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THE BIGGER PICTURE The energy transition requires moving away from fossil fuels to renewable electricity.
However, sectors such as long-distance transport and plastic manufacturing need carbon-based chemicals.
These sectors are responsible for hundreds of millions tons of chemicals per year, which is equivalent to
10%-20% of CO, emissions. Electrochemical CO, reduction presents a promising alternative, enabling pro-
duction using only CO,, water, and renewable electricity. To make an impact on the climate, CO, electrolysis
needs to be urgently developed to a scalable design.

Here, we present a potential breakthrough: a liquid aqueous CO, electrolyzer operating under pressure-
pulsed flow, improving mass transport with a cheap vibratory pump. This method achieves current densities
of 87 mA cm 2 (an order of magnitude higher than typical aqueous systems) while using a commercial silver
gauze cathode and CO, saturated under 1-atm CO, pressure. We use high-speed imaging to predict that an
aqueous liquid-fed CO, system can attain even higher current densities.

SUMMARY

Electrochemical CO, reduction (CO,R) is a promising technology for carbon recycling and energy storage.
While gas-fed CO4R is currently the best practice because it facilitates fast mass transport, CO,R in water
offers potential advantages such as avoiding salt formation, facile water control, and easier integration
with CO, capture. In this work, we enhance mass transport in an aqueous CO, electrolyzer using fast pres-
sure pulses (50 Hz, 1.2 bar) with a vibratory pump typically found in coffee machines. We demonstrate a
limiting current density of 87 mA cm~2toward CO,R products—nearly three times higher than without pulses.
The current density can be further increased by leveraging the peak-to-peak pressure amplitude or pump fre-
quency, as shown through particle image velocimetry (PIV) and an order-of-magnitude scaling analysis.
Although challenges remain, such as pump energy consumption, contamination, heating, and pressure-
wave damping, the pressure-pulsed concept is a promising direction for aqueous COsR.

INTRODUCTION

The electrochemical reduction of CO, (CO,R) is a promising
technology that uses renewable electricity to convert CO, and
water into fuels and chemicals, enabling carbon recycling, en-
ergy storage, and climate-change mitigation.” In CO,R, CO,
is converted at the cathode into products such as CO, CsHy,
and formic acid.” Hydrogen is an undesirable by-product, and
its reaction rate increases when the mass transport of CO, to
the electrode is insufficient®® or the catalyst is contaminated.”"®

To achieve higher current densities, attention has shifted
toward gas-fed reactors with gas-diffusion electrodes (GDEs)

{

and membrane electrode assemblies (MEAs).>%~'? With these
technical features, CO,R can reach and sustain industrially
relevant current densities (>300 mA cm~2, >1,000 h) and is
being scaled up in start-up companies.'®'* However, gas-fed
electrolyzers still have problems with stability,’>'® control of
water,'”'® and salt formation.'® In addition to the aforemen-
tioned challenges, these systems require gaseous CO.. If the
CO, source is an environmental capture system, such as direct
air capture with alkaline®>?" or amine solutions,?’*%? the CO,
will need to be removed from the capture liquid (Figure 1A).?°
In this removal step, the vacuum pumps, compressors, and
de-humidifiers require 10%-35% of the energy consumption
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Figure 1. Process schemes for combining CO, capture with gas-fed and liquid-fed CO, electrolysis

(A) Schematic drawing of an integrated CO, capture-and-conversion process with a gas-fed electrolyzer.

(B) Schematic drawing of an integrated CO, capture-and-conversion system with an aqueous CO, electrolyzer. A dissolved inorganic carbon (DIC) balancing
step may be required to convert some of the CO,-capture solution into dissolved CO,. Additionally, a pH-balancing step might be necessary to prepare the

solution for CO, absorption.

of a current state-of-the-art CO, electrolyzer®'?* (

for calculation).

Aqueous CO2R can avoid these costs by directly converting
dissolved CO, from capture solutions, which reduces the pro-
cess steps and has potential to simplify the process signifi-
cantly®? (Figure 1B). Omission of the dissolved CO, extraction
steps results in lower required capital investments,** although
a balancing step (e.g., by adding an acid) might still be required
to create dissolved CO, from bicarbonates. Unfortunately,
aqueous CO,R suffers from low limiting current densities toward
CO,-based products. In typical electrolyzers, the limiting current
densities are an order of magnitude lower compared to
GDE-based systems (5-10 mA cm™2 vs. 100-400 mA cm~2).?°
The low limiting current densities in aqueous CO.R are a result
of depleting CO, concentration at the cathode surface, which
is caused by the low CO, solubility in water and poor mass trans-
port in traditional H-cells and traditional flow-by cells.

Two previous strategies for increasing the limiting current
density in aqueous CO.R are increasing the CO, concentration
(e.g., by increasing the pressure,’?® supersaturation of
C0,,%° or adding amines®*%*" or organic electrolytes with
high CO solubility®***) and using in situ conversion of bicarbon-
ate to CO, (e.g., with a bipolar membrane). Despite substantial
work on these approaches, the industrial goals for current den-
sity, cell voltage, faradaic efficiency (FE), scalability, and lifetime
are not fully met.**

A complementary strategy is to leverage hydrodynamic distur-
bances near the electrodes. For example, nano-structured cata-
lysts can break up the diffusion boundary layer through bubble-
induced mass transport and obtain a 3-fold increase in current
density compared to a flat electrode.®*>*® Similarly, microfluidic

see Figure S1
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gas-liquid devices can create small diffusion boundary layers,
which could give a 1- to 1.5-order-of-magnitude increase in
current density compared to a liquid system.” The effectivity
of reducing the diffusion boundary-layer thickness to achieve
high current densities has been confirmed by Wen et al., who
obtained CO,-to-CO current densities of >1,000 mA cm™2 in
an exsolution-induced flow cell,*® with a calculated boundary-
layer thickness of <1.5 pm. While effective, these three ap-
proaches (nano-structured catalysts, leverage of microfluidics,
and exsolution-induced flow cells) require complex reactor and
electrode design.

Hydrodynamic methods for reducing the boundary-layer
thickness are studied more widely in other electrochemical ap-
plications. We take inspiration from operating under oscillatory
flow conditions (Figure 2A), induced with a piston or pulsating
pump, causing vortices in the electrolyte. The vortices create
flow perpendicular to the electrode instead of mainly unidirec-
tional flow parallel to the electrode surface.*® Oscillatory flow
has been successfully applied in electrodialysis,’ redox flow
batteries*’ and electrochemical reactors.®>** The oscillation
frequencies applied in these studies were between 0.2 and
3 Hz and resulted in a 2x*°“° to 5x*? higher limiting current
density compared to a steady flow.

In this work, we apply a pressure-pulsed flow to increase
the limiting current density (j;) in aqueous CO,R. Similar to an
oscillatory flow, pressure-pulsed flow induces pressure fluctua-
tions but at a higher frequency (Figure 2B). We create 50-Hz
oscillations in the pressure, in which the pressure fluctuates be-
tween 1 and 2.2 bar, with a cheap (~18 euro) vibratory pump,
typically used in household coffee machines. We experimentally
evaluate the mass transport by measuring the limiting current
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Figure 2. Mechanisms of different flow re-
gimes and characteristics of pump pres-
sure profiles

(A) Hypothesized mixing behavior during oscilla-
tory flow.

(B) Hypothesized mixing behavior during pres-
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sure-pulsed flow.

(C) Diagram with the workings of a vibratory pump.

’) (D) Pressure waves at the inlet of the cathode

J channel in the electrolyzer with no applied current
7 (pulsed) and when two pressure dampers are

installed (damped).

(E) Schematic presentation of the peak pressure

(Ppeax), minimum pressure (Pmin), time-averaged

C p pressure (Payg), and the peak-to-peak pressure
Vi V, beak (Ppp)-
- (F) Ppp at the inlet of the cathode for different
current densities for pressure pulses and damped
+ + ’ .
pulses. All experiments were performed with du-
t t t ! .
- - plicates; error bars are the standard error.
avg
min
D F 16 t However, the pressure waves before
2.51pulsed 14" = Pulsed and after the electrolyzer were more
2.04 121 ek = Damped complex than a half-wave rectified
1.54 '1 . L - sine (Figure 2D). We hypothesize that
,: - | ] .
= 1.0 S these extra peaks in the pressure
E-] T T T = 0.8
< 2.5 Damped P wave are not generated by the pump
Q. 0.61 . .
2.04 . but instead result from reflections
1.51 0.41 -t i 3 and vibration in the electrolyzer
4 ® .
1.04 02 R (see Figure S2). To understand the
. . . . 0~ . . - .
0 002 004 006 008 0.1 0 50 100 150 200 effects of pressure pulses on the CO,
t(s) j(mA cm?) electrolyzer, we also created a refer-
ence case where we damped out the
pressure waves with pressure dampers
density on a commercial silver mesh cathode and compare (Figure 2D). Here, the pressure amplitude reduced
this to a system where pressure dampers are installed. Addi- significantly, but the flow rate remained the same (see
tionally, the mass-transport mechanisms are further studied Figure S3).

with high-speed imaging and particle image velocimetry (PIV).
Through an order-of-magnitude scaling approach, we conclude
that both vibrating bubbles and multidirectional oscillatory
flow contribute to enhancing the CO,R. Finally, we evaluate
the scalability of an aqueous pressure-pulsed CO,R system
and discuss three possible issues.

RESULTS

Generation and characterization of pressure-pulsed
flow

To ensure adequate mass transport for aqueous CO5R, we
generate pressure pulses that oscillate the fluid and cause
gas bubbles to vibrate. Our vibratory pump comprises a
diode, a spool, and a magnetic piston (Figure 2C).*®> When
connected to an alternating current (AC) grid (50 Hz, 220 V),
the diode converts the electrical signal into a half-wave recti-
fied sine. This creates a periodic electric field in the spool,
which moves the piston. As a result, the piston generates 50
pressure pulses per second with an amplitude of 1.5 bar
and a flow rate of 530 mL min~"' (average velocity of 8.9 mm

s~ in our cell).

To characterize the shapes and waveforms, we introduce
the following parameters to describe the pressure waves
(Figure 2E), which are all applied on datasets of >500 pressure
waves (i.e., >10 s of data):

(1) Payg: time-averaged pressure for each dataset

(2) Ppp: peak-to-peak pressure, Ppeak — Pmin, averaged over
all pressure waves

(3) yx: relative expansion, Ppeak/Pmin, averaged over all pres-
sure waves. y expresses the ratio of volume change of
gas bubbles (according to the ideal gas law) during the
pressure pulse.

Figure 2F shows Ppp for the pressure-pulsed and damped
CO, electrolysis experiments, averaged over four pressure
sensors and 40 min of pressure data. The dampers are
effective at reducing the Ppp by 70%-80% and will be a useful
comparison case to study the effect of pressure pulses on
mass transport. The difference is even larger in y, 2-2.2
for pressure-pulsed flow and 1.2-1.3 for damped flow, while
the P,.g is similar for both pulsed flow and damped flow
(Figure S4).
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Figure 3. Performance of pressure-pulsed
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Effect of fast pressure pulses on CO5R performance

To express the performance of the pressure-pulsed aqueous
CO, electrolyzer, we use the limiting current density (i) —the
maximum obtained partial current density of CO,R, at which
the CO, concentration at the cathode surface is assumed to
approach zero.

Figures 3A and 3B show the FE after 10 min of electrolysis
for a pressure-pulsed and a damped system under constant
current. Up to 50 mA cm~2, the faradaic efficiencies are
very similar for the two flow types. CO is the major product
with 60%-70% FE, while less than 10% of the current is
used for H,. We note that this partial current density for
COJR is significantly higher than most reported H-cells
(Lee et al.’® report 50+ systems with current densities
below 5-10 mA cm™). At higher current densities, the FE for
the damped system (Figure 3B) significantly decreases,
indicating strong CO, mass-transport limitations. At the
same time, the pulsed (Figure 3A) system still performs well
(FEco > 50%) at 130 mA cm 2. Even at 200 mA cm ™2, approx-
imately half of the observed products are CO,R products,
including small amounts (FE; < 5%) of CH,4, CsH4, CHOO™,
and EtOH. We hypothesize that the non-CO products are a
result of ppm-level Cu contaminations on the electrode
(Figure S5).

The total FE was close to 80% at both the anode and cathode.
The remaining 20% of products is lost because catholyte and
anolyte are mixed in the same container. This leads to faradaic
losses, as some O,, CO.R products, and H, are recycled and
consumed at the electrodes instead of producing new products.
We expect the actual FE toward CO,R products to be slightly
higher when catholyte and anolyte are separated.

Figure 3C compares the partial current densities of a
pressure-pulsed and damped system. To express the con-

4 Chem Catalysis 6, 101547, January 15, 2026

Jcoeq (MA cm™)

sumption of CO, while taking care of
the number of electrons per CO, mole-
cule, we introduce the equivalent CO
partial current (jco-eq), Which is the current as if all products
were CO:

. , 1, 1. , 1, .
Jco-eq = Jco+ Z/CH4 +§/C2H4 +/cHoo™ + g/EtOH. (Equation 1)

Here, ji is the current density toward a specific CO,R product,
which is multiplied with the ratio of electrons compared to
CO (nco/ni, where n is the number of electrons per molecule of
product). Under pressure-pulsed flow, a maximum jco.eq Of
87 mA cm~2 is obtained, compared to 33 mA cm~2 when the
flow is damped. Hence, the fast pressure pulses increase the
limiting current density of CO,R products by 2.6 times. Because
the flow rate and P,,4 for the flow regimes are the same, we can
conclude that pressure pulses are the main cause of increased
CO, mass transport. Additionally, as CO, is saturated in the elec-
trolyte at 1 atm, increasing the pressure in the liquid during the
pulses does not significantly raise the dissolved CO, concentra-
tion. This suggests that the performance increase is caused by
dynamic replenishment of CO, at the catalyst surface by the
pressure pulses.

A partial current density of 87 mA cm~2 is among the highest
reported for aqueous CO,R.>®> To compare our work to other
aqueous CO2R works, the jco.eq is plotted against the energy
efficiency (EE) (Figure 3D). We define EE as the product of FE
and voltage efficiency.

H-cell-based systems can reach a high EE (25%-50%) but
typically only reach jco eq Of 5-10 mA cm~2.2%447°% An excep-
tion to this is the work of Burdyny et al.,® which utilizes gold
nano-structured electrodes to promote gas-bubble-induced
mass transport to achieve a jco.eq 0f ~55 MA cm~2. Systems
operating under higher pressures (3—-10 bar)*®29“ could alle-
viate mass-transport limitations as the CO, solubility linearly
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Table 1. Calculation of the diffusion boundary-layer thickness, 4,
for different temperatures at 1 atm of CO, for a ji;m of 87 mA cm 2
and 33 mA cm 2

T(C) C'coe(Molm™®) Dcos (M?s™")  Spyisea (M) Spamped (HM)
15 45.6 1.45-107° 14.6 38.6
20 39.2 1.67 - 107° 145 38.3
25 34.1 1.91.107° 14.5 38.1
30 30.0 2.17-107° 14.5 38.1

Solubility and diffusion data from CRC.® Pulsed values, 87 mA cm™2;

damped values, 33 mA cm™2.

increases with pressure. However, only Lamaison et al.*® re-
ported high partial current densities (up to 287 mA cm~?) at
10 bar. A direct bicarbonate electrolysis-based system®°'~>*
can reach similar or slightly higher current densities to our
system (jco-eq Of 45-127 mA cm™2) but requires an increased
voltage for the bipolar membrane. The exsolution-based sys-
tem>® remains the best of the reported aqueous CO,R sys-
tems to date, with both high currents (~1,000 mA cm~2) and
a good EE. These high current densities were achieved with
a flow-through electrode in combination with a CO, supersat-
urated electrolyte.

The high jco-eq in the exsolution-based system was achieved
when combining methods to increase the CO, concentration
and mass transport. In that line of reasoning, pressure-pulsed
CO; electrolysis can further expand its potential when combined
with CO, supersaturation or pressurization and reach even
higher current densities.

The mass-transport mechanisms of pressure-pulsed flow
To understand the effectivity of pressure-pulsed flow for
increasing the limiting current density (), we estimate the
diffusion boundary-layer thickness. With the assumption that
the current density is only limited by mass transport of CO, to-
ward the cathode, ji can be expressed as follows:

lf:—; = %. (Equation 2)
Here, n is the amount of electrons per CO,, F is the Faraday
constant, Dcop is the diffusion coefficient of CO,, C*¢o5 is the
bulk concentration of CO,, and § is the diffusion boundary-layer
thickness. Using a jjim of 87 mA cm~2in Equation 2, we calcu-
late the diffusion boundary-layer thickness to be approximately
14.5 pym. For damped pressure pulses, the estimated §is 38 pm.
The limiting current density should be relatively unaffected
by the temperature changes during experiments (18°C-30°C),
as the changes in Dco> and C*co» balance each other (see
Table 1).

We acknowledge that our system operates at a higher flow
rate than conventional CO, electrolyzers, but this alone cannot
explain the increase in current densities (see Figure S8). We iden-
tified two other mixing mechanisms by studying the electrolyzer
with high-speed imaging and PIV: the vibration of gas bubbles
caused by fast pressure changes (Figure 4A) and multidirectional
oscillatory flow (Figure 4D).

¢? CellPress

Vibrating gas bubbles

In the high-speed videos (see Videos S1, S2, S3, S4, and S5), we
observed growing and shrinking gas bubbles on the electrode
(Figure 4A). These vibrations were caused by the rapid pressure
changes during a pulse (1-2.5 bar, Figure 4B). Figure 4C shows
the gas bubbles at different stages of the pressure pulse, which
drive fluid in all directions by growing and shrinking.>® Notably,
some gas bubbles also move inside the porous mesh electrode
during the peak of the pulse, thereby pulling fluid toward the
electrode. We believe these vibrations enhance the mixing of
electrolyte from the bulk to the electrode, thereby sustaining
high local CO, concentrations. The volume of the bubbles scales
with pressure according to the ideal gas law:

3
Vmin _ dmin _ Ppeak

=3 =
Vpeak dpeak P min

=y. (Equation 3)

Here, V;, and d; are the bubble volume and the bubble diameter at
the peak and minimum of a pressure wave. The convective mass
transport around the bubbles (quantified in mass-transfer coeffi-
cient kgypple, iN M s*‘) scales with the local velocity perpendic-
ular to the electrode (vy), which at the bubble-liquid interface is
equal to da/dt:

dd ~ dpeak - dmin ~

dmin
KBubble XVx Bubble ~ ar REM

o1, (R -1).

tpeak

(Equation 4)

Here, theax is the time between a minimum and maximum pres-
sure, which is about 0.1/f in our experiments, where f is the fre-
quency of the pump ins~'. Hence, when comparing two systems
with gas bubbles of similar amounts and sizes, the mass trans-
port due to oscillating bubbles scales with the ratio between
(" 3~1) in the pulsed flow and the damped flow.
Multidirectional oscillatory flow

The inlet of the flow channel is inclined relative to the elec-
trode’s surface (Figure 6B). This, in combination with the
relatively high flow rate and oscillations, creates a complex
transient flow with velocities components in all three dimen-
sions (Figure 4D), which improves the mass transport. To gain
a better understanding of the mixing behavior, the velocity field
near the cathode was visualized with PIV (see Figure S9).
We did not observe turbulence but rather multiple periodic
circulations within the flow, which matches the regime of the
time-averaged Reynolds number (Re 10-100). Figure 4E shows
the v, during a pressure pulse at 0.5 mm from the electrode(see
Figure S10 for v,). The velocity profile does not significantly
change while varying the distance from the electrode (0.05,
0.1, and 0.25 mm). This indicates that the electrolyte goes
through the porous electrode (Figure S10).

The mixing due to oscillatory flow scales with v,, which
we hypothesize to scale with dP/dt. This is observed in
Figure 4F, where the largest peaks in pressure change
(dP/dt), in the first 4 ms of the wave, have a similar profile to
vx. Our hypothesis for the relation between v, and dP/dt is
further supported by estimating the pressure gradient dP/dy
due to oscillations, which is an order of magnitude larger than
the pressure drop due to mean flow in our system (see

Chem Catalysis 6, 101547, January 15, 2026 5
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Figure 4. Mass-transport mechanisms in pressure-pulsed CO,R

(A) Growing and shrinking gas bubbles due to the pressure changes. Typical bubble diameters (dpuppre) are 50-500 pm; Smass is the mass-transport boundary

layer.

(B) Pressure wave during high-speed imaging averaged over 350 pulses; points correspond to images in (C).
(C) Image of the Ag mesh during a pressure pulse; a gas bubble is moving in and out of the pore. Scale bar, 200 pm.

(D) Mixing due to the multidirectional oscillatory flow and circulations.

(E) Average fluid velocity perpendicular to the electrode (v,) at 50 pm from the electrode surface, obtained with PIV and averaged over 10 pulses. The time on the
horizontal axis corresponds to that in (B). For more information, see Figure S9.
(F) Comparison of the pressure gradient measured at the inlet of the electrolyzer (dP,+/dt) to v, at the electrode, see Figure S10 for dPoyer/dt. See Figure S11 for

PIV results of the damped case.

Figure S12 for calculation). Hence, the forces on the water
due to oscillations are dominating those due to large flow
rate. Using this scaling analysis, we estimate the mass transfer
coefficient kose (in ms™):

dP P

kOsc X Vy _0scX—7 ~ EPS

dt /s

The mass transport due to oscillations scales with Ppp, which
we also observed with a statistical analysis (Figure S13). Hence,
when comparing two systems, the mass transport due to oscil-
latory flow will scale with f-Ppp values of the two experiments.
Comparison between pulsed and damped flow
The flow properties of the pulsed and damped CO,R experi-
ments are compared in Table 2. The ratios of (y~/3-1) (2.2-3.9)
and Ppp (2.5-4.5) are in the same order of magnitude as the in-
crease in jco.eq (0r CO, mass transport toward the electrode).
We conclude that both mechanisms could cause the enhanced
mass transport. The exact ratio of contribution to the mass trans-
port of these two processes will depend on the gas-bubble
coverage on the electrode.

(Equation 5)
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Understanding the origin of the enhanced mass transfer in
pressure-pulsed flow, we can predict the conditions to further
increase the limiting currents. We believe that CO,R current
densities of >100 mA cm~2 can be achieved if higher f, Ppp,
and/or y were applied in our system. At the same time, increasing
f, Ppp, and/or y alone would also require new equipment; our
pump had limited tuning possibilities for pressure, frequency,
or flow rate. We studied different vibration frequencies, but,
because the flow rate and pressure amplitude strongly depend
on the frequency, our pump only operates well at around 50 Hz
(see Figure S16).

Considering the effectiveness of combining high CO,
concentrations with enhanced mass transport (as shown
in Figure 3D with the exsolution strategy), we highlight
the potential of using elevated pressure together with high
Ppp. An elevated pressure increases the CO, concentration,
while a higher Ppp enhances the mass transfer. While y is
compromised by elevated pressure, the Ppp is not, thereby
allowing high CO, concentrations and simultaneous fast
mass transfer for obtaining even higher limiting current
densities.
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Table 2. Comparison of the scaling factors for bubble oscillation induced mixing,;{'"371 , and oscillatory flow induced mixing, Ppp, to

the CO, mass transport, expressed as jco-eq

-1 () Pep (ban) jco-eq (MA cm )
Pulsed flow —0.26t0 —0.30 (y =210 2.2) 1to1.2 87
Damped flow —0.06 to —0.11 (y = 1.2 to 1.35) 0.25t0 0.4 33
Pulsed/damped ratio 2.2t03.9 25t04.5 2.6

f =50 in both flow regimes.

Outlook for the implementation of pressure-pulsed flow
for CO2R

We note that our work is only a proof of concept for increasing
the CO,R rate with pressure-pulsed flow. Because the partial
current density is still below that in gas-fed CO, electrolyzers,
tuning the f, Ppp, and/or y (using scaling relations in Equations
4 and 5), or increasing the CO, saturation pressure (which was
currently dissolved at just 1 atm) would be next steps to meet in-
dustrial relevance. We suggest that a different pressure-pulse-
generating system would allow us to operate at a lower flow
rate (e.g., by creating the pressure oscillations with an additional
piston instead of at the pump itself*").

To assess the potential for scaling and implementation of
this technology, we consider three potential issues: (1) energy
consumption of the pump; (2) contaminations and temperature
effects due to the pump, and (3) damping of the pressure waves
by gas bubbles upon scaling.

The compression of the electrolyzer during the pressure-
pulsed flow requires energy. A calculation of the energy require-
ments, based on the thermodynamic work, is performed in
Figure S14. The FE-VE of the pulsed system in Figure 3D would
decrease from 30%-40% % to 22%—-28%, when the compres-
sion energy is included into the voltage (see Figure S14). This
decrease is more pronounced at lower current densities.

While the vibratory pump is effective at improving CO, mass
transport, it has downsides as well. The flow rate of this pump is
highly oversized for the electrode area (2 cm?). Based on the
solubility of CO, (33 mM at 25°C) and a partial CO-equiv current
density of 87 mA/cm?, we calculate that this flow rate provides
more than 150x the required CO,. Additionally, the electric
energy consumption of the pump is relatively high (~50 W),
as coffee pumps are not designed for EE. The coil inside the
pump produces a significant amount of heat, which increases
the electrolyte temperature by 8°C-10°C over the course of
the experiment. This higher temperature increases the
ohmic resistance of the coil, which results in a lower Ppp and
¥ (see Figure S15) and reduces the CO, solubility, causing a
10%-30% lower joo-oq after 35 min (see Figure S5). This could
be a potential lever to decrease the energy consumption and
remove the heating problem while maintaining high production
rates.

Alternatively, the decrease in FEgo over time (see Figure S5)
can also be caused by contamination. We detected iron contam-
ination on the electrode (20-40 ppm versus 5 ppm on electrodes
with a stable FEqo; see Figure S5), possibly polluted from the
pump interior or impurities in the KHCOj3. This high sensitivity
of the FEco to ppm levels of iron has also been observed by
others.”® The electrodes do not seem to be damaged by the

pressure pulses, as the silver microstructures seem unchanged
after 40 min of pulsation (see SEM images in Figure S17).

Finally, we considered the damping of pressure pulses during
CO2R experiments (Figure 5A), which is important for scaling up.
Figure 5B shows pressure waves at 30 and 200 mA cm 2 at the
inlet and outlet of the electrolyzer. We observed a reduction of
Ppp and y at the outlet, which was more pronounced at higher
current densities. We define damping with Equation 6:

_ Xinlet — XOutlet

Damping (%
( ) Xinlet — 1

(Equation 6)
Here, yinet and youtet are the relative expansion at the inlet
and outlet of the electrolyzer. The system fully damps the
pressure pulses if younet is 1. Figure 5C shows the effect of
current density on damping. A steep increase in damping
can be observed up to 90 mA cm~2, after which the increase
is more gradual. Because the damping increases with the
current densities, we hypothesize that electrolytic gas bubbles
inside the electrolyzer are the main cause of the damping.
We expect the damping to increase for larger electrolyzers
as there will be more gas bubbles in the system. The damping
at the anode is stronger than at the cathode because of CO,
bubbles are formed by recombination of H* and HCO;™,
which makes the ratio of electrons to gas molecules at the
anode and cathode 1.25 and 0.5, respectively. Unfortunately,
damping reduces the effectiveness of the pressure pulses and
therefore also reduces the mass transport. Thinner flow com-
partments with good bubble removal, which reduce the total
gas-bubble volume, could mitigate this effect. Additionally,
altering the interfacial conditions on the electrode could
reduce damping and improve mass transport by influencing
the bubble detachment dynamics.®”

Conclusions

This work introduces a pressure-pulsed aqueous COsR elec-
trolyzer. Using a cheap vibratory pump (~18 euro), typically
found in coffee machines, fast pressure pulses (50 Hz, 1-2.5
bar) were generated to improve the mass transport of dis-
solved CO, to the cathode. High current densities for CO5R,
up to 87 mA cm2, are obtained using a commercial silver
mesh cathode, outperforming all H-cells in the literature and
even most aqueous systems with elevated pressure. The
limiting current density toward CO,R products was 2.6 times
higher compared to a system where the pressure waves
were damped. Through a high-speed imaging analysis,
PIV, and order-of-magnitude scaling, we identified that the
enhanced mass transport is caused by oscillating gas bubbles
and a multidirectional oscillatory flow.
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Figure 5. Pressure-wave damping analysis

(A) Graphical representation of pressure-wave damping through a CO,R electrolyzer.

(B) Pressure waves at the inlet and outlet of the electrolyzer at 30 and 200 mA cm™=.

2

(C) Time-averaged damping (Equation 6) versus current density. Damping is calculated over 40 min, where the first 5 min are skipped to ensure a steady
gas-bubble state is achieved. The error bars indicate the standard deviation calculated for duplicate measurements.

Three potential engineering challenges were identified that
could limit the implementation and scaling of this technology: (1)
high energy consumption of the pump, (2) contaminations and
temperature effects due to the pump, and (3) damping of the pres-
sure waves by gas bubbles upon scaling.

On the other hand, the pressure-pulsed flow could be further
leveraged by increasing the pressure-wave frequency (f), Ppp,
and relative expansion (y). Combining this optimization of the
pumping parameters with using a more selective electrode and
applying higher CO, concentrations (e.g., through supersatu-
rated electrolytes), even higher limiting current densities could
be achieved. Altogether, the pressure-pulsed concept is a prom-
ising new route for aqueous COR.

METHODS

Pressure-pulsed CO5R setup

The pressure-pulsed CO.R setup consisted of a vibratory pump,
an electrolyzer, a back-pressure regulator, and an electrolyte
container with connections to a CO, gas bottle and gas
chromatograph (GC) (see Figure 6A; for photos of the setup,
see Figure S18). The vibratory pump (Ulka EP5) was controlled
with a variable-frequency drive (VFD) (Schneider Electric
ATV12H037M2). This VFD model requires three phases as
output; therefore, we installed two other vibratory pumps that
were circulating water in a separate reservoir. All three pumps
were placed in a grounded aluminum box. During damped pres-
sure-pulse experiments, we installed two pressure dampers
(FPD 1.10 KPZ, KNF) between the pump and the electrolyzer
inlet.

The electrolyzer consisted of two 3D printed poly(methyl
methacrylate) (PMMA) backplates and two laser-cut, trans-
parent, 4-mm thick PMMA flow channels (Figure 6B, drawings
in Figure S18). A commercial silver mesh (80 woven, 0.115-
mm diameter wire, 99.9% Thermo Scientific) was used as
the cathode, and a titanium plate coated with mixed metal ox-
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ide (Ir/Ru, PSC-101 Permascand) was used as the anode. The
two channels were separated with a Zirfon PERL UTP 500
separator. We used this porous diaphragm (instead of a
commonly used anion-exchange membrane) for its good con-
ductivity and mechanical strength, but recently it was even
argued that porous separators feature more benefits in acidic
CO, electrolyzers, such as decreased salt formation, low cost,
and high FE.*® To minimize pressure differences across the
diaphragm, only one pump was used for both the anode
and cathode compartment. Catholyte and anolyte were
collected and mixed in the same electrolyte bottle. Silicone
gaskets (thickness 0.5 mm) were used for sealing. Both the
cathode and the anode have an exposed geometric electrode
area of 2 cm? and were electrically connected to the potentio-
stat with silver wires (diameter 0.25 mm, 99.99%, Agosi). The
electrolyzer was operated in a four-electrode configuration.
An LF-1-45 leak-free Ag/AgCl (Innovative Instruments) was
used as the reference electrode and a second silver wire con-
nected to the cathode as the sense electrode. The cell was
designed to handle pressures up to 7 bar.

The amplitude of the pressure pulses was controlled with
a back-pressure regulator (Swagelok SS-1R4F) at the outlet of
the cell. The pressure was recorded by four pressure transmit-
ters (PT, TC Direct 716-908), which were connected to T junc-
tions at the inlets and outlets of the electrolyzer. The temperature
was measured by pressing thermocouples (K-type, TC Direct
405-011) against the tubing (see Figure 6A). The pressure trans-
mitters and thermocouples were read with NI-9205 and NI-9213
modules at 5,000 and 1 Hz, respectively.

Experimental description

For each experiment, 200 mL of fresh liquid electrolyte (0.5 M
KHCOg3, 99.5+%, Thermo Scientific) was continuously bubbled
with 100 mL min~' of CO, into the electrolyte container
at atmospheric pressure. The gas headspace in the electrolyte
container was 100 mL. Before starting the electrolysis, CO, was
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(A) Diagram of the pressure-pulsed CO,-reduction setup. TC, thermocouple; PT, pressure transmitter; PR, back-pressure regulator; GC, gas chromatograph.
(B) Graphical representation of the CO, electrolyzer. See Figure S18 for a photo and a more detailed diagram of the electrolyzer.

pumped into the electrolyte for 15-20 min until the GC
showed a CO, peak of >99%. The experiments were performed
over ~40 min under constant current, controlled by an Ivium
XP20 potentiostat. A GC sample was taken from the electrolyte
container headspace every 3.5 min (Compact GC4.0, Inter-
science). The methods and setup of Baumgartner et al.'’
were used to calculate the FE of gas products. A liquid sample
was taken at the end of the experiment and analyzed with
high-performance liquid chromatography (HPLC) (1290
Infinity 1l, Agilent) according to the methods of Kortlever
et al.>> The FE of liquid products was assumed constant
over an experiment, due to lack of time-resolved data. The
starting temperature of the electrolyte was between 18°C and
22°C. The pump generated a significant amount of heat, which
caused the temperature to increase by 8°C-10°C over the
40 min. The electrolyte container was placed in an ice bucket
to limit the temperature to 35°C.

Electrode pre-treatment and SEM analysis

Before each experiment, a fresh cathode was cleaned by
holding it in a propane flame. The cathode was then placed in-
side the cell and anodized for 1 min by applying a current density
of 10 mA cm™2. After flushing the cell with fresh electrolyte, the
experiment was started, leading to a reduction of the oxidized
silver surface and resulting in a roughening of the silver surface
(Figure S19). The pre-treatment of the cathode with a constant
anodizing current almost doubled the FE toward CO and
increased the catalyst stability over time (Figure S19).

High-speed imaging

High-speed imaging and PIV were used to investigate the mixing
phenomena and velocity fields inside the electrolyzer. To make
the channel more transparent, a glass microscope slide was
glued to the outside of the channel with Araldite 2020. A LaVision
Imager HS 4M camera was used for imaging at a rate of 3.7 kHz.

The electrolyte used during the PIV measurements was deminer-
alized water seeded with 4-pm tracer particles (PS-FluoRed-
Fi191, microParticles GmbH). For a detailed description of the
imaging setup and method see Figure S7.
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