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ABSTRACT: We report the catalytic activity of a single, isolated Pt deposit on
Bi and Pb supports to probe the size and substrate effects on the electrochemical
hydrogen evolution reaction (HER). Deposits were made electrolytically by an
atom-by-atom method in a controlled plating; we prepared an individual Pt
deposit on Bi and Pb ultramicroelectrodes (UMEs) such as a single isolated
atom, clusters containing one to five Pt atoms, and nanoparticles to about 10 nm
radius. A steady-state voltammogram on the single Pt deposits is observed by
electrocatalytic amplification of the HER, with a negligible contribution by the
HER at the substrate UME. A single Pt atom can act as an electrode for the
HER, showing a diffusion-limiting current plateau in the voltammogram that can
be used to estimate the radius of a single deposit. We simulated the
voltammograms of the individual deposits, assuming the Volmer step of the
HER is appropriate for a Pt cluster deposit, to obtain kinetic parameters for each
deposit. The HER kinetics increases as the particle radius increases from ~0.2 to
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~4 nm for Bi and Pb substrates and then reaches a limiting plateau. The limiting kinetics on the Bi substrate approaches that of

bulk Pt while that on the Pb substrate is much smaller.

B INTRODUCTION

We recently reported an atom-by-atom basis method to plate
isolated Pt atoms and clusters on the Bi ultramicroelectrode
(UME) from femtomolar H,PtCl, solution and compared their
electrocatalytic activity toward the h?rdrogen evolution reaction
(HER) in a semiquantitative way. This demonstrated that
electrochemistry is a powerful tool to prepare and characterize
single isolated catalytic atoms and clusters.” There are few
studies of isolated, single atoms but many studies of the catalytic
properties of ensembles of single atoms or clusters.”
Generally, the evidence that these atoms exist on a surface as
dispersed atoms is through high-resolution scanning trans-
mission electron microscopy (STEM).> Anderson and co-
workers size-selectively sputtered Pt clusters on a carbon surface
and measured the effect of cluster size on the oxygen reduction
reaction (ORR) kinetics.” Sun and co-workers used atomic layer
deposition (ALD) to prepare ensembles of single Pt atoms and
studied the effect of size on the HER.” Other groups have looked
at the catalysis of single Pt atom ensembles under different
circumstances, such as CO oxidation on FeO, substrates® and
the HER on Pt-doped MoS, substrates. These measurements
are made with bulk quantities of atoms or clusters and not on
single isolated ones. In many cases, the authors did not account
for possible Ostwald ripening of the atoms into clusters on the
substrate surfaces with time, especially when catalytic reactions
were being driven.® In addition, they did not consider individual
catalyst proximity in an ensemble when evaluating the effects of
size and support on the electrocatalytic activity.” "
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Here, we report an approach to characterizing a single isolated
catalyst deposit that is free of the above shortcomings. We also
provide a better measure of electrochemical kinetics than in the
previous work." We adopt an atom-by-atom methodology to
electrodeposit an isolated single Pt atom, atomic cluster, or
nanoparticle (NP) on Bi and Pb UMEs, and characterize their
electrocatalysis by steady-state voltammetry, i.e., size and
substrate effects. The first study describes the methodology in
detail." Briefly:

1. Single Pt atoms are deposited from solutions of very small
(fM) concentrations of H,PtCl,, slowing the deposition
rate to about one Pt atom every 10 s. As described below,
the number of active sites on the UME are so small that
deposition and growth at more than one site is very
improbable.

2. The deposit is characterized by voltammetry, which yields
a diffusion limiting current that is proportional to the
deposit size and potential that is determined by
heterogeneous electron transfer (ET) kinetics of the
HER.

B RESULTS AND DISCUSSION

Bi and Pb UMEs. The nanometer size Bi and Pb UMEs were
fabricated by the technique described previously (see the
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Supporting Information).' The smaller size of the UMEs is more
favorable since they can give smaller voltammetric backgrounds.
Parts a and B of Figure 1 show CVs of Bi and Pb UMEs in 40 mM
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Figure 1. (A, B) Cyclic voltammograms (CVs) of Bi and Pb UMEs in
40 mM HCIlO, and 0.2 M NaClO, solution. (C, D) CVs of Bi and Pb
UMEs in 5 mM MVCL, 0.2 M KC], and 40 mM HCIO,, 0.2 M NaClO,
solutions, respectively. The voltammograms of forward and backward
scan were retraceable for A—D. The solutions were deaerate, and the
scan rates were SO mV/s.

HCIO, and 0.2 M NaClO, solution in which the positive and
negative limits were respectively controlled by the metal
oxidation and HER. Note that Pb is oxidized more easily and
has a significantly higher HER overpotential than Bi.'> As such,
both metals can be used as the catalytically inactive supports to
detect HER on the catalytically active Pt deposits. As
demonstrated previously,' the Bi UME can be characterized
by use of methyl vilogen (MV**) reduction voltammetry (Figure
1C).

However, this redox probe was not applicable to the
voltammetric measurement of Pb UME because it chemically
oxidizes the Pb metal. Alternatively, proton reduction
voltammetry was used to calibrate the Pb UME in 40 mM
HCIO, and 0.2 M NaClO, solution (Figure 1D). To estimate
the size of both UMEs, the steady-state voltammetry on a
standard Pt UME (S pm radius) were obtained accordingly in
the MV>" and H* solutions, showing the diffusion-limiting
currents of 5.95 and 718 nA. Knowing the ratio between the
corresponding diffusion limiting currents, we determine the
radii of Bi and Pb UME:s as 126 and 123 nm, respectively.

Single Pt Atoms. Previously, we demonstrated the
nucleation of a single Pt atom on a UME by electrodeposition."
At a potential where the deposition is diffusion controlled and
assuming a strong interaction between the deposited Pt atoms
and the substrate, the deposition frequency is the same as the
diffusion-controlled frequency of the PtCly>™ arrival at the
electrode surface as described by’

f = 4DcaN, (1)

where D and ¢ are the diffusion coefficient (1.2 X 10~° cm?/s'?)
and the concentration of PtClg>~, N, is Avogadro’s number
(6.02E23 mol™!), and a is the radius (ca. 120 nm) of the
prepared Bi and Pb UMEs. Under a loading frequency of 0.1 Hz
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(or an average of 1 atom every 10 s), the plating solution should
contain ca. 300 fM H,PtCl, in water for a 120 nm radius UME.
In fact, the plating events of Pt, (n > 0) occur randomly within a
specified time, which can be described by Poisson statistics'

Ake
k! (2)

where 1 is the expected or most probable value (e.g., fora 10 s
plating, A = 1; for 20 s, 4 =2...) and P (k, 1) is the probability of k
where 4 is the expected value. Here, during a 10 s plating, the
probability of preparation of a single Pt atom can be P(1, 1) =
36%. While the current or charge of the electrodeposition of a
single atom is too small to measure, by using the HER inertness
of Bi and Pb UMEs, a single Pt atom can be detected in
voltammetry via electrocatalytic amplification by the HER at a
suitable proton concentration. The solution used was 40 mM
HCIO, and 0.2 M NaClO, with oxygen removed. If we consider
a diffusion exclusion zone around an atom, we can assume a
hemispherical shape to estimate the radius'

P(k, A) =

r = i)/2anFDg+cyg+ (3)
where i is the diffusion-limiting current obtained of the steady-
state voltammogram, r is the equivalent radius of the deposit, n =
1 is the electron number, F = 96485 C/mol is the Faraday
constant, and Dy;* = 9.3 X 1075 cm?/s'® and ¢;; = 40 mM are,
respectively, the diffusion coeflicient and concentration of
proton.

The assumption that all deposits can be treated as
hemispherical shapes is based on the empirical correlation
between the limiting current and the assumed size of the cluster,
Pt,, with n = 1 for the smallest, n = 2 for the next, etc., providing
the best linear behavior." Note also that deposits like atoms or
clusters show significant guantum effects'” and strong
interactions with the support,”'" so that they cannot be treated
like the classical nanoelectrodes. As such, it is impossible to
establish the electrified interface at such small atoms or clusters
and no conventional diffuse layer effect'® could be expected
there.

For the Bi substrate, for 16 trials of 10 s deposition, 5 times
showed the smallest diffusion-limiting current at 5SS + 9 pA in
the steady-state voltammograms, corresponding to a size of 0.25
+ 0.04 nm. This value is similar to the accepted platinum lattice
radius. Similarly, for the Pb substrate, 4 times in 14 trials showed
the smallest diffusion-limiting current at 53 + 8 pA,
corresponding to a size of 0.24 + 0.03 nm. The observed
probabilities of the above events were 31% and 28%, which are
close to the theoretical prediction, P(1,1) = 36%. Moreover, no
voltammogram with a limiting current within the standard
deviation was ever seen between these smallest values and
background. Such voltammograms were also never seen on Bi or
Pb without a Pt electrodeposition step. Thus, from the estimated
radius and the statistical prediction, we propose that this
minimum deposit is an isolated single Pt atom.

Typical HER voltammograms of a single isolated Pt atom on
Bi and Pb UMEs along with the substrate background are shown
in Figure 2. A diffusion-limited voltammetric plateau on one Pt
atom occurs before the HER begins on the substrate. A single Pt
atom deposited on Bi and Pb is not stable. After a single scan
through the plateau region, even without a reverse scan, no HER
voltammogram was seen in a new scan in about 70% of the trials.
The stability depends on the bonding between the atom and the
substrate and perhaps the adsorption of blocking impurities
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Figure 2. (A, B) Forward scan voltammograms of HER on a single Pt
atom deposited on Bi and Pb UMEs. The detection solution contained
40 mM HCIO, and 0.2 M NaClO,. The scan rates were S0 mV/s. The
fitting standard deviations show 1.2% and 1.5% for panels A and B,
respectively. The labels of BG, EXP, and SIM refer to the background,
experiment, and simulation discussed below.

from the solution. This was found with continuous voltammetric
and intermittent single-segment scanning (30 s interval between
trials). For both Bi and Pb, we observed that the single atom
voltammogram decays to background 70% of the time after a
single sweep or gets missing mostly when the deposit was kept in
the detection solution at open circuit potential.

We also want to compare the heterogeneous ET kinetics at a
single atom (and small clusters) to that of bulk Pt. In our
previous paper,’ this was shown in a semiquantitative way by
reporting the overpotential at a given current density. Here, we
attempt a treatment that is more quantitative by fitting the
experimental results to the Butler—Volmer equation. For
simplicity, we assume that the HER at atoms, clusters, and
NPs follows the same general mechanism as the HER on bulk Pt,
i.e., the le Volmer step to form a H atom adsorbed on Pt'*~*'

H+ te — H.ads (4)
followed by the Tafel (2 H® 4,— H,) or Heyrovsky (H* 4 + H*
— H,) step. These latter steps are usually taken as very rapid, so
that the Volmer step is rate-determining, leading to a le
equation. These steps may be slower at atoms and small clusters,
but the experiment suggests that they are sufficiently rapid to
show electrocatalytic amplification by H, evolution. We thus
hypothesize for all cases an E°y" ., = 0 V vs NHE and
calculate two parameters (k° and a) to represent the kinetics.
Note that application of the Butler—Volmer equation to a single
atom or cluster has yet to be demonstrated, and a more rigorous
analysis may be possible.'”'® However, the experimental data
when fit to the Butler—Volmer equation with two adjustable
parameters is quite good. Assuming a hemispherical geometry,
we can simulate the steady-state voltammogram with Digielch
software and compare these to the experimental data. The
results show, for a single Pt atom, k° = 1.06 X 107 cm/s and a =
0.49 for the Bi substrate and kK’ = 4.36 X 107° cm/s and a = 0.52
for the Pb substrate with a fitting standard deviation (SD) of
1.2% and 1.5%. The largely different HER kinetics on a single Pt
atom supported on different substrates will be considered below.

Single Pt Atomic Clusters. In this paper, we define clusters
as deposits with radii less than ~1 nm. For electrodeposition, the
active nucleation site density on metal substrate surfaces (N;)
are in the range 10* < Nj < 10'° cm™, and thus, typically N, does
not exceed ~10% cm™.”* The expected number of active sites on
the surface of a ~ 120 nm-radius electrode is <1.”> As
demonstrated previously,"”'®** metal electrodeposition on a
small UME showed a nucleation and growth of a single Pt
deposit, rather than multiple deposits. Such results suggest that
the deposited atoms are concentrated at the lowest stabilized
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energy of a site by thermodynamic and potential induced surface
motion.”**

According to the Poisson prediction, the distribution of
cluster sizes and probabilities of a 10 s plating trial are Pt, (36%),
Pt, (36%), Pt, (18%), and Pt; (6%) and for 20 s Pt, (14%), Pt,
(27%), Pt, (27%), Pty (18%), Pt, (9%), and Pt (4%). To
prepare a single Pt, (n < S) cluster on the Bi and Pb substrates,
we carried out multiple trials of 20 s plating. For the Bi substrate,
in 23 trials of plating, 5 times of voltammetric detections gave
the smallest diffusion-limiting current of 57 + 8 pA; 7 times gave
that of 93 + 8 pA; 3 times gave that of 112 + 9 pA; 2 time gave
that of 122 + 11 pA; 1 time gave that of 147 pA; 5 times gave the
background without deposit. These trials of voltammograms are
all listed in Figure SI.

From eq 3, the equivalent radius of a single cluster can be
estimated from the obtained diffusion-limiting current. The
estimated radius and frequency of single clusters formed by the
20 s plating are 0.25 + 0.04 nm (22%), 0.40 + 0.03 nm (30%),
0.48 + 0.04 nm (13%), 0.54 & 0.05 nm (9%), and 0.65 nm (4%).
When 7 is small in a single Pt,, cluster, assuming that the deposit
has a 2D structure and the equivalent area approximation is
applicable, the number of atoms can be estimated as'

n=(r/n) (s)

where r, is the effective radius of a single Pt atom. Figure 3A
shows a reasonable agreement between the Poisson distribution
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Figure 3. (A) Histogram of the calculated number of atoms overlaid
with a Poisson distribution when the deposition time was 20 s for the Bi
substrate. The data includes 23 total trials of plating. (B) Predicted
Poisson distribution for a 100 s plating. Experimental conditions are the
same as in Figures 1 and 2

and the experiments (23 trials) for the 20 s plating on Bi. Figure
3B depicts that the predicted Poisson distribution for a 100 s
plating greatly broadens compared to that for the 20 s plating,
which makes it difficult to judge and recognize the identification
of trials. As shown in Figure 4A,B, the 0.75 and 0.73 nm radius of
clusters deposited on Bi and Pb from the 100 s plating cannot
give the estimated number of atoms.

Typical HER voltammograms of single Pt, clusters on Bi and
Pb UME:s are illustrated in Figure 4A,B, where the determined
size and number of atoms are labeled. As the size of a single
cluster (ryp) becomes large, the corresponding half-wave
potential (E;,,) shifts positively. This is attributed to both
increases in the deposit size (mass-transfer effect) and the
kinetics (electrocatalytic activity) as shown in the following
equation: ~

Ey ), = E%yt jaas + RT/aF In(rypk®/Dyy+) (6)

Apparently, the position of the half-wave potential can be
regarded as the first criterion to discriminate voltammograms of
atoms and clusters in the plating trials as shown in Figure 4A,B.
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Figure 4. (A, B) Forward scan voltammograms of HER on a single Pt
atom and a single cluster deposited on Bi and Pb UMEs. The detection
solution contained 40 mM HCIO, and 0.2 M NaClO,. The scan rates
were 50 mV/s. (C, D) The extracted k° as a function of the number of
atoms in a single Pt, cluster on Bi and Pb substrates. The 0.75 and 0.73
nm radius of clusters deposited on Bi and Pb are from the 100 s plating
and others are from the 10 s plating.

With Bi and Pb UMEs, an entire voltammetric curve can be
obtained for the HER on a single cluster with no interference by
the substrate material. As proposed for single atoms using the
Volmer mechanism for a HER and the Bulter-Volmer equation
for an ET kinetics, we calculated a steady-state voltammogram
and compared it to the corresponding experimental steady-state
voltammogram (Figure 4A,B). The k” and @ determined are
listed in Tables 1 and 2 for Bi and Pb substrates, respectively. For

Table 1. Parameters Determined from HER Voltammograms
of Single Pt Deposits on Bi

k° and & fitting

r, nm Pt, i, pA E%4V k% cm/s a SD,b %
0.25 Pt, 56 0 1.06 x 1073 0.49 12
0.40 Pt, 90 0 2.50% 1073 0.48 1.4
0.48 Pt, 108 0 541x 107 0.52 1.6
0.54 Pt, 121 0 6.70 X 1073 0.53 1.8
0.65 Pt 146 0 1.20 X 1072 0.48 1.1
0.75 168 0 2.55 % 1072 0.47 12
1.18 264 0 497 x 1072 0.56 1.4
2.17 486 0 6.53 x 1072 0.61 1.2
3.72 833 0 823 X 1072 0.53 2.1
5.53 1238 0 9.03 X 1072 0.52 1.4
7.92 1774 0 9.24 x 1072 0.48 1.4

10.61 2376 0 9.37 X 1072 0.46 1.5

“Assuming E° = 0 V vs NHE. “The standard deviation of the curve
fitting.

Bi and Pb substrates, as the number of atoms in a single cluster
increases, the corresponding K increases concomitantly (Figure
4C,D). However, the k° of similar size clusters on Bi is ~10°
times higher than that on Pb.

Single Pt NPs. Slightly different from the single cluster
preparation, we used a relatively high concentration of H,PtClg
solution or a comparably long time to deposit a large Pt NP. The
corresponding H,PtClg concentration and plating time are
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Table 2. Parameters Determined from HER Voltammograms
of Single Pt Deposits on Pb

k°and fitting

r, nm Pt, i,pA  EV K, cm/s a SD,"” %
0.23 Pt, 52 0 436 x 107° 0.52 L5
0.39 Pt, 88 0 8.35x 107° 0.61 12
0.46 Pt, 104 0 9.79 X 107¢ 0.48 1.9
0.55 Pt, 124 0 1.36 X 107° 0.4S 1.1
0.73 165 0 244X 107° 0.52 1.6
1.52 344 0 6.18 x 107° 0.50 1.0
3.13 708 0 8.95x 107° 0.57 1.0
522 1180 0 1.03 x 107* 0.49 0.9
7.07 1598 0 1.06 x 107* 0.53 1.1

10.12 2288 0 1.08 x 107* 0.47 12

“Assuming E° = 0 V vs NHE. “The standard deviation of the curve
fitting.

detailed in the SI. Even for the largest Pt NP (~10 nm radius),
the integrated charge produced is still too small to measure.'***
To identify the deposit size, we follow the strategy of
electrocatalytic amplification by the HER. To avoid interference
of H, bubble formation, a suitably low concentration of acid (40
mM HCIO,) was chosen. To suppress bulk migration and
diffuse-layer effects on the particle electrode, a sufficient amount
of electrolyte (200 mM NaClO,) was used. Although the
diffusion exclusion zone of proton is insignificant for a large
particle, a hemispherical geometry is still adopted owing to its
real structure from the electrodeposition.

Parts A and B of Figure S show the HER voltammograms of
single Pt NPs on Bi and Pb substrates, where the corresponding
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Figure 5. (A, B) Forward scan voltammograms of HER on a single Pt
NP deposited on Bi and Pb UMEs. The solution contained 40 mM
HCIO, and 0.2 M NaClO,. The scan rates were 50 mV/s. (C, D)
Extracted k° as a function of the radius of a single Pt NP on Bi and Pb
substrates.

radius are labeled inset. The size of Pt deposit ranges from ca. 1
to 10 nm. The half-wave potential shifts positively along with the
size increases; when the particle size is comparable, the HER
voltammogram on Bi is significantly more positive than that on
Pb. Following the former HER model, we perform the curve
fitting analysis on the obtained voltammograms. The extracted
parameters such as kK’ and a are collected in Tables 1 and 2 for Bi

DOI: 10.1021/jacs.8b13366
J. Am. Chem. Soc. 2019, 141, 7327-7332


http://pubs.acs.org/doi/suppl/10.1021/jacs.8b13366/suppl_file/ja8b13366_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b13366

Journal of the American Chemical Society

and Pb substrates, respectively. Here we have to judge the fitting
accuracy for the k°. For a 10 nm radius Pt NP on Bi, the mass
transfer rate of proton is m = Dy /rygp = (9.3 X 1075 cm?/s) /(1 X
107 cm) = 93 cm/s, which is much larger than the fitted k° ~ 0.1
cm/s. Consequently, the voltammogram can be irreversible, and
the k° value for the curve fitting is unique. For other particles on
Bi, no special concern in the fitting accuracy is needed due to
smaller size (i.e., faster diffusion) and slower kinetics.

For Bi and Pb substrates, when the particle radius increased
the HER kinetics increased until a limiting plateau was reached;
this was attained when the NP size was about 4 nm (Figure
SC,D). The enhanced activity with increasing particle size might
be attributed to changes in the H* adsorption energy.”">”*® The
limiting k° for the Bi substrate is ca. 107" cm/s that is close to the
previously reported ~0.3 cm/s at bulk Pt,”" while for the Pb
substrate it is sluggish at ca. 10™* cm/s.

Figure 6 shows the extracted k” as a function of the radius of a
single Pt deposit on Bi and Pb substrates. We infer that a

o bulk Pt
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Figure 6. Extracted k° as a function of the radius of a single Pt deposit
on Bi and Pb substrates and the value at the dashed line is taken for the
HER kinetics at bulk Pt. For comparison, the kinetic constants on Pb
are magnified by 200 times.

comparable size of single Pt electrodeposits on Bi and Pb
showed a largely different activity caused by a strong interaction
of the Pt with the substrate.””~* There have been many studies
of catalyst/support interactions, for example SMSI (strong
metal—support interactions).””*> These interactions involve
charge-transfer (ligand) effects, structural (e.g. stress) effects,
and other factors, such as hydrogen spillover. An understanding
of the effects seen here must await further studies.

Moreover, we find that for the same substrate, the
electrocatalytic activity of a single Pt atom is only 1% of that
of a large Pt NP. Sun et al.” prepared arrays of single platinum
atoms and clusters supported on nitrogen-doped graphene
nanosheets by ALD, and then characterized the HER on the
catalyst film (i, materials confined in a Nafion matrix) by
rotating disk electrode voltammetry. By estimating the current
density at a given potential, they claimed that the catalytic
activity of isolated single Pt atoms was much higher than that of
commercial bulk Pt NP catalysts. However, their calculated
current density was normalized by the geometric area of a
rotating disk electrode rather than the electrochemically active
surface area. Our approach with single isolated Pt atoms
probably gives a better estimate of current density, an important
parameter in any kinetic treatment.
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B CONCLUSIONS

In summary, we prepared a wide size range of single Pt deposits
on Bi and Pb UMEs by a finely controlled electrodeposition,
where the formed single atoms, atomic clusters, and NPs were
extensively tested for a catalytic HER. The electrochemical
evaluations obtained on these individual deposits produced
steady-state sigmoidal shapes of voltammograms. By fitting the
theoretical equations to these curves, the HER kinetics are
extracted to examine the correlations of the particle-size and the
supporting substrate to the electrocatalytic activity. To the best
of our knowledge, the present study is a first demonstration
using a single isolated particle approach to clarify the key
catalytic factors, rather than the conventional measurement of
particle ensembles.
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