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ABSTRACT: In this work, the water crossover in CO2 electroly-
sis was systematically analyzed with hydrated ions transferring
through ion-selective membranes as charge carriers in three-com-
partment devices. We demonstrate that the water crossover leads to
a variation in the electrolyte volume, which plays an important role
in the evaluation of the catalytic selectivity of liquid products.
Without considering the water crossover, the catalytic selectivity of
liquid products could be overestimated with the use of anion ex-
change membranes and underestimated with cation exchange mem-
branes. In addition, a protocol for reliably quantifying liquid prod-
uct is proposed for high-rate CO2/CO electrolysis in three-compart-
ment flow electrolyzers.

The electrocatalytic conversion of COz represents an emerging
and promising technology in the production of carbon-neutral fuels
and chemicals using renewable electricity.’ In the past decade,
fundamental understanding of CO: electrolysis technology and the
development of high-performance catalysts have been intensively
explored at low current densities (j) using traditional H-cell de-
vices.”1% For achieving practical utilization of CO2 with high con-
version rates, COz electrolysis technology in recent years has pro-
gressed from H-cells that only allow for low reaction rates (i.e. low
j) to flow-electrolysers with gas diffusion electrodes (GDES) oper-
ating at high reaction rates (i.e. j > 100 mA/cm?).1%-15 However,
operation at commercially relevant current densities inevitably
adds complexities in the evaluation of the catalytic performance,
particularly in terms of the catalytic selectivity.

The reliable quantification of gaseous CO2 reduction products
mainly relies on the accuracy of the detected concentration and the
related gas flowrates. However, in high-rate CO2 reduction, most
of the consumed CO: reacts with OH- near the cathodic
GDE/electrolyte interface, forming carbonate, and this consump-
tion of CO2 can lead to a considerable decrease in gas outlet

flowrates.'6 Without considering the variation in gas outlet flow (i.e.

the CO2 consumption), the faradaic efficiency (FE) of gas products
can be significantly overestimated, especially when using highly
concentrated alkaline electrolytes. Thus, flow out of electrolyzers
needs to be monitored for accurately evaluating catalytic selectivity
(i.e. FE) of gas products. After realizing this issue, some recent
works started to explicitly state that their faradaic efficiency calcu-
lations were based on the outlet gas flow.1217-20

In addition to gaseous products, the liquid products of CO2/CO
reduction are generally quantified by measuring a concentration
(e.g. via a HPLC) and related solution volume, according to the
faradaic efficiency (FE) calculation of liquid products as follows:
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where n is the number of electrons required for forming one mole-
cule of the corresponding liquid product. Cy;quiq proauc: and V are

FE (%) = X 100% (8]

the molar concentration of liquid product and the volume of the
electrolyte, respectively. F is Faraday constant, and Qtt is the total
charge passed through the working electrode.

It has been demonstrated that the quantification of liquid prod-
ucts requires the analysis of both catholyte and anolyte as well as
liquid products evaporated from GDEs into the gas chamber of
flow-electrolysers.??? It should be noted that when ionic species
transport via ion-selective membranes as charge-carriers during
electrolysis, water molecules also cross over via the membrane
through electro-osmotic drag as hydrated ions (i.e. ions carrying
with water molecules) migrate. At low current densities (such as
most of studies in H-cell) with short-term (several hours) electrol-
ysis, water crossover via membrane can be negligible since the total
charge transferred across the membrane is very low (i.e. very small
amounts of ion transfer). Thereby, it is reasonable to calculate far-
adaic efficiency of liquid products via a detected concentration and
corresponding volume that is relatively approximated by the initial
volume of the catholyte or anolyte. However, for high current den-
sity CO2/CO electrolysis, substantial amounts of ions transferred
via membranes may lead to considerable water crossover via the
membranes in reactor designs with flowing-catholyte, which can
significantly change the catholyte and anolyte volume. Thus, the
measurement of the electrolyte volume (particular for the catholyte
volume) after high-rate electrolysis plays a crucial role in the fara-
daic efficiency calculation of liquid products. However, most of
high-rate CO2/CO reduction studies have not explicitly stated that
their faradaic efficiency calculations of liquid products were deter-
mined by the volume of electrolyte after electrolysis. If their as-
sessment of their liquid product selectivity and activity was based
on the initial electrolyte volume, their results may be inadvertently
distorted. Thereby, to prevent results from being errantly reported
in GDEs-type electrolyzers, it is essential to systematically explore
the water crossover via membranes and benchmark the evaluation
of the catalytic selectivity for liquid products at high current densi-
ties.

Herein, we experimentally demonstrate that water crossover
through ion-selective membranes can significantly vary the volume
of catholyte and anolyte in a three-compartment flow-electrolyzer,
especially when ionic species with high hydration number are used
as charge-carriers for an anion exchange membrane (AEM) or cat-
ion exchange membrane (CEM). By a systematic exploration of
water crossover rate and the molecular ratio of water/charge-carry-
ing ion crossed through the membranes, this study shows how
charge-carrying ions and their surrounding water molecules affect
the evaluation of catalytic selectivity for liquid products at high-
rate CO2/CO electrolysis. In addition, this study also provides a rig-
orous protocol for the quantification of liquid products, which ena-
bles us to get more accurate results for high-rate CO2/CO electrol-
ysis.

All the CO2 or CO electrolysis experiments were performed in a
Teflon flow-electrolyzer consisting of gas, catholyte and anolyte
compartments, as presented in Figure 1. In this custom-made three-



compartment electrolyzer, a Cu layer prepared on microporous
layer of GDE by magnetron sputtering was positioned between the
gas and catholyte compartments. The GDE cathode with a geomet-
ric active area of 2 cm? was utilized in all the experiments. In addi-
tion, the catholyte and anolyte compartments were separated by an
ion-selective membrane (Figure 1) that allows hydrated ions to
transport as charge-carriers. For systematically exploring the water
Crossover issue, anion exchange membranes (Fumasep FAA-3-PK-
75), cation exchange membranes (Nafion™ 212) and bipolar mem-
branes (BPMs, Fumasep FBM) were all utilized in this study, re-
spectively.
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Figure 1. Schematic illustration of three-compartment flow elec-

trolyzer that encompasses gas, catholyte and anolyte compartments.

Water crossover for an AEM

In most of the high-rate CO2/CO reduction research to date, an-
ion exchange membranes have been employed to separate catholyte
and anolyte chambers in GDE-type flow-electrolyzers (Figure 1).
In addition, highly concentrated KHCOs or KOH electrolyte is
widely used in flow-electrolyzers, which means that HCOs™ or OH"
is the dominant ion transferring across the AEM, respectively, as-
suming no ionic species change in the catholyte. Thus, to uncover
the water crossover issue via an AEM in flowing-catholyte electro-
lyzers, the electrolysis experiments in this work were performed via
the typical anion species of HCO3z", OH-, and CO3%, respectively.

Specifically, to ensure HCO3™ as domination anion transferring
via the AEM, CO: electrolysis was performed in 1 M KHCOsg,
which was continuously bubbled with COz2 in the catholyte reser-
voir during electrolysis (Figure S1). The catholyte pH was also
monitored during CO: electrolysis. We found that pH value in the
catholyte was maintained below ~8.8 over 5 h electrolysis (Figure
S4), which reveals that the concentration ratio of CO3? to HCO3"
was below ~0.04 based on the Henderson—Hasselbalch equation
(Equation S1). This finding indicates that HCOs™ should serve as
the dominant charge-carrying species transferring from catholyte to
anolyte via the AEM over the entire electrolysis experiment when
using CO2-bubbled 1 M KHCOs. In addition, it has been demon-
strated that the catholyte change from HCO3 to COs? at high-rate
COz reduction in our previous work,6 thereby CO2 electrolysis was
directly carried out in 0.5 M K2COs catholyte (Figure S2), which
can easily keep COs? as the major charge-carriers via the AEM.
Furthermore, to maintain OH- as the dominant anion transferring
via the AEM, Ar/CO instead of CO2 was fed into the gas compart-
ment for electrolysis in 1 M KOH (Figure S3). To avoid the anionic
liquid products effect, Ar was fed into gas chamber. The constant
pH in catholyte was observed over the electrolysis in 1 M KOH
(Figure S5), owing to that the supply rate of OH" via cathodic reac-
tions should equal the transport rate of OH" via the AEM, thus con-
firming that OH- is the dominant ion being transported. All these
experiments enable us to explore the water crossover via the AEM
when transferring HCOs", OH-, and COs%, respectively.
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Figure 2. Comparison of water crossover from catholyte to anolyte
via an AEM when transporting different anions. (a) Water volume
transferred from catholyte to anolyte over electrolysis. (b) Esti-
mated water crossover rate (i.e. water flux via the AEM) and (c)
corresponding molecular ratio of water/anion crossed through the
AEM. (d) Schematic illustration of hydrated anions crossover
through the AEM. Distinct anions species hydrated with different
numbers of water molecules. The red and white balls represent O
and H atoms, respectively.

A comparison of water crossover volume over the course of elec-
trolysis with different anion species transferring across the AEM is
presented in Figure 2a. As the electrolysis time increased, water
crossover volume from the catholyte to anolyte gradually enhanced
when transferring the three different anions, respectively (Figure
2a). Notably, a considerable water crossover of more than 9 ml was
observed after 5 h electrolysis when using HCOs™ as the charge-
carrier via the AEM. In contrast, a small amount of water crossover
(only ~3 ml) occurred for only transferring OH" via the AEM. The
above discrepancy in total volume of water crossover reveals the
distinct water transport rate (®) toward anolyte with transferring
different anion species (i.e. decrease rate of catholyte volume:
HCO3 > COs* > OH"), as shown in Figure 2b.

In addition, it should be noted that the decrease rate in the cath-
olyte volume (Figure S6b) was slightly larger than the water
transport rate (Figure 2b). This observation is primarily due to that
the cathodic reactions (Equation S3-S9) consume water, and this
water consumption rate depends on catalytic selectivity (Equation
S10). For instance, when transferring HCOs', the theoretically cal-
culated water consumption rate via the cathodic reactions was
~0.17 ml/h (Table S1), adding with the measured water crossover
rate (~1.81 ml/h in Figure 2b) to get a total water consumption rate
of 1.98 ml/h in the catholyte, which is almost equal to the measured
decrease rate in the catholyte volume (Figure S6b).

To better understand water crossover with different ions, the mo-
lecular ratio of H20/anion crossed through the AEM was calculated
based on equation S11. As noted in Figure 2c, the average number
of water molecules of ~2.0, ~9.4 and ~6.7 was found when trans-
ferring each OH-, COs? and HCOs", respectively, which is rela-
tively consistent with the previously reported hydration number of
hydroxide,? carbonate?*? and bicarbonate?®>. Thus, the discrep-
ancy in water crossover rate for different anionic species is linked



to their hydration numbers (Figure 2d). As a substantial amount of
CO3* or HCOs was transferred at high-rate electrolysis, its large
hydration number (Figure 2d) could lead to a considerable water
crossover from catholyte to anolyte via the AEM at flowing-catho-
lyte devices (Figure 2a), thus significantly reducing catholyte vol-
ume while increasing anolyte volume. In addition, it should be
noted that while hydration number of HCOs' is lower than that of
COs3* (Figure 2d), hydration number/charge ratio for HCOs is
larger in comparison with that of COs?, corresponding to a larger
amount of water crossover when transferring HCOs™ via the AEM
under identical conditions.

Water crossover for a CEM

While only a few studies on high-rate CO2 electrolysis have been
performed using CEM,%-28 we have demonstrated that the utiliza-
tion of CEM is capable of circumventing the CO2 crossover from
catholyte to anolyte.?? Recently, the Sargent group reported that
high-rate CO2 reduction in acidic electrolytes with the use of CEM
could significantly enhance the CO2 utilization rate.*2 Since a CEM
approach could circumvent CO2 crossover and have great potential
for increasing COx2 utilization rate, we herein explored the water
crossover issue via a CEM at flowing-catholyte electrolyzers using
the typical cation species of Li*, K*, and Cs*, respectively.
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Figure 3. Comparison of water crossover from anolyte to catholyte
via a CEM when transporting different cations. (a) Water volume
crossed from anolyte to catholyte over electrolysis (Li* data within
the initial 3 h was used). (b) Estimated water crossover rate (i.e.
water flux via the CEM) and (c) corresponding molecular ratio of
water/cation crossed through the CEM. (d) Schematic illustration
of hydrated cations crossover through the CEM. Distinct cations
species hydrated with different numbers of water molecules. The
red and white balls represent O and H atoms, respectively.

To ensure the aforementioned cation species act as the dominant
species transferring through the CEM, buffered electrolytes need to
be employed in COz2 electrolysis. Without using buffering electro-
lytes, the significant amount of H* generated via O2 evolution re-
action (equation S12) at high current densities may lead to an acid-
ification of anolyte. This anolyte acidification could lead to a cor-
responding changing of the main transport charge-carrier for CEM
from metallic cation species to H* over the electrolysis. Therefore,

in this study, 2 M K2COz and 2 M Cs2COs were utilized for explor-
ing water crossover issue when transferring K* and Cs*, respec-
tively. The use of electrolyte containing COs* can neutralize H*
produced at the anode/electrolyte interface, releasing gaseous CO2
along with Oz while avoiding an acidification of the anolyte. Due
to that Li2COs has a very low solubility, 2 M Li2SO4 was used for
the investigation of the water crossover issue with Li*. If we assume
that the produced H* is collected in the anolyte (50 ml) over 3 h
electrolysis at 200 mA/cm?, the concentration of H* would be ~ 0.9
M (Table S2), which is much lower than that (4 M) of Li*. In addi-
tion, Li* is more preferable to cross over the CEM when mixing
with H*<sup>29</sup> Thys, while Li2SO4 electrolyte is unable to
buffer the produced H* at the anode/electrolyte interface, the dom-
inant cation transferring across a CEM should be Li* within 3 h
electrolysis. Based on these experiments, we studied the water
crossover via the CEM when transferring Li*, K*, and Cs*, respec-
tively (Li* data within the initial 3 h electrolysis was used).

Figure 3a shows a comparison of water crossover volume over
the course of electrolysis with transferring Li*, K*, and Cs* via the
CEM, respectively. We found a linear relationship between the wa-
ter crossover volume and electrolysis time when the same kind of
cation was transferred via the CEM (Figure 3a). In addition, the
difference in total volume of water crossover after 5 h electrolysis
corresponds to the discrepancy in the water transport rate from the
anolyte to the catholyte (Figure 3b) (i.e. increase rate of catholyte
volume: Li* > K* > Cs*). As noted in Figure 3c, the molecular ratios
of Hz2O/cation crossed through the CEM were ~2.1, ~2.9 and ~6.1
for Cs*, K* and Li*, respectively. These ratios are in line with the
hydration numbers of Li*, K* and Cs* (Figure 3d). Thereby, the
relatively large hydration number of cation (such as Li*) corre-
sponds to the high crossover rate of water via the CEM, resulting
in a substantial increase in catholyte volume after electrolysis (Fig-
ure 3a).

It should be noted that the continuous electrolysis with CEMs in
most of carbonate or bicarbonate electrolytes would lead to a dra-
matic decrease in anolyte concentration over electrolysis, which
corresponds to a rapid drop in the anolyte conductivity (enhanced
cell potentials in Figure S8), owing to the consumption of both cat-
ion species (transport to catholyte) and existing anion species (CO2
degassing) in the anolyte over the course of electrolysis.'? However,
when using electrolytes that do not react with H*, there may not be
a reduced anolyte conductivity with a CEM. For instance, we even
observed a decrease in cell potentials in COz electrolysis in Li2SO4
electrolyte (Figure S9), which is due to that the H* generation at the
anode/electrolyte interface could slowly transform the anolyte from
Li2SO4 to H2SO4 over long-term electrolysis.

With the use of BPM, we found no obvious water crossover be-
tween the catholyte and the anolyte even after 5 h electrolysis at
200 mA/cm? (Figure S10), due to no obvious transportation of cat-
ion or anion species through the BPM. Based on all of the above
findings, the water crossover for different ion-selective membranes
can be summarized: (i) water could transport from catholyte to
anolyte when transferring hydrated anions via an AEM (Figure 2d),
in contrast, (ii) water would cross from anolyte to catholyte with
transferring hydrated cations via a CEM (Figure 3d), and (iii) with
the use of a BPM, there would be no obvious water crossover.

Effect of water crossover on liquid products analysis

When an AEM is used, a substantial water crossover from cath-
olyte to anolyte via the AEM may significantly reduce the catholyte
volume (Figure 2d). Thus, without considering the water crossover
(i.e. variation in catholyte volume), the faradaic efficiency of liquid
products could be overestimated (Equation 1). Based on Equation
S16, we found the overestimation ratios for FE of liquid products
gradually enhanced upon increasing CO2/CO electrolysis time
when transferring the three different anions, respectively (Figure
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Figure 5. Schematic illustration of water crossover through different ion-selective membranes in three-compartment flow electrolyzers
with benchmarking the analysis of their liquid products under consideration of water crossover: AEM (a), PEM (b) and BPM (c). The

red and white balls correspond to O and H, respectively.

4a). This finding is ascribed to that the amount of water crossover
is correlated with the total charge passed through the cathode if the
charge-carrying anion species via the AEM is fixed (i.e. hydration
number is fixed), as shown in Figure 2a. In addition, if the electrol-
ysis is performed for 5 h (i.e. 7200 C), the overestimation ratios for
FE of liquid products could be ~23%, ~15% and ~6% when only
transferring HCO3", COs? and OH-, respectively (Figure 4a). The
discrepancy in overestimation ratios of FE is due to that the amount
of water crossover is linked to the hydration number of ions trans-
ferred via the AEM. Thereby, the liquid products could be signifi-
cantly overestimated without consideration of water crossover, par-
ticularly when anionic species with large hydration number are uti-
lized at elevated currents for long-term experiments.

In addition, the cathodic reactions also consume water with an
AEM, which further reduces the catholyte volume (Scheme S1). It
should be noted that this water consumption is linked to the cata-
Iytic selectivity (Equation S10). After considering the variation of
the catholyte volume caused by both water crossover and this water
consumption (Equation S17), the overestimation ratios for FE of
liquid products could be ~25%, ~17% and ~8% (Figure S11) in this
work, which is slightly larger than those for only consideration of
water crossover in Figure 4a.
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Figure 4. Overestimation and underestimation ratio of faradaic ef-
ficiencies of liquid products when using the AEM and the CEM,
respectively (50 ml initial catholyte before electrolysis, active area
of cathodic GDE is 2 cm?).

With the use of a CEM, the water crossover from anolyte to
catholyte occurs when transferring hydrated cations, correspond-
ingly enhancing catholyte volume after electrolysis. Thereby, with-
out the consideration of the water crossover, the faradaic efficiency
of liquid products could be underestimated (Figure 4b). A BPM that

avoids obvious water crossover would not significantly affect the
faradaic efficiency calculations (by ignoring water evaporation) if
the electrolysis time is not extremely long in lab-scale.

Suggested protocol of liquid product evaluation

For accurately evaluating catalytic selectivity of liquid products
in flowing-catholyte electrolyzers with an AEM/CEM, we recom-
mend the measurement of catholyte volume and anolyte volume
after completion of electrolysis. Alternatively, if the charge-carry-
ing ion species through the membranes is fixed, the volume of wa-
ter crossover via membranes can be written as:

Qeot . My,o
Fn. p

VHZO Cross X Nh (2)
where Ny, and Q;,; are the hydration number of ions in water and
the total charge passed through the membrane, respectively. F is the
faradaic constant, n. is the number of charges for each anion/cation,
My, is the water molecular weight, and p is the density of water
at ambient temperature and pressure. In addition, for an AEM the
corrected hydration number of anions (Equation S18) should be
used when considering water consumption induced by the cathodic
reactions. Thus, with an AEM, the amount of liquid products dis-
solved in both catholyte and anolyte (using corrected volume of
catholyte and anolyte) should be written as:

N(L)catholyte =Cc X% (VC - VHzo Cross) 3)

N(L)anolyte = Cp X (VA + VHZO Cross) €))
where, Cc and Ca are the detected concentration of liquid-phase
products in catholyte and anolyte after electrolysis, respectively.
Vc and Va are the initial catholyte volume and initial anolyte vol-
ume before electrolysis, respectively.

Our previous work has demonstrated that both CEMs and BPMs
are capable of inhibiting the crossover of anionic and neutral liquid
products (Figure 5).22 Thus, the amount of liquid products dis-
solved in electrolyte when using CEMs can be expressed as:

N(L)catholyte = (¢ % (VC + VHZO Cross) 5)

Without an obvious variation in electrolyte volume for BPMs,
the amount of liquid products dissolved in electrolyte is written as:
N(L)catholyte =Ccx V¢ (6)

It should be noted that liquid product evaporated into gas cham-
ber (N (L) evaporation) OCCUrs with all membranes/separators. Thus,



N (L) evaporation Should also be accounted for the total liquid prod-
ucts (Figure 5). Based on the proposed evaluation procedure (Fig-
ure 5), the reliable catalytic selectivity of the liquid products can be
obtained for CO2/CO electrolysis in three-compartment flow elec-
trolyzers when using different ion-selective membranes.

Conclusions

In summary, our results show that water crossover when trans-
ferring hydrated ions as charge carriers via AEMs or CEMs in
three-compartment electrolyzers could significantly change the
electrolyte volume, which is closely correlated with the final eval-
uation of the catalytic selectivity for liquid products. Without the
consideration of water crossover, the catalytic selectivity of liquid
products could be overestimated with AEMs, and conversely, the
catalytic selectivity of liquid products could be underestimated for
CEMs. In this work, we proposed a rigorous protocol, which will
enable us to achieve a more reliable quantification of liquid prod-
ucts for high-rate CO2/CO electrolysis in three-compartment flow
electrolyzers.
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