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Abstract

SnO:2 nanoparticles (NPs) are considered a suitable electrocatalyst for the production of formate
from CO: reduction reaction (CO2RR). We synthesize, characterize and evaluate high surface
area SnO2 NPs (2.4 nm and 299 m? g in diameter size and surface area, respectively), as
electrocatalyst for the continuous production of formate at high current density within a flow

electrolyzer.

The stability of SnO2 NPs under CO:2 reduction conditions was demonstrated in this work by cyclic
voltammetry. SnO2-based gas diffusion electrodes (SnO2-GDEs) were manufactured to perform
continuous CO2RR. A maximum formate concentration of 27 g L** was achieved with a Faradaic
efficiency (FE) of 44.9% at 300 mA cm-2. Nevertheless, ohmic drop contribution on the SnO3-
GDEs due to the semiconducting properties of SnOz, was not negligible. Moreover, the low total
FE (< 60%) of products pointed out a leakage of formate by crossover migration through the

membrane from the catholyte towards the anolyte.

Keywords: CO: electroreduction, formate, SnO2 nanoparticles, Continuous reactor, Gas diffusion

electrodes.
1. Introduction

The concentration of CO:z in the atmosphere is reaching unprecedented values (413 ppm in
December 2020) [1] due to the increasing depletion of fossil fuels as world energy demand
continues to increase. Thus, the conversion of captured CO: into useful chemicals is considered

one of the most efficient technologies to tackle the challenge [2—4]. Although several CO:

© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://
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activation and conversion techniques are nowadays available such as chemical, photochemical
and photoelectrochemical methods [5—7], the catalytic process for the transformation of CO2 into
value-added products throughout electrochemical reactions is appealing due to the environmental
and potential economic benefits. In particular, the possibility of closing the carbon cycle, as well
as its strategic advantage in storing electrical energy in the form of chemical bonds, makes this
technology one of the most sustainable methods currently available, in which the electrons can
be derived from renewable energy sources such as wind or solar power [8]. For this reason,
different approaches from both homogeneous [9-11] and heterogeneous catalysis [12,13] have

been applied to the electrochemical CO:2 reduction reaction (CO2RR).

Different commercially useful chemicals can be produced from the electrochemical conversion of
CO2 at room temperature as a function of the number of proton-coupled electron transfers
required in each electrochemical reaction [14—17]. In addition to this, the selectivity of the reaction
strongly depends on the catalytic material, as well as process conditions, such as the applied
voltage, among others [18,19]. The main products obtained from CO: electroreduction can be
classified in the following four categories: i) carbon monoxide (CO) [20,21]; ii) formic acid/formate
(HCOOH/HCOO") depending on the pH [22,23]; iii) alcohols such as methanol (CH3OH) [24] and
ethanol (C2HsOH) [25]; and iv) hydrocarbons including methane (CH4) [26] and ethylene (C2Ha)
[27]. It is vital to stress the importance of controlling the hydrogen evolution reaction (HER) [28],
since the production of hydrogen from water electrolysis competes with CO2 electroconversion,
reducing, therefore, the selectivity of the electrochemical process towards the desired useful

reduction product.

In this work, we study the continuous production of formate from CO:2 single-pass electrochemical
conversion, in which two electrons are exchanged, at high current density within a flow
electrolyzer, which allows direct feed of gaseous CO- to the electrochemical interface by means
of a gas diffusion cathode and avoids mass limitations associated with CO:2 solubility in solution.
Formate is widely used industrially in different pharmaceutical or leather industries, among others
[22]. Moreover, formate can be supplied as fuel (starting from 0.5 M in solution) for direct formic
acid fuel cells (DFAFCs) to produce electricity [29] and is considered one of the highest value-
added CO: electroreduction products in terms of market price since this product reaches a value
of around $1000 - $1700 per ton of product [30]. The main targets pointed out in the literature for
the COz2RR-into-formate process to become industrially feasible are [31]: i) reaching a formate
production higher than 45 g L1 (1 M); ii) using current densities higher than 100 mA cm-?; iii)
keeping Faradaic efficiency (FE) higher than 50% and energy consumption lower than 500 kWh
kmol? product; and iv) using continuous-flow operation mode at mild-ambient temperature and
pressure conditions. Moreover, the long-term stability and durability of the working electrodes
have been recently reported to be crucial for this technology to be implemented in the short term

[32] and further comprehensive durability tests are still needed in the literature.

Among the different available electrocatalysts mainly producing formate from CO2RR, metallic tin

(Sn) appears to be one of the best alternatives in terms of cost and selectivity, highlighting also
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its low toxicity, even though other metals such as lead (Pb) and bismuth (Bi) have also been
proposed as efficient electrocatalysts for formate production [23,33-37]. Nevertheless, not only
the synthesis of small size capping agent free Sn nanoparticles (NPs) is tricky, but also the
structural stability of Sn NPs during CO: electroreduction is low, owing to Ostwald ripening
dissolution and re-deposition. Furthermore, the behavior of Sn NPs under industrial (high) current
density conditions represents a challenge that still needs to be solved [38]. As a consequence,
either the use of oxide films on Sn electrodes or purely tin oxide (SnO2) NPs has been recently
considered in literature as suitable electrocatalytic material for the production of formate from
CO2RR [39-47], since SnO:2 presents much higher structural stability under electrochemical
conditions. In particular, a lot of attention has been focused on identifying the role of the different
species present on the surface of the electrode (Sn/SnO/Sn02) during CO2RR. This surface
composition-reactivity relationship has been studied in detail by Raman spectroscopy [48] and
scanning electrochemical microscopy (SECM) [49], which have demonstrated that oxide films
(SnOx) on the surface of Sn electrodes play a key role by enhancing formate production and

selectivity during CO2RR.

Therefore, the present study aims at evaluating the application of crystalline and high specific
surface area SnO2 NPs (2.4 nm in average diameter size), synthesized by a template free and
facile hydrothermal microwave-assisted method, as an alternative electrocatalyst for the
continuous CO2RR into formate at high current densities. As far as the authors know, there is not
one single report evaluating the activity and selectivity performance of SnO2 NPs in a flow
electrolyzer, since most of the work published so far has used SnO: catalyzed gas diffusion
electrodes (GDESs) in a two compartments H-type cell, where poor current densities between 5
and 12.5 mA cm? were reported [42,43,45,46,50]. Only highly porous SnO: nanosheets
supported on carbon cloth reached 70 mA cm-? as current density in H-type cell [51]. Thus, the
following objectives are addressed herein: i) synthesis and comprehensive physicochemical
characterization of high surface area SnO2 NPs; ii) electrochemical characterization of SnO2 NPs
deposited onto a glassy carbon electrode by cyclic voltammetry; iii) manufacturing of GDEs as
cathodes containing SnO2 NPs as catalyst; and iv) analysis of the synthesized SnO>—GDE for the
continuous CO:2RR into formate in aqueous solution, using a single-pass flow reactor

configuration [52-54] to evaluate their performance operating at high current densities.
2. Experimental
2.1. Synthesis of SnO, nanoparticles

The synthesis of the SnO2 NPs has been carried out by a hydrothermal microwave-assisted
method [55,56]. In particular, a 0.1 mol L fresh aqueous solution of Sn (IV) was prepared by
adding 3.506 g of SnCls-5H20 to 100 ml (pH = 2). Subsequently, 50 ml of that solution were
poured in a glass vial and transferred to a monomode microwave oven (Sairem Miniflox 200SS).
The solution was then heated at 80 °C for 1 h under magnetic stirring (a maximum of 20 W was

applied to maintain that temperature). The suspension was afterwards cooled to room
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temperature in few minutes. The obtained white powder was washed by centrifugation (three
times with water and once with ethanol) for 20 min. Finally, a part of the powder was dried during
15 h at room temperature under vacuum to carry out the physicochemical characterization
analyses. The remaining part of the powder was dispersed in isopropanol (1.33 gsno. L) to be

used as the electrocatalyst in CO2 electroreduction experiments.

2.2. Gas diffusion electrodes manufacturing

The preparation of SnO2-GDEs was carried out according to the following procedure: Initially, a
carbon-based ink is prepared by mixing carbon powder (Vulcan XC-72R, Cabot, carbon black),
and polytetrafluoroethylene (PTFE) (Sigma-Aldrich, 60 wt% dispersion in H20) in a mass ratio
40/60. The mixture was then diluted to 3% in isopropanol. The resulting dispersion was airbrushed
onto a carbonaceous support (TGP-H-60 with 40% (w/w) PTFE, Toray Inc.) in order to obtain a
partially hydrophobic carbon microporous layer (MPL), which was sintered at 623 K for 30 min.
Then, a catalytic ink containing the synthesized SnO2 NPs dispersed in isopropanol and a Nafion
solution (5 wt%, Alfa Aesar, copolymer polytetrafluoroethylene) with a (SnO2+Nafion)/isopropanol
mass ratio of 1.6/98.4 was finally airbrushed onto the MPL surface. The geometric surface area
(A) of the catalytic layer was 10 cm? and the SnO: catalytic loading was 0.75 mg cm-2, which were
selected according to previous research studies using Sn-GDEs [57]. The final SnO: loading was
controlled by continuous weighing of the electrode during the airbrushing process. Figure 1 shows

a scheme of the as-prepared SnO2-GDEs configuration.

Microporous layer

Particle size
2.4 nm

Sn02
(10 cm?)

Gas Diffusion

Porous Catalytic layer Electrode
carbonaceous (SnO,-GDE)
support

Fig. 1. Graphical representation of the SnO2-GDE configuration.

2.3. Physicochemical and electrochemical characterization techniques.

The crystalline structure of the SnO2 NPs was analyzed by powder X-ray diffraction (XRD) on a

Bruker D8 Advance X-ray diffractometer in the 20-80° 20 range using a Cu Ka X-ray irradiation

4
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source (A= 0.1542 nm). Step time and step size were 1 s and 0.03°, respectively. The specific
surface area analysis of the SnO2 NPs was carried out by N2 sorption at 77 K using a Belsorb
Max (Belsorb Japan). Prior to measurements, SnO2 NPs were degassed for 15 h under a primary
vacuum at 150 °C. The BET method was applied to determine the specific surface area of the

electrocatalyst.

The morphology and the average size of the SnO2 NPs were analyzed by transmission electron
microscopy (TEM) using a Tecnai spirit G2 apparatus equipped with a Gatan CCD which operates
at 120 kV (LaB6). The samples were prepared by evaporating diluted suspensions in ethanol onto
carbon-coated copper grids. It is important to point out that more than 100 particles have been
considered on several TEM pictures in order to evaluate the average size of the as-prepared
SnO2 NPs. Furthermore, the conductivity of the SnO2 NPs was evaluated using impedance
spectroscopy. In brief, the conductivity was measured on ~14% SnO: NPs pellet (thickness =
1.21 mm and diameter = 13 mm) at room temperature in air, with a frequency range varying
between 0.1 and 10° Hz and an amplitude of 200 mVms. The spectra were then analyzed using

Zview software for the determination of the electrical conductivity of the SnO2 NPs.

Cyclic voltammetry (CV) analyses were performed using a CH Instruments 760E potentiostat in
a three-electrode configuration electrochemical cell. A glassy carbon (GC) electrode (3 mm in
diameter), at which different amounts of the prepared suspension (SnO2z NPs in isopropanol) were
deposited, acted as the working electrode, whereas a graphite rod and an Ag/AgCl (saturated in
KCI) were used as the counter and the reference electrodes, respectively. Either CO2- or Ar-
saturated 0.1 M KHCO3s aqueous solutions were used as the electrolyte. The GC electrode was
mechanically polished with alumina, sonicated and rinsed with ultrapure water to ensure the
complete removal of SnO2 NPs from previous experiments. The applied potential ranged from 1
V10 -1.75 V vs. Ag/AgCl at a scan rate of 100 mV s1. Potentials reported here were converted to
reversible hydrogen electrode (RHE) using the equation: Erne = Eagiagel + 0.197 + 0.059pH.

2.4. CO; flow electrolyzer setup and experimental conditions

The manufactured SnO2-GDEs were tested for COzRR in an electrochemical filter-press reactor
configuration (Micro Flow Cell, Electrocell A/S), which operated at constant current in continuous
mode controlled by a MSTAT4 system (Arbin Instruments). The electrochemical filter-press
reactor was divided in two compartments (cathode and anode) by a cationic exchange membrane
Nafion® 117. The filter-press configuration can be found elsewhere [58]. Figure 2 shows the
CO2RR continuous reactor scheme using a CO: single-pass flow configuration. (0.5 M KCI + 0.45
M KHCOs) and 1 M KOH aqueous solutions were used as catholyte and anolyte, respectively.
The effect on COzRR selectivity and performance of two experimental parameters was evaluated:
the electrolyte flow per geometric electrode area (F/A) (0.57, 0.15 and 0.07 mL min cm-?) and
the applied current density (from 200 to 500 mA cm2). It is worth noting here that both the
catholyte and the anolyte passed only once throughout the cell (single-pass configuration). The
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cathode side was also fed with a pure CO2 gas stream at a flow of 200 mL min-. A Dimensionally
Stable Anode [DSA/O:z (I-MMO (mixed metal oxide) on Pt)] and a leak-free Ag/AgCI 3.4 mol L?
KCl electrodes were used as the anode and the reference, respectively. Reactor temperature was

monitored along the experiment.

Liquid samples were analyzed by ion chromatography aiming at determining the formate
concentration. A Dionex ICS 1100 equipped with and AS9-HC column was used as ion
chromatograph, with a 4.5 mM Na2COs aqueous solution as the eluent (at a flow rate of 1 mL min-
1) and operated at approximately 13.8 MPa. Some liquid samples were selected to analyze the
formation of alcohols by using a headspace gas chromatograph (GCMS-QP2010 Ultra Shimadzu)
equipped with a flame ionization detector (FID). Additionally, a four-channel gas
microchromatograph (490 Micro GC, Agilent Technologies) equipped with micro thermal
conductivity detectors (Micro-TCD) was used for the detection and quantification of gaseous

reduction products.

CATHOLYTE ANOLYTE
PERISTALTIC PERISTALTIC
PUMP PUMP
&5l e fe---------
h SEPARATOR[<- — - - —————— - L _ _________ .
1
v i !
Gas \|/L t v
Co, chromatography FILTER PRESS CELL
FORMATE oo
E T :
Ion POTENTIOSTAT/
chromatography GALVANOSTAT

Fig. 2. CO2RR continuous reactor setup scheme.

The manufactured SnO2-GDEs were tested for continuous CO2RR in a single-pass flow reactor
at ambient conditions during 90 min electrolyses, where a pseudo-stable performance in time was
observed (see Figure S1), as was previously described for Sn-GDEs [58]. Both liquid and gas
samples were analyzed by duplicate every 30 min of electrolysis and an averaged concentration
of each product (independent of electrolysis time) was calculated and reported herein. Some long-
run electrolyses (5 h) were also performed to evaluate the stability of the developed
electrocatalyst. Additionally, some figures of merit [59] to describe the CO2RR were calculated,

namely:

The Faradaic efficiency (FE), which represents the percentage of the total charge applied to the
system that is actually used to produce any target reduction product (i.e. formate), according to

the following equation:

zZnF

FE (%) =

x 100 (1),
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where z represents the number of electrons exchanged to form the desired product (e.g. z = 2 for
the electroconversion of COz: into formate), n corresponds to the number of moles produced, F is
the Faraday constant (F = 96,485 C mol') and Q represents the total charge (C) circulated
through the system, which is obtained by multiplying the current applied in amperes and the

electrolysis time in seconds.

The production rate (r), which is defined as the productivity (moles) per unit of cathode area
(geometric or electroactive area) and time (mmol m-2s?). r is essential to evaluate the technical

feasibility of the process;
Geometric rate = re = F/Ac * Crormate (2),
Real rate = rr = F/AR * Crormate (3)1

where (F/A) corresponds to the electrolyte flow per geometric (Ac) or real electrode area (Ar) in

L m2 s and Crormate the concentration of product detected in mmol L.

The energy consumption (EC), which represents the required amount of energy used to produce

the target product (formate), according to:

Energy Consumption (%) = Qn—V x2.78-107* (4),

where V represents the absolute cell potential in volts.

3. Results and Discussion
3.1. Physicochemical characterization of SnO nanoparticles

The crystalline structure of the synthesized SnO2 powder is firstly characterized using the X-ray
diffraction technique. The obtained pattern presented in Figure 3 is indexed with the tetragonal
phase of SnO: cassiterite (JCPDS 00-041-1445). Besides, very broad diffraction lines indicate a

very small crystallite size, below 5 nm.
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Fig. 3. X-ray diffraction pattern of the synthesized SnO2 nanoparticles (the diffraction lines are
indexed according to the cassiterite structure, JCPDS 00-041-1445).

This fact is further confirmed on the transmission electron micrographs of the synthesized SnO:
NPs (Figure 4), where a mean size of (2.4 + 0.6) nm can be measured. SnO2 NPs are almost
spherical and rather monodisperse in size. The surface area of the dried powder was also
determined using the BET model and a specific surface area of 299 m2 g1 was determined for

the synthesized SnO2 NPs, which is significantly larger than the value of commercially available

equivalent nanomaterials.
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Fig. 4. TEM image of synthesized SnO2 nanoparticles including its size distribution.

3.2. Electrochemical characterization of SnO» nanoparticles

Different voltammeric analyses were carried out to study the electrochemical behavior of SnO2
NPs in presence and absence of CO.. In fact, some controversy is present in the literature
nowadays regarding the mechanism of CO2RR on SnOz, since some reports pointed out SnO2
and SnO as catalytically active sites for CO2RR [39,42,45], but others suggested an initial
electrochemical reduction step to form metallic Sn°, which was considered the actual catalytic site
[60Q]. For this reason, we studied small aliquots of SnOz/isopropanol suspension deposited onto a
GC electrode in presence and absence of COz. Figure 5a shows a clear and highly symmetrical
reduction peak centered at -0.53 V vs RHE in a COz2 free solution, which decreases rapidly in
intensity with consecutive scans. This symmetrical peak shape denotes that the reduction process
has taken place on the electrode surface and it is not linked to any electroactive species coming
from the solution, which fits the reduction process from SnO: to metallic Sn° previously reported
by Zhang et al. [46]. Moreover, the backward scans show no reversibility in the reduction process
observed, since a negligible oxidation current is collected in the anodic sweep. In addition to this,
the effect of the amount of SnO2 NPs deposited onto the electrode surface was also studied, as
shown in Figure 5b. The electrochemical response from the deposition of three different amounts

of SnO2 NPs (i.e. 0.133 mg, 0.067 mg and 0.033 mg) was evaluated and lower peak currents

™
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were displayed as the amount of SnO2 deposited decreases (8.5 10 A, 3.49 10° A and 2.20 10
5 A, respectively), which proves that the reduction current observed is proportional to the amount
of SnO2 NPs on the electrode. In contrast, Figure 6 shows a totally different electrochemical
behavior displayed by SnO2 NPs when CO: is present in solution. The reduction peak observed
in figures 5a and 5b is inhibited and only the hysteresis observed in the cyclic voltammogram in
the presence of CO:2 (blue plot in Figure 6) denotes an electrode surface modification, which is
subsequently confirmed by the presence of a symmetrical oxidation peak centered at -0.065 V in
the anodic scan. This oxidation peak could be attributed to the reoxidation of some metallic Sn°
previously formed during the cathodic scan in agreement with Lee et al. [39] who has already
demonstrated by XRD and XPS the stability of large sized SnO2 NPs during CO2RR with only a

small fraction of metallic Sn° formed at pH 8.4.
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Fig. 5. Cyclic voltammetry of SnO2 NPs deposited onto a GC electrode in an Ar saturated 0.1 M
KHCOs aqueous solution: a) 0.133 mg SnO2 NPs are deposited and several consecutive cycles
are plotted, and b) effect of SnOz2 loading. Scan rate 100 mV s,
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Fig. 6. Cyclic voltammetry of 0.067 mg SnO2 NPs deposited onto a GC electrode in: (Black plot)
an Ar saturated 0.1 M KHCO3s aqueous solution and (Blue plot) a CO:2 saturated 0.1 M KHCO3

aqueous solution. Scan rate 100 mV s,

3.3. Continuous CO; electroreduction into formate

Two parameters were mainly evaluated on the performance of manufactured SnO2-GDEs for
COzRR in a flow electrolyzer: the catholyte flow per geometric electrode area (F/A) (0.57, 0.15
and 0.07 mL min cm2) and the applied current density (from 200 to 500 mA cm-2), since those
two parameters were previously identified as key parameters in the production of formate from
CO:2RR [22,58,61]. Figure 7 shows that the production of formate, which is a key figure of merit
to evaluate the CO2RR performance, is strongly dependent on both parameters: F/A and current
density. Figure 7 exhibits much higher formate concentrations for lower catholyte flows per
electrode area in all 3 current densities studied. This trend is in agreement with previously
reported results obtained using Sn-GDEs (10-15 nm Sn NPs) for CO2RR in a very similar flow
electrolyzer at current densities between 90 and 200 mA cm-2 [58]. Nevertheless, the comparison
of formate concentration produced by equivalent experiments performed at 200 mA cm-2in SnO2-
GDEs (1.8 and 12.9 g HCOO-L* at 0.57 and 0.07 mL min-t cm, respectively) and Sn-GDEs (2.6
and 16.9 g HCOO- L1 at 0.57 and 0.07 mL min-1 cm-2, respectively [58]) highlights a poorer formate
productivity in SnO2-GDEs, in spite of the fact that SnO2 NPs are significantly smaller in size than
Sn NPs used in catalyzing the GDEs and SnOx have been identified as responsible of enhancing
formate production. Thus, the electrical conductivity of the synthesized SnO2 NPs was evaluated
by impedance spectroscopy (107 S cm?). This conductivity value is typical in semiconducting
materials such as SnOz, but provokes a significant electrical resistance in the electrode, which

become more relevant at high current densities. This fact was experimentally observed by heat

11
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generation in the reactor, which proved energy dissipation. This effect of the ohmic drop on
electrode performance has been already addressed in flow electrolyzers for fuel cells [62]. Thus,
an estimation of the impact in formate production by the electrical losses converted in heat by
Joule effect during CO2RR (i.e. part of the charge supplied is used in generating heat instead of
the reduction of COz2 to the product of interest) was carried out and suggested that the difference
in performance observed between SnO2-GDEs and Sn-GDEs could be attributed to the moderate
conductivity of SnO2 NPs. Some additional calculations are described in the supplementary

information.
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Fig. 7. Formate concentration produced on SnO2-GDEs at different applied current densities

and catholyte flows.

Table 1 presents the quantification of the main products in both liquid and gas-phases and the
corresponding figures of merit obtained for CO2RR performed on the manufactured SnO2-GDEs
in a flow electrolyzer at constant current. The most relevant result displayed in Table 1
corresponds to a formate production of 27 g L (entry 5). This is the highest formate concentration
value reported on Sn based electrocatalysts using a flow electrolyzer and a catholyte solution in
equivalent conditions. Only catholyte-free electrolyzers have been able to produce significantly
higher formate concentrations [61,63]. Table 2 compares the best results obtained in the present
study and those previously reported in the literature achieved for Sn-GDE and Sn-catalyst coated

membrane electrode (CCME) configurations in flow electrolyzers.

12



1 Table 1. Formate production rates, concentration, Faradaic efficiencies and energy

2 consumption results at SnO2-GDEs (metal loading = 0.75 mg cm-) as a function of the current
3 density and the catholyte flow.
Geometric current -
: FIA Geometric rate, Real rate, Formate_ Formate Energy_ Gas-phase FE (%)
Entry ) density, (mL minicm?) re (mmol m2s7) rx (mmol m2s) concentration FE (%) consumption
jg (MA cm?) ¢ R (gL ° (kWh kmolt) — H, co CH, CH,
1 0.57 3.87 1.73 108 1.8 37.3 933 10.6 0.3 1.6
200
2 0.07 3.33 1.48 103 12.9 321 1251 27.0 0.3 0.3
3 0.57 3.52 1.57 108 1.7 22.6 2013 10.4 0.2 1.3
300
4 0.15 4.94 2.20 108 8.8 317 1359 7.0 0.2 0.2
5 0.07 6.98 3.11 108 27.0 44.9 752 7.6 0.23 — 077
6 0.57 3.00 1.34 108 1.4 11.6 4392 153 0.08 072 08
500
7 0.15 6.01 2.68 108 10.8 23.2 2194 157 007 0.65 0.57
8 0.07 5.95 2.65 108 22.9 23.0 2266 121 0.09 052 08
4
Table 2. Comparison of our highest CO2-into-formate result on SnO2-GDE and some examples
from the literature on Sn-GDE and Sn-CCME, in all cases using flow electrolyzers.
Reactor Geometric Formate Formate
Catalyst configuration  Pressure (bar) Temperature (K) current density, concentration FE (%)
jg MACm?) (gL ’
SnOzGDE Divided 1 293 300 27 44.9
(this work) single-pass
Sn-GDE [58] Dvided 1 293 200 16.9 42.3
single-pass
Sn-CCME [22] Divided 1 293 45 19.2 49.4
single-pass
Snsheet[p4] ndivided 30 293 80 19.2
Recirculation
Sn-ccME [63)  Divided 1 343 55.4 415 93.3
single-pass
sn-ccME [63)  Divided 1 323 385 116.2 77.7
single-pass
7

8  The catholyte flow per geometric electrode area (F/A) and the applied current density were the
two parameters evaluated on the results reported in Table 1. Looking first at the effect of current

10  density, two different behaviors can be observed. On the one hand, at high catholyte flow (5.7 mL
11 min-1) formate concentration remained unaffected by the applied current density, 1.8, 1.7 and 1.4
12 g L't were detected at 200, 300 and 500 mA cm-2, respectively (entries 1, 3 and 6 in Table 1).
13  This fact provoked a relevant decrease in FE with increasing current density. On the other hand,
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at low catholyte flow (0.7 mL min-1) formate concentration, rate and FE described a maximum at
300 mA cm-2 together with a minimum in EC of 752 kWh kmol! (entry 5 in Table 1). Additionally,
the increase of applied current density at constant catholyte flow provoked a significant diminution
in the total FE of all quantified products, being 59.7% (entry 2) the maximum value achieved
among all results reported in Table 1. Looking at the effect of F/A ratio in the results of Table 1,
the formate concentration was significantly enhanced by reducing F/A from 0.57 to 0.07 mL min-
1 cm=2in all 3 current densities. Nevertheless, two different behaviors can be observed. On the
one hand, at 200 mA cm2 (entries 1 and 2 in Table 1) formate concentration increased almost
linearly (from 1.8 to 12.9 g L) by decreasing F/A ratio (from 0.57 to 0.07 mL min-t cm-2) keeping
FEs almost constant. On the other hand, at 300 (entries 3, 4 and 5 in Table 1) and 500 mA cm-2
(entries 6, 7 and 8 in Table 1) the increase observed in formate concentration (from 1.7 to 27 g L
1 and from 1.4 to 22.9 g L1, respectively) is twice the decrease in percentage of F/A ratio (from
0.57 to 0.07 mL min't cm2). This fact together with the diminution in the total FE of all quantified
products when higher current densities were applied and formate concentration independent of
applied current density at high catholyte flow clearly demonstrated the existence of a leakage of
formate by crossover from the catholyte towards the anolyte through the membrane, which was
enhanced by increasing the catholyte flow. This phenomenon of formate anions migration towards
the anode is negligible working with a cationic exchange membrane like the one used in this work
(Nafion 117) at low and moderate current densities (below 200 mA cm-2), but becomes relevant
when high current densities are applied. Actually, a large drop in FE due to formate crossover
through the Nafion 117 membrane was already described when reducing CO:2 on a metallic Sn°

electrode in a single pass flow reactor at high applied current [38].

The stability and durability of the SnO2 NPs catalyzing the CO2RR on SnO2-GDEs represent an
important issue that needs to be addressed for evaluating the technical and economic feasibility
of the CO: electroconversion process. Therefore, Figure 8 shows the evolution of formate
concentration with electrolysis time under optimal conditions selected from Table 1 (300 mA cm-
2 and 0.07 mL mint cm-2). Figure 8 exhibits an almost constant production of formate with time,
which demonstrated the long-term stability of SnO2 NPs during CO: electroreduction. It is worth
recalling the significant formate concentration achieved after 5 h of electrolysis (27 g Lt = 0.6 M)
in comparison with metallic Sn° based catalysts from the literature (see Table 2), denoting the
possibility of using size-controlled SnO2 NPs with high specific surface area for an enhanced CO:
electroconversion into formate. Moreover, this formate concentration is higher than the required
one for the use of formate as a fuel in DFAFC for the generation of electricity, which has been
reported to be, at least, 0.5 M [65]. Therefore, the use of high surface area SnO2 NPs in flow
electrolyzers may open a novel promising perspective to develop more robust systems for CO2

electroconversion into formate combined with DFAFCs for energy production.
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Fig. 8. Continuous formate production as a function of CO: electrolysis time on SnO2-GDE at
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4. Conclusions

Crystalline and high specific surface area SnO2 NPs (2.4 nm and 299 m? g in average diameter
size and surface area, respectively), synthesized by a facile hydrothermal microwave-assisted
method, have been evaluated as an alternative electrocatalyst for the continuous production of
formate from CO:2 single-pass electrochemical conversion, at high current density within a flow
electrolyzer. So far, activity and selectivity performance of SnO2 NPs were only reported in a two

compartments H-type cell displaying poor current densities.

The electrochemical characterization by cyclic voltammetry of SnO2 NPs has demonstrated, for
the first time (only XRD and XPS proved that before [39, 45]), the high structural stability of SnO2
under CO:2 reduction conditions, since the reduction peak associated with SnO: reduction to

metallic Sn° present in argon saturated solution is inhibited in the presence of COx.

The effect of catholyte flow per geometric electrode area (F/A) (0.57, 0.15 and 0.07 mL mint cm-
2) and applied current density (200, 300 and 500 mA cm-2) were evaluated on the performance of
manufactured SnO2-GDEs for continuous CO:2RR in a single-pass flow reactor at ambient
conditions. At a constant current density of 300 mA cm-2 and low catholyte flow per electrode area
(0.07 mL min cm-?), a maximum formate concentration of 27 g L*! was achieved with a FE of
44.9%, a formate production rate of 6.98 mmol m-2 s1 and an energy consumption of 752 kWh
kmolt. This is the highest formate concentration value reported so far on Sn based
electrocatalysts using a flow electrolyzer and a catholyte solution in equivalent conditions. This
formate concentration result was only overcome by catholyte free flow electrolyzers, which
benefits from a minimal amount of water vapor present as catholyte to carry out the CO2RR. The

FE towards formate using SnO2 NPs was in the same range as those values reported for Sn-
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based electrodes (40-50%), even though higher energy consumption per kmol of formate

produced was required at SnO2-GDEs, which highlights the limited conductivity of SnO2 NPs.

Poorer formate productivity in SnO2-GDEs than in Sn-GDEs was observed at 200 mA cm, in
spite of the fact that SnO2 NPs were significantly smaller in size than Sn NPs and SnOx have
been identified as responsible of enhancing formate production. This fact pointed out a non-
negligible ohmic drop contribution on the SnO2-GDEs due to the semiconducting properties of
SnO2, which provoked heat generation in the reactor by energy dissipation. However, the
electrical losses by Joule effect associated with the ohmic drop during CO2RR were not large
enough to justify the low total FEs obtained (60 - 29 %), even though both liquid and gas-phase
products were analyzed. This fact together with the too high increase observed in formate
concentration linked to the decrease in F/A ratio at high current densities, as well as formate
production independent of applied current density observed at high catholyte flow, demonstrated
the existence of a leakage of formate by crossover migration from the catholyte towards the

anolyte through the membrane, which was enhanced by increasing the catholyte flow.

In conclusion, this study represents a step forward in the development of strategies based on
SnO2 nanomaterials for the continuous electrochemical conversion of CO: into formate since a
formate concentration of 27 g L1 (0.6 M), which is superior to the limit for the use of formate as a
fuel in DFAFCs, has been achieved during 5 h of operation at 300 mA cm-2. Finally, these results
suggest that interesting future research may involve developing SnO:-based electrodes
displaying higher electrical conductivity in order to reduce electrical losses and new ionic
membrane separators able to reduce the formate crossover from the catholyte to the anolyte
where formate can be oxidized back to CO-. This will allow to significantly increase the efficiency

of formate production from CO2RR on SnO2 NPs at high current densities.
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