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Abstract: This work reviews the latest developments of cathodes for electrochemical CO, reduction,
with carbon black, mesoporous carbons, carbon nanofibers, graphene, its derivatives and/or
carbon nanotubes as constituents. Electrochemical CO, reduction into fuels and chemicals
powered by renewable energy is a technology that can contribute to climate change mitigation.
Strategies used in this fast-evolving field are discussed, having in mind a commercial application.
Electrochemical performance of several materials is analyzed, using in some cases the findings
of theoretical computational studies, which show the enormous potential of these materials.
Considerable challenges still lie ahead to bring this technology into industrial deployment.
However, the significant progress achieved so far shows that further R&D efforts might pay off.
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1. Introduction

In the 1980s, carbon science was considered a mature discipline. This situation drastically changed in
1985 with the synthesis of the first molecule containing only carbon, buckminsterfullerene [1]. Later, ljima’s
work in 1991 triggered an enormous interest in other novel carbon architectures structurally related to
fullerene, namely carbon nanofibers and nanotubes [2]. This interest spread to many fields of science, due to
the high potential of these materials for use in many applications. One of these specific applications is in
CO; electrochemical reduction (CO,ER). This is a promising technology in research phase for large-scale
carbon management applications, because it can convert captured CO, into fuels or chemicals using
renewable energy. CO, utilization technologies have the potential to reduce annual greenhouse gas
emissions by up to 3.5 Gt CO,-eq in 2030 [3]. Thus, they are able to contribute to climate change mitigation.

In order to be commercially deployed, CO,ER must exhibit high production rates (current
densities), high selectivity (faradaic efficiencies for the desired products), high energy efficiencies
(low overpotentials) and stable performances. It has been challenging to achieve these conditions
simultaneously. Due to the stability of the CO, molecule, its electro-reduction is a sluggish reaction,
requiring high overpotentials and plagued with stability issues.

Carbon materials have been one of the materials of choice as constituents of electrodes for
CO; electro-reduction, and although depending on their fabrication process, they can be classified
as sustainable materials. They have been used according to several strategies to improve CO,ER.
This work reviews the latest developments of cathodes for CO,ER, with carbon black, mesoporous
carbons, carbon nanofibers, graphene and its derivatives and/or carbon nanotubes as constituents.
Methods of cathode assembly are also referred to. The strategies used in this fast-evolving field are
discussed, having in mind a commercial application. Electrochemical performances of several materials,
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considering the findings of theoretical computational studies, are in some cases analyzed, when this
type of study is available. Knowledge gaps and new promising R&D trends of nanocarbon-based
materials development for this application are highlighted.

2. Carbon Black

Carbon black is produced by the incomplete combustion of petroleum heavy fractions. It is a
form of para-crystalline carbon of high surface area. Although activated carbon has a more favorable
surface area to volume ratio (>1000 m?/g) than carbon black, its low electrical conductivity makes it
unsuitable as electrode material. Commercial carbon blacks, such as Vulcan or Ketjen black have been
most frequently used as support to ensure large electrochemical reaction surfaces and to reduce noble
metal loading.

2.1. Metal and Metal-Derived Particles Supported on Carbon Black

CO,ER can be carried out in gas phase, where gaseous CO; is fed to the cathode through
gas diffusion electrodes (GDE), or in liquid phase, where CO; dissolved in the liquid electrolyte
contacts the electrode. Figure 1 presents a schematic diagram of two possible configurations of both

operation modes.
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Figure 1. (a) Liquid-phase electrochemical reduction; (b) gas-phase electrochemical reduction.
(1) Current collector, (2) gas diffusion layer, GDMA—gas diffusion membrane electrode layer assembly.
Reproduced with permission from [4]. Copyright, Elsevier B. V., 2017.

In the liquid phase cell, the availability of CO, to react on the surface of the electrode is limited by
the solubility of CO; in the electrolyte. At room temperature and pressure the solubility of CO; in
water is only 33 mM [5]. To circumvent this problem, the use of GDEs was proposed [6]. In fact, one of
the first uses of carbon materials in electrochemical reduction of CO, was as support for metal-based
catalysts in gas-phase CO, electro-reduction [7]. Leveraging the knowledge acquired with GDEs in
fuel cells [8], GDEs for electro-reduction of CO, were implemented and investigated. These type of
electrodes usually consist of Teflon bonded catalyst particles and carbon black forming a catalyst ink
that is pressed or fabricated over the cathode substrate. This substrate can itself be a carbon material,
as for instance glassy carbon, carbon paper, carbon cloth, or another type of electric conducting material,
for instance a metallic mesh. The catalyst inks can be applied on the substrate using several methods,
such as brushing, rolling, or dipping, forming the catalyst layer [7]. This layer together with a gas
diffusion layer (porous material that can also be made of carbon) and with the membrane constitute
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the gas diffusion membrane electrode assembly (GDMA). Figure 2 shows a schematic representation of
a gas-phase set-up indicating the localization of the GDE electrode and its components.

Membrane
Gas channel GOL @ Catholyte
\

Figure 2. Schematic representation of the gas-phase set-up. (a) Back plate; (b) gas flow channel;
(c) cathode GDE; (d) catholyte flow channel; (e) membrane; (f) anolyte flow channel; (g) anode; (h)
front plate; (i) gaskets; GDL—gas diffusion layer; CL—catalytic layer. Modified and reproduced with
permission from [9]. Copyright Elsevier B. V., 2019.

The following pioneer work was carried out employing GDEs with metal catalyst particles
supported on carbon black, at ambient temperature and pressure. Mahmood et al. used Pb, In and Sn
particles supported on Vulcan 72 [6]. CO, was reduced to HCOOH on Pb GDEs in aqueous acidic
electrolyte with faradaic efficiencies in excess of 80%. At an applied current density of 115 mA cm™2
(pH 2), the potential of the cathode rose from —2.7 V to —=3.0 V vs. SCE. The equivalent ohmic drop
(IR drop) corrected cathode potentials were —1.5 V rising to —1.8 V vs. SCE. In and Sn showed lower
catalytic activity. When Ru-Pd alloy particles were employed as the catalyst, HCOOH was obtained at
a current density of 80 mA of cm~2 and an applied potential of —1.1 V vs. SHE, in a 0.5 M KHCO;
electrolyte [10]. Cook et al. carried out electrolysis with copper particles supported on carbon black,
in KOH electrolyte solution with the current yield of 53% for C,Hy formation at —4.75 V vs. Ag/AgCl
(including IR drop) and obtained a current density of 667 mA cm~2 [11]. Tkeda et al. obtained a current
density of 300 mA cm~2 at —1.25 V vs. SHE. Ethylene and ethanol were the main products detected [7].

In an interesting work, gas-diffusion electrodes of various metal catalysts supported on carbon
black (Cr, Mo, Mn, Ru, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au, Zn, Cd, In, Ti, Sn, and Pb) were used to
reduce CO, and nitrite ions dissolved in the electrolyte simultaneously [12]. The aqueous electrolyte
consisted of 0.2 M KHCO3 and 0.02 M KNO;.

Urea was one of the reaction products. It resulted from the reaction of the ammonia-like precursor
formed from the reduction of nitrite ions, and the CO-like precursor formed from CO; electro-reduction
in the presence of metal catalysts from the groups 11-14.

Near the turn of the century, the first works investigating CO; electro-reduction at high pressure
on GDE electrodes were undertaken [13,14]. A GDE loaded with Pt catalyst supported on carbon black
reduced CO; into methane at 20 bar with a faradaic efficiency of 38.8% with a very high partial current
density of 600 mA cm™2 at an applied potential corrected for the IR drop of —1.93 V vs. Ag/AgCl.
The electrolyte used was 0.5 M KHCOj. Ethylene, ethanol, ethane, carbon monoxide and formic acid
were also produced [15]. Despite pressure being a very significant process intensification parameter,
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the studies of the influence of pressure stopped from the late nineties of the last century [4] until
2004 with one paper published [16]. These studies were only resumed in 2012 with the work of Dufeck
et al. [17]. Despite the impressive increase in current density achieved by the several GDE cathodes
and the variety of different catalysts investigated supported on carbon black, all these works have in
common the very high overpotential necessary to carry out CO, reduction both at atmospheric and at
high pressure. Consequently, these processes present low energy efficiencies, with the exception of the
aforementioned work of Dufeck et al., who achieved a significant increase in energy efficiency of the
process (50%).

Further studies were conducted, in which catalyst particles with controlled particle size were
dispersed onto carbon black. In particular, recent advances in the synthesis of nanoparticles (NP)
allowed the examination of the potential for increasing reaction kinetics, due to the possibility of
controlling surface area and surface morphologies. The effect of controlling the surface area by the use
of nanoparticles, without the additional effect of dispersing the nanoparticles on a high surface area
support, such as carbon black, is clearly illustrated by the work of Manthiram et al. [18]. In this work,
Cu NP loaded on glassy carbon presented a faradaic efficiency up to ca. 80% for CH, generation, with
four times higher energy efficiency than the one obtained with a Cu foil cathode.

It is current knowledge that nanoparticle size and shape influence CO; electro-reduction.
For example, Zhu et al. [19] showed that an ink containing 8 nm Au NP monodispersed on Ketjen black
and painted directly onto the carbon paper support presented the maximum faradaic efficiency for CO
up to 90% at —0.67 V vs. RHE with a mass activity of 3A g~! in 0.5 M KHCOj; electrolyte. When 500 nm
long Au nanowires were used, at an applied potential of —0.35 V vs. RHE, the reduction faradaic
efficiency (FE) reached 94% with a current density of 8.16 mA cm ™2 (mass activity 1.84 A g_l Au) [20].

Cathodes based on Auys clusters dispersed on Vulcan XC-72R carbon black catalyst ink deposited
on glassy carbon promoted the CO, to CO reaction exhibiting an approximate 200-300 mV improvement
over larger Au nanoparticles and bulk Au. Peak CO, conversion occurred at =1 V vs. RHE with
approximately 100% efficiency and a rate 7-700 times higher than that for larger Au catalysts.
Productivities for CO formation of 1.26 mmol cm~2 h™! were obtained in 0.1 M KHCOj; electrolyte [21].
The reversible Auys—CO, interaction was explained by density functional theory (DFT) using a
COy-induced redistribution of charge within the cluster. Triangular Ag nanoplates were shown to
reduce CO; to CO with an FE of 96.8% in 0.5 M KHCO3 at —0.86 V vs. RHE, demonstrating that the
edge site of Ag is the site responsible for CO selectivity [22].

Anchoring metal nanoparticles on carbon surface is another strategy to minimize agglomeration
and for enhancing interfacial contact, promoting catalytic activity. Kim et al. [23] anchored Ag
nanoparticles on carbon black with cysteamine and observed a decrease of the overpotential by 300 mV
at 1 mA cm~2, and four-fold enhanced CO faradaic efficiency at —0.75 V vs. RHE with the optimal
particle size of 5 nm compared to polycrystalline Ag foil.

A further strategy consists of regulating NP catalyst selectivity for CO,ER via the preparation of
tunable core/shell structures. Li et al. [24] prepared Ketjen black inks containing SnO, coated over Cu
nanoparticles. They found out that reduction becomes Sn-thickness dependent. The thicker (1.8 nm)
shell showed Sn-like activity to generate formate while the thinner (0.8 nm) shell was selective to the
formation of CO. A current density of 4.6 mA cm™~2, faradaic efficiency of 93% were reported at —0.7 V
vs. RHE in liquid phase electrolysis employing 0.5 M KHCO3 as electrolyte.

Polycrystalline Pd is recognized as a poor CO; reduction catalyst. It yields CO as major product.
Current densities of 5 mA cm~2 with 10-30% Faraday efficiency (FE) for CO and 0-3% FE for HCO,~
at —0.8 to —1.0 V vs. RHE in aqueous bicarbonate solutions were obtained [25-28]. Dispersing Pd
nanoparticles of ca. 5 nm on carbon black Vulcan XC-72 support allowed the selectivity towards
formate to be changed [29]. In liquid phase electrolysis high mass activities 50-80 mA per mg of Pd
(current densities of 2.2 to 4.15 mA cm~2 with FE > 95% after 3 h) for HCO,~ formation were obtained
when driven by less than 200 mV of overpotential in aqueous bicarbonate solutions. The change in
selectivity and increase in activity is attributed to a different reduction mechanism. On most materials



C 2019, 5,83 50f 26

the reduction proceeds via electron transfer to CO,, which requires a high overpotential. On Pd the
rate-determining step was found to be the addition of electrochemically generated surface adsorbed
hydrogen to CO,. Furthermore, as Pd/C has a high surface area to mass ratio, when compared to Pd
foil, H adsorption is enhanced resulting in increased formate production.

The work of Del Castillo et al. [30] represents a step forward in the few studies of CO,ER to formate
in continuous mode. A GDE was prepared by air-brushing an ink containing Sn NP supported on
carbon black (Vulcan) onto the gas diffusion layer. This component consisted of a Vulcan microporous
layer with a binder that was also brushed onto carbon paper. Gas-phase electrolyses were carried out.
The catholyte was a 0.45 mol L~! KHCO; + 0.5 mol L~! KCl aqueous solution and the anolyte was a
1 mol L~! KOH aqueous solution with an anolyte flow per electrode area (Q/A ratio) of 0.57 mL min-!
cm~2. Pure gaseous CO, was fed to the cell at a flow of 200 mL min~!. The catholyte and the anolyte
only passed once through the cell. At a current density of 150 mA cm™~2 it was possible to achieve a
formate concentration of 2.5 ¢ L~! with a FE of 70%. At the expense of lowering FE, at current density
of 200 mA cm~2, cell voltage of ca. —4 V and employing a lower flow rate, it was possible to obtain
formate concentrations up to 16 g L1

Recently, nickel nitride was reported as another promising metal-like catalyst for generating
CO. This material acted as CO; surface enrichment material. The catalysts consisted of nickel nitride
supported on Vulcan carbon black yielded a current density of 23.3 mA cm~2, faradaic efficiency for
CO of 92.5% at —0.90 V vs. RHE with a cell voltage of 2.8 V [31].

A further interesting strategy involved the incorporation in anionic membranes of the ability of
imidazolium ionic liquids to catalyze CO, reduction [32]. This was achieved by functionalizing a solid
membrane with a styrene backbone with 1-methyl imidazole. Using an Ag GDE electrode without a
porous carbon as constituent of the catalyst ink, sprayed onto a carbon gas diffusion layer and these
novel membranes, it was possible to raise the current at 3 V cell voltage by a factor of 14 in gas-phase
electrolyses. Current densities higher than 100 mA/cm? at 3 V voltages with CO product selectivity
over 98% were obtained. Further improved performance was obtained by incorporating an anion
exchange ionomer and carbon black into the Ag cathode. Potentiometric electrolysis in gas phase at a
fixed current of 200 mAcm~2 showed that 98% selectivity could be maintained at about 3 V voltage for
five months, with a voltage increase of only 3 uV/hour. The improved performance was attributed
to the extended three phase boundaries in Ag cathode [33]. These orders of magnitude of current
densities are already meaningful for industrial deployment.

2.2. Molecular Catalysts

Another promising strategy that has been investigated is the integration of metal complexes with
carbon materials, establishing the link between heterogeneous and homogeneous catalysis. These metal
complexes are composed of metal centers with tunable oxidation states and macrocyclic organic ligands
providing chemical stability and storage of reducing intermediates and/or protons.

Several organic-metallic compounds have been studied as molecular homogeneous catalysts for
COER. This type of work has been reviewed by Qiao et al. [34]. Thus, their catalytic activity and
selectivity towards CO,ER is already known for many of them. However, when the goal is to get
these molecules to work as CO,ER heterogeneous catalysts, linked to a support, this task is often very
challenging. The difficulties are assuring the stability of the molecular catalysts after a high number of
cycles and the need for a cost-effective method to separate the catalyst from the electrolyte.

Phthalocyanines and porphyrin metal complexes have been most studied for several decades but
still present challenges in terms of productivities, energy efficiencies and stability.

GDE:s of Co-, Mn-, Zn-, Cu phthalocyanines were examined as catalysts for CO; electro-reduction.
Co-Pc showed the best performance yielding near 100% selectivity for CO at 80 mA cm~2 and —4.39 V
vs. Ag/AgCl applied potential in aqueous electrolyte consisting of solutions of H,SO4, phosphate or
borate buffers with ionic strength of 3 ensured by Nay;SO4 [35]. When electrolyses were conducted in
dilute H,SO;4 solutions (pH 2), current densities of 137 mA/cm? and faradaic efficiencies for CO of 14%
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were obtained at —2.2 V vs. SCE applied potential. At an applied potential of —1.5 V vs. SCE current
densities of 22 mAcm ™2 and faradaic efficiencies for CO of 100% were observed [36].

The coupling of CO,ER with nitrite ions reduction was also investigated, where the metal catalysts
were replaced by metallophthalocyanines (M-Pc) [37,38]. The formation of urea, CO, formic acid and
ammonia at the gas-diffusion electrodes with group 8-14 catalysts, except for Al and Ge, was observed.
The maximum current efficiency of urea formation was about 40% at —1.5 V vs. SHE on Ni-Pc catalysts.
The ability for urea formation on various M—-Pc catalysts depends on the current efficiencies of both
CO and NHj3 formation.

Recently, Wang et al. designed a Co phthalocyanine (CoPc2) bearing one trimethyl ammonium
moiety and three tert-butyl groups appended on the phthalocyanine macrocycle [39]. Figure 3
shows the formula of this complex and presents current density, selectivity for CO production as a
function of the potential and the bulk electrolysis curve at fixed potential (E = —-0.72 V vs. RHE),
illustrating the performance of one of the best catalytic systems using state-of-the-art molecular
catalysts. The complex was dispersed into porous films of carbon black powder or multiwalled carbon
nanotubes. Electrolysis in gas phase was carried out using carbon paper as the support for the catalyst
ink. CO production occurred with selectivity of ca. 95% and good stability with a maximum partial
current density of 165 mA cm~2 at —0.92 V vs. RHE (corrected for ohmic drop), in 1 M KOH electrolyte.
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Figure 3. (a) Cobalt phthalocyanine catalyst (CoPc2) bearing one trimethyl ammonium group at
position 1 of the isoindole subunits, and three tert-butyl groups (positions 2 or 3) of the other subunits;
(b) current density and selectivity for CO production as a function of the potential; (c) bulk electrolysis
curve at fixed potential (E = —0.72 V vs. RHE). Reproduced with permission from [39].

Among pioneer works, the influence of pressure in CO,ER using metal-porphyrin
catalysts was also investigated [40]. GDEs made of carbon black were impregnated with
metal-meso-tetraphenylporphyrin (TPP) catalysts. The catalysts Co- and Fe-TPP, which are relatively
active in the electrochemical reduction of CO, under atmospheric CO,, increased current efficiencies at
20 bar up to 97.4% and 84.6%, respectively. At Cu- and Zn-TPP supported GDEs that showed low
activity under atmospheric CO;, the current efficiencies for CO, reduction increased up to 50.5% and
65.8%, respectively, under 20 bar CO,. At these active metal-TPP supported GDEs, the potential of CO,
reduction shifted positively due to the increase in CO; pressure. These results are another example of
the influence of high pressure on the enhancement of the electrocatalytic activity of metal-TPPs for
CO; reduction. Current research trends are investigating electrodes containing porphyrin complexes
and other carbon materials. They will be dealt with in Sections 4-6.
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3. Mesoporous Carbon-Based Electrodes

One disadvantage of carbon black is its microporous structure. The metal particles may sink inside
the micropores, decreasing the electro-catalytically effective surface area. This leads to the development of
mesoporous carbons. These materials (2 nm < pore sizes < 50 nm) have attracted a lot of attention, due to
their regular structure, high surface area, large pore volume and a narrow pore size distribution. They can
find potential applications in several fields and their use in CO,ER was also investigated. While advantages
of the use of these materials as catalyst supports in comparison with carbon black has been shown,
for instance for the oxygen reduction reaction [41], in CO,ER several textural properties come into play,
and these advantages may not become immediately apparent. Pore structure, existence of heteroatoms in
carbon skeleton, hydrophilic or hydrophobic properties need to be first optimized for CO,ER. One example
of these issues is given by Castelo-Quibén et al. [41]. They developed Ni-catalysts by impregnation of
mesoporous carbon nanosphere supports and also by Ni doping during the synthesis of the supports.
In the case of the catalysts prepared using the later method, catalytic activity was not enhanced by the
presence of Ni phases. Ni was incorporated into the carbon matrix in such a way that the metal phase was
not accessible to the electrolyte, so the dissolved CO, could not reach the metal particle. Catalytic activity
was enhanced when the catalysts were prepared by impregnation, as Ni particles were accessible to the
electrolyte at the surface of the pores. All the catalysts developed were able to reduce CO, to C;—C4
hydrocarbons, even supports, which did not have metal. The highest C;—C4 hydrocarbon production of
117 ppm was obtained for a Ni containing catalyst at —1.6 V vs. Ag/AgCl with faradaic efficiencies for
hydrocarbons of 0.3% in liquid after a 200 min phase electrolysis in batch mode. This work shows that
the presence of mesopores has a positive effect in both oxygen reduction reaction and CO,ER, as it also
facilitates ion diffusion at a high speed [42]. Song et al. reported a nitrogen-doped ordered cylindrical
mesoporous carbon as a metal-free catalyst for CO,ER into ethanol. Materials with different configurations
were prepared (cylindrical pore structure ¢-NC and with inverse pore structure i-NC) [43]. The ¢-NP
configuration showed superior selectivity for ethanol. The catalyst ink was brushed onto a porous layer
previously painted onto carbon paper. Electrolyses in gas-phase were carried out using 0.1 M KHCO;
as electrolyte yielded faradaic efficiency of 77% for ethanol at —0.56 V vs. RHE with current densities
of ca. 0.25 mA cm~2. These results were attributed to the synergetic effect of the nitrogen heteroatoms
and the cylindrical channel configurations, which facilitates the dimerization of key CO* intermediates
and subsequent proton-electron transfers. Figure 4 presents a schematic illustration of c-INC and i-NC for
CO; electroreduction.

-0-¢ " w
2 C2HsOH L_;f" 5 €66

Faradaic efficiency (%)

70.40-0.50 -0.56 -0.60 -0.70 -0.80 -0.90 -1.00
Patential (V vs. RHE)

Figure 4. Schematic representation of c-NC and i-NC for CO; electroreduction. Reproduced with
permission from [43]. Copyright Wiley-VCH, 2017.
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Mesoporous N-doped carbon derived by sacrificing metalorganic frameworks (MOF), are also
receiving attention. Kuang et al. prepared an N-doped mesoporous carbon from the pyrolysis of
Zn-based zeolitic imidazolate framework-8 (ZIF-8) [44]. Electrolysis in liquid phase with 0.1 M KHCOj3
as electrolyte yielded a faradaic efficiency of ~92% for CO and a partial current density for CO of
—6.8 mA-cm~2, achieved at a potential of —0.58 V vs. RHE. It was concluded that the hierarchical
porosity, with large specific surface area and pore volume, can improve the three-phase contact and
transport of reactants and products, which can be beneficial for the electro-catalytic CO, reduction in
the aqueous phase. The synthesis of this type of carbon material, involving the assembly of relative
elaborated architectures by using commercial reagents and subsequently sacrificing them through
annealing, is expensive and time consuming. It will hardly be cost effective for a commercial application.

4. Carbon Fibers

Macroscopic carbon fibers attached to each other in a form of a matt—carbon cloth (CC)—have
low electrical resistance, relatively low cost, and large surface area. This material is widely used for the
preparation of electrodes for low temperature fuel cells and was investigated as catalyst support for CO,ER.

Morlanés et al. prepared electrodes consisting of perfluorinated cobalt phthalocyanine (CoFPc)
immobilized on CC [45]. As this complex also catalyzes O, evolution, a two-electrode system was
assembled with the same electrodes as cathode and anode, and 0.5 M NaHCOj electrolyte in both
cathodic and anodic compartment, for liquid phase electrolysis. Current densities in the range of
1-6 mA cm~2, with faradaic efficiencies of CO ~90% at an applied cell voltage range of ca. 2-3 V were
achieved. Production rates in the range of 24-95 pmol cm = h™! were observed.

The organometallic complex (fac-Mn(apbpy)(CO)3Br) (apbpy = 4-(4-aminophenyl)-2,20-
bipyridine) grafted electrochemically onto CC, was examined as catalyst for CO,ER [46]. The catalyst
was covalently bonded to CC. A faradaic efficiency of around 60% for CO and 40% for H at —=1.35 V vs.
Ag/AgCl is achieved together with a partial current for CO of ca. 0.9 mAcm™2 in electrolysis carried
out in liquid phase with 0.1 M KHCO3 electrolyte. However, it was shown that even if these materials
are made of long fibers, carbon cloths do not possess good electrode properties, due to the existence of
double porosity and electrical conduction problems. Thus, the use of such a material as an electrode is
not recommended [47].

Carbon nanofibers were also investigated as constituents of cathodes for CO,ER. The materials
are made of graphene layers, have good electrical conductivity, high surface areas and represent
a good compromise between structural and textural properties (low content in micropores and
impurities). These nanofibers can be obtained by the decomposition of carbon-containing gases, like
methane or carbon monoxide, over small metallic particles as catalysts, typically metals of the iron
subgroup. Alternatively, they can be easily synthetized from spinnable polymer precursors, such as
polyacrylonitrile [48]. Through this process, fibers of higher purity and without traces of metals that
can influence catalysis can be obtained.

Magdesieva et al. investigated several porphyrin and phthalocyanine transition metal complexes
supported on activated carbon fibers (surface area 1400-1500 m? g_l) and on activated carbon (surface
area 2000 m? g~!) [49]. GDEs were prepared by pressing a paste containing the supported metal
complexes with the gas diffusion layer. The partial current densities for CO production, measured
in 0.5 M KHCOj solutions, were up to 70 mA cm~2 at —=1.5 V vs. SCE. The catalysts supported on
activated carbon fibers showed better performance in CO,ER than those supported on activated carbon
for smaller complex sizes that could be adsorbed on the surface of the nanopores of the activated carbon
fibers. On the contrary, for larger complexes the catalysts supported on activated carbon showed better
performance, due to the wider pores (microporosity) available in this material.

Kumar et al.,, using N-doped carbon nanofibers (CNFs) directly as electrode, reduced CO,
into CO in liquid phase at —0.573 V vs. RHE with 98% faradaic efficiency and current densities
near 0.5 mAcm~2 [50]. An aqueous solution of the ionic liquid 1-buthyl-3-metyl-imidazolium
tetrafluoroborate was used as electrolyte. The activity of a nitrogen-free catalyst (graphite) under
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similar experimental conditions showed negligible activity for CO,ER. This electrolyte was chosen due
to the high CO, absorption capacity of some ionic liquids [51]. The N-doped CNFs were synthesized
by pyrolysis of electrospun nanofiber mats of heteroatomic polyacrylonitrile (PAN) polymer.

Yang et al. prepared N-doped carbon fibers with a core of Ag nanowires of 70-80 nm diameter [52].
The objective was to increase the local concentration of CO, around the Ag nanowires (AgNWs),
due to its porous structure. AgNWs were well dispersed in Tris buffer (pH = 8.5), which was
followed by adding a specific amount of dopamine (DA) to form the polydopamine (PDA) shell under
continuous stirring. Subsequently, the material was carbonized under argon atmosphere at different
temperatures. The PDA decomposed, creating the N-doped carbon layer. Figure 5 shows schematically
the preparation process of these catalysts. A synergistic effect was observed between the Ag nanowires
and the N-doped carbon shell. The working electrodes were prepared by drop-casting the catalyst ink
containing the wrapped Ag nanowires on carbon paper. Electrolysis in liquid phase with 0.1 M KHCOj3
electrolyte showed that CO and H; were the major products formed and no liquid products were
detected. The higher faradaic efficiency of 96% was obtained at —0.8 V vs. RHE with CO formation
rates of 774 pmol m~2 s™!. The CO formed was further reacted with organic compounds to form

organic carbonyls.
AgNWs \
T

HNTN )
HO.
B @\/\ ROA
HO' NH, Stiring 5h
HO OH/ n
AgNWSs/NC700 Carbonization \\
1h ,
g AgNWs/PDA § *

Figure 5. Schematic representation of the synthesis of N-doped carbon fibers with a core of Ag

DA

Tris-HCI

nanowires employing a carbonization temperature of 700 °C (AgNWs/NC700). Reproduced with
permission from [52]. Copyright Wiley-VCH, 2018.

5. Graphene

Graphene (GN) can be prepared using chemical-, electrochemical- or mechanical-exfoliation of
graphite. This constitutes the so-called bottom down approach. In the bottom up approach chemical
synthesis or chemical vapor deposition is employed. This nanomaterial has a two-dimensional
honeycomb lattice of sp? hybridized carbon atom. It can be grown in different morphologies including
monolayer and multilayer graphene nanosheets, zero-dimensional graphene quantum dots, graphene
nanoflowers and graphene nanoribbons. Since its first laboratory synthesis in 2004, it has been a
hot topic of research, due to its remarkable huge surface area, high electrical conductivity, high
thermal conductivity, good chemical and mechanical properties [53]. Among other end uses, these
characteristics make graphene very interesting for catalytic applications, and thus, it has also been
investigated as electrode component in electro-reduction of CO;. As in the case of carbon black,
graphene and its modifications were utilized having different strategies in mind. Interestingly, synergies
between metal catalysts and these carbon materials were disclosed. An example of metal-support
synergy was reported by Rogers et al. [54]. These authors revealed that the structural and electronic
properties of the graphene nanoribbon (GNR) matrix increased the electrochemically active surface area
of Au nanoparticles assembled on this matrix. This material showed better activity for CO production
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(36.8 A g71), stability and lower overpotentials than Au nanoparticles supported on carbon black (6.4 A
g~1). Faradaic efficiencies for CO were >70%.

Geioushy et al. also found a synergy between Cu,O and graphene, when GN was used as the
support of the nanoparticles [55]. An electrode consisting of an ink containing the composite of
GN/Cu,O with an average particle size of 20-50 nm, coated on copper foil, was more active than
the electrode without graphene. A current density of approximately 12.2 mAcm=2 at —1.7 V vs.
Ag/AgCl was obtained using linear sweep voltammetry, which was higher than for a Cu,O electrode
(8.4mAcm~2). Electrolysis in liquid phase with 0.5 M KHCO3 as electrolyte yielded ethanol (~0.34 ppm)
as predominant product at —0.9 V vs. Ag/AgCl with a faradaic efficiency up to 9.93%. No ethanol was
detected when the electrode containing only Cu,O was used.

Pristine graphene is not active for CO,ER, but, by introducing atomic defects through heteroatom
doping, it can be made active for this reaction [56]. Wang et al. described an electrode with a catalyst ink
including N-doped graphene (NG) brushed on to carbon paper, as metal free catalyst [57]. These authors
reported a steady current density at around —7.5 mA cm~2 throughout the 12 h electrolysis in liquid
phase carried out at an applied potential of —0.84 V vs. RHE with faradaic efficiencies for formate
varying in the range of 70-63% in 0.5 KHCOs3.

Wu et al. used N-doped 3D-graphene (NG) foam as a metal-free catalyst to reduce CO, to CO
in gas phase [58]. The ink containing N-doped graphene foam was sprayed onto the gas diffusion
layer. A current of ca. 1.8 mAcm™~2 (FE for CO ca. 70% and FE for HCOOH of 3.0%) was obtained at an
applied potential —0.58 V vs. RHE in 0.1 M KHCOj3. DFT calculations confirmed the pyridinic N as the
most active site for CO, reduction in accordance with experimental results.

Boron doping is much less investigated than nitrogen doping. Sreekanth et al. prepared
electrodes of B-doped graphene ink drop-casted on glassy carbon and reported a faradaic efficiency
of CO; reduction to formate of 66% in liquid phase, at —1.4 V vs. SCE with a current density of ca.
0.5 mAcm™2 [56].

N-doped graphene has also attracted a lot of attention as an electrode support displaying
metal-support synergies that increase catalytic activity, as described below. Li et al. reported that
N-doped graphene could reduce CO, to formate with a mass activity of 7.7 A g~! and maximum
faradaic efficiency of 65% at —0.9 V vs. RHE in electrolysis carried out in 0.5 KHCOj electrolyte,
with hydrogen as the other electrolysis product [59]. Furthermore, it was reported that electrolysis
carried out with 7 nm Cu nanoparticles dispersed on N-doped graphene yielded hydrogen, formate,
methane, ethylene and ethane, but no CO. Ethylene was predominantly formed and formate production
suppressed at —0.9 V vs. RHE with a faradaic efficiency of 19% and a mass activity for ethylene of 2.9 A
g71Cu. The mass activity for ethylene of Cu nanoparticles dispersed on Ketjen carbon black prepared
for comparison was ca. 0.5 A g~!Cu.

Recently Han et al. prepared graphene with a large number of topological defects using a nitrogen
removal method [60]. This material presented numerous catalytically active sites, high electronic
conductivity and strong adsorption of CO,. A cathode was prepared by loading an ink containing the
defected graphene on carbon paper. Electrolysis carried out in liquid phase using 0.1 M KHCOj3 as
electrolyte was undertaken. Faradaic efficiency of ~84% and a partial current density for CO of 1.3 mA
cm™2 at —0.6 V vs. RHE were reported. This current was higher than the one obtained with pristine
graphene, nitrogen-doped graphene and edge-rich graphene electrodes.

Importantly, Chai et al. predicted using both density functional theory (DFT) and ab initio
molecular dynamic calculations that the interplay of N-doping and curvature can effectively tune
the activity and selectivity of graphene/carbon-nanotube (CNT) catalysts [61]. The graphene catalyst
without curvature showed strong selectivity for CO/HCOOH production, whereas the CNT with a
high degree of curvature was effective for both CH30OH and HCHO production. Curvature was also
very influential to tune the overpotential for CO formation.
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6. Graphene Derivatives

Graphene oxide (GO) is one important graphene derivative. It contains several functional groups,
such as epoxy, hydroxyl, carbonyl and carboxyl groups. GO has weak electrical conductivity, due to
the presence of hydrophilic functional groups. One way to increase its electrical conductivity is by
removing oxygen containing functional groups to produce reduced graphene (rGO).

One approach to achieve high mass activities of catalysts is to decrease particle size. This approach
was also investigated for graphene derivatives-based electrodes. It was observed that decreasing
particle size below a certain limit favors Hy evolution, due to abundant low coordinated sites of the
very small nanoparticles [62,63]. This results in poor selectivity towards CO; reduction products.
Zhao et al. circumvented this problem by supporting ultra small (ca. 2.4 nm) Au NPs on rGO
sheets [64]. They obtained Au-specific mass activities (>100 A g~!) and good faradaic efficiencies
(32-60%) for the CO, to CO conversion at moderate overpotentials (450-600 mV). Furthermore, the Au
NPs were modified with amines with the capability of CO, adsorption and suppressing H; evolution.
This modification allowed faradaic efficiencies to be increased to 59-75%. An amine structure dependent
effect in selectivity was revealed. Among all the modifiers, oleylamine exhibited the highest CO
selectivity with CO partial current densities of ca. 6 mAcm~2 at —0.7 V vs. RHE. The catalyst was
prepared by dropping the catalyst ink containing the rGO composite on a layer of Vulcan carbon black
painted on a surface of carbon paper. CO, reduction was carried out in liquid phase, in 0.1 M KHCO3.

Cu nanowires of 20 nm width were selective for CHy (FE of 55%, partial current densities near 8 mA
cm~2) at —=1.25 V versus RHE in 0.1 M KHCO;; however, selectivity was sensitive to morphological
changes. Wrapping the nanowires with rGO stabilized the catalyst preserving morphology and
selectivity [65]. Electrodes were prepared by loading the wrapped Cu nanowires in rGO in Ketjen
carbon black, and then, the ink solution was spread onto carbon plates.

A further study of metal particles supported on rGO was presented by Hossein et al. [66].
These authors prepared a catalyst in which adenine was bonded on the surface of rGO via diazonium
reaction. Adenine-rGO was drop-casted on a glassy carbon substrate. Then, Pt was deposited on
the surface of adenine-rGO to prepare the Pt@Adenine-rGO working electrode. In acidic media,
nitrogen-containing heterocyclic on the structure of adenine was protonated and allowed the formation
of hydrogen atoms on the surface of Pt, which, interacting with carbon dioxide, reduced CO; to
methanol. This alcohol was obtained as the main product with a faradaic efficiency up to 85% and a
current density of 0.5 mA cm~2. The electrolyte used was 0.1 M KNOs.

Ning et al. prepared a composite of cuprous oxide (Cu,O) nanocubes on nitrogen-doped reduced
graphene oxide (NrGO) to fabricate a CupO/NrGO composite [67]. An ink of this composite was
prepared, smeared and let dry on a glassy substrate to produce the working electrode. Electrolysis in
0.1 M KHCO;3 exhibited a faradaic efficiency of ethylene (19.7%) at —1.4 V vs. RHE with stable current
density of 12 mAcm™2. The mass activity of Cu,O supported on reduced graphene oxide towards
CyHy4 formation reaches as high as 136.1 mmol h! g_l, which was more than 24-fold of pristine Cu,O.
The pyridinic N in reduced graphene oxide was supposed to behave synergistically with Cu,0, leading
to an enhancement of activity and durability of Cu,O for electrocatalytic CO, reduction to ethylene.
Figure 6 shows SEM images of reduced graphene oxide (rGO) the Cuy O/NrGO composite catalyst and
its constituents.



C 2019, 5,83 12 of 26

Figure 6. SEM images of (a) reduced graphene oxide (rGO); (b) N-doped reduced graphene oxide
(NrGO); (c) CupO/rGO composite catalyst; (d) CupO/NrGO composite catalyst. Reproduced with
permission from [67]. Copyright Elsevier B. V., 2019.

Attaching molecular catalysts to graphene derivatives was also investigated. Zhou et al. prepared
a re-functionalized porphyrin on graphene oxide that was then deposited onto a glassy carbon
electrode (GC) for CO,ER into syngas [68]. The complexes fac-M(4-amino-bipy)(CO);X (M = Mn and
X = Br or M = Re and X = Cl, bipy = 2,2’-bipyridine) were synthetized and immobilized on GrO
via diazonium grafting. The prepared electrode catalyzed CO, to CO conversion with an optimized
turnover frequency of up to 4.44 s~! for CO generation. The electrolyte used was aqueous acetonitrile.
Mass transfer limitations affected activity. Stirring the electrolyte solution produced a threefold increase
of the reaction rate. Co-generation of Hj using the bare glassy carbon electrode enabled the production
of syngas with tunable CO/H, ratios, by changing the CO, diffusion rate, or by deliberately adjusting
the surface coverage of the catalyst at the electrode.

Choi et al. prepared a porphyrin/graphene framework (FePGF) composed of Fe(III)
tetraphenyltrimethylammonium porphyrin and reduced liquid crystalline graphene oxide [69]. A high
surface area carbon fiber paper was used as a substrate for FePGF catalyst. A current density was
reported of 1.68 mA cm ™2 with 98.7% CO faradaic efficiency at an overpotential of 430 mV for 10 h
with a cathodic energy efficiency of 60.9%, corresponding to a turnover frequency of 2.9 s™! and
104 400 turnover number. These authors also examined the effect of the degree of GO reduction.
The catalyst FePGF appeared to offer the required balance between electrostatic interaction and reduced
character, yielding both high catalytic efficiency and long-term stability.

Yuan et al. investigated functionalized GO as metal-free catalyst. Pyridine derivatives,
such as 4-hydroxypyridine, 4-aminopyridine, 8-hydroxyquionline, 5-amino-1,10-phenanthroline
and pyridoxine (vitamin B6), were grafted on GO sheets [70]. An ink containing the catalyst was
prepared and spread over carbon paper for cathode assembly. The GO-VB6 catalysts demonstrated
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superior activity for the electrochemical reduction of CO; to ethanol than the modifications with the
other four pyridine derivatives on GO sheets. The catalytic active of GO-VB6 was affected by the
pyridinic N contents in the GO-VB6 catalysts. The experimental data revealed that pyridinic N is
the active site for CO,ER. Besides, the catalytic activities of pyridine derivative modified GO exhibit
distinct performances, which are not only closely related to the pyridinic N contents of the GO-X,
but also the structure of grafted pyridine derivatives. Electrolysis in liquid phase was carried out in
0.1 M KHCOj electrolyte. The best results were observed for GO-VB6 with an N content of around
2.32% on the surface of GO sheets, which produce the maximum FE of ethanol of approximately 37%,
with a partial current density of ca. 0.25 mA cm~2 at —0.4 V vs. RHE.

Three dimensional electrodes have been proposed to overcome the low CO,, electrolyte accessibility
to catalytic sites and mass transfer limitations. rGO hydrogels have been suggested, among others,
for electrochemical applications, due to their good electrical conductivity, suitable mechanical properties
and thermal stability [71]. The highly porous structures of hydrogels containing large amounts of water
favor electrolyte accessibility and wettability in aqueous media. Choi et al. have developed an iron
porphyrin-based rGO hydrogel, prepared via a hydrothermal method, as a three-dimensional catalyst
for CO,ER [72]. This catalyst was deposited into a reticulated vitreous carbon electrode. At —0.39 V
vs. RHE, CO, was reduced to CO with ca. 96% faradaic efficiency and a stable current density of
0.42 mAcm~2 in a 20 h electrolysis, carried out in 0.1 M KHCOs.

7. Carbon Nanotubes

Carbon nanotubes are long, thin graphitic cylinders, which, if simplified, can be regarded as a sheet
of graphite rolled into a cylinder. They can have a single cylindrical wall (SWNTs) or multiple walls
(MWCNTs), with cylinders inside the other cylinders. Electrodes composed of carbon nanotubes have
generated much interest because of their high conductivity, large surface area and their ability to facilitate
catalytic processes. These materials have also been investigated for CO,ER following different strategies.

Supporting metal nanoparticles on CNT was one of the strategies followed to increase catalyst
performance. Feng et al. showed that surface-area-normalized activity for CO, reduction is linearly
correlated with grain boundary (GB) surface density on Au/CNT (Figure 7) [73]. They proposed grain
boundary engineering as a strategy to improve the catalytic activity of metal nanoparticles. This correlation
led to an understanding of the different current densities and faradaic efficiencies reported for Au
nanoparticles of different size and shape [19-21]. Au/CNT electrodes were prepared by depositing Au
nanoparticles on a CNT film using electron beam evaporation. The Au/CNT films were rolled into yarns
and connected to Au wires. Electrolyses in liquid phase were carried out in 0.5 M, and NaHCO3, CO and
H, were the major products formed with current densities in the order of magnitude of pAcm 2.
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Figure 7. Correlation between current density and grain boundary (GB) surface density.
Reproduced with permission from [73]. Copyright American Chemical Society, 2015.
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Recently, a catalyst was prepared consisting of Au nanoparticles supported on
poly(2,2’-(2,6-pyridine)-5,5"-bibenzimidazole) polymer (PyPBI) wrapped multiwall carbon nanotubes
as the cathode catalyst [74]. The catalyst ink containing the prepared catalyst multiwall carbon
nanotubes/PyPBI/Au was airbrushed on the gas diffusion layer. Figure 8 shows a schematic
representation of the catalyst and of the microfluidic electrolysis cell used. This catalyst was further
improved, and high jCO (~99, 158 mA cm~2) was obtained at low overpotential (~0.70, 0.94 V) and
high CO energetic efficiency (~63.8, 49.4%), respectively [75]. The performance was stable for at least
8 h. The observed high activity was due to a high electrochemically active surface area, in combination
with the low loading of the highly-dispersed Au nanoparticles.

to reference
—_—
electrode

Figure 8. Schematic representation of the Au catalyst supported on polymer-wrapped multiwall
nanotubes (MWNT/PyPBI/Au). Top left: reconstructed 3D view obtained from MicroCT data. Bottom:
schematic representation of the microfluidic electrolysis cell used. Reproduced with permission
from [74]. Copyright Wiley-VCH, 2017.

Zhao et al. compared differently prepared catalysts of tin oxide particles supported on multiwall
carbon nanotubes [76]. The cathode was prepared by pressing the catalytic ink, also containing carbon
black, onto a stainless steel mesh. Liquid phase electrolysis carried out in 0.1 M KHCOj; yielded
maximum faradaic efficiencies of 60% with 25% energy efficiency for HCOOH formation and current
densities in the range of 5-10 mAcm™~2. Different morphologies of the particle agglomerates made little
difference in the electrocatalytic selectivity and activity.

Results that stand out among the studies of metal nanoparticles supported on carbon nanotube
catalysts are presented in the work of Ma et al. [77]. The authors investigated MWCNTs containing
Ag nanoparticles in an optimized flow system. The electrode was prepared by air brushing the ink
containing MWCNT and Ag nanoparticles onto the gas diffusion layer. Electrolysis in gas-phase
yielded faradaic efficiencies of CO of 95%, a current density of 350 mA cm~2 and energy efficiency of
45%. An electrochemical impedance spectroscopy study revealed that this mixed catalyst had lower
resistance to charge transfer/higher charge transfer rate, which enhanced the electrochemical reaction.

Bashir et al. studied the effect of metal loading of tin oxide supported on acid functionalized
multiwall carbon nanotubes (SnO,/MWCNT) [78]. The cathode was prepared by adding the catalyst
ink layer by layer onto carbon paper. Liquid phase electrolysis was carried out in 0.5 M NaHCOs.
The best result was obtained for an electrode with 20% weight of SnO,. Formate faradaic efficiency of
27.2% was achieved with a current density of 80 mAcm~2 at a potential of —1.7 V vs. SCE.

Marepally et al. prepared catalysts consisting of Cu nanoparticles deposited onto commercial
carbon nanotubes, preliminarily activated with HNOj to create oxygen functional groups on their
external surface (0-CNTs) [79]. These catalysts were shown to be active in C—C coupling. The catalyst
was deposited on a gas diffusion layer and electrolysis was carried out in gas phase using 0.5 M KHCO3
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as electrolyte, applying a constant bias of —2V. Results showed that Cu NPs supported over CNTs
greatly depend on the method of preparation. The catalysts prepared using the method developed
by these authors (CuCNT) gave better performances than the electrodes prepared via conventional
impregnation methods (CuCNT-Imp). The higher production of methanol for CuCNT with respect to
CuCNT-Imp (0.98 vs. 0.31 umol h™!) was ascribed in part to the higher surface area of Cu NP, as the
prepared CuCNT showed smaller particles, but also to the state of oxidation of Cu (Cu® in CuCNT).
The reduction of Cu'! to Cu® in CuCNT-Imp during electrolysis likely involves only the shell of the
particles, with formation of a core-shell structure (Cu’ in the external surface and Cu'! in the core of
the particle) that influences the electronic properties of the surface and consequently the reactivity.
Moreover, C,-C3 products, ethanol, acetic acid, isopropanol, and acetone, were obtained with the
developed catalysts, showing the possibility of C—C bond formation.

Molecular catalysts were also investigated in combination with carbon nanotubes.
Walsh et al. prepared an electrode consisting of a complex fac-Mn(apbpy)(CO)3Br, apbpy =
4-(4-aminophenyl)-2,2’-bipyridine cast on a Nafion membrane on a glassy carbon substrate [80].
When MWCNT was also cast on the membrane (MWCNT/Nafion/[Mn(bpy)(CO)3Br]), a 10-fold
enhancement in current density in cyclic voltammetry measurements was observed under CO, at
~1.4Vvs. Ag/AgClat pH 7 (3 mA cm? vs. 0.3mA cm?) using phosphate buffer pH 7 as electrolyte.
This enhancement was caused by the increase in the electroactive concentration of the complex,
due to the large area of the MWCNT support. Further progress was reported with the complex
[Mn(bpy(tBu),)(CO)3Br] (2, where (bpy(tBu),) = 4,40-di-tert-butyl-2,20-bipyridine). At neutral pH,
a current density of 2.65 mA cm~2 at —1.5 V vs. SCE, a selectivity towards CO, (CO: H = 0.33) and a
faradaic efficiency for CO of 24% were achieved [81].

Aoi et al. investigated CO,ER using a glassy carbon electrode modified with a cobalt(Il) chlorin
complex, adsorbed on multiwall carbon nanotubes, in liquid phase electrolysis at an applied potential
of —1.1 V vs. NHE to yield CO with a faradaic efficiency of 89%, with hydrogen production accounting
for the remaining 11% in aqueous Na;SOy at pH 4.6 [82]. After 30 h of electrolysis, 0.4 mmol cm ™2 of
CO were produced. When MWCNTs were replaced by rGO, which is planar, as a support material of
ColI(Ch), the CO and H; yields became much smaller. They concluded that the three-dimensional
assembly of MWCNTs with Coll(Ch) on the electrode surface may play an important role for the
selective electrocatalytic reduction of CO, to CO.

Cobalt meso-tetraphenylporphyrin (CoTPP) was directly immobilized onto CNT via
adsorption [83]. The working electrode was prepared by drop-casting the suspension containing
CoTPP and CNT on the glassy carbon electrode. Four hours of electrolysis in liquid phase with 0.5 M
KHCOj as electrolyte at —=1.35 V vs. SCE accumulated 189 pmolem ™2 of CO.

Zhang et al. introduced cyano groups in the cobalt phthalocyanine molecule (CoPc-CN).
These molecules were uniformly anchored on carbon nanotubes [84]. The working electrodes
were prepared by drop-drying the catalyst inks onto carbon fiber paper. Electrolysis in liquid phase
using as electrolyte 0.1 M KHCOj3 near neutrality yielded a current density of 15.0 mA cm~2 and
faradaic efficiency for CO >95% at —0.63 V vs. RHE (overpotential of 0.52 V, IR corrected).

In order to increase the structural stability of molecular catalysts immobilized on CNTs, Han et al.
prepared a hybrid catalyst material consisting of a CNT core and cobalt polyphthalocyanine (CoPPc)
sheath [85]. The catalyst powder was blended with Ketjen black carbon and Nafion polymer binder
and drop-cast onto carbon fiber paper (CFP) as the working electrode. Extensive cross-linking of CoPPc
on the conductive support not only suppresses the aggregation of organic molecules and enlarges their
electrochemically active surface area but also contributes to their physical and chemical robustness.
Electrolysis in liquid phase conducted in 0.5 M KHCOs electrolyte yielded at least 24 h stable current
density of 18.7 mAcm~2 and faradaic efficiencies for CO >80% at —0.5 V vs. RHE (0.43 V overpotential).

Wang et al. prepared a catalyst ink containing the Co complex of the planar tetradentate ligand
2,2":6/ 2”:6”,2'”-quaterpyridine [Co(qpy)]** and the MWCNT [86]. The ink was drop-casted on carbon
paper. Electrolysis in liquid phase using this cathode in 0.5 m NaHCO; (pH 7.3) yielded CO with 100%
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faradaic efficiency with a current density of 9.3 mA cm™ that could be sustained for several hours at
—0.48 V vs. RHE (340 mV overpotential).

Wang et al. prepared porous carbon membranes that were used directly as electrodes.
These membranes consisted of multiwalled carbon nanotubes embedded in an N-doped carbon
membrane matrix [87]. In these membranes the macropores provide mass transport highways while
the mesopores and micropores provide a large surface area and high population of spatially accessible
electroactive sites for CO,ER. The nitrogen species incorporated into the carbon framework constitute
the active sites for the reaction. The faradaic efficiency for the production of formate was 81% at —0.8 V
vs. RHE, the remaining products were CO and Hj. Electrochemical stability of at least 36 h and current
densities of ca. 6 mAcm~2 were obtained in potential controlled electrolysis in 0.1 M KHCOs;.

8. Nitrogen-Doped Carbon Nanotubes

Heteroatom doping, in particular N-doping of carbon nanotubes (N-CNT), was also an approach
used for developing N-CNT-based catalysts. Zhang et al. drop-casted multiwall CNT on a glassy carbon
electrode [88]. The CNT was doped with nitrogen and oxygen. Oxygen doped CNT and CNT electrodes
mainly gave Hj as the product (>90%) with a small amount of CO (<1%). A polyethyleneimine (PEI)
overlayer that is used as CO, absorbent was applied to N-CNT/GC by attachment to the surface of CNT
based on van der Waals forces. PEI-N-CNT exhibited the most positive onset potential for CO, reduction.
Electrolysis in 0.1 M KHCO;3 at —1.8 V vs. SCE for 24 h exhibited a steady-state catalytic current density of
7.2 mAcm™2. Formate was the dominant product formed with a faradaic efficiency of 85%.

Wu et al. showed that N-doped CNTs were active for COER into CO at a significantly
lower overpotential than pristine CNTs. GDEs electrodes were prepared by spraying an ink
containing N-doped multiwall carbon nanotubes with a bamboo shape on a gas diffusion layer [89].
The bamboo-like structure is a characteristic feature of nitrogen atom defects in CNTs, which originates
from the formation of a positive curvature surface during substitution of nitrogen atoms into the
graphitic structure [90]. The long-term performance of N-doped CNT catalysts at constant applied
potential of —0.8 V vs. RHE for 10 h was tested. A stable current density at around —1.0 mA cm~2 was
obtained. FE of CO fluctuated slightly around 80%.

Sharma et al. synthesized N-doped CNTs with various surface structures and nitrogen contents by
choosing different precursors and controlling the growth temperature [91]. Electrodes were prepared
by spraying the catalyst ink over a carbon gas diffusion layer. The catalytic activity of these N-doped
CNTs was found to depend upon the nature of nitrogen defects and defect density. The presence of
graphitic and pyridinic N defects significantly decreased the absolute overpotential and increased the
selectivity towards CO formation in comparison to pristine CNTs. The most active N-doped CNT
exhibited a faradaic efficiency of 80%, CO partial current densities of ca. =2 mA cm~2 at a cell voltage
of —1.05 V (corrected for IR drop) owing to the highest pyridinic (ca. 1.1 at%) and graphitic N (ca.
3.5 at%) content (see Figure 9). Furthermore, pyrrolic N defects seem to have little or no impact on
CO;ER activity, in accordance with DFT calculations [92].

Cui et al. have conceived a steam etching strategy to tune the nitrogen dopant types and levels to
promote CO,ER [93]. They prepared nitrogen-doped carbon-wrapped carbon nanotubes (CN-H-CNT)
and transformed their nitrogen type via steam etching (percentages of pyridinic, graphitic, and oxidized
N atoms decrease to 9.8%, 24.9% and 9.4%, respectively, while pyrrolic N increases substantially from
22.1% to 55.9%). CN—-H~-CNT films on silicon wafer substrate were employed directly as electrodes.
Electrolysis in liquid phase using 0.1 M KHCOj as electrolyte was undertaken. Maximum faradaic
efficiency of ca. 88% toward the formation of CO at —0.5 V vs. RHE was reported. At this potential,
current density (in absolute value) slowly decreased from ca. —0.5 mAcm ™2 at the start of electrolysis,
up to a ca. 0.1 mA cm~2 during 7 h of electrolysis.
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Figure 9. Schematic illustrating CO formation on the N-CNTs and free-energy diagram at equilibrium
potential for CO, reduction on different N defects, that is, pyridinic, pyrrolic, and graphitic N in
comparison to pristine CNTs. C, O, and H atoms are represented by gray, red, and white spheres, while

pyridinic, pyrrolic, and graphitic N defects are shown using blue, pink, and green spheres, respectively.
Reproduced with permission from [91]. Copyright Wiley-VCH, 2015.

Liu et al. fabricated a 3D electrode by growing N-doped CNTs in situ on a stainless-steel mesh (SS)
with only melamine as the nitrogen and carbon sources [94]. Electrolysis in liquid phase was carried
out using 0.1 M KHCO3 as electrolyte. This integrated N-doped CNTs/SS electrode was used directly as
working electrode to produce syngas with an FE of 75% for CO with current densities of 2 mAcm~2 at
—1.1 Vvs. Ag/AgCl. The H,/CO ratio could be controlled by the pyrolysis temperature of the N-doped

CNT preparation process or by the applied potential. Ratios in the range of 1-3 were obtained.

The performances of electrolytic systems using the carbon materials referred to in this work are

listed in Table 1.
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Table 1. Performance of electrolytic systems using the carbon materials referred in this work.
Types of Current Potential/ CO2RR Faradaic
yp Catalyst Density 2 . . Reference
Carbon 2 Voltage Products Efficiency
(mA/cm?)
Supported Metal and Metal Derived Particles
—2.7 to =3.0V vs. - o Mahmood et
Pb on Vulcan 72 115 SCE Formic acid 97% al. [6]
~475V vs. 5
Cu 667 Ag/AgCL Ethene 53% Cook et al. [11]
Cu 300 ~125Vvs.SHE Fthylene - Ikeda et al. [7]
and ethanol
Ru-Pd alloys 80 —1.1V vs. SHE Formic acid 90% Furuya et al. [10]
-1.93V vs. o
Pt 600 Ag/AgCL Methane 38.8% Hara et al. [13]
Au, 8 nm NP 3A/g ~0.67 V vs. RHE Carbon 90% Zhu et al. [19]
monoxide
Au 500 nm nanowires 8 ~035Vvs RHE arbon 94% Zhu et al. [20]
monoxide
Au25 Clusters - -1V vs. RHE Carbon 100% Kauffman et
monoxide al. [21]
Tﬁzrr‘gullize‘:g 1.25 ~0.86 V vs. RHE mif:;ge 97% Liu et al. [22]
Carbon Black p
Cysteamine anchored 1 —0.35V vs. RHE Carbon ~80% Kim et al. [23]
5 nmAg nanoparticles monoxide
Core/Shell Cu/Sn0, 46 —0.7 Vvs. RHE Carbon 93% Lietal. [24]
Structure monoxide
Pd 5 nm nanoparticles 2.2to4.15 >-0.2Vvs. RHE Formic acid >95% Min et al. [29]
-1.4Vvs. .
Sn nanoparticles 200 Ag/AgCl/4V cell  Formic acid 54.1% DelaCla[s%tal]lo et
voltage o
Ni nitride 23.3 —0.90 V vs. RHE Carbon 92.5% Hou et al. [31]
monoxide
Ag20nm 200 3V cell voltage Carbon 98% Liu et al. [33]
nanoparticles monoxide
Molecular Catalysts
. —4.39V vs. Carbon o Savinova et
Co-Phthalocyanine 80 Ag/AgCl monoxide 100% al. [35]
Co-Phtahlocvanine 137 —-2.2Vvs. SCE Carbon 14% Mahmood et
¥y 22 -1.5V vs. SCE monoxide 100% al. [36]
Co Carbon o
Phthalocyanine2 165 -0.92 V vs. RHE monoxide 95% Wang et al. [39]
jcn?rlsgnnr::doisjl:ﬁrﬁ ) -1.6 Vvs. C1-Cy 0.3% Castelo-Quibén
preghat Ag/AgCl hydrocarbons e etal. [41]
particles
Mesoporous
Carbon Nitrogen doped 0.25 —056Vvs. RHE  Ethanol 77% Song et al. [43]
mesoporous carbon
mesoporous N-doped 6.8 ~058Vvs. RHE ~_Carbon ~92% Kuang et al. [44]

carbon

monoxide
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Table 1. Cont.
Types of Current Potential/ CO2RR Faradaic
yp Catalyst Density 2 . . Reference
Carbon 2 Voltage Products Efficiency
(mA/cm?)
Supported Metal and Metal Derived Particles
CoFPc immobilized 1-6 2-3V cell Carbon ~90°% Morlanés et
on carbon cloth voltage monoxide ° al. [45]
fa:t_g:}f:gk;i yzgfboo)iBr 0.9 -1.35V vs. syneas 60% for Rotundo et
: Ag/AgCl yng co al. [46]
cloth
porphyrin and B Carbon o Magdesieva et
phthalocyanine 70 1.5V vs. SCE monoxide 70% al. [49]
Carbon Fibers Nedoped carb 0573V Carh
-doped carbon -0. VvS. arbon o
nanofibers 05 RHE monoxide 98% Kumar et al. [50]
N-doped carbon Carbon
fibers with a core of - -0.8 V vs. RHE monoxide 96% Yang et al. [52]
Ag nanowires Hydrogen
Au nanoparticles Carbon
supported on ~4-6 —0.47 V vs. RHE . >60% Rogers et al. [54]
. monoxide
graphene nanoribbon
Cu,0 nanoparticles .
supported on - _A0/9 AV ET Ethanol 9.93% Ge;cl)u[s:;}]/ et
graphene 848 o
N-doped graphene 75 ~084vs. Formate 70-63% Wang et al. [57]
ped grap : Ag/AgCl ° getal
Carbon o
N-doped 18 —058Vvs. RHE  monoxide 70% Wau et al. [58]
3D-graphene foam L. 3.0%
Formic acid
Graphene
B-doped graphene 0.5 -1.4Vvs. SCE Formate 66% Sre;k a[gl(:? et
N-doped graphene - -0.9 Vvs. RHE Formate 65% Lietal. [59]
Cu nanoparticles
dispersed on n-doped —0.9 Vvs. RHE Ethylene 19% Lietal. [59]
graphene
N-defective graphene 13 —0.6 V vs. RHE Carbqn ~84% Han et al. [60]
monoxide
Amine modified Au Carbon
nanoparticles 6 —0.7 V vs. RHE . >60% Zhao et al. [64]
monoxide
supported on rGO
Cu nanowires 8 -125Vvs. RHE  Methane 55% Lietal. [65]
wrapped in rGO
Pt deposited on —0.3V vs. o Hossein et
adenine-rGO 05 Ag/AgCl Methanol >85% al. [66]
CupO/N-doped rGO 12 -1.4V vs. RHE Ethylene 19.7% Ning et al. [67]
porphyrin/graphene 1.68 _054Vvs, RHE ~Sarbon 98.7% Choi et al. [69]
framework monoxide
Graphene =0, B grafted
Derivatives ttamin BO gratted on 0.25 —~0.4V vs. RHE Ethanol 37% Yuan et al. [70]
GO sheet
iron porphyrin-based _ Carbon o .
rGO hydrogel 0.42 0.39 V vs. RHE monoxide 96% Choi et al. [72]
Au nanoparticles
supported on 160 _161‘.7/1\/(;/15. mcifb;g 60% Jhong et al. [74]
MWCNT 888 onoxide
Au nanoparticles Carbon
supported on 158 —0.55 V vs. RHE monoxide 85% Verma et al. [75]
MWCNT
SnOx supported on N o
5-10 -1.4V vs. SCE Formic acid 60% Zhao et al. [76]

MWCNT




C 2019, 5,83 20 of 26
Table 1. Cont.
Types of Current Potential/ COz;RR Faradaic
yp Catalyst Density 2 . . Reference
Carbon (mA/cm?) Voltage Products Efficiency
Supported Metal and Metal Derived Particles
MWCNTs covered Carbon o
with a layer of Ag 350 =3V cell voltage monoxide 95% Ma et al. [77]
i%g%ﬁﬁggzgggh 80 -1.7 Vvs. SCE Formate 27.2% Bashir et al. [78]
o 2
Immobilized Mn Carbon
complex in 2.65 —15V vs. SCE monoxide 24% Walsh et al. [80]
Nafion/MWCNT
cobalt(Il) chlorin . —11Vvs Nug ~ Catbon 89% Aoi et al. [82]
complex monoxide
Carbon Co phthalocyanine
nanotubes funcionalised with —0.63 V vs. RHE Carbon o
CN groups anchored 15 —0.63 V vs. RHE monoxide >95% Zhang etal. [84]
on CNT
CNT immobilized on
cobalt Carbon
. 18.7 —0.5V vs. RHE . >80% Han et al. [85]
polyphthalocyanine monoxide
sheath
Co complex/CNT 9.3 -048Vvs RHE ~_CArbon 100% Wang et al. [86]
composite material monoxide
CN;fgzei‘ifgxm a 6 -08Vvs. RHE  Formate 81% Wang et al. [88]
PEI-N-doped CNT 7.2 -1.8 Vvs. SCE Formate 85% Zhang et al. [87]
N-doped CNT 1 ~08Vvs. RHE ~Cbon 80% Wauetal. [89]
monoxide
N-doped CNT with TLOSV cell
T o voltage Carbon o Sharma et
Nitrogen-doped ~ pyridinic (1.1 at%) 2 (corrected for IR monoxide 80% al. [91]
carbon and graphitic (3.5 at%) drop) '
nanotubes Nedoped carb Carh
-doped carbon g B arbon .
wrapped CNT 0.5-0.1 0.5V vs. RHE monoxide Cui et al. [93]
11V vs Carbon
N-CNTs/SS 2 A 0 A Cl. monoxide 75% Liu et al. [94]
848 Hydrogen

9. Conclusions and Future Prospects

In contrast with bulk carbon materials, the properties of carbon nanomaterials depend on a
wide variety of parameters, such as structure, size, composition, orientation, defects, and fabrication
method. The advances in nanotechnologies, for instance in nanocasting, electrodeposition, liquid-phase
impregnation, chemical vapor deposition, and surfactant templating, allows unprecedented control
over these parameters. This can lead to the development of new carbon materials with superior
performances for a specific application. A continuous appearance of a multitude of new carbon
materials obtained by combining different type of structures, by doping, functionalization, or their
assembly into 3D nanostructures can be forecasted. In particular, modification of the surface chemistry
of porous materials by chemical grafting, oxidation of the material surface, or by other means, will
provide improved accessibility, a higher surface area and better dispersion of the active species for
further improvement in their performance. Computational methods will play increasingly important
roles in the understanding of reaction mechanisms and kinetics, in predicting new properties and in
designing new materials. Coupling experiments with theoretical modeling surely will contribute to
optimized customization of electrochemical properties of carbon materials for CO,ER.

Among carbonaceous materials, carbon black as electrode constituent is the most studied,
playing an important role in the several strategies for intensification of electrochemical CO, reduction.
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In fact, noble metals nanoparticles supported on carbon black are the catalysts of the most advanced
electrolysers for gas-phase electro-reduction approaching a pilot demonstration phase [17,32,33].
Novel nanocarbon materials show in general modest results in terms of productivity. Low overpotentials
are achieved at the expense of low current densities. However, it is evident, that these materials
show the promise of surpassing the performance of state-of-the-art electrodes containing carbon
black. This promise has already started to materialize in the work of Ma et al., whereby current
densities higher than 300 mA cm~2 and energy efficiencies of 45% were achieved in a more optimized
system [77]. This demonstrates that whole systems need to be studied and not only half cells, as well
as the numerous parameters, which influence CO; electro-reduction, and in particular, electrolyser
design must be optimized. Good catalysts are a key parameter for industrial deployment, but without
the other process parameters being optimized they cannot show their full capabilities. Scale-up studies
are needed posing interesting challenges to chemical engineers and chemists. Liquid phase electrolysis
needs further breakthroughs in terms of materials for electrodes, membranes and electrolytes that will
allow the higher mass transfer limitations to be overcome, when compared with gas-phase electrolysis.
However, this operation mode presents important advantages namely allowing the integration of
CO; capture and conversion [51] and achieving higher conversions avoiding the costs of separating
unreacted CO, from gaseous electrolysis products [95,96]. The development of cost-effective 3D
materials with pore engineered structures that can be used directly as electrodes is an important
nascent R&D avenue. This strategy has the advantage of replacing state-of-the-art powder-based
electrocatalysts. As previously mentioned, these catalysts are fabricated by mixing with electronically
insulating polymer binders and pressing into pre-defined shapes. Although mature, these processes
present the disadvantage of decreased overall cell electrical conductivity and contact between catalyst
and electrolyte. This compromises the long-term performance and operation of electrolysers. It is
also difficult to reclaim the powders. This work shows that electro-catalysts based on nanocarbons
are evolving towards more sophisticated architectures. However, one must keep an eye on the costs.
The prices of the novel nanocarbons must be competitive with carbon black. This is not the current
situation. Processes for graphene, carbon nanotubes etc. are more expensive and time consuming.
This poses an enormous challenge to material scientists to develop scalable and cost-effective methods
for the production of these products, turning them into competitive products.

Carbon black is derived from fossil fuels. The production of carbon materials from sustainable
precursors, such as biomass and biochar from pyrolysis of sewage sludge for electrochemical CO,
reduction, will be highly desirable as a low cost and sustainable approach.
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