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S0. Movie captions

Movie S1. Time-resolved visualization of the electrolysis optical coherence tomography (eOCT)
intensity in the X—Z plane of the CO2 electrolyzer during 12 h of electrolysis at 100 mA cm2.

Movie S2. 3D rotational view of the cathode captured by electrolysis optical coherence
tomography (eOCT) during electrolysis at a current density of 100 mA cm2.

Movie S3. Time-resolved visualization of the electrolysis optical coherence tomography (eOCT)
intensity in the X—Z plane of the COz electrolyzer when the current density is switched from 0 to
100 mA cm. Bubbles are formed at the membrane and cathode which causes separation of the
two layers during electrolysis.

Movie S4. Time-resolved visualization of electrolysis optical coherence tomography (eOCT) of
a control experiment used to quantify CO2 bubbles.

Movie S5. Time-resolved visualization of the electrolysis optical coherence tomography (eOCT)
intensity in the X—Z plane of the CO2 electrolyzer of single CO2 bubble dynamics at the membrane
surface at a current density of 100 mA cm2. This movie tracks the classical bubble evolution
microprocesses including nucleation, necking, and collapse.

Movie S6. Time-resolved visualization of the electrolysis optical coherence tomography (eOCT)
polarization in the X-Z plane of the CO: electrolyzer of single CO2 bubble dynamics at the
membrane surface at a current density of 100 mA cm=2. This movie tracks the classical bubble
evolution microprocesses including nucleation, necking, and collapse.

Movie S7. The phase-distribution movie showing the presence of CO2() pathway at the cathode,
continuously supplying COz(g) to form COy).

Movie S8. The signal similarities between reactants and products for CO2RR and HER with time
shifts applied.



S1. Materials and Methods

S1A. Fabrication and characterization of the cathode

Materials

Polyvinylidene fluoride (PVDF, average Mw ~275,000), dimethylformamide (DMF, >99%),
acetone (>99.5%, ACS reagent grade), polyvinylpyrrolidone (PVP), silver nanoparticles (99.5%
trace metals basis), and ethylenediaminetetraacetic acid (EDTA, 99%) were purchased from Sigma
Aldrich. KHCO3 (99.9%) was purchased from Alfa Aesar. Nickel foam (>99.99%) was purchased

from MTI Co. Fumasep-FBM® bipolar membranes were purchased from Fuel Cell Store and

stored in a NaCl solution (1 M) prior to use. N2 (99%), CO2 (99%) and Ar (99.999%) gases were

purchased from Praxair Canada Inc.

Fabrication

The cathode was fabricated using electrospinning, a technique for making continuous ultralong
nanofibers at low cost and in large quantities (1, 2). PVDF (20 wt.%) was dissolved in 3:2
acetone:DMF in volume ratio. The Ag nanoparticles were dispersed in this acetone/DMF solvent
at a concentration of 34 mg mL™* using a reported ultrasonication method (3). The distance
between the electrospinning needle and the substrate on the drum collector was 15 cm. A voltage
of 15 kV was used and the PVDF solution was pumped through the needle at a flow rate of 0.02
mL min~t. To ensure uniformity of the nanofibers, the syringe was mounted onto a motor-driven
platform that scans tangentially to the drum collector with a speed of 10 cm min~t. The sample
was heated overnight to ensure all solvents had evaporated and was then hot pressed at 105 <C.
350 nm of silver was deposited onto the nanofibers using an Angstrom Engineering deposition

system.
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Multi-jet electrospinning

A multi-jet electrospinning process was used to fabricate the cathode from one jet for PVDF and
another jet for PVP. The electrospinning parameters of the PVDF jets were set the same as shown
in the fabrication of the cathode. PVP (10 wt.%) in ethanol was pumped through the jet under a
voltage of 15 kV at the 0.02 mL min* flow rate. The nanofibers were then dipped into water to
remove the PVP. The Ag electrocatalyst of the same thickness was deposited onto the nanofibers
using sputtering. The thicknesses of the porous cathodes were controlled by the electrospinning
time (1, 2). To control pore size while maintaining nanoscale fiber diameter, we adjusted the

fraction of PVVP from 0-50% prior to multi-jet electrospinning.

Characterization

Scanning electron microscopy (SEM) was carried out using an FEI Helios NanoLab 650 dual beam
SEM. For imaging, the accelerating voltage was set to 1 kV, and the current was set to 50 pA.
Energy dispersive X-ray (EDX) maps of size 256 > 200 pixels were collected at 10 kX

magnification using an accelerating voltage of 10 kV and beam current of 0.80 nA.

S1B. Flow cell design

All electrolysis optical coherence tomography (eOCT) measurements were performed using a
custom-designed and built zero-gap flow cell reactor consisting of housings, gaskets, anode flow-
field plates and cathode flow-field plates with a transparent window, and a membrane electrode
assembly (MEA; Fig. 1, S1). The MEA (geometric surface area = 4 cm?) was assembled with a
nickel foam anode, a bipolar membrane, and a porous cathode. The cathode was prepared by
electrospinning polymer solution with silver (Fig. S3, S4). The stainless steel anode and cathode
housings (6 <6 >x1.2 cm) served to deliver liquids to the anode and cathode, respectively, through

%" national pipe taper (NPT) ports with barbed tubing adapters. A grade 2 titanium cathode flow-
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field plate with a small transparent window inserted in the middle and a stainless steel anode flow-
field plate (316 stainless steel) sandwiched the MEA (Fig. S1). The anode and cathode flow-field
plates (6 <6 x0.6 cm; geometric surface area = 4 cm?) contained serpentine channels 1.5 mm
wide and 1.5 mm deep with 1-mm ribs. This flow-field plate design has been previously reported
(4). AIll gaskets were cut from 1.5-mm thick chemical resistant compressible
polytetrafluoroethylene (PTFE). All flow cell components were chosen for their chemical inertness
in basic and acidic conditions. In this flow cell, 1 M KOH and 3 M KHCOs3 solutions were provided

to the anode and cathode compartments, respectively.

S1C. Electrochemical test procedure

Electrolysis and product analysis

During the electrolysis and imaging, the anode compartment of the cell was circulated with 1000
mL of 1.0 M KOH at a flow rate of 40 mL min. The catholyte feed was 1000 mL of 3.0 M KHCO.
with 0.02 M EDTA, delivered at various flow rates (20 to 110 mL mint) and recycled to a reservoir.
The gas products were collected and quantified by gas chromatograph (GC). The GC was equipped
with a packed MolSieve 5 A column and a packed HaySep D column. Argon (Praxair, 99.999%)
was used as the carrier gas. The GC was calibrated by injecting different calibration gas mixes
from NorLAB containing CO, CHa, Hz, C2H4, C2Hs, CO2, and CsHs at concentrations ranging
from 100-50000 ppm. CO and H2 were detected by a flame ionization detector (FID) and a thermal
conductivity detector (TCD), respectively.

Electrochemical measurements were conducted at ambient conditions using a potentiostat (CH
instruments 660D with a picoamp booster) through two-electrode cell measurements. Current
density is calculated using the total current (mA) divided by the geometric surface area of the

electrodes (4 cm?). *H NMR analysis of the anolyte and catholyte reservoirs indicated that no liquid
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products were formed in meaningful quantities (i.e., liqguid CO2RR products accounted for <2%
of all products formed). The faradaic efficiency (FE) of gaseous products was determined using

the equation below (5):

FE = nkkaFm/I (Eq Sl)

where nk is the number of electrons per mole of gaseous product k involved in the reduction
reaction, F is Faraday’s constant (F = 96,485 C mol™?), x« is the mole fraction of gas k in the
gaseous mixture analyzed using GC, Fn is the molar flow rate in mol s, and | is the total current
in A. The molar flow rate is derived from the volumetric flow rate Fv by the ideal gas law
(Fm=PF/RT), where P is the atmospheric pressure in Pa, R is the ideal gas constant of 8.314 J mol~
1K1, and T is the temperature in K. Here the volumetric flow rate Fv was measured using a flow

indicator located immediately at the inlet of the GC.

Salt crystallization and removal experiment

A control experiment performed using a clean electrolyzer (rinsed with deionized water) and
recycled electrolyte (3.0 M KHCO3) showed an increase in jco from 72 to 81 mA cm after 5 min
of electrolysis. These results suggest that any products and/or contamination at the cathode can
cause a decrease in jco due to the salt formation issue. However, this issue can be mitigated by

rinsing the cell with deionized water, consistent with previous reports (5).
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S2. The design of the eOCT system for real-time, depth CO2RR observation

S2A. Light matrices measurement and analysis

Jones (J) and Mueller (M) matrices were used to study the light polarization properties (6-8) of
the operational CO2 electrolyzer micro-environment. A Jones matrix describes the response to
fully-polarized light (Eq. S2). A Mueller matrix can extend the capability of a Jones matrix to
describe the depolarization phenomena that come from multiple compositions (9-12).

j=m 1.12] (Eq. S2)
21 J22

Here j indicates the transfer elements of a Jones matrix. We derived the 4 %<4 covariance matrix T

with ensemble averaging from Jones (J) matrices (13):

T = kit (Eq. S3)
where k denotes the vectorized J and the superscripted dagger denotes complex transpose.
The variations of inherent material properties were expressed by depolarization (14, 15). The

depolarization index P, was defined as Eq. S4:

-1 3. 92 _ A An
P, ﬁ\/ 40 Ma—1 (An = Trm) (Eq. S4)

where A,, was the n™ eigenvalue of the matrix 7, and Tr(T) denotes a trace of the matrix T. The 4
x4 covariance matrix T was then converted to the Mueller (M) matrix (16). The eigenvalues of T
were also utilized to modify the reconstructed M matrices to be physically acceptable Mueller

matrices (17-19).
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S2B. eOCT for imaging a CO- electrolyzer

The eOCT system

The basic design of the eOCT system followed the interferometer prototype in Ref. (20). To
facilitate fast measurement, a tunable vertical-cavity surface emitting laser (VCEL, Thorlabs Inc.,
Newton, New Jersey, US) with a center wavelength of 1060 nm, a bandwidth of 111 nm, and a
repetition rate of 100 kHz was selected as the light source. This laser was previously demonstrated
in high-speed and long-range swept-source optical coherence tomography (OCT) imaging of
biological tissue (21, 22). The interferometer was configured in a parallel-polarization detection
mode (23) to measure all elements of the Jones matrix without compromising the top-down scan
rate or the depth-encoded scan. A polarization-maintaining filter coupler (PMFC) splits the laser
beam between the reference path and the CO: electrolyzer path. The incident beam was then
directed through an optical window into the COz electrolyzer. The scattered light was collected in
another PMFC to distinguish the two orthogonal incident states of polarization. The scattering
intensity signal obtained at each sampled wavelength demonstrated a 1:1 relationship with each
physical position along the depth profile, which was valid for the entire detectable depth range (~2

mm) as described by partial coherence mechanism (24).

The detection mechanism

eOCT utilizes the nature of light, i.e. inherent wave properties, including frequency, phase,
interference, and polarization. By detecting the clustering photons, one can achieve information
multiplexing, which largely enhances the data collection efficiency in spatial, temporal, and
functional domains, even near or below its resolution limit (defined by a point spread function, i.e.
PSF) (25). Not only the imaging speed is increased, but also the polarization information is

recorded simultaneously. The combination of partial coherence theory and the polarization
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calculus does not rely on the extinction of the illuminating photons (like absorption in x-ray
tomography), but fully utilizes the free-path of the random walking photons which pass through
the materials and carry information. The capabilities of eOCT make it suitable for real-time
detection of various multiphase chemical reactions in turbid media. In order to achieve these
chemical maps in Fig. 4, we recorded the polarization information of clusters of photons for each
local pixel at a rate of ~10 ns. As mentioned, for any information below the system resolution limit,
the corresponding scattered photons can be readily collected with a blurring effect in the imaging
space, which is equivalent to a broadening PSF. Such a PSF can be mathematically simplified as

a Gaussian fitter (same as the probability mask for various phases but in the spatial domain).



S3. Methods for obtaining phase-distribution images

S3A. Theory

We used light polarization matrices to identify electrolyzer components. Light scattering,
simultaneously allocated into different polarization matrix elements, was used to assess the
properties of the complex and turbid medium of the aqueous electrolyzer. A depth-resolved
Mueller matrix M(z) was used to describe sample depolarization and many other inherent optical
properties that can be found by polar decomposition (10) and differential decomposition (Eq. S5)

(26).

dM(z) _

-~ — mM(z) (Eq. S5)

where m is the differential Mueller matrix that represents more detailed depth-resolved
information about the depolarizing anisotropic properties (Eq. S6) which are associated with the

spatiotemporal fluctuations of the media.

Ki KqtKg Ky, +K, Ky+K,
Kg—Kqg Ki—K, Ny+1n, —n,+mn
q q 4 1,q v v u u
m=Y.%m, = , , ' ) (Eq. S6)
Ky —Ky —Ny+1Ny Ki—Kpy Mg + Mg
Ky — K1’J My + 771,1 Mg + 77:1 Ki — Kl{,v

The Cloude decomposition (27) of m produces its covariance matrix X, whose eigenvalues

contribute to the differential depolarization index (DDI) (Eq. S7) (25).

DDI=||3]| = /Tr(ZT2) (Eq. S7)

where X is the covariance matrix and the superscripted dagger denotes complex transpose (26).
The DDI is directly related to the variance and covariance of the anisotropic properties of the

sample, which are proposed to quantify depolarization (26, 28, 29).
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S3B. Methods for characterizing phase-distribution images

The sum of the elements in M (lo) represents the intensity of each image, and P represents the
polarization matrix components. These two inputs were used to identify gases, liquids, and solids
in the COz electrolyzer in time and space using the algorithm expressed in Fig. S5. The bulk solid
material yields high scattering coefficients, and therefore higher lo, compared to liquid and gas
(Fig. S3). The threshold for assigning the solid phases is lo > 13 dB. Bulk solids also exhibit a

lower differential depolarization index (DDI < 0.8) relative to solids and gases (DDI > 0.8) (30).

The enclosed areas surrounded by the bulk solid phase were then identified as either liquid or gas
phase (31). Isolated pixels and regions where we are unable to resolve solids, liquids and gases
(e.g., solid particles inside gas bubbles) are categorized herein as undefined regions (“U-regions”).
Liquid|solid interfaces and gas|solid interfaces also exhibit distinctive lo from those of pure phases
of solids, liquids, and gases (32—34). Liquids and gases were characterized by lo values of <7 dB.
To resolve the liquids and gases, we compared the slopes of intensity versus depth (slope ratio,
SR) at interfaces. Gases were identified if SR < 3, and liquids were identified when SR > 3. U-

regions were assigned in cases where SR =~ 3 (35-37).

The pixels in the U-regions were further analyzed with the light polarization matrix data. The polar
and differential decompositions were used to resolve gases and liquids. An iterative procedure was
applied to ensure the total pixel number (>1k initially) of U-regions was either below 10 for each
cross-sectional Z—plane image (>1 million pixels in total), or that the iteration time went beyond
1000 s, in which case a rigid decision based on the other data formed in this task was applied.

Thresholding is for initializing the U-regions but is not sensitive to final results.

11
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CO2 control experiments

To distinguish between CO2and other gases in the CO: electrolyzer, we first performed a control
experiment to identify CO2. We added 1 M HCI dropwise into a plastic cuvette containing 3 M
KHCOs3 and a small piece of carbon paper. The carbon paper was added to: (i) provide a nucleation
surface similar to the membrane; and (ii) to highlight for the reader how the experiment is able to
resolve the bubbles in a vessel containing solid and liquid. CO2 is the only gaseous product
produced upon addition of acid to the KHCOs solution. We then recorded the optical matrix
properties of COz, the electrolyte, and the carbon paper in the vessel (Fig. S8, S9). The light
polarization matrix data for the experiment was fed into a deep learning model VGG16 (38) to
yield polarization and intensity data indicating the regions where CO2 exists. The output
polarization and intensity data for the COz regions were similar to that found in literature (Table

S1) (32-34). The entire experiment was repeated 12 times.

This CO2-detection model was then applied for the entirety of the gas-phase and the U-region data
to detect COz2 regions in the COz electrolyzer (e.g., Fig. S14). We quantified the degree of error
for species i (Zi) by comparing the volume of CO2 detected by eOCT (VeocT) with the gas volume

measured by the mass flow meter (Vm):

Zi= |VeOCT —Vm|/Vm (Eq 88)

The degree of error in using eOCT for the CO2 volume determination was 3.4 %.

CO and H> identification

The residual gas-phase areas were then identified as CO or Hz once CO2 was excluded based on
their light polarization properties (Fig. S14). In general, CO has higher DDI but lower anisotropy

compared to Hz, and CO2 has higher DDI and anisotropy than Hz and CO (32). If the data did not
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fall into any of the above-mentioned categories, then the corresponding pixels were assigned as

the U-region (defined above).

To determine the error in Hz quantification, we used the eOCT to image the formation of H2 gas
from the reaction between Fe and HCI (Feis) + 2HCl@g) = FeClo@g) + Hz). A Fe wire was
introduced into the reaction vessel described above containing 1 M HCI. We observed bubbles

form by eOCT. We calculated the volume of the Hz bubbles formed and compared it to the

measured flow rate. The degree of error for H2 was 5.2 %.
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S4. Statistical analysis of the chemical species

S4A. Naive Bayes theorem

In this section, we briefly outline the quantification of the probabilities, degree of error, and
concentrations of the chemical species. We used Naive Bayes to roughly estimate the probabilities
of phases for each detected pixel (39, 40). Naive Bayes is a conditional probability model. Given
a problem instance to be classified (in our case, it deals with the classification of the image pixels
into 5 different phases: COz(), CO(g), H2(g), H20qy, and solid(s)), represented by a vector X = [xa, ...,

Xn], representing n independent features for the corresponding instance probabilities:

p(Ci | x4, e, X) (Eq. S9)
for each of the possible outcomes or classes Cj,.

According to Bayes theorem, the conditional probability can be determined as:

|
p(Ce | %) = —p(c";fg i) (Eq. S10)

In practice, only the numerator matters because the denominator does not depend on class C. Our
features xi are well-defined, which makes the denominator effectively constant. The numerator is

equivalent to the joint probability model p (Cx, x1, .., Xn), which can be rewritten as follows (40):
P(Ce | X1, ., 20) = 2 p(C) Ty pCx; | C) (Eq. S11)
where Z = p(x) = Z;,p(Cr)p(x | Ci) is a scaling factor dependent only on xi, .., Xn, that is, a

constant if the values of the feature variables are known.

By using the Naive Bayes conditional independence assumption that all features in x are mutually

independent and conditional on class Ck., the above equation can be rewritten as (40):
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p(Cki xll rxn) = p(xlr ---;xnl Ck)
=p(x1 | x5, e, X, C (X5, vy X, C)
=p(xq | X2, e, X, CD (X2 | X3, 000, X, C)D(X3, v, Xy, Ci)

p(xq | Xgy ey X, C)D (X2 | X3, eey X, Cr) = D (Xpeq | X, C)P (x| C)0(C)

(Eq. S12)
S4B. Method for construction of a classifier from the probability model
The Naive Bayes classifier usually combines the Naive Bayes probability model with a decision
rule (40). One common rule is to pick the hypothesis that is most probable so as to minimize the
probability of misclassification, which is also known as the maximum a posteriori probability
(MAP) decision rule. The corresponding classifier, a Bayes classifier, is the function that assigns

a class label y = Ck as follows (40):

¥ = argmaxp(Cy) [Ti=; p(x; | C) (Eq. S13)
kefl,..K}

In this eOCT study, we defined K= 5, which represents the 5 component phases of an image pixel
where C1 for solids), Cz for electrolyte(), Cs for COz(), Cs for CO(g), and Cs for Hz(). Parameters
X1, X2, and xs indicate the anisotropy, scattering intensity, and DDI, respectively. The distribution

of feature xa1 (anisotropy) is shown in Fig. S14 as an example.

Quantification of the degree of error with statistical analysis of large data sets

The Bayes theorem can be used to quantify the probabilities for each phase on a single pixel basis
given a sufficient amount of data (usually > 100 GB). Here we quantified the Bayes classification
accuracy of solid), liquidg), COzg), CO(g), and Hzg) based on the 100 sets of available data (> 10
TB). For each segmented phase component, the Bayes classification accuracy (p) of each phase
was calculated to be psotid = 0.93, Pelectrolyte = 0.83, pcoz(gas) = 0.91, Peo(gas) = 0.88, and pHz(gas) = 0.84,

respectively.
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S4C. Multiple phase statistical analysis

We have shown in the main text the distribution of COz(g), Hz(g), and CO(g) (chemical maps) inside
the electrolyzer (Fig. 4). The goal of this section is to determine the precision and accuracy of the
eOCT measurements, as well as to discuss the phenomenon of phase mixing and transporting that

relates to the reactions.

The concentrations of gases

The observation of COz), CO(g), and Hzg) in our experiment indicated that the concentrations of
dissolved CO2(ag), COq), and Hz(ag) in the cathode chamber reach their solubility limit. The volume
fraction of each gas (fi) was calculated using fi= Vi/(Vcoz2+VH2+Vco), where Viis the volume of
each gas component (COz(), CO(g), or Hz(g)). The volume of each gas was quantified by calculating
the total pixels of each gas in the 3D volumetric data V(xy.. The mole amount of each gas can be

calculated using the ideal gas law PV = nRT at ambient conditions based on the volumetric data.

The probability maps

In order to track the conversion of COzg) to CO(), the occurrence of each phase must be
unambiguously defined and located in both space and time. One can easily yield the probability of
spatial distributions for COz2(), CO(q), Hz), H20q), and solids) by applying statistical analysis
(methods in Section S4A, B) on all the images obtained. The 2D probability maps of different
phases i.e., COz(), CO(g), H2(g), H20qy, and solids) in the X—Z plane of the electrolyzer are obtained
with examples of the three gas phases shown in Fig. S15. We define the probability of TPCs
(origination) as the joint probability of reactants; i.e., electrolyteq), COz(), and solid catalyst(s)
(Renyi’s axiom of probability (42)). We define the probability of CO(q) generation (Eg. S11, Fig.
S19A) as the Gaussian probability distribution of CO(g) in an eOCT image based on various light

properties (i.e., intensity, anisotropy, and DDI) (43). We applied different time shifts (At) to
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traverse the possible time sequence arrangement between the originating and generation

probability.

Our analysis revealed a large spatial overlap of > 95% (Fig. S19B) and a strong dependence (Fig.
S19C) between CO(g) generation (dco/dt) and the TPC origination probability. This quantification
supports our qualitative findings in Fig. S18. The time delay between CO() generation and the
TPC origination probability is close to zero (< 1 ms) (Fig. S19C, right). These observations show
that CO(g) generation occurs immediately after the TPC origination probability reaches 0.01%. The
current results agree with recent theory and experiments which show that TPCs play a critical role
in CO2RR (44, 45). The probability of the bulk existence (46) of a phase (i.e. CO2(), CO(y), Or
Hz(g) is distributed according to Beta function whereas the sharp Gaussian peak corresponds to
the probability distribution of the transient generation of a phase (Fig. S19A). The spatial map for
COx(g) origination highly overlaps with its generation map (> 99 %) (Fig. S19B), which confirms

the CO2@aq) 2 CO2(q) equilibrium.

Phase mixtures

CO2(g), CO(g) and Hz(g) coexist in different proportions in the gas bubbles generated at the cathode
surface. Phase mixtures can be observed in our 2D probability maps (Fig. S15) of COzg), CO),
Hz), H20q), and solids). The phase mixing can be attributed to mass transport effects (e.g.
convective mixing caused by bubble growth or collapse), chemical reactions, and the super-
positioning of phases at spatial- or temporal-scales below the detection limit of eOCT. The
probability of each chemical species (Fig. S15) for a single pixel in the 2D map is calculated by

the Na'we Bayes theorem as described in Section S4A and 4B.
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S5. Supporting figures
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Fig. S1. Expanded view of the CO: electrolyzer used for this study. We applied a current of 100
mA cm~2 to produce CO from a KHCOs solution. A bipolar membrane (BPM) is between the
nickel foam anode and gas diffusion cathode. 1 M KOH and 3 M KHCOs solutions were fed to
the anode and cathode compartments, respectively.
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Fig. S2. Electrolysis optical coherence tomography (eOCT) intensity (gray-scale) and polarization
(coloured) images of the surface of the Ni foam anode (X-Y plane). The red line on the 3D image
represents the depth (Z—plane) at which the image was captured in the CO2 electrolyzer and the
dotted red line represents the location of the entire 2D polarization and intensity images. Blue
represents low degree of polarization (DOP) and red represents high DOP.
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Fig. S3. Electrolysis optical coherence tomography (eOCT) intensity (gray-scale) and polarization

(coloured) images of the cross-section (X—Z plane) of the CO: electrolyzer. Red represents high
DOP value (>0.7) and green represents DOP of ~0.5 in the polarization image.
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Fig. S4. (A) Scanning electron microscope (SEM) image of a Ag-sputtered electrospun gas
diffusion cathode, and the corresponding elemental map for Ag (yellow), C (purple), and F (green)
obtained from energy-dispersive X-ray (EDX) spectroscopy. The elemental map shows that Ag is
evenly distributed across the surface of the nanofibers. (B) A cross-section SEM image of the
cathode reveals a tubular Ag electrocatalyst shell on the surface of a nanofiber, confirmed with
EDX spectroscopy.
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Fig. S5. Decision matrix used to produce phase-distribution images, where M represents 16
polarization matrix components, and lo is the intensity of each image. The multiphase (@) is a
function (F) of intensity and polarization. Gas, liquid, and solid phases were determined by
characterizing the co-registered signals of each pixel or enclosed area in all polarization images
and related features (e.g., DDI).
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Fig. S6. Intensity and phase—distribution images captured by the electrolysis optical coherence
tomography platform before (top) and after (bottom) electrolyte is supplied to the CO2 electrolyzer.
Both images show a cross-section (X-Z plane) of the electrolyzer. Intensity images show a
grayscale of the light intensity properties (white being lower intensity, black being higher
intensity). Phase—distribution images show solid-phase (red), liquid-phase (green), and gas-phase
(white) obtained using the decision matrix shown in Figure S5.
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Fig. S7. Intensity images at 0-60 s after 100 mA cm2 was applied to the CO2 electrolyzer. At 0's,
electrolyte is flowing through the electrolyzer. At 1-60 s of galvanostatic electrolysis, the distance
between the cathode and optical window steadily decreases. After 60 s, the cathode oscillated
between being in contact with the optical window and the membrane.
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Fig. S8. Optical coherence tomography polarization images of a control experiment where CO2
bubbles are produced in a transparent tube containing carbon paper in a mixture of 1 M HCI and
3 M KHCOs. The carbon paper is intended to mimic the surface of the membrane. The light
properties of these CO2 bubbles were used to identify the CO2 bubble in the CO: electrolyzer
produced during electrolysis. The 16 polarization images represent the 16 light property
components of Equation S6.
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Fig. S9. Differential depolarization index (DDI) distribution frequency of CO2 and electrolyte
obtained from the same control experiment in Figure S8, where we produced CO2 bubbles in a
transparent tube from a mixture of 1 M HCIl and 3 M KHCOs. The DDI of COz: is distinctive from
the DDI of the electrolyte. The 16 plots represent the 16 light property components of Equation
S6.
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Fig. S10. Average bubble diameter captured in snapshots taken at 5 min, 1 h, 3 h, 6 h, and 9 h of
electrolysis. The bubbles grow to an average size of ~30 pm during electrolysis. Error bars
represent the standard deviation determined from the quantification of bubbles in a 1 mm by 100
um window.
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Fig. S11. Intensity images of the X—Z plane (cross-section) of a CO: electrolyzer captured by
eOCT at 5 min under current densities of 100-800 mA cm.
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Fig. S12. Modeled potential profiles from the 1D continuum model of the eOCT.
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Fig. S13. (A) Cell voltage with corresponding (B) gas volume, (C) faradaic efficiency of CO (FEco)
measured as a function of time at a constant current density of 100 mA cm~2 and (D) cell potential
in response to the applied current densities for CO2RR electrolysis.
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Fig. S14. (A) Phase-distribution image of the X—Z plane at t = 5 min from Figure 3 showing solids
(i.e., catalyst and membrane), electrolyte, CO, CO2 and Hz. (B) Parameters of differential
depolarization index (DDI) and anisotropy for CO2, CO, and H:2 bubbles, respectively
corresponding to the same location as the phase-distribution image. DDI was calculated according
to Equation S7. (C) Histogram (normalized probability distribution) of anisotropy for CO2, CO
and Ha.
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Fig. S15. (A) Probability maps of COz(), CO(g), and Hzg) in the eOCT under an applied current of
100 mA cm2. Colours represent the probability of each gas with white representing 1 and black
representing O (see colour bar). (B) The distributions of CO2(), CO(g), H2(g) and mixtures of gases
for data shown in (A). COzq) is highlighted in red, CO(g) in orange, and Hz() in white. The phase

mixtures are highlighted as blue.
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Fig. S16. Experimental and model of CO2 signals measured by electrolysis optical coherence
tomography (eOCT). (A) CO: signals captured by eOCT were integrated in 3 dimensions over a
0.3-s time frame to yield the amount of CO2 (i.e., molar counts) and plotted against the depth
profile (i.e., vertically in the Z plane starting at the top of the cathode. (B) Model of the CO2
concentration in a COz electrolyzer at a current density of 100 mA cm2 as per work by Lees et. al
(46). The continuum model solves mass, charge, and momentum transport equations in a 1D
porous domain to define the CO2 concentration profile. The model and experimental data both
show a steep CO2 concentration gradient at the membrane|cathode interface.
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Fig. S17. Decision matrix used to identify triple-phase contacts, in accordance with literature

procedures (48, 49).

32


https://paperpile.com/c/S2tB07/yyDOO+x4iO0
https://paperpile.com/c/S2tB07/yyDOO+x4iO0
https://paperpile.com/c/S2tB07/yyDOO+x4iO0

Laser source

a

High

; =5 b 3 T £ 2 Edge of optical window
_Sngna[ . AR : a * ? —— Cathode
intensity 2 - ‘ - Top of membrane

Fig. S18. Phase-distribution images showing the relationship between CO and H. formation
rates and triple-phase contacts. The images captured by electrolysis optical coherence
tomography (eOCT) illuminate triple-phase contacts (i.e., regions where CO. gas is in contact with
liquid electrolyte and solid cathode), the changes in the amounts of CO (d../dt) and H. (d../dt) over
time. The eOCT projections of the cathode were rendered using 200 slices of the X-Y plane over
a depth range of 200 um starting from the edge of the optical window to the top of the membrane.
The images were taken between 7.5 and 7.6 min of electrolysis.
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Fig. S19. (A) The probability distribution of CO2(), CO(g), and Hz(g) in a region of the eOCT image.
Each probability distribution can be readily decomposed into Gaussian and Beta functions. The
red Gaussian fitting curve represents the probability distribution of transient generation of COz(),
COqg), or Hz(g). The black Beta functions represent the bulk existence of CO2(), CO(g), or Hz(g). (B)
The spatial maps (generated by eOCT) showing the respective generation and origination overlap
for different gases. (C) Left: Correlation between COy) generation (dco/dt) and the TPC
origination probability, quantified by linear regression (50). The phase-distribution images that
correspond to the data are shown in Fig. S18. Right: time shifts applied to the left profile for
quantifying correlation (fitting slope) between CO() generation and the TPC origination
probability. The time delay between COg) generation and TPC origination is close to zero (marked
by a star).
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Fig. S20. Counts of CO,, and triple-phase contacts (TPCs) at the cathode as a function of
time. The peaks in the TPC profile coincide with that of CO2(g). The method and accuracy of CO2(g)
detection at the cathode surface by electrolysis optical coherence tomography (eOCT) are
described in Sections S3 and S4. The decision matrix used to identify TPCs is shown in Figure
S17. Here, r1is the correlation coefficient between the black and orange curves; r2 is the correlation
coefficient between the peaks of both curves; this correlation is equivalent to the posterior
probability of TPCs (Eq. S11), proving that COz(g) is the critical source of TPC recovery in the
peaks.
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Fig. S21. Phase distribution images of the X-Z plane showing the existence of CO.,channels
(white) extending at the catalyst (red) to generate CO,, (orange). Phase—distribution images,
obtained from the spatially and temporally resolved data extracted from the TPC peak marked in
Fig. S20, shows solid catalyst-phase (red), liquid electrolyte-phase (green), and gas COz)-phase
(white) obtained using the decision matrix shown in Fig. S5. The method and accuracy of phase
detection are described in Sections S3 and S4. A corresponding movie is provided (Movie S7).
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Fig. S22. On the Ag catalyst surface, CO2RR occurs almost instantaneously, while HER is
delayed. (A) The signal similarity between CO(g) generation and the TPC origination probability
with respect to time. The time delay between CO(g) generation and TPC origination is close to zero
(At1) (Fig. S19). (B) The signal similarity between H2 product generation and the probability of Hz
origination (reactants) at the electrolyte|cathode with respect to time. The peak represents a ~7
millisecond delay (At2) between Hz origination and generation. The demonstration of signal
similarity between reactants and products is depicted in Movie S8. Note that the signal similarity
goes below 0 at a certain time shift happening before the peak in (A), implying that the residual
CO accumulation suppresses the CO2RR within a few milliseconds, which is in line with the time
shift (At2) in (B) and the time of CO blockage in Fig. S21.
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Fig. S23. Correlation between CO.bubble size and CO generation at the cathode. Small and
large CO2bubbles were distinguished by a simple threshold that small CO2 bubbles take up a
volume of <1000 pm?®, while large CO2 bubbles take up a volume of >1000 um?. We fitted the
scatter points using linear regression (50). We observed that small CO2 bubbles are more likely to
promote CO generation, while large CO2 bubbles suppress CO2RR.
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Fig. S24. Cell voltage response to a square-wave current density (100 mA cm= for 1 s followed
by 50 mA cm~2 for 1 s) applied to the CO: electrolyzer when removing accumulated bubbles (after
4 h of electrolysis at 100 mA cm2). These plots correspond to the experiment performed in Figure

6 of the main text.
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Fig. S25. An intensity image captured 4 h into Movie S1 shows the detection of a solid consistent
with salt formation (left). The potential salt formation disappears in the next frame, 10 & later

(right).

Table S1. The light properties detected from electrolysis optical coherence tomography (eOCT)
[Exp (CO2), Exp (CO) and Exp (H2)], [control (CO2) and control (H2)] and Ref (32) .

Control (H)

Gaseous species Differential ADDI Anisotropy Linear
depolarization di-attenuation
index (DDI)

Exp (CO,) 2.9720 1.0097 0.2782 0.1969
Ref (CO:) 4.03% 1.00 0.2664 0.1762
Control (COZ) 29627 1.1889 0.2833 0.1771
Exp (CO) 1.7344 0.7397 0.0945 0.1460
Ref (CO) 0.48% 0.50 0.0897 0.1288

Control (CO) - - -
Exp (H) 0.6645 0.2489 0.1345 0.0931
Ref(H:) 0.32% 0.50 0.1280 0.0901
0.6084 0.1971 0.1392 0.0885

* The depolarization ratio from Ref (32) has a similar physical meaning with DDI (Section S3A)

but in different scales.
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