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ABSTRACT

Three-dimensional porous flow-through electrodes promise the realization of higher current
densities in electrochemical carbon dioxide reduction reaction (CO2RR) by overcoming mass-
transport limitations associated with the diffusion of dissolved COx> in the bulk electrolyte. Using
an ionic liquid-based electrolyte, [EMIM]BFs4, offers the additional benefit of higher CO»
solubility compared to water based electrolytes. In this work we quantitatively evaluated the
effects of flow-driven reactant transport on electrode activity and selectivity for electrochemical
COzRR in [EMIM]BF,. High surface area porous flow-through electrodes were fabricated by wet-
chemical deposition of Ag nanoflowers on commercial macroporous Al foams. At the highest
electrolyte flow-through rate of 100 ml min™!, we observed a 70-fold increase in partial CO current
density, and 7-fold increase in the faradaic efficiency towards CO, from 10% without flow to 75%
with flow. At the same time, the selectivity changed from oxalate as the main product without flow
to CO in the electrolyte flow-through configuration. These results demonstrate that the flow-
through approach provides a promising path forward to control selectivity and to overcome mass-

transport limitations of the electrochemical CO2RR.



1. INTRODUCTION

Global warming, due to increasing atmospheric CO; levels to more than 400 ppm caused by
extensive usage of fossil fuels, is one of the most serious problems of the 21% century. The Paris
climate agreement urges the world to limit the rising global temperatures to well below 2 °C and
recommends achieving net-zero CO> emissions globally by 2050'. As a consequence, efficient
COz conversion technologies that transform CO: into useful carbon resources such as industrial
chemicals (e.g., CO, HCOOH, C;Ha4, etc.) and fuels (e.g., CH30H, CHy, etc.) are highly sought
after, and numerous efforts have been undertaken in the past few decades including biochemical,
thermochemical, photochemical and electrochemical CO> conversion technologies®®. Among
these the electrochemical reduction of carbon dioxide (CO2RR) represents a promising approach
towards artificial carbon recycling due to the use of ambient conditions and the promise of
scalability’, specifically if the transformation is driven with renewable energy sources, like solar

energy 510,

Extensive research has been done on CO2RR since the early 90s and summarized elsewhere®*
§11-13 However, the technology still needs to overcome low activity and product selectivity linked
to high kinetic barriers and competing hydrogen evolution reaction (HER) in aqueous media. The
development of catalysts with higher reactivity and selectivity towards CO2RR thus remains a key
area of research in this field. The high kinetic barrier (overpotential) for CO2RR, i.e., -1.9 V vs.
SHE, is due to the large thermodynamic reorganization energy associated with the direct le
reduction of linear CO, to bent CO,~, which is believed to be the rate determining step'*'>.
Another limitation of CO2RR is the low solubility of CO, in water and the pH dependent

COqissolvedy/bicarbonate equilibrium that affects the reaction rate!'®!®. Any increase in the local

pH above that of a CO; saturated 0.1M KHCO3 electrolyte (pH of 6.8) further decreases local



concentration of dissolved COz, and thus the partial CO2RR current densities!”. Using ionic liquid
based electrolytes is a promising approach to overcome these issues because they generally provide
high CO; solubility, stabilize the CO;~ radical anion and suppress the hydrogen evolution reaction

(HER)14—15 .

Room temperature ionic liquids (RTILs) are relatively novel liquid salts, solely comprising of
an asymmetric organic cation and an inorganic anion. Their exceptional physicochemical
properties such as high CO; solubility (around 0.10 mol L™ for various imidazolium based ionic
liquids at 1 atm, compared to ~ 0.03 mol L™! in water), high intrinsic ionic conductivity, and a wide
potential window makes them attractive as solvents for electrochemical CO,RR!*-2!. For the first
time, Zhao et. al, demonstrated the use of a room temperature ionic liquid, 1-n-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM]PFs), as electrolyte for high-pressure
electrochemical reduction of supercritical CO, and water at lower overpotential using a Cu
cathode??. Since then, numerous research studies have been undertaken on utilizing RTILs as
electrolyte for CO,RR !> 2226, Recent publications show that imidazolium based ionic liquids, like
[EMIM]BF4, enhance the electrochemical reduction of CO; by lowering its overpotential. Rosen
et al. reported that the aqueous solution of 18 mol% I-ethyl-3-methylimidazolium
tertrafluoroborate ([EMIM]BF4) in water decreases the overpotential of the electrochemical
reduction of CO> to CO on Ag cathodes by ~600 mV, with high faradaic efficiency of 96 % for 7
h'>. It was hypothesized that the energy barrier of the CO2 to CO reduction is lowered by the
formation of an EMIM-CO, complex. Apart from lowering the reaction overpotential, the
competing HER was also suppressed by a monolayer of adsorbed cations on the electrode

25, 27

surface The conversion efficiency of CO, to CO on Ag nanoparticle electrocatalyst in

[EMIM]BF; electrolyte was enhanced by the addition of water when compared to its drier



counterpart?. The performance enhancement was due to the hydrolysis of tetrafluoroborate that
releases protons when mixed with water. Such water related enhancements in ionic liquids have

been reported by various groups® 2% 282,

Similar to aqueous electrolytes’!, the CO2RR in ionic liquid based electrolytes at high
overpotentials becomes controlled by the diffusion of dissolved CO: to the electrode/electrolyte
interface?” 32, Even with the higher CO; solubility, the reported maximum current density for
CO2RR in ionic liquid electrolytes remains low, 12 mA cm™ ?°, prohibiting an industrial level scale
up. Achieving high current densities thus remains one of the major challenges in the
commercialization of electrochemical CO;RR reactors. Many efforts have been devoted to
diminishing the activation polarization by discovering efficient catalysts?® 2% 3335 Nevertheless,
ohmic and mass transfer polarization are equally responsible for low voltage efficiency. Previous
work has shown that the performance of electrochemical reactors can be improved by integrating
a flow-through porous electrode design®*-*’. Flowing the electrolyte along the electrode/electrolyte
interface reduces the boundary layer thickness (8), which determines the limiting current density
(ir), as described in equations (2) — (3). Herein, we explore a 3D flow-through electrode geometry
for CO2RR that promises faster mass transport to support high current densities for CO; reduction
to CO. Our study highlights the importance of reactor design and engineered 3-D porous flow-
through electrode to minimize the mass transport related losses, in turn increasing the product flux.
To focus on the mass transport aspect of our work, we employed a Ag coated Al foam 3D flow-

O3 35 4 We use a

through cathode as Ag is known for its high selectivity towards C
[EMIM]BF+/H>0 (92/8 v/v %) mixture as electrolyte to take advantage of the higher CO

solubility of the ionic liquid component, while adding water that serves the purpose of providing

enough protons without compromising the CO>RR selectivity, as described elsewhere®.



2. RESULTS AND DISCUSSION

2.1. Surface characterization of 3D-Ag nanoflower coated Al foam as flow-through electrode
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Figure 1. (a) Schematic illustration of the flow-through porous cathode configuration, (b) Low
(5000 x) magnification SEM image of the Ag coated Al foam flow-through electrode. Inset
showing the nanoflower morphology of the Ag coating at 50000 x, (c) CVs of the 3D Ag coated
Al foam working electrode in 0.1M HCIOs at scan rates ranging from 10 to 200 mV s!, and (d) Al
foam working electrode charging current vs. scan rate (v) with and without the Ag nanoflower

coating.

The schematic of the flow-through cathode configuration is shown in Figure 1a. Ag catalyst was
coated on porous Al foam with an average pore diameter of ~ 650 micron. The morphology of the
Ag coated Al foam flow-through electrode was characterized by scanning electron microscope

(SEM). The ligaments of the Al foam are uniformly coated with Ag nanoflowers (Figure 1b).



Higher magnification SEM image reveals the nanoflower morphology of the Ag coating, where
the nanoflowers consist of approximately 500 nm long and 20 nm thick Ag nanoplatelets. The Ag
nanoflower coating increases the electrochemical surface area (ECSA) of the Al foam electrode
by a factor of 70, from 2.4 cm? for the uncoated Al foam to 176 cm? for the Ag coated foam. The
roughness factor (defined as the ratio between the ECSA and geometric surface area) of the Ag

catalyst coated on Al foam was calculated to be 423.

2.2. Voltammetry study of CO: reduction during electrolyte flow-through
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Figure 2. (a) Cyclic voltammograms of the Ag/Al foam electrode at 25 mV s! in [EMIM]BF4/H,O

(92/8 v/v%) electrolyte with Ar or CO; purging without flow, (b) potential step voltammogram



obtained while CO, purging without flow at constant potentials applied for 1 h, and (c) cyclic

voltammograms obtained at various electrolyte flow-through rates on Ag/Al foam at 25 mV s™! .

Cyclic voltammetry (CV) performed in Ar or CO; saturated [EMIM]BF4+/H20 (92/8 v/v%)
electrolyte mixtures provides first evidence that the 3D-Ag nanoflower coated Al foam electrode
described above is an efficient CO2RR catalyst. First, CVs were recorded without flow (0 ml min
1) at a scan rate of 25 mV s in Ar or CO; saturated electrolyte (Fig. 2a). The CV collected after
Ar purging for 30 min to remove any dissolved oxygen from the electrolyte serves as a baseline as
the observed current can be attributed to HER since the electrolyte is void of any CO.. Upon
purging with CO> (30 min), an additional electrocatalytic wave was observed between -1.1 V and
-1.8 V vs. Pt wire indicating the electrochemical reduction of CO.. The corresponding steady-state
current densities obtained by potential step voltammetry (Figure 2b) confirm the onset of the
CO2RR at -1.2V vs. Pt. A limiting current plateau is observed at potentials above -1.6V vs. Pt
implying the onset of CO> diffusion limitations without flow. Indeed, CV's performed under flow-
through conditions (Figure 2¢) show a strong increase in the current density with increasing flow
rate from -13.5 mA/cm? at 0 ml min™! to -40 mA/cm? at 100 ml min™' while the CORR onset
potential decreased by 130 mV. This and the fact that the ‘plateau’ like CV feature in the potential
region of -1 Vto -1.8 V vs. Pt wire changes into a more ‘linear’ response with increasing electrolyte
flow-through rate, indicate improved mass-transport kinetics, as seen in various electrochemical
flow systems. The decrease in on-set potential and increase in CO» reduction current density can
be attributed to the decrease in boundary layer thickness when the electrolyte is flown through the
porous cathode. Similar results were predicted by Singh et al. for the CO2RR in aqueous medium,
where their model predicted the decrease in polarization loss with decreasing boundary layer

thickness'”. Hence, our experiments support the notion that the electrochemical CO:RR in



[EMIMIBFs (92/8 v/v%)

electrolyte becomes diffusion limited for

higher current
densities/potentials (despite the higher CO; solubility in EMIM]BF4) and that the CO; reduction

current can be enhanced by using a flow-through electrode geometry.

2.3. Electrochemical COz2 reduction and product analysis

100

R — N o 100
"""""""""""""""""""""""""""""""" S e |
S (a) Non-volatile products { g (b)
- 80 + S go o
& 2 CO e +
2 L <9
5 : o
S 60 'S 60
= = T
w V]
g 407 2 40
s T
S o
g s
E 20 + LCE 20
P G C ,O ----------------- *
(e — 3 * H, 0
-1.4 15 1.6 17 18 )
E/V vs. Pt
-50
0 4
! (c) r () y
cE> 5T .TOtaIJ ,,,,,, . O 40 + Total J
< e < - P
E 4+ E -
> | ¥ 2 -30 + - Jeo,
R v E . e
E g2
z 2t =" |
= ; c .
5 1+ . Jh2 =
o Jeoo . / ________________ . ©
O b G—— T &
1.4 15 1.6 1.7 1.8 -1.4 15 -1.6 17 1.8
E/ V vs. Pt E/V vs. Pt

Figure 3. Faradaic efficiency of CO; reduction products on a Ag coated Al foam electrode at

various cell potentials ranging from -1.4 V to -1.8 V vs. Pt in [EMIM]BF4/H20 (92/8 v/v%) at

electrolyte flow-through rates of (a) 0 ml min' and (b) 100 ml min™'. Change in partial current

density of products (CO, non-volatile products, and H») calculated from the faradaic efficiency at



electrolyte flow-through rates of (¢) 0 ml min™', and (d) 100 ml min™'. Note the dramatic change in

selectivity and current density w/ electrolyte flow.

To measure the effect of forced electrolyte flow on the CO2RR rate and product selectivity, we
performed constant potential experiments in the range of -1.4 V to -1.8 V vs. Pt (Figures 3a — 3d).
The only gaseous products detected by GC were CO and H», while a small amount (too small for
quantitative analysis) of a white precipitate was found on the electrode surface and in the
electrolyte. Without flow (0 ml min™!), the current density was low (< 6 mA ¢cm™ within -1.4 V to
-1.8 V vs. Pt), and jco accounts only for a small fraction (< 10%) of the experimentally observed
current density (Figure 3c). Surprisingly no H» was detected by GC under static conditions over
the entire cell potential range tested. The corresponding FEs are shown in Figure 3a. The non-
accounted current density under static condition (90%) is attributed to the formation of non-volatile
CO2RR products non-detectable by GC (see IR and NMR analysis in SI).

Flowing the electrolyte through the porous electrode (100 ml min™') dramatically increases jiora,
Jjco, and FEco, as seen in Figures 3b and 3d : The maximum current density increased by a factor
of ~10, from ~5.5 mA cm™ to 48 mA cm; jco increased from 0.5 mA cm without flow to 36.6
mA cm at 100 ml min™', a 73-fold increase; FEco and FEn» increased to 75 % and 10 % at -1.8 V
vs. Pt, respectively. The product selectivity changes from non-volatile CO2RR products as the main
products without electrolyte flow to CO at 100 ml min"'. Flowing the electrolyte through the
electrode does not suppress the formation of the non-volatile products as juon-voiasite increases from
~3 mA cm without flow to ~8 mA cm™ at 100 ml min™!, but the increase in juon-voarite is small (2.7-
fold) compared to the 73-fold increase in jco. Another effect of flow is the potential dependence
of current density and product selectivity: Without flow (Figure 3c), the current density only

weakly depends on the applied potential (less than a factor of 2 within the applied potential range

10



of-1.4 Vand -1.8 V vs. Pt). The “plateau” like maximum of ~5.5 mA cm™ at-1.6 V vs. Pt indicates
that the system becomes diffusion limited under these conditions. By contrast, at an electrolyte
flow-through rate of 100 ml min™! the current density increased monotonically with the applied
potential, and the maximum current density of ~50 mA cm™ is observed at the highest applied
potential, -1.8 V vs. Pt (Figure 3d). The absence of a limiting current plateau suggests that the
system never becomes diffusion limited under applied flow-through conditions. FEnon-volatile With
applied flow decreases to 40 % and 15% at -1.5 V and -1.8 V vs. Pt, respectively, due to the much
faster increase of jco compared tO juon-voiarite Under flow conditions. The up to 8-fold increase in
FEco with electrolyte flow through the porous electrode seems to be a direct consequence of the
improved, flow-driven mass-transport of dissolved CO; to the internal surface area of the porous
electrode. Similarly, the increase in FEn2 with flow, from 0 % without flow to 10 % at 100 ml min
!, may also be a consequence of flow-driven mass transport limiting the increase of the local pH
in confined pores thus effectively decreasing the overpotential for HER in the presence of flow.
These observations suggest that flowing the electrolyte through the porous electrode helps to
remove the product CO from the pores thus opening catalytic sites for further CO2RR and making
CO the main product. To identify the non-volatile CO2RR product that is the main product without
flow, we analyzed the white precipitate using fourier transform infrared spectroscopy (FTIR) and
the ionic liquid electrolyte using nuclear magnetic resonance spectroscopy (NMR). The white
precipitate collected after 10 h of CO; electrolysis without flow at -1.7 V in [EMIM]BF4/H,0O
(92/8 v/v%) was rinsed with acetonitrile three times in a centrifuge, and dissolved in DMSO for
further FTIR analysis. The two peaks at 1620 cm™ and 1320 cm™ can be assigned to the
asymmetric and symmetric O-C-O stretching modes (Figure S2) of oxalate. The 13-C NMR

analysis before and after CO2RR did not show any other products in the liquid phase. As reported

11



in the literature, the formation of oxalate is the result of dimerization of CO;~ 26, Observing oxalate
as the main product without flow is surprising as CO is typically the main CO2RR product on Ag
foils'>2>27 We speculate that the Ag nanoflower morphology confines the CO;™ radical reaction
intermediate thus facilitating its coupling towards oxalate.

Flowing electrolyte through the porous electrode changes the product distribution dramatically:
Instead of the non-volatile product at 0 ml min™!, CO becomes the main product with flow (100 ml
min!). The dramatic increase in reactivity and the change in selectivity towards CO formation
with electrolyte flow-through can be attributed to two effects: 1) The flowing electrolyte facilitates
the release of the product CO from the catalyst surface, thus freeing up active sites for further
reduction of CO» and 2) the local pH in the catalyst pores stay lower with fresh electrolyte flowing
through the pores thus providing a higher proton concentration for the reduction of the CO;~
radical anion to produce CO%.

CO;~ +2H" +e~ - CO+ H,0 (D
Indeed, the hydrogen partial current density is higher with flow than without flow thus supporting
the idea of a lower pH in the catalyst pores under flow conditions.

Although we never reached the limiting current regime under flow-through conditions (Figure
3d), it is nevertheless instructive to analyze the observed maximum current density in terms of a
boundary layer thickness. Under limiting current conditions, when the CO> concentration in the
electrolyte at the electrode surface approaches ‘zero’, the increase in potential no longer leads to

any increase in the current density. Using Fick’s law of diffusion, the limiting current density is

described by
D

iL =zF — Cb (2)
Sp

12



where z is the number of electrons transferred (CO =2 ¢7), F'is Faraday’s constant (96485 C mol”
1, D is the diffusion coefficient of CO; in [EMIM]BF4/H>0 (92/8 v/v%) (3 x 10 cm? s1)%°, Cy is
the concentration of CO> in [EMIM]BF4+/H20 (92/8 v/v%) (9 x 10° mol cm™)?°, and &), is the
boundary layer thickness (cm). For the flow conditions employed in this work (0 to 100 ml min

1, a pore diameter d, of 650 um, and viscosity of (0.396 cm?/s)?° for the EMIM]BF4/H20O

electrolyte, the Reynolds number is between 0.2 and 41, well within the laminar flow regime
(Figure S4). It is thus safe to assume a parabolic flow profile with a no-slip boundary at the
electrode surface and the highest linear flow velocity at the center of the tubular channel. Under
these conditions for Poiseuille flow with the Leveque approximation, the boundary layer thickness

(6) scales with the cube root of the inverse mean flow velocity U in m s14%44;

3|d,DL
§=1607 |- (3)

v —¢ (4)

Ageometric €

where d,, is the pore diameter in cm, D is the diffusion coefficient of CO2 in [EMIM]BF4/H>0
(92/8 v/Iv%) (3 x 10 cm? s!), the pore length L is taken as the thickness of the porous electrode
in cm (0.2), and U is the mean flow velocity in cm s, Q is the electrolyte flow rate from the
recirculation pump in ml min’!, Ageometric 18 the geometric area of the electrode in cm and € is the

porosity of the flow-through electrode (0.9).
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Figure 4. Effect of electrolyte flow-through rate on CO2RR using Ag modified Al foam electrode
in [EMIM]BF4/H20 (92/8 v/v) at -1.7 V vs. Pt: Predicted and experimental limiting current density

(a) and boundary layer thickness (b).

The effect of the electrolyte flow-through rate on the CO2RR current density and boundary layer
thickness was studied in more detail using chronoamperometry at -1.7 V vs. Pt (Figures 4 a, b).
The experiments were repeated three times and the average current density for each flow-through
rate is plotted in Figure 4(a). The increase in current density with increasing flow-through rate
from 0.5 ml min™! to 100 ml min™' follows a power law with an exponent of 0.3. This value is close
to the 1/3™ (0.33) power dependence of limiting current density on flow rate for various porous
electrodes predicted by Newman et. al.***® and others*’>’. Thus, even though we never observed
a limiting current plateau under flow conditions (Figure 4), the experimentally observed current
density-flow-through rate dependence is in good agreement with the prediction of the limiting
current analysis outlined above. The increase in current density with increasing electrolyte flow-
through rate may thus be attributed to the decrease in the boundary layer thickness 9, under flow

conditions, from 100 um at 0.5 ml min ! to 18 um at 100 ml min ! (Figure 4b)
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The results also suggest that the current density of the CO2RR can be further enhanced by
designing porous flow-through electrodes with smaller flow-through channels that result in higher
flow velocities. According to Eq. 3, the boundary layer thickness that controls the limiting current
density also scales with the cube root of the pore diameter d,,. Combining Eq. 2 and 3, the predicted
limiting current density increases with decreasing pore diameter of the flow-through electrode by
an order of magnitude, from 31 mA cm™ for 650 pm pores to 535 mA cm for 0.05 um pores. The
increased limiting current density however comes at the cost of a higher flow resistance through

the porous electrode. Nevertheless, the analysis suggests that mass-transport limitations of the
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CO2RR can be further improved by finding the optimum compromise between reduced boundary
layer thickness and increasing flow resistance losses that come with smaller pores. Design of high
surface area and mechanically robust nanoporous electrodes for CO2RR is thus a promising route

to achieve high current densities.

3. CONCLUSION

In this study, we demonstrate that forcing an electrolyte through a porous cathode in a CO2RR
setup not only increases the current density but also changes the product selectivity. For our Ag
nanoflower coated microporous aluminum electrodes, the selectivity changes from oxalate without
flow to CO as the main product in the electrolyte flow-through configuration. At the same time
the total current density of CO increases by a factor of 10 when the flow-through rates were
increased from 0 ml min™!' to 100 ml min™'. Using forced flow conditions allows us to reduce the
mass transport limitations by decreasing the boundary layer thickness, and thus to utilize the high
internal surface area of the Ag nanoflower catalyst more efficiently. Our results demonstrate that
the flow-through approach provides a promising path forward to control selectivity and to

overcome mass-transport limitations of the electrochemical CO2RR.
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