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ABSTRACT: We report the correlation between H, gas bubble formation
potential and hydrogen evolution reaction (HER) activity for Au and Pt
nanodisk electrodes (NEs). Microkinetic models were formulated to obtain
the HER kinetic information for individual Au and Pt NEs. We found that
the rate-determining steps for the HER at Au and Pt NEs were the Volmer
step and the Heyrovsky step, respectively. More interestingly, the standard
rate constant (k) of the rate-determining step was found to vary over 2
orders of magnitude for the same type of NEs. The observed variations
indicate the HER activity heterogeneity at the nanoscale. Furthermore, we
discovered a linear relationship between bubble formation potential (Ejpp1.)
and log(k°) with a slope of 125 mV/decade for both Au and Pt NEs. As log
(K°) increases, Epyy. shifts linearly to more positive potentials, meaning
NEs with higher HER activities form H, bubbles at less negative potentials.
Our theoretical model suggests that such linear relationship is caused by the
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similar critical bubble formation condition for Au and Pt NEs with varied sizes. Our results have potential implications for using
gas bubble formation to evaluate the HER activity distribution of nanoparticles in an ensemble.

B INTRODUCTION

Discovery of electrocatalytic nanoparticles (NPs) for water
splitting reactions, the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER), have received increasing
attention.'™® One effective strategy for NP catalysts develop-
ment is to understand the structure—activity relationship and
then use the findings to guide the catalyst design. The most
common approach for correlating the structure and reactivity of
NPs is to devise good synthetic methods for preparing uniform
NPs, characterize the resulting ensemble, and compare the
reactivities of different ensembles as a function of a structural
variation, such as NP size.”” The limitation of this approach
arises from the technical challenges in synthesizing uniform
NPs. Efforts to circumvent this limitation have been made by
shifting to individual NP studies where uniform NPs are not the
prerequisite.'*™"* However, such studies have their own
challenges. One key challenge is the lack of high-throughput
methods for characterizing electrocatalytic activities of individ-
ual NPs. Our proposal to efficiently evaluate the HER and OER
activities of individual NPs is to image the bubble formation
resulting from the gas-evolving reaction at a single NP. This
approach is based on the hypothesis that the potential for gas
bubble formation at a NP will be related to its catalytic activity
for gas generation.

Several methods have been previously developed to detect
and characterize interfacial nanobubbles, such as tapping-mode
atomic force microscopy,ls’16 optical microscopy,”’ ® and
electrochemistry.19_26 To test our hypothesis, we use nano-

-4 ACS Publications  © 2018 American Chemical Society

4554

electrodes (NEs) to represent individual NPs because of their
similar sizes and electrocatalytic activity and to study the
correlation between bubble formation and the HER kinetics.
Specifically, Pt and Au nanodisk electrodes with radii less than
50 nm were prepared and used to perform the HER in 1.0 M
HCIO, (see Experimental Section and Figures S1, S2 for the
NE fabrication method). Pt and Au were chosen to test the
general applicability of our hypothesis because of their
dramatically different HER activities.””” A typical cyclic
voltammogram for a Pt NE is shown in Figure 1. As the
electrode potential is scanned negative of ~—0.2 V vs Ag/AgCl
(the thermodynamic potential for H*/H,),”® the current
increases rapidly until it reaches a peak value at ~—04 V.
The current drop corresponds to the nucleation and formation
of a gas bubble at the NE, which in turn blocks the electrode
surface.””””** The potential where the current drops is denoted
as Epgpe- The standard rate constant of the rate-determining
step for the HER at a NE, k° was obtained by conducting
microkinetic analyses of the current prior to the bubble
formation. Gas bubble formation potential was then correlated
with the HER activities by comparing Ej, . and k°. We found a
linear relationship between Eyy. and log(k°) with a slope of
125 mV/decade confirming that the potential for H, bubble
formation at a NE is related to its HER activity. More
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Figure 1. Cyclic voltammogram for a 34 nm radius Pt NE in N,-
purged 1.0 M HCIO,. The potential was cycled between 0.6 and —0.8
V vs Ag/AgCl at a scan rate of 100.0 mV/s. The current drop at ~—0.4
V (defined as Ey.) corresponds to the nucleation and formation of a
gas bubble at the electrode surface. The standard rate constant of the
rate-determining step, k, is obtained by conducting a microkinetic
analysis of the current prior to the bubble formation.

interestingly, both Pt and Au NEs follow the same trend line
although they have different HER mechanisms and activities
suggesting the relationship is not limited to one metal. After
combining theoretical models and experimental results, we have
elucidated that the linear relationship arises from the similar
critical condition for H, bubble nucleation for Pt and Au. The
findings above have confirmed our hypothesis and imply the
potential use of H, bubble formation for evaluating the HER
activities of individual Pt or Au monometallic NPs and Pt/Au
bimetallic NPs.

B EXPERIMENTAL SECTION

Materials. Perchloric acid (HClO,, 70%), sodium perchlorate
(NaClO,, 98%), calcium chloride (CaCl,, 99%), ferrocene (Fc, 98%),
and tetrabutylammonium hexafluorophosphate (TBAPF,) were all
purchased from Sigma-Aldrich. Glass capillary (o.d./id., 1.65/0.7S
mm, soft temperature, 700 °C) was received from Dagan Corporation.
Platinum (Pt wire, 25 ym diameter, 99.95%) and gold (Au wire, 25 ym
diameter, 99.95%) wires were purchased from Alfa Aesar. All of the
aqueous solutions were prepared from deionized water (Milli-Q, 18.2
MQ cm).

Nanoelectrode Fabrication Method. Pt and Au nanoelectrodes
were fabricated as previously reported.”” The scheme for the
fabrication method is illustrated in Figure S1. The end of a 25 um
Pt or Au wire was sharpened in a 15 wt % CaCl, solution, and the
representative scanning electron microscopy images are presented in
Figure S2. All of the tips are very sharp with radii of curvature of ~25
nm. After thermal sealing, a nanodisk was exposed by mechanical
polishing on fine sandpaper, followed by thorough rinsing with
ultrapure water.

Electrochemistry. All of the experiments were carried out using a
CHI 760E potentiostat. A Ag/AgCl electrode in a saturated KCI
solution was used as the counter/reference electrode during the
measurements with nanoelectrodes. In all of the HCIO, solutions, 0.10
M NaClO, was added as the supporting electrolyte. The apparent
electrochemical radius, r, was determined by the diffusion-limited
current for proton reduction (iy,) in 0.10 M HCIO, solution
containing 0.10 M NaClO,. r was calculated using iy, = 4FDCr. D for
H* in the solution was calibrated to be 7.8 X 10™° cm?/s using the
same method with a 12.5 gm radius Pt ultramicroelectrode. Figure S3
shows the typical voltammograms for Pt and Au NEs with varying radii
in 0.10 M H* solution. The radii estimated using this method are
within 10% difference from the ones determined from ferrocene
oxidation.

Data Fitting with Nonlinear Regression. The data fitting was
carried out using the nlinfit() function in MATLAB R2017b. Prior to
data fitting, the experimentally measured current was postprocessed to
jet (the current density that flows under the kinetic limitation) using eq
7 in the Results and Discussion. The obtained .txt data file consists of

4555

two columns of data. The first column is the electrode potential using
Ag/AgCl as the reference electrode and the second column is j,.. The
MATLAB codes for fitting the data files are provided in the Supporting
Information. In the case of the Volmer step being the rate-determining
step, the currentVolmer.m file defines the current expression and the
FitVolmer.m file contains the nonlinear regression script. Place both
files in the current folder for MATLAB and run the script in the
FitVolmer.m file. In the case of the Heyrovsky step being the rate-
determining step, the currentHeyrovsky.m and the FitHeyrovsky.m
files were used.

B RESULTS AND DISCUSSION

Microkinetic Analyses. To conduct microkinetic analyses,
we first identify the correct HER kinetic models for Au and Pt
NEs. Conventionally, the HER mechanism is considered to
consist of two possible steps: the Volmer step and the

Heyrovsky or Tafel step, as follows.”"~**
Volmer step: Ht+e +M=M-H (1)
Heyrovsky step: H" +e” + M — H= M + H, ()
Tafel step: 2M — H = 2M + H, (3)

where M denotes the surface empty site. Each step can
determine the overall rate, and their corresponding kinetic
current expressions can be expressed as”

i = nFAK ay- exp(—afiy) (4)
K2, _
i = npa I o exp(=aft)
exp(fir) + K'ay+ (s)
2
K+
= FAk[—]
exp(fy) + K ag+ (6)

where i is the current that flows under the kinetic limitation, n
is the number of electrons transferred per formation of a H,
molecule (n = 2), ay is the proton activity (approximately
equal to the proton concentration, Cy), A is the electrode
surface area, a is the transfer coefficient of the rate-determining
step, f is equal to F/RT (F: the Faraday’s constant, R: the
universal gas constant, and T: the absolute temperature), # is
the overpotential, and K° is the equilibrium constant for the
Volmer step. The three rate-determining cases described above
were used to fit experimental data. The correct kinetic models
were identified by finding the best agreement between the
experimental data and the fits.

Prior to the data fitting, the experimentally measured overall
current, i, was converted to i, by subtracting the contribution
of the mass transfer using eq 7 analogous to the Koutecky—
Levich equation in rotating disk electrode voltammetry.”***

11 11 1

let

i i i 4FDH+CH+1’ (7)
where i, is the limiting current controlled solely by mass
transfer of H*, Dy is the diffusion coefficient of H* in solution
(7.8 x 107 cm?/s), and r is the radius of a NE that was
electrochemically measured (see Figure S3). The i,—E curves
of Pt NEs were analyzed with a nonlinear regression method
(see Experimental section for data fitting details). In the
regression analyses, the values of a, K° and k° were varied to
achieve the best fits. After testing all three rate-determining
cases, we found that the good fits were obtained when eq S was

used to fit the voltammograms for Pt NEs (Figure 2a). It means
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:<C, o Experimental Seven Pt NEs
~ |l e Fit
10 I Pt NE Epuppe (V) vs O at
radius (nm)  K° (M) K (m/s) a Ag/AgCl Epubble
0 ; 11 47X 1072 69X 107 037 —0.358 0.96
0.6 Oj_,_f‘ (\(/).)zv(s)'oAg-?ﬁggiLt 06 2 70x 1072 12x 107" 043 —0.345 0.95
30 13 31X 1077 69x107° 032 —0.452 1.00
() ' o 6 30X 107 23X 102 067 -0325 0.80
20 78 %107 14 %107 031 —0.610 1.00
< 201 Au NE 34 98X 107 34x107° 040 —0.374 0.99
£ o Experimental 4 39107 27x107% 097 —0.293 0.60
"~ 10p - Ft average 6x 1072 0.5 -0.4 0.9
standard 3% 107 0.2 0.1 0.2
0 | deviation
00 -02 -04 -06 -08 -10
E (V) vs Ag/AgCl The activity heterogeneity is not simply a size effect because
o V2 two NEs with comparable sizes exhibited significantly different
g’ :82 Epgppie (by ~200 mV, Figure SS). It might arise from the
D g5l structural dispersion that has often been found at the nanoscale,
i -0.61 such as nanosized grains with different crystal orientations on a
Z 0.7} polycrystalline metal surface.”*™*’
> 0.8} Similar nonlinear regression analyses were carried out for Au
< 8 %
2 :[1)8 o NEs. Unlike Pt NEs, good fits for Au NEs were achieved when
W 7 6 5 -4 -3 -2 4 the Volmer step was considered as the rate-determining step. In
log(k*/(m/s)) the case of the Volmer step being rate-determining, k” and « are

Figure 2. Experimental cyclic voltammograms (black) and their
corresponding best fits (red) for a (a) 34 nm radius Pt NE and (b) 20
nm radius Au NE. Experimental conditions are the same as those used
in Figure 1. The fit in (a) was obtained using eq S, which assumes the
Heyrovsky step is the rate-determining step. For this Pt NE, kinetics
parameters: @ = 0.40, K° = 9.8 X 107> M, and k° = 0.0034 m/s. The
fit in (b) was obtained using eq 4, which assumes the Volmer step is
the rate-determining step. For this Au NE, the obtained kinetics
parameters are @ = 0.44 and k° = 1.2 X 107 m/s. (c) Epyppie vs log(k°)
plot for seven Pt (black square) and five Au (red square) NEs. All of
the electrodes are independently prepared and tested following the
same protocol. The red line is the best linear fit of the data points,
which has a slope of 125 mV/decade.

that the Heyrovsky step is the rate-determining step for the
HER catalyzed by Pt NEs. This finding is consistent with the
HER mechanism on Pt(111) and Pt(100) in acidic solutions.>
More quantitatively, a is calculated to be 0.5 + 0.2 (the
uncertainty is the standard deviation from seven different Pt
NEs, Table 1) indicating the symmetric energy barrier for the
Heyrovsky step. Because the Heyrovsky step determines the
rate, the Volmer step is equilibrated prior to the Heyrovsky
step. K is calculated to be (6 + 3) X 107> M~ (Table 1). The
surface coverage of adsorbed H on Pt NEs, 6, is a function of K°
expressed as”

Klay+
exp(fi)) + K'ay (8)

At Ey e 0 is estimated to be 0.9 + 0.2 (Table 1 and Figure
S$4) indicating nearly full coverage of adsorbed H on the Pt NEs
when a H, bubble forms. Relative to a, K° and 6, k° shows
larger variations among different electrodes (from 1.4 X 107> to
1.2 X 107' m/s, Table 1). Such variation in k° indicates that the
Pt NEs have different HER activities even though they were
prepared using the same method and catalyze the HER via the
same mechanism (the Heyrovsky step being rate-determining).
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the fitting parameters (refer to eq 4). Figure 2b is an example
showing the great agreement between the experimental data
and the numerical fit. To further validate this mechanism, we
carried out a proton-concentration-dependence study. Accord-
ing to eq 4, there should be a first-order dependence of i on Cyy*
at constant potentials if the HER kinetics is limited by the
Volmer step. Figure S6 shows the linear relationship between
log(i) and log(Cyy) at E = —0.7, —0.75, and —0.8 V with an
average slope of 0.94, which is consistent with our expectation.
Similar to Pt NEs, a was found to be 0.41 + 0.05 (Table 2),

Table 2. HER Kinetic Parameters (k° and a) Obtained from
Data Fitting, Bubble Formation Potentials (Ej ), and NE
Radii for Five Au NEs

Au NE radius (nm) K (m/s) a Eyapte (V) vs Ag/AgCl
20 12 % 107° 0.44 —0.851
9 6.1 % 107° 0.36 —0.816
19 1.8 x 107° 0.37 —0.808
8 43 % 107° 0.47 —0.696
34 5.6 X 1077 0.41 —0.890
average 0.41

standard deviation 0.05

which is close to 0.5, meaning the energy barrier of the Volmer
step for Au NEs is also symmetric. Moreover, Au NEs exhibit
significant variations in k” (from 5.6 X 107" to 6.1 X 107> m/s)
as well. This result shows that the HER activity heterogeneity
of the Pt and Au NEs is independent of the catalytic material
type and the HER mechanism.

Following the extraction of the kinetic parameters from the
voltammograms, By, is plotted against k° for Pt and Au NEs.
Figure 2c shows that Ey . is linearly related with log(k”) with
a slope of 125 mV/decade. NEs with a higher HER activity (or
a larger k°) form a H, bubble at more positive potentials than
those with a lower HER activity. It is intuitive to think of this
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conclusion because H, is generated at a high rate when more
active NEs are used for the HER leading to H, bubbles
nucleation at more positive potentials. However, it is surprising
to find the same linear relationship for both Pt and Au NEs
because their different surface energies, including the metal/gas
and metal/liquid interfacial energies, are expected to affect the
gas J:élilible nucleation considering heterogeneous nuclea-
tion. ™

Bubble Nucleation Conditions at Pt and Au NEs. To
understand the linear relationship between Ey . and log(k?),
we studied the bubble formation conditions at Pt and Au NEs.
As previously reported,” the nucleation of a H, bubble at a Pt
NE requires a supersaturation of dissolved H, at the NE
surface. The supersaturation level can be calculated from the
peak current in the voltammogram for the NEs in acid (Figures
1 and 2). Figure 3a shows the peak current (i) as a function

r (nm)

Figure 3. (a) Peak current of the cyclic voltammograms for Au (red)
and Pt NEs (black) in 1.0 M HCIO, (scan rate = 100.0 mV/s) as a
function of NE radii. Error bars are from at least three measurements
using the same electrode. The lines are the best fits of the data points.
(b) The concentration of dissolved H, at the NE surface that is
required for bubble nucleation and formation, Cyy, as a function of NE

radii. The dashed lines are the average values of the data points.

of electrode radii (r) for Au and Pt NEs. The error bars
represent the standard deviations from at least three
independent measurements using the same electrode. For
both Au and Pt NEs, the peak current varies linearly with radii.
The slope for Au NEs (1.1 + 0.1 A/m) is similar to that for Pt
NEs (0.9 + 0.1 A/m). Because i, arises from the reduction of
H?, the steady-state dissolved H, concentration at the electrode
surface (Cy,) can be estimated from the peak current using the

following expression”®

fpeak = 4nFDH2CH2r

)
where Dy is the diffusivity of H, (4.5 X 107% ecm?/s)."? Figure
3b shows a relatively constant Cy, for the H, bubble nucleation

at Au or Pt NEs having varying radii. It means the critical
concentration of dissolved H, that is required for bubble
nucleation and formation at NEs is independent of electrode
size. The average Cy, values for Au (red dashed line) and Pt

(black dashed line) are estimated to be two similar values: 0.38
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+ 0.07 and 030 =+ 0.07 M, respectively. This finding is
significant because it shows that the bubble nucleation
condition is not sensitive to the HER activity of NEs (k°
varies from ~107° to 10™" m/s for Au and Pt NEs in Figure 2c).
Note that the Cy, for Pt NEs measured in this study is slightly

larger than the value previously reported (0.25 M) using the
same experimental conditions except that the solution was 0.5
M H,S0,.** Despite the differences, these two values are very
close considering the experimental error.

Linear Relationship between E, ... and log(k®). On
the basis of the analyses described above, we continued to
investigate the linear relationship between Ej . and log(k°) by
deriving the numerical expression of E, . for Au and Pt NEs.
As previously concluded, the rate-determining step for the HER
at Au NEs is the Volmer step and eq 4 is the expression for the
electrokinetic current. At Ey gy, €q 4 can be rewritten as eq 10.

)

= nFAkOCH+ e€xp ( - ajE bubble)

1 1
( 4nFDy Cyr  4FDyCypr

(10)
This equation can be rearranged to the expression for Ej .
1 o 1
E = ——log(k’) + — In(r
bubble of log ¢ g(k”) of (r)
1 1 1
+ —In nFIrCH{ -
af 4nFDy Cy,  4FDy+Cyr
(11)

The third term in eq 11 can be treated as a constant because
Cy, is constant for different Au NEs (~0.38 M) at Ey . (the
critical condition for bubble nucleation and formation). Thus,
we see that Ey . is linearly correlated with the log(k®) with a
slope of 7 !

af loge

or 118 mV/decade if r is constant, which is very

close to our measured 125 mV/decade in Figure 2c. For Pt
NEs, the rate-determining step is the Heyrovsky step governed
by eq 5. At Ep i however, eq S can also be simplified to eq 4
because exp(f7) in the denominator of eq S is ~100 times
smaller than the other term of the denominator: K’ay (the
average values of 77 and K° were measured to be —0.2 V and 6 X
107> M, respectively). Therefore, the relationship between
Eyuppie and log(k®) for Pt NEs becomes identical to that for Au
NEs leading to the linear relationship in Figure 2c.

The linear relationship between Ey . and log(k®) for NEs is
generally valid when the electrode size variation is within ~3-
fold. Figure 4a shows the contour plot for Ey gy, as a function
of log(k") and r for Au and Pt NEs, which is described by eq 11.
Eyuple moves from ~—0.9 to ~—0.3 V as log(k°) increases from
1077 to 107" in great agreement with the experimental result
(Figure 2c). In addition, Ej . also exhibits a slightly positive
shift of ~60 mV at a fixed log(k°) as r increases from 10 to 30
nm (Figure 4b). However, the Ep . shift due to the size effect
is less significant than that observed in experiment (up to ~300
mV, Table 1) further confirming that the different Ey . is
mainly caused by the different HER activities among NEs.

B CONCLUSIONS

In conclusion, we have shown that the bubble formation
potential at NEs is related to their HER activity at Au and Pt
NEs. As the HER activity increases, bubble formation potential
shifts to more positive potentials. We began the study with the
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microkinetic analyses of the voltammetric responses for NEs.
The results show that the rate-determining steps for the HER at
Au and Pt NEs are the Volmer step and the Heyrovsky step,
respectively. The measured kinetic rate constants of the rate-
determining step were found to vary over 2 orders of
magnitude for the same type of NEs. The observed HER
activity variations are likely to arise from the structural
heterogeneity among NEs. We also found that different NEs
exhibited a similar critical condition for bubble formation
(~300—400 folds supersaturation of dissolved H, at the NE
surface) even though the HER activities largely vary among
these NEs. Furthermore, we discovered a linear relationship
between bubble formation potential (Ej.) and log(k°), which
was explained by our theoretical models. Both Au and Pt NEs
having different radii follow the same trend line suggesting this
relationship is insensitive to the size and the HER mechanism.
Our findings in this work provide a valuable fundamental
insight into the relationship between bubble formation
potential and the HER activity for NEs. Because of the similar
sizes and electrocatalytic activities between NEs and NPs, our
findings could guide the development of a bubble-based
method that uses the bubble formation potential as the
criterion for rapidly and conveniently evaluating the HER
activity distribution on a catalytic surface or in an ensemble of
catalytic NPs.
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