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Abstract

The electrochemical CO, reduction reaction (CO,RR) has been proposed as a sustainable way of closing the carbon cycle
while synthesizing useful commodity chemicals. One of the possible routes to scale up the process is the elevated pressure
CO,RR, as this increases the concentration of the poorly soluble CO, in aqueous systems. Yet, there are not many studies
that focus on this route owing to the inherent challenges with high pressure systems. In this study, a novel high pressure
flow cell setup has been designed and validated. The modular design uses a clamp system, which facilitates simple stacking
of multiple cell parts while being capable of handling pressures up to 50 bar. The effects of CO, pressure on the reaction
were investigated on a gold (Au) foil cathode in a 0.1 M KHCOj; electrolyte. We successfully measured gaseous products
produced during high pressure operation using an inline gas chromatograph. We find that the selectivity toward CO, reduc-
tion products is enhanced while that of H, evolution is suppressed as the pressure is increased from 2 to 30 bar. The reported
setup provides a robust means to conduct high pressure electrolysis experiments in an easy and safe manner, making this
technology more accessible to the electrochemical CO,RR community.
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1 Introduction

With climate change and global warming becoming an obvi-
ous reality, there is widespread agreement that immediate
action is needed to control greenhouse gases emissions. One
of the primary greenhouse gases is carbon dioxide (CO,),
Extended author information available on the last page of the article a highly stable and therefore difficult molecule to break

Andrew R. T. Morrison and Nandalal Girichandran have contributed
equally to this work.
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down. However, under the right conditions there are routes
to reduce CO, and generate valuable hydrocarbons that can
be used as fuel or feedstock for further processing [1]. CO,
can be converted to other chemicals in a variety of processes
utilizing thermochemical devices (e.g., reverse water—gas
shift reactors) [2—5] or through bioreactors [6]. However,
one of the most promising routes is the electrochemical CO,
reduction reaction (CO,RR). This process directly utilizes
electrical energy to convert CO, into useful chemicals and
has the potential to be completely sustainable by deriving
energy directly from renewable sources like solar, wind, and
geothermal [7].

The CO,RR has been well studied at the laboratory scale.
The developed understanding of reaction mechanisms [8—11]
have allowed significant strides to be made in catalyst devel-
opment. However, the large-scale industrial deployment of
the CO,RR is hindered by several factors including, but not
limited to, the poor solubility of CO, that creates mass trans-
fer limitation and lowers reaction rates, poor product selec-
tivities, and unstable electrocatalysts [12, 13]. Development
of catalysts have made several important advances in H-cell
type experimental configurations However, different con-
figurations are required because the H-cell is not an appro-
priate environment to test catalysts for commercial applica-
tion where typically, 200 mA/cm? partial current density of
product is required [14, 15]. Moreover, besides the choice
of electrocatalyst, factors such as the electrolyzer design,
electrolyte choice, and optimal operating conditions (pH,
temperature, pressure, mass transport conditions) play a cru-
cial role in determining the outcome of the reaction [16-20].
Therefore, there is a need to examine the CO,RR under more
combinations of conditions that are likely to be encountered
in scalable and industrially relevant electrolyzers, and to test
electrocatalytic materials under these operating conditions.

Due to the low solubility of CO, in aqueous electrolytes,
delivering sufficient CO, to the surface of the electrode to
avoid mass transport limitations is pivotal for operating
CO,RR at industrial scales. Currently, there are several reac-
tor designs that solve this problem, the most popular being
the gas diffusion electrode (GDE) based electrolyzers, which
deliver gaseous CO, through the porous GDE to the catalysts
layer that in turn is in contact with the liquid electrolyte [21,
22]. Electrolyzer designs such as Taylor flow cells [23], or
porous electrode cells [24] use a similar concept by provid-
ing gaseous CO, as directly as possible to the catalyst sites
(thereby not depending on dissolved CO, from the bulk of
the electrolyte). These technologies solve the issue of poor
CO, solubility by increasing the effective speed of diffusion
of CO,. Alternately, the concentration of CO, in the electro-
lyte can be increased. This can be done by either using non-
aqueous electrolytes with higher CO, solubilities [16, 25,
26] or pressing more CO, into the solution by applying an
elevated CO, pressure [27]. Elevated pressure electrolyzers
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have been mentioned as one of the more promising routes
to industrialize the CO,RR [28]. These are two different
approaches to CO,RR reactors. In the GDE design CO, can
be delivered to (near) the electrode as a gas, and the elec-
trode is a porous membrane assembly. In contrast the high
pressure systems operate with two parallel plate electrodes,
and CO, is delivered dissolved in the electrolyte. Despite the
promise of this type of reactor design, the amount of studies
that focus on high pressure CO,RR is very limited in com-
parison to GDE based electrolyzers. A possible explanation
for this is the challenges that working at elevated pressure
poses to the average laboratory team. Here, we report the
design of a modular elevated pressure CO,RR reactor, which
can serve as a guide to explore this promising field.

Studying the CO,RR at elevated pressure has a long
history [29], and the reactors in previous work on the sub-
ject can be divided into two categories: autoclave reactors
[30-32], and larger scale flow cells [33—39]. The autoclave
reactors are essentially normal laboratory scale electrochem-
ical H-cells or three electrode cells put into a pressurized
box. These cells generally have reference electrodes and
are operated fully in batch mode with small electrode areas.
They have been used to find very high faradaic efficiencies
toward both CO, formate and C,, chemicals, dependent on
catalyst choice [30, 31, 40]. Importantly, they have also been
used to demonstrate the potential capability of elevated pres-
sure CO,RR to deliver on the requirements for a commer-
cial electrolyzer, that is 200 mA/cm? partial current density.
The larger scale flow cells represent a more industrial kind
of reactor and were used to answer questions regarding the
scaling up of elevated pressure CO, electrolyzers. The elec-
trode areas are significantly larger than with the autoclave
reactors, with most studies using at least a tenfold higher
electrode surface area. The flow cells universally do not
have reference electrodes and are operated galvanostatically,
which makes it difficult to compare product selectivities and
production rates with other systems. Additionally, since
the product selectivities and reaction rates are so potential
dependent in the CO,RR, these cells designs can only give
limited fundamental insight into the CO,RR at elevated pres-
sures. A table summarizing the characteristics and obtained
results with a few other elevated pressure cells from litera-
ture can be found in the supplementary information (see S5
in the SI). High faradaic efficiencies (FE) were obtained in
these cells, but the current densities of the most successful
autoclave style cells have never been reached in parallel plate
flow reactors (200 mA.cm™2 for autoclave and < 50 mA.cm™
for larger flow cells). This shows that scaling up of high
pressure CO, electrolyzers is not straightforward.

The difficulty in scaling from a small autoclave cell to a
large industrial-style cell presents a clear need for an inter-
mediary type of reactor. Furthermore, the challenges in
achieving the same order of magnitude current densities in
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large flow cells as where observed in autoclave cells shows
there are parameters of the design which have not been fully
understood. The only way to study these parameters is by
making a laboratory version of such a cell. Such a flexible
flow reactor of moderate size with a reference electrode can
yield information about how to scale up the elevated pres-
sure CO,RR. Here, we report on the design of a modular,
laboratory size CO,RR flow reactor and will demonstrate its
performance for CO,RR experiments at elevated pressures.
First, the design of the cell is discussed with a special focus
on the areas where high pressure presents an interesting
design challenge, then the electrochemical behavior of the
reactor is verified, and finally the product characterization
capability.

2 Experimental section
2.1 Materials

Potassium bicarbonate (KHCOj3,>99.95% trace metals
basis, 99.7-100.5% dry basis) was used to prepare both a
0.1 M KHCOj; anolyte and catholyte. The working elec-
trode used for electrochemical experiments was a gold foil
cathode (99.9%, Mateck GmbH) and IrMMO coated tita-
nium foil [41, 42]) (MAGNETO special anodes B.V, The
Netherlands) was used as the counter electrode. Nafion 117
(Ion Power GmbH) was cleaned in MilliQ water and used
as the ion exchange membrane. For testing the reference
electrode potential versus pressure, a solution of 0.01 M
of K,Fe(CN)¢-3H,0 (>99.95% trace metals basis, Sigma
Aldrich) and 0.05 M of KNO; (ACS reagent, > 99.0%, Sigma
Aldrich) was used as standard. An ultrapure water purifica-
tion system (MilliQ 1Q 7000, Merck—Millipore, USA) was
used as water source for all experiments. All reagents were
used without further purification.

2.2 Electrochemical measurements

Electrochemical experiments were conducted using a Bio-
Logic SP300 dual-channel potentiostat with EIS analyzer. 1
cm? electrodes were secured in place by creating slots in stain-
less steel endplates (see section S1 in supplementary for sche-
matic). The PEEK flow plates for the anolyte and catholyte
have an internal volume of (—0.79 cm?). Nafion 117 served
as the separator between the two chambers. For all experi-
ments, a miniaturized leakless Ag/AgCl reference electrode
(LF 1.6-45 mm, Innovative Instruments, Inc., USA) was used
as the reference electrode. The body of the electrode houses
the silver wire in a peek tube and the junction at the end is
described by the manufacturer as non-porous and conductive.
The tip at the head is a gold plated connector. The reference
electrode was carefully stored in a 3.5 M KCl solution between

experiments and its potential was carefully monitored against
a master reference electrode. Since the performance of these
electrodes is unknown at elevated pressure, we performed
experiments to test their stability at 2, 5, 10, 15, 20, 25, and
30 bar. All potentials are reported versus Ag/AgCl electrode.
Experiments were all conducted at 30 bar or less for safety
reasons, although the system was pressure tested up to 50 bar.
CO,RR experiments were conducted at different pressures (2,
5, 15, and 30 bar) by applying a constant current of 10 mA/
cm? in order to validate the system. The apparatus is sized for
operation up to 200 mA/cm?, but this lower current density
is selected as a tradeoff between testing the system at a sta-
ble, well characterized regime and the desire for high current
density. The cell resistance was monitored by carrying out a
potentiostatic electrochemical impedance spectroscopy (see
Supplementary Information, S2).

2.3 Product analysis

An inline gas chromatograph (CompactGC 4.0, Global Ana-
lyzer Solutions, The Netherlands) was used to measure the
gaseous products synthesized during the reaction. Gas cylin-
ders (Linde Gas Benelux B.V., The Netherlands) containing
custom gas mixtures of different product gases with a range
of 50-8000 ppm in CO, were used to calibrate the GC. The
gas products were analyzed every 2 min. The GC consists of 2
TCD detectors (one each for CO and H,) and an FID detector
to analyze hydrocarbons (C;—C). The FID channel is com-
prised of an Rtx-1, 5.00 pm (15 m * 0.32 mm) analytical col-
umn, the first TCD channel consists of a Carboxen 1010 (3 m
* (.32 mm) pre-column and a Molsieve 5SA (5 m * 0.32 mm)
analytical column, and the second TCD channel consists of
a Carboxen 1010 (3 m * 0.32 mm) pre-column and a Mol-
sieve SA (7 m * 0.32 mm) analytical column. They help in the
separation of the components before entering the respective
channel detectors.

HPLC (Agilent Technologies 1260 Infinity, USA), was used
for the analysis of liquid products collected after the comple-
tion of the reaction. Standard solutions of the desired chemi-
cals (formic acid >98%, Sigma-Aldrich, USA) were used for
the calibration with dissolutions ranging from 0.1 to 50 mM
(see section S6 of the supplementary information). 5 pL of the
product sample was injected into a series of Aminex HPX-87H
columns (Biorad) which were heated to a temperature of 60 °C
using a 1 mM H,SO, solution as eluent. A Refractive Index
Detector (RID) was used for the detection of the products.

@ Springer
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3 Results and discussion
3.1 Apparatus design

The goal of the designed and reported setup is to enable
the study of the CO,RR at different pressures in a cell that
can be used to study parameters important for scaling up
electrolyzer design, while being at a more manageable lab
scale. Simultaneously, the design will combine operation at
elevated pressure with characterization capabilities typical
for a normal lab cell—potential measurement via a reference
electrode and product characterization via gas chromatogra-
phy at time scales not significantly different than a standard
experiment.

A schematic of the design of the entire system can be
found in Fig. 1. The reactor is a membrane-separated paral-
lel plate flow cell with two pressurized external reservoirs.
The electrolyte is pumped from the reservoir to the reactor,
through a back pressure regulator, and then back into the
external reservoir at a flow rate 25 ml/min. Gas is pressur-
ized into the reservoir at a controlled rate through a pressure
controller (Bronkhorst High- Tech BV, The Netherlands,
and Pressure Control Solutions BV), and the gas outlet is
directed to the inline GC. Thus, CO, consumed in the reac-
tor is continuously replaced by the gas inlet. Several design

ﬁ— oc

Pressure Reducer Mass Flow Controller
Q HPLC Pump 2

Moisture trap

‘HPLC Pump 1

Reactor

| — N
Catholyte Anolyte
reservoir BPR 1 BPR2 reservoir
L Pilot Pressure BPR
Reservoir Pressure |h CO2

Fig.1 A schematic of the piping for the experimental setup created
here to study the CO,RR at elevated pressures. The system consists
of the reactor which has two compartments separated by a membrane,
both of which have electrolyte constantly feed into them from sepa-
rate reservoirs, and a line from the catholyte reservoir into a gas chro-
matograph for inline product analysis. The pressures of the reactor
and the two reservoirs can be controlled independently

@ Springer

(@ Adjustment nut _ Positioning Block

(b)

Fig.2 Renderings of mechanical drawings of the reactor and com-
pression system. The system is easy to assemble and dissemble,
facilitated by the clamped design, and different segments can be eas-
ily added to the reactor stack as required. a Open position, b Closed
position of the clamp

choices are discussed below, and for detailed schematic
drawing of the reactor please see section S1 of the supple-
mentary information.

3.2 Reactor assembly design

A notable element of the design of the reactor is the clamp
system for containing the pressure in the reactor, inspired by
Branch et al. [43] (See Fig. 2). From the authors’ experience,
the style of reactor that relies on nuts and bolts to contain
the pressure (or just the electrolyte for atmospheric cells) is
extremely time-consuming. In this regard, the clamp element
of the design significantly increases the speed of assem-
bly of the reactor. The turnaround time for experiments is
extremely important because it will directly influence how
many experiments can be performed on an apparatus. The
clamp design also allows for flexibility in cell design. If the
end plates have adaptors for the linear bearings and the size
is compatible, any cell can be inserted into the clamp system
and have its pressure contained.

3.3 Reference electrode

The lack of reference electrodes (REs) in high pressure CO,
electrolyzers indicates that there is a major challenge with
adding them to these systems. Indeed, there are costly (com-
pared to standard REs) commercial options available that are
meant to be appropriate REs for high pressure systems. The
major challenge that justifies the increased costs is the gases
dissolved in the electrolyte at high pressure. If the gases
infiltrate the reference electrode and the system is depres-
surized too quickly the gases do not have time to escape,
and they can damage the frit or the casing of the electrode.
However, the best solution is that high pressure gases are not
allowed to penetrate inside the RE in the first place. For this



Journal of Applied Electrochemistry (2023) 53:2321-2330

2325

reason, we tested “leak-free”” REs, that showed to avoid these
issues at pressures tested here. In order to check the perfor-
mance and stability, the leak-free Ag/AgCl RE was tested
before and after each experiment with respect to a master
RE. Open Circuit Voltage (OCV) measurements were car-
ried out to check if the drift in potential was within accept-
able limits (max variation <2-3 mV) [44]. Even though it
is difficult to predict how much drift in potential will occur
after each experiment, it is wise to monitor this in order
to ensure the electrode’s proper functioning (especially, at
higher pressures).

3.4 Pressure regulation

The design of the pressure regulation system has many com-
ponents that must be considered. For the system to be an
elevated pressure CO, electrolyzer it must be able to deliver
electrolyte saturated with CO, at a controllable pressure to
the cathode surface. This means there will be a part of the
system to dissolve CO, at the required pressure and transport
it to the cathode. Pressing CO, into the electrolyte is accom-
plished by a pressure chamber, but keeping the reactor pres-
surized presents a slightly different challenge because the
system accommodates a divided reactor with a membrane
separating catholyte and anolyte. If the pressure is unbal-
anced, then the membrane will break or stretch and contact
one of the electrodes. Therefore, either a mechanically re-
enforced membrane must be used, possibly hampering the
other important properties of the membrane or the pressure
must be balanced. Here, we opted for a dual back pressure
regulator in the system. These ensure a balanced pressure
across the membrane as long as the electrolyte is flowing.
This is accomplished by piloting the dual back pressure
regulator under the same pressure, which means they will
enforce the same back pressure at their inlets. The dual back
pressure regulator also allows for independent control of
the pressure in the reactor and the pressure reservoir. Thus,
allowing the separation of the effects of mechanical and gas-
eous pressure on the CO,RR. It also allows the reactor to be
kept at a pressure high enough to prevent the degasification
of the electrolyte in a reactor that is hotter than the reservoir
(due to resistive heating at high current density), which will
decrease the solubility of CO, locally.

3.5 Reservoir sizing

There is a trade-off in deciding the size of the external reser-
voir. A smaller reservoir will result in more accurate HPLC
measurements for quantification of liquid products. A larger
reservoir is necessary for longer operating times so that the
consumption of water for the CO,RR does not significantly
concentrate the electrolyte over the course of the experiment.
Further, in both cases the gas headspace of the reservoir

must be minimized to equilibrate GC measurements as
quickly as possible. The reservoir was therefore designed to
be flexible. In this work it was configured to have 20 ml of
electrolyte in total (including electrolyte in the reactor and
tubing) to favor longer operation and because quantification
of liquid products was less important for these tests. With
20 ml of electrolyte the reactor can continuously operate for
2.5 days at 200 mA/cm? before it consumes 5% of the water
in the system. The gas headspace used was 2 ml. Since there
are no trade-offs for the gas headspace, this represents the
smallest volume which avoided liquid entering the pathway
to the GC.

3.6 Pump sizing

The options for pumps that operate in the desired pressure
range are relatively small at flow rates interesting in labora-
tory experiments. There are two factors to consider when
selecting pump size. First, the diffusion layer thickness—
faster pumping can lead to a thinner diffusion layer and
thus faster CO,RR. To meaningfully study this parameter
requires a combination of a very fast pump and a cell with
a low volume. The second factor to consider is the rate of
consumption of CO, in the reactor. In the ideal scenario, at
the upper end of the pump’s range, the CO, concentration of
the electrolyte leaving the reactor will be within some factor
of the concentration of CO, of the electrolyte entering the
reactor at the current densities of interest. Then the pump’s
operational range will cover the area where this effect can
be studied well. The pump speed in this work was selected
to consider the latter effect because the pump rates to effect
diffusion layer thickness are large. The pumps selected are
capable of pump speeds up to 50 ml/min, but 25 ml/min
during long term operation. At the maximum continuous
pumping rate this will be able to keep the CO, concentra-
tion in the electrolyte in the reaction chamber at more than
95% of the reservoir concentration for currents lower than
500 mA/cm? at pressures of 5 bar and up, allowing for a
wide range of operation before consuming the CO, in the
reactor becomes an issue.

3.7 General operation

The reactor performs well and as expected in general func-
tion. Notably, the clamp system is successful in minimizing
the turnaround time of experiments. The time to depres-
surize, disassemble, exchange electrolyte, and reassemble
was, at quickest, half an hour, which is superior to several
atmospheric cell designs and significantly better than other
pressurized systems. The system was pressure tested with
hydrostatic pressure up to 50 bar, the eventual desired
pressure range, so it will function up to that pressure even
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though in the following experiments pressures were limited
to 30 bar or less.

3.8 Effect of pressure on reference electrode
potential

The RE’s functioning was tested in a solution of 0.01 M
K,Fe(CN)4-3H,0 and 0.05 M KNO;. Figure 3 is a plot of the
peak potential of ferrocyanide oxidation versus the reactor
pressure (mechanical pressure) and Fig. 4 displays the equi-
librium potential vs. the reservoir pressure (gas pressure).
In both cases there is less than 10 mV drift in potential as
pressure above atmospheric is first applied for both mechani-
cal and gas pressure. The potential of the RE first creeps
upwards before stabilizing after the pressure reaches 10 bar,
for both the reactor and reservoir pressure. Figures 3 and 4
show that the RE potential does not depend on the applied
pressure, either mechanical pressure or with dissolved gases,
as otherwise there would be a difference in the way that
pressure affects these two sets of potentials. No instabilities
or potential drifts due to the earlier mentioned crossover of
dissolved gasses into the RE were observed. Therefore, the
leak-free RE works as it is supposed to and can be used in
elevated pressure experiments.

3.9 Electrochemical measurements

Electrochemical tests were performed at several different
pressures and across a wide range of electrode voltages.
Figure 5 displays the linear sweep voltammograms (LSV)
of a polycrystalline Au foil electrode in a 0.1 M KHCO;
electrolyte at different CO, pressures. As shown, increasing
the pressure leads to an increase in current density across

EPeakaerrocyanlde(V)

0 5 10 15 20 25 30
PReactor(bar)

Fig.3 Reactor pressure versus peak potential of 0.01 M ferrocyanide
oxidation in 0.05 M potassium nitrate. There is a very small increase
in the potential from atmospheric pressure to 5 bar, but it is very sta-
ble at higher pressures
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Fig.4 Reservoir pressure versus equilibrium potential of 0.1 M ferro-
cyanide oxidation in 0.005 M potassium nitrate. There is a very small
increase in the potential from atmospheric pressure to 10 bar, but it is
very stable at higher pressures

all potentials, indicating a direct relationship between the
CO,RR and the concentration of CO, in the electrolyte. Sim-
ilar behavior has been reported for a silver plate electrode in
the work of Federica et al. [45], but without a RE.

The other important element of this experimental setup
is product characterization. In order to test that aspect,
chronopotentiometry was carried out at —10 mA cm™2 for
different pressures (namely 2, 5, 15, and 30 bar) and the
faradaic efficiencies of different products were measured.
A current density of —10 mA cm~2 is specifically chosen as
a typical current density observed in CO,RR studies. The
main importance of the experiments is to confirm that we
can observe the pressure effect on the CO,RR. Further opti-
mization of the pressure effect is possible, as can be seen

1 ' 1 ' | '
-2.5 -2.0 -1.5 -1.0 -0.5
E,e (V) vs Ag/AgCl

Fig.5 LSV polarization curves at 10 mV s~' on a Au foil electrode in
a 0.1 M KHCOs; electrolyte under applied CO, pressures of 2, 5, 15,
and 30 bar. The current density increases as expected with pressure
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elsewhere, but will be left for future work with this appara-
tus.. The results of the experiments can be seen in Fig. 6. As
expected, there is a positive relationship between pressure
and the FE for the CO,RR products while the HER is sup-
pressed. The main products detected include H,, CO, and
formate. As shown, increasing the pressure from 2 to 30 bar
decreased the selectivity of H, from about 60% to 20% while
increasing the selectivity toward CO and formate, with the
effect being most dramatic at lower applied pressures. This
is expected because the concentration of CO, increases with
a rise in pressure, leading to improved reactant availability
and mass transport. Also notable in Fig. 6 and more impor-
tantly in terms of reactor design, at 5 bar there is 92% clo-
sure of the charge balance, which drops to 80% of charge
accounted for at 30 bar. The drop in FE at the highest pres-
sure is not completely explained in our data. However, the
charge balance was certainly more difficult to close at higher
pressure. Great care needed to be taken to eliminate leaks,
since the effect of these is only magnified at high pressure.
Additionally, a more stable pressure control system removed
pressure oscillations which disrupted measurements more
significantly at high pressures. Aside from these, there are
other effects which can prevent closing the charge balance
completely that are challenging to address: gas permeation
(especially H,) through the Nafion membrane or into the
O-rings [46, 47], several C,, products are more likely to
form at higher pressure [27] but could be present below the
quantification limit, and difficult to detect leaks may still
be present. Even if each of these only makes up a couple
percentage points, together they could explain the differ-
ence between the low pressure FE and the high pressure FE.
Furthermore, even with the lower FE at high pressure, it is
still a charge balance closure that is comparable with several
benchmark works in the CO,RR field [48-51].

100
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(V) vs Ag/AgCl
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- * d
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o

rrrr1rrrrrr-i
0 5 10 15 20 25 30
P (bar)
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Fig.6 Faradaic efficiencies (left axis) and potential (right axis) of
carbon monoxide, hydrogen, formate, and the total FE on Au foil
at a current density of 10 mA/cm? in a 0.1 M KHCO; electrolyte at
applied CO, pressures of 2, 5, 15, and 30 bar

3.10 GCresponse time

One of the challenges of operating at high pressure is that
it complicates inline GC measurements. The standard func-
tioning of an inline GC involves sampling the headspace
above an electrochemical cell at a constant flowrate into a
GC [52]. Eventually the concentration in the headspace of
the product molecules reaches an equilibrium which can be
related to the production rate in the reactor. At elevated pres-
sures the effective volume of the headspace will increase
linearly with the pressure. The volume of headspace that is
being sampled by the GC (in our case 2 ml, see Sect. “Res-
ervoir sizing” above) is a key factor because of the dynamics
that affect GC settling time (the time that it takes the GC
signal to be within 5% of the actual concentration in the
head space), given by:

3.V
ty ——L ()

q
where t; is the settling time, V}, . is the effective volume of
headspace (Pressure*V,), and q is the flowrate of gas from
the headspace to the GC. The settling time is thus deter-
mined by the flow rate of gas to the GC and the size of the
headspace. As can be seen, increasing the pressure, which
increases Vy, ., linearly increases the settling time, up to 30
times longer at the highest pressure used here. The obvious
solution is to increase the flowrate q to balance the effec-
tively larger headspace, but this comes with a tradeoft. The
final concentration of product in the headspace is given by:

Criim=T1/9 )

where C; j;, is the limiting value of concentration of the
product in the headspace and r is the production rate of the
product in the reactor. This means that Cy, j;, decreases lin-
early with q, which decreases the sensitivity with which the
GC can measure concentration, and thus production rate.
The other option is to decrease the volume of the headspace,
but this quickly runs into physical constraints.

The solution to these issues is to modify the standard
in-line GC procedure somewhat. The key observation is
that the rate of change of C, is highest when q is lowest
(in absolute terms). Therefore, switching q from a low to
high value during the experiment can decrease the settling
time, without trading off sensitivity in GC measurements.
An example of this procedure can be seen in Fig. 7. If 80%
of Cy, ji, is reached during the low q period, then the settling
time can be reduced by 25%, and if 90% of C, y;,, is reached
then settling time is reduced by 50%. For the details of these
calculations, we redirect the interested reader to section S4
in the supplementary information. Thus, achieving reason-
able settling times is possible with high pressure reactors,
it however does require consideration of all the parameters.

@ Springer
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Fig.7 A typical switched flow rate GC measurement. The low flow
region at the start allows the concentration to quickly build up, while
the high flow region at the end maintains the sensitivity of the GC
measurement. The effect is to speed up the time it takes the GC meas-
urements to stabilize. The buildup of concentration during the low
flow is not seen at the GC due to the low linear velocity at low flow
rates

3.11 Extended operation

There are several reasons why extended operation is interest-
ing, including long term testing of electrodes and catalysts
for degradation. One of the advantages of having an external
reservoir of electrolyte is long continuous operation, as the
CO,RR will consume water molecules during operation,
which will eventually change the concentration of the elec-
trolyte. The system presented here is capable of operating for
several hours continuously, as can be seen in Fig. 8.

4 Conclusion

We have demonstrated the successful design and operation
of an elevated pressure divided CO,RR flow cell to perform
experiments that can be considered standard in the field.
To achieve this design, minimization of pressure differen-
tials across the dividing membrane by double back pressure
regulators piloted by the same pressure was essential, as
well as careful consideration of design parameters such as
reservoir and pump sizing. The cell assembly/disassembly
time was found to be faster than even some standard atmos-
pheric designs, owing to the quick release clamp design to
enclose the pressure inside the reactor (complete turnaround
within a half hour).

@ Springer

Fig.8 An extended operation at 30 bar showing the stability of
applied current, recorded potential and GC peak area for CO versus
over time. The cell operates here for nearly 5 h at a current density
of 10 mA cm-? (actual applied current density ~ 10.06 mA cm™2) and
stable electrode potential and CO peak area (after an hour)

Electrochemically, the cell performed well and the leak-
less reference electrode provided a stable reference potential
across a range of both reactor and reservoir pressures (stable
within 10 mV between 1 and 30 bar). Standard electrochemi-
cal experiments, such as linear sweep voltammetry, were
successfully performed. Product characterization by in-line
GC was possible by utilizing a switching flow rate system,
which greatly decreased the settling time, allowing faster
measurements (stable readings reached within 60 min for
lower pressures and within 100 min at the highest pressure).
The FE for CO,RR products dramatically increases from
close to 26% at 2 bar to about 60% at 30 bar while H, is sup-
pressed, and more importantly 85-90% of the charge balance
was closed at lower pressure, dropping only to 82% at 30 bar
which is still equivalent to several studies in the literature.
The system explained here in detail is successful in its aims
and configurable enough to be useful in studying a range
of CO,RR research questions relating to elevated pressure
reactors like high current density or CO, conversion rate.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10800-023-01927-7.
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