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S1: Experimental Methods

Materials: Potassium bicarbonate (KHCO3, 99.95%, Sigma Aldrich), potassium hydroxide (KOH, Macron
Fine Chemicals 6984-06), CO, gas (Research grade, 99.999%, Airgas), 6,8-dihydroxy-1,3-pyrenedisulfonic
acid (DHPDS, 297.0%, Sigma Aldrich), 8-Aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS, 296.0%,
Sigma Aldrich), Sigracet 22 BB carbon paper (Fuel Cell Store), laminated PTFE membrane filters (pore size
0.1-0.2 um and 0.45 um, Sterlitech), copper (99.999%, Plasmaterials), Pt mesh (99.9%, 0.0726 mm
diameter wires, Alfa Aesar), leakless Ag/AgCl reference electrode (edag ET072). All materials were used
without further modification. Deionized water used in all experiments was filtered through a 0.22 um
Millipak Express 40, serial number 0826.

Instruments: AMOD dual electron beam deposition system (System 02520, Angstrom Engineering), NOVA
NanoSEM 450 scanning electron microscope confocal with an Oxford Instrument’s Xmax 80 mm2, Oakton
5+ pH meter, Denver Instruments Ultra Basic pH meter, Zeiss LSM 710 confocal microscope with a WN
Achroplan 63x water immersion objective (numerical aperture 0.9), Biologic SP-200 potentiostat,
Masterflex 77120-62 pump, CO, gas flow controller (Alicat Scientific, MC-50SCCM-D/5M), SRI-8610 gas
chromatograph.

Fabrication of Cu GDEs: Copper gas diffusion electrodes were fabricated by electron-beam deposition of
300 nm copper on Sigracet 22BB carbon paper. For this, an AMOD dual electron beam deposition system
(System 02520, Angstrom Engineering) was used. 300 nm of Cu was deposited on the microporous layer
of the carbon paper substrate at a rate of 2 A/s with a rotating substrate holder. The deposited samples
were spray-coated, first with a solution of one part deionized water, one part isopropyl alcohol and 2.5
mg carbon black per mL of solution, then with a solution of one part deionized water, one part isopropy!



alcohol and 0.5 mL of 5 weight% Nafion per mL of solution. Both coatings were applied from a distance of
eight centimeters for one second. The samples were then dried overnight in vacuum.

Scanning Electron Microscopy (SEM) characterization: A NOVA NanoSEM 450 scanning electron
microscope was used to capture images of the samples. The spot size was set to three and the acceleration
voltage to 15 kV. To identify if copper is present inside trenches, energy dispersive X-ray spectroscopy
(EDS) was performed with an Oxford Instrument’s Xmax 80 mm2 in the aforementioned SEM with a spot
size of five.

Calibration of ratiometric fluorescent dyes: DHPDS and APTS are each ratiometric dyes that report on the
local activity of OH—, because their spectra exhibit at least two distinct peaks that change in intensity in
different directions upon altering the pOH (Figure S4a and b). The ratio of emission from either dye is
determined by calculating the ratio of the signals from both peaks. It is independent of the local dye
concentration, within the concentration ranges used in the experiments. To determine calibration curves
of the ratio of emission as a function of pOH as shown in Figure S4c, aqueous solutions of known pOH
were prepared. For this, aqueous stock solutions of KOH and HCl were diluted with nanopure water. The
pOH of the solutions was confirmed by measuring the pH separately with two different pH meters (Oakton
5+ and Denver Instruments Ultra Basic pH meter) and calculating the pOH using pOH = 14 — pH. Both pH
meters were calibrated with buffer solutions at pH 4, pH 7, and pH 10 before use. In the prepared solutions
with known pOH, 100 uM DHPDS or 100 uM APTS was diluted from a stock solution. A laser beam scans
the sample solutions line by line over the center of a liquid droplet, which was repeated three times and
the average ratio of emission was calculated and correlated with the known pOH. For both dyes, the ratio
of emission was plotted as a function of pOH and best fit to a sigmoidal function:
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In the case of DHPDS, three distinct peaks in the absorption spectra are important for the calibration
curve, one for each of the doubly protonated (R-(OH),), monoprotonated (R-(OH)(O7)), and doubly
deprotonated (R-(07),) states of the dye in its electronic ground state. Because DHPDS is a strong
photoacid (pK,* = 0), excitation of either protonation state of DHPDS at near-neutral-pH conditions results
in emission from a deprotonated form of the thermally equilibrated electronic excited state of the dye.
This is because the kinetics for excited-state proton transfer are significantly faster than the excited-state
lifetime of the dye and thus the thermally equilibrated electronic excited-state of the dye reaches
chemical quasi-equilibrium. Therefore, we excite DHPDS separately using 458 nm laser light (100%
maximum power) and 488 nm laser light (20% maximum power) with the pinhole set to 70.1 um and the
gain set to 800 for each channel. Emitted light is detected in the wavelength interval of 505 — 754 nm
separately for each excitation wavelength, and thus the emission ratio is the ratio between the signals



collected from the two excitations. That emission ratio data as a function of pOH fits well to the nonideal
Henderson—Hasselbalch equation, also known as the Hill equation,
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with n the Hill coefficient ideality factor, K obs an effective excited-state pK,, and pH = 14 — pOH, to
obtain the calibration curve.! The main contributor to the nonideal behavior of the titration data is likely
the two pK, values for DHPDS, which is well supported by the observation of two isosbestic points in the
titration data (Figure S4a).

In the case of APTS, two distinct peaks in the fluorescence spectra are important for the calibration curve,
one for each of the protonated (R—-NH,) and deprotonated (R—NH-) states of the dye in its thermally
equilibrated electronic excited state. Because APTS is a very weak acid (pKa > 14), deprotonation of its
electronic ground state requires pH > 14. Thus, only the protonated electronic ground state of APTS as
the aromatic amine can be excited. However, in the presence of a large concentration of OH—, the
thermally equilibrated electronic excited state can be quenched via proton transfer to OH™ to form the
deprotonated electronic excited state. Thus, emission can be observed from either protonation state, as
the amine (R—NH,*) or the aminide (R-NH™*). As such, we excite APTS using 458 nm laser light (100%
power) with the pinhole set to 57.1 um and the gain set to 800. Emitted light is detected separately in the
wavelength intervals of 480 — 550 nm and 551 — 754 nm, and thus the emission ratio is the ratio between
the signals collected in the two emission wavelength ranges. That emission ratio data as a function of pH
is best fit to the nonideal nonlinear dynamic Stern—Volmer equation and OH~ as the quenching species,
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with SV,0H™ the Stern-Volmer quenching constant, 0H~ the activity of OH~ equals 10°", and n and
ideality factor, to obtain the near-ideal calibration curve.?

Stability of ratiometric fluorescent dyes: When performing measurements with the dye DHPDS in the
current density range between 0 and -20 mA/cm?, no significant decrease in photoluminescence intensity
was observed. Some loss of fluorescent signal is observed for cathodic current densities of 100 mA/cm?in
magnitude, or larger, but in our application the signal of DHPDS saturates for current densities larger in
magnitude than 20 mA/cm? so this effect is not relevant herein.

However, for APTS we observed a decrease in photoluminescence intensity for current density
magnitudes > 80 mA/cm? and we used APTS to investigate the operation of a GDE with current densities
as high as 200 mA/cm? in magnitude. To understand this effect, we evaluated the stability of APTS under
different conditions (see Figure S9 (a), (b)). We observed a decrease in photoluminescence intensity from
APTS with and without light and for solutions with pH 7.1 and pH 3, where the degradation effect was
more pronounced for the pH 3 solution. Furthermore, we noticed a significant change in color of a 10 mM
APTS stock solution that was exposed to -100 mA/cm? for 30 minutes, from bright green to brown (see
Figure S9 (c)), that persisted for days without indication of reverting back to its original form. This suggests
an irreversible chemical transformation and not a transient instability, such as formation of an excited-
state triplet state or a metastable state. We observe the most significant and irreversible decrease in



photoluminescence intensity from aqueous APTS under the following simultaneous conditions: (i)
cathodic current densities >80 mA/cm? in magnitude, and (ii) closer to the electrode surface and/or within
trenches. The presence of illumination does not seem to play a role. In addition, we do not think that CO,R
products are resulting in observed degradation, because the steady state photoluminescence spectrum
of APTS showed minimal change in intensity as concentration of dissolved inorganic carbon increased (see
Figure S1). Hence, we suspect that APTS is being reduced at the electrode surface.

Irrespective, calibration curves of fresh APTS solutions with different APTS concentrations, as well as a
curve that was measured with an APTS stock solution that was exposed to -100 mA/cm? for 5 minutes,
are nearly identical (see Figure S9 (d)), suggesting that APTS is suitable to use as a pOH sensor even in
the presence of significant degradation to a less emissive product. This can be explained by the
ratiometric nature of APTS as a pOH sensor.

pOH imaging with confocal microscopy and fluorescent ratiometric dyes: For each of DHPDS and APTS,
the dye is dissolved in solution and placed under a Zeiss LSM 710 confocal microscope with a WN
Achroplan 63x water immersion objective dipped into the solution. A laser beam scans the sample line by
line with the settings described above. For both dyes, the pOH is calculated with the calibration curves
obtained in Equations S1 and S2.

Electrochemical cell: The electrochemical cell used for pOH imaging with confocal microscopy was
designed to be compatible with the confocal microscope. Because we use a water-immersion objective,
the electrolyte chamber must be open at the top. This means that the cell is oriented horizontally,
otherwise the electrolyte would spill. The working distance of the water immersion objective is 1.7 mm.
In order to allow the objective to be placed this close to the GDE surface, the cell operates without ion-
exchange membranes. The cell was 3D-printed, the surfaces were sanded. A rubber gasket is placed in
between the bottom gas chamber part and the top electrolyte chamber part for sealing. A hole where the
GDE is placed connects the gas- and electrolyte chambers, which is circular and has a surface area of 0.2
cm?. For experiments with applied current, a leakless Ag/AgCl reference electrode is used, and a Pt mesh
is dipped into the electrolyte as the counter electrode. The electrolyte chamber, including the tubes used
for pumping, holds approximately 10 mL of electrolyte when the objective is immersed into it.

pOH imaging experiments without applied current: Experiments to visualize CO, diffusion through a
porous GDE were performed with the electrochemical cell described above. The pOH was resolved with
the dye APTS according to the above explained procedure. 1 M KOH (pOH 0) was chosen as the electrolyte,
so an expected increase in pOH upon exposure to CO, can be detected with APTS. Experiments were
performed with carbon paper GDEs prepared as described above, both at locations with a trench present
and at locations without a trench present. In addition, laminated PTFE substrates with different pore sizes,
coated with 300 nm Cu in the same way as carbon paper, were investigated. Experiments were carried
out both with and without electrolyte flow through two perpendicular inlet tubes at a rate of 6 mL/min.
Measurements were performed in the plane perpendicular to the GDE surface by scanning the laser line
by line and moving the stage in the z-direction. The measuring speed was adjusted such that capturing
one frame takes four to five seconds. The experiment was conducted as a time-series. A CO, gas stream
of 10 SCCM through the gas chamber along the back of the GDE was turned on after 1 minute of
continuous measurements. This time point was later definedast=0s.

pOH imaging experiments under applied current: Experiments to map the pOH around an operating GDE
performing CO, reduction were performed with the electrochemical cell and the GDE described above.
Aqueous electrolytes of different KHCO; concentrations were used (100 mM, 200 mM and 400 mM).
Before each experiment, the electrolyte was bubbled with 30 SCCM CO, gas for at least 30 minutes. The
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pH was monitored with an Oakton 5+ pH meter and bubbling was continued until the pH stabilized. This
ensured that the electrolyte was saturated with CO,. All experiments were conducted with both DHPDS
and APTS dyes. The dye was dissolved in the CO,-saturated electrolyte: DHPDS at a concentration of 100
UM to investigate current densities smaller in magnitude than -20 mA/cm?, APTS at a concentration of
200 uM for 100 mM KHCO; electrolyte/ 300 pM for 200mM and 400 mM KHCO; electrolyte, to investigate
current densities larger in magnitude than -20 mA/cm?. The electrochemical cell was assembled with a Cu
GDE, Ag/AgCl leakless reference electrode and Pt mesh counter electrode. The cell was placed under the
confocal microscope and the electrolyte chamber was filled with the prepared electrolyte. All experiments
were conducted with electrolyte flow (6 mL/min through two perpendicular inlets) and with a gas stream
of 10 SCCM CO, through the gas chamber of the electrochemical cell. To determine the series resistance
of the cell filled with electrolyte, potentiostatic electrochemical impedance spectroscopy (PEIS) was
performed before each experiment with a Biologic SP-200 potentiostat. This allowed us to perform an
85% IR electronic compensation of the electrochemical potential. A trench that is approximately 20 um
wide was identified on the GDE surface. The stage was positioned such that the focal point of the objective
was 20 um below the GDE surface inside the trench. A constant current was applied with the potentiostat.
Measuring under galvanostatic conditions enables a constant flux of ions between electrodes. The system
was allowed to reach steady state for 15 seconds, then a frame was captured in the x-y plane as described
above. The speed was set to three such that taking one image takes approximately 45 seconds. The same
procedure was repeated for the focal point being at the GDE surface and 20 um above the surface for
various different current densities. In between each measurement, the electrolyte was removed and
replaced to introduce fresh, unused dye. All measurements were conducted at least three times.

Product detection: An electrochemical cell optimized for use with gas chromatography was used for
product detection during the performance of CO,R experiments with copper on carbon paper GDEs. A
leakless Ag/AgCl electrode served as reference electrode and a platinum mesh as counter electrode. An
anion exchange membrane (AGC, Selemion AMV) was used to separate cathode and anode. The gas
chamber takes the form of a serpentine channel at the back of the GDE. The cell was sonicated before
each experiment for at least 40 minutes and rinsed thoroughly after each experiment. 100 mM KHCO;
saturated with CO, was pumped through the catholyte and anolyte chambers at a rate of 6.3 mL/min. CO,
was fed into the gas chamber at a rate of 10 SCCM. A flow meter placed before and after the cell was used
to ensure that there were no gas leaks. The gas coming from the cell was returned to a electrolyte bath
as a precaution in case of electrolyte breakthrough through the GDE. From there, the gas was sent through
a vapor trap to an SRI-8610 gas chromatograph. Chronopotentiometry experiments (constant current)
were carried out at -10, -50, -100 and -200 mA/cm? with a potentiostat. Before each experiment,
potetiostatic electrochemical impedance spectroscopy (PEIS) was carried out to measure the resistance
of the cell. This allowed us to compensate the electrochemical potential by 85% with iR compensation.

S2: COMSOL Model Outline

The model domain is presented in Figure S11, which considers a single, periodic trench in a gas diffusion
electrode (GDE). Steady-state species conservation governs the species transport for dissolved CO,, OH—,
H*, HCO5, CO5%, and K* within the entire model domain,

V-N;=Ry, (S5)

where Viis the flux of species i, and Rpiis a volumetric source term describing generation of species i due
to homogeneous buffer reactions. The Nernst-Planck equation is used to calculate the molar flux of
species i,
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where Di, € Zi are the diffusivity, concentration, and charge of species i, respectively, ) is the liquid-
phase electric potential, F is the Faraday constant, R is the ideal-gas constant, and T is the temperature.
The first term captures the transport of species by diffusion, and the second term describes charged
species migration, which does not affect uncharged CO,.? The diffusivities are provided in Table S1. To
solve for the liquid-phase potential, electroneutrality is enforced,

Zzici =0
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Table S1: List of model diffusivities and their source.
Species Diffusivity [m2 s] Reference
Do+, 1.957 x 10~° 4
Do+, 9311 x 107 4
Do\ 5.293 x 10~ ° 4
D
HCO 3w 1.185x 1077 4
D
oy w 9.10 x 10~ 4
Deow 191 x 10~° 4
The homogeneous bulk reactions captured by the source term, RB.i, are
Oy +H,0 FvE-1h+ 4L hcos K 58
2(aq) T 12 o 3 1 (S8)
_ kyk 4 2
HCO3 T+ C0% K, (S9)
_ kgk g _ K
COyaq) + OH " 3eHCO0] 3 (S10)
HCOS +0H™ "% -4y 04 co?s K (S11)
3 o 12 3 4
k ,k_ -
H,0 w7 wH* + OH K, (S12)



where kn/—n and Xn are the rate constants and equilibrium constant for reaction n, respectively. These

constants are provided in Table S2. k_y is calculated by

k
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where Sin is the stoichiometric coefficient for species i in reaction ?, and % is the activity of species L.
Cref is a reference concentration defined as 1 M. Although it is well-established that Reaction S8 involves
two elementary reaction steps with an H,CO; intermediate, we omit them from the model, as is commonly
done, because intermediate concentrations are very small and inconsequential to simulation results. In
this regard, K3 and k; are overall observed equilibrium and rate constants, respectively.

Table S2: List of buffer reaction constants and their source.

Reaction Constant® Unit Ref.
Ky 427x1077 - 7
ky 0.0371 s 7
K, 458 x 10~ mol L 7
k; 59.44 s 7
K3 427 x 107 L mol 7
ks 2.23 x 10° L mol- st 7
K, 486 x 103 - 7
ky 6.9 x 10° L molls? 7
K, 1x 10" M mol L2 7
ky 14x 1073 mol L1 s 7

“The forward rate constants were scaled by a factor of 0.2 to achieve electrolyte buffering more reflective
of the experimental results. This minor scaling is reasonable given the large degree of reported rate
constants.



The boundary conditions at the edge of the mass-transport boundary layer are Dirichlet boundary
conditions, defined by the equilibrium concentrations of a KHCO; electrolyte saturated with CO,. The
boundary layer thickness employed is 200 um thick, consistent with prior research in similar flow cells’,
and recent work in this area that have done full CFD simulations of electrochemical CO, reduction cells
have shown that within the boundary layer, electrolyte convection is not important due to the no-slip
boundary condition at the electrode surface.'> The key mode of transport in the boundary layer is ionic
diffusion, which dictates the local pH at the surface and in the trench and is captured adequately by the
present model. Moreover, the liquid-phase potential is set to zero. At the left and right boundaries,
periodic boundary conditions are employed, where “” is the normal vector.

pright = pleft (S15)
cright — left (S16)
- Nri%ht —n- Nlelft (517)
- v¢ri%ht —n- v¢le[t (518)

This boundary condition simulates the periodicity of the trenches in the GDE. At the Cu surface, we specify
the CO, concentration to be 34 mM, since CO, gas is being fed from the backside and dissolving into the
electrolyte next to the Cu surface. This boundary condition is of course a simplification, and assumes no
gaseous CO, transport losses within the gas diffusion layer, which will not hold at higher current densities.
However, modeling gaseous phase CO, transport in the gas diffusion layer is beyond the scope of the
present study, which is primarily focused on transport of OH~ anions and dissolved CO, reacting at the
electrode surface. In addition, the following electrochemical reactions are assumed to occur:

2H,0 +2e”—H, +20H™, U3 = OV o ouE (519)
CO,+Hy0+2e”>C0+20H",Uz= -011V ¢ one (S20)
CO,+H,0 +2e”>HCO0™ + OH™,U3= -0.02V . o (S21)
CO,+ 6H,0 +8e™—>CH,+80H ", Uy= 017V ¢ op (522)
2C0, + 8H,0 +12e " >C,H, + 120H™, U= 0.07V o onE (523)
2€0, +9H,0 + 12~ —C,H;0H + 120H ", Ug = 0.08V  ope (524)
3C0, + 13H,0 + 18e " —C;H,0H + 180H ™, U5 = 0.09V o1¢ (S25)
3C0,+ 11H,0 + 16e” »C;H,0 + 160H ", Ug = 0.05V vs. SHE (526)

To capture the formation of H,, C; (CO, HCOO-, and CH,), and C,, (C,H,, C,HsOH, C3H,0H, and C;H¢0)
products on Cu in the model, Neumann boundary conditions are specified by a concentration-dependent
Tafel expression, equation S27, and Faraday’s law, equation 528,
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where Ycozk is the CO, reaction order, YpHk is the sensitivity of the current density to pH, b5 is the solid

phase electrode potential, b is the liquid phase electrolyte potential, and ok, %ck, UO’k, and Yk are the
exchange current density, transfer coefficient, equilibrium potential, and reaction stoichiometric
coefficient for product k, respectively. Moreover, ™ is the number of electrons transferred in the

Yco. k

electrochemical reaction. 2" are taken from fits of experimental data from CO, and CO reduction at

varied partial pressure as discussed in our prior study by Weng et al.81° YpH kSHE are taken from fits of
experimental data for partial current vs. pH at a constant potential on an SHE scale,>!! wherein HCOOH,

H, and CH, have been observed to have pH dependent kinetics.>!21> fok and %c are fit to the experimental
data collected in this study for dark electrolysis on a Cu GDE in 1 M KHCO; and take into account the fit
rate orders for CO, and pH. The fitted rate parameters are provided in Table S3, and the agreement with
our experimental GDE data is shown in Figure S12.

Notably, the effect of cations has been highly studied in recent CO, reduction literature on Cu electrodes.
While important, because the same cation is used throughout all experiments (K*), these effects will be
implicitly captured in the fit exchange current densities?®, as recent work has shown that beyond the type
of cation employed, the concentration of the cation is not as important in dictating the electrochemical
performance due to the saturation of cations in the OHP of the Cu double layer.l” Nonetheless, future
experimental and simulation work should be employed to more thoroughly probe and understand the
impact of cations in the double layer on CO,R performance to further advance understanding of the
kinetics of this reaction on Cu.

Lastly, while it is known that *CO coverage is a major defining factor in the performance of CO,R at high
overpotentials, fully accounting for *CO coverage effects would require the implementation of a
microkinetics model, which requires far deeper understanding of the mechanism of CO,R on Cu, beyond
the scope of the present work. We note that the lack of consideration of *CO coverage effects could also
potentially explain the discrepancy between the modeled and observed product distributions at 200
mA/cm2, wherein the model overpredicts the formation of CO and underpredicts the formation of
HCOOH. Nonetheless, the model still replicates the trends very well at all other current densities, and
future work should seek to address the effects of coverage and expand the understanding of
microenvironment on CO,R activity at higher current densities.



Table S3: Final kinetic parameters for modeling CO, reduction on a Cu GDE in 1 M KHCO3.

Product Lok (mA cm??) Ay Yooy, YpH k.SHE
H, 3.84x 103 023 0 0.40

co 1.10x 103 0.3 1.50 0
HCOO 2.13x 102 0.4 2.00 1.56
CH, 9.91x 108 040 136 0
C,HsOH 8.14 x 1010 043 096 0

CH, 6.80 x 10* 0.5 0.84 1.56

S3: Computational Methods

The governing equations (electrolyte species material balances and electroneutrality) were used within
the Tertiary Current Distribution Module and were solved with the MUMPS general solver in COMSOL
Multiphysics 6.0 with a relative tolerance of 0.001. The modeling domain was discretized with a uniform
square mesh and was comprised of 20284 elements. A sensitivity analysis on the mesh size was
performed, and the results were found to be independent for meshes greater than the 1000 elements
required to achieve convergence at low current densities, but higher current densities required 20000
elements or more.

S4: Calculation of Geometric Current Density

To compare simulation to experiment, the simulation current densities, which are averaged to the
electrochemically active surface area, must be rescaled to the geometric area. To do so, the following
expression is used to approximate this conversion:

L, +1L,

lgeo = lgcsa X 200 ym (S29)

where L; and L, are labelled in Figure S11. Using this expression assumes that the geometry of a single,
periodic trench domain is characteristic of the geometry of the entire cracked GDE, where in actuality the
geometry will consist of a distribution of trenches of varying width and height. Nonetheless, accounting
for the true geometry would require employing a high-fidelity pore-network model or a direct numerical
simulation of the entire 3D porous electrode, both of which are beyond the scope of the present work.
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Figure S1: Ratio of Emission of APTS as a function of KHCO; concentration. The experiment was carried
out in an ammonia buffer solution to keep the pOH constant (it varied by less than 0.1 pOH units). The
total amount of ionic charge was kept constant for all data points by adding NaCl to the test solutions.
The ratio of emission from APTS is nearly independent of KHCO; concentration, indicating that aqueous
dissolved inorganic carbon species insignificantly influence the sensing mechanism of APTS.
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Figure $2: SEM and EDS maps of trenches in a copper GDE surface, before and after CO,R experiments.
First column: SEM images. Second column: EDS maps of the same area with red color signaling the
presence of copper. Third column: Overlay of SEM and EDS maps of copper. This shows that copper is
present on trench walls and at the bottom of trenches with a similar morphology and appearance before
and after CO,R. Forth column: Overlay of SEM and EDS maps of copper (red) and potassium (green). No
potassium is present before CO,R experiments, but there are potassium deposits on samples after CO,R
experiments that originate from the KHCO; electrolyte.

1 — Reference Electrode

2 —Counter Electrode

3 — Working Electrode
(GDE)

4 — Electrolyte Pump

5 — Electrolyte Inlet

6 — Electrolyte Qutlet

7 — Gas Inlet

8 — Gas Outlet

9 — Water Immersion
Objective

Figure S3: Photographs of the imaging setup with labels. (a) Electrochemical flow cell placed under a Zeiss
LSM 710 confocal microscope with water-immersion objective. (b) Close-up image of the cell. (c) Top view
of the cell filled with electrolyte, showing two perpendicular electrolyte inlets and outlets (marked with
arrows).
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Figure S4: UV-Visible absorption and photoluminescence spectra and calibration curves for the dyes
DHPDS and APTS as a function of solution pOH. (a) UV-visible absorption spectrum of DHPDS as a function
of solution pOH, where the solution pOH was varied between 2.3 and 9.4. The colored regions mark the
two excitation wavelengths (458 nm and 488 nm) and the detection range of the fluorescent signal (505
nm — 754 nm) used for ratiometric sensing. (b) UV-Visible absorption (solid lines) and photoluminescence
(dashed lines) spectra of APTS as a function of solution pOH, where the solution pOH was varied between
-1 and 6.5. The colored regions mark the excitation wavelength (458 nm) and two detection wavelength
ranges (480 nm — 550 nm and 551 nm — 754 nm) of the fluorescent signal used for ratiometric sensing. (c)
Calibration curves of both DHPDS (blue) and APTS (green) with the measured ratio of emission as a function
of pOH together with best fit curves (Equations S1 and S2). In this plot, the signal for APTS was scaled by
(Ratio of Emission) - 3 + 5 for petter visibility. The shaded red area indicates the pOH range that cannot
be resolved by use of either dye.
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Figure $5: pOH change in the electrolyte due to CO, diffusion through a carbon paper GDE (a) with a trench,
(b) without a trench, both without electrolyte flow. Measurements performed with 1M KOH electrolyte
with 100 uM APTS, 10 SCCM CO, turned on at t = 0 s. Panels in (a) and (b) show pOH maps in the plane
perpendicular to the electrode surface for different times. (c) Average pOH at a location 20 um above the
surface, showing how it changes as a function of time both with and without a trench. The vertical gray
line indicates when the CO, flow was turned on.
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Flgure Se6: Schematlc representatlons of the structure of a Slgracet 22 BB carbon paper GDE (a) and a PTFE
membrane GDE (not to scale) (b), both coated with 300 nm Cu, together with SEM images of the top side
(c) and the bottom side (d) of the carbon paper GDE as well as of the top side (e) and the bottom side (f)
of the PTFE GDE.
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Figure S7: pOH change in the electrolyte due to CO, diffusion through a PTFE GDE with pore size 0.1-0.2
um (a) and 0.45 um (b), both without electrolyte flow. Measurements performed in 1 M KOH electrolyte
with 100 uM APTS, 10 SCCM CO, turned on at t = 0 s. Panels in (a) and (b) show SEM images of the GDE
(scale bar applies to both (a) and (b)) as well as pOH maps as a cross section in the plane perpendicular to
the electrode surface for different times. (c) Change in average pOH at a location 20 um above the surface
as a function of time for both GDE substrates with different pore sizes. The vertical gray line indicates when
the CO, flow was turned on.
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Figure $8: CO,R performance characterization of 300 nm Cu on carbon paper GDEs. (a) Faradaic
efficiencies at different current densities. (b) Partial current densities for different products as a function
of electrode potential vs. the reversible hydrogen electrode. The legend applies to both panels (a) and (b).
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Figure S9: (a) UV-VIS spectra of 200 uM APTS in aqueous 100 mM KHCOs, as freshly prepared, and
exposed to a GDE operating at -100 mA/cm? for 5 minutes under laser illumination, and for 30 minutes,
with and without laser illumination. (b) UV-VIS spectra of 200 uM APTS in an aqueous HCl pH 3 solution
as freshly prepared and exposed to a GDE operating at -100 mA/cm? under laser illumination for 5
minutes and for 30 minutes. (c) Photographs of aqueous 10 mM APTS stock solutions: (1): fresh, (2):
degraded by exposure to a GDE operating at -100 mA/cm? for 5 minutes, (3): degraded by exposure to a
GDE operating at -100 mA/cm? for 30 minutes. (d) Calibration curves of APTS with the measured ratio of
emission as a function of pOH together with best fit curves for different APTS concentrations between 50
uM and 200 uM and for 200 uM APTS that was degraded by exposure to a GDE operating at -100
mA/cm? for 5 minutes (solution (2) in panel (c)).
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Figure $10: Average pOH as a function of current density, obtained with 100 uM DHPDS (J > -10 mA/cm?)
and 200/ 300 uM APTS (J < -20 mA/cm?). The top row compares the pOH at different positions around a
GDE for KHCO; concentrations of 100 mM (a), 200 mM (b) and 400 mM (c). The bottom row compares the
pOH for different KHCO; concentrations at positions around a GDE (d) 20 um above the surface, (e) at the
surface and (f) 20 um below the surface inside a trench. All panels show both experimental and simulation

results.
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Figure S11: Schematic of the GDE model domain.

17



2

H, b) co
T *: T - T T 1 3 50 1 . T ' T T U '
e Simulation \ s Simulation
25 Experiment | Experiment
§ 1 o 4of 1
§ 20f 1 s
< <
E £ 30 -
2 15r 2
‘B i)
G ]
Q 10 a 20 7
k= c
(] o
3 5r 3 10} .
0 B 0 L s 1 ol L
-1.50 -1.25 -1.00 -0.75 -1.50 -125 -1.00 -0.75
Voltage vs. SHE (V) Voltage vs. SHE (V)
d) CH, e) C,H,
T T T T T T T T T T T T T T T T
=== Simulation 140 = Simulation |
. ® Experiment 120 ® Experiment |
e 5F 1 ¢
51 S 100
< <
2 10 1 2
(%2} w
G § 60
o (=]
S sf { & 4
5 5
(&) O 20
O -I i L i . L i L i 0 L n L i L i | i
-1.50 -125 -1.00 -0.75 -1.50 -125 -1.00 -0.75

Voltage vs. SHE (V)

Voltage vs. SHE (V)

-2

Current Density (mA cm )

2,

Current Density (mA cm

HCOOH

T T T T T T T

s Simulation
10 | Experiment
8 -\ 4
6 - .
4 F .
2} .

-1.50 -1.25 -1.00 -0.75

Voltage vs. SHE (V)
EtOH

T T T T T T T T

Simulation
235 ® Experiment 7]
20 | E

|®

15 F E
10 | -
5 - -
0 -I .u .! i .F i L |-

-1.50 -1.25 -1.00 -0.75

Voltage vs. SHE (V)

Figure S12: Agreement between experimental (markers) and simulated (solid lines) partial current
densities to various hydrocarbon products formed via electrochemical CO, reduction on a Cu GDE.
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Figure S13: Simulated surface area to volume ratio of trench as a function of (a) trench width at a
constant trench depth of 100 M and (b) trench depth at a constant trench width of 20 U,
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Figure S14: Simulated pOH contour plots over a single, periodic GDE trench in a GDE performing
electrochemical CO, reduction at total current densities of (a) 1, (b) 10, and (c) 100 mA/cm?.
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Figure $15: Simulated variation of various performance metrics along the walls of the trench as a function
of depth into the trench. Z = 0 um represents the electrode surface or top of the trench, Z = -100 um
represents the bottom of the trench. (a) Local total current density to all electrochemical reactions on Cu.
(b) C,, FE along the trench walls. (c) C; FE along the trench walls. (d) H, FE along the trench walls. Metrics
shown in panels (a)-(d) are measured at the surface of the trench walls as opposed to averaged within a
cross section of the electrolyte, because these metrics are based on current densities to various
electrochemical reactions which only occur at the trench walls, and not within the bulk electrolyte.
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Figure S16: Simulated variation in local partial current density for (a) species with pH dependent partial
current densities (H, HCOOH, and CH,), and (b) species with pH independent partial current densities
(EtOH, C,H,, and CO).
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Figure S17: Simulated variation in pH at trench walls as a function of X position. X = 0 um represents the
center of the trench. As shown, pH is largest at the center of the trench, where the trench is the deepest
due to enhanced OH™ trapping.
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Figure S18: Simulated variation in average (a) pOH, (b) C; FE, and (c) H, FE as a function of trench width.
Current density, pOH, and FEs are averaged across the trench walls.
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Figure $19: Simulated variation in average (a) pOH, (b) C; FE, and (c) H, FE as a function of trench depth.
Current density, pOH, and FEs are averaged across the trench walls.
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Figure S20: Simulated variation in (a) pOH, and (b) C,. FE at an applied current density of 20 mA/cm?
(normalized to ECSA) as a function of the fraction of GDE surface covered by trenches. A current of 20
mA/cm? was chosen due to the increased sensitivity of C,, to pOH at lower current densities. At higher

current densities, the C,, FE approaches 1 and is less sensitive to changes in microenvironment. Variation
of the surface coverage was achieved by changing the width of the domain (shown schematically in Figure
S$11) from 400 Km to 20 U™, while keeping trench width and depth constant at 20 and 100 ¥m, respectively.
For the zero-coverage case, a rectangular domain with no trench was simulated.
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