
Journal of Environmental Chemical Engineering 11 (2023) 109171

Available online 16 December 2022
2213-3437/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Coupling continuous CO2 electroreduction to formate with efficient 
Ni-based anodes 

Guillermo Díaz-Sainz a,*, Kevin Fernández-Caso a, Tiago Lagarteira b, Sofia Delgado b, 
Manuel Alvarez-Guerra a, Adélio Mendes b, Angel Irabien a 

a Departamento de Ingenierías Química y Biomolecular, Universidad de Cantabria, ETSIIyT, Avenida de Los Castros s/n, 39005 Santander, Spain 
b Laboratory for Process Engineering, Environmental, Biotechnology and Energy (LEPABE), University of Porto, Rua Dr. Roberto Frias S/n, Porto 4200-465, Portugal   

A R T I C L E  I N F O   

Editor: Dr. Zhang Xiwang  

Keywords: 
Electrocatalytic CO2 reduction 
Formate 
NiO catalyst 
Counter electrodes 
Oxygen evolution reaction 

A B S T R A C T   

CO2 electroreduction to formic acid and formate has been focus of great research attention in the last years. Thus, 
considerable and relevant efforts have been accomplished in this field, mainly by operating with different types 
of catalysts and electrode configurations in the cathodic compartment. Still, Pt-based anodes, which are 
expensive and scarce, are typically the preferred materials to carry out the oxygen evolution reaction in alkaline 
medium. However, it is crucial to search for new materials of lower prices, with high stability, and good per
formances able to be competitive with traditional Pt-based electrodes. Hence, we study hand-made NiO-based 
anodes for the continuous CO2 electroreduction for formate in a filter press reactor with a single pass of the 
reactants through the electrochemical reactor. The use of the NiO-based anodes enhances the results obtained in 
previous studies with DSA/O2 anodes, combining excellent values of Faradaic Efficiency for formate of 100 %, 
and energy consumptions values close to only 200 kWh⋅kmol− 1. In addition, employing Sustainion® as a binder 
in the fabrication of the anode results in a significant improvement in the durability, maintaining similar per
formance in terms of key metrics.   

1. Introduction 

The World Meteorological Organization (WMO) has recently 
announced that the concentration of carbon dioxide (CO2) has reached 
415.7 parts per million in 2021, which is 149 points in percentage higher 
than the pre-industrial level [1]. Moreover, one of the goals proposed for 
the UN Climate Change Conference of the Parties (COP27) hosted in 
Sharm El Sheikh (Egypt) is to limit the temperature increase to 1.5 ºC 
above pre-industrial levels [2]. This is why the electrocatalytic reduction 
of CO2 into chemicals with value-added driven by electrical renewable 
energy is gaining attention and appears as a promising strategy to 
mitigate climate change [3–5]. Among the different products that can be 
obtained from CO2 reduction, formate is considered a widely used 
chemical commodity in different pharmaceutical or leather industries 
[6,7]. Besides, formate can be supplied as fuel (starting from 0.5 M in 
solution) for direct formate fuel cells (DFAFCs) to produce electricity, 
and it is considered one of the highest value-added CO2 conversion 
products in terms of market price since this chemical reaches a value of 
around $1000 - $1700 per ton of product [8]. 

Over the last few years, great efforts and huge progress have been 
made to accomplish formic acid and formate from CO2 electroreduction 
by studying mainly (i) diverse cathode materials [9–11], (ii) several 
types of electrodes and reactors configurations [12–14], and (iii) envi
ronmental and economic analysis of this electrochemical process 
[15–17]. Specifically, research efforts have been focused so far on the 
cathodic compartment emphasizing the use of Sn [18–21], Bi [22–25], 
In [26,27], Sb [28], and Pb-based materials [29] as electrocatalysts used 
in different electrode configurations, such as metallic plate [30–32], Gas 
Diffusion Electrode (GDE) [33–35], and Catalyst Coated Membrane 
Electrode (CCME) [36–38], where CO2 is converted into value-added 
products, and particularly to formic acid and formate. 

While CO2 is reduced at the cathode side, an oxidation must occur at 
the anode side, which can influence the performance of the desired re
action, so the nature and configuration of the catalyst used for that 
oxidation in the anode have an influence on the reduction semireaction 
to which is linked. In this sense, the majority of these research works 
have studied the electrochemical conversion of CO2 towards formic acid 
or formate with anodes where oxygen evolution reaction (OER) (i.e. 
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oxidation of water to give molecular oxygen) takes place, using mainly 
noble metal catalysts, such as Pt and Ir (or IrO2) based-materials to shape 
the counter electrode in the form of gauze [39], foil [40], plate [41], 
wire [42], metallic plate [43] or particulate electrode, especially in 
acidic media [44]. In this sense, these metals are the most active ma
terials in a wide range of pH, but their high price and limited supply 
strain the researchers to find non-precious alternatives for the 
large-scale industrial implementation [45–47]. 

Thus, there are recent works employing alternative, precious group 
metal (PGM)-free based materials, and particularly the first-row tran
sition metals, to carry out the OER in the anodic compartment and 
simultaneously, the CO2 electroreduction to value-added products in the 
cathodic compartment [48,49]. In particular, Ni-based catalysts have 
been suggested as promising alternative materials in the application of 
water splitting devices due to their low prices, abundant reserves, and 
great OER activities [50,51]. 

Ni-based materials could be considered as interesting electro
catalysts to carry out the OER in the counter electrode in processes for 
the electrocatalytic reduction of CO2 towards formic acid and formate. 
In this sense, several manuscripts have recently focused on the CO2 
electroreduction to generate the approached target products by 
employing Ni materials for the OER [26,52–66]. A cheap, zero-gap 
electrochemical reactor, able to withstand wire range of differential 
partial pressures and to provide dynamic operation is the most antici
pated configuration to bring the CO2 electroreduction process closer to 
industrial applications [67]. In this way, Table 1 collects all the studies 
reported up to date in the literature, their characteristics, as well as the 
main figures of merit obtained which are reported in the field of CO2 
electroreduction to formic acid and formate working with Ni-based 
materials in the counter electrode in a continuous electrochemical 
reactor. 

In particular, these studies employed mainly Ni in the form of 
commercial foams [26,52–62], mesh [63], gauzes [64], and foams of 
different alloys [56] as anodes for the OER. In this sense, to enhance the 
performance of the counter electrodes with respect to configurations 
employed up to date (i.e. foams, meshes, and gauzes), further efforts are 
needed in the development and fabrication of new Ni-based electrode 
configurations. Thus, and in line with the recent literature published in 
the field of the development of cathodes for the electrocatalytic reduc
tion of CO2 to formic acid and formate, the use of particulate electrodes 
or GDEs as anodes for generating oxygen over the counter electrode 
surface deserves further investigation. In fact, the main advantages of 
these configurations include higher active surface area of the electro
catalyst, and improved mass transport and electronic conduction to or 
from the external electrical circuit in comparison with conventional 
Ni-based electrodes [14]. 

In this context, here we report an assessment of Ni-based particulate 
anodes for the CO2 electroreduction towards formate in a continuous 
filter press reactor with a single pass of the reactants through the elec
trochemical reactor. Firstly, the OER activity of diverse Ni-based ma
terials was screened in a Rotating Disk Electrode set-up. Consequently, 
the material with the highest OER activity was chosen as the anodic 
electrocatalyst for subsequent tests of the continuous reduction of CO2 to 
formate in a filter press reactor. These anodes were fabricated by the 
deposition of Ni-based catalysts by employing wet spray deposition. 
Besides, the influence of some key variables, such as the current density 
and the catholyte flow per geometric surface area on the performance of 
the process, was studied, achieving promising results in terms of formate 
concentration, Faradaic Efficiency, rate, and energy consumption. Sub
sequently, the results were improved, in comparison to those obtained 
previously using a commercial anode, by assessing the influence of 
variables in the anodic compartment (e.g. the anolyte concentration, 
and the anolyte flow per geometric surface area). Finally, the stability of 
the electrodes was enhanced by studying the influence of the binder in 
the fabrication of the anodes. 

2. Methodology 

2.1. Electrochemical characterization of Ni-based materials 

The oxygen evolution reaction (OER) activity of different Ni-based 
materials was studied in a Rotating disk electrode (Autolab Rotating 
Disk Electrode, Metrohm Hispania) equipped with a potentiostat and 
impedance spectrometer (IM6-ex, ZAHNER-Elektrik). Two nickel oxide 
(NiO) commercial catalysts (Sigma-Aldrich) with different average 
particle sizes were tested for the OER. One of the NiO catalysts had an 
average particle size of 25 ± 10 nm (referred to as 1-NiO), while the size 
of the second catalyst was 50 nm (referred to as 2-NiO). The Ni-based 
electrode consisted of 5 mg of the catalyst deposited as a thin layer 
over a glassy carbon electrode (GCE) (0.196 cm2). The inks were pre
pared by mixing the catalyst, 40 μL of Nafion™ solution (Nafion™ D- 
521, 5 % (w/w) in water/1-propanol, dispersion ≥ 0.92 meq⋅g− 1 ex
change, VWR), 2 mL of isopropanol (99.5 % Extradry, AcroSeal), and 8 
mL of Milli-Q water (Millipore). Prior to each film deposition, the GCE 
was polished with a 0.05 mm alumina-particle solution. Consequently, 
the inks were sonicated in an ultrasonic bath (Selecta ultrasonic bath 
operating at 50/60 kHz, 360 power output) for 45 min to ensure a ho
mogeneous mix. After sonication, two drops of 10 μL each were 
deposited on the GCE and dried at 700 rotations per minute (RPM) at 
room temperature. As a counter and reference electrode, a carbon rod 
and Ag/AgCl were employed, respectively. The electrolyte (1 M KOH, 
potassium hydroxide, 85 % purity, pharma grade, PanReac AppliChem) 

Table 1 
Summary of the experimental conditions and main results reported in literature for the electrocatalytic reduction of CO2 to obtain formic acid or formate in a 
continuous mode of operation with Ni-based materials to carry out the OER in the working electrode.  

Counter electrode Anolyte Current density 
(mA⋅cm− 2) 

Concentration of the target product 
(g⋅L− 1) 

Faradaic Efficiency 
(%) 

Year Reference 

NiO particles KHCO3 0.1 M  21 (-)  70  2022 [66] 
Ni mesh KOH 5 M  1800 (-)  70  2021 [63] 
Ni foam KOH 1 M  1000 1.30  93  2021 [55] 
Ni foam KOH 3 M  1000 (-)  93  2021 [26] 
Fe/Ni foam KOH 1 M  677 2.60  83  2021 [56] 
Ni foam KOH 1 M  570 0.36  91  2021 [59] 
Ni foam KHCO3 1 M  500 0.33  95  2021 [61] 
Ni foam KOH 1 M  258 (-)  92  2021 [60] 
NiFe-LDHs-GDE KOH 1 M  250 0.34  98  2021 [65] 
NiFe LDH / Ni foam KOH 1 M  160 (-)  74  2021 [58] 
Ni(OH)2 nanosheets on Ni foam KOH (1.0 M) + CH3OH (0.5 M)  117 (-)  92  2021 [54] 
Ni foam KOH 1 M  500 3.94  90  2020 [52] 
Ni foam KOH 1 M  405 2.74  89  2020 [57] 
Ni foam KOH 2 M  100 65.40  80  2020 [53] 
Ni gauze KOH 5 M  1000 (-)  80  2019 [64] 
Ni foam KOH 10 M  450 (-)  50  2018 [62]  
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was saturated with Ar, under a flow rate of 100 mL⋅min− 1, to remove 
any dissolved oxygen. Immediately after dipping the GCE into the 
electrolyte, and employing the feed stream of 100 mL⋅min− 1, the po
tential was maintained at 0.4 V for 30 min to avoid exposure to open 
circuit potential. While ensuring inert gas blanketing, the catalyst was 
activated through 100 cyclic voltammograms (CV) between 0 and 1.8 V 
at 100 mV⋅s− 1, without rotation. Subsequently, for each catalyst 3 CVs 
were retrieved between 0 and 1.8 V with a scan rate of 20 mV⋅s− 1. To 
obtain the OER-mass activity, linear sweep voltammetry (LSV) was 
carried out between 1.2 and 1.8 V (vs. RHE) at 20 mV⋅s− 1 at 1600 RPM. 
Additionally, electrochemical impedance spectroscopy (EIS) was also 
performed to measure the ohmic resistance of the electrolyte in poten
tiostatic mode (0.4 V vs. RHE) using 5 mV of amplitude between 1 kHz 
and 0.1 Hz. 

2.2. CO2 flow electrolyzer experimental setup 

All the experiments concerning the continuous electrocatalytic 
reduction of CO2 to formate reported throughout this manuscript were 
developed in a filter press reactor, using the experimental laboratory 
system whose general diagram is shown in Fig. 1. 

The experiments to test Ni-based materials as a catalyst in the 
counter electrode were carried out using a liquid feed at the cathode side 
of the filter-press reactor, which is a configuration that we have widely 
studied previously and that allows a reliable comparison with previous 
approaches [68]. Electrochemical experiments were carried out at least 
in duplicate with an operating time of 60 min under ambient conditions 
of temperature and pressure. Two magnetically stirred glass tanks 
served as the reservoirs for the catholyte and the anolyte. On the one 
hand, an aqueous solution of 0.45 M KHCO3 + 0.5 M KCl was used as a 
catholyte, while a solution of KOH was used as an anolyte. Each elec
trolyte was circulated through its own compartment, with only one pass 
through the reactor, using peristaltic pumps (Watson Marlow 320, 
Watson Marlow Pumps Group) with a flow rate of (i) 0.7, 1.5 or 
5.7 mL⋅min− 1 (catholyte stream) and (ii) 5.7, 11.4, 17.1 or 
22.8 mL⋅min− 1 (anolyte stream), and an anolyte concentration of 0.5, 
0.75, 1, 1.5 or 2 M that varied depending on the experiment. A pure CO2 
stream was fed to the cathodic compartment with a flow rate of 
0.2 L⋅min− 1. Besides, experiments were carried out at galvanostatic 
conditions with a potentiostat-galvanostat (Arbin Instruments, 
MSTAT4) using a current density of 45, 90, 150, or 200 mA⋅cm− 2. 

As depicted in Fig. 1, the main element of the experimental setup is 
the electrochemical reactor (Micro Flow Cell, ElectroCell A/S). Fig. 2 
shows a schematic representation of the filter press reactor configura
tion, which consists of two-compartments divided by a Nafion™ 117 

cationic-exchange membrane. The working electrode was a Bi Gas 
Diffusion Electrode (Bi-GDE), while a Ni particulate electrode (Ni-PE) 
was employed as a counter electrode, as detailed in the following sub
sections. Both electrodes had an active area of 10 cm2. A leak-free Ag/ 
AgCl 3.4 M KCl reference electrode was placed in a PTFE frame at the 
cathodic compartment of the filter press reactor. 

The samples were taken at the outlet stream of the cathode side of the 
electrochemical reactor at different times of operation (15, 30, 45, and 
60 min) and the average value of the formate concentration was ob
tained for each experiment. This concentration was analyzed by ion 
chromatography (Dionex ICS 1100) equipped with an AS9-HC column. 

2.3. Counter electrodes manufacturing 

For the electrocatalytic reduction of CO2 to formate, a Ni-PE was 
used as the counter electrode. As illustrated in Fig. 3a, the Ni-PE 
configuration is composed of two layers: (i) a hydrophilic carbon 
paper carbonaceous support, and (ii) a catalytic layer. 

Toray Carbon Paper TGH-60 was used as carbonaceous support for 
the fabrication of the counter electrodes. Then the following element is 
the catalyst layer, which was deposited using a manual air-brushing 
technique. This layer was deposited through an ink which was pre
pared with the catalyst and the binder in a proportion of 70–30 wt %, 
diluted in isopropanol (99.5 % Extradry, AcroSeal) to obtain a final 
suspension of 3 wt % in solids. Before spraying, the ink, was introduced 
in an ultrasonic bath (Selecta ultrasonic bath operating at 50/60 kHz, 
360 power output) for 30 min for a complete mixture and homogeni
zation. Consequently, the ink was sprayed in an area of 10 cm2 with 
constant heating until it reached loadings of (i) 0.75 mg⋅cm− 2, (ii) 
1.5 mg⋅cm− 2, (iii) 2.25 mg⋅cm− 2, or (iv) 3 mg⋅cm− 2 of NiO. The cata
lysts selected for the preparation of anodes were the 2-NiO catalysts 
since gave the best results in the electrochemical characterization 
explained in Section 3.1. Moreover, the binders employed in this study 
were: (i) Nafion™ (Nafion™ D-521, 5 % (w/w) in water/1-propanol, 
dispersion ≥ 0.92 meq/g exchange, VWR), or (ii) Sustainion® (Sus
tainion® XA-9 Alkaline Ionomer 5 % in ethanol, Dioxide Materials). 

2.4. Counter electrodes characterisation 

Scanning electron microscopy with energy dispersive spectroscopy 
(SEM-EDS, PhenomPro XL Desktop SEM) was employed to analyze the 
surface and cross-section morphology of the counter electrodes, and to 
assess the element distribution at their surface. SEM images were ob
tained at several magnifications 320 x and 1850 x using backscattered 
electrons mode. Raman spectroscopy was also performed in an inVia 

Fig. 1. Experimental setup used for the continuous electrocatalytic reduction of CO2 to formate in a filter press reactor.  

G. Díaz-Sainz et al.                                                                                                                                                                                                                             



Journal of Environmental Chemical Engineering 11 (2023) 109171

4

confocal Raman microscope equipped with 532 nm laser excitation 
(100 × and an exposure of 5 s). 

2.5. Working electrodes manufacturing 

A Bi-GDE was used as the working electrode to carry out the CO2 
electroreduction to formate. Regarding the configuration of the GDE, it 
is composed of three layers: (i) a carbonaceous support, (ii) a micro
porous layer, and (iii) a catalytic layer, as depicted in Fig. 3b. 

The carbonaceous support was the same as described previously in 
the fabrication of anodes. The microporous layer, which was also 
deposited using an air-brushing technique, was composed of Vulcan XC- 
72R, PTFE (Polytetrafluoroethylene preparation, 60 wt % dispersion in 
H2O, Sigma-Aldrich) in a proportion of 40–60 wt %, diluted in to obtain 
a similar suspension than previously reported. Consequently, this layer 
was sintered at 623 K in a muffle furnace (PR series, Hobersal) for a 
period of time of 30 min. The catalytic ink was composed of Bi carbon- 
supported nanoparticles, which act as an electrocatalyst, Nafion™, and 
isopropanol. The proportion of these components was the same as re
ported before for the fabrication of this layer in anodes. This ink was also 
sonicated for 30 min approximately, and it was sprayed until reaching a 
Bi loading of 0.75 mg⋅cm− 2, which is considered the optimal loading. On 
the one hand, the Bi carbon-supported nanoparticles were synthesized 
and characterized, using BiCl3 as a precursor and Vulcan XC-72R as the 
carbon support [24]. On the other hand, the Bi/C-GDE has been char
acterized in previous works of the research group [34,68]. 

2.6. Figures of merit 

Firstly, to assess the oxygen evolution reaction (OER) of the Ni-based 
materials tested in the RDE (described in Section 2.1), the mass activity, 
the geometric activity, and Tafel slopes were used as figures of merit. 
These three parameters are commonly used in the literature to evaluate 
and compare different materials. The mass activity represents the cur
rent per unit of mass of catalyst (mA⋅mg− 1), while the geometric activity 
defines the current per unit geometric area of glassy carbon electrode 
(mA⋅cm− 2) [69]. Moreover, Tafel slopes (mV⋅dec− 1) correlate the cur
rent density applied with the overpotential [70]. To compare the OER 
activity of the different Ni-based catalysts, the kinetic activities were 
compared at 1.55 V vs RHE. This potential was chosen since it was low 
enough to avoid the mass transport governed by polarisation [71]. 

The performance of the electrochemical conversion of CO2 to 
formate is assessed by the concentration of product (g⋅L− 1), the Faradaic 
efficiency for formate (%), the rate (mmol⋅m− 2⋅s− 1), and the consump
tion of energy of formate (kWh⋅kmol− 1). The different equations 
employed to analyze these key performance criteria can be found in 
Section 1 of the Supplementary Information. 

2.7. Experimental conditions of previous approaches using DSA/O2 

The performance of the CO2 electroreduction to formate process 
using Ni-based particulate electrodes is compared with respect to the 
results employing a DSA/O2 as an anode using the same filter press 
reactor configuration and the same operating conditions (i.e. CO2 flow, 
catholyte flow per geometric surface area, Bi catalyst loading and cur
rent density) [68]. Although the anolyte concentration and anolyte flow 
per geometric surface area were 1 M and 0.57 mL⋅min− 1⋅cm− 2, respec
tively, with a commercial dimensionally stable anode [DSA/O2 (Ir-MMO 
(mixed metal oxide) on platinum), Electrocell], composed by both Ti 
and Ir oxides, these variables and the NiO catalyst loading have been 
studied in detail in the following subsections. 

3. Results and discussion 

3.1. Electrochemical measurements of Ni-based materials 

Fig. 4 shows the CVs obtained with the different NiO catalysts using a 
scan rate of 20 mV⋅s− 1. The first results showed a higher OER activity for 
2-NiO catalysts with respect to the use of 1-NiO catalysts. Besides, both 
catalysts present a cathodic contribution, which is attributed to the 
reduction of NiO to Ni, at ca. 1.35 V. After this first analysis, it can be 
concluded that 2-NiO catalysts have much more favorable OER activity 
than the 1-NiO catalyst. 

On the other side, the results obtained from the LSV analysis are 
represented in Fig. 5 for both 1-NiO and 2-NiO catalysts. These results 
are shown in terms of the current per working electrode geometric area 
(Fig. 5a) and the current per mass of the active metal (Fig. 5b). For both 
analyses, it is important to remark that the electrolyte resistances, whose 
values were obtained through EIS (see Supplementary Information, 

Fig. 2. Filter press reactor configuration used for the continuous electrocatalytic reduction of CO2 to formate in a filter press reactor.  

Fig. 3. Composition of (a) the anodic particulate electrode composed of: (i) 
Carbonaceous support, and (ii) NiO catalytic layer, and (b) the cathode side 
GDE composed of: (i) Carbonaceous support, (ii) microporous layer, and (iii) Bi 
catalytic layer. 
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Section 2) have been removed. The LSV analysis confirmed the results 
obtained previously in CVs. As illustrated in Fig. 5a, the OER activity of 
2-NiO catalyst is higher with respect to the use of 1-NiO catalyst, 
achieving higher values of current per area at 1.8 V. Besides, the 2-NiO 
catalyst had the highest mass activity (13.55 A⋅g− 1) at 1.55 V vs. RHE, 
which corresponds to a geometric activity value of 0.69 mA⋅cm− 2, as 
well as the lowest Tafel slope (61.6 mV⋅dec− 1). This value of potential is 
used to compare the OER activities of both catalysts with other Ni-based 
catalysts reported in the literature [71], as summarized in Table 2. 

Thus, the catalysts evaluated in this work have a higher mass activity 
than other Ni-based catalysts used in the literature to carry out the OER, 
and therefore, higher geometric activity values, whose values are also 
indicated in Table 2. On the other hand, the 2-NiO catalyst has a Tafel 
Slope of 61.6 mV⋅dec− 1, lower than other Tafel slopes reported for other 
Ni catalysts. This implies that the catalysts tested in this section have the 
most favorable OER kinetic performance of all the materials compared 

(Table 2). Thus, the 2-NiO catalyst was chosen as the anodic electro
catalyst for subsequent tests of the reduction of CO2 to HCOO- in a 
continuous way in a filter press reactor. 

3.2. Electrodes characterization 

From the results obtained in the previous Section (3.1), the 2-NiO 
catalyst was chosen to prepare the Ni-PEs. These electrodes were also 
characterized (surface and cross-section) by SEM/EDX. Fig. 6 reports 
some representative SEM images obtained using backscattered electrons 
of catalysts layers composed of 2-NiO catalysts sprayed using both 
Nafion™ and Sustainion® as ionomer and a loading of 1.5 mg 
NiO⋅cm− 2. As illustrated in Figs. 6a and 6e, the sprayed catalyst layer 
appears to be homogeneous and the fibers are completely covered with 
ionomer and although some fractures are clearly visible, at much higher 
magnification (Figs. 6b and 6d), it is possible to visualize the good 

Fig. 4. CVs after 3 cycles in 1 M KOH(aq) under a purged electrolyte (scan rate of 20 mV⋅s− 1) using the Ni-based materials: (A) 1-NiO and (B) 2-NiO.  

Fig. 5. Linear sweep voltammetry (LSV) curves for OER at a scan rate of 20 mV⋅s− 1 conducted in a purged 1 M KOH(aq) electrolyte, in terms of (a) the current per 
electrode geometric area and (b) current per gram of the active metal. In the inset, the mass activity at 1.55 V vs. RHE and the Tafel slope is compared. 
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dispersion of the NiO catalysts. Besides having dispersed the same 
concentration of Sustainion® and Nafion™, the catalyst layer 
comprising Sustainion® as binder appears to have generated a slightly 
more cohesive microstructure with enhanced dispersion of catalyst 
nanoparticles (Fig. 6d), which may infer for greater stability of the 
electrode throughout long term experiments. From the analysis of the 
cross-section (Fig. 6c), the thickness of the NiO catalytic loading is 
estimated to be about 200 µm approximately, when using a loading of 
1.5 mg⋅cm− 2. Besides, both surface and cross-section of Ni-PEs for NiO 
catalyst loading of 0.75 mg⋅cm− 2 (Fig. S2), 2.25 mg⋅cm− 2 (Figs. S3), and 
3 mg⋅cm− 2 (Fig. S4) are included in Section 2 of the Supplementary 
Information. 

Raman spectroscopy was also carried out to study the degree of 
crystallization of carbon. The D band at 1340 cm− 1 is ascribed to the 
disorder-induced mode, while a relatively sharp G band at 1575 cm− 1 is 

ascribed to the E2g mode from the sp2 carbon [72]. The relative ratios of 
D bands to G bands (ID/IG) in Raman spectra, indicates the crystalli
zation degree of graphitic carbon. The ratio of intensity of D/G bands is a 
measure of the defects present on graphene structure. The G band is a 
result of in-plane vibrations of sp2bonded carbon atoms whereas the D 
band is due to out of plane vibrations attributed to the presence of 
structural defects. The D/G ratio of carbon structures is commonly 
compared to those measured for graphene oxide and reduced graphene 
oxide (ID/IG=1), indicating that high quality 3D graphite carbon was 
formed [72]. Likewise, there was a 2D band at 2676 cm− 1. 

From Table 3 is becomes evident the highly crystalline structure for 
the carbon particles after the electrochemical measurements. This is 
important to ensure high electrical conductivity and hints for very low 
corrosion. Nonetheless, the electrode with the 1.5 mg⋅cm− 2 yields the 
most crystalline among the electrodes containing Nafion™ ionomer. 
This suggests that few defects or capacitive groups were generated on 
the carbon particles, which is very important to maintain the electrode 
porosity and low mass transport overpotentials at high current densities 
[73]. 

3.3. Preliminary assessment of Ni-based particulate electrodes 

Preliminary tests were carried out for assessing the feasibility of Ni- 
based particulate electrodes by studying their performance at different 
values of current density (i.e. 45, 90, 150, and 200 mA⋅cm− 2), and with 
different catholyte flows per geometric surface area (i.e. 0.57, 0.15, and 
0.07 mL⋅min− 1⋅cm− 2). In these experiments, both anolyte concentration 
and anolyte flow per geometric surface area were 1 M and 
0.57 mL⋅min− 1⋅cm− 2, respectively, similar to previous recent studies 
[68]. In addition, the 2-NiO catalyst loading was 0.75 mg⋅cm− 2. Table 4 
summarizes the main results achieved in terms of formate concentration, 
Faradaic Efficiency, rate, and energy consumption. 

Operating with the same catholyte flow per geometric surface area, a 

Table 2 
Mass activity, geometric activity and Tafel slope values of NiO catalysts analyzed 
in this section, as well as other Ni-based catalysts reported in the literature for a 
potential value of 1.55 V vs. RHE.  

Catalysts 
(mA⋅cm− 2) 

Mass 
activity 
(A⋅g− 1) 

Geometric 
activity 
(mA⋅cm− 2) 

Tafel slope 
(mV⋅dec− 1) 

Reference 

2-NiO 13.55  0.69  61.6 This work 
1-NiO 11.74  0.60  74.1 This work 
Ni (Alfa Aesar) 0.1  1.4⋅10− 3  93 69 
Ni (PlasmaChem 

GmbH) 
6.5  5.7⋅10− 2  101 

NiO (Alfa Aesar) 8⋅10− 4  3⋅10− 6  149 
Fe55Ni28Co17 (US 

Research 
Nanomaterials Inc.) 

0.1  5⋅10− 4  99 

NiFe2O4 (US Research 
Nanomaterials Inc.) 

1.8  4.8⋅10− 3  86  

Fig. 6. SEM images of the (i) Nafion™ Ni-PEs for NiO catalyst loading of 1.5 mg⋅cm− 2, (a, b) surface at 320 x and 1850 x magnification, respectively and (c) cross 
section, and (ii) Sustainion® Ni-PEs for 2-NiO catalyst loading of 1.5 mg⋅cm− 2, (d, e) surface at 1850 x and 320 X magnification. 
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raise in the current density represents an increase in the formate con
centration at the outlet stream of the electrochemical reactor, as well as 
in the formate rate and in the energy consumption. In this sense, when 
the current density increases from 45 to 200 mA⋅cm− 2 with a catholyte 
flow per geometric surface area of 0.15 mL⋅min− 1⋅cm− 2, the formate 
concentration obtained is increased approximately 400 % (from 2.80 to 
13.42 g⋅L− 1). In addition, increasing the current density from 45 to 
200 mA⋅cm− 2 allows observing the same trend in the formate rate and in 
the energy consumption operating with a catholyte flow rate per geo
metric surface area of 0.57 mL⋅min− 1⋅cm− 2. In this case, the formate 
rate increases in 254 points in percentage (from 1.43 to 
5.10 mmol⋅m− 2⋅s− 1), while the energy consumption rises in 137 % 
(from 299 to 711 kWh⋅kmol− 1). On the other hand, the results confirm, 
as expected, that the Faradaic Efficiency towards formate decreases 
when the current density increases. 

Regarding the study of the influence of the catholyte flow per geo
metric surface area, this variable is of special interest since it allows 
achieving a more concentrated product in the output stream at the 
cathode side of the electrochemical reactor. In general, the results 
summarized in Table 4 show that the formate concentration increases as 
the catholyte flow per geometric surface area decreases. In this way, 
lowering the catholyte flow from 0.57 to 0.07 mL⋅min− 1⋅cm− 2 with a 
current density of 90 mA⋅cm− 2 causes an increase in the concentration 
from 1.70 to 9.30 g⋅L− 1 of formate. Similarly, rising the current density 
from 90 to 150 mA⋅cm− 2 and employing the same catholyte flow range, 
the concentration suffers an increase of up to 570 %, highlighting the 
concentrations achieved at 0.07 mL⋅min− 1⋅cm− 2, up to 13.73 g⋅L− 1, 
similar to those obtained under operation conditions of 200 mA⋅cm− 2 

and 0.15 mL⋅min− 1⋅cm− 2 (13.42 g⋅L− 1). 
The results obtained by employing Ni-PE as counter electrodes to 

carry out the OER in the anodic compartment of the filter-press elec
trochemical reactor, summarized in Table 4, could be considered as 
promising. In general, comparing these results with those achieved in 
previous studies with a DSA/O2 [68] under the same operating condi
tions, the figures of merit are close to, and even better than, those ob
tained previously. The detailed comparisons at the different tests are 
reported in Table S1 of the Supplementary Information. Thus, these 
preliminary but promising results with Ni-PE encouraged us to carry out 
further studies, taking into account the possibility of assessing the in
fluence of other key variables in the electrochemical process, and 

particularly related to the anodic compartment of the filter-press cell, 
such as the NiO catalyst loading, the anolyte concentration, and the 
anolyte flow per geometric surface area, for further improvement of 
process performance. 

3.4. Influence of key variables in the anodic compartment 

Following the promising results reported in the previous section with 
Ni-PE anodes, this section will present the further in-depth studies that 
were subsequently performed for studying the influence of NiO catalyst 
loading, the anolyte concentration, and the anolyte flow per geometric 
surface area. 

In this sense, a first study was carried out to analyze the influence of 
NiO catalyst loading in the CO2 electroreduction to formate process with 
respect to that obtained with a DSA/O2. In the initial tests (Section 3.3), 
the NiO loading was 0.75 mg⋅cm− 2, but the results showed that, when 
compared with similar experiments with DSA/O2, a higher cell potential 
was measured in the electrochemical reactor, and in particular in the 
anodic compartment (Table S1 of the Supplementary Information). This 
could initially be directly attributed to a lack of active sites on the anode 
surface as a consequence of insufficient NiO catalyst loading. Therefore, 
additional tests were developed at NiO catalyst loading of 1.5, 2.25, and 
3 mg⋅cm− 2. In order to make a rigorous comparison with the previous 
subsection, the experiments were carried out at a current density of 
90 mA⋅cm− 2 and a catholyte flow rate per geometric surface area of 
0.15 mL⋅min− 1⋅cm− 2. Fig. 7 depicts the results achieved in terms of 
formate concentration, energy consumption, and potential in the anodic 
compartment at different NiO catalyst loadings. 

As can be seen in Fig. 7 (specific values for all the experiments of the 
manuscript are reported in Table S2 of the Supplementary Information), 
rising the NiO catalyst loading on the anode surface from 0.75 to 
3 mg⋅cm− 2 reduces the potential in the anodic compartment by 
approximately 23 %. In contrast, the formate concentration increases up 
to 30 % (from 5.5 to 7.1 g⋅L− 1 of formate) when the NiO catalyst loading 
raises from 0.75 to 1.5 mg⋅cm− 2. In addition, when the loading is 
increased from 1.5 to 3 mg⋅cm− 2, the formate concentration falls back 
slightly to a value of 6.4 g⋅L− 1 of formate. As a consequence of a 
reduction in the anodic potential and an increase in the formate con
centration in the range of NiO catalyst loading from 0.75 to 
1.5 mg⋅cm− 2, the energy consumption per kmol of formate was reduced 

Table 3 
Raman spectroscopy of electrodes with different Ni loading (D/G ratio).  

Ni loading 0.75 mg⋅cm− 2 

Nafion™ 
1 mg⋅cm− 2 

Nafion™ 
1.5 mg⋅cm− 2 

Nafion™ 
1.5 mg⋅cm− 2 

Sustainion® 
2 mg⋅cm− 2 

Nafion™ 

D/G  0.46  0.57  0.60  0.48  0.58  

Table 4 
Results using Bi/C-GDE and Ni-PE as cathode and anode, respectively, in a continuous CO2 electroreduction to formate process in the range of current density from 45 
to 200 mA⋅cm− 2, and catholyte flow per geometric surface area from 0.07 to 0.57 mL⋅min− 1⋅cm− 2 at a Bi catalyst loading = 0.75 mg⋅cm− 2, a NiO catalyst loading 
= 0.75 mg⋅cm− 2, an anolyte concentration = 1 M, and an anolyte flow per geometric surface area = 0.57 mL⋅min− 1⋅cm− 2.  

Current 
density, 
(mA⋅cm− 2) 

Catholyte flow per geometric 
surface area, 
(mL⋅min− 1⋅cm− 2) 

Formate 
concentration, 
(g⋅L− 1) 

Faradaic Efficiency for 
formate, 
(%) 

Formate 
rate, 
(mmol⋅m− 2⋅s− 1) 

Energy 
consumption, 
(kWh⋅kmol− 1) 

Standard 
deviation, 
(%) 

Cathode 
potential, 
(V) 

Absolute 
cell 
potential, 
(V) 

45  0.57  0.67  61.14  1.43  299  0.65 -0.67  3.42 
90  1.70  77.20  3.60  329  2.70 -1.54  4.79 
150  2.05  55.67  4.32  522  22.00 -1.88  5.30 
200  2.40  48.95  5.07  711  20.00 -2.02  6.35 
45  0.15  2.80  66.77  1.55  265  2.34 -0.60  3.31 
90  5.50  65.24  3.04  335  4.88 -1.27  4.08 
150  11.27  82.40  6.40  339  11.85 -1.67  5.20 
200  13.42  71.47  7.15  440  9.38 -1.83  5.85 
45  0.07  4.71  52.40  1.23  337  1.17 -0.69  3.30 
90  9.30  51.73  2.41  441  10.16 -1.20  4.23 
150  13.73  45.80  3.56  595  3.80 -1.73  5.09  
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by approximately 24 % (from 335 to 254 kWh⋅kmol− 1). These results 
confirm the hypothesis of the great influence of the NiO catalyst loading 
on the process performance and, consequently, suggests that more ef
forts are necessary to evaluate the influence of the anolyte concentration 
and flow per geometric surface area. 

Thus, after obtaining an optimal value of NiO catalyst loading of 
1.5 mg⋅cm− 2 for the continuous electrocatalytic reduction of CO2 to 
formate, the influence of both anolyte concentration (Table S3 of the 
Supplementary Information) and anolyte flow per geometric surface 
area (Table S4) was studied. Both variables play an important role in the 
oxygen evolution reaction that takes place in the anode, which supplies 
the electrons for the CO2 electroreduction. 

Firstly, the values of anolyte concentration studied were 0.5, 0.75, 1, 
1.5, and 2 M which were chosen since they are the most common 
electrolyte concentrations employed in the literature. Fig. 8a represents 
the variation of formate concentration and the influence on the formate 
production rate in operation under different anolyte concentration. 
Fig. 8b shows the influence of anolyte concentration on Faradaic Effi
ciency for formate vs. the energy consumption needed to produce 
formate. In this way, a threshold was obtained for an anolyte concen
tration of 1 M, achieving a maximum formate concentration of 
7.14 g⋅L− 1. The formate outlet concentration was lower when the 
circulated anolyte concentration differed from 1 M KOH, e.g. when the 
concentration is reduced to 0.75 M, the concentration of formate is 
decreased to 6.80 g⋅L− 1, and if the anolyte concentration lowers even 
more to 0.5 M, the concentration reaches values of only 5.85 g⋅L− 1 of 
produced formate. The same phenomenon was observed when the 
anolyte concentration was increased to values of 1.5, and 2 M, reaching 
values of formate concentration of 6.52 and 5.84 g⋅L− 1, respectively, 
showing a reduction of 18.2 % with respect to an anolyte concentration 
of 1 M. Regarding the formate rate (Fig. 8b), the optimum value was also 
attained for an anolyte concentration of 1 M, achieving a value of 
approximately 4 mmol⋅m− 2⋅s− 1. 

The variation of the Faradaic Efficiency for formate with the anolyte 
concentration is also represented in Fig. 8b, showing the same trend as 
the formate concentration and rate. The highest Faradaic Efficiency for 
formate (85 %) was achieved with an anolyte concentration of 1 M, 
while using KOH concentrations of 0.5 or 2 M this efficiency lowers to 
values of approximately 70 %. These results could be attributed to the 
fact that the pH of the anolyte stream plays a key role in the oxygen 
evolution reaction, while increasing this concentration up to 2 M 

probably causes a degradation of the anodes. 
The energy consumption was also affected by the anolyte concen

tration, being mainly influenced by the resistance of the cell during each 
experiment. In this sense, despite the fact, promising values of energy 
consumptions were obtained for concentrations of 0.75, 1.5, and 2 M, 
the lowest value of this figure is observed for anolyte concentrations of 
1 M, reaching values of only 254 kWh⋅kmol− 1. Besides, the energy 
consumption was increased by 152 % (641 kWh⋅kmol− 1) by employing a 
KOH concentration of 0.5 M due to a reduction in the anodic compart
ment conductivity. 

Finally, the influence of the anolyte flow per geometric surface area 
was assessed, for different values ranging from 0.57 to 
2.28 mL⋅min− 1⋅cm− 2. Besides, more tests were carried out at lower 
values than 0.57 mL⋅min− 1⋅cm− 2 of anolyte flow per geometric surface 
area, but the absolute cell potentials were considerably increased, so 
these flow conditions were dismissed. As can be checked in Fig. 9a, the 
best results were achieved operating with an anolyte flow per geometric 
surface area of 1.14 mL⋅min− 1⋅cm− 2, obtaining a formate concentration 
up to 8.65 g⋅L− 1, and a rate of 4.80 mmol⋅m− 2⋅s− 1. On the other hand, 
Fig. 9b depicts the results in terms of Faradaic Efficiency for formate. In 
this sense, it is important to highlight that Faradaic Efficiencies close to 

Fig. 7. Results using Bi/C-GDE and Ni-PE as cathode and anode, respectively, 
in a continuous CO2 electroreduction to formate process for NiO catalyst 
loadings of 0.75, 1.5, 2.25 and 3 mg⋅cm− 2 at a current density = 90 mA⋅cm− 2, a 
catholyte flow per geometric surface area = 0.15 mL⋅min− 1⋅cm− 2, a Bi catalyst 
loading = 0.75 mg⋅cm− 2, an anolyte concentration = 1 M, and an anolyte flow 
per geometric surface area = 0.57 mL⋅min− 1⋅cm− 2. 

Fig. 8. Influence of anolyte concentration on (a) formate concentration (g⋅L− 1) 
and rate (mmol⋅m− 2⋅s− 1) and (b) the Faradaic Efficiency for formate ( %) and 
energy consumption per kmol of formate (kWh⋅kmol− 1) in the anolyte con
centration range of 0.5 – 2 M, at a current density = 90 mA⋅cm− 2, a catholyte 
flow per geometric surface area = 0.15 mL⋅min− 1⋅cm− 2, a NiO catalyst loading 
= 1.5 mg⋅cm− 2, a Bi catalyst loading = 0.75 mg⋅cm− 2, and an anolyte flow per 
geometric surface area = 0.57 mL⋅min− 1⋅cm− 2. 
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100 % were achieved working with an anolyte flow per geometric sur
face area of 1.14 mL⋅min− 1⋅cm− 2. Similarly, the lowest energy con
sumption per kmol of formate was reached at the same anolyte flow, 
achieving consumptions of only 200 kWh⋅kmol− 1, 22 points in per
centage lower than the energy consumption observed with an anolyte 
flow per geometric surface area of 0.57 mL⋅min− 1⋅cm− 2. 

In general, after analyzing the influence of NiO catalyst loading, the 
anolyte concentration, and the anolyte flow per geometric surface area, 
the results in terms of all the figures of merit were enhanced with respect 
to the preliminary tests developed in the previous subsection. The 
formate concentration and the rate were increased from 5.5 to 
8.65 g⋅L− 1 of formate, and from 3.04 to 4.80 mmol⋅m− 2⋅s− 1, respec
tively. It is important to note that after analyzing the influence of these 
variables, the Faradaic Efficiency for formate reaches values of 100 % 
and energy consumptions of only 198 kWh⋅kmol− 1. Despite the fact that 
competitive results were achieved in terms of all the figures of merit, 
further research is required to enhance the durability of the counter 
electrode, which is desirable for future implementation of the process at 
the industrial scale. 

3.5. Further improvements in the counter electrode 

The optimization of the binder ratio/type used to prepare the par
ticulate electrodes appears as clear possibilities for further tuning the Ni- 
PE performance. According to some recent studies published in the field 
of CO2 electroreduction [74,75] and water electrolysis in alkaline me
dium [76], the use of different types of ionomers, particularly Sustain
ion® (based of imidazolium functionalized styrene) as an anion 
exchange ionomer, plays an essential role for enhancing the electro
chemical process due to its high ion exchange capacity in alkaline media 
(ca.0.9–1.2 mmequiv.g− 1). The use of Sustainion® as binder at the 
catalyst layer level typically increases the local pH which directly in
fluences the reaction mechanism of the OER [77]. For this purpose, 
Sustainion® anodes were also prepared and their performance was 
assessed while applying the best operating conditions achieved in the 
last sections to make a rigorous comparison with anodes using Nafion™ 
as binder. In detail, a NiO catalyst with loading of 1.5 mg⋅cm− 2 was used 
to prepare de anode, an anolyte concentration of 1 M KOH was applied 
under an anolyte flow rate of 11.4 mL⋅min− 1 and a catholyte flow rate of 
0.15 mL⋅min− 1⋅cm− 2 was circulated. Finally, the current density applied 
was of 90 mA⋅cm− 2. Fig. 10 illustrates the results obtained in terms of 
(a) concentration of formate and rate, and (b) Faradaic Efficiency and 
energy consumption as a function of the type of binder employed in the 
anode manufacture. 

Despite the fact that similar values were reached in all the figures of 
merit represented in Fig. 10, it is important to remark that no degra
dation has been observed in Sustainion® anodes after the experiments. 
To confirm this observation, experiments with a duration of time of 5 h 
were tested at the same conditions defined previously. In this context,  
Fig. 11 represents the evolution of the formate concentration with time 
when using Nafion™ anodes or Sustainion® anodes. 

The difference between both binders is quite substantial as seen in 
Fig. 11. The formate concentration achieved in the experiment with 
Nafion™ anodes decrease drastically after approximately one hour, 
obtaining negligible concentrations of the product after 2 h of contin
uous operation and no product output upon solely 3 h operation. In 
contrast, the formate concentration obtained with Sustainion® anodes 
remains stable along the 5 h of the experiment, representing a decrease 
of less than 13 % in the concentration, and therefore fulfilling one of the 
requirements for future implementation of this type of anodes in the 
electrochemical reduction of CO2 to formate process. This issue could be 
attributed to the fact that the Sustainion® anion exchange ionomer can 
establish a local high pH environment around the NiO-based catalyst, 
promoting the OER in alkaline medium. Typically, Ni based catalysts are 
not stable at pH< 9 and many degradation mechanisms are triggered 
such as dissolution and redisposition of the nanoparticles at the mem
brane or even their detachment from the support towards the liquid 
electrolyte, limiting the OER activity of the catalyst and overall effi
ciency of the device. Besides, the low stability of Nafion™ anodes may 
occur since radicals produced during the oxygen evolution reaction in 
the anode directly destroy the structure of the Nafion™ ionomer, 
reacting with hydroxyls groups to generate compounds that destroy the 
function and integrity of the Nafion™ ionomer, based on per
fluorosulfonic acid [78]. In this regard, the use of Sustainion® as binder 
at the anodes proved to be beneficial for boosting the efficiency of the 
reactor and should be considered for future industrial applications of 
CO2 electrocatalytic reduction to formate. 

3.6. Comparison with previous approaches using DSA/O2 

Finally, in this subsection, the performance of the CO2 electro
reduction to formate process using Ni-based particulate electrodes is 
compared with respect to the results employing a DSA/O2 as an anode 
using the same filter press reactor configuration and the same operating 
conditions. The comparison was carried out at an anolyte concentration 
of 1 M, an anolyte flow per geometric surface area of 

Fig. 9. Influence of anolyte flow per geometric surface area on (a) formate 
concentration (g⋅L− 1) and rate (mmol⋅m− 2⋅s− 1) and (b) the Faradaic Efficiency 
for formate ( %) and energy consumption per kmol of formate (kWh⋅kmol− 1) in 
the anolyte flow per geometric surface area range of 0.57 – 
2.28 mL⋅min− 1⋅cm− 2, at a current density = 90 mA⋅cm− 2, a catholyte flow per 
geometric surface area = 0.15 mL⋅min− 1⋅cm− 2, a NiO catalyst loading 
= 1.5 mg⋅cm− 2, a Bi catalyst loading = 0.75 mg⋅cm− 2, and an anolyte con
centration = 1 M. 
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1.14 mL⋅min− 1⋅cm− 2 and a NiO catalyst loading of 1.5 mg⋅cm− 2, which 
allow for reaching the best results in previous subsections. Table 5 
compares the main results achieved in this work using both types of 
binders with those obtained using DSA/O2 with the same electro
chemical reactor configuration. 

Regardless of the binder used for the manufacture of the Ni-based 
particulate electrode, these anodes enhanced the performance of the 
CO2 electroreduction to formate process in terms of formate concen
tration, Faradaic Efficiency, and product rate, in spite of obtaining slight 
increases of energy consumption of only 7 %. Firstly, the concentration 
of formate varied from 7.5 to approximately 8.4 or 8.6 g⋅L− 1 increasing 
by approximately 15 %, a similar percentage as the formate rate. In this 
way, it is important to highlight the selectivities of formate achieved in 
this work (close to 100 %), demonstrating the feasibility and consider
able potential of these anodes to carry out the OER and their coupling 
with the CO2 electroreduction to formate in the cathode of the filter- 
press reactor. Thus, these anodes and particularly, NiO electrocatalysts 
can be considered as interesting materials to be used for the electro
catalytic reduction of CO2 to value-added products. 

4. Conclusions 

In this work, Ni-based particulate anodes are assessed for the CO2 
electroreduction towards formate in a continuous filter press reactor 
with a single pass of the reactants through the electrochemical reactor. 
In this sense, these materials are used to catalyze the OER and to propose 
a real and competitive solution to substitute the traditional expensive 
and not-abundant materials, like Ir, Ti or Pt, typically used previously in 
the CO2 electroreduction. Firstly, in this manuscript an electrochemical 
characterization of diverse NiO materials is carried out in a Rotative 
Disk Electrode by CV, LSV, and EIS techniques. This characterization 
demonstrates that NiO catalysts, with an average size of 50 nm, are an 
interesting material to carry out the OER, achieving promising results in 
terms of mass activity, geometric activity, and Tafel slopes in compari
son with other Ni-based materials used in the literature. These materials 
are tested in a continuous CO2 electrolyzer, studying firstly the influence 
of key variables in the process: (i) the current density (45, 90, 150 and 
200 mA⋅cm− 2), and (ii) the catholyte flow per geometric surface area 
(0.07, 0.15, and 0.57 mL⋅min− 1⋅cm− 2). In these experiments, anolyte 
concentration, and anolyte flow per geometric surface area were 1 M, 
and 0.57 mL⋅min− 1⋅cm− 2, respectively, the same as in previous recent 
studies with a DSA/O2, with NiO catalyst loading of 0.75 mg⋅cm− 2. In 
general, comparing these results under the same operating conditions, 
the figures of merit are close to, and even better than, those obtained 
previously. The concentrations achieved working with 200 mA⋅cm− 2, 
and 0.15 mL⋅min− 1⋅cm− 2, of up to 13.42 g⋅L− 1, with excellent values of 
Faradaic Efficiencies for formate and rate of 71.5 %, and 
7.1 mmol⋅m− 2⋅s− 1, respectively, can be highlighted. Consequently, the 
effect of the NiO catalyst loading (0.75, 1.5, 2.25, and 3 mg⋅cm− 2), the 
anolyte concentration (0.5, 0.75, 1, 1.5, and 2 M), and the anolyte flow 
per geometric surface area (0.57, 1.14, 1.71 and 2.28 mL⋅min− 1⋅cm− 2) 
was studied at a current density of 90 mA⋅cm− 2 and a catholyte flow rate 
per geometric surface area of 0.15 mL⋅min− 1⋅cm− 2 using the same 
experimental setup as previous approaches developed in the research 
group to make a rigorous comparison. 

In this sense, competitive results are obtained in terms of formate 
concentration (8.6 g⋅L− 1), rate (4.8 mmol⋅m− 2⋅s− 1), and energy con
sumptions of only 200 kWh⋅kmol− 1 with Faradaic Efficiency values for 
formate of approximately 100 %, enhancing the results reported in 
previous studies with a DSA/O2. On the other hand, this study revealed 
that the durability of the anodes can be dramatically affected by the type 

Fig. 10. Influence of the binder employed on the anode fabrication on (a) 
formate concentration (g⋅L− 1) and rate (mmol⋅m− 2⋅s− 1) and (b) the Faradaic 
Efficiency for formate ( %) and energy consumption per kmol of formate 
(kWh⋅kmol− 1), at a current density = 90 mA⋅cm− 2, a catholyte flow per geo
metric surface area = 0.15 mL⋅min− 1⋅cm− 2, a NiO catalyst loading 
= 1.5 mg⋅cm− 2, a Bi catalyst loading = 0.75 mg⋅cm− 2, an anolyte concentration 
= 1 M, and an anolyte flow = 11.4 mL⋅min− 1. 

Fig. 11. Evolution of the formate concentration (g⋅L− 1) with time (min) as a 
function of the kind of binder employed in the anode fabrication, at a current 
density = 90 mA⋅cm− 2, a catholyte flow per geometric surface area 
= 0.15 mL⋅min− 1⋅cm− 2, a NiO catalyst loading = 1.5 mg⋅cm− 2, a Bi catalyst 
loading = 0.75 mg⋅cm− 2, an anolyte concentration = 1 M, and an anolyte 
flow = 11.4 mL⋅min− 1. 
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of binder used in the fabrication of the counter electrode. In this way, 
employing Sustainion® greatly enhances the durability of the anode 
with experiments with a duration times of at least 5 h, keeping similar 
results as those obtained previously with Ni-based particulate electrodes 
with Nafion™, and representing a decrease of less than 13 % in the 
formate concentration. Thus, the results here reported represent a step 
forward in the field of CO2 electroreduction to formate due to the 
acquirement of competitive and promising values of key metrics in a 
continuous filter press reactor, using cheaper and more abundant ma
terials as anodes, and therefore bringing this process closer for future 
implementation at the industrial scale. 
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[77] B. Mayerhöfer, K. Ehelebe, F.D. Speck, M. Bierling, J. Bender, J.A. Kerres, K.J. 
J. Mayrhofer, S. Cherevko, R. Peach, S. Thiele, On the effect of anion exchange 
ionomer binders in bipolar electrode membrane interface water electrolysis, 
J. Mater. Chem. A 9 (2021) 14285–14295, https://doi.org/10.1039/D1TA00747E. 

[78] M. Xie, T. Chu, T. Wang, K. Wan, D. Yang, B. Li, P. Ming, C. Zhang, Preparation, 
performance and challenges of catalyst layer for proton exchange membrane fuel 
cell, Membranes 11 (2021) 879, https://doi.org/10.3390/membranes11110879. 

G. Díaz-Sainz et al.                                                                                                                                                                                                                             

https://doi.org/10.1021/jacs.7b13542
https://doi.org/10.1021/acssuschemeng.1c00199
https://doi.org/10.1002/celc.201900872
https://doi.org/10.1002/celc.201900872
https://doi.org/10.1021/acscatal.1c02495
https://doi.org/10.1016/j.apmt.2022.101528
https://doi.org/10.1016/j.apmt.2022.101528
https://doi.org/10.1002/cssc.200800015
https://doi.org/10.1016/j.jcou.2019.05.035
https://doi.org/10.1039/c2jm16641k
https://doi.org/10.1002/adma.201504766
https://doi.org/10.1149/1945-7111/ab7090
https://doi.org/10.1007/S10853-018-2538-3
https://doi.org/10.1016/j.ijhydene.2020.02.022
https://doi.org/10.1149/2.0501815jes
https://doi.org/10.1021/acsaem.1c00715
https://doi.org/10.1016/j.rser.2017.05.258
https://doi.org/10.1039/D1TA00747E
https://doi.org/10.3390/membranes11110879

	Coupling continuous CO2 electroreduction to formate with efficient Ni-based anodes
	1 Introduction
	2 Methodology
	2.1 Electrochemical characterization of Ni-based materials
	2.2 CO2 flow electrolyzer experimental setup
	2.3 Counter electrodes manufacturing
	2.4 Counter electrodes characterisation
	2.5 Working electrodes manufacturing
	2.6 Figures of merit
	2.7 Experimental conditions of previous approaches using DSA/O2

	3 Results and discussion
	3.1 Electrochemical measurements of Ni-based materials
	3.2 Electrodes characterization
	3.3 Preliminary assessment of Ni-based particulate electrodes
	3.4 Influence of key variables in the anodic compartment
	3.5 Further improvements in the counter electrode
	3.6 Comparison with previous approaches using DSA/O2

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Appendix A Supporting information
	References


