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The gas—liquid—solid interface plays a crucial role in various electrochemical energy conversion devices, including
fuel cells and electrolyzers. Understanding the effect of gas transfer on the electrochemistry at this three-phase interface is a grand
challenge. Scanning electrochemical cell microscopy (SECCM) is an emerging technique for mapping the heterogeneity in
electrochemical activity; it also inherently features a three-phase boundary at the nanodroplet cell. Herein, we quantitatively analyze
the role of the three-phase boundary in SECCM involving gas via finite element simulation. Oxygen reduction reaction is used as an
example for reaction with a gas reactant, which shows that interfacial gas transfer can enhance the overall mass transport of reactant,
allowing measuring current density of several A/cm® The hydrogen evolution reaction is used as an example for reaction with a gas
product, and fast interfacial gas transfer kinetics can significantly reduce the concentration of dissolved gas near the electrode. This
helps to measure electrode kinetics at a high current density without the complication of gas bubble formation. The contribution of
interfacial gas transfer can be understood by directly comparing its kinetics to the mass transfer coefficient from the solution. Our
findings aid the quantitative application of SECCM in studying electrochemical reactions involving gases, establishing a basis for
investigating electrochemistry at the three-phase boundary.

gas exchange, scanning electrochemical probe microscopy, oxygen reduction reaction, hydrogen evolution reaction,
triple phase boundary, nanoelectrochemistry

TPB remains a significant challenge due to the complexity and
lack of appropriate model systems.”

Electrochemical energy conversion devices, such as fuel cells
Scanning electrochemical cell microscopy (SECCM) has

and electrolyzers, rely heavily on the efficiency of reactions

occurring at the electrochemical interface." The architecture of emerged as a powerful tool for investigating the heterogeneity

. . .. 5—-7 .
the electrode is often a membrane electrode assembly, which in electrochemical activity on the nanoscale.” " Unlike bulk

involves a gas—solid—liquid interface, also known as the triple- electrochemical techniques, SECCM isolates a nanoscopic
phase boundary (TPB). At TPB, the gas phase, liquid patch of a macroelectrode by nanodroplet, which enables local
electrolyte, and solid electrode meet, which is crucial for the electrochemical measurement.*”'" The fast mass transport in
efficiency of electrochemical reactions involving gas species.” the nanopipette allows for studying fast electrode kinetics.' "
In fuel cells, for example, this TPB is key in electrocatalytic

activity because it is the primary location at each electrode, August 17, 2024 SieasurevenT 8
where H, and O, gases undergo concerted phase transfer and October 3, 2024 ’
electron transfer.” For electrolyzers in which gas is the product, October 4, 2024

bubbles formed on the electrode also create a three-phase October 10, 2024

boundary, affecting the efficiency of electrolyzers. However,
understanding the dynamics of interfacial gas transfer at the
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Figure 1. (a) Finite element model for electrochemical reactions involving gas in an SECCM setup, which features a solid—liquid—gas TPB. (b)
Electrode reaction involving gaseous reactant, e.g, the O, reduction reaction. (c) Electrode reaction involving gaseous product, e.g., the H,

evolution reaction.

One important feature of SECCM is its TPB. In SECCM, the
gas—liquid interface at the droplet is close to the electrode,
which enhances the coupling between the interfacial gas
transfer reaction and the electron transfer reaction. Therefore,
SECCM offers some unique advantages for studying electro-
chemical reactions involving gas, which constitutes a large class
of reactions in electrocatalysis, e.g., hydrogen evolution
reaction (HER), hydrogen oxidation reaction, oxygen reduc-
tion reaction (ORR), oxygen evolution reaction, and CO,
reduction reaction.">™"° For instance, SECCM has been
effectively used to study ORR, where the mass transfer of
the reactant is significantly enhanced compared to traditional
methods like rotating disk electrode.'® This allows measuring a
high current density of ORR.'*'” On the other hand, efficient
gas transfer can effectively remove the gas product at the
electrode surface."”'”'® This mitigates the problem of bubble
formation at high current densities, which allows accurate
kinetics measurement without electrode blockage or con-
vective mixing caused by bubble formation and detachment."’
In addition, the presence of a three-phase interface at the
droplet in SECCM presents an opportunity and model system
for electrochemistry at the TPB.

While some work has previously acknowledged the role of
the interfacial gas-transfer reaction, quantitatively elucidating
how the kinetics of this phase transfer reaction affects the
electrochemical measurement in SECCM is lacking.”” In this
manuscript, we quantify the effect of the interfacial gas transfer
reaction in SECCM and separately treat the electrochemical
reactions with a gas product and a gas reactant. Finite element
simulation is used to quantify how gas transfer kinetics at the
gas—liquid interface affect electrochemical measurement in
SECCM, especially voltammetry. Lastly, we discuss the
competition between interfacial gas transfer and bulk liquid-
phase diffusion.

Generally, gas transfer at the gas—liquid interface can be
divided into three steps. For example, for gas molecules to
transfer from the liquid phase to the gas phase, the first step is
mass transport, which moves the molecules from the bulk of
the liquid to the interface, often by diffusion. The second step
is phase transfer of the gas molecule from the liquid to the gas
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phase. The microscopic steps of the phase transfer reaction can
be complicated due to the dynamic fluctuation of the interface,
adsorption, and desolvation of the solute.”"”** However, we can
treat the rate of gas crossing the interface from liquid to gas by
first-order kinetics

Ji-

= kl_ngqmd (1)
where Ji_, is the flux of gas transferred from the liquid phase to
the gas phase, k_, is the corresponding heterogeneous rate
constant for gas transfer, and Cliauid js the concentration of A in
the liquid phase at the interface. Similarly, the flux of molecules
going into the liquid phase from the gas phase at the interface
(Jo-1) can be described as

_ gas
]g—l - kg—ICA

8

)

Similarly, k,_ is the corresponding first-order rate constant,
and C§* is the concentration of gas A in the gas phase near the
interface. At equilibrium, J_; = J,_}, the kinetics reduce to
partition equilibrium

liquid
K, = S _ e
P gas k
Cx 1-g 3)

where K, is the partition coefficient of gas between the liquid
and gas phases. Once the molecule enters the gas phase, it can
undergo gas-phase mass transport. In principle, any of the
three steps can be the rate-limiting step. However, because
diffusion in the gas phase is generally 1000 to 10,000 times
faster than the liquid phase, mass transport in the gas phase is
generally not rate-limiting. This fast gas-phase diffusion can
greatly accelerate the transport of molecules through the three-
phase interface, which we will discuss in the following sections.

Finite element simulation was used to quantitatively predict
the effect of the gas transfer reaction on the voltammetric
response. The geometry and the details of the simulation are
described in Figure S1 and Supporting Information Section S1.
The model contains two phases: a liquid phase (i.e., aqueous
electrolyte in our study) and a gas phase, as shown in Figure
la. The electrochemical reaction (i.e., electron transfer
reaction) occurs at the electrode—electrolyte interface,
described by the Butler—Volmer formalism with a standard
rate constant k’. We studied two types of reactions; one
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Figure 2. (a) Voltammograms of the ORR reaction at various k. (b) Mass transfer coefficient (m,) as a function of k. The standard rate constant
for electron transfer (k°) is 1 cm/s for each simulation. (c) Voltammograms normalized to the limiting current (i) at various k. (d) Difference in

E,/, and E;, with different k.

involves a gaseous reactant entering the solution from the gas—
liquid interface, and the other involves a gaseous product
generated at the electrode surface exiting the gas—liquid
interface. For the former case, we use the ORR to illustrate. As
shown in Figure 1b, the gaseous reactant (ie., O,) can be
transported to the electrode surface from the bulk solution in
the pipette via liquid-phase diffusion and from the gas phase
through gas transfer reaction at the gas—liquid interface.
Effectively, the overall rate of mass transport is the sum of both
liquid-phase diffusion and the interfacial gas-transfer reaction
(vide infra), which affects the fastest rate of electron transfer
(k°) accessible in steady-state voltammetry.

The second type of reaction involves gaseous products; an
example is the HER, as shown in Figure lc. Similar to the
ORR, the key processes involve gas transfer, electron transfer,
and mass transfer in the liquid and gas phases. The difference is
that the primary role of mass transfer and gas transfer is to
remove the gaseous product, H,, from the electrode. Note that
we apply the Butler—Volmer equation to the HER and ORR,
assuming that the rate-determining elementary step involves
the transfer of one electron.

We use finite element simulation to study the effect of the TPB
on the voltammetric response for electrode reactions with the
gaseous reactant. The ORR is used as an example reaction to
illustrate without losing generality, where 1 atm O, in the gas
phase can enter the electrolyte at the gas—liquid interface and
is reduced at the electrode surface (Figure 1b). The flux of O,
entering the droplet ( ]023_1) represents the difference between

Jo—1 and Ji_g as
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g—1 _ gas O, _ (liquid
0, = kgt(COZ Ky RT CO2 ) (4)

In eq 4, ky is the rate constant for interfacial gas transfer, Ky
is Henry’s law constant for O, Cgq l'qu‘d is the oxygen

concentration at the boundary of liquld-phase, Co " is that

of gas-phase, R is the gas law constant, and T is temperature.
Figure 2a shows the simulated voltammogram for the ORR at
different k,. The limiting current density for ORR remains
essentially Constant (~—0.12 A/cm?) when kgt is <107 cm/s,
but increases as k,, increases above 107" cm/s. A wide range of
kg, values was chosen in the simulation (1075 to 10* cm/s) to
evaluate how gas-transfer kinetics can affect the overall mass
transport and voltammetric response without losing generality.
For the O,/water interface, kgt of 0.68 cm/s was reported by
Unwin and co-workers.”” Although the gas—liquid—solid
interface is the focus of this report, the model can be directly
applied to the liquid—liquid-solid interface in SECCM, which
is relevant in the case of “oil-immersion” SECCM.**

To help understand the effect of ky on the voltammogram,
the overall mass transfer coefficient (mo) is calculated from the
limiting current via

ilim
m =
O aRACH (5)

In this equation, n = 4 is the number of electrons transferred
per O, reduced. F is Faraday’s constant. A is the area of the
electrode, and C* is the bulk concentration of the reactant
(equals 1.3 mM at 1 atm O,). The effect of k% on my is
summarized in Figure 2b. When k,, is below 107 cm/s, m,
remains constant (~0.24 cm/s). ThlS value is the same as the
mass transfer coefficient by liquid-phase diffusion only (i.e.,
diffusion in the nanopipette and dro*)let in the absence of gas-
transfer reaction), which is termed mi®", In other words, when
kg < mid . is dominated by mhq‘“d and is unaffected by k.
Note that the liquid-phase mass transport in SECCM is already
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fast even without gas transfer, as a rotation rate of
approximately 7 X 10* rpm would be needed to achieve the
same m, (see Supporting Information Section S2 for the
calculation). When ko> mp?, the mass transfer is dominated by
interfacial gas transfer at the TPB. In this scenario, the overall
mass transport increases with kg, (Figure 2b).

The increase in overall mass transfer by the interfacial gas
transfer means that SECCM can achieve much higher current
density before reaching the mass transfer limit, which was
experimentally demonstrated by Dinca and co-workers.'® In
the simulation, a current density of up to 7.8 A/cm® can be
obtained for the ORR when ky is 10* cm/s (Figure 2a). This
also suggests faster electron transfer kinetics can be measured
in SECCM for reactions involving gas reactants due to
enhanced mass transport. As shown in the normalized
voltammograms in Figure 2c¢, the shape of the voltammogram
for the gas transfer reaction can be affected by the interfacial
gas transfer when it contributes to the overall mass transfer.
When k,, > mia 4 the voltammetric shape is unaffected by [
When k,, is comparable or larger than mid e the voltammetric
curve appears broader as k, increases, i.e., the current takes a
wider potential range to rise to the mass transport limit. This is
quantitatively characterized by the Tomes potential separation,
i.e., the difference in the potentials 1/4 and 3/4 of the limiting
current, which are termed E;,, and E;,, respectively.”® As
shown in Figure 2d, the Tomes potential separation remains
110 mV when k,, is smaller than 1 cm/s but continues to
increase at larger k,. Note that we only considered the
cathodic part of ORR in the simulation. Therefore, the Tomes
criterion (e.g, the characteristic 56 mV potential difference for
the reversible voltammogram) does not apply here.

This effect of ky on the mass transfer of the reactant can be
further visualized by inspecting the concentration profiles of
O,. The simulation was performed using irreversible Butler—
Volmer kinetics at sufficiently large overpotentials when ORR
occurs at the mass transfer limited rate. When k, is small (e.g,
10~° cm/s), the diffusion layer of O, in the droplet extends
into the nanopipette, while the concentration of O, in the gas
phase is not perturbed (Figure 3). As k, increases, the
diffusion layer thickness in the liquid phase decreases due to
the supplement of O, from the gas phase through interfacial
gas transfer. At kg = 10* cm/s, the O, concentration in the
nanopipette is essentially unperturbed and remains close to the
bulk value of ~1.3 mM, which suggests interfacial gas transfer
contributes to most of the O, flux. The effect of the geometry
of the pipette and droplet on the overall voltammogram is
shown in Figures S2—S4.

The effect of gas transfer on the overall mass transfer can be
further quantified by dissecting the total flux into those from
liquid diffusion (pipette flux) and gas transfer (interfacial flux).
As shown in Figure 4, when kgt is low (<0.001 cm/s), overall
mass transport of O, is controlled by liquid-phase diffusion
(pipette flux). The contribution from interfacial transfer to the
total flux increases as k, increases. The interfacial flux
constitutes 50% of the total flux when ky, is 0.13 cm/s (Figure
4b), which occurs when kg is comparable to mg?.

We now discuss the effect of gas transfer reaction on
electrochemical reaction with gas product (e.g, HER) in
SECCM. Without interfacial gas transfer, the gas product, e.g.,
H,, is transported away from the electrode surface through

732
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—0.5
kg = 104 cm/s
0 41.588

Figure 3. Concentration profiles of O, in solution (Ci%d) and gas
phase (C&;) for k. of O, 1075, 1, and 10* cm/s. —1 V vs E® was applied
in the simulation. Only the zoomed-in region near the droplet is
shown. Scale bars: 100 nm.

liquid-phase diffusion to the bulk solution. In the presence of a
gas—liquid interface in proximity, the gas product can also
cross this interface and enter the gas phase. To understand
how the kinetics of the interfacial gas transfer reaction affect
the electrochemical response, we simulated the voltammo-
grams for HER in SECCM configuration with different ky.
Unlike in the ORR, the limiting current for HER remains
unchanged regardless of k,, because the interfacial gas transfer
does not affect the mass transport of the reactant, which
determines the limiting current (Figure Sa). However, the
voltammetric shape can be affected by the kinetics of gas
transfer. It has been suggested that the mass transport of H,
often limits the fastest kinetics of HER that can be measured.*
The simulation results show that when ky; is smaller than 1073
cm/s, the voltammogram has the same shape and is unaffected
by interfacial gas transfer. This is because the mass transport of
H, is dominated by the liquid-phase diffusion. Also, because
the electron transfer rate constant, k° (1 cm/s), is comparable
to mq (0.862 cm/s), the voltammogram is quasi-reversible, as
indicated by the ~76 mV difference between E,/, and E, /4.25
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constant for electron transfer (k°) is 1 cm/s.

When kg, is greater than 107" cm/s, the voltammetric shape
starts to change as the HER onsets at a more positive potential
(Figure Sa). This is understood qualitatively as the following.
The net current observed is the sum of the cathodic current
(from proton reduction) and the anodic current (from H,
oxidation). More effective removal of H, near the electrode
from a faster interfacial gas transfer (i.e., larger kgt) reduces the
contribution of H, oxidation to the net current, shifting the
onset potential of HER. Interestingly, |E,,, — E; 4l shifts from
~76 to ~102 mV when the kinetics of gas transfer increases
(Figure Sb), suggesting a transition from reversible to quasi-
reversible voltammogram. The simulated voltammograms E, /,
and E;/;, — E;4 as a function of k at other k® are shown in
Figures S$ and S6.

Another advantage of the fast transport of gas products by
the interfacial gas transfer is that it reduces the surface
concentration of dissolved gas near the electrode surface,
which is essential for preventing gas bubble nucleation in
electrochemical gas evolution reactions.'” This effect can be
visualized in the simulated concentration profile when the
current reaches iy, as shown in Figure 6a. As ky, increases from
1073 to 10 cm/s, the H, concentration in the solution near the

733

electrode surface decreases dramatically. The maximum
concentration of H, in the solution (Cf*) at different Ky,

values under diffusion-limited proton reduction is shown in
Figure 6b. At small kg (kgt < 1072 cm/s), Cy,™ approaches
~11 mM, which is the expected surface concentration of H,
CZ:::# , where
Cy*, Dy, and Dy, are the bulk H" concentration, diffusion

coeflicient for H*, and diffusion coefficient for H,, respectively,
all in the liquid phase. This expression can be derived from

without gas transfer reaction, as calculated by

mass conservation at the electrode surface. However, Cyg, ™ is

reduced to ~1 mM when kgt is greater than 1 cm/s. This result
suggests that SECCM enables measuring electrode kinetics
with the gas product at a higher current density by mitigating
bubble formation, which requires a critical concentration for
nucleation. Bubble formation at the electrode surface can block
the active sites and make it difficult to interpret the
electrochemical intrinsic kinetics of gas evolution reactions at
high current density.'””” White and co-workers used single
nanobubble formation on nanoelectrodes to show that H,
bubble nucleation requires a critical concentration for H, of
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Figure 6. (a) Concentration profiles of H, in solution ( Cthq“‘d) and
gas phase (Cyy &) for k. 0, 1073, 1, and 10® cm/s. Scale bars are 200

nm. (b) Maximum concentration of H, within the droplet at various
ky. The standard rate constant (k%) is 1 cm/s, and the bulk
concentration of H* is 10 mM.

~250 mM.””** A near 10-fold decrease in the maximum H,
concentration under SECCM suggests no bubble formation
will occur at the mass transport limit even at close to 1 M acid,
which we have experimentally shown previously.'” Note that
the maximum concentration of H, is also affected by the
geometry of the nanopipette/nanodroplet (vide infra), as
shown in Figures S7—S9.

Lastly, we investigate how the contribution of interfacial gas
transfer changes with the size of the nanopipette/nanodroplet.
As illustrated in Figure 1b,c, liquid-phase diffusion and
interfacial gas transfer determine the overall mass transfer.
When the pipette/droplet size becomes smaller, the diffusion
length between the electrode surface and the gas—liquid
interface becomes shorter, favoring interfacial gas transfer.
Meanwhile, when the droplet size decreases, the area of the
gas—liquid interface decreases while the liquid-phase mass
transfer coefficient increases. To quantify the overall effect of
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pipette/droplet size, we evaluated the bulk vs interfacial flux
(similar to that shown in Figure 4) at various pipette radii and
obtained the critical ky at which the partial fluxes from
interfacial transfer and liquid diffusion are the same. As shown
in Figures 7 and S10, critical k,, decreases as the pipette radius
increases for both HER and ORR. In other words, the overall
contribution of interfacial gas transfer in the SECCM setup
increases as the pipette radius increases. This can be
understood by considering the mass transfer coeflicient from
the nanopipette (i.e., liquid diffusion), which describes the
mass transport purely in the liquid phase without interfacial gas
transfer. We observe a perfect linear correlation between i
and critical kg, suggesting the competition can readily be
understood by these two characteristic rates. When the pipette
size is small, mg™ is large, favoring liquid-phase transport
through the nanopipette. Therefore, reaching equal contribu-
tions from liquid-phase diffusion and interfacial gas transfer
needs a higher k.

The maximum concentration of H, can be affected by the
nanopipette size. As shown in Figure 8a, when ky is small
(<107 cm/s), the bulk diffusion dominates at all the pipette
radii investigated (0 to 500 nm); therefore, Cy; ™ remains ~11

mM regardless of pipette size. Under this scenario, the mass
transport of H, is dominated by liquid phase diffusion. When
kg is large (>10° cm/s), Cy,™™ also remains constant, but is

reduced to ~1 mM regardless of the pipette radius (between 0
and 500 nm). In this case, the mass transport of H, is
dominated by the interfacial gas transfer. At the intermediate
kg (107 to 10® cm/s), increasing pipette size leads to a
decrease in Cy ™. This is understood similarly by comparing

the characteristic rate of liquid-phase diffusion (mfd™?) vs
interfacial gas transfer (kgt). Increasing the radius will decrease
me favoring interfacial gas transfer and reducing the
dissolved gas concentration near the electrode. The concen-
tration profiles at different pipette radii for k, = 0.01 cm/s are
shown in Figure 8b. Consistent with the statement above that a
larger pipette radius favors interfacial gas transfer over bulk
mass transport, the concentration of H, in the gas phase just
outside the droplet increases with the pipette radius.
Additionally, the maximum concentration of proton is scaled
linearly with proton concentration at different ky, (Figure S11).

In conclusion, the role of the gas transfer reaction in
electrochemical measurement involving gas as a reactant or
product is studied using finite element simulation in the
context of SECCM, where a solid—liquid—gas phase interface
naturally exists at the active electrode. Using ORR as an
example of a reaction involving a gas reactant, we showed that
the limiting current increases with the kinetics of the gas
transfer reaction of O,, suggesting that the interfacial gas
transfer reaction can greatly increase mass transfer. This
increase in mass transfer of reactant allows measurement of the
ORR at high current density and fast electrochemical kinetics.
When gas is the product of an electrochemical reaction (e.g,,
H, in HER), the kinetics of the interfacial gas transfer reaction
affect the maximum concentration of dissolved gas species at a
given current. The simulation shows that the maximum surface
concentration of H, in the HER can be reduced by a factor of
10. This allows the measurement of HER kinetics under high
current density without the complication of bubble formation
at the electrode under SECCM, which is difficult to obtain in
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conventional electrochemical measurement. Both effects can
be understood by comparing the characteristic rate constants
of bulk mass transfer and interfacial gas transfer. Lastly, the
study is based on continuum theory without explicitly
addressing the kinetics-coupled electron- and phase—transfer
reaction at the three-phase boundary. However, our study
serves as a baseline for investigating and interpreting the
unique electrochemistry at the three-phase boundary.

Finite element simulations were performed using the transport of
dilute species module in COMSOL Multiphysics. Two-dimensional
axial geometry was used to represent the geometry of the pipette and
droplet in SECCM. Gas-phase and liquid-phase diffusion were treated
in two transport of dilute species modules, which are coupled at the
interface by the flux described by eq 4. Maximum mesh element size
was 0.4 nm at the three-phase interface. A detailed description of the
simulation geometry and boundary conditions can be found in
Supporting Information Section S1 and can also be found in the
COMSOL model reports as part of the Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00061.

Finite element model, examples of voltammograms,
mass transfer coefficient calculation in RDE, effect of
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pipette/droplet geometry, and effect of bulk proton
concentration (PDF)

COMSOL model report for HER (PDF)

COMSOL model report for ORR (PDF)
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