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ABSTRACT: Here we report a fundamental study of the H2
bubble formation mechanism on a model hydrogen-insertion
material, Pd. We demonstrated that the current required for
H2 bubble formation at Pd electrodes was over 10 times
higher than that at nonhydrogen-insertion metal electrodes
(Au and Pt). Using a newly developed nanoelectrode
platform, we measured the critical condition for H2 bubble
formation on different electrode materials. We discovered, for
the first time, that the bubble formation on Pd required nearly
the same supersaturation of dissolved H2 on the electrode surface as Au and Pt. The suppressed bubble generation on Pd
relative to Au and Pt is caused merely by the hydrogen insertion into bulk Pd rather than the different surface energies of
electrode materials. Our study provides new insights into the nanoscale H2 bubble generation mechanism on hydrogen-insertion
materials.

■ INTRODUCTION
Electrolytic gas evolution is a significant phenomenon in many
electrochemical processes and devices.1,2 These include water
splitting,3 chlor-alkali process,4 lead acid batteries,5 Ni-metal
hydride batteries,6,7 metal electrowinning,8 the Hall process for
aluminum production,9 chlorate production,10 and so forth.
Gas evolution process may substantially affect the ohmic
resistance of the electrolyte as well as the heat and mass
transfer in these electrochemical systems. To improve the
efficiency of these systems, it is essential to understand the
electrolytic gas evolution process. Gas evolution is a dynamic
phenomenon that is closely related with the potential,
electrode material, and electrolyte solution. The dynamics of
gas bubbles on electrode surfaces has been widely studied
using a variety of technologies including high-speed photog-
raphy,11−13 in situ transmission electron microscopy,14,15

atomic force microscopy,16,17 and so forth. Recently, single-
molecule fluorescence microscopy18,19 and dark field micros-
copy20 have also been used for studying the dynamics of
nanosized bubbles associated with single-nanoparticle catalytic
activity. Despite the above progress, the accurate measurement
of the nucleation condition for bubbles is still challenging.
Most recently, an electrochemical method developed by the
White group and us overcomes this challenge.21−25 This
method employs nanoelectrodes (NEs) that have comparable
sizes to gas bubble nuclei for detecting gas bubble nucleation.
Using this method, the critical condition for H2 gas bubble
formation at Pt NEs has been measured to be ∼300-fold
supersaturation of dissolved H2 and the critical nucleus size to
be 4.4 to 5.3 nm.25 More interestingly, we recently discovered
that H2 gas bubble formation at Au and Pt NEs required a very
similar supersaturation of dissolved H2 even though they
exhibit significantly different activities for the hydrogen

evolution reaction (HER).26 Here, we extend our study to
another common HER electrocatalytic material, Pd, where the
hydrogen insertion takes place during the HER. We discovered
that the H2 bubble formation at Pd NEs required more than 10
times higher current density than that at the Pt and Au NEs.
The suppression of bubble generation on Pd is merely caused
by the hydrogen insertion into the Pd bulk.

■ EXPERIMENTAL SECTION

Chemicals and Materials. Perchloric acid (HClO4, 70%),
sulfuric acid (H2SO4, 95−98%), sodium perchlorate (NaClO4,
98%), potassium chloride (KCl, 99%), anhydrous copper(II)
sulfate (CuSO4, 99%), potassium tetrachloropalladate(II)
(K2PdCl4, 99.99%), hexaammineruthenium(III) chloride (Ru-
(NH3)6Cl3, 98%), and calcium chloride (CaCl2, 99%) were all
purchased from Sigma-Aldrich. The glass capillary (o.d./
i.d.,1.65/1.10 mm, soft temperature, 785 °C) was received
from Dagan Corporation. Platinum (Pt, 25 and 50 μm
diameter, 99.95%), gold (Au, 25 and 50 μm diameter, 99.95%),
and palladium (Pd, 50 μm diameter, 99.9%) wires were
purchased from Alfa Aesar. Silver conductive epoxy was
purchased from MG Chemicals. All aqueous solutions were
prepared from deionized (DI) water (PURELAB, 18.2 MΩ/
cm, TOC < 3 ppb).

Electrochemical Measurements. All electrochemical
experiments were completed using a CHI 760E potentiostat
and inside a well-grounded Faraday cage. For electrochemistry
at NEs, an Ag/AgCl electrode in saturated KCl was used as the
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counter/reference electrode. To avoid the undesired Pd
electrooxidation, the potential of Pd NEs during the electro-
chemical measurement was kept between 0 and −1.2 V versus
Ag/AgCl. For the bubble formation at wire electrodes, a 50 μm
diameter Pd, Pt, or Au wire was used as the working electrode
and a 1 mm diameter Pt wire as the counter. The working
electrodes were immersed 1.0 cm into 1.0 M HClO4 solution,
and the chronopotentiometric measurements were carried out
by applying a constant current from 10−5 to 10−2 A, 10 s for
each current level.
Fabrication of Pt, Au, and Pd NEs. Pt, Au, and Pd NEs

were fabricated based on a method previously reported with
necessary modifications.27 The procedures are depicted in
Figure S1. Briefly, the end of a 25 μm diameter Pt or Au wire
or 50 μm diameter Pd wire was attached to a tungsten rod
using silver conductive epoxy. The tips were electrochemically
sharpened in 15 wt % CaCl2 solution using different waveforms
(sinusoidal wave with 100 Hz frequency and Vapp = 4.0 V for
Pt; sinusoidal wave with 100 Hz frequency and Vapp = 4.8 V for
Au; and pulse wave with 100 Hz frequency and Vapp = 2.5 V,
Voffset = 1.25 V for Pd, respectively). After etching, the Pt and
Au tips were cleaned by rinsing in DI water. The Pd tips were
sequentially dipped into a dilute HCl solution, a KCl solution,
and DI water to remove the PdCl2 layer formed during the
etching. Scanning electron microscopy (SEM) images for the
resulting sharpened tips are shown in Figure S2. The radii of
curvature are ∼25 nm. During the thermal sealing of the Pd
nanotip inside a glass capillary, an Ar flow was applied to
prevent the thermal oxidation of Pd, whereas for Pt or Au, the
thermal sealing was completed directly in the air. Finally, the
glass capillary containing a nanotip was polished on a silicon
carbide sandpaper (400/4000 grit, Buehler) until a nanodisk
was exposed, as monitored by an electronic feedback circuit.
The electrode radius, r, was electrochemically determined by
measuring the diffusion-limited current for proton reduction in
0.10 M HClO4.
Fabrication of Au@Pd NEs. Preparation of an Au@Pd NE

was carried out by underpotential deposition of a monolayer of
Cu onto an Au NE at 0.12 V versus Ag/AgCl in a solution of
0.1 M H2SO4 containing 5.0 mM CuSO4.

28,29 Following the
successful deposition of Cu, 0.1 mL of 0.2 mg/mL K2PdCl4
was added to the solution for the galvanic exchange with Cu.
This process was completed in 1 min as indicated by a shift of
open-circuit potential of the NE to a potential plateau.

■ RESULTS AND DISCUSSION
H2 Bubble Formation on Wire Electrodes. Figure 1a−c

shows the photographs of 50 μm diameter and 1 cm long Pd,
Pt, and Au wire electrodes that were immersed in 1.0 M
HClO4 at various applied currents. Au and Pt were employed
as the negative controls because they are known to absorb
hydrogen barely.30−32 In this experiment, the current was
stepped from 10−5 to 10−2 A with a step size of 10-fold increase
and a duration time of 10 s at each current level (the
corresponding videos are provided in the Supporting
Information Video S1). For Pd, H2 gas bubbles began to
appear on the wire immediately after a current of 10−2 A was
applied. Meanwhile, the twist motion of the Pd wire was
observed (see Video S2). The current-triggered physical
motion is caused by the structural swelling of the Pd wire
due to the absorption and interstitial introduction of hydrogen
atoms into the Pd lattice.33,34 We further investigated the
condition for H2 bubble formation on the Pd wire by

estimating the degree of hydrogen insertion. At E < −0.2 V
versus Ag/AgCl and room temperature, the thermodynami-
cally stable phase of palladium hydride is the β-phase with the
H/Pd ratio of ∼0.75.35 Accordingly, the H-absorption capacity
for the Pd wire is ∼1.6 μmol H atoms or 0.16 C. This value is
more than the total charge supplied during the entire current
step experiment (∼0.11 C), suggesting that the H2 bubbles
start forming before the hydrogen insertion is complete.
Similar experiments were carried out using Pt and Au wire
electrodes with the identical dimensions. For both electrodes,
H2 gas bubble formation was found at 10−4 A and no apparent
physical motion was observed.
The potential−time (E−t) traces were recorded throughout

the current step experiments as shown in Figure 1d. For all
three wire electrodes, the electrode potential stayed relatively
constant at applied currents >10−4 A. The negative drift of E
for Pt at 10−5 A is due to the concentration polarization from
the oxygen reduction reaction. The potential magnitude in the
E−t traces for Pd, Pt, and Au is consistent with their relative
HER activities.36

The above result clearly demonstrates that the Pd wire
electrode requires over 10 times higher current than Pt and Au
electrodes to form H2 bubbles. There are several possible
reasons that account for the required higher current. The most
likely one is the hydrogen insertion into Pd electrodes. Because
electrogenerated hydrogen is partially consumed by the
insertion into Pd, the concentration of dissolved H2 near a
Pd electrode is thus lower than that near a Pt or Au electrode
at the same applied current. Therefore, a higher current might
be required to nucleate bubbles at Pd electrodes. Alternatively,
it is also possible that the observed bubble-forming behaviors
are caused by the inherently different surface energies of Pd,
Pt, and Au. According to the classical heterogeneous
nucleation theory, the rate of gas bubble nucleation on a
surface is a function of the free energies of the gas/metal and
liquid/metal interfaces.25,37

Single H2 Nanobubble Formation at Pd NEs. To clearly
disentangle the two possible mechanisms described above, we

Figure 1. Photographs of the hydrogen bubble formation at 50 μm
diameter and 1.0 cm long (a) Pd, (b) Pt, and (c) Au wire electrodes
immersed in 1.0 M HClO4 at the current levels as labeled. H2 gas
bubbles started forming at 10−2 A for the Pd electrode, whereas for Pt
and Au electrodes, H2 gas bubbles started forming at 10−4 A. The
experiments were carried out by sequentially stepping the current
from 10−5 to 10−2 A every 10 s. The corresponding potential−time
(E−t) traces are shown in (d) and the videos are provided in the
supporting information Video S1.
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directly measure the critical concentration of dissolved H2
required for bubble formation (Ccritical) at Pd, Pt, and Au
electrodes by conducting a single nanobubble study. If Pd, Pt,
and Au electrodes have the same Ccritical, the first mechanism is
correct. Otherwise, the second mechanism should also be
playing an important role.
The single nanobubble study was carried out by fabricating

Pd, Pt, and Au NEs using a modified method that has been
previously reported (see Supporting Information and Figures
S1 and S2).27,38 After being fabricated, the NEs have been
characterized by SEM (Figure S3). The apparent radii were
estimated from the steady-state voltammograms for proton
reduction in 0.1 M HClO4 solution with 0.2 M NaClO4
(Figure S4). In addition, the voltammograms of NEs in a 0.1
M NaCl solution containing 25 mM Ru(NH3)6

3+ show no
indication of redox peaks at a high scan rate of 4 V/s (Figure
S5), suggesting that the NEs were well sealed and had no
significant solution leakage after preparation.39,40

Figure 2 shows the typical voltammograms for the prepared
Pd, Pt, and Au NEs with similar sizes (radii of ∼20 nm) in N2-

purged 1.0 M HClO4. For all three NEs, we observed the peak-
shaped voltammetric response in the forward scans, which is
the characteristic feature for the nucleation and formation of a
single gas nanobubble at an NE (Figure 2a−c). The gas
nanobubble nucleates at the peak current (inb) where Ccritical is
reached. The subsequent formation of a gas nanobubble
physically blocks the NE surface leading to a ∼90% drop in
current. Consistent with the previous finding for bubble
nucleation at Pt NE,21 inb at Pd and Au NEs changes less than
15% with a 10-fold change in the scan rate (Figure 2d−f). It
indicates that the diffusion of H+ and electrogenerated H2 at
the NEs is at steady state when a bubble nucleates and forms.

Also, note that although the Pt NE in Figure 2 shows a more
significant variation of the bubble formation potential at
various scan rates than the Pd and Au counterparts, we found
that such a variation was not constant after testing multiple Pt
NEs.
At steady state, Ccritical for nonhydrogen-insertion materials,

such as Pt and Au, can be directly estimated from the ratio of
inb/r by

24

C
i

nFD r4critical
nb

H2

=
(1)

where DH2
is the diffusivity of H2 in water (4.5 × 10−5 cm2/s),

n is the number of electron transfer per H2 (n = 2), F is the
Faraday’s constant, and r is the apparent electrode radius. In
Figure 3, Au and Pt NEs show similar values of inb/r: 1.1 and

0.9 A/m, respectively. Their Ccritical values were then calculated
to be 0.32 and 0.26 M, respectively, which are about 300- to
400-fold supersaturation of dissolved H2 in water at ambient
conditions (0.78 mM). For Pd NEs, however, eq 1 is no longer
valid because it assumes that all of the electrogenerated
hydrogen diffuses into the aqueous solution.

Single H2 Nanobubble Formation at Au@Pd NEs. To
figure out Ccritical for Pd NEs, we performed a control
experiment using an Au NE modified by a monolayer of Pd
(Au@Pd NE). Our argument is that the Pd monolayer is
sufficiently thin that the hydrogen insertion is readily
completed prior to the H2 bubble formation during the
potential scan. In other words, the hydrogen-insertion flux is
negligible for the Au@Pd NE at inb. Meanwhile, the Pd
monolayer mostly retains the surface properties of pure Pd.
Taken together, we can estimate the Ccritical for Pd NEs from
the inb for the Au@Pd NE using eq 1.
Preparation of an Au@Pd NE was performed by under-

potentially depositing a monolayer of Cu onto an Au NE
(Au@Cu NE) at 0.12 V versus Ag/AgCl for 20 s in a solution
of 0.1 M H2SO4 containing 5.0 mM CuSO4 (Figure 4a).28,29

Following the successful deposition of Cu, 0.1 mL of 0.2 mg/
mL K2PdCl4 was added to the solution for the galvanic
exchange with Cu. This process was completed in 1 min as
indicated by the open-circuit potential reaching a plateau. The
resulting Au@Pd NE has the same radius as the initial Au NE,
suggesting no three-dimensional deposition of Cu (Figure S6).
However, we would like to point out that the Cu stripping
voltammogram of the 34 nm radius Au@Cu NE in Figure 4b
shows a total charge of ∼11 pC, which is equivalent to ∼500
layers of Cu atoms being deposited at the Au NE. A similar
result has been previously reported by Mirkin and co-workers
when they underpotentially deposited Cu on Pt NEs.40 They

Figure 2. Cyclic voltammograms of (a) 18 nm radius Pd, (b) 20 nm
radius Pt, and (c) 19 nm radius Au NEs in N2-purged 1.0 M HClO4
for three potential cycles within the range as labeled vs Ag/AgCl at a
scan rate of 100.0 mV/s. (d−f) Cyclic voltammograms of the same
electrodes at scan rates of 50, 100, 200, and 500 mV/s.

Figure 3. Peak current (inb) of the cyclic voltammograms for Pd, Pt,
and Au NEs in N2-purged 1.0 M HClO4 vs NE radii (r). Error bars
are from at least three independent measurements using the same
electrode. The dashed lines are the best linear fits of the data.
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attributed it to the additional electrodeposition of Cu along the
Pt/glass boundary of the NE (in our case, the Au/glass
boundary). Even with the excess deposition of Pd, the amount
of Pd in the Au@Pd NE is still incomparably smaller (∼5 ×
10−17 mol) than the amount of H2 (∼2 × 10−13 mol)
electrogenerated in our cyclic voltammetry experiment.
Therefore, the additional Pd in the Au@Pd NE will not alter
the conclusion of this control experiment. In addition, to test
the presence of a Pd monolayer at the Au NE, we attempted
the SEM/energy-dispersive X-ray spectrometry (EDXS)
analysis of Au@Pd NEs. However, it turned out to be very
difficult to image NEs with radii < 50 nm because of the severe
charge accumulation on the surrounding glass surface from
electron exposure. As a result, we used a 1 μm radius Au
ultramicroelectrode as an alternative. The SEM images and
EDXS results show the presence of <5 weight % Pd on the
Au@Pd ultramicroelectrode. Because the signal of Pd is weak,
no definitive conclusion of the Pd layer thickness can be
drawn. In any events, the SEM/EDXS study suggests that only
a small amount of Pd is deposited onto the Au NE using Cu
underpotential deposition followed by galvanic exchange.
Figure 4c,d shows the typical voltammetric response of an

Au NE and the prepared Au@Pd NE in an acid solution with
different potential windows. The pair of peaks at −0.1 and 0 V
in Figure 4c corresponds to H adsorption and desorption at
the Au@Pd NE in the potential range positive of the onset of
bulk H2 evolution. At more negative potentials, we found the
characteristic peak-shaped responses associated with the H2
bubble formation at both NEs (Figure 4d). The positive shift
of the HER onset potential for the Au@Pd NE relative to the
Au NE further confirms the successful deposition of Pd.
Although the Au@Pd NE shows an HER onset potential
(∼−0.4 V) similar to that of the Pd NE in Figure 1, their
bubble formation potentials are significantly different: −0.75 V
versus −1.0 V. Most interestingly, inb is virtually identical for
the Au@Pd and Au NEs. According to eq 1, the same inb
indicates that the Au@Pd and Au NEs have the same Ccritical
for H2 bubble formation. Taken together, we conclude that the
first mechanism discussed earlier is the correct mechanism for

bubble formation on Pd. That is, the larger current required for
H2 bubble formation by Pd electrodes relative to Pt and Au
electrodes is caused merely by the hydrogen insertion rather
than the different surface energies of electrode materials.

Hydrogen Insertion at Pd NEs. After identifying the
origin of the high inb for Pd electrodes, we continue to study
the hydrogen insertion at Pd NEs. Assuming the pure
diffusion-controlled mechanism, the flux of hydrogen insertion
into a Pd NE (JH) is governed by

J D CH H H= − ∇ (2)

where DH and CH are the hydrogen diffusion constant and
hydrogen concentration in Pd, respectively. At i = inb, CH at the
NE surface is 75 M, which is approximately the equivalent
concentration of H in the β-phase palladium hydride
(CH,PdH).

41 JH can be calculated from the cathodic current by

J
F

i i

A
1 d( )

dH
nb nb,sol=

−
(3)

where inb,sol is the portion of the total current inb corresponding
to the diffusional flux of H2 into the solution and A is the NE
area. Because Pd and Au NEs have the same Ccritical, inb,sol for a
Pd NE is equal to inb for an Au NE having the same size. On
the basis of eqs 2 and 3, we built a finite element model for H
diffusion into a Pd NE and estimated DH to be 2.4 × 10−6

cm2/s (see Supporting Information and Figure S8 for
simulation details, and the simulated hydrogen distributions
in the solution and inside the Pd NE are provided in Figure
S9). The value of DH reported here is a few times larger than
the ones obtained from macroscale measurements (2 to 4 ×
10−7 cm2/s).41−43 The reason for such a discrepancy is
currently unclear and it might be the result of nanosize effect.
On the basis of the single nanobubble study, we now set out

to quantitatively interpret the phenomenon of suppressed
bubble formation on the Pd wire electrode in Figure 1. As
concluded above, the bubble formation on Pd, Au, and Pt
electrodes requires nearly the same local supersaturation of
dissolved H2 on the surface, and the higher bubble formation
current, inb, for Pd relative to Au and Pt arises from the H

Figure 4. (a) Scheme for preparing an Au NE modified by a monolayer of Pd (Au@Pd NE) via Cu underpotential deposition followed by the
galvanic exchange with K2PdCl4. (b) Stripping voltammogram for an Au@Cu NE. Cu was underpotentially deposited by holding the potential of a
34 nm radius Au NE at 0.12 V vs Ag/AgCl for 20 s in 0.10 M H2SO4 containing 5 mM CuSO4. The potential was then swiped from 0.12 to 0.5 V to
oxidize the electrodeposited Cu at a scan rate of 1.0 V/s. (c) Cyclic voltammograms of an Au NE and the resulting Au@Pd NE in 0.10 M H2SO4 at
a scan rate of 100 mV/s. The Au@Pd and Au NEs have the same electrode radius of 34 nm. (d) Cyclic voltammograms of Au and Au@Pd NEs in
1.0 M HClO4 at a scan rate of 100 mV/s.
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insertion. Thus, the ratio between the bubble formation
currents on Pd and Au wires (iPd/iAu) can be simply given by

i
i

i i

i
Pd

Au

diff,sol insert

diff,sol
=

+

(4)

where idiff,sol and iinsert are the currents corresponding to the
diffusional flux of H2 into the solution and the flux of H
insertion into Pd during bubble formation, respectively. As
shown in Figure 1 and Video S1, the bubbles initially formed at
a few active surface sites. These sites can be regarded as
individual disk nano or microelectrodes with apparent radii of
r. Accordingly, idiff,sol and iinsert are approximated by the
following equations.44

i nFD rC4diff,sol H critical2
= (5)

i FD rC4insert H H,PdH= (6)

Combining 4 and substituting the simulated DH of 2.4 ×
10−6 cm2/s yield the ratio of iPd/iAu of ∼8, smaller than the
experimental value of >10. Given the rough approximations
used in this calculation, the calculated value of iPd/iAu is in
reasonably good agreement with the experimental observation.

■ CONCLUSIONS
In conclusion, we have presented a fundamental study of the
H2 bubble formation on a model hydrogen-insertion material,
Pd. We demonstrated Pd electrodes required a much larger
current (>10 times) to form H2 bubbles than nonhydrogen-
insertion electrodes such as Pt and Au. On the basis of the
results from the single nanobubble experiments, we conclude
that the suppressed H2 bubble generation at Pd electrodes is
caused merely by the hydrogen insertion rather than the
different surface energies of electrode materials. In fact, we
found, for the first time, that H2 bubbles nucleated at Pd
electrodes under the similar critical condition as that at Au and
Pt electrodes: 300- to 400-fold supersaturation of dissolved H2
on the electrode surface. Furthermore, we used these findings
to understand the bubble formation behaviors on wire
electrodes quantitatively and have achieved reasonably good
agreement with experimental observation. The above findings
are significant for shedding light on the nanoscale bubble
formation process on hydrogen-insertion materials.
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