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ABSTRACT. Gas-producing electrochemical reactions are key to energy conversion and generation technologies. Bubble for-
mation dramatically decreases gas-production rates on nanoelectrodes, by confining the reaction to the electrode boundary. This 
results in the collapse of the current to a stationary value independent of the potential. Startlingly, these residual currents also 
appear to be insensitive to nanoelectrode diameter in the 5 to 500 nm range. These results are counterintuitive, as it may be ex-
pected that the current be proportional to the circumference of the electrode, i.e. the length of the three-phase line where the 
reaction occurs. Here we use molecular simulations and a kinetic model to elucidate the origin of current insensitivity with re-
spect to the potential and establish its relationship to the size of nanoelectrodes. We provide critical insights for the design and 
operation of nanoscale electrochemical devices and demonstrate nanoelectrode arrays maximize conversion rates compared to 
macroscopic electrodes of same total area. 
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 3 

Gas evolution reactions are at the core of electrochemical 
technologies for energy conversion and storage.1-6 Processes 
like water splitting, hydrogen evolution, CO2 reduction for 
fuel regeneration, and CO2 production in fuel cells, typically 
generate gas bubbles attached to the catalysts.7-9 These bub-
bles decrease the mass transfer dynamics and conductance, 
raising the ohmic drop during the reaction.1, 10-15 The grow-
ing thrust towards using nanoparticles as catalysts in gas 
evolving reactions16-21 makes understanding the effect of sur-
face nanobubbles on reaction rates paramount,1, 22 but 
whether and how the use of nanoelectrodes affects the effi-
ciency of gas-formation reactions are still open questions. 

Experiments with nanoelectrodes showed that single nano-
bubbles are formed on individual disks as large as 90 nm.1, 23-

34  In principle many bubbles might nucleate on one nanoe-
lectrode but, due to coalescence and Ostwald ripening, the 
system evolves towards a stationary state with single bubbles 
covering individual nanoelectrodes.22 Bubble nucleation is 
associated with a sharp drop of the current to a residual value 
ir above a threshold potential.23-24 The nanobubble attains a 
stationary state through compensation between the diffusive 
outflux of gas at the bubble-solution interface and its electro-
chemical production on the three-phase electrode-bubble-
solution line.23, 29, 35-36 Experiments report that the residual 
current in the stationary regime does not depend on the ap-
plied voltage.23-28 On this basis, it has been previously as-
sumed that the size and shape of the stationary nanobubbles 
are invariant with applied potential.29, 35 We recently repro-
duced the experimental currents, stages, and critical nucleus 
size in the formation of nanobubbles using molecular simula-
tions combined with a simple scheme to model the electro-
chemical gas generation.36 Our study revealed that the size of 
the stationary nanobubble and its contact angle changed with 
the reaction driving force, despite invariability of the residual 
current. This unexpected finding unveiled the existence of a 
myriad of stationary states with different sizes, shapes, and 
internal pressures, associated with the same current.36 

The residual currents ir are not just independent of the po-
tential, but also appear to be quite insensitive to nanoelec-
trode diameter in the 5 to 500 nm range investigated through 
experiments.23-25, 35 These results are counterintuitive, as it 
may be expected that the current be proportional to the cir-
cumference of the electrode, i.e. the length of the three-phase 
line where the reaction occurs. Elucidating the origin of the 
insensitivity of the residual current to the potential and estab-
lishing its relationship to the size of the nanoelectrode, are 
the goals of this study. 

We perform molecular dynamics simulations using a modi-
fied version of the model of gas evolution on a single nanoe-
lectrode developed in ref. 36 (Illustration 1 and Supp. Info. 
A): a Pt disk electrode is embedded in a crystalline inert wall 

and in contact with water, modeled with the mW model.37 
The nature of the intermolecular interactions and the adopt-
ed parameters are discussed in Supp. Info. A. The chemical 
reaction reversibly converts a water molecule into gas using a 
kinetic Monte-Carlo algorithm that explicitly accounts for 
the applied potential bias DE (see Supp. Info. A). We com-
pute the currents, geometries, diffusion and dissolution rates 
of stationary bubbles on planar disk electrodes of diameter 3, 
5, 7 and 9 nm as a function of the electrode size and applied 
potential, assuming a one-electron reaction, Solvent ® Gas + 
1 e-. In what follows we show that―in agreement with the 
experiments23-26―the simulations predict that the current is 
insensitive to the potential and size of the nanoelectrode. We 
demonstrate that this insensitivity is a consequence of the 
compensation between the decrease in the area of the bubble 
exposed to the solvent and the increase in its Laplace pres-
sure with the size of the bubble. We further establish the 
range of electrode sizes and potentials for which these results 
are valid, and make quantitative predictions on the onset of 
electrode sizes for which deviations from such invariants 
should be observed in experiments. 

 

Illustration 1. Size and shape of electrochemically-generated pinned nano-
bubbles depends on the applied potential. (a) Illustration of the evolution of 
stationary pinned nanobubbles with electrode potential in the leaky and tight 
regimes. (b-f) Representative cross-sectional snapshots from simulations of 
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the stationary bubbles, showing how their size and geometry change for 
potential DE between 100 mV and 250 mV for an electrode of 5 nm diameter. 
Water molecules are represented in blue, gas molecules in red, particles 
belonging to the electrode in white and particles of the inert wall in black. 

Figure 1 shows the simulated voltammetric response for a 7 
nm electrode. Starting from a bare electrode, the current 
initially increases as a function of the potential according to 
the Buttler-Volmer relation. There is not yet a bubble on the 
electrode in this regime, and gas molecules produced at the 
electrode-solution interface diffuse through the solution, 
establishing a gas concentration profile (shown in Figure S2 
of the Supp. Info.). The current increases with a further rise 
of the potential, until the critical gas concentration needed to 
nucleate a bubble at the electrode is reached at DE around 
100 mV. A lower limit of this critical gas concentration can 
be estimated: the molar fraction of gas on the electrode at 75 
mV, just below the potential necessary to nucleate the nano-
bubble is two orders of magnitude higher than the equilibri-
um solubility of gas in the model, 0.04 (Supp. Fig. S1). The 
degree of supersaturation required for bubble nucleation in 
the simulations, as well as the size of the critical nuclei,36 are 
in excellent agreement with those deduced from experi-
ments.26, The spike in the forward sweep current (red curve 
in Figure 1) reflects the fact that the nucleation of the bubble 
is an activated process that requires overpotential. The 
growth of the surface bubble blocks the electrode, dropping 
the current to a small stationary value. The increase in the 
potential leads to growth of the nanobubble (Illustration 1 
and Supp. Fig. S3 for a 5 nm diameter electrode) with a neg-
ligible increase in the residual current (Figures 1 and 2a). 
The evolution of the current upon forward and backward 
scanning of the potential is in agreement with experiments.23-

32 The correspondence between each feature of the voltam-
mograms in experiments23-32 and simulations validates our 
modeling approach, while providing key information on the 
electrochemically-driven formation of bubbles with molecu-
lar resolution unattainable through state of the art experi-
mental measurements. 

 

Figure 1. Voltammogram obtained from molecular simulations of gas evolu-
tion on a 7 nm diameter electrode. Red diamonds and blue points correspond 
to the currents registered in the forward and the backward sweep, respective-
ly. The peak in the forward sweep corresponds to the metastable region 
where the gas is supersaturated at the electrode surface, but the bubble has 
not yet formed. The backward sweep transits through equilibrium states; the 
dissolution of the bubble is gradual on decreasing the applied potential. 
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Figure 2: (a) Stationary state currents as a function of the applied potential, 
on a 5 nm electrode during the backward sweep. (b) Radii of curvature and 
contact angles for nanobubbles in stationary states as a function of the ap-
plied potential. Curvature and contact angles are estimated from the density 
profiles obtained from time-averaged isosurfaces of the gas distribution (den-
sity profiles are shown in Figure S3 of the SI). The plotted values and their 
error bars correspond to block averages and standard deviations computed 
every 5 ns over a total of 40 ns for each potential. 

The drop of the current to a residual value after the nuclea-
tion of the bubble (Figure 1) necessitates that the bubble be 
pinned to the electrode. The source of the pinning is the dif-
ference in wetting properties between the electrode and the 
inert support that surrounds it.36 An electrode more hydro-
phobic than the inert support keeps the bubble in place, 
evolving the contact angle as the bubble grows. Instead, if the 
interactions of the gas with the electrode are the same as 
those with the inert support, the bubble grows with constant 
contact angle, wandering in and out of the electrode, without 
ever reaching a stationary state (Illustration 2 and Movie S1). 
We predict that experiments in which the electrodes and 
support material have similar hydrophobicity will be unable 

to pin the bubble, and will not result in stationary currents 
after bubble formation. 

 

Illustration 2. Snapshots of the simulation of an unpinned nanobubble on a 5 
nm diameter electrode at DE = 200 mV. Parameters for the interaction poten-
tials between water and the support wall are modified to be equal to the 
water-electrode potential (electrode interactions remain unchanged, original 
values are listed in Table S1). 

The evolution of the size and shape of pinned stationary 
nanobubbles as a function of the applied potential cannot yet 
be obtained from experiments. We characterize the shape of 
nanobubbles through their contact angle q with the electrode 
(measured from inside the bubble) and their radius of curva-
ture R (Figure S3 of the SI). Figure 2 displays the evolution 
of the current and of these two geometrical parameters with 
respect to the potential for a stationary bubble on a 5 nm 
diameter electrode. The average contact angle displays a 
smooth transition between the value expected for the hydro-
phobic electrode to a higher one that arises from increasing 
exposure of the nanobubble to the boundary of the electrode 
with the hydrophilic surrounding substrate. The radius of 
curvature of the bubble displays a non-monotonic depend-
ence with the voltage (Figure 2b). When the bubble is small-
er than the electrode, R decreases and q increases with DE. 
Under these conditions, only a fraction of the gas produced is 
injected into the bubble; the rest leaks directly into the solu-
tion. We call this the leaky regime (left panel of Illustration 
1a). A different trend is observed in Figure 2 at higher poten-
tials: the drop in the radius of curvature ceases and even re-
verts as the base of the bubble expands to cover the elec-
trode. Although the base of the bubble seems to completely 
block the electrode in this regime, fluctuations in shape and 
density near the three-phase electrode-bubble-solution line 
enable reactant contact with the electrode.36 All gas mole-
cules produced at the three-phase line in this regime enter 
the bubble, from where they eventually reach the solution by 
diffusing out through the gas-liquid interface. We call this the 
tight regime (right panel of Illustration 1a). The growth of 
the bubble in the leaky regime resembles that of an emerging 
spherical cap with a decreasing radius of curvature, whereas 
in the tight regime the bubble fully covers the surface of the 
electrode and slightly increases its radius of curvature. Thus, 
the voltage that minimizes the radius of curvature in Figure 
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 6 

2b coincides with the transition between the leaky and tight 
regimes. Below we demonstrate that in the tight regime the 
stationary current is insensitive to the potential and size of 
the electrode. 

Every gas molecule generated at the electrode in the tight 
regime is incorporated to the bubble. Hence, the amount of 
gas produced, and therefore the current, must be equal to the 
gas outflux through the bubble surface.  The invariance in the 
current with the potential and size in the tight regime (Fig. 
3a) requires that nanobubbles of different sizes and shapes 
have the same diffusive gas outflux. Integration of the diffu-
sion equation for the spherical cap geometry, as previously 
done by Lohse and coworkers,38 yields an expression for the 
flux of gas through the gas-liquid interface of the bubble. In 
the quasistatic limit, this quantity turns out to be 

𝒅𝑾
𝒅𝒕
= −𝝅𝑫𝑹(𝑪𝑹 − 𝑪+)𝒇(𝜽),  (1) 

where W is the mass of gas in the bubble, t the time, D the 
diffusion coefficient for the gas in solution, CR and C∞ the 
concentrations of gas in solution at the bubble surface and in 
the bulk, respectively, and f(q) a geometrical factor deter-
mined by the contact angle and shown in Figure S5 of the SI. 
The function f(q) contains the only dependence of the sta-
tionary current of the tight regime on the electrochemical 
potential. As f(q) is a slowly increasing function of the con-
tact angle of the bubble, the small stationary current seems to 
be independent of the driving force. 

To understand the origin of the puzzling insensitivity of the 
stationary current to the size of the electrode, we explicitly 
consider the R dependence of the terms in eq. 1. We assume 
that the concentration CR at the surface of the bubble is con-
trolled by Henry’s Law, CR = KH P, where the total pressure P 
of gas in the bubble is the sum of the external pressure, Pext, 
and the Laplace pressure, PLaplace = 2s/R, with s  the surface 
tension of the bubble-solution interface. We use the Young-
Laplace equation for the estimation of the internal pressure 
of the nanobubble, as this relation has been proven to hold 
down to the nanometer scale.39 For diameters below a few 
tens of nanometers, a typical external gas pressure of 1 bar 
would be much smaller than the Laplace pressure predicted 
by the Young-Laplace equation (Pext << PLaplace), and Pext can 
be safely neglected. Assuming that the gas concentration in 
the bulk, C∞, is negligible compared to its concentration at 
the interface, CR, the total mass diffusive outflux becomes 

𝒅𝑾
𝒅𝒕
= −𝟐𝝅𝑫𝝈𝑲𝑯𝒇(𝜽)  (2) 

and, the flux dW/dt becomes independent of the radius R of 
the nanobubble.  This invariance of the flux with R is a con-
sequence of two opposing effects that arise from bubble min-
iaturization: the rise in the Laplace pressure due to curvature, 

and the decrease of the exposed bubble area. The reduction 
in area has a detrimental effect on the gas outflow, while the 
higher curvature increases the internal pressure and raises the 
escape of gas molecules per unit area. These two effects can-
cel out almost exactly to keep the current invariant with re-
spect to nanobubble size. 

We note that equation 1 reproduces equations 6 and 7 of ref. 
38. Here this expression has been adapted to the case in 
which the influx of gas arises from the electrochemical reac-
tion. In the present conditions we neglect C∞ to arrive to 
equation 2. Instead, in ref. 38 the interest is on the effect of 
concentration of gas in the solution on the stability and dy-
namics of pinned surface nanobubbles, and C∞ is precisely 
responsible for the gas influx. In particular, Zhang, Lohse, 
and co-authors, have characterized nanobubbles in an over-
saturated liquid phase.40-42 At variance with those studies, in 
our simulations the liquid is in contact with a very low pres-
sure gas phase, and a gradient is established that makes equa-
tion 2 effectively independent of C∞. This is not the case in 
the models of refs. 40, 41 and 42, where nanobubble stabili-
zation is determined by the oversaturation of the liquid. 

Larger sizes of nanoelectrodes can support larger stationary 
bubbles, for which the assumption of Pext < < PLaplace is not 
valid. Removing this assumption, we predict a slow increase 
in stationary current for larger electrodes (Figure 3a). The 
contribution of the external pressure to the total P can be 
neglected with less than 1% error in the current for elec-
trodes with diameter below ~30 nm. Only when the diameter 
of the electrode reaches ~2 µm, the stationary current is 
twice the current of a 3 nm diameter nanoelectrode, which 
has an area half a million times smaller. We conclude that the 
use of large arrays of small nanoelectrodes provides a com-
petitive advantage over larger single electrodes of same total 
area for attaining high overall rates of electrochemical reac-
tions that produce low solubility gases. 

Equation 2 demands that nanoelectrodes of different size 
yield similar residual currents, provided that they have single 
nanobubbles with comparable contact angles. The molecular 
simulations validate this prediction: the steady state residual 
currents for electrodes with diameters 3 to 9 nm at a poten-
tial DE = 200 mV is insensitive to the length of the three-
phase contact (Figure 3b). The slightly lower ir, for the 3 nm 
electrode is consistent with the smaller contact angle of the 
bubble it supports (Figure 3c and Supp. Fig. S5). The cur-
rents in Figure 3b follow the same trend as the contact angles 
in Figure 3c, as expected from equation 2. Figure 3c shows 
that stationary nanobubbles on different size electrodes at 
the same electrochemical potential have different geometries. 
The dependence of the contact angle with diameter cannot 
be easily anticipated for nanoscale bubbles. Bigger electrodes 
produce bubbles with less curvature; as a consequence the 
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 7 

internal pressure decreases, leading to decreasing densities 
that alter the surface energies at the corresponding interfaces. 
Thus, the shape of the nanobubble would be a very complex 
function involving five surface tensions: electrode-gas, elec-
trode-solution, support-gas, support-solution and gas-
solution. However, the larger the electrode, the slower the 
variation of the contact angle q, contributing to the inde-
pendence of the current to electrode size.   

   

Figure 3. Effect of the diameter of the electrode on the stationary current and 
shape of the bubble. a) Residual currents as a function of electrode diameter 
predicted by the analytical model of eq. 1 (blue line) and its approximation in 
eq. 2 (red line), computed assuming a one-electron reaction, contact angle of 
90o, Pext = 1 atm, and adopting for KH, D and s the values for the models of 
water and gas.44 (b) Residual current for the simulated 3, 5, 7 and 9 nm 
electrodes held at 200 mV. (c) Radii of curvature and contact angles for the 
simulated nanobubbles in stationary state for different electrode sizes. Dis-
crepancies arise from variations in the surface energy that are, in turn, de-
pendent on the mass density of the bubble and on the position of the three-
phase line with respect to the electrode boundaries. 

Equation 2 for the outflux of gas from the bubble should be 
valid beyond the steady state, regardless of the applied poten-
tial and whether there is electrochemical generation of gas. In 
particular, eq 2 should hold for the dissolution of nanobub-
bles in the absence of any applied potential. Hence, we test its 
predictive power through simulations of dissolution of nano-
bubbles of different sizes in the absence of a potential bias, 
recording the number N of particles in the nanobubble as a 
function of time. The diffusive particle outflux dN/dt is ob-
tained from the simulations, averaging over 20 ns windows 
along the shrinking process. Dissolution simulations were 
carried out on three different electrodes of 3, 5, and 7 nm 
diameter (details provided in Supp. Info. D). The results, 
depicted in Figure 4a, confirm the independence of particle 
outflux with respect to size predicted by eq. 2: the slope of 
the curves is constant throughout the dynamics despite the 
fact that the bubble is shrinking, and the three electrodes 
exhibit the same slope.  

Figure 4b compares: (i) the currents computed from the 
simulation of stationary states with applied potential, (ii) the 
outflux obtained from dissolution simulations without any 
potential, and (iii) the currents predicted by eq. 2 adopting 
for KH, D and s the values corresponding to the models of 
water and gas of the present study (see refs. 37, 43 and Supp. 
Info. B). Noticeably, Figure 4b confirms that the dissolution 
rate dN/dt is reliably predicted by eq. 2. However, the steady-
state current under a low applied potential –the signature of 
the leaky regime- is larger than the one predicted by eq. 2, 
because a fraction of the produced gas leaks directly into the 
solution without going through the bubble. This leaked mass 
is not taken into account when assuming that the current is 
identical to the diffusive outflux, an approximation that is 
valid only for the tight regime. Figure 4 shows that at the 
higher potentials, when the contact angle is high and all gas 
generated by the electrochemical reaction enters the nano-
bubble, the steady-state currents match those predicted by 
the analytical model. 
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Figure 4. The analytical model quantitatively predicts the dissolution rates of 
bubbles and the stationary currents in the tight regime measured in the simu-
lations. (a) Size of the nanobubble as a function of time during molecular 
simulations for the dissolution of nanobubbles in the absence of an applied 
potential (See Supp. Info. D). Blue, grey, and red curves correspond to simu-
lations from electrodes of 3, 5, and 7 nm diameter respectively. Initial config-
urations were held at 200 mV. The numbers next to the curves indicate the 
slope obtained from block averages using 5 ns spans. (b) The red line shows 
the stationary currents on 5 nm electrodes covered by a nanobubble in the 
tight regime, as predicted by eq. 2. Blue circles show the residual currents 
obtained from stationary state molecular simulations. Numbers next to the 
data-points indicate the applied potential of each simulation in mV. Red 
crosses show the currents that correspond to the dissolution fluxes measured 
as the average number of moles of gas lost per unit time multiplied by Fara-
day’s constant through dissolution simulations. The theoretical predictions 
assume gas solubility, s = 6.9 × 10-4 M, liquid-gas surface tension σ = 57 
mJ/m2 and diffusion coefficient D = 4.8 × 10-5 cm2s-1 computed from simula-
tions of mW water and gas model in refs.  37, 43 (see Supp. Info. B). 

Maximization of the rates of gas-producing electrochemical 
reactions demands strategies to manage the catastrophic col-
lapse of the current to small stationary values upon bubble 
nucleation. This study provides critical insights to optimize 
the design and operation conditions of electrochemical de-
vices at a nanoscale level. As the reaction in the presence of a 
pinned bubble can only proceed at the perimeter of the elec-
trode,35-36 it may be expected that the miniaturization of elec-
trocatalysts to the nanoscale would amplify the detrimental 
effect of bubble formation on reaction rates. At odds with 
that expectation, this study demonstrates that bubble-
covered electrodes of diameter as small as 3 nm to as large as 
~1 µm have stationary currents that are identical within the 1 
nA uncertainty35 of the experiments. Using an analytical 
model validated by simulations that combine kinetic Monte 
Carlo to model the potential dependence of the electrochem-
ical reaction and molecular dynamics, we elucidate that the 
independence of the stationary current to the size of the elec-
trode originates from the compensation of the growth in the 
area of the bubble and the decrease in its Laplace pressure 
with increasing electrode size. We demonstrate that this 
compensation is also at the heart of the impossibility to in-
crease the stationary current by increasing the electrochemi-
cal potential. All together these results point to key ad-
vantages of using arrays of small nanoelectrodes, instead of a 
larger electrode of the same total area, to derive maximum 
current and conversion rate in gas-evolving reactions. 
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