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Microfluidic Reactor for the Electrochemical Reduction
of Carbon Dioxide: The Effect of pH
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This article reports the development and characterization of a microfluidic reactor for the electrochemical reduction of carbon
dioxide. The use of gas diffusion electrodes enables better control of the three-phase interface where the reactions take place.
Furthermore, the versatility of the microfluidic reactor enables rapid evaluation of catalysts under different operating conditions.
Several catalysts as well as the effects of electrolyte pH on reactor efficiency for reduction of CO, to formic acid were tested.
Operating at acidic pH resulted in a significant increase in performance: faradaic and energetic efficiencies of 89 and 45%,

respectively, and current density of ~100 mA/cm?.
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Carbon dioxide is widely retgarded as one of the most significant
contributors to climate change.” Concerted efforts are needed to sig-
nificantly reduce carbon emissions, so the effects of climate change
can be slowed down or, ideally, reverted. Numerous strategies for
reducing emissions are being evaluated, including carbon capture
and sequestration and increasing the use of carbon neutral power
sources such as wind, solar, and nuclear.”” However, the conversion
of CO, into small organic molecules is more attractive than seques-
tration because it produces a valuable product, and intermittent
power sources such as wind and solar would require a means of
storing their energy before they could provide a large portion of our
electricity. The electrochemical conversion of CO, is a particularly
attractive process because it provides beneficial use for captured
CO, and a renewable source of organic compounds that are typically
derived from fossil fuels.? In addition, the electrochemical reduction
of CO, to liquid fuels provides a convenient, high energy density
means of storing renewable electricity.

Over the last several decades, various catalysts have been re-
searched for the reduction of CO2l into different products, mainly
formic acid,4'7 CO,(”&9 methane,lo’ " and methanol.'>'"® Tn addition,
researchers have shown that the composition of the electrolyte can
have a significant effect on the selectivity of CO, reduction on cop-
per electrodes in both aqueousm’15 and organic11 media. Some stud-
ies have also included the variation of pH of the electrolyte, but
these studies seem to have been limited to basic media.'*"

Recently, several reactor designs have been reported for CO,
reduction to formic acid'®* and C0.*?"* Many of these designs
have been based on fuel cell designs and most use a polymer elec-
trolyte membrane to separate the anode and cathode. The work by Li
and Oloman on a continuous reactor with a cocurrent flow of CO,
gas and catholyte througgh a three-dimensional cathode has been par-
ticularly extensive.'> 1523 Previously, we reported a microfluidic
H,/0O, fuel cell in which the anode and cathode are separated by a
flowing liquid electrolyte.24 Here we report on a microfluidic reactor
that is similar in design to this fuel cell for the efficient reduction of
CO, to formic acid using different catalysts and different operation
conditions, most notably different pH values.

Experimental

Electrochemical cell— Figure 1 shows a schematic of the reac-
tor design that we used in this study. A 1.5 mm thick poly(methyl
methacrylate) (PMMA) sheet with a 0.5 X 2 cm window was
placed between two gas diffusion electrodes (GDEs). On the cath-
ode side, the catalyst was applied only to the first 1.5 cm and a
poly(tetrafluoroethylene) filter (10 wm, Pall Life Sciences) was
added to cover the last 0.5 cm. This facilitated the removal of
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bubbles (from oxygen evolution on the anode) that entered the elec-
trolyte stream and could otherwise collect and block electrolyte con-
tact with the catalyst. A graphite current collector with a window
allowing the flow of gases backed each GDE. Behind the cathode, a
PMMA chamber was placed for CO, to flow through while the
anode was left open to air for oxygen to escape. Ten insulated bolts
held the entire setup together.

Electrode preparation.— The electrodes were prepared as previ-
ously reported24 using E-TEK “S”-type GDEs. In short, a suspen-
sion of catalyst and Nafion binder was made by sonicating with a
50/50 mixture of water and isopropyl alcohol, which was then
painted on the GDE followed by hot-pressing. The cathodes con-
sisted of either 2 or 5 mg/cm? catalyst and 0.1 mg/cm? Nafion. The
anode was 2 mg/cm? Pt black with 0.1 mg/cm? Nafion. All elec-
trodes were hot-pressed at 130°C and 2000 kPa for 5 min.

Cell testing— An Autolab potentiostat (PGSTAT-30, EcoChe-
mie) was used to control the cell potential and measure the resulting
current. The individual electrode potentials were measured using
multimeters connected between each electrode and a Ag/AgCl ref-
erence electrode (RE-5B, BASI) in the exit stream. The cell was
allowed to reach steady state for 200 s, after which the electrolyte
was collected and the current averaged for another 200 s before
stepping to the next potential. All experiments were run at ambient
conditions. The electrode potentials were not corrected for IR drop.
A mass flow controller (32907-80, Cole Palmer) was used to flow
CO, from a cylinder at 5 sccm, and a syringe pump (PHD 2000,
Harvard Apparatus) supplied the electrolyte at 0.5 mL/min. The for-
mate concentrations were analyzed using the colorimetric method
reported by Sleat and Mah.”® This method reacts formate with citric
acid to give a strong absorbance at 510 nm, allowing quantitative
determination with a spectrophotometer.

Catalyst testing.— The catalyst loading for each electrode was
2 mg/cm? (metals basis) for each cathode, and 0.5 M KHCO; was
used as the electrolyte. Ru—Pd was chosen as a cathode catalyst
because the work by Furuya et al.> showed it to have a high faradaic
efficiency for formic acid and low overpotential. Ru—Pd catalyst is
not commercially available so carbon-supported Ru-Pd was synthe-
sized using two different methods from the literature,”%*’ resulting
in catalysts with Ru—Pd wt % of 17-17 and 30-30. A commercial Sn
nanopowder (Sigma-Aldrich) was used for comparison.

Performance as a function of pH.— Tin was used as the cathode
catalyst with a loading of 5 mg/cm?. KCl of 0.5 M concentration
was used as the electrolyte and was adjusted using 1 M HCl or 1 M
KOH to pH 4, 7, and 10, as indicated by a pH probe (Orion
9157BNMD, Thermo Electron).
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Figure 1. (Color online) Schematic diagram of the microfluidic reactor for
CO, conversion.

Results and Discussion

Reactor design.— In this study we use an electrochemical cell in
which two GDEs are separated by a flowing electrolyte stream (Fig.
1). This microfluidic configuration is a IIlOdlﬁCthlOIl of a hydrogen
fuel cell that we reported prev10usly % The flowing stream pro-
vides flexibility in operation conditions, including the exact compo-
sition and pH of the electrolyte. Furthermore, any water manage-
ment issues at the electrodes (flooding or dry-out) can be minimized.
On the cathode side, a gaseous stream of CO, is introduced, while
on the anode side, oxygen is removed. The other product, formic
acid, forms at the cathode and is carried out of the reactor with the
electrolyte stream. The half-cell reactions for each electrode are
shown in Fig. 1. The reference electrode in the outlet of the electro-
Iyte stream allows for an independent analysis of the processes at
the individual electrodes. This microfluidic platform enables a rapid
evaluation of different catalysts under different operation conditions
as described below.

Catalyst comparison.— Figure 2a shows the current densities for
the microfluidic reactor using three different cathode catalysts. As
seen in the figure, the current density of Ru—Pd/C 30 wt % is the
highest, followed by Ru—Pd/C 17 wt % and then Sn. However, when
looking at the partial current density, which is the portion of the
current that goes to the desired reaction, we see the opposite trend
with the Sn catalyst having the highest performance, i.e., the highest
rate of formate production.

Figure 2b compares two efficiencies, faradaic and energetic, for
the three cathode catalysts. The faradaic or current efficiency, which
is the most common parameter reported, is a measure of selectivity
and is the portion of the current passing through the cell that goes to
the desired product. In comparison, the energetic efficiency is the
fraction of the energy supplied to the reactor that is contained in the
product stream of the reactor. The energy in the products can be
found by multiplying the free energy for the reaction of carbon
dioxide and water to form formic acid and oxygen by the rate of
formic acid formation. The energetic efficiency is then this value
divided by the power supplied to the reactor (voltage multiplied by
current). Alternatively, the energetic efficiency can be found by mul-
tiplying the faradaic efficiency by the ratio of the standard cell po-
tential for the reactions (—1.43 V in this case) to the actual cell
potential.”” Both methods are equivalent and give the same result.
Despite the obvious importance of the energetic efficiency, typically,
only the faradaic efficiency is reported.

As seen in Fig. 2b, despite having a much higher overpotential,
as indicated by the peak performance occurring at more extreme cell
potentials, the Sn catalysts’ faradaic and energetic efficiencies still
far exceeded that of both Ru—Pd catalysts. Because of its superior
performance, the Sn catalyst was used in subsequent experiments
intended to investigate the effect of pH on CO, reduction efficiency.

Comparison of performance at different pH.— Figure 3a and b
shows the partial current densities and efficiencies of the Sn catalyst
in 0.5 M KClI electrolyte that has been adjusted with 1 M HCI or 1
M KOH to pH 4, 7, and 10. The data show a dual benefit of lower,
more acidic pH on the reduction of CO, to formic acid. First, low-
ering the pH results in higher current densities for formic acid,
which indicates improved reaction kinetics at lower pH. Lowering
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Figure 2. (a) Current densities of the reactor using three different cathode
catalysts with 0.5 M KHCO; electrolyte and Pt black anode. Filled symbols
indicate the total current density, with open symbols showing the partial
current density for CO, reduction to formic acid, i.e., the portion of the
current yielding formic acid. (b) Efficiencies using the three different cathode
catalysts. Filled symbols indicate faradaic efficiency, while open symbols
show the energetic efficiency.

the pH also increases the selectivity of the catalyst as indicated by
the increase in faradaic efﬁmency This second observation agrees
with trends reported by others;"> however, the earlier work was lim-
ited to basic pH and also had different ionic species, e.g., HCO3 vs
CO?%, at different pH. The data reported here avoid such complica-
tions and extend the range to include acidic pH. Tests were not
performed at lower pH because of the instability of Sn at pH < 33
The peak faradaic and energetic efficiencies were 89 and 45%,
which are comparable to values achieved in the literature. 1819 The
Sn catalyst, which exhibits limited stability, is merely used here to
demonstrate the utility of the two-phase reactor design and its po-
tential use in the rapid evaluation of other promising catalysts.

The individual electrode polarization curves in Fig. 3¢ show that
the improvements due to lowering the pH are mainly observed on
the cathode. In addition to increasing the efficiency for formic acid
production, lowering the pH also enhances cathode performance by
reducing polarization losses, enabling higher current densities. The
use of an external reference electrode in this design enables us to
determine that the effects of decreasing pH are on the cathode and
not a side effect on the anode performance.

Conclusions

This study demonstrated a microfluidic electrochemical cell as an
effective reactor and a versatile analytical tool for studying the elec-
trochemical reduction of CO,. The flowing liquid electrolyte stream
employed in this design offers many benefits: (i) wide flexibility in
operation conditions, particularly with respect to electrolyte compo-
sition and pH; (ii) the electrolyte stream supplies one of the reac-
tants (H,O) to the anode and minimizes water management issues at
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Figure 3. (a) Partial current density for a Sn cathode and Pt black anode
using 0.5 M KCI adjusted with HCI or KOH to different pH. (b) Faradaic
efficiency (filled symbols) and energetic efficiency (open symbols) at differ-
ent pH. (c) Individual electrode polarization curves for the Sn cathode and Pt
anode at different pH.

the electrode surfaces; (iii) a continuous flow operation makes on-
line sample collection or product analysis simple and quick; and (iv)
the ability to place a reference electrode in the exit steam allows the

analysis of individual electrode performance. We exploited these
attractive characteristics to investigate different catalysts and the
effects of pH. Furthermore, the cell also serves as an effective reac-
tor with high efficiencies (89% faradaic and 45% energetic) and
current densities on the order of 100 mA/cm?. Performance could
potentially be further improved by engineering of the GDEs at the
gas/liquid interface. While the Sn catalyst was used for most of this
study, the design is amenable to other catalysts, and the flexibility of
this cell can further be used to test other parameters such as tem-
perature and the production of other products such as syngas.
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