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Fig S1. Current characteristics in the stability test of bare Cu catalyst at -3.00 V cell voltage and 10 bar.
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Fig S2. Effect of Nafion with carbon nanoparticles support layer ionomer on the performance of
pressurized (10 bar) CO2RR with 15% CO; (v/v) and 4% O, (v/v) feedstocks and 1M KOH electrolyte,
comparing with bare Cu sample. (a) The FE towards C; products. (b) The total FE of both HER and CO.RR
products.
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Fig S3. SEM images of the GDE with the scale bar of 5 um, 1 pum, 500nm and 200nm from left to right. (a) 300 nm Cu cathode catalyst sputtered
on PTFE fiber GDE. (b) Cu-PTFE GDE coated with Hydrophilic-1 ionomer/TiO, support particles before prolonged operation. (c) Cu-PTFE GDE coated

with Hydrophilic-1 ionomer/TiO, support particles after prolonged operation.
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Fig S4. SEM images showing ionomer coverage on Cu catalyst. (a, c) Cu-PTFE GDE with and without labeling,
respectively. (b, d) Cross-sectional SEM image of Cu-PTFE GDE coated with Hydrophilic-1 ionomer/TiO,
support particles with and without labeling, respectively.
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Fig S5. Effect of bare Cu and support layer ionomer on the performance of pressurized (10 bar) CO2RR
with 15% CO2 (v/v) and 4% 02 (v/v) feedstocks, 1M KOH electrolyte, and TiO, support particles. (a)
Current-voltage characteristics with different ionomer coatings on Cu-PTFE GDE. (b) The total FE of both
HER and CO2RR products. (c) Missing current density for the different ionomers calculated using the
complement of the total FE. (d) The FE toward C; products for different ionomers.



Influence of hydrophobic and hydrophilic layers on oxygen transport when using non-ionomer coatings

To demonstrate that the slowing of oxygen transportation is due to the hydrophilicity of the support layer
- independent of the cation or anion exchange effects - we coated the non-ionomer polymer
polydimethylsiloxane (PDMS) on top of the catalyst layer. PDMS inherently generates hydrophobic
nanoporous structures,® but these structures can become hydrophilic from plasma treatment.?

To prepare the samples, we first diluted the PDMS in the hexane solution with a 1:4 mass ratio. Then, we
coated 1.2 mg cm2of PDMS on Ag-sputtered PTFE GDE. After coating, the PDMS Ag-PTFE GDE was baked
in the oven at 60 °C for five hours. Half of the samples were then kept for the hydrophobic experiments,
while the other half were treated in a PDC — 32G Harrick plasma cleaner for one hour.
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Fig S6. Influence of binder hydrophilicity for non-ionomer binders coated on Ag-PTFE GDE performed with
air, 1 M KOH electrolyte, 1 bar, and TiO, support particles. (a) SEM image of PDMS coated Ag-PTFE GDE.
(b) The FE toward H; for the hydrophilic and hydrophobic PDMS coatings on Ag-PTFE GDE. (c) Current-
voltage characteristics with hydrophilic and hydrophobic PDMS coatings on Ag-PTFE GDE. (d) Missing
current density for hydrophilic and hydrophobic PDMS coatings on Ag-PTFE GDE calculated using the
complement of the H; FE.



Influence of ionomer hydrophobicity on CO, mass transport

Silver (Ag) was selected as the CO;RR catalyst because it is known to produce only three major products
(carbon monoxide, formate, and acetate) from CO2RR thereby simplifying the assessment of limiting
current density. TiO, nanoparticles were sprayed with the ionomer for consistency with previous
experiments in this work.
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Fig S7. CO; transport comparison for hydrophilic and hydrophobic ionomer coatings on an Ag-PTFE GDE
performed with 100% CO,, 1 atm, 1 M KOH electrolyte, and TiO, support particles. (a) The total current as
a function of the cell voltage. (b) The partial current towards CO,RR at different cell voltages.
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Fig S8. Comparison with the previous CO,RR to C, product data reports at high EE. The references are from
Ma et al., Journal of Power Sources;® Hoang et al., ACS Catalysis;* Hoang et al., JACS® and Dinh et al.,
Science.®



Diffusivity Simulation of Carbon Dioxide (CO,) and Oxygen (0:) in Nanoporous Media

For gas molecules diffusing through a microporous membrane (here Nafion 117, pore size characterized
at 2-nm)’, the pore size is comparable with gas molecular mean free path. The overall gas diffusivity (D,,)
described through Bosanquet relation®:

D, = (Dy*+Dgt) ™ (1)

Where Dy, is the gas bulk diffusivity, and Dy, is the gas Knudsen diffusivity. The value of Dy, and Dy, can
be further expressed as a function of molecular mean free (A) path and pore diameter (d,), and D,

3 3\
= (a*i) ?

Where u is the mean velocity of gas molecules. From the gas kinetic theory:

becomes:

kgT

= =3 (3)
V2nd,,*P

8RT )
M
Where kg is the Boltzmann constant, T is gas temperature (here 398 K), d,,, is the molecular kinetic
diameter (3.3 A for CO; and 3.46 A for 0,)°, P is gas pressure (here for CO, is 1.5 x 10° Pa, and for O is
4 x 10* Pa), R is the gas constant and M is the molecular mass (44 x 1073 kg/mol for CO, and

36 X 1073 kg/mol for O;). From equations (2)-(4), the overall gas phase diffusivity for CO, is
2.44 x 1077 m?/s, and for 0, is 2.93 x 107 m?/s.

For dissolved phase diffusion in 1 M KOH solution reaching steady state, the CO, and O; solubility in the
liquid electrolyte solution is low, and the system can be thus treated as a weak solution for dissolved gas.
The dissolved gas diffusivity in KOH solution (D;) herein can be calculated through the semi-empirical
Wilke-Chang correlation®:

(pM()°>T

D, = 1.173x 1071¢
: .usngo'e

(5)

Where ¢ is an association parameter (here for 1 M KOH aqueous solution taking the value for water as
2.6), M, is the molecular mass of the solution (~18 kg/kmol), us is the viscosity of solution (here
~1.28 x 10™* Pa.s)', V, is the molar volume at normal boiling point (for CO; is 0.034 m3/kmol and for
0, is 0.0256 m3/kmol ). As a result, the dissolved phase diffusivity in KOH solution for CO, is
1.51 X 1072 m? /s, and for 0,is 1.80 x 107 m?/s.



CO; and O; Mass Transfer Rate Simulation in the Hydrophobic and Hydrophilic Nanopores

1. CO; and O, mass transfer rate simulation in the hydrophobic nanopores
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Fig S9. Schematic of CO, and O; concentration distribution around the solution-gas interface in
hydrophobic nanopores.

In the mass transfer rate simulation, O, will be demonstrated first. As shown in Figure S5, when performing
electroreduction with hydrophobic nanoporous media, the dissolved O, molecules will be degassed from
the solution-gas interface, and then gas-phase O, would fast travel through the hydrophobic nanoporous.
The mass flux at unit area (J) governed by the solution-gas interface can be expressed as%:

] = Kg(ng - Cg) =K (G — Csl) (6)

Where Cj is the O, concentration on the gas side of the solution-gas interface, Cy; is the O, concentration
on the liquid side of the solution-gas interface, C is the gas concentration in gas mixture confined in the
hydrophobic nanopore, C; is the gas concentration in the KOH liquid solution (= 0.347 mol m™ at 4% O,
concentration in 10 bar mixture gas for our experiments with the Sechenov equation to account for
reduced gas solubility in salt-containing solutions),” K; and K; are the exit coefficient at the gas and liquid
side of solution-gas interface, respectively. The relation between (g4 and Cg,; is described by the Henry
volatility constant and degasification coefficient k:

ng = KykqCq (7)

Where, and K}, is the volatile constant (for O, in water is 31.25), k,; the degasification ratio respects to
time, which is the measured experimentally to be 1.001x10%.%4

The exit coefficients (K, and K;) at a regularly renewed interface (here gas molecules are released from
the solution through the interface and quickly go to the copper for electroreduction) are®®:



K =222 (8)
9 t
D
K =2|= (9)
t

Where Dy is the O, diffusivity in the gas mixture (2.93x10”7 m?s™), D, is the dissolved O, diffusivity in KOH
solution (1.80 x 10° m?s), and t is the exposure time of the interface. In our system, the exposure time
can be characterized by the mass flux as:

C,L
t=-2_ (10)

~

and L is the average distance between O,molecules:

3|kgT
L= |-B- (11)
P
Where T is the experimental system temperature (293 K), and P is the gas pressure (1 MPa).

Combing equation (6) to (10), the expression of the mass flux can be further expressed as:

12
(12 + Kukaf 2 [22) 12

A one-dimensional model of the O, gas concentration within the catalyst layer necessitates the solution
of the following equation at steady-state conditions:

] =

62[Cy]
Dy Sx2 Rg=0 (13)

Ry is the rate of O, gas consumption. Assuming a uniform reaction rate throughout the catalyst layer
yields the following equation:

J

Ry =——
g Lyanopore (14)

Here Lygnopore denotes the mean distance that gas molecule has to travel from the out surface of
ionomer to the surface of the catalyst. (300 nm average diameter for the catalyst samples used in these
experiments, 600 nm average diameter for the ionomer coated samples. The mean distance = (600 +
300)/2 X m/2 =707 nm.)
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The solution to the above equation is of the following form:

J
[0,]=—— %24+ Cix+C
2 2Lnanopore g ! 2 (15)

Boundary conditions are required to solve for the necessary constants. The first boundary condition is
that the gas concentration at the gas-liquid interface (e.g., at x = 0) is equal to the maximum solubility of
O: in the electrolyte denoted by C,. From this condition, the following relation is obtained:
c,=C
S (16)
The secondary boundary condition for this model assumes that there is no flux of gas molecule into the
bulk electrolyte. From this information, the following relation is obtained:

; (17)

Re-writing the solution with the known constants yields:

] 1
[0,] = —Dg (Exz - Lnanoporex) + (g

Lnanopore

(18)

Assuming that the reaction rate is purely determined by mass-transport limitations (as opposed to
electrochemical limitations) we assume that the O, gas concentration at the furthest edge of the catalyst
layer (e.g., X = Lygnopore) is €qual to zero. Substituting this condition into the above solution and
rearranging allows for an estimation of the diffusion coefficient for O, in the system:

] — DOZLnanopore
2C, (19)

Combing equation (19) to (12), the O, mass flux of traveling through the hydrophobic ionomer nanopores
networks can be calculated as 7.66 x 10° mol m?2 s,

Using equation (6) to (19) and the simulated CO; diffusivity of gas and dissolved phase, CO, mass flux of
traveling through the hydrophobic ionomer nanoporous networks can be calculated, which is 2.65 x 10
mol m2s?,

11



2. CO; and O; mass transfer rate simulation in the hydrophilic nanopores
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Fig S10. Schematic of CO; and O, concentration distribution in hydrophilic nanopores.

In the CO; and O, mass transfer rate simulation in the Hydrophilic Nanopores, there is no solution-gas
interface. The bulk phase saturated dissolved CO, and O, can directly diffuse into the hydrophilic
nanopores. Therefore, the boundary condition of dissolved CO, and O is the saturated concentration C;,
in bulk phase electrolyte, which are 3.40 x 10 mol/m? and 3.47 x 10"? mol/m?3, respectively. Using the
equation (19) and simulated dissolved phase CO, and O, hydrophilic nanoporous diffusivities, the mass
flux towards to the catalyst surface can be calculated (3.63 x 102 mol m2 s for CO,, 4.41 x 10* mol m? s’

! for Oz).

12



Experimental O, Mass Transfer Rate Calculation of in Nanoporous Media

The rate of O, consumption is solely due to the electrochemical reaction. The following equation is used
to calculate the experimental O; mass flux:

__Jorr

J="F (20)

Here jorr denotes the maximum current density towards O, reduction, z denotes the number of electrons
transferred per molecule of O, reduced (4 from the reaction stoichiometry), F is Faraday’s constant
(valued at 96485 C/mol e°). Since the missing currents in the electrochemical reaction are used to quantify
the current towards O reduction, the missing current results (shown in fig. 3f) are substituted in the
equation above (45 mA/cm? for Sustainion hydrophilic ionomer nanopores, 380 mA/cm? for Nafion
hydrophobic ionomer nanopores).

Table 1. O, mass flux comparison between simulated and experimental results.

Simulated mass flux results | Experimental mass  flux
(molm2s7?) results (mol m?2s7?)

0, in hydrophobic nanopores 7.66x 1073 9.85x 103

0, in hydrophilic nanopores 0.44 x 103 1.14 x 1073

From the O, mass flux comparison above, the simulated hydrophobic nanopores result is agreed with the
experiment very well. The O, in hydrophilic nanopores shows a smaller simulated mass flux than
experiments. The major reason is that the relatively small missing current in hydrophilic nanopores is very
sensitive to the uncertainty of the gas and liquid sample measurement. The most significant finding in this
comparison is that the simulated and experimental results both proved the hydrophilic nonporous
networks could efficiently reduce the O, mass flux towards to the catalyst surface more than eight times
than the hydrophobic one.

13



Table 2. Effect of support layer ionomer on the performance of pressurized (10 bar) CO2RR with 15% CO;

(v/v) and 4% O, (v/v) feedstocks, 1M KOH electrolyte, and TiO, support particles.

Cu-PTFE GDE coated
with Hydrophilic-1
ionomer /TiO, support
particles

Cu-PTFE GDE coated
with Hydrophilic-2
ionomer /TiO, support
particles

Cu-PTFE GDE coated
with Hydrophobic-1
ionomer /TiO, support
particles

Cu-PTFE GDE coated
with Hydrophobic-2
ionomer /TiO; support
particles

Full cell Current Faradaic Efficiency (%)
Potential  Density
Format Acetate

(V) (mA cm?2) H, co CHa CoHa e Acid  Acid Ethanol
-2.50 109.9 71% 4.7% 01% 11.1% 4.4% 1.4% 2.5%
-2.75 164.5 83% 3.6% 05% 36.9% 3.4% 2.5% 12.0%
-3.00 261.4 9.0% 3.2% 1.2% 48.2% 1.5% 3.6% 16.0%
-3.25 426.2  221% 21% 4.7% 308% 09% 6.0% 21.1%
-3.50 598.2 39.6% 4.2% 11.4% 17.9% 0.6% 53% 12.8%
-2.50 107.9 85% 9.7% 0.2% 11.7% 3.6% 13% 0.0%
-2.75 171.6 52% 4.8% 1.1% 333% 4.1% 2.9% 10.0%
-3.00 266.5 73% 2.0% 3.8% 443% 2.5% 4.4% 17.3%
-3.25 430.5 25.8% 0.0% 15.4% 26.4% 13% 5.5% 17.4%
-3.50 6029 31.7% 0.0% 205% 93% 08% 42% 8.6%
-2.50 234.4 0.1% 0.0% 0.0% 03% 0.0% 0.0% 0.0%
-2.75 304.4 0.8% 18% 0.1% 06% 0.1% 0.2% 0.0%
-3.00 373.6 25% 45% 0.0% 43% 02% 0.1% 1.2%
-3.25 5494  12.8% 4.7% 07% 10.1% 0.6% 13% 4.4%
-3.50 716.6  245% 3.2% 16% 11.1% 05% 2.0% 5.8%
-2.50 235.9 0.1% 0.0% 0.0% 0.1% 0.0% 03% 0.0%
-2.75 295.9 02% 18% 0.0% 02% 0.2% 0.4% 0.0%
-3.00 366.6 0.6% 49% 00% 14% 06% 0.2% 0.0%
-3.25 493.4 1.6% 7.7% 01% 8.1% 11% 09% 4.1%
-3.50 625.6 32% 6.7% 05% 16.2% 0.9% 1.4% 6.1%
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Calculation of Full Cell Faradaic Efficiency (FE) and Energetic Efficiency (EE)

The FE of each gas product is calculated by the following equation:

ZiFPO %
RT Itotal

FEgqs = X; X 1 X x 100% (21)

Where x; is the volume fraction of gas product i, v is the gas flow rate at the outlet in standard cubic
centimeters per minute, z; is the number of electrons required to produce one molecule of product i, F is
the Faraday Constant, P, is 101325 Pa, R is the ideal gas constant, T is the temperature, and I;,;4; is the
total current.

The FE of each liquid product is calculated by the following equation:
ZiF
FEliquids =n; X F X 100% (22)

Where n; is the number of moles of product i, and Q is the charge passed while the liquid products are
being collected.

The full cell voltage efficiency is calculated as for each product by the following equation:

EO
VEfull cell = EC_EZ X 100% (23)
ce
AG°
Een = —F (24)

Where, EZ,;; is the thermodynamic cell potential for each product, AG? is the change in Gibbs free energy

for the reaction, and E.;; is the applied cell voltage (non-iR compensated).

The full cell energy efficiency is calculated by the following equation:

n
EE = Z VE; x FE; (25)
i

15



Energy Requirement of the Gas Pressurization

To estimate the energy requirements for simulated flue gas (15% CO, + 4% O, balancing with nitrogen)
pressurization to 10 bar from 1 bar, it is assumed that a three-stage compressor is used. It should be noted
that pressurization process could be performed more efficiently if a more than the three-stage
compressor is applied.'® To minimize the total work required to pressurize the flue gas, an approximate
equivalent enthalpy increment is employed at each compression stage. After each compression stage, the
compressed gas is cooled back to the initial temperature in the intercoolers. The specific compressor work
for each stage is given by:

Wcompressor = hy —hy (26)

Where h; and h; are the specific enthalpies of the fluid at the after and before compression, respectively.

Table 3. Thermodynamic conditions of ideal three-stage simulated flue gas compressor.’

Initial Final Initial Final Entropy Wcompressor
Pressure Pressure Enthalpy Enthalpy (kJ kgtK?) (kJ kg?)
(bar) (bar) (k) kgt (k) kg
Stagel | 1 2.2 350.03 421.31 6.0945 71.28
Stage 2 | 2.2 4.6 349.65 415.81 5.8790 66.16
Stage 3 | 4.6 10 348.90 418.87 5.6763 69.97
Total 207.41

Entering the compressor at 1 bar, 298 K, the simulated flue gas has specific enthalpy and entropy values
of 350.03 kl/kg and 6.0945 kJ/kg*K respectively. Utilizing the three-stage compressor, the ideal total work
needs to compress the flue gas to 10 bar is 207.41 kJ kg™ (0.2 GJ ton™). Considering the 90% mechanical
efficiency the compressor and US$0.03 kWh renewable electricity price,'®'° the cost of the flue gas
pressurization is US$1.9 ton !. Adding the compressor capital cost, ordinary maintenance cost and
extraordinary maintenance cost, the total expense of 10 bar flue gas pressurization is approximately
US$2.3 per ton.? Considering the 15% mole fraction concentration CO; in flue gas, the gas pressurization
cost is ~$15 per ton CO; equivalent flue gas.

16



Energy Requirement of CO,RR and Comparison with Gas Pressurization

The specific electrical energy to the CO;RR depends on the number of electrons transferred per molecule
of CO2 converted (z = 6 for CO; reduction to ethylene and ethanol, which are the majorities of our C;
products),

WEiectrical = ZFE (6)

Where, Faraday’s constant (F = 96485 C/mol e7), and the voltage applied (E) is the cell voltage of 3.00 V.
As discussed in the manuscript at we achieve the peak FEc; of 68% at 3.00V.

mol e”
Weiectrical = (6 mol CO,

1 mol €0, )—3946217] =394 G
44.01 g CO,/ g T

) (96485
ton

)(3.00 V) (

mol e~

Comparing with the energy requirement of the flue gas pressurization calculated previously (1.3 GJ per
ton CO; equivalent to 10 bar pressure), the flue gas pressurization is only approximately 3% of the energy
required to perform efficient CO2RR to C; products.

17
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