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ABSTRACT: Electrochemical CO: reduction is a promising carbon capture and utilization technique, which is urgently re-
quired to prevent earth’s global warming. Extensive research on catalyst improvement, reactor engineering and electrode
development has been performed in order to develop an industrially scalable system. However, despite the great process that
has been made, there is still a lack of understanding in the fundamental behavior of the electrolyzers. To reduce this gap, we
have investigated the influence of product selectivity and current density on the pH of the catholyte in bipolar membrane
electrolyzers. More specifically we have found that, by targeting formate production, consumption of bulk bicarbonate occurs,
which can cause a pH drop of the catholyte. Especially at low catholyte flowrates and high partial current densities, it was
shown that this phenomenon can negatively affect the cells performance due to a high concentration of protons in combina-
tion with a high residence time of the catholyte. By implementing these fundamental findings, we were able to operate the
electrolyzer under acidic conditions, without affecting the electrolyzers performance, allowing us to produce formic acid ra-
ther than formate which has not yet been achieved in bipolar membrane based electrolyzers. Under optimal conditions, we
achieved a product stream with a formic acid/formate ratio of 0.67 and a combined concentration of 34 g/1, a partial current
density of 152 mA/ cm? and a cell voltage of 6V.

INTRODUCTION

In the past decade, carbon capture and utilization (CCU) has gained considerable interest from academia and industry as a compli-
mentary measure to reduce carbon dioxide (COz) emissions.[1-4] A promising CCU technology is the electrochemical reduction of
CO2 (eCO2R) to value-added products.[5,6] Over the years, a wide variety of electrocatalysts have been assessed on their reactivity
towards eCO2R. Overall it was found that three groups of products can be acquired: formate/formic acid, carbon monoxide [7-9]
and a variety of C1/C2 products [10-12]. From these products, formate/formic acid is assumed to be one of the most promising
products for industrial scale CO2 electrolysis [13] and this mainly due to (1) the two electron-transfer which translates into a low
energy consumption, (2) the broad range of applications in the chemical, food and agriculture industry[14] and (3) its potential as
an energy carrier in direct formate fuel cells.[15]

Therefore extensive research has been performed in order to develop formate producing electrocatalysts with high performance
(e.g. high stability, selectivity, current density), such as: Sn[16,17], Sn02[18-20], Bi[21,22], In[23,24], metal organic frameworks[25-
27] and Pb[28-30]. However, most of these catalyst screenings were performed in H-cell’s, in which the reaction rate is limited by
the low solubility and diffusion of COz in aqueous solutions, typically resulting in reaction rates not greater than 40 mA/cm?.[31] As
it is shown that CO: electroreduction needs to be performed at current densities of at least 100 mA/cm? to be industrially via-
ble[32,33], researchers have shifted their focus towards reactor engineering to increase the CO2 mass transfer and thereby the re-
action rate while maintaining the good performance of the catalyst.[34]

The major development in electrochemical CO2 reactor engineering is the implementation of gas diffusion electrodes (GDE), which
allow gaseous COz2 to be fed directly into the cell.[35] As a result, the diffusion length of dissolved CO2 towards the catalyst surface is
heavily reduced and thereby current densities well above 100 mA/cm? can be achieved [36]. Since its first implementation, addi-
tional research has been performed on the optimization of these GDE based electrolyzers, mainly by studying the catalyst deposition



method[37,38], binder material[39], catalyst loading[40], GDE flooding [41,42] and reactor configuration (flow-by versus zero-
gap).[43,44]

In these GDE based electrolyzers an ion exchange membrane is often used to separate the anode from the cathode compartment.
Three types of membranes are described in literature: cation exchange membrane (CEM)[31], anion exchange membrane (AEM)[45]
and bipolar membrane (BPM).[46-48] Out of these three the CEMs are most commonly used due to the extensive knowledge gained
from their use in fuel cells and water electrolyzers[49]. However the use of CEMs in CO: electrolyzers, where the anolyte is often a
strong alkaline solution, promotes the migration of metal ions (e.g. potassium) from the anolyte which cause salt deposition prob-
lems on the cathode side.[50] Additionally, while AEMs show promising results in CO and hydrocarbon producing electrolyzers, it
cannot be used in an electrolyzer targeting formate since it is shown that due to the anionic characteristic of the product, formate
crossover towards the anolyte occurs. In the anolyte the formate will be diluted, increasing the downstream separation cost and
partly reoxidized to COz at the anode decreasing the efficiency of the electrolyze. . Lastly, AEMs also allow crossover of carbonate to
the anode, which results in a high net loss of unreacted CO2 (also known as COz pumping).[51]

The third alternative are BPMs, this type of membrane is constructed of a cation exchange layer and an anion exchange layer, which
are pressed together. At the center junction of the membrane (the interface where the two layers connect) a catalyst is deposited
(e.g. Al(OH)3). When current is applied through the membrane, the catalyst at the junction will promote the potential driven disso-
ciation of water molecules into protons and hydroxyl ions. The potential will initiate the migration of these protons through the
cation exchange layer towards the cathode and the migration of the hydroxyl ions through the anion exchange layer towards the
anode. To prevent the dehydration of the centre junction due to the water splitting reaction, water has to diffuse from either one of
the electrolyte compartments to the centre of the membrane to prevent its dehydration.[52] Recently, BPMs have gained interest
from electrochemists due to their combined ability to prevent crossover and stabilize the pH in the electrolyte compartments.[53,54]
A more detailed understanding of the working mechanism of BPMs in eCO2R electrolyzer is provided by D. A. Vermaas
et al.[47] A good example of how these membranes can be used to upscale the eCO2R process was described by Chen et al.[55]
Nevertheless, there are still certain pitfalls which could limit the widespread use of these BPM electrolyzers. First the extra energy
required for the water dissociation and the high ohmic resistance of the two exchange layers increase the total cell voltage, which
negatively affects the energy efficiency of the system. To this end, research on BPMs in this field has recently focused on reducing
their resistance in order to diminish the required cell voltage. In this respect, 3D electro spun junctions[56] and decreased exchange
layer thickness have proven to be promising paths towards BPMs with reduced resistances.[57] A second pitfall in BPMs is the acidity
of the cation exchange layer, promoting hydrogen evolution (HER) at the cathode. Changing the acidity of the cation layer can slightly
reduce this negative effect[58], but more effective is the use of a buffer solution as electrolyte between the membrane and the cath-
ode. The latter allowed Chen et al. to construct a reactor system with exquisite performance and scaling possibilities, however at the
cost of diluted formate concentrations and increased downstream processing cost.[55]

Overall it is clear that BPMs have great potential in eCO2R electrolyzers, yet additional research is required to understand their
overall functioning. Therefore, in this manuscript we will discuss how the behavior of (ionic) species can heavily influence the cath-
olyte pH and consequently the electrolyzer performance. More specifically it will be shown that, at high partial current densities
towards formate, a consumption of bulk bicarbonate occurs. Thereby the catholyte buffering capacities can be nullified which results
in a decrease of bulk catholyte pH. In current BPM research, this effect has not yet been observed, presumably due to the masking
effect of high catholyte flowrates, which increases the downstream processing costs (low formate concentration). Therefore, the effect
of catholyte flowrate on the pH was investigated, as well as the influence of the pH drop on the electrolyzer performance in an attempt
to address this issue.

EXPERIMENTAL

Chemicals

Tin (IV) oxide nanopowder (< 100nm, >99%), Ag nanopowder (< 100nm, >99.5%) and Nafion perfluorinated resin solution
(5 wt%) were purchased from Sigma-Aldrich (Belgium). Isopropyl alcohol (99.8%, electronic use), potassium hydroxide (p.a.
grade) and potassium bicarbonate (99.5%) were purchased from Chemlab (Belgium). Sigracet 39 BB GDL was purchased
from Ion Power (Germany). Ultrapure water was prepared in the laboratory (Milli-Q gradient, Millipore, USA). The bipolar
membrane (type FBM) was purchased from Fumasep (Germany) while the cation exchange membrane (Nafion 117) was
purchased from Fuel Cell Store (USA). Ni foam anode was purchased from Nanografi (Turkey). CO2 (99.998 %) and Ar (99.999
%) were purchased from Nippon (Belgium).

GDE preparation

The GDEs used in the experiments were prepared by ink spraying. For a GDE with a geometrical surface of 16 cm?, 100 mg of
nanoparticles were mixed with a 5 w% Nafion solution to obtain a 85/15 mixture. Next, 3 ml of isopropyl alcohol and 3 ml of
water was added after which the ink solution was thoroughly sonicated for 30 minutes. The GDLs were spray-coated using
an airbrush with argon as carrier gas. During the spraying procedure, the GDL was heated with a hotplate to 60 °C to promote
the drying of the ink. The electrodes were weighted before and after the spray coating procedure to determine the final load-
ing of catalyst which was 2.5 mg/cm?.



Sample analysis

Both gaseous and liquid samples were taken 15 minutes after the reactor reached steady-state to ensure the absence
of any start-up phenomena. The gaseous products were analyzed using a GC (Shimadzu 2014, Japan) in which a ShinCarbon
St 100/120 2mx1mm column (Restek, USA) was installed. Helium gas (10 ml/min) was used as carrier and the temperature
of the column was set at 40°C for 180 seconds. After the initial stage the column’s temperature was raised by 40°C/min to
250°C. Detection of the products was done by a thermal conductivity detector at 280°C. For the correct FE calculation of the
gaseous products it is required to measure the outlet gas flowrate of the system, as it has been demonstrated by M.
Ma et al. that this can vary strongly from the inlet gas flowrate due to COz neutralization.[51] Therefore a gas flow
meter (ProFlow 6000, Restek) was used to correctly determine the gas flowrates and calculate the FE’s for these
products.

A HPLC system (Alliance 2695, Waters, USA) combined with a PDA detector (2996, Waters, at 210 nm) and a packed column
(IC-Pak, Waters, USA) was used to analyze the concentration of the liquid products in the catholyte. A perchloric acid solution
(0.1%) was used as mobile phase. Depending on the concentration of the products in the catholyte the samples were diluted
1 or 10 times. A pH meter (Consort C860 / SI Analytics pH electrode BlueLine) was used to measure the bulk pH of the cath-
olyte samples exiting the electrolyzer. To minimize the void volume of the system, the exiting catholyte was sampled directly
at the outlet of the electrolyzer. Catholyte samples were taken using conical sample tubes, thereby a sample volume of 0.5 -
1 ml, corresponding to a sampling time of 10-100 s depending on the flowrate is sufficient for accurate pH analysis.

Electrolyzer set-up

A detailed description of the custom made electrolyzer can be found in previous reports.[41] Flow channels are milled out of
impervious graphite (Fuel Cell Store, USA) and the catholyte spacer was fabricated in PMMA. The thickness of the spacer was
reduced to 1 mm to minimize the ohmic resistance of the catholyte and to limit the void volume of the cell to 1.5 ml. The GDE
was pressed against the graphite flow channel to allow electrical contact with the potentiostat (Metrohm, Multi Autolab M204,
10A booster module). On the anode side Ni foam was used as counter electrode and was pressed directly against the mem-
brane to limit the ohmic resistance. Aluminium endplates, EPDM gaskets and M6 bolts were used to assemble and seal the
electrolyzer.
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Figure 1. schematic presentation of the experimental set-up of the eCO2R electrolyzer used in the manuscript.

The experimental set-up is graphically visualized on figure 1. A peristaltic pump (Ismatec, Reglo ICC) was used to provide the
flow of potassium hydroxide (20 ml/min) to the anode compartment while a HPLC pump (Watrex, P102) was used to control
the flow of the catholyte. The flow of CO2 was set at 200 ml/min with a mass flow controller (Brooks instruments, GF040).
The liquid/gas mixture exiting the electrolyzer was separated using a custom-made gas/liquid separator after which the
products were analyzed. At the catholyte side, the liquid is fed in a single pass. The temperature of the system was maintained
at 60°C throughout the experiments. The performance of the reactor was assessed by chrono potentiometric experiments at
increasing current densities, at each setpoint the current is applied for 15 minutes to stabilize the system after which product
samples were taken and subsequently the current was increased to the next setpoint. The data is represented as a partial
polarization curve, taking Faradaic efficiencies into account. Experiments were repeated at least three times with new GDEs,
membranes, and assembly, to determine error margins on the experiments.

RESULTS & DISCUSSION

Theoretical background

To understand the transport behavior of (ionic) species in BPM equipped electrolyzers and to unravel how they influence the cath-
olyte pH, all the reactions that can occur inside the catholyte compartment are assessed (Egs. 1-8). As the focus of this manuscript
lies on the reduction of COz, only the reactions in the cathodic compartment will be discussed. These reactions can be divided in two
groups: (1) the reactions occurring at the GDE interface:



CO2 + Hz0 +2 e- > HCOO- + OH- (1)

COz2 + H20 +2 e- > CO + 20H- (2)
2H20+2e > Hz2+2OH- 3)
2H*+2e > Hp 4)
CO2 + OH- > HCO3- (5)

and (2) reactions occurring at the BPM interface:
OH- + H* > H20 (6)
HCO3  + H* > CO2 + H20 & H2€03  (7)
HCOO- + H* > HCOOH (8)

From Egs. 1 and 2 it is noted that, depending on which eCO2R reaction is dominating, the composition of (ionic) species can differ.
If a formate favoring electrocatalyst (e.g. Sn0z) is used, two electrons are consumed, and one hydroxyl ion and one molecule of
formate is formed for each consumed CO2 molecule. If a CO favoring electrocatalyst (e.g. Ag) is used, likewise two electrons are
consumed, but two hydroxyl ions instead of one are formed, to produce one molecule CO and to consume one molecule CO2. This
difference in number of electrons to the number of formed hydroxyl ions states a fundamental difference with respect to the pH, as
is shown in fig 1.

On the one hand, at the electrode interface, as is shown in literature[59], the formation of hydroxyl ions leads to a local increase in
pH, which results in the production of bicarbonate by neutralizing COz (eq.5). On the other hand, at the membrane interface, to
uphold the charge balance inside the cell, two protons will be released, creating a local decrease in pH (fig. 2). These protons will
react with carbonate, releasing COz (eq. 7).[60]

When producing CO, the total net change of bicarbonate and pH remains zero as the number of produced hydroxyl ions and protons
is balanced. During formate production, only one hydroxyl ion is formed per molecule of formate which requires the consumption
of two electrons and thus two protons are discharged at the BPM. This imbalance in hydroxyl ions produced versus protons dis-
charged by the BPM results in a net consumption of bulk bicarbonate. Here, the total net change in bicarbonate and pH cannot remain
zero but is expected to decrease.
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Figure 2. Schematic presentation of the ion movement in BPM based flow-by eCO2R electrolyzers.

Atlow current densities, the production of formate and hydroxyl ions is rather limited and consequently also the consumption
of bulk bicarbonate. As a result, the buffering characteristics of the CO2/HCO3- equilibrium will mask the pH effects at the cost
of its own depletion. However at industrial relevant current densities (> 100mA/cm?) one will reach a point where the buffer
can no longer compensate for the bulk carbonate consumption and the catholyte loses its ability to buffer the excess of pro-
tons. At this point all bicarbonate will be converted towards CO2/H2CO3 and the excess of protons will drastically lower the
pH. However, in current BPM literature this drop in catholyte bulk pH has not yet been reported. On the contrary, the use of
BPM is described as a means to maintain a constant pH gradient between the electrolyte compartments[61], which, as can be
deduced from the governing reactions (Eqgs. 1-8), is impossible if formate is the targeted product. It is assumed that the pH
effect is masked by high catholyte flow rates, rapidly refreshing the consumed HCO3- ions and thereby stabilizing the pH. This,
however, comes at the cost of a diluted product stream and consequently resulting in an increased downstream processing
cost.

Influence of Jrormate 0N the catholyte pH

The behavior of BPMs was investigated using the electrolyzer in flow-by configuration, of which the lay-out is discussed in
detail in the experimental section. The flowrate of the catholyte was set at 1 ml/min. The data obtained with either a SnO: or
Ag spray-coated GDE are presented in figure 3 (a-d). Sn based electrocatalysts are known to be highly selective towards for-
mate.[62] Nonetheless, at low current densities (< 25 mA/cm?), when the cell voltage is minimal, besides formate, of which
the Faradaic efficiency (FE) was 62%, also a large fraction of CO (36%) is produced (figure 3 (a)). This can be ascribed to the
lower Nernst potential of CO production (-0.103 V vs SHE) in contrast with formate production (-0.199 V vs SHE). By increas-
ing the current density, the cell voltage rose and thereby the selectivity of
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Figure 3. (a) FE (%) and cell voltage (V) plotted versus the applied current density for a CO2 flow-by electrolyzer with a SnO2 coated
GDE (2.5 mg/cm? and 15% Nafion binder). The catholyte (0.5 M KHCO3) flowrate was set at 1 ml/min, the anolyte flowrate (2 M
KOH) at 20 ml/min and the CO2 flowrate at 200 ml/min. (b) Partial polarization curve of the eCO2R towards formate on SnO2 parti-
cles and (c) towards CO on Ag particles. Bulk pH of the catholyte is plotted on the secondary y-axis. (d) FE (%) and cell voltage (V)
plotted versus the applied current density for a CO2 flow-by electrolyzer with an Ag coated GDE (2.5 mg/cm? and 15% Nafion binder).

the electrolyzer was shifted further towards formate. At 100 mA/cm? the cell reached a maximal formate selectivity of 90%.
Upon further increase of the current density, the FE of formate reached a plateau where it remained stable around 80% and
more hydrogen was produced. At rising current densities, the amount of hydroxyl ions formed at the catalyst surface and
consequently the amount of gaseous COz being neutralized (eq.5) increases as well, limiting the

amount of CO; at the three phase boundary. Above 150 mA/cm?, the mass transfer of CO; towards the catalyst surface is
insufficient to continue the eCO2R. Here, the hydrogen evolution reaction (HER) starts to dominate. Since two hydroxyl ions
are formed during the HER (eq. 3) the depletion rate of CO: at the catalyst surface increases and the partial current density
towards formate gradually declines. At the maximum applied current density (300 mA/cm?) the HER accounted for roughly
50% of the total electron consumption. Meanwhile the voltage response of the cell increased linearly with the applied current.

From the theoretical deduction provided above it is clear that, at sufficiently low catholyte flowrates, a drop in pH is expected.
To investigate whether this theory is valid, the bulk pH of the catholyte leaving the cell was measured and plotted versus the
cell voltage and partial formate current density on figure 3 (b). When the electrolyzer was operated at low total current den-
sities (i.e. 10-75 mA/cm?), corresponding to cell voltages below 4 V, the pH of the electrolyte was stable around 7.3, which



corresponds to the pH of a 0.5M KHCO3 solution saturated with COz. The saturation of CO2 originates from the formation of
CO2z bubbles at the BPM interface, where protons are released and react with bicarbonate (eq. 7).[60] After a threshold partial
current density of formate of 60 mA/cm? the pH of the catholyte linearly declined to 6.9 at 90 mA/cm? and 6.4 at 110 mA/cm?.
It is important to notice that at this latter point the bulk pH of the catholyte was nearly equal to the pKa of the CO2/HCOs-
buffer (= 6.1), meaning that the concentration of bicarbonate ions in the catholyte has approximately decreased by 50%,
compared to its initial concentration (i.e. 0.5 M). Eventually both the partial current density of formate and the pH reached a
peak at 145 mA/cm? and 4.3 respectively at a cell voltage of 6 V. From the equilibrium data of the COz/HCOs-/COs? mixture
(figure S1), it can be understood that the fraction of bicarbonate (0.79 %) and carbonate (0.0001%) is negligible at this pH.
At higher cell voltages the partial current density of formate declined due to mass transfer limitations of CO2. As the number
of hydroxyl ions formed at the three phase boundary increases with the partial current density, also the consumption of CO2
into bicarbonate increases, up until the point where there are no longer sufficient CO2 molecules present for the eCO2R and
the partial current density starts to drop. As of this point the HER becomes more dominant and consequently, the ratio of
formed hydroxyl ions compared to the number of protons released by the BPM came closer to unity (HER produces two
hydroxyl ions as opposed to formate production which produces only one hydroxyl ion) . As a result, the depletion of bulk
HCOs- is lower, making the pH rise again, eventually up to its original value of 7.3.

To further confirm the expected pH behavior deducted from the governing reactions (Egs. 1-8), similar tests were conducted,
now targeting CO as product of the eCO2R, by utilizing an Ag electrocatalyst. In this case, the total net consumption of bicar-
bonate is zero, and the pH is expected to remain stable, in contrast to the results acquired with a SnO: catalyst. The results
from Fig. 3 (c -d) show that the behavior of the Ag catalyst at low current densities (10 - 75 mA/cm?) were comparable to the
SnOz2 catalyst with the only difference being the formed product; CO instead of formate. However, at current densities above
75 mA/cm?, the catholyte pH with the SnO: catalyst drastically decreased, while with the Ag catalyst no such decrease in pH
was observed (figure 3 (c)). Even up to partial current densities of CO above 200 mA/cm?, the pH remained stable at 7.3. Even
at high cell voltages (>7 V) where HER starts to dominate and the partial current density of CO reached a peak, the pH re-
mained stable. This is in accordance with the fact that two hydroxyl ions are formed with the formation of a CO molecule (Eq.
2), resulting in a net zero total change of bicarbonate and thus a stable pH. Consequently, these results show that an unstable
pH behavior can be ascribed to the production of formate and the imbalance in produced hydroxyl ions and protons, which
was so far never discussed in literature.

From these findings, it is now possible to hypothesize the effect other eCO2R products have on the catholyte pH. Firstly, there
is a group of gaseous hydrocarbons such as ethyne and methane which are produced mainly on copper based catalyst. For
these products, the amount of hydroxyl ions produced during the reaction are matched by the amount of electrons consumed,
similar to the production of CO as described above. Here it is logical that the pH will behave similar and therefore will remain
constant regardless of the current density and flowrate. Secondly, a group of liquid hydrocarbons, such as methanol, ethanol
and acetic acid can also be produced, again typically on a copper based catalyst. Since ethanol and methanol do not dissociate
in water, the influence of their production is non-existent. Acetic acid however, does dissociates and therefore theoretically
will contribute to a pH decrease similarly to formate. However, in current literature no significant partial current densities
towards acetic acid have been published, which is shown to be a key parameter to have significant changes in pH that can be
followed experimentally. Thus while theoretically possible, the influence of acetic acid formation on the pH will be difficult to
establish experimentally as long as no better catalyst, generating higher currents, is found.

Tuning the formic acid production by altering the catholyte flowrate

As shown above the pH of the catholyte is affected by the partial current density of formate in BPM equipped electrolyzers,
presumably also the low flowrate of catholyte had a partial contribution to this observation. Consequently the question rises
how this flow rate affects the pH change and if this impacts the cell’s performance.

To answer this question, the behavior of the electrolyzer was investigated while varying the flow rate of catholyte between
0.3 ml/min and 5 ml /min (fig 4 (a)). When the cell voltage was kept below 3 V, the influence of the electrolyte flowrate was
negligible as all three cases show similar partial current densities and pH. By setting the flowrate to 5 ml/min, the pH of the
catholyte remained stable throughout the entire set of experiments. Due to a faster regeneration of catholyte, the buffer was
able to withstand the acidic effect of the BPM, thereby masking the depletion of bulk HCO3- Indeed, even at a peak partial
current density of 167 mA/cm?, the pH was still unchanged at 7.3. From literature one would expect that a stable alkaline pH
at the cathode side would be beneficial for the reactor performance since a low pH promotes HER. Surprisingly, from the
partial polarization curves (see fig. 4 (b)), very little difference in performance was observed between the experiments at 1
ml/min and 5 ml/min. The peak partial current density achieved at 5 ml/min, where the pH remained stable at 7.3, was 167
+/-7 mA/cm? while at 1 ml/min similar partial current densities were achieved (i.e. 150 +/- 5 mA/cm?) at a pH as low as 4.3.
This clearly shows that the cell performance, in terms of peak partial current density, is not necessarily limited by the bulk
acidic catholyte environment. This observation is in sheer contrast with literature, where it was assumed that acidic environ-
ments are not suitable for eCO2R. However, recently Bonue et al. observed a similar phenomenon in a differential electro-
chemical mass spectroscopy set-up.[59] Here it was concluded that eCO2ZR in (bulk) acidic environment is achievable if one
can prevent the transport of protons towards the cathode interface, i.e. the pH of the bulk is less important if one can control
the pH at the three phase boundary. In our electrolyzer this is achieved in two ways. First, the low flowrate of catholyte limits



the convective mass transfer of protons from the BPM interface towards the GDE. Second, the high current density creates
strong local alkaline conditions by producing hydroxyl ions at the three phase boundary.
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Figure 4. (a) Relation between the catholyte flowrate and its bulk pH of a BPM equipped eCO2R electrolyzer. 5 ml/min (blue, square),
1 ml/min (red, diamond) and 0.3 ml/min (grey, circle). (b) Partial polarization curve for the BPM based eCO2R electrolyzer towards
formate /formic acid at a range of catholyte flowrates.

Meanwhile, when the flowrate was set a 0.3 ml/min, the pH drastically declined to 3.7 at cell voltages above 3 V, where it
reached a plateau. It makes sense that, due to the lower flowrate (i.e. a lower supply of fresh catholyte) the buffer of the cell
is more vulnerable to the excess of protons supplied by the BPM. Interestingly in this case, the low pH does limit the cell
performance, since the peak current density at 0.3 ml/min reached a plateau at only 60 mA/cm? Here it can be concluded
that the combination of a high amount of protons (low pH of 3.7), the low flow rate and the minimized thickness of the cath-
olyte flow channel can no longer prevent the protons from reaching the GDE through the bulk catholyte chamber and conse-
quently the HER dominates under these conditions. It is essential to understand that the occurrence of a drop in catholyte pH
is primarily determined by the selectivity of the eCO2R. As mentioned previously, the pH will remain stable when CO or Hz
are the targeted products, During these reactions the flowrate will have no effect on the pH since here the protons supplied
by the BPM are in balance with the hydroxyl ions formed during the eCO2R. Only when formate is targeted, a deficit in bicar-
bonate occurs which initiates the pH change, after which lowering or increasing the flowrate can respectively further promote
this pH drop or inhibit it.

Furthermore, flowrate does not only influence pH and FE but also the concentration of the final product. From figure 5, it can
be seen that an increase in flowrate to 5 ml/min, resulted in a limited maximum product concentration of 6.2 g/I at a cell
voltage of 6.9 V.
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Figure 5. Concertation of formate/formic acid in the catholyte exiting the BPM based eCO2R electrolyzer at different flowrates. 5
ml/min (blue, square), 1 ml/min (red, diamond) and 0.3 ml/min (grey, circle).

By lowering the flowrate to 0.3 ml/min the product is less diluted by the catholyte and thereby concentrations up to 47 g/1
were achieved in a cell voltage range of 5.5 V to 7.9 V. Additionally, it can be calculated from known data of the formate /formic
acid equilibrium that, due to the low pH of these samples, the formic acid/formate ratio in the final product is 1, showing the
benefits of both the low flow rate with respect to downstream processing (higher product concentration) and the low pH on
the product distribution. Indeed, for industry formic acid is a more desired product than formate (vide infra).
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Figure 6: (a) influence of cell voltage on the pH of the bulk catholyte exiting the electrolyzer for a CEM (blue, solid) and a BPM (red,
dotted) equipped eCO2R electrolyzer. The Flowrate of catholyte is set at 1 ml/min 0.5M KHCOs. (b) Partial polarization curve for the
eCO2R towards formate/formic acid, both for a CEM and BPM base electrolyzer. (c) ion migration in the electrolyzers and their
influence on the electrolyte compartments.

An optimal flowrate was found at 1 ml/min where high product concentrations were achieved (34 g/1) without restraining
the cell performance (higher FE’s than with 0.3 ml/min). Similar to the samples obtained at 0.3 ml/min the low pH (4.2) at
the optimal cell voltage of 6.0 V resulted in a formic acid/formate ratio of 0.67. At this point, it is important to note that it is
the first time that with a BPM equipped eCO2R electrolyzer formic acid rather than formate is produced at such high concen-
trations. Since the conversion of formate to formic acid requires an additional downstream process, the direct formation of
formic acid is industrially more interesting. Therefore these findings are of great importance for the eCO2R research society.

Iformate at constant ”H

Finally, the behavior of a BPM equipped electrolyzer is compared to a cation exchange membrane (CEM) equipped electro-
lyzer. In this case Nafion 117 is used, which can be regarded as the benchmark membrane for eCO2R reactor engineering.
From a theoretical perspective, it can be understood that the migration of ionic species will be completely different for both
cases. Due to an excess of potassium ions in the 2 M KOH anolyte, the cations migrating through the CEM will be potassium
rather than protons, in contrast to the BPM, where protons are released in the catholyte (Fig. 6 (a)).[50] As aresult, no protons



are supplied at the cathode side of the CEM, thereby the consumption of bicarbonate will be non-existent, even when the
partial current density of formate is high. Consequently, during the CEM electrolyzer experiments, the bulk pH of the catholyte
remained alkaline over the entire range of measured current densities, figure 6 (b). In fact, due to the formation of bicarbonate
at the GDE interface (eq. 5), the pH slightly rose towards 9.5.

Since the maximum partial current density for the two membranes were almost identical while the pH differed up to 4.5 units,
figure 6 (c), it can be concluded that the low pH obtained with the BPM does not necessarily limit the cell performance.

Additionally, on fig 6 (c), at low current densities a 0.8 V shift in cell voltage was observed between the two membranes. This
is mainly due the supplementary energy required for the water dissociation at the center junction of the BPM. At higher cur-
rent densities the shift in cell voltage rose to 1 V, mainly due to the increased ohmic resistance of the BPM compared to the
CEM. At present, the increased ohmic resistance is one of the main drawbacks in the application of BPMs, therefore lots of
effort is being put in the optimization of BPMs. For example, by creating 3D electro spun junction at the center of the BPM or
improved water splitting catalyst, these might allow for better performance in the future. However, the BPM shows a clear
advantage over CEMs as it allows to produce formic acid, rather than formate at comparable rates.

CONCLUSIONS

In literature BPM equipped electrolyzers are praised for their high resistance to product crossover and their ability to stabilize
a pH gradient in the different reactor compartments. In this work the behavior of these electrolyzers was investigated at low
catholyte flow rates to further evaluate these claims. It was found that when formate is the main product, the bulk pH of the
catholyte severely decreased at increasing formate partial current densities and decreasing catholyte flow rates. When CO
formation is favored, this effect is absent, which is in accordance with the governing reactions. Indeed it can be understood
from the different reactions occurring in the cathode compartment, that due to an excess of protons supplied by the BPM, the
buffering capacity of the catholyte is nullified during formate production at high reaction rates. Consequently, the bulk pH of
the catholyte decreases. Meanwhile when CO is produced, the protons released by the BPM are neutralized by an equal
amount of hydroxyl ions produced during eCO2R, resulting in no net change in pH.

Next, the influence of the flowrate was further investigated by varying it between 0.3; 1 and 5 ml/min, as a point of reference,
Chen et al. used 40 ml/min for a 25 cm? GDE.[55] At the highest flowrate, the catholyte was refreshed vigorously which pre-
vented the breakdown of the buffer capacity, keeping the pH constant. Surprisingly, the performance of the electrolyzer was
almost identical at 5 ml/min and 1 ml/min while the pH in the latter reached values as low as 4.3, meaning that the low pH
observed in the BPM electrolyzer does not necessarily limit the cell performance. This is mainly ascribed to the prevention of
protons reaching the catalyst surface by slow diffusion and high local alkalinity at the three phase boundary. At the lowest
flow rate a strong decrease in reactor performance was noted. At this flowrate the pH of the catholyte was well below 4 and
consequently it was no longer possible to prevent protons from reaching the catalyst surface, due to a combination of high
proton concentration (low pH) and long residence time in the electrolyzer (low flowrate). An ideal flowrate was found at 1
ml/min, as at this flow rate the protons were not able to reach the catalyst surface, despite the low pH. Consequently, the low
pH did not affect the reactor performance and a product concentration up to 34 g/L was obtained. Moreover, due to the low
bulk pH almost half of the liquid produced was formic acid rather than formate, which is very rarely reported in literature. It
is important to notice that while the flowrate affects the pH change in the catholyte it is still the product selectivity that de-
termines if a pH change occurs or not. Indeed, a change in catholyte pH will not occur when the product selectivity is shifted
towards CO or hydrogen, regardless of the flow rate, since here no consumption of the buffer takes place.

Finally the behavior of pH at 1 ml/min was compared to a CEM equipped electrolyzer. Here, due to the migration of potassium
rather than protons, the net pH of the catholyte compartment even slightly increased. Once again, the performance of the CEM
electrolyzer was found to be almost identical to the BPM electrolyzer, regardless of the immense difference in pH. This shows
again that acidic bulk pH does not necessarily limit the cell performance.

Overall itis clear that BPMs show great potential use in eCO2R electrolyzers. Yet, for the implementation of this reactor design
on an industrial scale additional steps need to be taken. More specifically future work should be focused on optimizing the
performance by reducing the high voltage drop across the membrane and improves its water uptake in order to increase the
stability at high current densities. Furthermore it is essential that these newly developed BPMs become commerecially availa-
ble to implement them in the next generation CO: electrolyzers. Meanwhile, in this work, an ideal flowrate in terms of perfor-
mance, product concentration and formic acid ratio, was obtained, allowing to operate eCO2R electrolyzers under acidic en-
vironment, considered a holy grail in formic acid production.
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