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Description

FIELD OF THE INVENTION

[0001] The present invention relates to amethod of re-
activation for long-termstableoperation of ametal-based
gas diffusion electrode (GDE) in the electrocatalytic con-
version of gaseous reactants into economically interest-
ing reaction products. Using the operational method of
the present invention such metal based GDE’s, and in
particular carbon freemetal based GDEs are particularly
useful in the electrochemical conversion of gaseous
reactants such as CO2, CO, N2, NOx or O2 into bulk
chemicals and fuels such as Syngas, Formic Acid,
Methanol, Ethanol, Ethane, Ethylene, Methane, Ammo-
nia, Hydroxylamine, Hydrogen Peroxide and the like.

BACKGROUND TO THE INVENTION

[0002] A GDE is a combination of porous structures
exhibiting a hydrophilic and a hydrophobic side. It is
generally composed of a catalyst layer (CL), a gas diffu-
sion layer (GDL) and optionally a current collector (CC)
as shown in Figure 1. A GDE allows the direct supply of
gases via the hydrophobic side to the liquid medium
where electrochemical processes take place. Because
of their low mass transfer resistance, the use of GDEs is
promising for electrochemical processes with gaseous
reactants since they overcome the poor mass transport
of gases that have a limited solubility, towards the elec-
trode. Because of their high porosity, GDEs have a
reactive surface area much larger than their geometrical
area (projected surface area), which is favorable for the
process productivities. TheGDL is a porousmedium that
facilitates transport of gaseous reactants to and gaseous
products from the CL and consists of a macro/meso/na-
no-porous layer either with or without a micro-porous
layer (MPL). A wide variety of GDL parameters have
been investigated to enhance electrolyzer or fuel cell
performance (Omrani R, Shabani B (2017) Gas diffusion
layer modifications and treatments for improving the
performance of proton exchange membrane fuel cells
and electrolysers: A review. Int J Hydrogen Energy
42:28515‑28536. doi: 10.1016/j.ijhydene.2017.09.132).
[0003] The concept of CO2 Conversion and Utilization
(CCU) is considered a promising alternative method for
mitigating excess greenhouse gases. Electrochemical
CO2 reduction (ECR), when powered by renewable en-
ergysources, couldbeanessential tool in achievingCCU
at a large scale. The products obtained fromECR (supra)
are pivotal in chemical feedstock/building blocks or fuels.
To promote ECR effectively, gas diffusion electrodes
(GDEs) were designed to promote the three-phase
boundary, increasing the reaction sites for ECR, thereby
decreasing the overall wastage of CO2 gas and increas-
ing the valuable product yield with better Faradaic and
energy efficiency.
[0004] The industrial or large-scale implementation of

ECR is currently however hindered by moderate current
densities, large cell potentials (thus low energetic effi-
ciency) and poor stability of the electrode activity. For
industrial or large-scale implementation, a qualified elec-
trode must fulfill the requirements of 1) sufficiently high
current density and 2) stable and significantly high Far-
adaic Efficiency (FE) towards the targeted product. For
instance, industrial relevant production of formic acid
requires electrodes with a current density of at least
100 mA/cm2 and an FE of 70 ± 10%. Over time, the
present electrodes for ECRof CO2 fail in providing stable
long-term operation (≥1000 h) for electrochemical con-
version activity.
[0005] Current efforts to arrive at such qualified elec-
trodesarebasedoncarbonbasedGDEsonwhichmetals
catalysts are inked or electrodeposited. Agarwal et. al.
(Patent no. US10273587B2 ) for example patented a
method and making of Sn-Carbon (Sn-C) particles de-
posited on carbon fibre for ECR. The inventors claimed
three different methods for preparing the Sn-C particles,
which is then claimed to have a FE of 95% for formate
ions operated for 100 h.
[0006] Zhai et. al in 2017 (patent no. US10253420B2),
claimed an electrochemical process for ECR. In this
patent, inventors claimed the deposition method of Sn
onto carbon fiber paper (CFP), preparing porousSn-CFP
electrodes for ECR activity. The long-term activity of this
Sn-CFP electrode is however hindered due to graphite
deposition on the electrode surface while operating the
electrode for 20 hwith a current density of 10mA/cm2 (10
times lower than the proposed commercially relevant
current density of 100 mA/cm2). Using combination of
deep cathodic polarization (DCP) and anodic polariza-
tion (AP) the deposited graphite fromSn-CFP electrodes
could be removed, extending the operation time of a cell
with the Sn-CFP up to 200 h.
[0007] The well known electrocatalyst CO2 to formic
acid conversion includes Sn, Bi, In or alloys of these
metals. These metal based GDE’s have not shown pro-
mising results in long-term operation ( ≥ 1000 h), as
required for industrial set-up (Van Daele, K., De Mot,
B., Pupo, M., Daems, N., Pant, D., Kortlever, R. and
Breugelmans, T., 2021. Sn-based electrocatalyst stabi-
lity: a crucial piece to the puzzle for the electrochemical
CO2 reduction toward formic acid. ACS Energy Letters,
6(12), pp.4317‑4327). For example in case of Sn-based
electrode, deactivation or degradation of the electrode is
observed which can be associated with changes in the
electrode’s surface and local environment during the
electrolysis process. The way the GDE is prepared
and the cell configuration also significantly impacts the
electrode’s stability towards the long-term operation by
increasing theoverall cell resistance,modeofgassupply,
depending on whether the cell is H-Cell, flow cell or zero-
gap configuration (Liniker deSousa,NieckE.Benes, and
Guide Mul, ACS ES&TEngineering 2022 2 (11),
2034‑2042 and Kevin Fernández-Caso, Guillermo
Diaz-Sainz, Manuel Alvarez-Guerra, and Angel Irabien
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ACS Energy Letters 2023 8 (4), 1992‑2024).
[0008] The problem of Sn-GDE’s long-term operation
hasbeendiscussednumerous times.Themain remedies
reported involve modifying the catalyst by adding a do-
pant or incorporating a bimetallic system. In 2006, Olo-
man and Li (patent no. US20080223727A1) for example
invented a process method for ECR, including a reactor-
typedesignwithSn/Sn-basedalloys in agranular formas
working electrodes.
[0009] The aforementioned claim is about the set-up
/designof the reactor, including theelectrodesused in the
form of Sn-doped granules comprising of Sn/Sn-Zn alloy.
Still, even with these Sn-granule as cathode, the formate
FE is dropped from 60% to 45% in ~4 h of operation. The
cathode activity is recovered by combining twomethods:
1) chemical method treating Sn-granules with 11 wt%
nitric acid and 2) Polarity reversal, with 1 A applied for 5
minutes.
[0010] Although this method of catalyst modification
and cathode recovery produced some encouraging re-
sults in short-term experiments (a 1‑100 hours), it is not
applicable to industrial applications as it will require the
electoedes to be replaced after short duration and hence
will negatively impact the economics/profitability of the
process. It has not made much progress toward solving
the original problem of the long-term operation of Sn-
based electrodes (Al - Tamreh, S.A., Ibrahim, M.H., El -
Naas, M.H., Vaes, J., Pant, D., Benamor, A. and Am-
hamed, A., 2021. Electroreduction of carbon dioxide into
formate: A comprehensive review. Chem ElectroChem,
8(17), pp.3207‑3220). Moreover, the requirement of an
electrode with a larger surface is not a preferred option
due to electrode integrity (mechanical strength) of the
largeGDE,maintaining auniformcurrent distribution and
the leakproof nature of the GDE (Perry, S.C., de León,
C.P. and Walsh, F.C., 2020. The Design, Performance
and Continuing Development of Electrochemical Reac-
tors for Clean Electrosynthesis. Journal of The Electro-
chemical Society, 167(15), p.155525).
[0011] It has been the object of the present invention to
address the foregoing problem in developing an opera-
tionalmethod that combines the intrinsic properties of the
electrolyte used and changes occurring at electrode/e-
lectrolyte interface due to inducing polarity changes at
the electrode. The process has been demonstrated with
the carbon-free Sn-GDE (the detail of which is described
in WO2022013042A1 - incorporated herein by refer-
ence), previously developed by the present applicant
as well as with Bismuth (Bi) GDE and is being extended
to alloys like Sn-Bi, Ag-Cu.

SUMMARY OF THE INVENTION

[0012] The present invention is directed to amethod of
operating an electrochemical cell comprising a metal
based GDE as working electrode, a counter electrode,
and an electrolyte in the electrochemical conversion of a
gaseous reactant into bulk chemicals at the working

electrode, said method of operation being characterized
in maintaining the pH of the electrolyte within a useful
range of 2 units of its initial value, and in applying an
inverse electrical pulse at regular intervals to the metal
based GDE working electrode which is the electrode
where the electrochemical reaction of interest occurs.
[0013] Per reference to examples herein provides, in
an embodiment the metal based GDE working electrode
is used in the reductive conversion of gaseous reactants
into bulk chemicals, such as the electrochemical CO2
reduction into formic acid; In such instance the GDE
working electrode is the cathode, and the inverse elec-
trical pulse will be an anodic pulse.
[0014] Hence in an embodiment the present invention
provides a method of operating an electrochemical cell
comprising a metal based GDE working electrode as
cathode, an anode, and an electrolyte in the electroche-
mical conversion of a gaseous reactant into bulk chemi-
cals at the working electrode, said method of operation
being characterized in maintaining the pH and conduc-
tivity of the electrolyte within a range of 2 units of its initial
value, and in applying an anodic pulse to the working
electrode at regular intervals.
[0015] In an embodiment of the method according to
the invention the electrochemical cell comprises an an-
odeandacathodecompartment andwherein themethod
is characterized in maintaining the pH of the catholyte
within a range of 2 units of its initial value, and in applying
an inverseelectrical pulse, inparticular ananodicpulse to
the GDE working electrode at regular intervals.
[0016] In an embodiment of the method according to
the invention the anodic pulse applied to the working
electrode (GDE) consists of a current of 50‑200 mA
cm‑2, preferably applied for at least 30 seconds; in parti-
cular a current of at least 100mAcm‑2, preferably applied
for at least 1 minutes.
[0017] In an embodiment of the method according to
the invention the anodic pulse consists of a charge of
1.5‑10Coulomb (C)cm‑2applied to theworkingelectrode
(GDE); in particular a charge of at least 6 C cm‑2 applied
to the working electrode (GDE).
[0018] In a method according to any one of the pre-
ceding embodiments wherein the anodic pulses are ap-
plied at intervals selected to maintain a sufficiently high
current density and stable and significantly highFaradaic
Efficiency (FE) towards the targeted product. In an em-
bodiment thepulsesareappliedat intervals tomaintainor
restore the Faradaic Efficiency (FE) towards the targeted
product within a window of 20% of its initial value before
pre-pulsing. In an embodiment the anodic pulses are
applied to the cathode at regular intervals, such as every
hour, every2hours, every3hours, every 4hours , every 5
hours, or longer duration. In an embodiment the anodic
pulses are applied to the cathode at intervals starting at 6
hours, in particular starting at 12 hours,more in particular
starting at 24 hours, even more in particular every 48
hours.
[0019] In a method according to any one of the pre-
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ceding embodiments wherein the gaseous reactant is
selected fromCO2, CO, N2, NOx orO2; in particular CO2.
[0020] In a method according to any one of the pre-
ceding embodiments wherein the bulk chemicals are
selected from Syngas, Formic Acid, Methanol, Ethanol,
Ethane, Ethylene, Methane, Ammonia, Hydroxylamine,
Hydrogen peroxide and the like.
[0021] In a method according to any one of the pre-
ceding embodiments wherein the electrolyte is selected
from KHCO3, NaHCO3, K2CO3, Na2CO3, KCl, NaCl,
K2HPO4,KH2PO4,Na2HPO4,NaH2PO4,H2SO4,HClO4,
H3PO4 and K2SO4, K3PO4, Na2SO4, NaClO4, Na3PO4,
KOH,NaOH; in aparticular embodiment the electrolyte is
selected from KHCO3 (0.5 - 2 M), H2SO4 (0.05 - 0.5 M)
and K2SO4 (0.5 - 1 M).
[0022] In a method according to any one of the pre-
ceding embodiments wherein the pH is maintained near
to the original pH of the electrolyte (slightly alkaline, in
particular from about 7 to 9 or acidic, in particular from
about 0 to 5).

BRIEF DESCRIPTION OF THE DRAWINGS

[0023]

Figure 1. Experimental set-up for long-term dura-
tion testing of metal based GDE.

Figure 2. FE of formate/formic acid, CO and H2 dur-
ing 1000-hour operation using Sn GDE.
The solid blocks are obtained from GC
measurement and black dots are results
of FE of formic acid calculated from HPLC
measurement of the formic acid concen-
tration in the catholyte.

Figure 3. pH of the catholyte solution throughout the
experimental period. Four bottles of the
0.5 M KHCO3 are used during the experi-
ment and the change of catholyte is indi-
cated by dashed lines in order to mimic
continuous single pass operation.

Figure 4. Anodic pulse for reactivation of electrode.
Figure 5. Applied current density plot for the Sn-

GDE in a flow cell over 1000 h operation
Figure 6. Schematics of flow-through mode of cell

operation. 1. Blocked outlet of gas cham-
ber - 2. Outlet for catholyte - 3. Catholyte
chamber - 4. Inlet of catholyte - 5. GDE - 6.
Gas inlet - 7.Gas chamber.

Figure 7. Changes in working electrode potential
(EWE) of Sn-GDE during 1000 h operation.

Figure 8 FE of formate/formic acid, CO and H2 dur-
ing 320-hour operation using Bi GDE. The
solid blocks are obtained from GC mea-
surement and black dots are results of
FE of formic acid calculated from HPLC
measurement of the formic acid concen-
tration in the catholyte.

Figure 9 Fig 9 A. Plot of current during pulsing and

its impact ‑ Fig.9 B on the Faradaic effi-
ciency of the formic acid from CO2 electro-
chemical reduction using Bi GDE.

Figure 10. Schematics of H-cell
Figure 11. Impact of anodic pulsing on Sn-foil elec-

trode
Figure 12. FE of formate/formic acid, CO and H2 dur-

ing 780-hour operation using Sn GDE
conducted in acidic catholyte. The dotted
vertical line represents the changing of the
catholyte reservoir.

DETAILED DESCRIPTION OF THE INVENTION

[0024] This invention encompasses a stable ECR pro-
cess using a metal-based Gas Diffusion Electrode
(GDE), specifically for the electrochemical conversion
of CO2, such as for example to formate/formic acid.
The electrochemical CO2 reduction (ECR) by metal-
based GDE, such as Bi/Sn-GDE, In, Zn, and the like
as working electrode well known. However, and as men-
tioned herein before, these electrodes have been prone
to failure for stable long-termoperation (≥1000h) forECR
activity, which hampers industrial application. In order to
have an industrially relevant ECR catalyst, it should
convert CO2 into bulk chemicals such Formic Acid,
Methanol, Ethanol, Ethane, Ethylene, Methane and the
like with a commercially viable current density, having a
stable and significantly high energy efficiency and yield.
Failing to meet these criteria might have a severe eco-
nomic impact, hence the urgency to solve the problem. In
this invention, we have developed a process method to
incorporate metal based GDEs for improved ECR per-
formance.
[0025] In this invention, we have addressed this press-
ing and critical issue of long-term stability of electroca-
talyst for CO2 reduction and invented a method to reacti-
vate the metal based-GDE long-term operation (≥ 1000
h). The present invention provides a method (process)
and equipment needed to increase the metal-based
GDEs’ longevity and stability to increase the Faradaic
efficiency (FE), when used in a electrochemical cell for
ECR activity. This is imperative to get an overall energy
efficient process as well. The process combines the
intrinsic property of the electrolyte used, and changes
occurring due to inducing the polarity change at the
electrode to achieve the aforementioned claim, and
was found particularly useful for carbon freemetal-based
GDEs, such as the carbon free Sn-GDE disclosed in the
earlier patent application of the applicant
WO2022013042A1.
[0026] Thus, in an aspect of this invention, a carbon-
freemetal-basedGDE is used; in particular a carbon free
Sn-GDE; even more in particular the carbon-free Sn-
GDE electrode prepared using the methodology as dis-
closed in patent no. WO2022013042A1.
[0027] The equipment as used, generally refers to an
electrochemical cell comprising a metal based GDE
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working electrode as cathode, an anode, in particular an
inert anode, suchasan inert Pt anode, andanelectrolyte,
whereby a gas is fed into the GDE with electrolyte per-
meating the opposite side of the GDE, said cell being
used for causing current to flow externally through a load
circuit connecting the anode and the cathode. As is
known to the skilled artisan, in electrochemical cells
comprising GDEs the anode and cathode compartments
are typically separatedbymeansof ion-conductingmem-
branes such as anion exchange membrane (AEM), Ca-
tion exchange membrane (CEM) or bipolar membrane
(BPM), wherein each of the anode compartment and the
cathode compartment respectively comprise an anolyte
and a catholyte solution.
[0028] The method according to the invention of oper-
ating such equipment in the electrochemical conversion
of gaseous reactants such as CO2, CO, N2, or O2 into
bulk chemicals and fuels such as Syngas, Formic Acid,
Methanol, Ethanol, Ethane, Ethylene, Methane, Ammo-
nia, and the like; is characterized inmaintaining the pH of
the electrolyte within a range of 2 units of its initial value,
and in applying anodic pulsing to the GDE working elec-
trode, i.e. the cathode, at regular intervals. In said in-
stances where the electrochemical cell comprises and
anode and a cathode compartment, the method is char-
acterized in maintaining the pH of the catholyte within a
range of 2 units of its initial value, and in applying anodic
pulsing to theGDEworking electrode, i.e. the cathode, at
regular intervals.
[0029] As will be evident from the examples herein-
after, the electrocatalytic instability and observed deac-
tivation or degradation of the metal-based GDEs can be
associated with changes in the electrode’s intrinsic prop-
erty and its local environment (such as the concentration
of K+, HCOO- , CO3

2-, etc.) during the electrolysis pro-
cess. For example, in case of Electrochemical CO2 Re-
duction (ECR), the observed decrease in formate ion
production at the GDE cathode is directly associated
with a drop in pH of the catholyte, which favours the
competing hydrogen evolution reaction (HER). Control-
ling the pH of the catholyte and maintaining it within 2
units, in particularwithin 1unit from its initial value, i.e. the
pH value of the pristine catholyte at the operational start
of the electrochemical process, counteracts such reac-
tion to occur.
[0030] In itself this operational condition can prevent
the Faradaic efficiency (FE) to drop below 40%, but is
insufficient to restore the FE to values close to initial
value, i.e. the FE at the operational start of the electro-
chemical process. The Faradaic efficiency (FE) de-
scribes the selectivity of an electrochemical process
towards a specific target product and is defined as the
amount (moles) of collected product relative to the
amount that could be produced from the total charge
passed, expressed as a fraction or a percentage.
[0031] Combining pH control of the catholyte with an
anodic pulsing at the cathode restores the FE yield of the
process to its initial value.Pleasenote in this respect, that

within the context of the present invention "the anodic
pulse" is meant to refer to an inverse current or potential
pulse applied to the working electrode, i.e. the electrode
in the electrochemical system on which the reaction of
interest is occurring. Depending on whether the reaction
on the electrode is a reduction or an oxidation, the work-
ing electrode is called cathode or anode, respectively. In
the present examples, the GDE working electrode is the
cathode but the invention is not restricted thereto. The
pulse is inverse with respect to its operational charge in
the electrochemical conversion of the gaseous reactant
intobulk chemicalsat theworkingelectrode.Forexample
during ECR, a negative potential (reducing current) is
applied to the GDE working electrode and the anodic
pulse will consist of a positive (inverse) potential (oxidiz-
ing current) applied to the GDE working electrode.
[0032] In an embodiment of the method according to
the invention the anodic pulse consists of a current of
50‑200 mA cm‑2, preferably applied for at least 30 sec-
onds; in particular a current of at least 100 mA cm‑2,
preferably applied for at least 1 minutes to the GDE
working electrode (cathode). In an embodiment of the
method according to the invention the anodic pulse con-
sists of a constant current of 50‑200 mA cm‑2, preferably
applied for at least 30 seconds; in particular a constant
current of at least 100 mA cm‑2, preferably applied for at
least 1 minutes to the GDE working electrode (cathode).
[0033] In an embodiment of the method according to
the invention the anodic pulse consists of a positive
charge of 1.5‑10 Coulomb (C) cm‑2 applied to the cath-
ode; in particular a charge of at least 6 C cm‑2 applied to
the cathode. In an embodiment of the method according
to the invention the anodic pulse consists of a constant
charge of 1.5‑10 Coulomb (C) cm‑2 applied to the cath-
ode; in particular a constant charge of at least 6 C cm‑2
applied to the cathode.
[0034] In an embodiment of the method according to
the invention the anodic pulse consists of a current of
50‑200 mA cm‑2, preferably applied for at least 30 sec-
onds; in particular a current of at least 100 mA cm‑2,
preferablyapplied forat least 1minutes, in particular up to
about 10 min, more in particular from about 4 to 8 min, to
the cathode, wherein said anodic pulse is applied at
regular intervals starting at 6 hours, in particular starting
at 12 hours, more in particular starting at 24 hours, even
more in particular every 48 hours. In an embodiment of
the method according to the invention the anodic pulse
consists of a constant current of 50‑200 mA cm‑2, pre-
ferably applied for at least 30 seconds; in particular a
constant current of at least 100 mA cm‑2, preferably
applied for at least 1 minutes, in particular up to about
10 min, more in particular from about 4 to 8 min, to the
cathode, wherein said anodic pulse is applied at regular
intervals starting at 6 hours, in particular starting at 12
hours, more in particular starting at 24 hours, even more
in particular every 48 hours.
[0035] In an embodiment of the method according to
the invention the anodic pulse consists of a charge of
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1.5‑10 Coulomb (C) cm‑2 applied to the cathode; in
particular a charge of at least 6 C cm‑2 applied to the
cathode, wherein said anodic pulse is applied at regular
intervals starting at 6 hours, in particular starting at 12
hours, more in particular starting at 24 hours, even more
in particular every 48 hours. In an embodiment of the
method according to the invention the anodic pulse con-
sists of a constant charge of 1.5‑10 Coulomb 1.1.5‑10
Coulomb (C) cm‑2 applied to the cathode; in particular a
constant charge of at least 6 C cm‑2 applied to the
cathode, wherein said anodic pulse is applied at regular
intervals starting at 6 hours, in particular starting at 12
hours, more in particular starting at 24 hours, even more
in particular every 48 hours.
[0036] Alternatively, the anodic pulse can be ex-
pressed as the magnitude of electrical charge, i.e. 6 C
cm‑2 applied to the cathode. With reference to the ex-
amples, it hasbeenobserved that a charge in the rangeof
15‑60 C is not enough to increase the FE to its initial
value. Without being bound to theory, where this charge
is enough to change the polarity around the double-layer
chargingarea that ismajorly impacted, the recoveryofFE
obtained by such a small charge (15‑60C) does not have
a lasting impact on the electrode’s selectivity for ECR.
Only a small increase of 10‑15% in FE is observed, which
drops to its pre-pulsing value within 24‑48 h. In contrast,
theFE increasesby20 to30%ata chargebetween240C
and 360 C, which has a long-lasting impact on the elec-
trode’s ECR selectivity. It is hypothesized that such high
charge value is enough to oxidise the metal catalyst
present within the GDE, for example from Sn metal to
SnO2, and that it also removes any impurities deposited
on the electrode during the long-term process, working
also as a cleaning method for the electrode. When for
example the Sn-GDE is subjected to cathodic potential
post theanodicpulseashereindisclosed, it reducesback
to metallic tin, making the electrode more porous, in-
creasing the three-phase interphase, and increasing
the FE of formate.
[0037] The combination of maintaining catholyte pH
and conductivity (condition I ) and anodic pulsing (con-
dition II), helps to restore the initial selectivity of the
electrode towards ECR and operate the electrochemical
cell for the duration of at least 1000 h and beyond,. At any
moment, failing to comply with these conditions (condi-
tions I and II) can lead to a drop in the selectivity of the
electrode’s activity towards ECR.
[0038] To sum up, metal-basedGDEs and in particular
Bi-GDE or Sn-GDE can be reactivated to its initial for-
m/activity, by the combined effect of condition I, i.e.
keeping the electrolyte pH within 2 units from its initial
pH,more in particular keeping the electrolyte, evenmore
in particular keeping the catholyte at a slightly alkaline
(pH from about 7 to 9) pH , and condition II, with anodic
pulses fora fewminutes (4‑8minutes) atafixed interval of
48 h to prolong the Sn-GDE activity towards ECR. In an
embodiment condition II, is expressed as anodic pulse
with a charge of at least 120Coulomb (C); in particular an

anodic pulse with a charge of at least 240 C; more in
particular an anodic pulse with a charge up to about 600
C; even more in particular with an anodic pulse from
about and between 240 C to 360 C.

EXAMPLES

[0039] With the experimental set-up (Figure 1) men-
tioned in example 1, an electrochemical cell for Electro-
chemical CO2 reduction (ECR) comprising a Sn-GDE as
disclosed in WO2022013042A1 is initially stable for 200
h, at a current density of 100 mA/cm2. The stability of the
electrode is expressed in terms of the Faradaic efficiency
(FE) of formate ions produced from ECR. After 500 h of
operation, the FE of formate drops from 75% to 25%
(Figure 2). The constant decrease in the FE of formate
ionscould bedirectly associatedwith thedrop in pHof the
catholyte, which favours HER, a competing reaction with
ECR (Figure 3). To suppress HER and promote ECR,
refreshing the electrolyte with fresh 0.5 M KHCO3, bring-
ing the pH back to its initial value of 7.5, increases the FE
of formate from 25% to 40%. Furthermore, this change in
FE is stable if the catholyte’s pHvalues are 7.0±0.5, and
conductivity is ≥ 45 ± 5 mS/cm. An anodic pulse is then
applied to the cathode, as shown in Figure 4, to restore
the electrode activity to its initial level. An anodic pulse (I=
+1 A, j = +100 mA/cm2) in the form of a galvanostatic
pulse (i.e. the anodic pulse is applied in the form of a
constant current for a given period of time) of anodic
current for a few minutes is introduced every 48 h of
the operation of the cell.
[0040] As evident from Examples 2 and 3, similar
results could be achieved with other metal-based GDEs.

Example 1 ‑ Sn-GDE in a flow cell

[0041] All electrochemical experiments were carried
out using VSP BioLogic potentiostat clubbed with
VMP3 BioLogic current booster. ElectroCell® microflow
cell with an effective active area of working electrode as
10 \cm2. All the experiments were conducted in a galva-
nostatic mode with a current density of 100 mA/cm2

(Figure 5). Prior to each electrochemical experiment,
the catholyte (0.5 M KHCO3) was saturated with CO2
overnight (6‑8h).BPCGO®,aflowmeter,wasusedat the
outlet of the cell to monitor the exit flow of gas from the
cell. To maintain identical reaction conditions, the appli-
cation of current (I) was delayed until a stable signal of
outlet CO2 was recorded for 20‑30 min by the BPC GO®

flowmeter. This ensured an identical reaction condition in
terms of gas species equilibrium, pH and catholyte con-
ductance prior to the commencement of experiment. The
cell was designed with a flow-through mode of operation
(Figure 6), with an carbon free Sn-GDE (as disclosed in
patent no. WO2022013042A1) of 100 cm2 geometrical
area as Working Electrode, dimensionally stable anode
(DSA) as Counter Electrode and Ag/AgCl as reference
electrode (RE). The pH and conductivity of the bulk
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catholyteweremonitored throughout these experiments.
The changes in the WE potential were monitored
throughout the experiment (Figure 7).
[0042] The mode of the experiment is a single partial
pass, achieved by circulating the electrolyte from a large
feedstock reservoir (5 L), contrary to the electrolyte vo-
lume (calculated for both anode and cathode). The cath-
olyte is periodically refreshed to maintain the pH and
conductivity of the electrolyte in the range of 7.8‑6.5,
and 45‑80 mS/cm, respectively.

Catholyte: 0.5 M KHCO3, 5 L (refreshed periodi-
cally), pre-saturated with CO2
Anolyte: 2 M KOH, 2 L (never refreshed during the
1000 h operation)
Electrolyte flow: 50‑60 mL/min
CO2 Flow: 30 mL/min
Membrane: Fumasep BPM (Fumasep FBM-PK))

Mode of operation: Flow through mode‑ gas outlet
from the cell was blocked and forced to pass through the
electrolyte (Figure 6)

[0043] Experiments were designed in a galvanostatic
mode to avoid the possible influence of external para-
meters such as electrolyte recirculation, flow rate, and
electrode flooding.
[0044] The products of this electrochemical reaction
are analyzed by a gas chromatograph (GC) (for gas
products such as CO, H2) and High-performance liquid
chromatography (HPLC) (for liquid products, such as
formate ions).
[0045] A constant current is applied across the elec-
trochemical cell to achieve a current density of 100
mA/cm2 (thecommercially relevant current density).Dur-
ing the operation, the pH and conductance of the bulk
catholyte were monitored (Figure 2). Liquid samples
were collected periodically from the bulk catholyte and
analyzed for formate ions with HPLC. For gas analysis,
the experimental set-up was connected with headspace
GC.

Example 2 ‑ Bi-GDE in a flow cell

[0046] Using similar experimental conditions used in
the ECR experiment using Sn-GDE (example 1), the FE
of formic acid production from ECR by using a Bi GDE (a
GDEbased onBi powder prepared exactly the sameway
as Sn GDE described in WO2022013042A1) is demon-
strated in Figure 8. Notably, the FE to formic acid was
significantly recovered by pulsing (starting from 280 h,
every 12 h an anodic pulsing was applied) after the FE to
formic acid has decreased from initially 95% to around
70% at 260 h. Figure 9 directly shows the impact of the
pulsing method. After the first pulse (1000 mA for 2 min),
theFE towards formic acid increased from70% toaround
87% and started to level down with time. However, with
periodic pulsing (1000 mA for 1 min every 12 hour), the

FE towards formic acid can bemaintained in a window of
85‑90%, promising a stable and controlled process to
produce formic acid electrochemically from CO2.

Example 3 ‑ Sn-foil in H cell

[0047] AnH-cell configuration was used to understand
the impact of anodic pulsing on the Sn-plate (Figure 10).

Details of H-cell configuration:
Anolyte: 0.1 M KHCO3, 8 mL
Catholyte: 0.1 M KHCO3, 8 mL
CO2 purged in the solution: 10 mL/min
Membrane: AEM (FAA‑3‑50)

[0048] A potentiostatic measurement at a fixed poten-
tial of ‑1.0 V vs. RHE was applied for 30 min, and its
activity towards the ECR for formate production was
monitored. With an anodic pulsing at 0.1 V for 30 min
prior the electrocatalysis at ‑1 V vs. RHE, an increase in
FEof formate ion from60% to 90%wasobserved (Figure
11).

Example 4 ‑ Sn-GDE in flow cell (acidic medium)

[0049] Using exactly the same experimental set up
used in the ECR experiment using Sn-GDE (example
1), with the following electrolyte as mentioned below.

Catholyte: 0.25 M K2SO4, 5 L, acidified with
H2SO4,pH=3 (refreshed periodically), pre-saturated
with CO2
Anolyte: 2 M KOH, 2 L (never refreshed during the
1000 h operation)
Electrolyte flow: 50‑60 mL/min
CO2 Flow: 30 mL/min
Membrane: Fumasep BPM (Fumasep FBM-PK))

[0050] The regeneration of the Sn-GDE in an acidic
electrolyte is demonstrated in Figure 12. Similar to the
alkaline environment, the FE of formic acid production
from ECR by using a started at a high FE (>80%) but
dropped sooner than alkaline condition to 20% after 200
hours. Notably, the FE to formic acid was recovered by
pulsing (starting from240 h, every 12 h an anodic pulsing
was applied) though not to the same extent as in alkaline
mediumbut the trendwas similar and consistent showing
the applicability of the proposed process in both alkaline
and acidic environment.

Claims

1. A method of operating an electrochemical cell com-
prising a metal based GDE working electrode as
cathode, an anode, and an electrolyte in the electro-
chemical conversion of a gaseous reactant into bulk
chemicals at the working electrode, said method of
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operation being characterized in maintaining the
pH and conductivity of the electrolyte within a range
of 2 units of its initial value, and in applying an anodic
pulse to the working electrode at certain intervals.

2. The method according to claim 1, wherein the elec-
trochemical cell comprises an anode and a cathode
compartment and wherein the method is character-
ized in maintaining the pH of the catholyte within a
range of 2 units of its initial value, and in applying an
anodic pulse to the working electrode at regular
intervals.

3. The method according to claims 1 or 2, wherein the
anodicpulseconsists of a current of 50‑200mAcm‑2,
preferably applied for at least 30 seconds; in parti-
cular a current of at least 100 mA cm‑2, preferably
applied for at least 1 minutes to the working elec-
trode.

4. The method according to claims 1 or 2, wherein the
anodic pulse consists of a charge of 1.5‑10Coulomb
(C)cm‑2applied to thecathode; inparticular a charge
of at least 6 C cm‑2 applied to the working electrode.

5. The method according to any one of the preceding
claims wherein the anodic pulses are applied at
regular intervals selected to maintain a sufficiently
high current density and stable and significantly high
Faradaic Efficiency (FE) towards the targeted pro-
duct; such as at regular intervals ranging from1 hour
to 48 hours (or anytime in between), depending on
the severity of the electrode degradation and sub-
sequent recovery time.

6. The method according to any one of the preceding
claims wherein the gaseous reactant is selected
from CO2, CO, N2, NOx or O2; in particular CO2.

7. The method according to any one of the preceding
claims wherein the bulk chemicals are selected from
Syngas, Formic Acid, Methanol, Ethanol, Ethane,
Ethylene,Methane, Ammonia, Hydrogen, Hydrogen
peroxide and the like.

8. The method according to any one of the preceding
claims wherein the pH is maintained near to the
original pH of the electrolyte (slightly alkaline, in
particular from about 7 to 9 or slightly acidic, in
particular from about 3 to 5).
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