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A B S T R A C T

Scaling up CO2 electroreduction to formate faces several challenges, including using chemicals as electrolytes 
and high energy demands. To address these issues, this study uses an industrial stream—specifically a caustic 
soda stream from the textile industry—as anolytes for the oxygen evolution reaction (OER). Using this approach, 
formate concentrations of 226 g L⁻¹ and Faradaic efficiencies (FE) of 53 % are achieved at 200 mA cm⁻², 
demonstrating the competitiveness of industrial streams compared to synthetic anolyte solutions. Various anode 
materials are tested to optimize OER kinetics under industrial conditions and reduce energy consumption. Ni 
foam exhibited promising results, achieving FEs of 78 % and 58 % at 90 and 200 mA cm⁻², with energy con
sumption between 236 and 385 kWh kmol⁻¹ , making it one of the most efficient options among commercially 
available materials. In addition, alternative materials, such as NiFeOx and NiZnFeOx particulate anodes, are 
synthesized to provide viable substitutes for commercial anodes that rely on scarce elements. These alternatives 
demonstrated similar formate concentrations, with FEs up to 74 % and reduced energy requirements compared 
to commercial NiO. The synthesized NiFe foam anode excelled in performance, with energy consumption below 
210 and 380 kWh kmol⁻¹ and an impressive formate production of 255 g L− 1 of formate achieving a 60 % FE at 
200 mA cm− 2. Overall, this research demonstrates the feasibility of CO₂ electroreduction to formate using textile 
effluents under relevant conditions, representing a significant step toward making this process a competitive 
option for decarbonizing hard-to-abate industries.

1. Introduction

The extensive use of fossil fuels for industrial development over the 
past century has led to a significant and exponential increase in atmo
spheric CO2 levels. Current CO2 concentrations have reached 425 ppm, 
nearly double the levels of the preindustrial era [1]. This rapid rise in 
CO2 is a primary driver of global warming and climate change. To 
mitigate the long-term impacts of climate change, various international 
agreements have proposed strategies to reduce and minimize CO2 
emissions [2]. Key strategies include transitioning to renewable energy 
sources, decarbonizing the energy sector, and electrifying industrial 
processes [3]. However, not all economic sectors can easily reduce CO2 

emissions through conventional methods. The so-called “hard-to-abate” 
sectors refer to industries where CO2 emissions are an intrinsic part of 
the production process, making decarbonization particularly chal
lenging. To address these emissions, alternative approaches are neces
sary. In this context, Carbon Capture and Utilization (CCU) strategies 
have emerged as promising technologies [4,5]. These strategies not only 
prevent the direct release of CO2 into the atmosphere but also enable the 
recycling of captured CO2 to produce valuable products.

Among the different utilization technologies, CO2 electroreduction 
to value-added products is particularly promising [6], as it allows excess 
energy from renewable energy sources to be stored in chemical bonds 
[7]. A wide range of CO2 reduction products can be obtained through 
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this process, including formate/formic acid, methanol, ethanol, 
methane, or ethylene, among others, by applying an external potential 
to an electrochemical cell [8–10]. Formate is especially noteworthy as a 
reduction product, being among the most advanced chemicals in terms 
of CO2 electrochemical reduction at an industrial scale [11]. However, 
further research is needed, as the Technology Readiness Level (TRL) 
currently stands between 4 and 5, with early prototypes still needing to 
operate in industrial environments.

The core component of CO2 electroreduction technology is the 
electrochemical reactor, which consists of two separate electrodes [11]. 
Among the different reactor configurations, gas-phase operation has 
shown significant potential for scalability. In this configuration, re
actants pass through the reactor in a single pass, achieving high formate 
concentrations and approaching the industrial target of 85 % wt. 
formate production via CO2 recycling [12]. Here, the cathode feed 
consists of humidified CO2, while the anolyte is in the liquid phase. The 
CO2 reduction reaction takes place at the three-phase boundary (gas-
liquid-solid), which includes the gaseous CO2, the humidity from the 
feed stream, and the catalyst surface [13]. An ion exchange membrane 
separates the cathode and anode compartments, allowing charged spe
cies to flow between the electrodes depending on the membrane type 
[14]. Cation exchange membranes (CEM) are primarily used in CO2 
electroreduction to formate, as they allow protons from the anode to 
cross and participate in the reduction reaction while preventing the 
migration of formate anions to the anode, where they could be 
re-oxidized [15]. Finally, an oxidation reaction occurs at the anode, and 
the electrons generated are directed to the cathode via an external 
electrical circuit to support the CO2 reduction reaction.

Different synthetic anolytes are used to carry out the oxidation re
action at the anode. The Oxygen Evolution Reaction (OER) is the most 
common oxidation process paired with CO2 electroreduction at the 
laboratory scale. However, other oxidation reactions coupled with the 
CO2 electroreduction, such as ethanol [16], methanol [17,18], or methyl 
orange [19,20] oxidations in addition to Glycerol Oxidation Reaction 
(GOR) [21,22], are also being explored for their potential benefits. In 
this regard, very recently, Xie at al. [23] have exhaustively revised some 
alternative oxidation reactions to replace the OER and reduce energy 
consumption at the anode while producing higher-value chemicals. 
Alkaline solutions are frequently used at the anode to promote CO2 
reduction to formate while suppressing competing reactions like the 
Hydrogen Evolution Reaction (HER) [24]. Common supporting elec
trolytes in these solutions include KOH, KHCO3, and K2SO4 [11]. 
Alkaline hydroxides, in particular, are preferred because they enhance 
CO2 electroreduction kinetics, achieving higher current densities than 
neutral anolytes such as KHCO3 or K2SO4 under the same applied po
tential [25]. In some approaches, acidic anolytes are used to improve 
system stability, although they tend to favor HER, which can reduce the 
efficiency of CO2 reduction to formate [26].

To assess the technical feasibility of scaling this technology for in
dustrial applications, it is essential to evaluate the use of industrial 
streams as sources for oxidation reactions [27]. Exploring the potential 
of such process streams, particularly when aligned with relevant 
oxidation reactions, could lower overall costs and advance circular 
economy principles in industrial settings [28].

This study investigates the feasibility of installing a CO2 recycling 
plant in a hard-to-abate sector, specifically within the textile industry, 
which represents an intensive CO2-emission sector [29]. Besides, formic 
acid/formate is employed as a chemical for wastewater treatment in this 
industry. It evaluates various industrial streams from different textile 
processes as potential anolytes for oxidation reactions coupled with CO2 
electroreduction to formate [30]. Among the examined textile processes, 
mercerization appears to be the most compatible for integration with 
CO2 electroreduction [31,32]. In this process, cotton fabric is treated 
with highly concentrated sodium hydroxide (NaOH) [32]. As previously 
mentioned, alkaline hydroxides are particularly advantageous for 
coupling with CO2 electroreduction to formate. Process streams can be 

sourced from different stages of mercerization, either from the inlet, 
where NaOH is highly concentrated after a recovery stage, or from the 
outlet, where NaOH is diluted with tap water. Another textile process 
that may provide suitable effluent for anolytes is the causticizing pro
cess, in which cotton fabric is treated with less concentrated NaOH that 
does not undergo a recovery stage but retains high purity [31]. This 
study experimentally evaluates the technical feasibility of using process 
streams from both operations as viable anolytes.

The OER, typically paired with CO2 electroreduction, has been 
extensively studied using noble metals as catalysts [11,33]. Platinum 
(Pt) and Iridium (Ir)-based materials demonstrate high activity across a 
broad pH range. However, the scarcity and high cost of these materials 
highlight the need for alternative, non-precious metals alternatives that 
can perform the OER [34]. Nickel (Ni), an earth-abundant first-row 
transition metal, has been known as an OER catalyst since the early 20th 
century [35] and has recently emerged as an efficient and cost-effective 
alternative in water-splitting applications due to its low price, avail
ability, and high OER activity, especially in alkaline media [36–38]. Ni 
also serves as the primary catalyst in commercial alkaline water elec
trolyzers [39]. Several works have employed Ni-based materials as 
counter electrodes in CO2 electroreduction to formate using various 
anode morphologies, from particulate anodes [38] to commercial Ni 
foams [40], to achieve high current densities. These configurations 
improve mass transfer and provide a large active surface area, 
enhancing electronic conduction compared to conventional plate 
anodes.

Other transition metals, such as Iron (Fe) or Zinc (Zn), are also 
considered effective OER catalysts, although their use with CO2 elec
troreduction to formate has been limited. Nevertheless, Fe and Zn show 
promising OER performance in alkaline conditions, making them po
tential candidates for coupling with CO2 electroreduction [41]. Experi
mental studies reveal that Ni-oxyhydroxide evolves during operation by 
incorporating Fe from the electrolyte, resulting in a highly active 
Fe-doped Ni OER catalyst [42,43]. In addition, Zn-doped hematite [44]
and Zn-doped spinel (AB2O4) have been proposed as promising alter
natives, lowering overpotentials and enabling new reaction pathways 
through cooperative push-pull interactions among Ni-Fe-Zn centers on 
the catalyst surface [45]. Furthermore, the incorporation of phospho
rous into the crystalline structure of certain NiFe catalysts has been 
explored, demonstrating exceptional OER performance in alkaline 
media, and indicating their potential for near-industrial applications 
[35].

Hence, the primary objective of this work is to explore the feasibility 
of using textile industry streams as electrolytes for continuous CO2 
electroreduction to formate in gas phase, a novel approach with limited 
coverage in current literature, making this work a significant advance
ment in CO2 electroreduction under industrial conditions. Specifically, 
textile industry streams are collected, characterized, and tested as ano
lytes in an electrochemical cell. To enhance the OER at the anode, 
various anodic materials are studied, including commercial Ir-based 
DSA plates and synthesized Ni-based anodes combined with other 
non-precious materials. These materials are characterized and tested to 
assess their electrocatalytic activity. The CO2 electroreduction experi
ments are conducted in a laboratory set-up, using different anodic ma
terials and morphologies, such as plates, foams, and particulate anodes. 
The system’s performance is evaluated based on key metrics, including 
Faradaic Efficiency (FE), formate production rate, energy consumption, 
and overall energy efficiency. The findings from this study represent a 
significant step forward in implementing CO2 electroreduction to 
formate within industrial environments.

2. Methodology

2.1. Textile industry stream characterization

Textile industry streams are collected from four different points 
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across two textile processes. From the mercerization process, samples 
are taken from both the inlet and outlet of the mercerizing machine. 
Caustic soda mercerizing is the most widely used technique for cotton, 
where fabric is treated under tension in a concentrated caustic soda 
solution (270 – 300 g NaOH/l, or 170 – 350 g NaOH/kg) for approxi
mately 40–50 seconds. The same equipment is utilized for desizing and 
caustification, which involve a combination of desizing and cold 
bleaching. In these processes, the fabric is immersed in a bath containing 
hydrogen peroxide, caustic soda, stabilizers for hydrogen peroxide, and 
complexing agents, with persulphate commonly added to the solution. 
Here, caustic soda is applied at a lower concentration (145 – 190 g/l) 
without tension, allowing the fabric to shrink and thus improving dye 
absorption. Beyond its desizing and bleaching effects, this treatment also 
serves as a pre-scouring process. After the reaction, the fabric is thor
oughly rinsed with hot water (95 ºC) [46].

During both the mercerizing and caustification processes, a first 
sample is collected in the initial phase, exhibiting a pH range of 12–13, 
while a second stream is taken post-wash, where pH values are slightly 
lower (10− 12). Considerations must be made for suspended particles 
and residual washing agents.

The collected textile industry streams are then characterized to 
assess their potential as anolytes for CO2 electroreduction to formate. A 
full physicochemical characterization includes measurements of pH 
(pHmeter Violab pH 50, XSinstruments), conductivity (Crinson 
CM35 +), composition, determined by ion chromatography (Dionex ICS- 
5000 for anion and cation detection, AS9 column and Na2CO3 as eluent 
for anion determination and CS12 column and CH4SO3 as eluent for 
cation detection), as well as total and suspended solids (Following the 
UNE 77034). The dissolved solids are determined by subtracting the 
suspended solids from the total solids. Parameters such as conductivity 
and pH are critical for determining the electrolyte behavior in the CO2 
electroreduction reaction, where maximizing selectivity depends on 
these properties.

2.2. Anode materials

Different anode materials are employed to carry out the OER reac
tion using the textile industry streams as anolytes. Initial tests use 
commercial anodes to assess the viability of coupling each stream’s 
oxidation; three materials are proposed. The benchmark, a dimension
ally stable anode, DSA/O2 (Ir-MMO mixed metal oxide on platinum), is 
widely employed in previous studies [12,26,33]. Another approach 
utilizes commercial NiO nanoparticles (Sigma Aldrich, 50 nm) coated on 
carbon paper (Toray TGP-H-60) to form a particulate anode, with a 
loading of 1.5 mg cm− 2 and Nafion (D-521, Ion Power) as a binder. This 
setup has demonstrated high performance in OER coupled with CO2 
reduction to formate [38]. A commercial Nickel foam (Racemat CV, 
Niquel foam Grade 4753 thickness 1.6 mm) is also evaluated as an 
alternative configuration.

Following tests with commercial anodes, synthesized nanoparticles 
are used to fabricate particulate anodes aimed at improving the OER. 
NiFeOx and NiZnFeOx are synthesized via a hydrothermal method, using 
equimolar metal nitrates are dissolved in water (metal concentration: 
50 mM), then hydrolyzed with diluted aqueous ammonia to achieve pH 
8.5. The solution is placed in a Teflon cup in an autoclave at 140 ◦C for 
2 hours. After hydrothermal treatment, the pressure vessel is air-cooled, 
and the product is washed with water (H2O) and ethanol (CH3CH2OH), 
with nanoparticles collected by centrifugation (final particle size: 
~8 nm).

To decorate Ni foam electrodes with Fe-Ni oxyhydroxide nano
structured, a modified multi-step process is employed based on previous 
methods [35]. First, a piece of commercial Ni foam (0.5 mm) is dipped 
into an iron nitrate solution (prepared by dissolving 7.5 g Fe 
(NO3)3⋅9 H2O precursor in 50 mL deionized water) and slowly dried in 
air. After drying, it is thermally phosphatized in a tube furnace at 450◦C. 
The phosphorus source was 600 mg sodium hypophosphite 

monohydrate (NaH2PO2⋅H2O), which is put upstream of the Ar circu
lation at around 400◦C. This thermal phosphidation forms Fe(PO3)2 
nanocrystals on top of the Ni2P surface formed on the Ni foam, during 
cooling down to room temperature under argon. This immersion/
phosphidation process is repeated twice to yield a Fe(PO3)2 loading of 
2–3 mg cm–2.

The fabricated anodes are physically characterized using Powder X- 
ray diffraction, obtained with a Bruker AXS D8-Discover diffractometer 
(40 kV and 40 mA). Environmental scanning electron microscopy data 
are obtained using Quanta 600 equipment from FEI under high-vacuum 
conditions with a Large-Field Detector at 20 kV. Transmission electron 
microscopy is performed with a JEOL JEM1011 microscope operating at 
80 or 100 kV, equipped with a high-contrast 2k × 2k AMT mid-mount 
digital camera. High-resolution transmission electron microscopy 
(HRTEM) and scanning transmission electron microscopy (STEM) in
vestigations are performed on a field emission gun FEI Tecnai F20 mi
croscope. High-angle annular dark-field (HAADF) STEM is combined 
with electron energy loss spectroscopy (EELS) in the Tecnai microscope 
using a GATAN QUANTUM energy filter to obtain compositional maps.

The morphology and particle size distribution of the Bi/C electro
catalyst are assessed using Transmission Electron Microscopy (TEM, 
JEOL JEM-2010 at 200 kV and JEOL JEM-1400 at 120 kV). The Bi/C 
GDEs are also characterized by powder X-ray diffraction (PXRD, Philips 
X’PERT PRO at 40 kV and 40 mA). The electrode microstructure is 
determined by Scanning Electron Microscopy (SEM, JEOL JSM-7000F at 
10–20 kV), and the Bi distribution across the GDE is evaluated through 
elemental EDX mapping (SEM/EDX, HITACHI S-3000 N microscope 
working at 20 kV with X-ray detector Bruker Xflash).

For electrochemical double-layer capacitance (EDLC) measurements, 
open circuit potentials (OCPs) vs. the Hg/HgO reference electrodes are 
firstly recorded for 30 min to reach rather stable values. Combined with 
the above CV measurements, the 100 mV potential windows centered at 
OCPs could be determined and cyclic voltammetries are then carried out 
under scanning rates of 5, 10, 25, 65, 75, 90, and 100 mV s–1. The 
current density differences between the minimum and maximum values 
at OCPs vs. the Hg/HgO and the corresponding scanning rates are 
plotted to calculate the EDLC value (1/2 of the slope of current density- 
scan rate plots).

2.3. Continuous CO2 electroreduction in gas phase using the textile 
industry streams as anolyte

Continuous CO2 electroreduction to formate is carried out in a filter- 
press electrochemical reactor (ElectroCell) which has a 10 cm2 geo
metric active area, using a single pass flow of reactants. The cell is 
configured for gas-phase operation, as shown in Fig. 1.a. Humidified 
CO2 is continuously supplied to the cathode compartment at a rate of 
200 mL min− 1. A Gas Diffusion Electrode (GDE) serves as the cathode, 
composed of a commercial gas diffusion layer (GDL) (Sigracet 39 BB, 
Fuel Cell Store) and a catalytic layer. Carbon-supported Bi nano
particles, previously shown to achieve excellent results [12,33,47], are 
used as electrocatalysts.

The GDE is fabricated by an automated spray pyrolysis technique 
(ND-DP Mini Ultrasonic Spray Coater, Nadetech Innovations), previ
ously optimized [47]. The catalytic ink is formulated utilizing iso
propanol (laboratory reagent grade, ≥99.5 %, Fischer Chemicals) as the 
solvent (97 % wt.), and Nafion ionomer (D-521, 5 % wt. dispersion, Ion 
Power) as the binder, with a catalyst/ionomer ratio of 70/30. The ink is 
sprayed onto the GDL to achieve a catalyst loading of 0.75 mg cm− 2. The 
anode and cathode compartments are separated by a cation exchange 
membrane (CEM), Nafion 117 (Ion Power), which is pre-activated in 
1 M NaOH and positioned in close contact with the GDE surface. A 
leak-free Ag/AgCl 3.4 M KCl electrode, integrated into the cell within a 
PTFE frame in the anode compartment, serves as the reference electrode 
to ensure proper wetting.

In the anode compartment, the anolyte is pumped at a constant 
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flowrate of 0.57 mL min− 1 cm− 2. The industrial stream used as the 
anolyte is stored in a magnetically stirred reservoir, with the tempera
ture held steady at 64 ◦C using a hot plate.

When using a foam anode, the anodic compartment configuration is 
adjusted, as depicted in Fig. 1.b. In this setup, the foam is placed in 
contact with the Nafion 117 membrane, with a Titanium mesh used as 
the current collector. The foam is integrated into a flow field, allowing 
the anolyte to pass through its porous structure, thereby maximizing the 
active area in contact with the electrolyte.

The experiments are carried out at a constant current density of 90 
and 200 mA cm− 2, provided by a potentiostat-galvanostat (Arbin In
struments, MSTT4). A single liquid sample is collected after each 60- 
minute experiment, and each experiment is replicated at least twice. 
Formate concentration in the liquid sample is measured using ion 
chromatography (Dionex ICS 1100, equipped with an AS9-HC column).

The CO2 electroreduction performance to formate is evaluated based 
on the following figures of merit (Eqs. 1–3) [11]: 

- Faradaic Efficiency, FE, quantifies the fraction of current density 
supplied to the electrochemical cell which is utilized for formate 
production: 

FE(%) =
z • M • F
j • A • t

× 100 (1) 

Where z is the number of electrons exchanged in the reduction re
action (2 for formate), M is the number of moles of formate produced 
during the experimental, F is the Faraday constant (96485 C mol− 1), 
j is the applied current density, A is the electrode’s geometric active 
area, and t is the experimental time.

- Formate rate, r, evaluates the rate of formate production over time 
and area: 

r
(

mmol
m2 s

)

=
M

t • A
(2) 

Where M and A are as defined above, and t is the duration of the 
experiment.

- Energy consumption, EC, measures the total amount of energy 
required to produce one kilomole of the target product:

EC
(

kWh
kmol

)

=
j • A • V • t

M
(3) 

Where j, A, t, and M are as defined, and V is the applied potential across 
the electrolyzer.

Fig. 1. Different filter-press reactor configurations when employing a) a Particulate anode and b) a Foam anode.
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3. Results

3.1. Electrocatalyst and electrode characterization

The synthesized electrocatalysts are characterized morphologically 
and structurally using electron microscopy and X-ray diffraction to 
confirm their morphology and crystalline structure. Both NiFe and 
NiZnFe oxides exhibit well-defined and homogeneous shapes (Fig. 2), 
with their crystalline structures corresponding to a nickel-iron oxide 
spinel (Figures S1 and S2).

The elemental distribution is consistent across the entire surface, 
with a homogeneous elemental content on the whole catalyst surface, 
and the elemental ratios match the initial stoichiometries pre-synthesis. 
For the decorated Ni foam (NiFe foam), the primary structure is based on 
the Ni₂P phase, adorned with an amorphous Fe core-shell structure 
(Figures S3-S9).

In terms of electrochemical properties, the EDLC (electrical double- 
layer capacitance) shows similar capacitance values for both NiFe and 
NiZnFe oxides (Figures S13.a and S13.b), with a slight increase for 
NiZnFe, likely due to the presence of Zn (Figures S10 and S11). The 
incorporation of Zn may create additional active sites on the catalyst 
surface in basic media [44].

In contrast, the NiFe foam demonstrates the highest EDLC in the non- 
faradaic region, as shown in Figure S13.c, with a capacitance of 
approximately 1.1 mF (Figure S12). This elevated capacitance is 
attributed to the highly porous surface of the electrode and —dense 
concentration of actives sites on the material’s surface.

For the cathodic electrocatalysts, the TEM images reveal a spherical 
shape with a narrow particle size distribution, around 9.3 nm [48], as 
shown in Figure S14. The morphology of the as-prepared GDEs is further 
investigated by SEM imaging. Top-down SEM and EDX mapping 
(Figure S15) confirm the uniform distribution of the catalyst on the GDE 
surface [47,48]. Cross-section analysis determines the GDE thickness, 
between 275 and 290 µm. Finally, the XRD evaluation (Figure S16) 

shows that most of the GDE surface is composed of carbon-based ma
terials, with weak Bi-related signals, which is expected since the Bi is 
supported on carbon in the catalyst nanoparticles [47].

3.2. Textile industry stream characterization

Samples collected from various stages of the textile industry process 
are analyzed to evaluate their suitability as anolytes for CO2 electro
reduction. The key parameters evaluated are presented in Table 1:

As shown in Table 1, the temperature of the samples remains 
consistent at 64 ºC across the textile process. This elevated temperature, 
significantly above ambient conditions, may influence CO2 electro
reduction performance. Löwe et al. [49] noted that higher temperatures 
improve GDE system performance due to two main factors: i) they lower 
cathode potentials at a given current density, improving cathode ki
netics and reducing HER impact, and ii) they enhance CO2 mass transfer 
through GDE pores due to an increased diffusion coefficient.

pH is another crucial parameter, with all streams being alkaline (pH 
10–13). Basic anolytes are commonly employed to suppress HER, 
maximizing FE for the target product [24]. Additionally, dissolved or 
suspended solids in the anolytes can lead to the formation of solid de
posits on active sites, potentially deactivating the catalyst. Lower solid 
content in the industrial stream is, therefore, advantageous for main
taining prolonged, stable OER activity on the anode surface. The organic 
matter content in the textile industry stream is determined utilizing the 
Chemical Oxygen Demand (COD), with the inlet streams having more 
concentration, with values ranging from 318 to 438 mg O2 L− 1. The 
Biological Oxygen Demand (BOD) is not quantified, as the high pH value 
of the streams might degrade the biodegradable fraction of the organic 
matter present.

Finally, composition and conductivity are closely linked: higher 
cation and anion concentrations generally result in increased conduc
tivity, a vital property for efficient anolyte performance as it reduces cell 
voltage and energy consumption. Streams M1 and C1 exhibit high cation 
concentrations, particularly Na+, due to approximately 1.5–2 M NaOH, 
resulting in high conductivity and ensuring efficient electrochemical cell 
performance. Conversely, the outlet streams (M2 and C2) show diluted 
concentrations, resulting in low conductivities (below 50 mS cm− 1). As a 
result, these diluted streams are unsuitable for experimental testing as 
they do not support efficient CO2 electrolyzer operation.

3.3. Continuous CO2 reduction: OER with commercial materials

After characterizing and evaluating the textile industry streams for 
anolyte suitability, the M1 and C1 streams are selected and used for 
continuous CO2 electroreduction to formate using various commercial 
anode materials: Ir-coated DSA, NiO particulate anode, and Ni foam. The 
CO2 electrolyzer’s performance is assessed by comparing the behavior of 
different anode materials and anolytes at two current densities, 90 and 
200 mA cm− 2. Fig. 3 shows the formate production results for each 
anode material using both M1 and C1 streams as anolytes.

The different compositions of the two textile industry streams impact 
the performance of CO2 electroreduction to formate. As observed in 
Fig. 3, stream M1, collected from the mercerization process inlet, yields 
superior performance. When both processes are benchmarked with the 
DSA, M1 achieves double the formate production compared to C1, 
underscoring the influence of stream composition. Although C1 has a 
higher Na+ concentration and conductivity (Table 1), its efficacy as an 
anolyte is limited, likely due to its elevated dissolved solids content in 
C1, which may cause precipitates on catalyst active sites during OER, 
thereby reducing catalyst activity. Similar trends are observed with NiO 
PE and Ni Foam anodes. Additionally, the COD at the outlet of the 
reactor is analyzed for both M1 and C1 streams, with no significant 
change recorder, thus this confirms that the main oxidation reaction 
taking place in the anode is the OER.

When assessing the performance of different anode materials with 
Fig. 2. FESEM images of a) Ni-foam/NiFeOx(P) catalyst, b) NiFeOx, and 
c) NiZnFeOx.
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the M1 stream (the better-performing anolyte), we observe variations in 
formate production. With the DSA, formate concentrations of 120 and 
226 g L− 1 are obtained for 90 and 200 mA cm− 2, respectively, with FEs 

of 63 and 53 %. Compared to previous works by Diaz-Sainz et al. [12], 
the formate concentration is lower, but the FE is slightly higher. How
ever, the shift from K+ to Na+ in the anolyte may have affected cathode 

Table 1 
Characterization of textile industry streams for temperature, composition, pH, conductivity, and solid content.

Stream Temperature 
(ºC)

Composition (g 
L− 1)

pH Conductivity (mS 
cm− 1)

Total solid content (g 
L− 1)

Suspended solids (g 
L− 1)

COD (mg O2 

L− 1)

Mercerization inlet (M1) 64 ̊C Na+ 35.8 12.05 430 91 3.33 318
F- 0.4
ClO2

- 0.4
Cl- 0.6
NO3

- 1
SO2

- 1.8
Ca+ 0.3
Mg+ 0.4

Mercerization outlet 
(M2)

64 ◦C Na+ 0.95 12.95 16.75 4.3 0.05 18
K+ 0.06

Causticizing inlet (C1) 64 ̊C Na+ 45 12.37 547 147.4 0.066 438
Cl- 0.01
NO3

- 0.05
SO4

- 0.4
Causticizing outlet (C2) 64 ̊C Na+ 0.329 10.25 1.8 0.81 0.002 62

Cl- 0.01
NO3

- 0.16
SO4

- 0.22
K+ 0.02

Fig. 3. Formate concentration and FE results for continuous CO2 electroreduction to formate in the gas phase using different anode materials and anolyte com
positions (Textile industry streams M1 and C1).

Fig. 4. Energy consumption results for DSA plate, NiO PE, and Ni Foam, using M1 and C1 streams as anolytes, compared to previous results with DSA and 1 M 
KOH [12].
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performance, as the formation of less soluble Na-salts can alter the GDE 
structure during CO2 electrolysis [26,50]. Despite this, DSA under
performed for CO2 electroreduction to formate, with NiO PE and Ni 
foam showing 15–22 and 10 % higher formate production at 90 and 
200 mA cm− 2, respectively, largely due to the higher electrochemical 
surface area compared to the DSA plate [38,51].

Among the anodes, NiO PE shows the highest formate production, 
reaching concentrations of 153 and 244 g L− 1 at 90 and 200 mA cm− 2, 
with FEs of 80.5 and 58.5 %, respectively. This outperforms Ni foam, 
especially at 90 mA cm− 2, where formate production is 10 % lower 
(139 g L− 1 with 72 % FE). At 200 mA cm− 2, both anodes show similar 
CO2 conversion, with formate concentrations of 245 g L− 1 and 58.5 % of 
FE. Both anodes produced comparable formate rates at high current 
densities, around 6.03 mmol m− 2 s− 1.

Another crucial factor is the system’s energy consumption, essential 
for evaluating industrial scalability. Energy consumption results are 
compared in Fig. 4 with previous work using a DSA with synthetic 1 M 
KOH as the anolyte [12]:

As with formate production, the C1 stream produces poorer results 
than M1, with higher cell voltages and lower formate production, 
resulting in increased energy consumption. This further indicates the 
unsuitability of C1 as an anolyte for continuous CO2 electroreduction to 
formate. On the other hand, M1 shows excellent performance across all 
anode materials, with reduced energy consumption compared to syn
thetic 1 M KOH. This demonstrates the potential of coupling textile in
dustry stream oxidation to lower energy requirements and enhances the 
competitive viability of this technology competitively for future indus
trial implementation.

Of the anode materials, Ni foam exhibited the lowest energy con
sumption due to a significant reduction in cell potential, from 5.6 to 
4.7 V when compared to the DSA, working at 200 mA cm− 2. This is 
attributed to its three-dimensional structure, allowing the formation of a 
zero-gap anode where the anode material is in direct contact with the 
ion exchange membrane while the anolyte flows through its pores [52]. 
Ni foam’s energy consumption is 236 and 385 kWh kmol− 1 at 90 and 
200 mA cm− 2, respectively. Compared to previous studies, this repre
sents a 43 and 30 % reduction in energy consumption, bringing it closer 
to the target value of 238 kWh kmol− 1 at current densities above 
200 mA cm− 2 [53].

3.4. ERCO2 coupling with alternative anode material for OER using 
textile industry streams

The mercerization inlet stream, M1, having demonstrated the best 
performance in previous analyses, is selected as the anolyte for testing 
synthesized Ni-based anodes. These materials aim to assess the use of 

abundant catalysts for the OER under industrial conditions coupled with 
CO2 electroreduction to formate. Performance results for CO2 conver
sion to formate are presented in Fig. 5.

The NiZnFeOx particulate anode and NiFe foam demonstrate similar 
results, achieving formate concentrations of approximately 140 and 
250 g L− 1 for 90 and 200 mA cm− 2, respectively, equivalent to com
mercial NiOx and Ni foam electrodes (Fig. 5). This result underscores the 
potential for coupling synthesized Ni-based materials with CO2 elec
troreduction. On the other hand, the NiFeOx anode shows lower formate 
production, with concentrations between 95 and 170 g L− 1 at 90 and 
200 mA cm− 2. This reduced performance can be attributed to its lower 
EDLC compared to NiZnFeOx, as presented in Figure S13. The addition 
of Zn in NiZnFeOx increases EDLC, which enhances OER kinetics, im
proves charge transfer to the cathode, and boosts CO2 reduction per
formance [54]. In this case, Zn serves as a sacrificial material during the 
electrolysis. Due to the solubility of Zn in alkaline media, it dissolves, 
exposing fresh active sites for OER and directly improving the EDCL. 
This suggests that Zn leaching is only partial, likely originating from 
significant defects or specific crystal facets, within the oxide structure. 
This leaching may be associated with the observed EDCL enhancement 
under working conditions, as ion leaching could increase the material’s 
surface area, thereby improving the accessibility of active sites for water 
molecules. In terms of FE, the NiZnFeOx and NiFe foam anodes also yield 
competitive results for CO2 gas-phase conversion, with FEs around 75 % 
at 90 mA cm− 2 and 60 % at 200 mA cm− 2. Formate production rates 
reach approximately 3.45 and 6.4 mmol m− 2 s− 1 for NiFe foam at 90 
and 200 mA cm− 2, respectively representing improved CO2 reduction 
kinetics compared to commercial anodes, due to greater electron 
availability at the cathode.

The possible degradation of the synthesized anodic materials on the 
industrial effluent under oxidation conditions is addressed. Despite the 
alkalinity of the M1 stream, the presence of Cl- might raise concerns, as 
the electrochemical Cl- oxidation could result in inefficient OER and 
even cause corrosion of the anode material. To evaluate this, the outlet 
of the anolyte compartment is evaluated to assess any change in the Cl- 

during the single pass through the electrochemical reactor. No signifi
cative alteration in the Cl- concentration is observed, which remained 
around 0.6 g L− 1, indicating that Cl- is not oxidized. Moreover, as the Cl- 

concentration is relatively low, no degradation of the anodic materials 
occurred after the experimentation, confirming the stability of the ma
terials during the ERCO2 tests.

An essential parameter in evaluating the potential of different anode 
materials is the anodic overpotential, which often represents a signifi
cant portion of the external energy needed for CO2 electroreduction. 
Changes in overpotential are reflected in the energy consumption for 
producing formate. Energy consumption results for the synthesized 

Fig. 5. Formate concentration and FE results for coupling CO2 electroreduction to formate in the gas phase using synthesized NiFeOx, NiZnFeOX, and NiFe 
Foam anodes.
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different materials are depicted in Fig. 6:
A clear trend emerges in line with EDLC results: lower Capacitance 

Double Layer (Cdl) values correspond to higher energy consumption. 
Consequently, the NiFeOx particulate anode, with a Cdl of 4⋅10− 3 mF, 
shows the highest energy consumptions, at 545 and 926 kWh kmol− 1 for 
90 and 200 mA cm− 2, respectively. The NiZnFeOx particulate anode 
improves the energy consumption by 10–20 %, reducing requirements 
to 490 and 790 kWh kmol− 1 for 90 and 200 mA cm− 2, respectively. The 
NiFe foam anode provides the most substantial energy reduction, thanks 
to its three-dimensional structure and anolyte flow-through design. This 
structure offers a larger active surface area, which accesses numerous 
active sites for OER, while the high EDLC (1.1 mF) enhances charge 
storage on the active surface area [55]. This improved accessibility of 
charged species enables both OER and CO2 reduction, while the large 
interface area between the anolyte and the anode material enhances the 
OER kinetics by minimizing mass transfer limitations [56]. Moreover, 
the well-developed double layer facilitates charge transport, reducing 
anode overpotential, resulting in a 4.4 V cell potential, and resulting in 
remarkably low energy consumptions for gas-phase CO2 electro
reduction to formate (209 and 380 kWh kmol− 1 at 90 and 
200 mA cm− 2). Compared to results with a commercial Ni foam, these 
findings show that electrodeposition of an additional Ni-Fe catalyst can 
further reduce energy requirements by up to 10 %.

Gas-phase CO₂ electroreduction to formate, using a humidified CO₂ 
stream as the sole feed to the cathode, has garnered significant attention 
in recent years. Most studies have employed synthetic anolytes to 
facilitate the OER at the anode. Table 2 presents a comparison of the key 
figures of merit from previous studies alongside the results of the present 
work.

The obtained FE and energy consumption fall within the range of 
previously reported values, achieving one of the best trade-offs between 
formate concentration, FE, and energy consumption at a current density 
of 200 mA cm⁻².

This work demonstrates the potential of coupling industrial stream 
oxidation with CO2 electroreduction to formate, achieving high con
version efficiency for both commercial and synthesized anode materials. 
Additionally, using textile industry streams shows potential for signifi
cantly lowering energy consumption at high current densities. Particu
larly promising results are obtained with foam-type anodes, reaching the 
target 4.3 V of cell overall potential at current densities exceeding 
200 mA cm− 2 [53], to make the CO2 electroreduction to formate process 
economically feasible.

4. Conclusions

The scale-up of CO2 electroreduction to formate faces several chal
lenges, particularly due to the use of chemicals as anolytes and the need 
to reduce energy demands for economic feasibility at an industrial scale. 
To address these challenges, this study uses textile industry streams as 
anolytes for the OER. Promising results are obtained using a highly 
concentrated caustic soda stream, sourced from the inlet of the 
mercerization process in a textile industry. Formate concentrations of 
226 g L− 1 with a FE of 53 % are reached at 200 mA cm− 2 using a DSA 
plate, showing better FE performance than previous trials with synthetic 
1 M KOH anolyte solutions. This result highlights the potential for 
combining the oxidation of textile industry streams with industrially 
relevant conditions to scale up CO2 electroreduction to formate.

The study also evaluates different anode materials to enhance the 
OER kinetics, improve CO2 electroreduction efficiency, and reduce 
overall energy consumption. Two different approaches were proposed: 
using commercially available anode materials and developing new, cost- 
effective materials. In the first approach, a DSA anode, a NiO particulate 
anode, and a Ni foam are compared. Both the NiO and Ni foam anodes 
achieve excellent formate concentrations of approximately 150 and 
245 g L− 1, with FEs of 78 and 58 % at 90 and 200 mA cm− 2, respec
tively. Ni foam also significantly reduces energy consumption to 236 and 
385 kWh kmol− 1, benefiting from its high surface area provided by its 
three-dimensional structure.

The second approach involves synthesizing alternative anode mate
rials from abundant elements to reduce the cost of OER catalysts. Here, 
NiFeOx and NiZnFeOx particulate anodes, as well as NiFe foam, are 
employed using the mercerization inlet stream as the anolyte. NiZnFeOx 
and NiFe foam achieve high formate concentrations of 140 and 
255 g L− 1, with FEs of 74 and 60 % at 90 and 200 mA cm− 2, respec
tively, showing comparable performance to commercial NiO and Ni 
foam. Notably, NiFe foam demonstrates the lowest energy consumption, 
attributed to its high ECDL and improved charge transfer due to its large 
active surface area. NiFe foam achieves energy consumption values 
under 210 and 380 kWh kmol− 1, surpassing commercial Ni foam. 
Additionally, a reduced cell potential of 4.4 V is achieved at 
200 mA cm− 2, nearing the target of 4.3 V required for economic scal
ability at an industrial level.

All in all, this work successfully demonstrates the feasibility of CO2 
electroreduction to formate using textile industry streams as anolytes 
obtaining outstanding formate production and reduced energy con
sumption. This represents a significant advancement toward establish
ing CO2 electroreduction to formate as a viable solution for the 
decarbonization of hard-to-abate industries.

Fig. 6. Energy consumption results from coupling the alternative anode materials with CO2 electroreduction to formate in gas phase.
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[29] K. Niinimäki, G. Peters, H. Dahlbo, P. Perry, T. Rissanen, A. Gwilt, The 
environmental price of fast fashion, Nat. Rev. Earth Environ. 1 (2020) 189–200, 
https://doi.org/10.1038/s43017-020-0039-9.

[30] C.R. Holkar, A.J. Jadhav, D.V. Pinjari, N.M. Mahamuni, A.B. Pandit, A critical 
review on textile wastewater treatments: Possible approaches, J. Environ. Manag. 
182 (2016) 351–366, https://doi.org/10.1016/j.jenvman.2016.07.090.

[31] G.A. Kallawar, B.A. Bhanvase, A review on existing and emerging approaches for 
textile wastewater treatments: challenges and future perspectives, Environ. Sci. 
Pollut. Res. 31 (2023) 1748–1789, https://doi.org/10.1007/s11356-023-31175-3.

[32] M. Balkan, E. Ozturk, M. Kitis, Economic and cross-media effect analyses of best 
available techniques for caustic recovery from mercerization textile wastewater, 
Clean. Technol. Environ. Policy 25 (2023) 1043–1058, https://doi.org/10.1007/ 
s10098-022-02424-9.

[33] G. Díaz-Sainz, J.A. Abarca, M. Alvarez-Guerra, A. Irabien, Exploring the impact of 
partial pressure and typical compounds on the continuous electroconversion of 
CO2 into formate, J. CO2 Util. 81 (2024) 102735, https://doi.org/10.1016/j. 
jcou.2024.102735.

[34] J. Wang, Y. Gao, H. Kong, J. Kim, S. Choi, F. Ciucci, Y. Hao, S. Yang, Z. Shao, 
J. Lim, Non-precious-metal catalysts for alkaline water electrolysis: operando 
characterizations, theoretical calculations, and recent advances, Chem. Soc. Rev. 
49 (2020) 9154–9196, https://doi.org/10.1039/d0cs00575d.

[35] H. Zhou, F. Yu, J. Sun, R. He, S. Chen, C.W. Chu, Z. Ren, Highly active catalyst 
derived from a 3D foam of Fe(PO3)2/Ni2P for extremely efficient water oxidation, 
Proc. Natl. Acad. Sci. 114 (2017) 5607–5611, https://doi.org/10.1073/ 
pnas.1701562114.
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