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Abstract.

Herein, we report how the collision and electrocatalytic behavior of single platinum NPs can be affected by
the transient formation of H, nanobubbles generated from the hydrogen evolution reaction (HER). The use
of high concentration acid (0.5 M HClO4) promotes the nucleation of small nanobubbles, allowing us to
observe a dramatic decrease in the collision frequency. Adding surfactant molecules and a defoaming agent
to the acid solution causes the collision frequency to further decrease and increase, respectively. These
observations support our hypothesis about the critical role of the nanobubble in NP adhesion. Our study
further reveals the complex chemical nature of the electrode/NP system and the interesting role of
transiently formed gas nanobubbles in determining the adhesion probability of individual NPs on an

electrode surface.
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Introduction

The past two decades have seen an increasing interest in studying and further understanding the
transient electrochemical and electrocatalytic responses of single nanoparticles (NP) on the surface of an
ultramicroelectrode (UME) since the seminal work of Lemay' and the following work of Bard?. Despite
many exciting progresses in the past two decades,® we have been unable to see much use of the collision
principle in practical applications. A significant gap has been our inability to fully understand and control
the dynamic and complex collision and electrochemical behavior of single nanoparticles. Herein, we
examine the transient collision and electrocatalytic response of single Pt NPs for the hydrogen evolution
reaction (HER) at the electrode/solution interface. We were especially interested in understanding the key
role of NP adhesion in their electrocatalytic behavior. Except for a few special cases,* ¢ the shape of the
current signal in Electrocatalytic Amplification (EA)-based NP collision has been described as a stair-shape
current response following NP’s collision on the electrode. As previously reported by our group,’ the
characteristic peak shape of Pt NPs colliding on a carbon UME in an acid solution is highly potential
dependent with sharp ultra-fast spikes predominating at low driving potentials. At higher potentials, the
sharp spike is followed by a more steady-state current response with the former being attributed to the
formation of a monolayer of adsorbed hydrogen and the latter being attributed to the sustained HER process.

Using a gold UME as their recording electrode, the Sepunaru group further extended these findings’
noting the absence or greatly diminished hydrogen adsorption spikes at -0.75V.® Notably, they propose
that, due to hydrogen production from their partially active gold electrode, hydrogen gas saturates the
surface of Pt NPs prior to collision such that these particles can immediately commence with H> production
without the H-adsorption step. Interestingly, we observe collision responses similar to that reported by the
Sepunaru group but on a carbon electrode at high negative potentials and much higher acid concentration
conditions (vide infra). We explain such observations based upon the changing kinetics of H-adsorption
and HER at different potentials as well as in the context of instrumentation response time limitations.

In addition to peak shape response, we have observed a significant decrease in NP collision

frequency at higher negative potentials, e.g., <-0.8 V vs Ag/AgCl, and suggest such a decrease to be due to
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the possible formation of the H, nanobubbles at the NP’s contact point on the electrode surface. The
formation of such nanobubbles, regardless of their size, could undoubtedly change the motion of the NPs
and reduce their adhesion probability on the electrode. This correspondingly limits our ability to effectively
detect transient events as well as limits the overall electrocatalytic activity of individual NP to catalyze the
reaction of interest when in poor electrical contact with the electrode surface. The result is a disparity
between an expected particle collision detection frequency given the number of available NP and their
diffusion coefficient in solution.

Originally developed by Xiao and Bard,” the Electrocatalytic Amplification (EA) method allows
one to probe the collision and electrocatalytic property of individual NPs with high throughput by
examining the change in the faradaic current signal of a recording ultramicroelectrode (UME). The use of
a more inert UME (e.g., carbon) allows one to observe the NP’s electrocatalytic signal without much
interference from the probe electrode biased at a lower applied potential. Importantly, however, an effective
single-NP event using the EA method involves both the collision and subsequent adhesion of an individual
NP to the electrode surface.®!° Further, it is known individual NPs will remain adhered to the electrode
surface following each collision event in the EA method.!!

The subject of NP collision frequency in EA, however, has been riddled with discrepancies from
theory since the first report in 2007.2 Under freely diffusing conditions, the frequency at which single

entities collide with an electrode surface is given by eq 1>

faier = 4DypCaNy (1)
where fqifr is NP’s collision frequency, Dyp is their diffusion coefficient, C is the particle concentration, a
is the electrode radius, and N, is Avogadro’s number. The diffusion coefficient can be determined using

the classical Stokes-Einstein diffusion equation presented below:

kT
D =
NP 6mnr

)
where kg is Boltzmann’s constant, T is the absolute temperature, 7 is the solution viscosity, » is the particle

radius. Importantly, the experimentally observed collision frequency has been significantly lower than that



determined by eq 1.'%'? Reasons typically cited for such a discrepancy often include NP aggregation,*!?
colloidal instability, >'* or the effective NP adhesion to the electrode surface.!® Importantly, eq 1 assumes
that 100% of NPs effectively collide and adhere to the electrode surface and that the area occupied by the
adhered particles is small compared to the total available electrode area.”!° The question then becomes what
is causing the poor adhesion.

Using our microjet collision system,’ we effectively limit NP aggregation and colloidal instability
as common issues when carrying out NP collision studies under strongly acidic conditions relevant to the
HER. In doing so, we consider other variables affecting the NP adhesion beyond high acid concentration
and electrolyte conditions. As such, we focus on conditions of high HER driving potentials and high proton
concentration to specifically consider the possibility of H, nanobubble formation during NP collision and
its effect on NP adhesion. Through an examination of transient current fluctuations, we propose a
mechanism by which NPs and nanobubbles interact at the electrode surface preventing efficient NP

adhesion upon collision resulting in diminished frequency of detection.

Experimental

Chemicals and Materials. All chemicals were used as received from their respective manufacturers.
Perchloric acid (HCIO4, Sigma-Aldrich, 70%), sodium perchlorate monohydrate (NaClO4-H,O, Sigma-
Aldrich, >98.0%), ferrocenemethanol (FcMeOH, Sigma-Aldrich, 97%), potassium chloride (KCl, Fisher
Scientific, >99%), potassium ferrocyanide (K4Fe(CN)s, Sigma-Aldrich, >99%), trisodium citrate dihydrate
(Sigma-Aldrich, >99.0%), Tributyl phosphate (TBP, Sigma-Aldrich, >99%), sodium dodecyl sulfate (SDS,
Sigma-Aldrich, >99%), citrate-capped Pt NPs with a diameter of 52 = 7 nm dispersed in 2 mM sodium
citrate (nanoComposix). Although citrate capped NPs were used in all experiments, we neglect their effect
on NP adhesion as well as interference with hydrogen adsorption for evidence has previously been reported
that citrate anions will be replaced by the dissociated hydrogen atoms on the NP surface at potentials even
lower than those considered in this experiment.!* It is further known that adsorbed citrate anions can be

easily removed from Pt surfaces by cycling the electrode in HCIO4 at low potentials.'> All solutions were
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prepared with 18.2 MQ-cm deionized water from a Barnstead NANOpure water purification system
(Thermo Scientific). Perchloric acid solutions tested were of 10 mM and 500 mM bulk concentration. 50
uM SDS and 1 ppm TBP were used for surfactant and defoaming agent studies, respectively. All solutions
intentionally contained higher levels of electrolyte at 100 mM NaClO4 as a demonstration of the NP
aggregation limiting abilities of our pressure-driven microjet collision system.

Fabrication and Characterization of CFEs and Micropipettes. Carbon-fiber microelectrodes (CFEs) were
prepared as previously done by our group. ' Briefly, a 5-um-diameter carbon fiber (Besfight G40—800) was
aspirated into a piece of glass capillary (1.2 mm 0.D./0.69 mm L.D., Sutter) and pulled into two separate
tips on a Sutter P-97 puller. Excess carbon fiber protruding from the electrode tip was cut until flush with
the pulled glass tip using a scalpel. The tip was then dipped in epoxy (Epo-Tek 301) for 10 min. Silver
epoxy (Dupont) was used to connect a tungsten wire to the fiber inside the pipet and Loctite 0151 hysol
epoxy adhesive was used to hold the tungsten wire in place. The electrodes were then allowed to set at 80°C
each for 2 h. Electrodes were beveled to a 45° angle using a home-built microelectrode beveler. CFEs were
characterized using cyclic voltammetry from -0.5 to 0.6 V at 100 mV/s versus Ag/AgCl in 1 mM FcMeOH
and 100 mM KCI (Figure S1). Glass micropipettes of ~4 um diameter orifice were prepared by pulling
borosilicate glass capillaries (1 mm O.D./0.5 mm 1.D., with filament; Sutter, BF100-50-10) on a P-97 puller
as previously reported’ with some modification. All potentials are reported verses the Ag/AgCl reference
electrode. Only electrodes with a stable voltametric response were used in amperometric experiments.
Further, a freshly polished surface was exposed by beveling the CFEs before and after each collision
recording.

Microjet Collision System. A Petri dish containing bulk acid solution concentrations at 0.01 M and 0.5 M
HCIO4 with 100 mM NaClO4 was placed on an Olympus IX71 inverted microscope stage. A micropipette
was filled with stock concentration 50 nm Pt NPs (0.052 mg/mL), connected to a Femtojet microinjector
(Eppendorf), and attached to a micropositioner such that the orifice was dipped in the acid and positioned
at a 45° angle. The CFE was then connected to a separate micropositioner directly opposite from the
micropipette. The position of the micropipette and the electrode were adjusted until both were in focus
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using a 20x objective (0.4 NA Olympus LCPlanFl) and were approximately 5 um apart facing each other.
A constant pressure of 1.3 PSI was applied with a constant 5 um pipet-clectrode distance throughout all
experiments. To consider the displacement of acid from the ejected NP and citrate solution, the effective
acid concentration at the electrode surface was found to be 8.7% of the bulk concentration under these
pressure and distance conditions. This was determined in a similar fashion to our prior work.” Briefly, the
freely diffusing steady-state response of a 5 um CFE was determined in bulk 700 mM ferrocyanide with 50
mM KCIl as shown in Figure S2A. Selecting a potential of 1.1 V within the steady-state region of the
voltammetric response, the 5 um CFE was connected to the micropositioner and placed directly opposite
from a micropipette prepared as described above but filled with 2 mM trisodium citrate dihydrate rather
than Pt NP stock solution. The same conditions employed in all other collision experiments were used with
output pressure of 1.3 PSI and 5 um spacing between the citrate-filled micropipette. Both the pipette and
electrode were lowered into a Petri dish containing bulk 700 mM ferrocyanide with 50 mM KCI. As shown
in Figure S2B, the amperometric current reading yielded a 45 nA steady-state response, or 8.7% of the 520
nA current recorded voltammetric under freely diffusing conditions revealing the effective electrode surface
concentration of redox analyte available as a result of pressure-induced displacement. Bulk acid
concentration considered in this work, including: [HClO4]pux = 500 mM and 10 mM accordingly yield
effective concentrations: [HClO4]esr =40 mM and 0.9 mM, respectively, at the electrode surface.
Electrochemical Measurements. The CFE was held at a constant potential ranging from -0.4 to —1.2V
using a Chem-Clamp potentiostat (Dagan Corporation). An N=1 (gain =1V/nA) headstage was used unless
otherwise noted. The current signal was sampled at 100 kHz using a 1322A digitizer (Axon Instruments)
and filtered at 10 kHz with a low-pass Bessel filter. Amperometric data were recorded using Axoscope 10.0
software (Molecule Devices) and analyzed with Clampfit 10.4 (Molecular Devices). To record voltametric
data, the constant potential output from the Dagan was connected to a Princton Applied Research
Corporation (PARC) 175 waveform generator. The current verses potential response was recorded using a
PCI-6251 (National Instruments) card on a Dell PC using in-house LabView 8.5 software (National
Instruments). All electrochemical experiments were performed in a grounded Faraday cage.
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Figure 1. A set of current-time traces illustrating different NP collision behaviors at different applied potentials
from -0.4 to -1.2 V. All traces were recorded with 50 nm Pt NPs using a pressure-driven microjet collision system
in [HC104]bu1k =0.5 M, [HC104]eff =40 mM (pH = 1.4)

Results and Discussion
Peak Shape of Nanoparticle Collision. Figure 1 displays the characteristic collision and electrocatalytic
behavior of individual 50-nm-diameter Pt NPs on the surface of a carbon UME at 0.5 M acid concentration.
A Pt NP catalyzes the reduction of protons upon contacting the carbon electrode resulting in a distinct
cathodic current peak recorded on the carbon electrode. Depending on the applied potential, tens or even
hundreds of well-resolved collision peaks can be readily recorded in most of the 25s recording periods in
Figure 1. The use of our micropipette puffing platform’ enables us to deliver Pt NPs onto the carbon
electrode without significant particle aggregation prior to their collision with the electrode. This allows us
to focus our attention on some more extreme reaction conditions, e.g., 0.5 M HClOs, beyond the limits of
traditional EA-based NP collision studies involving the HER.

A clear transition from spike-like collision response to step-like response can be readily seen from
Figure 1 as we increase the voltage driving force for HER. As shown in Figure 1A,B, we first observe
sharp current spikes on top of a stable current baseline at relatively lower negative potentials, indicating
fast reduction of protons (H' + e 2 H,4) and adsorption of H atoms on the surface of Pt NPs as discussed
in our previous study.” This transition can be clearly observed in Figure 2, which shows characteristic
current spikes recorded at these conditions. The half-width of these H-adsorption spikes usually ranges

from 20 to 50 us when recorded on a high bandwidth potentiostat’ confirming their ultrafast nature. The H-
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adsorption process is also self-limiting due to the finite and limited surface area of a single 50 nm Pt NP.
Therefore, the reduction current reaches a peak and then quickly drops back to the baseline after the Pt

surface is fully covered by a monolayer of H,q atoms.
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Figure 2. A set of single peak examples for the 0.5 M HCIO4 bulk acid condition at different recording potentials.
Notably, a prominent hydrogen adsorption spike is lacking at potentials more negative than -0.6V.

At more negative potentials than -0.4 V, however, one starts to see the appearance of a steady-state
reduction wave following the sharp, cathodic current spike (Figure 2B,C) suggesting that molecular
hydrogen H. starts to evolve on the Pt surface at these potentials. Further increasing the negative potential
results in an increased HER current relative to the sharp current spikes. Interestingly, at potentials more
negative than approximately -0.6 V, it becomes difficult to see the H-adsorption peaks. As shown in Figure
2D, E, F, the sharp spike becomes surprisingly absent when the applied potential is more negative than -
0.6 V for the 0.5 M acid condition.

Interestingly, the Sepunaru group also observed a lack of an adsorption spike at a similar potential,
specifically -0.75V, when they studied Pt NPs on a gold microelectrode in pH = 5.0 (0.01 mM H").® They
believed that H, molecules produced from the partially active gold electrode at -0.75 V saturates the Pt NP
surface with surface-adsorbed H,qs, prior to the NP’s collision with the electrode. As such, although they
would still collide on the gold and catalyze HER, their H-adsorption peak would not be detected from the
collision response. Although this mechanism is certainly plausible, it is quite unlikely to be the dominating
reason for the absent H-adsorption spike in our current study. As one can see from the voltammetry

responses of the three electrodes in Figure 3, no appreciable HER current can be observed on carbon at



potentials more positive than -1.4 V. As such, it is unlikely a sufficient concentration of H, molecules would

exist near the surface of the carbon electrode at these potentials.
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Figure 3. A comparison of the CV response at 100 mV/s for HER
on a 25-um-diameter Pt (blue), a 25-pm-diameter Au (orange), and
a 5-um-diameter CFE (gray).

Herein, we provide another possible mechanism that is more likely to cause the absence of the H-
adsorption peaks in our conditions. As illustrated in Figure 4, our proposed mechanism has to do with the
increasing rates of the two major steps in HER, their competition, and the instrument bandwidth. As
reported in our previous study,” the dominating steps in Pt NP-catalyzed HER in this condition are the
Volmer step and the Heyrovsky step,

Volmer step: HY +e” 2 Hyys (1)

Heyrovsky step: H*Y + Hyys + e~ 2 Hy(g) )
where H' denotes protons in the bulk, Hg is surface-adsorbed H atoms, and H- (g) is the H, molecules
evolved from the Pt surface. Upon initial collision, protons are quickly reduced onto the NP surface forming
surface-adsorbed H.qs atoms. At lower negative potentials (i.e., top panel in Figure 4), the Heyrovsky step
is kinetically slow allowing the NP to be covered more fully by H.4, and hence, a greater, more detectable
spike current can be expected. At higher negative potentials, the Heyrovsky step is significantly faster,
which competes with the free H" in the vicinity of the Pt NP already absorbed on the carbon at an elevated

rate. Therefore, if one is able to take a snapshot of the Pt NP freshly adsorbed on the carbon electrode (i.e.,

lower panel in Figure 4), the Pt surface may only be partially covered by H,.s atoms depending on the
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Figure 4. Our proposed mechanism for the reduced cathodic
current spikes and the reduced collision frequency.

driving potential, leading to a smaller H-adsorption spike. Another key factor is of course the increased rate
of H adsorption with increasing negative potential in combination with instrumental response time
limitations, as mentioned in our previous report.” At sufficiently high negative potentials, one can expect
that the H-adsorption spike would be indistinguishable from the HER current.

Nanoparticle Collision Frequency. A quick examination of Figure 1 also reveals an interesting decreasing
trend to the NP collision frequency as the applied potential was continuously increased in the negative
direction. A more quantitative summary of all the collision frequencies is given in Figure 5. All
frequencies presented in Figure 5 are tabulated numerically within the Supporting Information within
Table S1. There is quite a significant frequency drop (>60%) as the potential was increased from -0.4 V to
-0.5 V. In addition, the collision frequency stays relatively constant between -0.5 and -0.8 V. As we further
increase the driving potential for HER, however, the frequency drops even more significantly after -0.9 V
to less than 1 particles/second. In fact, it becomes somewhat ambiguous to recognize individual NP collision

events when more negative potentials were used. Figure S3-SS5 provide details for the case of 50-fold
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lower acid concentration, specifically: [HC1O4]oux = 10 mM, [HClO4]etr = 0.9 mM. Importantly, the average
collision frequencies observed at 0.01 M bulk acid between -0.4V and -1.0V correlated well with those
frequencies observed at 0.5 M between -0.5V and -0.8V suggesting that there is no concentration

dependence on collision frequency between 0.01 M and 0.5 M bulk acid at such potentials.

[HCIO, ], = 500 mM
[HCIO, ]« = 40 mM
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Figure 5. A set of histograms comparing the collision frequencies at different
potentials in [HCIO4]oux = 0.5 M, [HCIO4]err = 40 mM at the electrode surface.
Frequencies were determined by counting number of collision events within a
consistent 25s period of data collection. Error bars represent the standard deviation
of n=3 where n is the number of 25s amperometric traces considered.

The more than 2-fold decrease in collision frequency between -0.4 and -0.6 V potentials shown in
Figure 5 was somewhat unexpected and not well understood at this moment. It is worth noting that such a
dramatic decrease was only observed at higher acid concentrations. At 10 mM acid concentration, as shown
in Figure S3, the collision frequency stayed relatively the same between these potentials. It is unlikely that
the electrostatic interaction is playing a big role as in both conditions, the solution pH would be less than
2, which is below the pKa = 3.13 of citric acids surface ligands on the Pt NPs.!” As such, the Pt NPs should
be close to neutral and carry no surface charge when they reach the carbon electrode. One hypothesis is that
the higher acid concentration and the slower HER rate at lower recording potentials may promote higher

H-adsorption signal easier detection of these adsorption events.
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Moving into the intermedium potentials, i.e., -0.6, -0.7, and -0.8 V, the collision frequency remains
statistically the same at ~3-4 particles/second. Moreover, the individual collision events are easily
recognizable in all three conditions despite a changing ratio between the HER steady-state current and the
adsorption spike signal. The increasing HER current contributes to a constantly dropping baseline current

at higher negative potentials (Figure 1C-E).
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Figure 6. Transient current fluctuations observed with 0.5 M HClIO4 bulk acid: As potentials of (A) -0.9V, (B) -
1.0V, and (C) -1.2V. Effective collision signals are indicated by dashed lines while distinct current responses of
interest are circled for emphasis.

As we move further to the higher negative potentials, i.e., -0.9 V, -1.0 V, and -1.2 V, the individual
collision events become more complex with several interesting aspects noticeable from the recordings in
Figure 1. First, it becomes more and more difficult to define each collision event from the recorded current-
time trace due to the absent adsorption spike and a more fluctuating baseline current prior to each particle
collision event. Increased current fluctuations can often be observed following the adhesion of a Pt NP,
suggesting particle instability and interesting kinetic NP behavior. In Figure 6, we provide a series of
representative collision events recorded at these higher negative potentials to further illustrate how catalytic
HER current fluctuates with time following a NP collision event.

We highlight these highly fluctuating current responses because we believe they are crucial to our
understanding of the significantly decreasing NP collision frequency at potentials more negative than -0.8
V (Figure 5). As one can see, many of these current fluctuations within each collision event are rather
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similar in magnitude and somewhat random in their spacing on the time axis. The fact that they follow a
discrete NP collision event in conjunction with their highly repeatable nature suggests that these
fluctuations are due to the same NP making multiple repeated collisions on the same electrode. We believe
these repeated NP moves originate from transient formation of nanobubbles on the surface of the colliding
NP. The rapid, stepwise decrease in current is thought to be due to nanobubble formation, while the rapid
increase in current is thought to be due to nanobubble dissolution. Interestingly, these transient current
blockades do not return to the pre-collision baseline, indicating that the proposed bubbles to not encapsulate
the entire particle, but rather form over a fraction of the NP surface, as illustrated in the right panel of
Figure 4.

The transient formation and fast dissolution of small nanobubbles is highly possible considering
the high acid concentration used in this study. The saturation concentration of H, gas in aqueous solution
is around 0.8 mM at ambient conditions.'® Even if only a small fraction of the total acid around the NP is
converted to Ha, its local concentration would be well above the saturation point for H, leading to possible
nanobubble nucleation. If we estimate the theoretical steady-state molecular hydrogen concentration at the
surface a single Pt NP on the electrode assuming uniform surface concentration of reaction products (see
page S9 of the supporting information), we obtain H, concentrations of 27 = 5 mM, 46 + 8 mM, and 55 +
10 mM at -0.9V, -1.0V, and -1.2V, respectively, per effective collision event. The combined effect of
multiple collision events will only further increase the H, content with every subsequent collision
supporting an environment favorable to nanobubble nucleation and unfavorable to additional effective NP
collision and adhesion with time. A transiently formed nanobubble would undoubtedly be capable of
pushing the NP around or causing it to momentarily dislodge or even detach from the carbon surface,
especially when the nanobubble is right at the small junction between the NP and the carbon surface.
Interestingly, a recent paper by White and coworkers also reported the non-uniform concentration of H»
around a surface-bound NP and the higher possibility of nanobubble nucleation from the NP-electrode

junction."
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By assuming nanobubbles may be transiently formed and dissolved, we can better understand the
decreasing trend in NP collision frequency at potentials more negative than -0.8 V. At such high driving
potentials, catalytic HER on Pt NP surface proceed at high rates limited only by proton diffusion. As one
can see from Figure 3, the CV response enters into a diffusion limited regime on Pt after reaching ~-0.7 V
vs Ag/AgCl in 0.1 M HCIOs. In fact, it is quite possible that H>O molecules may also start to contribute to
some of the cathodic current if the driving potential was further increased. Therefore, it is reasonable to
expect that some H> nanobubbles may quickly nucleate when the Pt NP makes its first contact with the
carbon surface. This is especially true if there are already some Pt NP pre-adsorbed on the surface of the
carbon UME, which may contribute to an elevated baseline concentration of H» in the vicinity of the carbon
electrode surface. After all, it requires only 30-60 H, molecules to nucleate a small 3-4 nm H, bubble as
recently suggested by White and coworkers.?® As the formation of such a small number of H, molecules
only needs ~100 electrons (n = 2 electrons for each H, molecule), it is unlikely one can detect the faradaic
electrical signal associated with it in the current amperometry settings. However, the direct impact of such
transient nanobubble formation events is that many of the NP collision events become ineffective events:
the particle only makes fast contact with the carbon surface before they are pushed away by the small H,
nanobubble. It is worth mentioning that nano- or microbubbles have always been utilized to drive the
motion of nano- and microparticles in the scientific community.?!?2
Effect of Surfactant and Defoaming Agent

To further test our hypothesis on nanobubbles, we went on and studied the opposite effects of both
the addition of a surfactant, sodium dodecyl sulfate (SDS), and a defoaming agent, tributyl phosphate
(TBP). As demonstrated by our group, surfactants lower the driving potential needed for nanobubble
nucleation by decreasing the surface tension of the gas-water interface.?? With this in mind, we selected a
classic surfactant, SDS, to introduce amphipathic molecules into solution to examine its effect on NP
collision frequency. Below pH = 2.5, SDS is known to undergo acid-catalyzed hydrolysis forming 1-

dodecanol and HSO, .** Further, due to the presence of perchlorate, a strong oxidizing agent, 1-dodecanol

may be oxidized to either an aldehyde or carboxylic acid.?® Even still, it is presence of such amphipathic
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species which is of interest with hydrophilic and hydrophobic moieties lowering gas saturation levels
necessary to nucleate nanobubbles. Figure S6 presents a series of current-time traces similar to that
presented in Figure 1 except with the addition of 50 uM SDS. Figure 7A shows the comparison between
the NP collision frequencies with and without the addition of 50 uM SDS. Notably, at -0.9 V, the number
of effective collision events observed in the SDS-containing solution decreased ~75% compared to the acid
only condition. This is also easily noticeable from the raw recordings in Figure S6 compared to Figure 1F.
We provide additional examples of highly fluctuating current responses observed in place of successful

detection events for both the acid only and SDS conditions within Figure S7.
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Figure 7. A comparison between collision frequencies
and their potential dependence: (A) 0.5 M HCIO4 bulk
acid with (purple) and without (green) 50 uM SDS. (B)
0.5 M HCIOy bulk acid with (blue) and without 1 ppm
TBP (green). Frequencies were determined by counting
number of collision events within a 25s period of data
collection. Error bars represent the standard deviation of n
=3 where 7 is the number of recordings considered.
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To further support our claim, we likewise tested the influence of TBP, a defoaming agent. TBP is
known to adsorb onto hydrophobic surfaces causing them to become adequately hydrophilic to limit bubble
nucleation.?® Contrary to SDS, the rate of change of dynamic surface tension is known to increase in the
presence of TBP.? Industrially, TBP is used as a defoaming agent in concert,?® it has been employed by

2930 and it was most recently used by Ma

several research groups involving traditional macroscale bubbles,
and coworkers in their nanobubble study under acidic (pH = 1.3) conditions.*' It should be noted that TBP
can also undergo acid catalyzed hydrolysis yielding dibutyl phosphate and 1-butanol yet still result in the
presence of amphipathic molecules in solution.*

Figure 8 presents a series of current-time traces similar to that presented in Figure 1 except with
the addition of 1 ppm TBP. Potentials of -0.9, -1, and -1.2 V were selected for the TBP study due to the
statistically significant decrease in collision frequency from that observed between -0.5 and -0.8 V in
Figure 5. Interestingly, the number of effective collision events observed remarkably increased at all three
potentials. Further, the number of repeated current transients observed was notably less or entirely absent
when compared to the acid only and SDS condition traces. While baseline noise levels remain high, the
baseline levels shown in Figure 8 are fairly consistent with few, if any, sudden periods of amplified current
fluctuations. Figure 7B quantitatively confirms the collision frequency increase in the presence of TBP to
be statistically significant in comparison to the acid only condition for all potentials considered exhibiting
a 2.5, 2.3, and remarkable 4-fold increase at -0.9, -1, and -1.2 V, respectively. Notably, the collision
frequency observed at -0.9 V in the presence of TBP in Figure 7B fits within the range of collision
frequencies observed between -0.5 and -0.8 V in the acid only condition shown in Figure 5. While the
collision at -1.0 and -1.2 V increased considerably in the presence of TBP, consistently elevated baseline
noise levels suggest the approach towards water splitting and an activated carbon electrode limiting the
possible number of single entity signals observed. It is our ability to both significantly increase or decrease
the collision frequency response using surfactant and a defoaming agent which highlights the importance
of nanobubble formation, its effect on transient processes, and role at the interface between catalyst and

electrode surface.
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Conclusions
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Figure 8. A set of current-time traces illustrating the dependence of NP collision frequency
on applied potential in the presence of TBP: (A) -0.9 V, (B) -1.0 V, (C) -1.2 V. All traces
were recorded with 50 nm Pt NPs using our pressure-driven microjet collision system in 0.5
M HCIO4 bulk acid with 1 ppm TBP.

In this work, we focused on NP adhesion as a critical factor historically limiting the high throughput
nature of NP collision. The use of a glass micropipette allowed us to deliver NPs onto the carbon surface
more effectively than in freely diffusing conditions, which enabled us to study NP collision in highly

concentrated acid solutions eliminating variables such as aggregation or colloidal instability typically cited
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as the cause of diminished single entity detection efficiency. Our results have revealed two interesting
dynamic features of NP collision. First, as the driving potential changes for HER, the collision signal
changes from a sharp current spike at lower potentials, to a combined spike and step response at
intermediate potentials, and to a step only current response observed at even higher potentials. Second, as
the negative driving potential increases passing -0.8 V vs Ag/AgCl, the collision frequency decreases
significantly compared to lower driving potentials.

We explain the changing peak current response based on the changing kinetics of H-adsorption and
HER at different potentials. At lower driving potentials, H-adsorption is the dominating process resulting
in a sharp current spike corresponding to the Pt-catalyzed reduction of H* and the subsequent formation of
a monolayer of H,q on Pt. At higher potentials, however, the HER becomes the dominating process, which
competes with the H' freely diffusing around the particle. Combined with instrumental bandwidth
limitations, this makes it difficult or even impossible to distinguish the charging process from the steady
state HER process. We explain the decrease in NP collision frequency at high negative potentials based on
the possible formation of a H, nanobubble at the contact point between the NP and the carbon electrode.
The ability to use a surfactant, SDS and the defoaming agent, TBP to change the collision frequency in two
opposite directions further supports our hypothesis.

The direct operando imaging of this ultra-fast transient process remains a subject for future work.
Simultaneously considering both the transient trajectories of single NPs and the nucleation of nanobubbles
at the moment of particle collision remains a challenge. Our work has revealed the complex nature of the
dynamic NP collision at the electrode-solution interface and the possible effect of nanobubble formation

on NP adhesion on the electrode.
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