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1. Introduction

The electrochemical method to convert carbon dioxide (CO2) to fuel is the reverse
chemical process of burning fossil fuels and provides a controlled means to
generate fuel from atmospheric, seawater, or combustion CO2 resources.' Ideal
COz reduction reaction (CO2RR) catalysts have been sought with properties of high
catalytic activity, long-term stability, and good selectivity, which are largely
dependent on unique nanomaterial development at electrode surfaces.>*> In
addition, highly efficient electrochemical reactor designs are necessary to convert
CO2 to usable fuels at production rates sufficient for the industrial scale, or at the
pace of Army operations.*!%!® In the present research, we constructed an
electrochemical system based on a zero-gap alkaline membrane electrode assembly
(MEA) reactor design and successfully carried out catalyst research on CO2RR.
There are still many challenges remaining. In the electrochemical CO2RR process,
a large amount of H2 byproduct is generated because of the hydrogen evolution
reaction (HER), which results in low CO2RR Faradaic efficiency (Fefr).
Furthermore, a major carbon-based product of CO2RR is carbon monoxide (CO),
a poisonous gas with low-energy pathway that involves only a two-electron
reduction reaction of COz. In the process of CO2RR, we also obtained a small
amount of ethylene (C2Ha4) by 12-electron reduction of COz. If we can increase the
yield of C:H4, we will obtain a greener chemical fuel with much higher energy
density (AH; =—1441 kJ/mol). For pursuing even higher Cz product selectivity and

catalytic current density for CO2RR, we explored a new technology of
nanostructured catalyst synthesis at the electrode surface. Copper (Cu)
electrochemical plating (ECP) technology is widely used in the electronics and
semiconductor industry for plating smooth Cu layers on electric circuit boards.'
However, directly depositing Cu nanocrystals on polytetrafluoroethylene (PTFE)-
containing porous gas diffusion layers (GDLs) for catalysts has not been reported
yet. The advantage of Cu-plating at the electrode surface is that the Cu/GDL can be
directly used as an electrode for assembling alkaline MEA reactors. The catalyst
morphology, particle size, composition, and catalytic properties can be tailored by
controlling current, voltage, and electrolyte composition. In addition, we explored
methods of optimizing catalyst morphology at the cathode surface by
corrosion/reduction treatment (CRT). The three approaches of ECP, CRT, and
zero-gap reactors form hybrid electrochemical technologies to achieve the highly
efficient electrochemical conversion of COz to an energy-dense fuel.



2. Equations

The Fefr of CO2RR is calculated with following equation, '8

Fegr = - X 100% (1)

If we do not compress the cell, the gas pressure (P) in the MEA reactor should be
at one atmosphere. For ease of use, we converted Equation 1 to a clear equation for
actual calculations of the data from the reactor of CO2RR and the gas
chromatograph (GC),

Fegr = X (%' 10100) ' 0.082(It)+273) ‘n-F- % 100% (2)
Here, x is the fraction of a gas product obtained from the GC; V (sccm, or mL/mim)
is the flow rate from the cathode of the reactor; P (atm) is gas pressure; R is gas
constant (R = 0.082 L atmmol-:K™!), T is the temperature in Kelvin (K), t is
common temperature (Celsius), n is the number of electrons transferred in
electrochemical reaction; F is the Faraday constant (96,485 s-A'mol™'), and I is
current (A) from the electrochemical cell.

The electrochemical reactions and formal potentials at the cathode are as follows:!

CO, + 2H* + 2e~ - CO(g) + H,0 (E°=-0.1V) (3
CO, + 2H* + 2e~ > HCOOH(eq) (E°=-0.12V) (4

2H* 4+ 2e~ > H, (E°=0V) (5)
CO, + 8H* + 8e~ - CH,(g) + 2H,0 (E°=0.17V)  (6)

2C0, + 12H* + 12e™ - C,H,(g) + 4H,0 (E°=0.08 V) (7)
The electrochemical reactions at the anode are as follows:
2H,0 - 0, + 4H™* + 4e” (E°=1.23 V) (8)
HCOOH(eq) —» CO, + 2H* + 2e~ (E°=-0.12V)  (9)
The energy efficiency (Eefr) of CO2RR is calculated as follows:
Eett = Ferr(E%2 — E°)/Ecen (10)

Here, E%, E%, and Ece (in volts) are anode standard potential, cathode standard
potential, and total cell voltage obtained from experiment, respectively.



We emphasize that Fesr is a description of catalytic selectivity. The total Fefr of all
products would be 100%, including byproducts. The total measured Fefr from the
product gas stream will be less than 100% owing to the product HCOO™ at the
cathode that crosses over to the anode and is oxidized to form CO: again (see
Equation 9). The Eefr is a description of the sum of catalytic selectivity and activity.
The cell catalytic performance of CO2RR can be described with the two factors of
Fetr and Eefr. The third important factor is catalytic current density (jx) of CO2RR,
which describes the amount of product produced per unit electrode area and per
unit time. Finally, the fourth important factor is catalytic stability, which can be
obtained by long-term operation of the CO2RR reactor. These four factors
quantitatively described the cell performance for electrochemically converting CO2
to fuels.

The gas products from the CO2RR reactor were analyzed with a GC, which
contained a flame ionization detector (FID). The FID detector in the GC included
a methanizer (FIDmeth), designed for detecting hydrocarbons, such as CHs, C2Ha,
CsHe, as well as CO, and COz2 up to 50%, when using helium as the carrier gas. The
H> fraction (xm2) therefore was determined by calculation with the following
equations:

Xz = 0.82(t + 273) X 60 X 1000 - I - Fegrpyz)/(nFV) (11)

Here,

Fetf (i) = 100 — X (Fefr 1) + Fefr2) + *** Fefr (n)) (12)

3. Experimental

3.1 Chemicals and Materials

A PiperlON anion exchange membrane (AEM) with a thickness of 40 um was
purchased from Fuel Cell Earth. Potassium bicarbonate (KHCOs3), Cu chloride,
ammonia water, and Ir-nanoparticles, were obtained from Alfa Aesar or Milipore-
Sigma Aldrich. Research-grade CO2 was purchased from Airgas. Carbon paper and
ionomer (PiperlON anion exchange dispersion, 5%) were purchased from Fuel Cell
Store.

3.2 Cu/GDL Cathode

Figure 1 shows a schematic drawing of electrochemical installation for synthesis of
nanostructured Cu particles at porous GDL surfaces. To electroplate, a Cu-sheet is
used as an anode, and carbon paper as a cathode that is attached to a Cu wire as a



lead. The cathode lead is sealed with a PTFE tape as an insulating layer to avoid
unwanted side-electrochemical reaction on the Cu-lead. For the present research,
we dissolved Cu salt in ammonia solution as the electrolyte. The electrolyte was
prepared by 1 g CuClz, 7 ml 25% NH3 water, 3.2 g KCI or 1 M HNOs3, and 80 ml
water. Here, the KCl plays a function of supporting the electrolyte for better ionic
transport. The experiment was carried out by constant current ECP at room
temperature (~20 °C). The Cu®>" molecule forms complexes with NH3 molecules,
such as Cu(NH3)2?* or Cu(NH3)4**, depending on NH3 water concentration and
solution pH. At the anode, the Cu-metal is electro-oxidized, forming Cu-ions to
enter the solution. At the cathode, the Cu-ions are electro-reduced into a Cu thin-
film and deposited on the carbon paper surface. The electrode reaction is

Cu(NH3)** + 2e™ & Cu® + x(NH5) (13)

Carbon Papetr Cu-Sheet
+ Cntt
\ & /

tu —Cult

Figure 1.  Schematic of electrochemical installation for synthesis of nanostructured Cu
particles at porous GDL surface.

3.3 Silver Nanowires (AgNWs)

A solution (Solution 1) was prepared by dissolving 0.2 g of AgNOs in 10 mL of
water and 2 mL of 25% NH4OH in a 100 mL triangular flask, which was stirred
until the AgNOs; was fully dissolved. A water suspension of Cu-nanowires
(Solution 2) was prepared by adding 5—-10 mL of Cu-nanowire alcohol suspension
(~10 mg/mL Cu) into 10 mL of water, which was stirred for 2 min. Solutions 1 and
2 were then mixed by rapid stirring. The color of the Cu-nanowires changed from
golden to gray as Ag was reduced onto the surface of the Cu-nanowires. The



resulting precipitate was separated by centrifugation, washed, and dried at 60 °C in
a vacuum oven.

3.4 Solid Electrolyte Interphase (SEI) with AgNW's

AgNWs (~0.012 g of catalyst) were mixed in a plastic vial with 0.3 mL water,
0.3 mL alcohol, and approximately 0.03 g of 5% PiperlON ionomer. The mixture
was ultrasonicated for several minutes until a uniform ink was obtained. This ink
was then coated onto two pieces of 0.25-mm-thick carbon paper, each with a
geometric area of 5 cm?. After drying, the catalyst coating was visible on the carbon
paper, with a total catalyst loading of approximately 1 mg/cm? (Ag and Cu
combined), containing 90% catalyst and 10% dry ionomer.

3.5 CRT Treatment Process

The newly prepared Cu/GDL, obtained by ECP in HNO3/KCl without subsequent
washing and drying, was left exposed to air for several days until the surface turned
green. Afterward, the Cu/GDL underwent chemical reduction by immersion in
mixture of 0.1 M KOH and 0.1 M NaBHa4 at 80 °C for 10 min, followed by washing
and assembly into an MEA cell for CO2RR testing.

3.6 Anode Preparation

Anode ink of iridium (Ir)-nanoparticles was made by weighing 0.040 g Ir-
nanoparticles in a plastic vial, adding 0.3 mL water, 0.3 mL alcohol, and 0.34 g 5%
PiperlON anion exchange dispersion ionomer. The vial was ultrasonicated for 5—
10 min until it formed a uniform ink. The ink was coated on four pieces of
0.25-mm-thick 5 cm? carbon paper. After it was dried, a catalyst coating formed on
the carbon paper, with a catalyst loading of 2 mg/cm?, containing 70% catalyst and
30% dry ionomer.

3.7 AEM

A PiperlON AEM with a thickness of 40 um was tailored to 6.5 x 6.5 cm for each
MEA preparation. It was soaked in water for more than 1 h before using.

3.8 Electrochemical Reactor and Test Platform

The cathode, membrane, and anode were sandwiched together to form an MEA in
electrolyzer hardware that had two graphite plates to hold the MEA. Gas and liquid
flow channels were engineered on the inner phase of the graphite plates that were
facing the outer phase of the MEA. CO2 gas was passed through the cathode flow



channel, and water or electrolyte was passed through the anode flow channel.
Figure 2 shows a flow diagram of CO: electrochemical reduction and the zero-gap
reactor’s structure. We used a gas regulator to apply a small pressure (20—40 psi) of
COg, as input to a mass flow control (MFC). We inserted the MFC between the gas
regulator and the humidifier to accurately control the input CO2 gas flow rate into the
reactor. After being humidified, the CO2 gas flowed into the cathode side of the
reactor. The products from CO2RR were passed through a water trap to remove water
vapor. A mass flow meter (MFM) was installed after the water remover to measure
the flow rate of the outlet gas products, since the gas flow rate changed with time
after the reaction. The gas flow-rate data from the MFM were used as the actual flow
rate for GC analysis and calculation of electrochemical parameters. Gas product
samples from the reactor were taken periodically to determine the gas fractions with
a GC. Furthermore, a small mechanic circulation pump was added in the CO2RR test
platform between the anode flow channel and electrolyte container that enabled a
wide range of anode electrolytes. The CO2RR test platform after optimization has
the advantages of evaluating MEAs by varying gas flow rate, cell temperature, and
electrolytes. To obtain CO2RR performance with cell temperature, a thermocouple
and heaters were inserted in the Cu holder of the reactor to automatically control the
temperature of the cell with a computer. The sealing frames in the reactor are
optimized to match the thickness of the MEA, which has an approximately equal
thickness of the sum of the membrane, catalyst layers, and GDLs. The
electrochemical measurements were performed with an Arbin Instruments battery
tester with MIT Pro8 software and a Keysight E3633A DC power supply.
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Figure2. Flow diagram of CO: electrochemical reduction and the zero-gap reactor’s
structure.

3.9 MEA Pretreatment Before Test

Before each electrochemical measurement, the reactor was pretreated at 60 °C by
circulation of water or electrolyte through the anode channel, or through the cathode
channel, or both, depending on individual experiments. As the cell performance
was increasing with operational and pausing time, the cell was tested several times,
and the best results were reported.

3.10 Gas Product Analysis

An SRI 8610C GC was used for analysis of CO2RR gas products from the
electrochemical reactor. It contains an FID with a methanizer to increase its
sensitivity, and a thermal conductivity detector.

3.11 Materials Characterization

A Malvern Panalytical XPert 3 was used for X-ray diffraction (XRD) analysis, with
a Cu Ko source and parabolic mirror for incident optics, and a parallel-plate
collimator for receiving optics. A Zeiss Auriga scanning electron microscope was
used at an accelerating voltage of 15 kV for analyzing morphology with scanning
electron microscopy (SEM), with an attached Ametek EDAX energy-dispersive
X-ray spectroscopy (EDS) for spatial elemental analysis.



4. Results and Discussion

4.1 Concept of SEl layer, Single Functional GDL, and
Bifunctional GDL for ECP

We used porous carbon paper as a GDL to load the Cu-nano catalyst for CO2RR.
The GDL was treated with PTFE (from 5% to 40%) to increase the surface
hydrophobicity, subsequently allowing faster CO:2 gas transport through its
micropores. Due to the hydrophobicity at the PTFE-containing carbon paper
surface, the Cu-ions are unable to directly approach and be adsorbed for ECP.
Therefore, we applied a hydrophilic SEI layer on the GDL to mediate the
electrochemical deposition. To make the SEI layer, a short-chain ionomer was
coated onto the GDL surface, which became a cohesive layer after the solvent
evaporated. In this study, we used a PiperlON ionomer with and without doping
AgNWs as the SEI layer on GDL. Figure 3 shows a conceptual graphic of the SEI
layer, hydrophobic GDL, and bifunctional GDL for ECP. The original carbon paper
is noted as “single functional GDL” because of its hydrophobic activity. After
covering the GDL with an SEI layer, it becomes a “bifunctional GDL” that has both
a hydrophobic bottom layer and hydrophilic top layer. Table 1 details the
preparation conditions for the following experiments.

SEl Layer at
the top

. lonomer with or
without M-NP

—ey

ECP Process SElLayer

§ —

Single Bi-functional Cu-coated
functional GDL GDL
GDL

Figure3.  Concept of SEI layer, hydrophobic GDL, and bifunctional GDL for ECP of Cu-
thin film on GDL as the CO2RR catalyst.

Table 1.  ECP conditions for 5 cm? carbon paper cathodes.

ECP current ECP charge
Deposition name SEI density deposited CRT
(mA/cm?) (mAh)
ECP-a Undoped 5 64 x
ECP-a-high Undoped 25 50 x
ECP-b AgNW-doped 5 50 x
ECP-c AgNW-doped | 89 x
ECP-d Undoped 10 120 v




4.2 CO2RR Performance at Cu/GDL with Undoped SEI Layer

Figure 4 shows CO2RR results obtained from the alkaline MEA reactor. The
ECP-a cathode electrode was prepared by ECP of a thin layer of Cu on 0.25-mm-
thick 5 cm? carbon paper. There are three key factors in the ECP process: ECP
current density, ECP capacity, and SEI layer, which all play an important role in
Cu-coating quality, crystal size, and morphology, as well as catalytic activity,
selectivity, and stability for CO2RR. Here, we control current at 25 mA for the ECP
process, or 5 mA/cm? current density, with an end-reaction charge capacity of
64 mAh, or 12.8 mAh/cm?. The SEI layer is pure (100%) PiperION ionomer. This
configuration of parameters is labeled ECP-a. The MEA with an ECP-a cathode
gives excellent CoHs selectivity for CO2RR in all operating temperatures. At 20 °C,
the Fetr reaches to 79% for C2H4 and 87.5% for total CO2RR. Even at 60 °C, the
Fetr is 39.5% for C2Hs and 60% for total CO2RR. High catalytic activity is also
obtained by calculation of individual product catalytic current density (Figure 4d).
At 60 °C, the individual product current density is 131.5 mA/cm? for C2Ha, and
199.7 mA/cm? for total CO2RR. Figure 5 shows a GC obtained from the outlet gas
sample of this MEA reactor for CO2RR. A high C2H4 peak is demonstrated.
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Figure4. CO2RR results obtained from an alkaline MEA reactor with an ECP-a cathode:
ECP current 25 mA; ECP capacity 64 mAh; and SEI layer PiperION. (a) Fes, (b) Eerr, () total
cell current density, and (d) calculated current density of jx (here, x means total CO2RR, CO,
and C:Hs products). Cell voltage: 3.0 V.
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FigureS.  GC obtained from the outlet gas sample of an MEA reactor with ECP-a cathode

that is shown in Figure 4 operating at 20 °C, 3.0 V, MFC set to 60 sccm, and MFM measuring
51 scem.

By varying the ECP deposition conditions to make the Cu/GDL electrode, the MEA
reactor CO2RR performance was correspondingly changed. Figure 6 shows
CO2RR results obtained from an alkaline MEA reactor, where the cathode
electrode was prepared by controlling ECP condition at higher current density
(25 mA/cm?), or 125 mA for a 5 cm? carbon paper as the cathode, “ECP-a-high.”
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Figure 6. CO2RR results obtained from an alkaline MEA reactor with an ECP-a cathode:
ECP current 100 mA; ECP capacity 50 mAh; and SEI layer PiperION. (a) Ferr, (b) Eer, (c)
total cell current density, and (d) calculated current density of jx (here, x means total CO2RR,
CO, and C:H4 products). Cell voltage: 3.0 V.

The Fetr of the ECP-a-high sample reached 83% for C2H4, and a total CO2RR of
nearly 100%, or no H2 product is detected at 20 °C and 3.0 V operating conditions.
The corresponding Eerr for total CO2RR was 39% at 20-30 °C operating
temperatures. However, the individual product current density was not high—only
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56.5 mA/cm? for C2H4 and 86 mA/cm? for the total CO2RR. This was far less than
the values of 131.5 mA/cm? for C2Ha, and 199.7 mA/cm? for total CO2RR, that
were obtained with ECP-a by controlling the ECP current density at 5 mA/cm?. It
seems that controlling ECP operating conditions at higher current density turned
out better C2H4 product selectivity, but lower individual product current density.

To better understand the effects of the ECP deposition current density on the above
results, XRD and SEM were used to evaluate the nature of the deposited Cu. As
shown in Figure 7, the symmetric 20-o XRD scan showed the two characteristic
peaks of Cu; namely, the Cu (111) peak at 43.3° and the Cu (002) peak at 50.4°.
Apart from the graphite (004) peak resulting from the porous carbon GDL substrate,
there existed no phases indicative of other elements present, thus confirming that
the ECP deposition process results in face-centered cubic Cu without other phases
indicative of other elements.
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Figure 7. Symmetric 20-o XRD scans of ECP Cu on porous carbon at various deposition
currents.

SEM images of the ECP Cu at different currents, however, showed distinct
morphologies of the Cu deposition on the bifunctional GDL. As compared with a
bare porous carbon substrate shown in Figure 8a, lower deposition current densities
(1 mA/cm?, shown in Figure 8b) produced a rough and nonconformal Cu deposition
on the GDL; instead of a film, the Cu formed as connected nodules. As the current
density is increased, the morphology was more conformal (5 mA/cm?, shown in
Figure 8c; 25 mA/cm?, shown in Figure 8d), with the Cu features matching the
features of the bare porous carbon substrate. A closer comparison of the ECP Cu
deposited at 5 mA/cm? versus 25 mA/cm? showed that more of the bifunctional
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GDL was exposed at the lower current due to less conformal coverage.
Additionally, the Cu surface morphology was rougher at the 5 mA/cm? deposition
current, with noticeable bumps along the lines of Cu.

i Lo e

Figure 8. SEM images of (a) bare porous carbon, which matches the morphology of the
bifunctional GDL; (b) ECP Cu deposited at a current density of 1 mA/cm?; (¢) ECP Cu
deposited at a current density of 5 mA/cm?; and (d) ECP Cu deposited at a current density of
25 mA/cm?,

To confirm that the higher ECP deposition current density blocked out more of the
bifunctional GDL layer, EDS was performed on ECP Cu at the three different
current conditions (1 mA/cm?, 5 mA/cm?, and 25 mA/cm?), with the results shown
in Figure 9. For the lowest current, the most carbon (representing the bifunctional
GDL) was exposed, while for the highest current, the least carbon was exposed. For
the images of ECP Cu deposited at 25 mA/cm?, an area was selected that was the
boundary of the deposition; the exposed carbon was masked off with the PTFE tape
at the cathode for the ECP process. When specifically analyzing the areas where
there was deposited Cu, there was virtually no exposed bifunctional GDL material
at 25 mA/cm? ECP deposition, whereas there was some at 5 mA/cm?.

The difference between the product selectivity and current density between ECP-a
and ECP-a-high can be explained by this relative exposure of the bifunctional GDL
compared with Cu. ECP-a had less selectivity toward C2H4 production, since some
of the exposed bifunctional GDL electrochemical area that was not Cu-coated was
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driving hydrogen evolution as a cathode reaction; conversely, this exposed
bifunctional GDL area was facilitating better diffusion kinetics of the reactants with
the dual hydrophilic/hydrophobic engineering, which produced a higher overall
product current density. By a similar argument, ECP-a-high had high selectivity
toward C2Ha4 production, since the entirety of the electrochemical area was Cu-
coated without any exposure of the bifunctional GDL; conversely, since the ECP
Cu was completely covering the bifunctional GDL in the active electrochemical
area, the reactant diffusion kinetics were reduced, causing a lower overall product
current density.

48% CK

| o

. 56% CukK

30% CK

@ = ox
. 53% Cuk

Figure 9. SEM images with corresponding EDS maps of carbon, oxygen, and Cu of (a, b)
ECP Cu deposited at a current density of 1 mA/cm?; (¢, d) ECP Cu deposited at a current
density of 5 mA/cm?; and (e, f) ECP Cu deposited at a current density of 25 mA/cm?.
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4.3 CO2RR Performance at Cu/GDL with AgNW-doped SEI Layer

The SEI layer played an important role in the ECP process to attach Cu-nano
particles on the porous GDL surface. To observe the impact of the SEI layer on the
Cu/GDL on CO2RR performance, we incorporated AgNWs into the ionomer
(PiperION). Figure 10 shows CO2RR results obtained from the alkaline MEA
reactor. The cathode electrode was prepared by ECP with a thin layer of Cu on
0.25-mm-thick 5 cm? carbon paper with AgNW/Piperlon as the SEI layer. The ECP
current density was controlled at 5 mA/cm?, or 25 mA current for a 5 cm?> Cu/GDL
electrode, ECP-b. At 20 °C and 3.0 V operating conditions, the MEA gave a high
Fetr of 76.4% for C2Ha4 and 89.5% for total CO2RR. At 60 °C and 3.0 V, a high Fesr
ratio of C2H4 versus CO was still maintained, or 21.5% for C2Hs and 2.9% for CO.
However, the individual product current density for CO2RR is not high, as shown
in Figure 10d. The peak current density for C2Hs product was only 83 mA/cm? at
50 °C, 3.0 V operating conditions. Figure 11 shows a GC obtained from the outlet
gas sample of this MEA reactor with an ECP-b cathode for CO2RR. A high C2Ha
peak is seen.
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Figure 10. CO2RR results obtained from an alkaline MEA reactor with an ECP-b cathode:
ECP current 25 mA, ECP capacity 50 mAh, and SEI layer is AgNW/PiperION. (a) Fesr, (b)
Eetr, (c) total cell current density, and (d) calculated current density of jx (here, x means total
CO2RR, CO, and C:H4 products). Cell voltage: 3.0 V.
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Figure 11. GC obtained from the outlet gas sample of an MEA reactor that is shown in
Figure 10 operating at 60 °C, 3.0 V, MFC set at 30 sccm, and MFM measuring 24.5 sccm.

To achieve high current densities from individual CO2RR products, we lowered
the ECP current density to 1 mA/cm? to prepare the Cu/GDL. Figure 12 shows
CO2RR results obtained from the alkaline MEA reactor. The cathode electrode was
prepared by ECP with a thin layer of Cu on 0.25-mm-thick carbon paper with
AgNW/PiperIlON as the SEI layer, ECP-c. Surprisingly, the Fetrratio of C2Ha versus
CO changed significantly compared with the 5 mA/cm? sample, which is likely
related to COz2 direct reduction at the AgNW surfaces, as Ag is a good catalyst for
CO2RR to CO. At 20 °C and 3.0-V operating condition, the Fefr is 15% for C2Ha,
and 58.9% for CO, with total CO2RR Fefr of 73.9%. Interestingly, the individual
product current density increased, as shown in Figure 12d, to 120.5 mA/cm? for
C2Hs and 146.8 mA/cm? for total CO2RR at 60 °C, 3.0 V operating conditions.
These results are also explained by the amount of exposed bifunctional GDL area
at the low ECP deposition current of 1 mA/cm?. As evidenced by Figures 10a, 12a,
and 12b, ECP-c has less selectivity toward C2Hs production and an increased
component of hydrogen evolution, since some of the exposed bifunctional GDL
electrochemical area that is not Cu-coated is driving hydrogen evolution as a
cathode reaction; conversely, this exposed bifunctional GDL area is facilitating
better diffusion kinetics of the reactants with the dual hydrophilic/hydrophobic
engineering, which produces a higher overall product current density.
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Figure 12. CO2RR results obtained from an alkaline MEA reactor with an ECP-c cathode:
ECP current 5 mA, ECP capacity 89 mAh, and SEI layer is AGNW/PiperION. (a) Fes, (b) Eetr,
(c) total cell current density, and (d) calculated current density of jx (here, x means total
CO2RR, CO, and C:H4 products). Cell voltage: 3.0 V.

4.4 CO2RR Performance at Cu/GDL by CRT

The electrode surface area is highly related to its surface roughness. Therefore, we
explored a method to enhance the Cu/GDL surface area by CRT of the Cu/GDL
electrode to increase its catalytic activity and selectivity for CO2RR. After the CRT
process, the Cu/GDL demonstrated high activity and selectivity when it was used
as a cathode for CO2RR in an alkaline MEA reactor. Figure 13 shows CO2RR
results of a Cu/GDL prepared by ECP process and followed by CRT treatment,
ECP-d. It showed exceptionally high current density, reaching approximately
1000 mA/cm? (Figure 13c). As a large fraction of the current was from HER, the
Fetr for CO2RR was not high, reaching only 52% for total CO2RR, 41% for C2Ha,
and 7% for CO at 20 °C operating temperature. However, the Fesr for C2 products
(C2H4 + C2Hs) was about 6 times larger than that of the C1 product (CO). Figure 14
shows the GC obtained from the outlet gas sample of the MEA reactor that is shown
in Figure 13 operating at 50 °C. A large C2H4 peak was seen with a larger peak area
than that of CO, which is consistent with a high Fesr ratio of C2Hs4 to CO
(Figure 13a).
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Figure 14.

GC obtained from the outlet gas sample of an MEA reactor that is shown in
Figure 13 operating at 50 °C, 3.0 V, MFC at 60 sccm, and MFM at 57.8 sccm.
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To give insight to how CRT affected the ECP Cu, both XRD and SEM
measurements were performed, with the results shown in Figure 15. The ECP Cu
underwent some amount of oxidation, as evidenced by the emergence of the Cu20
(111) and (220) peaks in the symmetric 26-w XRD scan (Figure 15a). The SEM
images shown in Figures 15b and 15¢ showed a total loss of the conformal ECP Cu
morphology when initially evaluated (Figure 8). Instead of connected nodules in
the case of low deposition current, or conformal films with higher deposition
current, the Cu morphology had the form of a cracked film that can be thought of
as a series of connected platelets. A zoomed-in view, as shown in Figure 15c,
showed microscale (and perhaps nanoscale) roughening. Due to the CRT process
being a long ambient-air oxidation with a subsequent short chemical reduction, the
presence of Cu20 is indicative of the chemical reduction not fully re-reducing the
initial ECP Cu, either from the limited time of the reduction to not fully react with
all the present Cu20, or from the limited diffusion of reducing chemical species
within the porous carbon to access all oxidized material. The SEM images confirm
an in-situ roughening effect from converting Cu20 back to Cu that increased the
active surface area for catalytic sites and improved catalysis properties and can help
explain the high current density and high selectivity for C2 products at high
overpotentials; similar results have been reported from Cu foils being oxidized
through air annealing and then electrochemically reduced.?

(a) Graphite (002) Cu (i)

Cu0 (1)

Graphite (004) Cu(113)

Cu,0 (220)

Intensity (log scale)

|||||||||||||||

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
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Figure 15. Materials characterization of ECP Cu after CRT treatment: (a) symmetric 20-o
XRD scan; SEM images of surface morphology (b) zoomed out, and (c) zoomed in.
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4.5 Comparison of Gas Yield Rates Between Different Cu/GDL
Preparation Conditions by ECP Method

The mechanisms of CO2RR are complex, and may result in various products, such
as CO, CHs, and HCOOH (C1 products), CoH2, C2Hs, C2He, C2HsOH, and
CH3COOH (C2 products), and C3Hs, and C3Hs (C3 products). In addition, we
encountered a large amount of side reaction (HER) in the process of CO2RR with
a zero-gap MEA reactor. To convert CO2 to an energy-dense fuel by
electrochemical methods, we controlled the product selectivity by multiple
methods, not only the catalyst, but also the catalyst preparation conditions.

Here, we compare the effects of different ECP conditions on C2H4 selection for
CO2RR with a zero-gap alkaline MEA reactor. Figure 16 shows the gas yield rate
of CO2RR from alkaline MEA reactors that used Cu/GDL as the cathodes prepared
by ECP method with different synthetic conditions.
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Figure 16. Gas yield rate of CO2RR from zero-gap alkaline MEA reactors that use Cu/GDL
as the cathodes prepared by ECP method with different synthetic conditions. (a) ECP-a,
Cu/GDL with undoped SEI layer, ECP current 25 mA; (b) ECP-b, Cu/GDL with AgNW-
doped SEI layer, ECP current 25 mA; (¢) ECP-¢, Cu/GDL AgNW-doped SEI layer, ECP
current 5 mA, and (d) ECP-d, Cu/GDL treated with CRT method.

The CO2RR performance obtained from the ECP-a condition, where the Cu/GDL
was prepared with undoped SEI layer at a current of 25 mA, demonstrated excellent
Ferr (87.5% at 20 °C) and current density (~200 mA/cm? at 60 °C) for total CO2RR,
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as shown in Figures 4a and 4d. However, by further GC analysis of the gas product,
the majority gas was CO (173 ml/h at 60 °C). The flux of C2H4 is only 55.9 ml/hr
(at 60 °C), and the overall gas flux ratio of C2H4/CO was only 0.32. The gas flux
ratio changed by varying the ECP conditions. For the ECP-b condition, where the
Cu/GDL was prepared with AgNW doped SEI layer at current 25 mA, the gas flux
of C2H4/CO (32%/25.7%) increased to 1.25, although it had a smaller current
density (94.5 mA/cm? at 60 °C) of total CO2RR, as shown in Figure 10d. The
CO2RR performance was also changed by varying the ECP current for preparation
of Cu/GDL. Figure 16¢ shows gas flux rate of CO2RR obtained from the Cu/GDL
prepared by ECP-c condition, where the Cu/GDL was prepared with AgNW-doped
SEI layer at current 5 mA (1 mA/cm?), the CO product flux (at 60 °C) reached to
307 ml/hr, and the C2Ha4 flux was only 11 ml/hr, which turned out the ratio of
C2H4/CO was only 0.036. Figure 16d shows gas flux rate of CO2RR obtained from
the Cu/GDL prepared by ECP-d condition, where the Cu/GDL was prepared by
corrosion treatment, the highest ratio of C2H4/CO at 50 °C was obtained (1.6).
These experimental results demonstrate that the fraction of C2Ha product versus CO
can be adjusted by varying the ECP condition for preparation of Cu/GDL; therefore,
we can increase the C2 product ratio for energy-dense fuel.

5. Conclusion

In this research we demonstrated methods to efficiently convert CO2 to energy-
dense fuels using hybrid electrochemical technologies, including synthesis of Cu-
thin film catalysts on GDLs by ECP, electrode surface optimization by CRT and
advanced zero-gap reactor design with an alkaline membrane electrode assemble
(MEA). At low operating temperatures (20-30 °C) and 3.0 V cell voltage, the Fesr
reached up to 83% for CoHs4 and nearly 100% for total CO2RR. At high
temperatures (60 °C) and 3.0 V cell voltage, the product current density reached
131 mA/cm? for C2H4 and nearly 200 mA/cm? for total CO2RR. The gaseous fuels
generated from the reactor were further analyzed with a GC and plotted by fuel gas
yield rate versus reactor operating conditions. The ratio of energy-dense fuel (C2Ha4)
to low energy fuel (CO) was highly dependent on ECP conditions for preparation
of Cu/GDL cathode electrode and ranged from 0.036 (CO rich) to 1.6 (C2Ha rich),
depending on the ECP condition. The C2 product ratio for energy-dense fuel was
highest using the CRT technique and without AgNW dopant in the SEI layer, while
the lowest ratio was without CRT and with AgNWs doped in the SEI. Undoped SEI
layers demonstrated the highest C2Ha yields overall, implying that AgNWs may not
be necessary for overall C2Ha generation, but the high CO content or high Ha
content generated by these formulations would need a further purification step for
C2Ha isolation.
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