencies strongly depends on other aspects related to
the process such as the composition of electrocatalysts, the catalytic mechanism for CO,
reduction or operation conditions (pH, electrolyte, potential, temperature, pressure, etc.)

[18].

3. Electrocatalytic membrane reactors

The main limitations of CO, valorisation processes are related to the slow kinetics of
CO; electroreduction, high-energy consumption and low EE of the process. To tackle
those issues, different reactor configurations have been developed, in order to enhance
process performance and bring the technology for CO, electroreduction closer to the

industrial-scale [18].

This section analyses the different electrochemical reactor reported in literature, paying
special attention to the relative position of the electrodes and the membrane in each
configuration. The different reactor configurations applied along the time are presented

in Figures 4 to Figure 7.



170  Firstly, undivided electrochemical reactors, in which dense plates-type electrodes are
171  separated by a liquid phase that acts as both anolyte and catholyte (Figure 4.a) were
172 conventionally applied. In these cells, product recuperation is not simple and requires an

173  additional separation step, increasing process costs.

b)
a
| COs)
_ Oy _ _ -
L (aq. salts) L (aq. salts)| | L(aq. salts)
Cathode [ Anode Cathode ‘ Membrane Anode
Products O, Products O,
+unreacted + unreacted
174

175  Figure 4. Conventional undivided electrochemical reactor (a) and electrochemical

176  reactor separated by an ion exchange membrane (b).

177  Besides, Figure 4.b. shows an ecMR with two compartments divided by an ion
178  exchange membrane. In this case, the membrane isolates cathodic and anodic reactions,
179  which may occur simultaneously in an electrochemical process, leading to an enhanced
180  separation of products and the avoidance of re-oxidation reactions [11]. Different
181  research groups have applied plate electrodes in two-compartment cells separated with
182  an ion exchange membrane [19, 23, 24, 26-36]. In general, the application of CEMs,

183  where the transport of protons is favoured, is preferred [20, 23, 24, 26, 28-36] with
9
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respect to the use of AEMs [19, 27], where species such as bicarbonate are mainly

transported through the membrane.

The type of membrane [11], together with the selection of the electrolyte (e.g. H" or K*
can cross the membrane in H,O or KOH aqueous anolytes, respectively), is very
important in the process. When a CEM is applied to the CO, electrochemical reduction
process, the following reactions are observed [11]:

CO,+2H*+2e - CO+ H,0 (10)

2H* +2e” > H, (11)

However, with AEMs the anionic species travel from the cathode to the anode (e.g.
HCO3" from an aqueous solution of KHCO3 as catholyte). In this case, CO; evolved at
the anode side and needs to be further separated from the O, generated in the anode.
The typical reactions for the CO, electroreduction to CO using AEMs at the cathode
side are as follows [11]:

3C0,+H,0+2e” - CO+2HCO3 (12)

2C0,+2H,0+2e™ - H, +2 HCO3 (13)

The main aspects that limit these electrochemical reactions are mass transport across the
membrane, the nature of the reaction medium and the required protons of the product of
interest. The procedure to activate the membranes prior their use is also a key factor to
achieve an enhanced CO; electrochemical reduction [37].

Besides, polarization losses in the electroreduction of CO; are usually related to the
transport of species and concentration gradients, which may basically depend on the
membrane. The effect of using a CEMs or AEMs on polarization losses was recently

studied by Singh et al. [38], concluding that losses when using a CEM are higher than

10
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those for an AEM or without membrane. In spite of that, most of the works on CO,
electrochemical reduction are performed with Nafion® CEMs. Other variables such as
cathode and anode overpotentials, mass transfer, pH between cathode and anode and
other operation conditions (e.g. CO, flow and pressure, CD, etc) should be also taken
into account in order to reduce polarization losses. In general, CO, reduction to CO
involves a high level of polarization. However, this level decreases as the number of
required electrons to produce a specific product increases. Besides, different ways to
minimize polarization losses, achieving high CDs to favour CO, reduction vs. hydrogen
evolution reaction (HER) have been proposed [38]. It seems that the electrolyte should
be close to neutral pH.

Moreover, in order to overcome mass transfer limitations occurring in ecMRs, GDEs, in
which the catalytic material is dispersed by different methods onto a porous structure,
have been used for the electrochemical valorisation of CO, [10, 21, 25, 39-44]. The
development of suitable supports to achieve a good catalyst dispersion and transport of
reactants (i.e. COy) is essential for an enhanced efficiency of the process. Porous carbon
papers have been usually applied for the fabrication of GDEs [39], although different

polymers, which enhanced properties, are currently under development [45].

Depending on the relative position of the GDE with respect to the ion exchange
membrane, different reactor configurations are reported (Figure 5). Particularly, Figure
5a shows a catalytic layer—-membrane configuration [46]. Additionally, MEAs, where
cathode-membrane-anode are coupled and thus, the contact and transport of species

between the electrodes are enhanced, can be found in literature [11, 47-49].

11
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COy COyg)
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Figure 5. Catalysts dispersed at the cathode coupled with an ion exchange membrane (a)

and, both electrodes coupled with the membrane (MEA) (b).

Furthermore, due to the low solubility of CO; in water and the possibility to avoid HER,
the conversion of CO, directly in gas phase has aroused great interest recently [11, 22,
50-57]. In this configuration, CO, transport resistances in the catholyte may be
suppressed. Figure 6 shows different reactor configuration approaches using CO, gas at

the cathode.

12
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Figure 6. Different electrochemical reactor configurations for CO, valorisation in gas

phase: gas phase at the cathode separated to the catholyte (a), gas phase at the cathode
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with a liquid buffer layer (b), cathode coupled to a membrane without buffer layer (c),

and MEA configuration (d).

The simplest configuration is shown in Figure 6.a, where a GDE is placed between the
gas stream and the catholyte, separating both phases. An alternative, is the replacement
of the catholyte by a pH-buffer layer (aqueous salt solution), usually applied between
the cathode and the membrane (Figure 6.b). This configuration permits the transport of
ionic species (i.e. H") by using different aqueous salts such as KHCO3 [11, 50]. For
instance, a large increase in the selectivity for CO evolution (efficiency of 82 %) using
Ag-based catalyst as working electrode was observed with respect to a configuration in
which the buffer layer was not included [11]. Wu et al. [50] discussed that the inclusion
of a pH-buffer layer (0.1 M KHCO3) allowed to dominate CO, reduction to HCOO" (FE

around 90 %) over HER using a sprayed Sn ink onto a GDL as cathode.

Figure 6.c and Figure 6.d present the cell configuration for the reduction of CO; in gas
phase. In the first case (Figure 6.c); the MEA contains a porous cathode coupled with
the membrane, with the anolyte solution between the anode and membrane [51-53]. In
the second configuration (Figure 6.d), the electrodes are sandwiched together with the
membrane (MEA) [11, 22, 54-57] facilitating the transport of ionic species, which may
be beneficial for an effective valorisation of CO, into more reduced products such as

CHj and CoH4 [17]

Finally, the development of electroreduction processes completely in gas phase at both
electrode compartments is under development. This configuration may overcome mass
transfer limitations and facilitate the separation of products. The available literature in
this regard is still scarce and it seems that further developments are required [13, 14].
Cook et al. [13] firstly developed gas-gas ecMRs for CO, reduction using a Nafion® 117

membrane. They observed the formation of CH4, C;H4 and C,Hg as major products.

14
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Besides, Figure 7 shows the scheme of the electrocatalytic cell applied by Kriescher et

al. [14] for CO,, reduction to hydrocarbons.

MFC BPC
CO, —>|100ml/min [ |2 bar () [>1CS
H,0—»] LFC - MEA BPC o
> | 2bar(g) [ > 2
N. s MFC T
2 100ml/min
' CO,+e CH, .00+ 2zH 202‘

SN
DI

N\
DI

+

H,04 O,+e

Figure 7. Gas-gas ecMR used by Kriescher et al. [55]. Reproduced with permission

from ref. [14].

The effect of temperature in the electroreduction of CO; to hydrocarbons was analysed
when CO; and N, were supplied to the cathode and anode compartments, respectively.
The applied MEA consisted on a Fumatech®, Fumapem F-14001 CEM, a Cu-
electrocatalyst (working electrode) and Ti covered with Ir as anode. The concentration
of the desired product and current efficiencies were still very low (FE to CH;= 0.12 %
at 6 V and 70 °C). They finally suggest that a higher CO, residence time, the
development of new membrane materials with high proton conductivity and low water
transmission rates, and optimization of the three-phase interface (electrode, proton
conductor and catalyst) may lead to an enhanced electroreduction of CO; in gas phase.
In any case, further efforts in highly active catalysts, durability of the electrodes and

new reactor configurations should be tackled in order to apply this technology for
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technical applications. Finally, it is important to take into account the manufacture costs
associated to the fabrication of electrochemical reactors, which is not generally discuss

in the literature.

4. Main results for CO, utilisation in ecMRs

The section is divided in the two main electrochemical reactors: (i) Liquid-Liquid (L-L)
ecMRs (even though gas phase may be also present in the cathode side) and (ii) Gas-
Liquid (G-L) ecMRs (where gas phase is only in the cathode). Then the subsections are
divided by the nature of the membranes and the applied catalysts, in order to give an
overview of reported studies in terms of FE, CD and the voltage (E) required in each

process with similar catalyst-based materials and membranes.
4.1. Liquid-Liquid (L-L) ecMRs

Table 1 summarizes the type of membranes applied, catalytic materials and
experimental conditions in L-L ecMRs for the electrochemical reduction of CO,. Most
of the reported studies employed proton conductive membranes (mainly Nafion®) to
separate catholyte and the anolyte, which usually consist of aqueous solutions of
KHCO;3; and KOH, respectively [10, 11, 20, 21 23, 24, 26, 28-35, 40-43, 46, 47, 49, 58-
67] in comparison to those reports where cathode and anode chambers are separated by

an AEM [19, 27, 36, 54, 68, 69].

As it can be seen, CO, HCOOH, CH, and C;H, are the most common products in L-L
ecMRs. Besides Ag, Sn or Pb, and Cu-based electrodes are the common catalysts
applied, since they allow to obtain CO, HCOOH and hydrocarbons, respectively, with

high FEs.

16



310 The following subsections critically discuss the reported L-L ecMRs reactors according

311  to the type of membranes and catalysts applied in the CO; electroreduction process.
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Table 1. Experimental conditions, catalytic materials, main products and significant results for CO; valorisation in L-L ecMRs.

V vs. Ag/AgCI

Membrane Cathode Anode Catholyte Anolyte Products / Main results P (agm) Ref.
2 IT(C)
CD (mAcm™)
. @ i aqg. HCOOH, H,, 2 020
Nafion Sn-GDE Pt plate CO,, KHCO;, KHCO, CO, CH, 50 mA/cm FE HCOOH=93 % 1/25 [10]
Nafion® Ag Pt:{léyl) CO,,KHCO; | ag. KOH CO, H, -1.38V FE CO=40 % 1/25 [11]
™ CO, Hy,
Selemion . . ag. HCOOH, ) ) — 0N os — a0
(AEM) Ag foil Pt foil CO,, KHCO; KHCO; CH,, CHyOH, 16t0-13V FE CO=90 %; HCOOH=8 % 1/25 [19]
C,HsOH
. @ CO,, KCI + 2 -
Nafion® 117 Pb plate DSA KHCO ag. KOH HCOOH 2.5 mAcm FE HCOOH=94.7 % (14.4 mg/L) 1/25 [20]
3
. ® Platinized aqg. ) _ o
Nafion®117 Cu,0 titanium CO,, KHCO;3 KHCO, CH30H 13V FE CH30H=45.7 % 1/25 [21]
Mesh tinned-Cu Platinized CO,y N2 HCOOH, H
Nafion® 450 titanium 2Y N ag. KOH 2 22 mAcm™ FE HCOOH= 86% 1/25 [23]
plate plate KHCO; CO, CH,
L@ CO,, KCI + -2 -
Nafion® 117 Sn plate DSA KHCO ag. KOH HCOOH 12.25 mAcm FE HCOOH=70 % 1/25 [24]
3
Polymer Deionized Pure . . ) .
electrolyte Pt-Glassy Pt wire water or deionized HCOOH - HCO.OH' cpntlnuous mode (0-35 mM); 1/25 [25]
carbon electrode discontinuous mode (0-18 mM)
membrane KHCO, water
. ® . . CO,, LIOH in KOH in CHy, C,Hy, ) — a0 e
Nafion™ 117 Cu foil Pt foil CHAOH CH,0H CO, HCOOH 4V FE (CH; + CoH,)=78 % /-30 [26]
Selemion™ . . aq. 16 different FE CH,= 40 %; C,H,= 25 %; HCOOH=
(AEM) Cu foil Pt foil CO,, KHCO; KHCO, products -1.35t0-1.07 V 23 0% - [27]
. ® . ag. C,Hs, CoH,, ) FE C,H,= 20 %; CH,= 5 %; CO= 4 %;
Nafion™ 112 Cu,0 films Pt mesh CO,, KHCO; KHCO, CH., CO 1.3V CoHe= 2.5 % 1/25 [28]
Nafion® 117 CO,,NaOH | NaOH or . . _
or no Cu plate Pt plate or KOH in KOH in CHy, H, - Without memgﬁn_e;g%%/somg KOH: FE 1.2/25 [29]
membrane CH5OH CH5OH 4T
Nafion® 117 Pt/Nb plate Pt/Nb CO,, CH;0H | CHZOH + DMC - DMC: 11.37 mM - [30]

18



(95% Pt) plate (95% | + [bmim][Br] | [bmim][Br
Pt) + CH;0K 1+
CH;0K
Modified Cu ag. CHy, CyHy, ) - . -
CEM electrodes Pt mesh CO, , KHCO; KHCO, C,Hg, Ha, CO 19V FE C,H;= 33 %; CH,= 10 % 1/25 [31]
CEM Cu mesh Ptmesh | CO,, KHCO; Kf"é‘o CC|:'4’ HCZHéb 1.9V FE CH,= 15 %; C,H,= 8 % 1/25 [32]
3 2116, 112,
CO,, sodium KOH in CH,, C,Hy,
Nafion® 117 Cu foil Pt foil salts in CH.OH HCOOH, CO, -3V FE CH,=70.5 % in NaClO,/CH;0OH -/-30 [33]
CH;0OH s Ha
Nafion® 117 Cu wire tpie | COLICI0: | oo | 3 ticoon 3V 20 bar: FE CH,= 25,5 %; CO=15.1%; | 4 g5 | [34)
P in CH;OH 4. Fz2o0s Cl1,CO0H HCOOH= 22.1 %; CH;COOH= 40.2 %
L TM Al CO,, ag. CHy, CoH,, :
Selemion Cu-halide Pt plate potassium potassium CoHs, CO. 24V CuBr eIectrEJde and KBr el_ectrolyte. FE ) [35]
(CEM) electrodes . . C,H4=79.5%; CH,=5.8%
halides halides C,HsOH, H, 20T DI T T
CH30H +
FAB (AEM) | pynp plate PUND | COz, CHOH | iy Undivided cell: 80.85 mM; FAB
or no (95% P) plate (95% | + [bmim][Br] 1+ DMC - membrane: 9.74 mM - [36]
membrane Pt) + CH;0K CH-OK n
3
Nafion® 117 Sn-GDE DSA C?&gg' " | ag. KOH HCOOH FE HCOOH= 70 % (1348 mg/L) 1/25 [40]
3
Nafion® 117 Sn-GDE Pt foil CO;, KHCO; Water HCOOH -1.8V FE HCOOH= 78 % -125 [41]
Selemion™ Net Ag- AgNO; added to the electrolyte). FE
(CEM) electrode Pt plate CO,, KClI aq. KCI CO, H, - CO> 45 % - [42]
. ® Sn-GDE + . aqg. ) — 70 )
Nafion PTFE Pt foil CO, , KHCO; KHCO, HCOOH 1.8V FE HCOOH= 87 % /25 [43]
— -4 . —
Nafion®117 | PtNP-CNT Ptrod | CO,, KHCO; KI?I%O C:CSS'SH - HCOOH= Z'f’éigo_ﬂ\”MCHSCOOH‘ 125 | [46]
3 3 .
. @ Ag - Graphite Pt black CO,, ) 0 i
Nafion® 117 DL NP femimier] | H,S0, CO, H, 15V FE CO> 9 % (H, balance) /22 [47]
. @ CO,, Ag. ) FE CO~ 100 % when 89.5 mole% water )
Nafion™ 117 Ag NP Pt NP [bmim][BE.] ag. H,SO, CO was added to the [bmim][BF,] [49]
i HCOOH
Selemion™ aq. : FE C,H,= 27.2 %; HCOOH= 17.5 %;
(AEM) Cu mesocrystals Pt mesh CO, , KHCO; KHCO, ngcﬁl;u, -1.4t0-09V CO= 75 % CH,= 2.7 % - [54]
Nafion® 961 FE HCOOH= 93 % HCOOH at 2
and Nafion® Pb plate Ir02/T2,0 Coi ’HKégPo“ Ag. KOH HCOOH 2 mAcm’ mA/cm?. HCOOH concentration 1/25 [58]
430 5 s increases with CD (max.= 0.016 M)
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314

Electrocatalysts: 0 CO,, KHCO; .
Nafion® Cu, CuO, ZnO, PU(\:N(t;lOA) or KOH or Water - - Cu, Cuo, angtr?e 03%;253\/65 catalysts 1/25 [59]
Mo,C, Co30, DMF p
. ® Cu NWs or Cu . ag. CHy, CoHa, ) ) Cu NWs: FE C,H,= 12%; Cu NNs: FE )
Nafion™ 112 NNs Pt foil CO,, KHCO, KHCO, HCOOH, H, 15t0-1.1V CH,= 14 % and HCOOH= 48 % /10 [60]
Selemion™ aq. CH,, C,H,, FE CH,= 33.3 %; C,H,= 25.5 % at -
(CEM) Cu - €Oz, KHCOs | 11ico, | co, HCOOH 164V 1.44V and 5 mA/cm? -/19 | [6]]
CH41 CZH41 . — 0/ —
CEM Crystal Cu - CO,, KHCO, aq. CO, HCOOH, 475V Cu (110): FE CHa=49.59%; CHa= 151 | 98 | (62
KHCO, %
H,, alcohols
Nafion® 117 Sn-GDE DSA C?(Zlglgg' * | ag.KOH | HCOOH -2V 190 mAcm’ FE HCOOH=70 % (1519 mg/L) 1/25 | [63]
3
. TM Cu NP over _ aq' - = 9
Selemion glassy carbon CO,, NaHCO, NaHCO, CH4, H, 155V FE CH,=76 % 1.2/25 [64]
CU O aq CH4v CZH47
ion® 2 ' _ =21 %- =11 % H.=509 -
Nafion® 112 | oo odoosited | PLTESH | GOz KHCO; | fl HHé ocooﬁ 19V FE CH,= 21 %; C,H,= 11%; H,=50% | 1/ [65]
e : aq. CHa, CH,, ] ] FE CH,= 0-70 %; C,H,= 0-35 %; Hy= ]
Nafion Cu foil Pt mesh CO,, KHCO; KHCO; H,, CO 1.65t0-1.4V 10-95 %; CO= 0-13% [66]
Fe NP over a HCOOH,
Nafion® Pt wire CO,, KHCO, g CH3COOH, **1V Global productivity: 1.75x10"> mmole/h -125 [67]
GDL KHCO,
CH4OH
i : C,Hs, H
Selemion™ Cu,O-derived ) CO,, KHCO,, aq. 2t16: 172, FE C,He= 30 %; H,= 15 %; alcohols<
(AEM) Cu Ptwire PdCl, KHCO, | alcohols, CHy, 12V 15 %; CH,, C,H, and CO= traces - [68]
C,H,, CO
: - C,H,, H
Selemion™ | Cu,0 layers into . aq. 2 4 12 FE C,H,= 39 %:; H,~ 50 %; rest of
(AEM) Cu disc prwire 1 €02, KHCOs | pco, | ot 2 L2V products< 10 % - [69]

* Ref. electrode: Ph(Hg)x/PbS0,/SO,*
** Difference of 1 V between electrodes
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4.1.1. L-L ecMRs based on CEMs

CEMs have been widely used in ecMR systems due to their enhanced properties for the
transport of protons. Among the available materials, Nafion® is typically applied. A
number of value-added products, on dependence of the electrocatalytic materials

applied, can be found in the literature as described hereafter.

Ag-based electrodes

In the first group, silver cathodes have been commonly used for CEM-based systems
[11, 42, 47-49]. In this regard, Delacourt et al. [11] studied different reactor
configurations for the electrochemical reduction of CO; to syngas (CO + Hy). A
Nafion® membrane was used in a L-L ecMR to form a MEA. The catalytic layer
consisted in acetylene black carbon and a polymer of the same nature, together with Ag
catalyst. The experiments were carried out at 20 mA-cm™ with a cathode potential of -
1.42 V vs. SCE. A CO formation efficiency of 40% was achieved. In the same way,
other researchers have also used different CEMs for the electrochemical reduction of

CO, to syngas [42, 47-49].

Rosen et al. [47] applied a sandwich style reactor with two liquid and gas channels with
a Nafion® 117 membrane. An Ag nanopowder ink supported on Sigracet graphite GDL
was used. The ionic liquid [emim][Br] was used as catholyte, obtaining a FE to CO
higher than 96 % as a function of the potential cell applied. Besides, FE to H, formation
was very low. The EE observed ranged between 50 % to 90 % at 1.5 V. Salehi-Khojin
et al. [48] also used a Nafion® membrane in a L-L ecMR. The rate for CO, conversion

was about 10 times higher on 5 nm Ag nanoparticles (NP) than on a bulk Ag electrode.

Moreover, Rosen et al. [49] also used Ag NP and the ionic liquid [emim][BF,4] for the

electroreduction of CO,. They showed that the addition of water to the ionic liquid
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increased the efficiency for CO, conversion to CO. The maximum FE to CO achieved
in this system was nearly 100 % when 89.5 mol% water was added to the ionic liquid.
Besides, Yano et al. [42] used a Selemion™ CEM to separate the cathode and anode
compartments, with a GLS (gas-liquid-solid)/Ag electrode and 0.5 M KCI. The effect of
the pH was studied. The FE to CO was higher than 45 % using a GLS-Ag electrode.
Besides, a CO conversion near 100 % was observed when AgNO3; was added to the

electrolyte at pH=3.5, concluding that FE decreased as the pH increased.

Overall, it seems that an appropriate catholyte and pH conditions are crucial for an
enhanced CO; electrochemical conversion. Besides, the application of highly
conductive ionic liquids for the reduction process seems to be beneficial [70]. The use
of CEMs for the electrochemical reduction of CO, to CO in Ag-based electrodes in

combination with ionic liquids as electrolytes showed FEs to CO near to 100 %.

Cu-based electrodes

Moreover, several authors reported the application of Cu-based catalysts in combination
with CEMs for the electrochemical reduction of CO, into valuable products [21, 23, 26,
28, 29, 31-35, 46, 59-62, 64-66, 71]. The conversion efficiencies have been found to be
directly linked to the type of Cu catalyst used in the working electrode (Cu foil, Cu

mesh, Cu NP, etc).

Ogura et al. [71] describe a Cu mesh in order to evaluate the influence of different
potassium halides (KCI, KBr and KI) as catholytes at pH=3. A Nafion® 117 membrane
was used to divide the anode and cathode compartments. They concluded that the
presence of Cu-halide anions facilitated the electron transfer and the current density.
The reduction of CO; increases in the following order CI" < Br' < I'. A tinned-Cu mesh

cathode together with a Nafion® 450 membrane has also been proposed to electroreduce
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CO; to HCOOH, H,, CO and CH, in L-L ecMR [23] with a pure CO,, or a mixture of
CO; and Ny, in gas phase combined with a 0.45 M KHCO3 catholyte. The experiments
were carried out near ambient conditions and over a CD range of 22 to 178 mA-cm™.
The FE achieved for each product in the factorial design of experiments carried were
23-71 % to HCOOH, 24-86 % to Hj, 0-5 % to CO and 0-0.3 % to CH,4. They also
showed that current efficiency increases with CO, concentration. The maximum FE to
HCOOH (FE= 86%) was obtained at 22 mA-cm™. Kas et al. [28] used a three-electrode
assembly in order to analyse the catalytic activity for the electrochemical reduction of
CO;, to hydrocarbons. Cuprous oxide films were electrodeposited onto Cu plates as
working electrodes, with a Nafion® 112 membrane separating the cathode and anode
compartments. A 0.1 M KHCOj3 solution (pH= 6.8) was used as catholyte with CO; gas
to produce CO, CH4 CyH4 and CoHg at a FE of 0-4%, 1-5%, 20% and 2.5%,

respectively, at an applied voltage of -1.1 V vs. RHE.

Gongcalves et al. [31, 32] evaluated a Cu mesh and a modified Cu electrode for the
reduction of CO,. The Cu-modified materials showed and improved efficiency for the
electrochemical reduction of CO; to hydrocarbons, in comparison to a Cu mesh, with a
FE has high as 33% and 10% for C,H, and CHy, respectively. Manthiram et al. [64]
demonstrated that well-dispersed Cu NP over glassy carbon (working electrode) show
high FEs to CH, from CO, reduction using a two-compartment flow cell. A Selemion™
membrane separated the working and counter electrode compartments, which are filled
with an aqueous solution of 0.1M NaHCOs. A FE to CH4= 76 % was obtained at -1.55
V vs. Ag/AgCl, higher than the obtained values at Cu foils for the same conditions (FE~
40 %). The authors suggested that these prepared Cu-electrodes may help to achieve
enhancement for the electrochemical reduction of CO, to CH,4, minimizing polarization

losses and maximizing the energy efficiency.
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Moreover, Kas et al. [65] suggested that the concentration of the electrolyte could
strongly affects the selectivity of the electrochemical reduction of CO, to hydrocarbons.
Cu-NP over Cu substrates were used as working electrodes in a two-compartment
stainless-steel autoclave reactor, in which a Nafion® 112 membrane divided the cathode
and anode (Pt mesh) compartments. A 0.5 M KHCO3 aqueous solution allows to obtain
FEs of 21 %, 11 % and 50 % to CH,4, C,H,4 and Ho, respectively, at -1.9 V vs. Ag/AgCI
and 1 atm. However, decreasing the electrolyte concentration to 0.1 M results in
increased FE to C,H; (36 %) in the same conditions. Besides, C,H4 formation is
additionally favoured by increasing CO, pressure to 9 atm. From these results, it can be
concluded that the concentration of the electrolyte has an important effect in the
selectivity of the electrochemical reduction of CO; into hydrocarbons. The same idea
was supported by Varela et al. [66] in an H-type cell divided by a Nafion® membrane
using the same electrolyte (ag. KHCO3 solution). A Cu foil and a Pt mesh were used as
working and counter electrodes, respectively. The maximum FE to CH4 (70 %) was
obtained at -1.6 V vs. Ag/AgClI, applying a 0.2 M KHCO3; concentration as electrolyte.
According to the work developed by Kas et al. [65], electrolytes with high buffer
capacity (i.e. high KHCOg3 concentration) increase FE to CH, and H, over C,H,4. They
also add that C,H, formation is not affected by local pH at low overpotentials

(proton/electron transfer is not the rate determining step in the formation process).

Kaneco et al. used a Cu foil as cathode with different sodium salts in CH3OH [33] or
LiOH [26]. A Nafion® 117 membrane was used in both cases to separate the cathode
and anode sides, and high negative V vs. Ag/AgCl were applied to the cell. When a
NaClO, /CH3;OH mixture was used as electrolyte [33] the FE to CH4 was 70.5 % at -3
V. In the second case [26], the FE to CH, + C,H,4 was as high as 78 % at -4 V. The

positive effect of sodium salts in CH, selective production was then proven. Aydin et al.
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[34] used a Cu wire with polypyrrol-coated electrocatalyst. A lithium salt (LiCIO,) in
methanol was used as catholyte with a Nafion® 117 membrane separating the chambers.
High-pressure experiments (10, 20, 40, and 60 bars) in a CO, atmosphere were
performed. At 20 bar, FE was as high as 25.5 % and 3.1 % for CH; and CjH,,
respectively. Other different products such as CO, HCOOH and acetic acid were also
detected with a FE of 15.1 %, 22.1 % and 40.2 %, respectively. Yano et al. [35] used a
CEM (Selemion™) and a Cu mesh or Cu (1) halide-confined mesh with the same
catholyte and anolyte based on aqueous potassium halides. The study seeks to analyse
the influence of different Cu-halides electrodes at -2.4 V vs. Ag/AgCI applied potential.
The CuBr electrode presented higher FE to C,H; when KBr was used as electrolyte
(FE=79.5 % and 5.8 % to C,H, and to CHy, respectively). Cul and CuCl have been also
used as electrodes in this system, and the FE to C,H, in each case was 72.8 % and 60.5
%, respectively. The study showed that Cu halide-confined meshes enhance the FE to

C,Hy4 in comparison to a Cu mesh electrode (FE of 40% to C,H, in KCI solution).

Xie et al. [60] used a two compartment cell based on modified Cu electrodes (Cu
nanowires or Cu nanoneedles), 0.1 M KHCO; as electrolyte and a Nafion® 112
membrane to separate the compartments. Cu nanowires presented better results in terms
of FE to C,H4 (12% at -1.3 V vs. RHE) whereas Cu nanoneedles led to the highest FE
to CH4 (14 % at -1.2 V) and to HCOOH (48 % at -0.9 V). Hori et al. [61, 62] also used a
CEM to separate the cathode and the anode in L-L ecMRs. The performance of different
metal electrodes as cathode catalyst [61] and different Cu single crystal electrodes [62]
were studied to analyse their influence in CH, and C,H,4 production. The highest FE
was observed for a Cu electrode at -1.44 V vs. NHE at 5 mA-cm™ (33.3 % CH, and
25.5 % C,H,) [61]. In a second study [62], higher FEs to CH,4 were achieved when a Cu

(110) electrode was used (49.5% CH, and 15.1% C,H, at -1.55 V and 5 mA-cm™). The
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influence of CD in the FE to hydrocarbons was also tested. At low current densities (2.5
mA-cm), the FE to hydrocarbons dropped, so high CDs were needed in these systems.
Higher FE to CH,4 and to C,Hg were observed in an H-type electrochemical cell divided
by a glass frit [72] using pure or electrodeposited Cu, which were carried out in CuSO4
0.25M (Cu/Cu-H) or 0.025 M (Cu/Cu-L) baths. Results with a pure Cu electrode
showed that FE to CH,4 was about 28 % at -1.2 V and FE to C,Hg was about 15 % at -1
V. The highest FE to C,Hs in this work was achieved on Cu/Cu-L electrodes with a
value about 43 % at -1.2 V. When a Cu/Cu-H electrode was used, a FE to CH, and to

C,Hs about 20 % and 27 %, respectively, was observed at -1.2 V [72].

Ampelli et al. [46] studied the influence of the phase used in the cathode in order to
carry out a comparison in terms of productivity and type of products at the same
conditions (electrodes and reaction). In these reactors, a Nafion® membrane was used to
separate the compartments and different metal NP such as Co, Cu, Fe and Pt were
supported over functionalized carbon nanotubes (CNTs) or commercial carbon black
(CB), forming a GDE as represented in Figure 8. The differences between the systems
are the type of electrolyte at the anode compartment (KHCO3 in L-L ecMR and KCI in

G-L ecMR).

Teflon modified
carbon paper

V

CO,/He

.. Catalytic layer
Me/CNTs or CB
(Me = Fe, Cu, Co, Pt)

Nafion®™
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Figure 8. Representation of the GDE used for CO; electrochemical reduction in the

work from Ampelli et al. [46]. Reproduced with permission from ref. [46].

Different products were detected in each configuration. HCOOH, acetic acid and
CH3;OH were obtained as traces in the L-L ecMR. In addition, the order of product
formation was on dependence of the metal catalyst applied: Pt-CNT ~ Fe-CNT > Cu-
CNT > Fe-carbon black in the L-L ecMR. In addition, the reaction mechanisms were
analysed in both cases [46]. The absence of the electrolyte and the higher CO,
concentration at the catalyst surface could inhibit the mechanisms for electron transfer,

favouring the CO, dissociation to CO at the different metals used as catalyst.

Yim et al. [29] studied the influence of the membrane in a L-L ecMR using CH3;OH as a
solvent. A Cu plate was used as cathode, and a Nafion® 117 membrane for CH,
production. The results showed that the electrochemical cell without membrane
presented better results (FE= 35.6% to CH,) in comparison to the system with the

Nafion® membrane.

Albo et al. [21] studied the electrochemical reduction of CO, into CH3OH using Cu,0O
and Cu,0/ZnO-catalyzed carbon papers. A Nafion® 117 membrane was also used to
separate the cathode and anode compartments. When a Cu,O-carbon paper electrode
was used, a FE to CH3OH of 45.7 % was achieved, but a rapid deactivation of the
material occurred. In any case, a stable modest FE of 17.7 % was obtained is Cu,0/ZnO
(1:1)-based systems at -1.3 V vs. Ag/AgCI, so the use of Cu,0-ZnO mixtures for the
continuous electrochemical CO, reduction to CH3OH showed promise. Recently, the
technical possibilities for the electrochemical reduction of CO, into CH3OH has been

reviewed [73].
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Regarding the possibility of suppressing the liquid phase from the catholyte (to avoid
transfer limitation due to the low solubility of CO, in water), Genovese et al. [67] made
a comparison between liquid (L-L ecMR) and gas (G-L ecMR) conditions in the
production of fuels from CO; reduction. Different metallic NP (Fe or Cu) supported on
GDL were tested as working electrodes, whereas a Pt wire was used at the anode side. A
CEM (Nafion®) divided the cell compartments filled with a 0.5 M KHCOj3 solution in
the anode side. Alcohols and traces of hydrocarbons were observed in gas-phase
studies, while liquid phase experiments mainly produced HCOOH, CH3;COOH and
traces of CH3OH. As a conclusion, liquid phase CO; reduction allowed to achieve
higher productivity values (5x10° mmol-h™ in liquid phase over 1.5x10™ mmol-h™ in

gas phase, using Cu-GDL-based catalyst), minimizing also the HER.

As can be deduced from the discussion above, the catalyst plays a main role in the
electrochemical reduction of CO,, so a correct catalyst selection for each process is
essential. For this purpose, Singh et al. [59] developed a catalytic activity protocol for
the electrochemical reduction of CO,. Different electrocatalysts (Cu, CuO, ZnO, Mo,C
and Co30,) were supported into a GDL, forming the cathodes. A Nafion® membrane
was sandwiched between the electrodes and different studies such as cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) were carried out, whilst the
cathode side of the reactor was fed with CO, saturated 0.5 M KHCO3; solution. As
conclusion, Cu, CuO, ZnO and Co3O4 were actives in the proposed protocol for the

electrochemical reduction of CO.,.

In conclusion, Cu-based electrodes have been widely used as cathodes. It seems that
nanomaterial-based electrodes may enhance the electroreduction of CO, to
hydrocarbons (mainly CH, and C,H,;) [64]. Besides, electrolyte type and its

concentration seem to be crucial for an efficient CO, electroreduction process. Finally,
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the utilisation of Cu-halides meshes is favourable, attending to the high FE to C,H,
(79.5 %) in L-L ecMRs divided by a CEM, in comparison to the FE achieved on Cu-

mesh electrodes [35].

Sn and Pb-based electrodes

Many authors have focused their research on the utilisation of tin and lead catalysts for
the electroreduction of CO; using L-L ecMRs [10, 20, 24, 40, 41, 43, 58, 63] with the
aim of producing HCOOH with high FEs. Kopljar et al. [10] studied the feasibility of
the electrochemical HCOOH production within an industrial environment. A proton
conductive membrane (Nafion®) to separate the cathode and anode chamber was used
and both chambers were filled with an aqueous solution of KHCO3. High FE (> 80 %)
was obtained at 200 mA-cm? and pH= 10, whereas the FE for CO and H, was
approximately 10 %. A maximum FE of 93 % to HCOOH was achieved at 50 mA-cm™.
In the same way, Wang et al. [41] carried out different electrochemical measurements
such as CV and electrochemical and impedance spectroscopy (EIS), in order to analyse
the FE to HCOOH formation. The electrolyte was a KHCOs-based solution in a wide
range of concentrations. When a concentration of KHCO;3 equal to 0.5 M is used, a
maximum FE of 78 % to HCOOH was achieved at an applied potential of -1.8 V. Wang
et al. [43] reached performance enhancements by adding polytetrafluoroethylene
(PTFE) into the catalyst layer. This makes possible to increase the catalytic surface area
and CO diffusion. The highest FE was around 87 % at -1.8 V vs. Ag/AgCl when 11.1
wt%. of PTFE was added, improving the FE to HOOCH to a value of 25.4 %. As can be
noticed in these studies, the type and concentration of the electrolytes have a great
influence on the maximum achieved FE that could be achieved. Besides, improvements

in the catalyst layer by adding different compounds are also an interesting approach.
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Moreover, Alvarez-Guerra et al. [20] used a Pb plate as cathode and a solution of 0.45
M KHCO3 + 0.5 M KClI as catholyte. The highest FE to HCOOH achieved was 94.7 %
at low current density values (2.5 mA-cm™) with a measured concentration of 14.4
mg-L™. At the same conditions, a Sn plate was used as working electrode to compare
the performance of the process in terms of rate of HCOOH production and FE [24].
With a Sn cathode, the rates for HCOOH production were 25 % higher with efficiencies
around 70 %. Considering these results, Del Castillo et al. [40] applied GDEs loaded
with Sn particles with the aim of operating at higher CD. This Sn-GDE configuration
led to higher concentrations (885 and 1348 mg-L™), maintaining an efficiency of about
70 %. One year later, Del Castillo et al. [63] analysed the effect of metal loading and
Sn-particle size in Sn-GDE electrodes in order to improve HCOOH formation rates. The
best results were observed with a catalytic loading of 0.75 mg Sn-cm™ and a particle
size of 150 nm, achieving FEs around 70 % to HCOOH at 90 mA-cm™, with rates and
concentration over 3.2 mmol-m?s™ and 1.5 g-L™, respectively. They concluded that the
use of smaller Sn-NP (< 150 nm) and carbon supports for the electrochemical reduction

of CO, to HCOOH might allow further improvements in the process.

The utilisation of Pb-based catalyst as cathodes for the electroreduction of CO; to
HCOOH in L-L ecMRs has been also considered by Subramanian et al. [58], in which
the anode and the cathode chambers were separated by a composite perfluoro polymer
CEM. CO, was absorbed in a 0.2 M K,HPO, + H3PO, solution, which was fed to the
cathode chamber, obtaining a maximum FE to HCOOH of 93 % at 2 mA-cm™. They
also showed that HCOOH concentration increases with CD. The highest measured
value was 0.016 mol-L™ (1085 mg-L™), which is in the range of those concentrations
obtained by Del Castillo et al. [40] using DSA as anode. It should be remarked that the

utilisation of GDEs led to high FE when Sn and Pt are used as cathode and anode
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catalysts, respectively. In order to analyse the viability of HCOOH production from
CO, electroreduction, Dominguez-Ramos et al. [74] studied the global warming
footprint associated to the process, identifying different scenarios and concluding that
the requirements of energy and materials are too high to ensure a sustainable production

of HCOOH from CO; electroreduction and thus, future technical advances are required.

In general, Sn-based catalysts allow obtaining HCOOH from CO, reduction with higher
CDs when compared to Pb-based catalyst, even though Sn-based catalysts have been
commonly used for this process, as found in literature. Besides, the modification of the
catalyst layer by adding different compounds, the utilisation of GDEs based on NPs and
alterations in the electrolyte may enhance the FE and concentration of HCOOH at the

reactor outlet.

Pt-based electrodes

In addition, Pt-based catalysts have been used for the electrochemical valorisation of
CO; in L-L ecMRs for DMC synthesis [30] and CO, electroreduction to HCOOH [25].
Garcia-Herrero et al. [30] used a Pt/Nb plate (95 % Pt) with 200 mL of CH3;OH in
combination with the ionic liquid [bmim][Br] and potassium methoxide as electrolyte.
A Nafion® 117 membrane was used. A concentration of 11.37 mM was achieved when
the electrolyte is formed by 80% CH3;OH, 15% ionic liquid and 5% CH3OK. On the
other hand, Tamilarasan et al. [25] used a glassy carbon electrode with a Pt catalytic
loading of 1 mg cm™ at the cathode in a 0.5 M KHCO; solution. A polymer electrolyte
membrane was applied and the influence of operation mode in the cell (continuous or
discontinuous) was evaluated for HCOOH production at ambient conditions. The results
showed that higher concentrations can be obtained (almost double) in a continuous
operation mode (0 to 35 mmol-L™) in comparison to 18 mmol-L™ in a discontinuous

operation mode.
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In conclusion, many researchers used CEMs, in particular Nafion® membranes, for the
electrochemical reduction of CO; in L-L ecMRs. Most of the anodes studied are based
on Pt plates. However, different catalyst materials and electrolytes at the cathode
compartment have been tested depending on the desired product. High FEs to HCOOH
and CO have been achieved using CEMs, whereas further studies seems to be needed in
order to achieve higher FE and concentrations for the formation of hydrocarbons using

ecMRs.
4.1.2. L-L ecMRs based on AEMs

Materials based on Ag, Cu and Pt have been widely used as working electrodes for the
electrochemical reduction of CO, in order to obtain CO, hydrocarbons and DMC,
respectively, using AEMs in ecMRs. Besides, Pt has been commonly reported as anode

in these systems [19, 27, 36, 54, 68, 69].

Hatsukade et al. [19] studied the electrochemical reduction of CO, on silver surfaces. In
this work, an Ag foil was used as cathode, and an AEM was placed between the
electrodes to mitigate the transport of liquid products from the working to the counter
electrode. A solution of 0.1 M KHCO3; was utilized as electrolyte (pH= 6.8 at the
catholyte) and a voltage range of -0.6 to -1.42 V vs. RHE was applied to the cell. CO
and H, were the main products obtained, with also HCOOH, CH4, CH3;OH and
C,HsOH. The FE range for H,, CO, HCOOH and other products formation were 10-100
%, 5-90 %, 2-8 % and < 0.1 %, respectively. A FE= 90 % to CO was achieved at -1.1 V

vs. RHE, whereas a FE= 8 % to HCOOH was obtained at -1.4 V vs. RHE.

Regarding Cu-based catalysts, Kuhl et al. [27] tested a Cu foil in order to analyse the
multicarbon products formed from CO, electroreduction, being 16 the different products

observed such as CH,, C,H, and HCOOH, together with ethylene glycol,
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glycoladehyde, hydroxyacetone, acetone or glyoxal, that are not commonly as CO,
electroreduction products. A FE of 40 % to CH,4 was achieved at -1.15 V, whereas C;H,
and HCOOH were detected with a FE of 25 % at -1.05 V and 23 % FE at -0.87 V,
respectively. Besides, Chen et al. [54] applied different Cu-based catalysts (Cu
mesocrystals, Cu NP and electropolished Cu) for the electroreduction of CO, in an
aqueous solution of KHCO;. The highest FEs were achieved when applying Cu
mesocrystals, with values of 27.2 %, 17.5 %, 7.5 % and 2.7 % for the production of

C,H4, HCOOH, CO and CHy, respectively at different potentials.

In addition, Chen et al. [68] evaluated the influence of electrolyte conditions using
Cu,O-derived Cu catalyst in order to electroreduce CO, to C,Hg in a three-electrode cell
with a 0.1 M KHCO; solution, when an AEM (Selemion™) separated cathode and
anode compartments. The FE to C,H4 was 30 % at -1.2 V vs. Ag/AgCI, while traces of

C,Hg were observed. The other products obtained were H,, HCOOH and alcohols.

Besides, adding PdCIl, (100 mg) to the electrolyte at the same operation conditions,
produced increases in the FE to C,Hg, with values of 30 % at -1.2 V vs. Ag/AgCI. They
proposed that C,Hy is firstly produced from CO, reduction at Cu sites. Afterwards, the
hydrogenation of C,H,; with the assistance of PdCl, occurs to produce C,Hs. By
contrast, other Pd-based particles were also tested, but did not reach the same
conversion efficiencies. Ren et al. [69] also tested Cu,O-based catalysts in an
electrochemical cell divided by an AEM in order to study the FEs to C,H,4 and C,HsOH
ina 0.1 M KHCOgs solution. In this way, Cu,O layers deposited onto a Cu disc, and a Pt
wire were used as working and counter electrodes, respectively. The influence of the
Cu,0 layers was also discussed, concluding that 1.7-3.6 um thickness led to the best FE
to CoH, and C,HsOH at -1.2 V vs. Ag/AgCl, with values of 34-39 % and 9-16 %,

respectively. In these conditions, the FE to CH; was < 0.1 %. Therefore, it can be
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concluded that the FE to C, products can be systematically tuned by varying the

thickness of Cu,O overlayers.

As discussed in another section, Garcia-Herrero et al. [36] studied the influence of the
applied membrane in the electrochemical synthesis of DMC from CO,. For this
purpose, an AEM and a Pt/Nb (95 % Pt) plate as working electrode was applied. The
maximum concentration achieved for DMC was 9.74 mmol-L™. The best results were
obtained without membrane in which the DMC concentration was 80.85 mmol-L™,
following by that concentration obtained when using a Nafion® CEM (11.37 mM). The
better performance in the absence of membrane was explained by mass transport
enhancements, although the presence of the ionic liquid [bmim][Br] was also required
to reach those values. Yim et al. [29] reached the same conclusion when no membrane
was applied in their system. In any case, the application of an undivided cell makes
difficult the separation of reaction products and thus, increases the cost associated to the

process.

Overall, the utilisation of AEMs rather than CEMs to divide the ecMR is gaining
importance due to the advantages of reducing polarization losses. Besides, high FE to
CO (90 %) has been achieved in Ag-based catalysts, which is comparable to the FEs
observed in some cases in which CEMs have been tested. Regarding the utilisation of
Cu-based catalysts, C,H,4 has been obtained with Cu,O and AEMs with acceptable FEs
(~ 30-40 %). Besides, C,Hg and C,HsOH have been also produced, where the thickness

of the Cu,0O layers seem to be critical in order to enhance efficiency.

As a result, further developments in terms of catalyst materials and electrolytes are

necessary to achieve the desired products with high FEs.

4.2. Gas-Liquid (G-L) ecMRs
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Table 2 summarizes the different experimental conditions, catalytic materials, main
products and performance results for the use of G-L ecMRs in CO; electroreduction
processes. As for L-L ecMRs, CEMs are the common alternative to separate the
cathodic and the anodic compartments in these systems [11, 12, 17, 45, 46, 50, 52, 53,

55-57, 75, 76].
4.2.1. G-L ecMRs based on CEMs

Regarding the use of CEMs in G-L ecMRs, Delacourt et al. [11] used an integrated
system with a buffer layer between the Ag catalytic layer and the membrane for the
reduction of humidified CO,. An enhanced selectivity for CO, reduction to CO was
observed, since the buffer layer probably prevented an excessive amount of protons
reaching the cathode. In fact, the FE to CO increases up to 80 % when a pH-buffer layer
of KHCO3; was used. In addition, Wu et al. [50] studied the influence of a KHCO3;
buffer layer placed between the cathode and a Nafion® membrane in a G-L
configuration at pH= 7 when using a Sn-based GDEs. The onset potential for HCOOH
production was observed at -1.2 V and the FE was as high as 70 %. A high cell
potential was needed in order to overcome the anodic overpotential required for water
oxidation. It seems that buffer layers can be utilized to enhance the formation of CO and
HCOOH, increasing FEs. The pH and concentration of the buffer layer are also

essential to achieve high FEs in both systems.
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Table 2. Experimental conditions, catalytic materials, main products and significant results for CO, valorisation in G-L ecMRs.

V vs. Ag/AgCI / . P(atm)/T
Membrane Cathode Anode Catholyte Anolyte Products CD (m Acm'z) Main results °C) Ref.
. . Pure a9 0 i
Nafion® Ag Pt-Ir (1:1) | Humidified water/KHC CO, H, 138V FE CO= 82 % with buffer 1/25 [11]
alloy CO, gas 0 layer
3
. @ Cu powders in IrO, over i Selectivity: C,H,0= 70 %;
S(tggm) carbon nanotubes carbon CO, gas satuzztgd N C|_2|24000Hm e(t:hg I -30 mA methyl-HCOOH= 13 %; CO= 1/90 [12]
(CNTs) paper 2 v 10 %; CH,=7 %
. Alcohols and
Nafion® Fe or Pt over . Fe-CNTs presents better
117 CNTSs Pt wire CO, gas aq. KCI hydrocarbons 2V performance 1/60 [17]
(traces)
PEl and
QPEI doped Cu,0 on porous Deionized CO, Hy, CH,, * Cell potential: | FE CH,=6-11 %; C,H,= 3-20
with KOH carbon paper Pi/C CO, gas water C,Hg, C,Hs 1.8t03V % 1/25 [22]
(AEM)
Pt or Fe doped Highest productivity: 70 %
Nafion® 115 P Pt wire CO, gas ag. KHCO; | C;-Cg oxygenates. -15V PY/TPE-CMP + 30 % CNTs -160 [45]
TPE-CMP/CNTSs 5 1
(7.2x10” mmol-h™).
CO, H,, CH3;0H, .
. Fe-CNT/GDL: best
Nafion® Metal NP on . C,H40, C,HsOH, L #
117 CNT/GDL Pt wire CO, gas ag. KClI acetone, CaHgO, - produ?;%g{r(]ﬁ.fxlo -125 [46]
CH3COOH.
Nafion® Pt/C spra
with buffer Snink + GDL 0 GSL Y| co,gas ag. KOH | HCOOH, CO, H, 12V FE HCOOH= 70 % 1/25 [50]
layer
. -1.51Vv/ _
AEM Silver-coated Pt plate CO, gas aq. K,SO, CO, HCOOH, H, 20 mAcm™ FECO=92.1% 1/- [51]
Nafion Cu foil Ptflag | Humidified | 0 1so, CHg, CoHq 1,95V FE CH,= 8 %; C,H,= 10 % -122 [52]
115 CO, gas
. ® Cu-solid polymer CH,, C,H,, CO, ) 0 )
Nafion electrolyte Pt mesh CO, gas ag. K,SO, H, HCOOH 1.45V FE H,> 89 % /22 [53]
. ® Cu on porous Pt/C (40 Alkali doped CH3;0OH, HCOH, | * Cell potential: FE CH,= 4.5 %; CH;0H and
Nafion carbon % wt Pt) €O, gas PVA CH, 2V HCOH < 1% 1/25 [55]
Glass frit Sn-GDL Pt wire CO, gas ag. NaHCO;4 HCOOH -1.8V FE HCOOH=70 % - [56]
AMI-7001 Cu,0 on porous Pt/C (40% | Humidified water CH,, C,H,, -27t0-22V FE CH,= 30 %; CH;0H= 20 1/25 [57]
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(AEM) carbon paper wt Pt) CO, gas CH;0H, H, %; C,H,=15%
Hydrocarbons,

Nafion® T\Tvlizthcrwe?a?cl)\?sd Pt wire CO, gas ag. KHCO; C,H40, H,, - Hydrocarbon traces - /60 [75]

alcohols
. ® i 0 . CO, H,, FE CO=18.9 %; H,=80.6 %;
Nafion GDM-Fe metal Pt wire 50 % CO, in ag. KClI hydrocarbons and 10-20 mA hydrocarbons and organics= -160 [76]
115 doped He -

organics 0.55 %

* Cell potential (not referred to any reference electrode)
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Ampelli et al. [75] added different polymers to form Nafion-based MEAs with GDLs.
Different products such as CO, CH3OH, C,HsOH, C3HsgO, acetic acid and acetaldehyde
were obtained when Pt was supported on CNTs as electrocatalyst. The total FE was
higher than 95 % in all tests. Besides, the hydrocarbon and oxygenates production for
Pt-CNT with polymer (10 % weight metal) was also analysed. The results showed that
doping with an active metal is not enough to increase productivity, probably due to a
reduced conductivity. Nevertheless, small additions of CNT make possible to enhance

the productivity to an approximate value of 7 x 10™ mmol.

Aeshala et al. [55] also used a Nafion® membrane to produce CH,4 in a G-L ecMR. Cu
was supported on carbon porous papers and a potential of 2 VV was applied to the cell at

ambient conditions to reach a FE of about 4.5 %.

Genovese et al. [76] also studied the possibility of introducing another gas (He) into the
cathodic chamber together with CO, in a 50% concentration. A Nafion® 115 membrane
was used to form a GDE with the loaded metals (Fe or Pt). In these experiments, CO,
H,, and hydrocarbons were observed, with the highest FE to CO achieved when the
metallic Fe catalyst was used (FE= 18.9 %). A Pt-based catalyst was also tested but the
FE to CO decreased. The FE to hydrocarbons was also less than 1 % in all cases. In this
regard, Genovese et al. [17] used a MEA composed of Fe or Pt electrocatalysts
supported on CNTs added to a Nafion® 117 membrane, while a Pt wire was used as
counter electrode, with the aim to obtain long C-chain products. The electrolyte utilized
at the anode side was a 0.5 M KCI solution. At 1 atm and 60 °C the Fe-CNTs
electrocatalysts presented better performance in terms of productivity of alcohols and
hydrocarbons at 2 V vs. Ag/AgCl. They concluded that both, the design of nanocarbon

materials and the correct evaluation of the engineering issues of electrodes and cells are
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needed steps for the development of electrochemical processes for CO, reduction to

long-carbon chain products.

Ampelli et al. [46] used a Nafion® membrane and different metallic NP (Co, Cu, Fe and
Pt) supported over a functionalized CNT, forming a GDE for its use in G-L ecMRs. In
this case, CH3OH, C,HsOH, C3HgO, acetaldehyde, acetone and some hydrocarbons
(C4-C9) were observed. When CO, in gas phase was used at the cathode, the
productivity was reduced in the following order: Fe-CNT > Fe-carbon black > Cu-CNT
> Pt-CNT. The highest productivity value achieved in the system was 4.8 x 10™
mmol-h™® for Fe-CNT electrocatalysts. As previously mentioned, the absence of
electrolyte and the higher CO, concentration at the catalyst surface could inhibit the
mechanism of electron transfer, favouring the CO, dissociation to CO. Further reports
from Ampelli et al. [45] demonstrated the influence of different electrocatalysts for the
conversion of CO, to liquid fuels in gas-phase conditions using a tetrakis-phenylethene
conjugated microporous polymer (TPE-CMP) doped with Pt or Fe NP. Besides, CNTs
were also tested in combination with the previous catalysts with the aim to enhance
productivity. A Nafion® 115 membrane was assembled with the TPE-
CMP(CNTSs)/GDL by hot-pressing method, forming the working electrode. The use of
CNTs in combination with the electrocatalysts (30 wt% CNTSs) enhanced considerably
the performance due to a better dispersion of the ink onto the GDL and an enhanced
electrode conductivity [45]. The best result, in terms of C1-C8 oxygenates formation,
was 7.2 x 10° mmol-h™, when a 70 % Pt/TPE-CMP + 30 % CNTs was used as
electrocatalyst. This may show the potential use of CMPs for the process of CO,

reduction in ecMRs.

Cu catalysts were also studied in G-L ecMRs using a Nafion® CEM in order to obtain

hydrocarbons from CO, [12, 52, 53]. Dewulf et al. [52] fed to the cathodic compartment
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CO; humidified in an aqueous solution of KHCO3. The obtained FEs ranged between 0-
8 % and 0-10 % to CH,4 and C,Hyg, respectively. The highest values were achieved for a

constant applied potential of -2 V.

As commented above, sandwiching the cathode, the membrane and the anode to form a
MEA for CO; reduction in gas phase makes possible to enhance CO, electroreduction.
In this sense, Gutiérrez-Guerra et al. [12] used a Cu powder-based MEA as cathode with
a hot-pressed Sterion® membrane (CEM) and 1rO,-carbon paper as anode. Water was
introduced into the anode side with N, while CO; in gas phase was used as catholyte.
Besides, electrocatalytic experiments were conducted at atmospheric pressure and in a
range of temperatures between 80 and 90 °C. CO, consumption rate was higher at 90 °C
in the different supports evaluated (i.e. graphite (G), activated carbon (AG) and carbon
nanofibers (CNF)). The product selectivity at the Cu-CNFs electrodes was C,H40= 70
%, methyl-HCOOH= 13 %, CO= 10 %, CH4= 7 % at -30 mA. The high selectivity for
C,H4O can be attributed to the size of Cu particle. In addition, Cu-AC electrodes
reached a selectivity of 50 % to C,H;O at -30 mA (with CH3OH as the second main
product). However, Cu-G electrodes led to a higher selectivity to CH3OH (75 %) at -30
mA. As a conclusion, an increase in CD for Cu-G and Cu-AC electrodes led to an

increase in CH3OH selectivity due to the higher supplied rate of protons.

CH,4 and C,H, were also obtained at Cu-based catalyst in a different report [77]. In this
case, different anolytes were applied (KOH, KHCO3, KH,PO,4 and K;SQO,). The results
showed that the use of 1 M KOH led to the best performance when humidified CO, was
fed to the cathode. The maximum FE to C,H, and CHs were 69 % and 9.1 %,
respectively, for an applied voltage of -2.72 V vs. Ag/AgCl. Conversely, Komatsu et al.
[53] used a dry CO, gas as reactant. In this case, C,H4, CH4, CO, H, and HCOOH were

produced at 25 °C, although HER was predominant (FE about 89-97 %). They

40



747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

concluded that the use of a CEM, with high protons transport capacity, is required for
the production of products that need high amounts of protons and electrons such as CH4

and CoH..

Prakash et al. [56] used a gas flow electrochemical cell, in which a glass frit was used to
separate the two compartments. A Sn-based cathode was applied for the production of

HCOOH, with a highest performance (FE= 70 %) found at -1.6 V vs. NHE.

As summary, different products such as CO, HCOOH, hydrocarbons and alcohols can
be achieved with high FEs from CO; electroreduction using CEM in G-L ecMRs. The
use of buffer layers between cathode and membrane seems to be an interesting approach
to increase the FE to CO and HCOOH in these reactors. Nevertheless, hydrocarbons
and alcohols have been obtained with poor FEs (< 10 %) and productivities, except for
the work developed by Cook et al. [77]. To overcome these limitations, the addition of
different microporous polymers into the membrane or the utilisation of CNTs as
catalytic support, among others, may be of help [45, 46]. These improvements may

probably lead to a better the near future.
4.2.2. G-L ecMRs based on AEMs

Other authors have tested AEMs for CO, electroreduction in G-L ecMRs [11, 22, 51,
57]. Delacourt et al. [11] employed an AEM (polyethersulfone-based membrane with
bicyclic ammonium groups) and humidified CO, as catholyte. In this case, a buffer
layer (KHCOj3) was not included in the reactor and the FE to CO (3 %) was
significantly lower than that obtained in configurations discussed above, in which a
buffer layer and a CEM (Nafion®) were used [11]. These authors also showed that the
use of AEM is advantageous when water is present at the anolyte because of the

generation of KHCOg3. Hori et al. [51] used Ag-coated AEM as electrode. The CEM
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alone was not suitable for CO, reduction because the surface of the membrane was
partly ruptured during CO; reduction and the reaction was rapidly suppressed. Thus, the
use of an AEM allows a sustained reduction of CO, to CO, HCOOH and H, for more
than 2 h. The FE to CO was 92.1 % at 20 mA-cm™, whereas the FE to HCOOH was

12.1 % at 100 mA-cm™.

Aeshala et al. [22, 57] evaluated different membrane materials for the electrochemical
reduction of CO; in gas phase. In the first work [22] two different types of membrane
materials doped with KOH were used in order to prepare AEMs: polyethylenimine
(PEI) and quaternized PEI (QPEI). Besides, polyvinyl alcohol (PVA) was used as a
polymer matrix to form the membrane. The GDE was formed using Cu,O particles
supported on porous carbon papers. H,, CO, CH4, C,H4 and CyHg were the main
products obtained with a FE of 6-11 % CH, and 3-20 % to C,Hg and a product
selectivity of 67.6 % for C,Hgs and 16.4 % for CH,. In a second work [57], the same
authors evaluated a MEA configuration with CMI-7000 (CEM) and AMI-7001 (AEM)
at the same conditions for humidified CO; electroreduction. The results showed that the
performance for AMI-7001 membrane was more favourable than that for CMI-7000,
since the FE to interesting products were 30 % to CH,4, 15 % to C,HsOH and 20 % to
CH3OH with AMI-7001 membrane, whereas CMI-7000 produced mainly H, (FE=
80%). That means that a correct membrane selection is essential to achieve high CO,

electroreduction efficiencies.

In general, the use of AEMs is considerably less efficient than using CEMs for the
electroreduction of CO, to CO (FE= 3 % vs. 82 %) as explained by Delacourt et al.
[11], even though Hori et al. [51] obtained higher FE to CO (92.1 %) using a Ag-coated
AEM as electrode at 20 mA-cm™ On the other hand, AEMs presented better

performance than CEMs for the production of hydrocarbons since CEMs favoured HER
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instead of CO, reduction (FE ~ 80 % to H,). Therefore, future research efforts should

also include the application of AEMs for the electrochemical reduction of CO..

4.3. Overview

Considering the crucial role of membranes in CO; reduction processes and the
considerable amount of studies reported, an overview of the FEs to different products
reached in the electrochemical reduction of CO; in L-L and G-L ecMRs at different V is
carried out. Figure 9 and Figure 10 show, respectively, the FE as a function of the
membrane applied and the main product obtained at different applied potentials vs.
AQ/AgCI. It should be noted that the figures uniquely provide a picture for the
comparison of different membrane materials, although the data come from studies
where different variables, namely cathode materials, products, reaction medium,

operating conditions and/or cell/electrode structure, may affect the results.

100
o b
80 A @) @) ©
@ o o O
e %07 OCEM
Nt @
Lu ©o0 AAEM
40 A @ A
A o O &
20 1 o o &
O
8 a s
O T T T T

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
E (V vs. Ag/AgCl)

Figure 9. FE vs. V as a function of the type of membrane applied in L-L and G-L

ecMRs.
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From the figure, it seems that the use of CEMs is, in general, more favourable to reach
higher FEs. Although it also depends on the reduced products obtained, as shown in
Figure 10. Additionally, the application of CEMs are more common than AEMs for the
electrochemical valorisation of CO,, although AEMs may lower polarization losses and

thus their application may be an opportunity for high efficient CO, electroreduction

systems.
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Figure 10. FE vs. V for the formation of main products in L-L and G-L ecMRs. The
points are experimental data and the lines are referred to the equilibrium potential for
each product (HCOOH= -0.809 V; CO=-0.729 V; C,H,= -0.539 V; CH,=-0.439 V vs.

Ag/AgCl).

Unsurprisingly, the best FEs were obtained for CO and HCOOH formation. The highest
FE to CO (~ 90-100 %) was achieved using L-L ecMRs [19, 49] and a G-L ecMR [51]
with Ag-based catalysts at the cathode side. Hatsukade et al. [19] achieved a FE= 90 %
at -1.3 V vs. Ag/AgCI using a Ag-Foil as working electrode in an electrochemical

reactor divided by an AEM. Besides, Rosen et al. [49] obtained a FE to CO near to 100
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% by adding 89.5 %mol of water to the ionic liquid [omim][BF,] as electrolyte in a L-L
ecMR divided by a CEM, where Ag NP were used as electrocatalyst. Additionally, a
similar FE was achieved by Hori et al. [51], who reported a FE to CO=92.1 % at -1.51

V vs. Ag/AgCI with a Ag-coated electrode in a G-L ecMR divided by an AEM.

On the other hand, the best FEs to HCOOH (~ 90 %) were achieved in L-L ecMRs with
Sn-GDEs electrodes [10, 43] and CEMs at 50 mA-cm™ and -1.8 V vs. Ag/AgCl,
respectively, even though Pb plates also allowed to obtain similar FEs at low CD [20,
58]. In addition, high concentrations of HCOOH (~ 1.5 g-L™) were achieved in Sn-GDE

electrodes with smaller FE (70 % at -2 V and 90 mA-cm®) by Del Castillo et al. [63].

Regarding hydrocarbon formation, the highest FEs to CH,4 and to C,H4 were 76 % at -
1.55 V vs. Ag/AgCL and 79.5 % at -2.4 V vs. Ag/AgCl, respectively, in L-L ecMRs
[35, 64]. In these studies, Cu-based electrocatalysts were applied in combination with
CEMs in divided cells. However, other available reports did not show FEs higher than
50 % and 30 % in L-L and G-L ecMRs, respectively (considerably lower than FEs
obtained to CO and HCOOH in these reactors). Therefore, the development of novel
approaches in terms of reactor configuration, catalyst materials and electrolyte
composition, among others, should be considered in the future in order to obtain

hydrocarbons with high FEs and CDs in ecMRs.

Moreover, a deeper characterization of the reaction mechanism by which products are
formed is crucial to design effective electrocatalysts for the electrochemical reduction of
CO; [78]. Unfortunately, the different mechanisms of products obtained on different
catalysts are still unclear. Different intermediates have been identified in the literature
on dependence of the CO, reduction pathway. In this regard, CO; "ags, COags, HCO ags
and H3CO',gs have been proposed to be probable intermediates in the electrochemical

reduction of CO, to HCOOH, CO, CH,4 and CH3OH  respectively. Besides, Kortlever et
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al. [79] argue that the electrolyte composition and the pH may change the results of the
reaction significantly. Besides, they also considered that the absorbed CO," anion
intermediate and the absorbed (CO), ~ anionic dimer play an essential role in some of
mechanistic pathways for C1 and C2 production, even though the electrocatalyst, the
electrolyte and the operating conditions applied also affect in the pathways for the
electrochemical reduction of CO,. Therefore, the optimal electroreduction of CO,
requires catalysts with suitable absorption properties and electrolytes with positive

impacts on the catalytic selectivity and activity [79].

Finally, the highly endothermic CO, conversion reactions consume lots of energy.
Therefore, the high costs associated to these processes should be considered. In this
regard, the use of renewable energy might be of help in order to achieve an
economically viable CO, electroreduction process. It seems that further efforts on

evaluating the whole life cycle of CO, conversion processes are required.

4. Conclusions and future prospects

In this review, studies on CO, electroreduction in different membrane reactor
configurations have been compiled and discussed in terms of type of membrane applied,
electrode configuration and electrocatalyst applied in order to analyse the different
technical solutions to perform the electrochemical reduction of CO, into valuable
products using electrochemical membrane reactors. The role of membranes in these
reactors is to divide the cathode and anode compartments, improving the separation of
products and avoiding their re-oxidation. Besides, GDEs can be coupled with ionic
exchange membranes (cation or anion) with the aim to form membrane electrode

assemblies (MEAs). These systems reduce mass transfer limitations and increase
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process efficiency, and are gaining importance in CO, electrochemical reduction
processes. Nafion® membranes are the most common membranes applied, especially
when high amounts of protons are necessary to form more reduced species. Liquid-
Liquid electrochemical membrane cells are the most studied reactors. Gas-Gas eCcMRs
reports, however, are recently emerging due to the mass transport enhancements at both,
cathode and anode compartments. Furthermore, different metal-based catalysts such as
silver, copper, tin and lead are used as electrocatalysts for CO, valorisation into
different products, such as carbon monoxide, hydrocarbons and formic acid,

respectively in aqueous salt solutions such as Na*, K*, CI", HCO3  and OH'".

As a conclusion, further advances in new reactor configuration, membranes and
catalytic materials need to be accomplished before achieving high conversion rates, FES

and CDs for the electrochemical reduction of CO; in ecMRs.
In this regard, the authors recommend to focus the research efforts on the:

1) development of reactor configurations based on GDEs and MEAs, which favour the
transport of components; ii) addition of new polymers in ion exchange membranes, in
order to improve the electrode conductivity; iii) development of new highly active
nanostructured materials as catalyst support, which are able to increase the productivity
for the desired products; iv) study of different electrolyte solutions, including also ionic
liquids with the aim of suppressing HER; and v) identify favourable operating
conditions (i.e. pressure, temperature, V, CD, and CO, flow rates) for an enhanced

reduction of CO; in continuous operation.
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Table 1

Table 1. Experimental conditions, materials, main products and significant results of the Liquid-Liquid electrochemical membrane reactors.

Ref. | T(°C) Pressure Membrane Cathode Anode Catholyte Anolyte Reference Products Main results
(atm) electrode
. ® Pt-Ir (11) 2
9 25 1 Nafion Ag alloy CO,, KHCO3 Aqg. KOH SCE CO, H, 40 % FE CO at-1.42 V and 20 mA/cm
. Ag/AgCl
Selemion™ . . . FE: 40 % methane at -1.15 V, 25 % ethylene
19 - - (anion) Cu foil Pt foil CO,, KHCO3 Ag. KHCO; (converted 16 different products at-1.05 V, 23% formate at -0.87 V
to RHE)
™ CO, H,, formate, o o
20 | 25 1 Selemion Ag foil Pt foil €O, , KHCO; Aq. KHCO; RHE methane, methanol, | S0 7 FE COat-1.1Vand 8% FE formate at
(anion) 1.4V
ethanol
. platinized
21 25 1 Nafion” 450 | ™esh tinned-copper titanium €Oz y N2, Ag. KOH SHE Formate, H;, €O, 86 % FE formate at 22 mA/cm’
plate KHCO; methane
plate
. e CO,, KCI + 14.4 mg/L and 94.7 % FE to formate at 2.5
22 25 1 Nafion 117 Pb plate DSA KHCO, Aq. KOH Ag/AgCl Formate mA/cm’
. e CO,, KCI + 2
23 25 1 Nafion 117 Sn plate DSA KHCO Ag. KOH Ag/AgCl Formate Formate FE about 70 % at 12.25 mA/cm
3
Cuprous oxide films
e . Ethane, ehylene, FE: 0-4 % CO, 1-5 % CHg4, 20 % C;H4, 2.5 %
24 25 1 Nafion 112 electrodeposited Pt mesh CO,, KHCOs Aq. KHCO, RHE methane, CO CHeat-1.1V
onto copper plates
Nafion 117 ) Pt insoluble €0z, NaQH or NaOH or KOH in Without membrane and using KOH: 35.6 %
25 25 1.2 or no Cu insoluble plate KOH in - Methane, H,
plate methanol FE to methane at 0.5V
membrane methanol
Pt/Nb plate CO,, methanol Methanol +
26 - -—- Nafion 117 Pt/Nb plate (95% Pt) P + [bmim][Br] + [bmim][Br] + Ag/AgCl Dimethyl carbonate 11.37 mmol/L of dimethyl carbonate
(95% Pt)
CH30K CH30K
Cation ex. Cu mesh/modified Methane, ethylene, Modified electrodes: 10 % methane and 33
27 2 ! membrane copper electrodes Pt mesh €02, KHCO, Ag. KHCO; Ag/AgC! ethane, H,, CO % ethylene at -1.9
Cation ex. . Methane, ethylene, Cu mesh: 15 % methane and 8 % ethylene
28 25 1 membrane Cu mesh/foil Pt mesh CO,, KHCO; Ag. KHCO; Ag/AgCl ethane, Hy, CO at-1.9
CO,, sodium . .
. e . . Lo KOH in Methane, ethylene, 70.5 % FE methane in NaClO4/methanol at -
29 -30 - Nafion 117 Cu foil Pt foil salts in methanol Ag/AgCl formic acid, CO, H, 3vand 22.7 mA/cmz
methanol
. . FE At 20 bar: 25.5 % methane, 15.1 % CO,
30 | — | 1to60 | Nafion 117 Cu wire Pt plate C?nz:e tLL(;an&m Ag. H;50; zg(r/i)gﬁ’ '\f/ﬁ:i”:aztg‘gsgfa (C:iod' 22.1% formic acid, 40.2 % acetic acid at -
’ 3V vs. Pb(Hg)x/PbS0./S0,”
31 -30 - Nafion” 117 Cu foil Pt foil €Oy, LiOH in KOH in Ag/AgCl Methane, e.thylc.ene, €0, 78 % methane and ethylene at -4V
methanol methanol formic acid




o ™
Selemion

Cu mesh/Cu-halide

CO,, potassium

Ag. potassium

Methane, ethylene,

FE: CuBr electrode and KBr electrolye: 5.8

32 - - (cation) electrode Pt plate halides halides Ag/AgCl ethane, CO, ethanol, H, % methane and 79.5 % ethylene at -2.4 V
FAB (anion) CO,, methanol Methanol + . L
33 orno Pt/Nb plate (95% Pt) Pi/gl\;ob/p;:)te + [bmim][Br] + [bmim][Br] + Ag/AgCl Dimethyl carbonate FAB memb::ﬂfeég.ég :::g:;t’ undivided
membrane ’ CH50K CH50K e
ion” Hg/HgO, Formate, H,, CO, . R
34 25 1 Nafion Sn-GDE Pt plate CO,, KHCO; Ag. KHCO3 KHCO3 methane traces 93 % FE formate at 50 mA/cm
e CO,, KCl + Formate FE about 70 % and a
35 25 1 Nafion 117 Sn-GDE DSA KHCO, Ag. KOH Ag/AgCl Formate concentration of 1348 mg/L
® 9 -
36 | 25 Nafion” 117 Sn-GDE Pt foil €O, , KHCO; Water Ag/AgCl Formate FE78 % formate ztseld's V. 0.5 MKHCO,
Selemion™ CO conversion 100 % (AgNO; into the
37 - --- (cation) Net Ag-electrode Pt plate CO,, KCI Ag. KCI Ag/AgCl CO, H, electrolyte). FE > 45% CO.
38 25 - Nafion® Sn-GDE + PTFE Pt foil CO,, KHCOs Aq. KHCO, Ag/AgCl Formate FE 87 % formate at-1.8 V and 22 mA/cm2
_ Cu,0 and Cu,0/Zn0O Platinised FE Cu,0:45.7 % at-1.3V;
39 25 1 Nafion 117 electrodes titanium CO,, KHCO; Ag. KHCO3 Ag/AgCl Methanol FE Cu,0/Zn0: 17.7 % at -1.3 V
Polymer I I . .
Pt-Glassy carbon . Deionized Pure deionized . 0 to 35 mM in continuous mode vs. 0 to 18
40 25 L electrolyte electrode Ptwire water or KHCO3 water Ag/AgCl Formic acid mM in discontinuous mode
membrane
. L 2.3e-4 M formic acid (Pt-CNT), 1.8e-4 M
a1 | 25 Nafion” 117 | Metal NP on carbon Ptrod €O,, KHCO; Aqg. KHCO; Ag/agcl | Formic acid, acetic acid, acetic acid (Pt-CNT), 1.7e-4 M methyl
paper or CNT/GDL methyl formate.
formate (Cu-CB)
42 22 -—- Nafion® 117 Ag - Graphite GDL Pt black NP CO,, [emim][Br] Ag. H,SO, Ag/Ag+ CO, H, FE>9% CO.90% EE at 1.5V
) Rate CO, conversion >>5 nm Ag NP than
43 Nafion 212 Ag NP Pt NP CO,, EMIM-BF, Aq. H,SO,4 SHE co Ag bulk electrode
. e CO,, Ag. BMIM- Ag/0.01 M 100 % FE to CO when 89.5 mol% water was
44 Nafion 117 Ag NP Pt NP BF, Aq. H,SO,4 Ag+ co added to the BMIM-BF,
. Cu: mesocrystals or
Selemion™ Formate, methane Cu mesocrystals: FE: 27.2 % ethylene, 17.5
49 NP Pt h CO,, KHCO Ag. KHCO Ag/AgCl ! ! !
(anion) or mes 2 3 q 3 g/hg ethylene, CO, H, % formate, 7.5 % CO, 2.7 % methane
electropolished
Nafion 961 CO»  KHPO, + FE 93 % formate at 2 mA/cmz. Formate
56 25 1 and Nafion Pb plate Ir02/Ta205 Z’H ;’O 4 Aq. KOH Formate concentration increases with current
430 3 density (higher value 0.01596 mol/L)
57 - - Nafion “117 Cu mesh Pt wire COz,h;;tl)i':ja:ssmm Aqg. KHSO, Ag/AgCl -—- CD excess: KCl < KBr<Klat-1,2V
Cu rod.
. e Electrocatalysts: Cu, o CO,, KHCOs or Cu, CuO, Zn0O, Co;30, actives catalysts in the
58 25 1 Nafion CuO, ZnO, Mo.C, Pt/C (40% wt) KOH or DMF Water protocol
C0304
o C Meth thyl FE: Cu NNs: 14 9 th t-1.2V and 48
59 | 10 Nafion” 112 y Pt foil €0,, KHCO, Aq. KHCO; RHE ernane, ey iene, u NNs: 14 % methane a o

nanowires/nanonee

formic acid, H,

% formic acid at -0.9V; Cu NWs: 12 %




dles

ethylene at -1.3V

Selemion™ Different metal Methane, ethylene, CO, FE in Cu electrode: 33.3 % methane and
60 19 B (cation) electrodes - €0z, KHCO, Ag. KHCOs NHE formate 25.5 % ethylene at -1.44V and 5 mA/cm’
. Cu single .
Cation ex. Methane, ethylene, CO, FE with Cu (110): 49.5 % methaney 15.1 %
61 18 - membrane electrode/polycryst - CO;, KHCOs Aq. KHCOs NHE formate, H,, alcohols ethylene at -1.55V and 5 mA/cm’

al Cu




Table 2

Table 2. Experimental conditions, materials, main products and significant result of the Gas-Liquid electrochemical membrane reactors.

Ref. T(°C) Pressure Membrane Cathode Anode Catholyte Anolyte Reference Products Main results
(atm) electrode
Nafion™ / . - Pure o . e
9 2% 1 anion Ag Pt-Ir (1:1) Humidified water/KH SCE CO, H, 82 % FE CO with buffe.r Iaye.r ar.1d Nafion
alloy CO; gas membrane. 3 % FE CO with anionic membrane
membrane CO;
Nafion”’ cl::ect:rlb'\tl): CO, Hy, methanol, acetaldehyde, Best productivity to products: around 4.8e-4
41 25 - 117 paper or Pt wire CO, gas Ag. KCI Ag/AgCl ethanol, aceton:clisdopropanol, acetic mmol/h on Fe-CNT
CNT/GDL )
Nafion Snink + Pt/C spray +
45 25 1 with buffer DL GSL v O, gas Ag. KOH Ag/AgCl Formate, CO, H, 70 % FE formate at -1.2 V
layer
Anion Silver- 92.1 % FE CO at 20 mA/cm”and 12.1 % formic acid
46 1 electrolyte Pt plate CO, gas Aq. K;SO, SHE CO, formic acid, H, . ;o0
coated at 100 mA/cm
membrane
Nafion” . Humidified
47 22 - 115 Cu foil Pt flag €O, gas Aqg. H,SO, SCE Methane, ethylene 8 % FE methane and 10 % FE ethylene at -2 V
2
Cu-solid
. Meth hyl H,, formi
48 25 - Nafion polymer Pt mesh CO, gas Ag. K,SO, SCE ethane, ethy :;Z' €O, Hy, formic FE > 89 % hydrogen
electrolyte
Carbon Pt/C (40 % Alkali Formic acid, methanol
50 25 1 Nafion” ? CO, gas doped - ! ! 4.5 % FE to methane
porous wt Pt) PVA formaldehyde, CO, methane , H,
Aqg.
51 - - Glass frit Sn-GDL Pt wire CO, gas NquCO Ag/AgCl Formate FE to formate: 70 % at -1.6 V vs. NHE
3
CMI-7000 C‘i;r?):’: pt/C (40%wt | Humidified CMI-7000: FE > 80 % H,; AMI-7001: 30 % FE
52 25 1 or AMI- P ? water SHE Methane, ethylene, methanol, H, methane (2.5 V), 20 % FE methanol (2 V), 15 % FE
carbon Pt) CO; gas
7001 ethylene (2 V)
paper
PEIl and Cu,0 on
QPEI doped porous Deionize
53 25 1 . Pt/C CO, gas - CO, H,, methane, ethylene, ethane 6-11 % FE CH4 at 2.75 V and 3-20 % FE C,Hg at 2.25V
with KOH carbon d water
(AEM) paper
66 | 60 Nafion’ dZPEe}f v'\ciFt’h Pt wire €O, gas Ad. mﬂﬁ;ﬁriﬁ:mz&fz acr?c;l Global FE > 95 %. Hydrocarbons and oxygenates:
P 28 KHCO3 T » 150prop ! best results with Pt doped CNT and TPE-CMP
Pt NP acetic acid, acetaldehyde
Nafion’ GDM- 50 % CO, i
67 | 60 1 1‘;” ol Pt wire ”’He 2N Aq. kel Ag/AgCl €O, H,, hydrocarbons 18.9 % FE CO when Fe (metal doped) is used




doped

68

60

Nafion
115

Ptor Fe
doped TPE-
CMP/CNTs

Pt wire

CO, gas

Aqg.
KHCO3

Ag/AgCl

C1-C8 oxygenates.

Higher productivity with 70 % Pt/TPE-CMP + 30 %
CNTs (7.2e-5 mmol/h).
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Figure 2

Figure 2. Distribution of the studies about ecMRs for CO; utilization by type of product.
Notation: [l formate; [l carbon monoxide;[ll methane; [ ethylene; Il ethane; [l

methanol; [l dimethyl carbonate.



Figure 3

100%
90%
80%
70%
60%
50%
40%
30%
20%

10%

0%

co HCOO-/HCOOH  hydrocarbons  Dim. Carbonate methanol



Figure 4
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Figure 5
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Figure 5. Catalysts dispersed at the cathode coupled with the membrane (a) and both

electrodes coupled with the membrane (b).
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Figure 7
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Figure 7. G-G ecMR used by Kriescher et al. [55]. Reproduced from Ref. [55].



Figure 8
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Figure 8. GDE type electrodes used for CO, electrochemical reduction. Reproduced

from ref. [41]
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Captions

Figure 1. Mechanism for electrochemical CO, reduction on metal surfaces in water,
reproduced from Ref. [7].

Figure 2. Distribution of the studies about ecMRs for CO; utilization by type of product.
Notation: [l formate; [l carbon monoxide;[ll methane; [ ethylene; Il ethane; [l

methanol; [l dimethyl carbonate.

Figure 3. Different products as a function of the catalyst involved. Notation: [l Ag; [l

Ni:ll Sn: [ Pb: [l Pt:[] Cu.

Figure 4. Conventional electrochemical reactor (a) and electrochemical reactor

separated by an ion exchange membrane (b).

Figure 5. Catalysts dispersed at the cathode coupled with the membrane (a) and both

electrodes coupled with the membrane (b).

Figure 6. Gas phase used at the cathode separated to the catholyte (a), gas phase at the
cathode with liquid buffer layer (b), cathode coupled to membrane without buffer layer

(c), and both electrodes coupled to the membrane (d).
Figure 7. G-G ecMR used by Kriescher et al. [55]. Reproduced from Ref. [55].

Figure 8. GDE type electrodes used for CO; electrochemical reduction. Reproduced

from ref. [41]

Figure 9. FE vs. voltage as a function of the membrane type used in L-L and G-L

ecMRs.

Figure 10. FE vs. voltage as a function of valuable products obtained in L-L and G-L
ecMRs. The points are experimental data and the lines are referred to the equilibrium

potential for each product.








