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Revealing the sub-50ms electrochemical conversion of silver
halide nanocolloids by stochastic electrochemistry and optical

microscopy

Jean-Francois Lemineur,’ Jean-Marc Noél,” Catherine Combellas® and Frédéric Kanoufi**

Silver based ionic cristal nanoparticles (NPs) are interesting nanomaterials for energy storage and conversion, e.g. their

colloidal solutions could be used as a reversible redox nanofluid in semi-solid redox flow cells. In this context, the

reductive transformation of Brownian silver halide, AgX, NPs into silver NPs is probed by single NP electrochemistry,

complemented by an operando high resolution monitoring. However, their light sensitivity and poor conductivity make the

operando monitoring of their chemical activity challenging. The electrochemical collisions of single AgX NPs onto a

negatively biased electrode evidence a full conversion through multiple reduction steps within 3-10 ms. This is further

corroborated by simulation of the conversion process and operando through a high resolution optical microscopy

technique (Backside Absorbing Layer Microscopy, BALM). Both techniques are interesting strategies to infer at the single

NP level the intrinsic charge capacity and charging rate of redox active Brownian nanomaterials, demonstrating the

interest of the fast and reversible AgX/Ag system as a redox nanofluid.

Introduction

There is considerable interest in describing the electrochemical
(EC) activity of individual nanoparticles (NPs) owing to their
increased importance in many energy related applications,
such as photovoltaics1 or the electrocatalytic activation of
small molecules for splitting, fuel cells, or CO,
reduction.”

Among the various published works within the past decade,
two methodologies have been explored to carry out these
stochastic studies, depending on whether the NPs are moving
in solution (Brownian) or immobilized (adsorbed) on an
electrode surface.’

The first one, introduced by Lemay’s group,4 is based on the
detection of stochastic EC signals. It consists in resolving in
time the collision of individual NPs with a sensor small enough
for each single collision to result in a measurable EC signal.
Different EC NP collision or EC nanoimpact strategies have
been proposed by Bard,5 Compton6 and others,7 depending on
whether the NPs are insulating, or can be electrochemically
converted or possess catalytic activities.

As for the second one, it consists in using a means to spatially
resolve individually the NPs in order to characterize or image
their EC properties.8 Different approaches have been
proposed, using either local EC probes,9 or the confinement of
an electrolytic cell around the NP of interest,10 or the use of
complementary observations by high spatial resolution
microscopies,11 operated either ex situ™ or in situ. "

While they do not rival electron microscopy (TEM)H’13 in terms
of resolution, optical microscopies offer an interesting
compromise regarding throughput, image rate and the variety,
size of NPs or processes that can be imaged during EC
solicitation. Different mechanistic insights can be gathered
from the change in optical properties of single NPs associated
to their electrochemistry, ranging from double layer charging
at Au NPs,16 Au oxide formation,17 reductive growth of Ag
NPS.,18 their oxidative dissolution or oxidation into pseudo-

water

halides™ or the growth, electrocatalysis and doping of Co
oxide particles.zo’21 They also have the advantage of being able
to monitor in situ both type of configurations (Brownian and
adsorbed NPs).ZZ’26

At first sight, these two configurations are aiming at different
objectives. The first one is seeking to probe the intrinsic EC
activity of NPs, while the second one is closer to their
monitoring under real conditions in real system (operando
approach). Yet among common features, they particularly
agree to show the importance of dynamics (motion or force)
associated to the EC solicitation of isolated NPs.

This is manifested by the displacement of the supposedly

adsorbed NPs during their conversion or during an
electrocatalytic reaction,12b while Brownian NPs can
intermittently leave the electrode during their EC

transformation, which then results, for a single NP in discrete
multiple oxidation steps.”* In some extent this motion may
be beneficial for the transformation efficiency of Brownian
NPs, as it can expose new reactive sites to the electrode,
particularly interesting during NP over-oxidation which can
lead to the local growth of poorly conducting materials such as
oxides.*"

Though not formalised in this way, the implementation of
motion of colloidal NP solutions has recently attracted interest
in high energy density EC storage processes, such as redox
flow batteries, whose advantage is that they decouple the
energy storage components (active redox species stored in
tanks) from the power component (electrode materials).
However, the available energy density is limited by the
concentration of the redox active species used (about 1M). An
increase by one order of magnitude in capacity can be
foreseen if one considers the flow of suspensions of NPs, i.e.
nanofluids, of energy dense active materials, in what is known
as semi-solid flow cells.*?

In this respect, EC collision strategies could be relevant for the
screening of the energy or power capacity of electroactive NPs
material candidates for semi-solid flow batteries. Few EC
collision works are related to such candidates, likely since most



of those reported in real systems are ionic crystals or metal
oxides. If these materials allow reversible charge storage it is
often at the cost of slow or sluggish transfer rates in the
absence of additives such as conducting binder.

Silver-zinc batteries are challenging the Li ion ones in terms of
safety, recyclability, or even energy density. If colloidal Ag
based ionic NPs could be reversibly converted into colloidal
metallic Ag NPs they may find interest as a nanofluid in semi-
solid redox flow batteries. The oxidation of single colloidal Ag
NPs into silver oxide (AgO)ZQ’31 or silver halide (AgX)19’29 NPs
has been previously reported. We focus here on the reverse
reaction, and study the EC reduction of CTAB-capped AgX ionic
colloidal NPs into metallic Ag NPs. If earlier single silver-based
ionic NP (AgO or AgX) studies suggest that this conversion is
reversible but may be incomplete29 or proceed to
completion,33'34 the conversion rate seems to depend on
whether Brownian colloids in solution (<O.1s)29'33 or CTAB-
capped AgX NPs immobilized on an electrode (>1s)34 are
considered. The difference may be due to the NP size,
composition or capping agent,35 but also to its interaction with
the electrode surface®® and its mobility (Brownian vs surface-
bound). This transformation is then monitored herein from
single stochastic NP EC-optical experiments, as schematized in
Figure la: the current transient associated to the collision of
individual colloidal CTAB-capped AgX NPs is recorded at a gold
disk ultra-microelectrode (UME). In addition an operando
optical monitoring of such single NP collision is performed in
the same solution, using an optically transparent Au substrate
as a polarized working electrode (Figure 1b).

AgX nanomaterials are very challenging to image in situ. They
are easily reduced by electron beams employed in electronic
microscopies. In addition, AgX NPs are non-plasmonic in the
visible region in the absence of metallic silver and are
therefore less easily detected in classical optical dark-field
microscopy. Using a highly sensitive optical microscopy,
Backside Absorbing Layer Microscopy (BALM), it is possible to
image non plasmonic NPs."2%3% we recently inspected the EC
reduction of single AgX NPs adsorbed on an electrode surface.
The individual NP conversion rate (AgX into Ag) was too slow
(of the order of the second) to be coped by EC means but was
quantified in situ and in real time by BALM.** we particularly
showed the reduction was occurring, to completion, through
local charge injection, resulting in discrete motion-steps of the
NPs associated to discrete transformation steps. BALM will
then be used here too to monitor and therefore complement
the stochastic reductive EC collision of single AgX NPs.

a © Aexnes .
0 Ag NPs

Figure 1. Scheme of the two experimental setups, using (a) an UME electrode and (b)
an optical BALM sensor, for probing the stochastic EC collision of single AgX NP on gold
electrode surface.

Results and discussion
A. EC collisions of AgX NPs

Experimentally, AgX NPs were obtained by mixing a solution of
AgNO; with a solution of NaCl at room temperature in the
presence of cetyltrimethylammonium bromide, CTAB, used as
337 Details concerning the AgX
NP synthesis are included in the experimental section. The

stabilizing and capping agent.

resulting NPs were deposited onto a gold surface and firstly
characterized by scanning electron microscopy (SEM). As
observed in Figure 2a, the NPs exhibit a spherical shape. From
the size dispersion graph, plotted from SEM image treatment,
their diameter is ~100nm (90 + 30nm based on Figure 2b).

The NPs electroactivity was first investigated by cathodic
particle coulometry, similarly to that developed by Compton
and co-workers for oxidative dissolution of metallic® or
reductive conversion of Hg,Cl,,*® AgBr,** or Ag0™® NPs.
Subjected to Brownian motion in solution, the NPs hit
stochastically the surface of the gold UME biased at E=-0.7V vs
Pt wire, a potential sufficiently negative to ensure AgX
reduction. During their collision with the UME, the AgX NPs are
expected to be transformed into metallic silver NPs:

AgX+e~ —Ag+X~ (2)

The EC reaction results in a cathodic current spike for each NP
colliding the UME. The chronoamperometric transient
recorded during AgX NP collisions is presented in Figure 2c for
an electrode biased at -0.7V vs Pt.

The NP content of the solution can be inferred from the
frequency of EC collisions. The theoretical frequency, f, of
stochastic NP collisions limited by diffusion arrival of NPs from
a Cyp = 400 pM concentration solution to a g=12.5um radius
disk UME is given by:

=4 DnpCrpa (2)

with Dyp the NP diffusion coefficient given by Stokes-Einstein
relationship Dyp=kgT/3mdyp. For a 100nm spherical NP (Dyp =
4.4 umz/s), a theoretical frequency f = 53 Hz is expected. The
measured frequency of the stochastic EC collisions of the AgX
NPs on the gold UME is 5 Hz, 1 order below the theoretical
frequency. Such discrepancy has often been observed and
rationalized from different arguments, such as NP-electrode
surface interactions?® or incomplete transformation vyielding
current spikes that could not be detected.



Figure 2. (a) SEM image of AgX NPs adsorbed on a gold electrode. (b) Size dispersion
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graph of the AgX NPs plotted from SEM image analysis. (c) Amperometry at a gold
electrode polarized at -0.7V vs Pt and recorded at 0.5kHz, showing EC collisions of
individual AgX NPs. (d) Size dsitribution of AgX NPs plotted from the amperometry
presented in (c) and (e). The EC size distribution is weighted by the NPs average size of
the binning.®® (e) Zoom at an individual EC spike recorded in (c) corresponding to a
single ~100nm AgX NP collision. (f) Discrete NP collision events assigned to the
reduction of a single ~100nm AgX NP recorded at 100 kHz with a current amplifier.

Assuming a complete EC conversion of the AgX NPs into Ag
NPs, according to equation 1, the size of individual AgX NPs,
dyp, can also be inferred from the charge, Q, of the individual
stochastic current spikes present in the amperometric traces:
Q= FndNPa/GVm,AgCI (3)
where F is the Faraday’s constant and V. is the molar
volume of AgX (Vp, agx=27.5%1.5 cma/mol for composite ranging
between either AgCl or AgBr). For example the current spike
zoomed in Figure 2e with a 2.2pC charge corresponds to the
EC collision of a 100nm AgX NP. The distribution of NP sizes
inferred from the current spike charges (Figure 2d) is
comparable to that obtained from SEM analysis in Figure 2b
except for the smallest NPs, which are difficult to discriminate
from the EC noise level (the charge for a 35nm AgX NP
corresponds to a 0.1pC charge spike). Zoom at individual EC
spikes, as in Figure 2e, recorded at a frequency of 0.5kHz
suggests that the reduction of individual AgX NPs is completed
within <10ms. This is comparable to the spikes recorded during
233 hut 3 orders of
magnitude faster than the conversion rate estimated optically
for the same AgX NPs adsorbed on a BALM electrode.®

This points that the comparison of the EC reactivity of surface-
immobilized or Brownian NPs, for example using the two
methodologies the introduction may be
misleading, as a result of differing dynamics contributions.

the reduction of AgBr or AgO Brownian NPs

discussed in

Besides, one could argue that the NPs are only partially
converted during the EC collisions.?® Indeed the slow diffusion
of Ag® ions within AgX ionic solid (of the order of D = 10
cm?/s)*® suggests that the diffusion-limited conversion of a
dnp=100nm spherical NP would require34’40’41 at least t:dNP2/4D
=0.25s, an order of magnitude longer than the observed 10ms.
However, the reduction of AgX generates a metallic and
conducting material, which speeds up the NP conversion. We
have modelled this mechanism considering, along with the
limiting Ag* ion transport in the NP, the hopping of electron,
exg~ Vvehiculated by Ag., sites acting as catalytic relays, to
adjacent unreduced AgX sites within the NP3* This is
schematized by the following homogenenous electron transfer
reaction:

Agcar + €ag” + ABX — Agey + Ag + X (4)
characterized by a rate constant ke, in st By differentiating
the simulated AgX content, n,g, along time, the EC current
transient associated to the transformation is evaluated:

iconv = FdhAg)(/dt (5)
Figure 3a shows the simulated current transient, compared
with the experimental transient presented in Figure 2e. This
was obtained, considering D=10"" cm’s™, with a hopping rate
constant kex=15x1035'1. Along with the transient currents are
given the simulated AgX (in green) contents within the NP,
every 2ms after the NP contact with the electrode. The full
conversion into Ag corresponds to the red color. The sharp
reaction layer (<5nm) between the regions of unconverted AgX
and fully converted Ag results from a fast hopping reaction,
which mimics the separation of both phases.

The effect of NP size on the duration of the simulated and
experimental EC conversions of individual NPs is also
presented in Figure 3b. The experimental duration of the
stochastic current transient associated to an individual NP
reduction increases linearly with the NP size (inferred from the
charge of the current transient). If for a diffusion controlled
process one would expect a quadratic relationship (At,eq
~dez), the linear variation between t.4 and dyp is rather in
favor of a kinetic limitation by surface transformation. The
electron hopping at the moving interface between AgX and Ag
materials in the NP also introduces such kinetic limitation.
Indeed, the simulation considering the electron hopping
situation (Figure 3b, red line) predicts a linear variation
between t..q and dyp .

The overall the simulated and
experimental electron transport
through the conductive Ag material and hopping to AgX region
for its reduction explain the fast and complete conversion of
AgX ionic NPs into conducting Ag NPs.

Figure 3. Simulated current transient for the electrochemical conversion of AgX NPs

between
currents suggests that

agreement

upon charge transfer hopping mechanism. a) Experimental EC collision of single AgX NP
(black trace) of figure 2e normalized by the current peak (i;) and its simulated
conversion current ([J) using dyp = 100nm, solid-state diffusion coefficient D= 10"
cm?s™ and hopping rate constant kex=15x10% s™%. The concentration profile taken every
2ms associated to the transformation of the NP is also shown (green 100% AgX, red
100% Ag). b) Evolution with the NP size of the experimental (0) and simulated (M)
duration of the EC collision transients, extracted from the transients as in a).

The fact that the conversion is complete fits with the

conclusion drawn from the surface-bound AgX NPs.>
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However, the much faster kinetics may seem surprising. For
surface-bound NPs the conversion was also shown to proceed
by successive steps accompanied by NP motion over the
electrode surface. If similar multi-step reduction occurred for
Brownian NPs, faster dynamics (exploration of the solution
upon escape from the electrode) is expected, which could
explain the faster overall conversion of the Brownian NPs. This
hypothesis was then investigated by two different approaches:
by resolving the conversion kinetics when increasing the EC
acquisition frequency, and by monitoring this conversion by
optical microscopy.

The dynamics of the reduction process was first analyzed using
a higher acquisition frequency current amplifier. Typical EC
transients probed at 100kHz are given in Figure 2f and in ESI.
They show that the transformation can be segmented into
multiple steps, typically between 2 and 4 steps <2ms long
each. The overall transformation of individual NPs is 3-10ms, in
agreement with the events recorded at lower frequency (for
example in Figure 2e). Moreover, the estimate of the overall
charge exchanged during a multi-step collision event (~0.5 to
~2pC corresponding to size from ~60 to ~150nm) is within the
range of the AgX NP sizes, as evidenced by SEM and by EC
transients recorded at lower frequency (Figure 2b and 2d
respectively), attesting of the full reduction of AgX NPs to Ag.
The presence of multiple <2ms reactive collision events is
consistent with those observed during the oxidation of Ag NPs
into soluble Ag" ions>”? or into AgCI29 or AgO NPs and during
their reverse reduction.”® The <1ms duration between steps is
consistent with diffusion of the NP into the solution (with Dyp =
4.4p.m2/s) and possible re-exploration of the electrode, as
demonstrated from simulations.”®* The multistep reduction is
also common to both Brownian and surface-bound AgX NPs.
The 3 orders of magnitude much shorter step duration of
Brownian NPs is also consistent with the difference of NPs
diffusion rate. Indeed the surface-diffusion of the surface-
bound NP, Dyp s = 5x102nm2/s,34 is 4 orders of magnitude
lower than in solution. The average time necessary for the NP
to go from an initial reactive position to a new reactive one is
known as the mean first-time passage. As a rule of thumb, it
scales as the inverse of the NP diffusion coefficient,44
explaining the observed differences
between surface-bound and Brownian NPs.

in conversion rates

B. BALM monitoring of stochastic single AgX NPs EC collisions

Owing to the contrasting conversion time of the same AgX NPs
depending on whether they are in solution or surface-bound,
we have monitored the stochastic EC collisions of single
Brownian AgX NPs on a BALM opto-EC sensor. BALM is indeed
able to image and distinguish AgX NPs from Ag NPs. In BALM,

an ultra-thin gold surface is used both as an electrode and as
an optical sensor allowing to record, in a reflection-mode,
“optical nano-collisions” in an EC environment (EC-BALM).
Briefly recalling its principle, in BALM, in analogy with other
reflection mode microscopies,45 the optical signal (/yy)
collected by the camera is due to the interference between
the far field scattered by the NPs (E,.) and the far field
reflected (E,) by the BALM substrate:

2
Iopt S |Eref| + |Escat|2 + 2|Eref| |Escat|cos 6, (6)

where 6, is the phase lag between E,f and Ey,. Working
under low-reflection conditions (small values of E,.), which is
expected for the pseudo anti-reflecting BALM substrates, the
interference term (last term in eq. 6) dominates. It is
extremely useful as the amplitude of the NP scattering field
scales with dNP3, while the scattering intensity usually recorded
under dark-field conditions, scales as d,\,pe. Equation (3)
suggests that poorly scattering NPs, such as non-metallic ones,
can be more readily detected.

Figure 4a presents the experimental optical images for 100nm
AgX or Ag NPs, respectively, pre-adsorbed on the BALM
sensor, and recorded in electrolytic solution (absence of
polarization of the Au surface). As previously modelled, the
AgX NPs adsorbed on the optical sensor appear as dark
contrast features while Ag NPs result in bright contrast
features; indeed, the BALM setup allows discriminating the
two kinds of NPs without the need of a spectrometer, which
inevitably reduce the time resolution of the
microscope.19

The stochastic collisions on the BALM sensor of single
Brownian AgX NPs were imaged at a frequency of 20 frames
per second. An EC cell is formed by confining a droplet of
electrolyte above the sensor biased at -0.8V vs Pt acting as a
working electrode, as schematized in Figure 1b. Many
Brownian AgX NPs are detected next to the electrode surface
and appear mostly as dark contrast features, at different
positions and different times over the BALM sensor. It is
illustrated in the image sequence of Figure 4b over a 5x5um2
selected region of interest (ROI). It suggests that under the
present experimental conditions, AgX NPs are not irreversibly
adsorbed on the gold surface, where they are rather bouncing.
The optical features have been counted over time on the ROI
images. The number of NPs in motion in each image remains

would

constant and amounts to ~0.1NP/um? as presented in Figure
4c (in the ROI of Figure 4b, 2 NPs over 25um2) or on larger
imaged area (Figure ESI 2). For a 400pM NP concentration (i.e.
O.24NP/|.1m3) this suggests that the BALM setup probes NPs
within a ca. 0.4um thickness of solution above the substrate,
which is consistent with the ca. 0.39um depth of field (dof)
expected for the numerical aperture, NA = 1.4, of the oil
immersion BALM objective (dof = Xno”/NA2 = 0.39um for
nyi;=1.5 and A=510nm).
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Figure 4. a) Experimental optical images recorded after adsorption of 100nm AgX NPs
and Ag NPs at the Au optical sensor/electrode surface. (b) Images sequence recorded
at 50ms intervals during the EC conversion of AgX NPs into Ag NPs. (c) Fluctuation of
NPs number with time estimated from (b).

Among the probed thicknesses, <25% of the detected features
are bright as confirmed on a larger imaged surface area (Figure
ESI2); assuming that these bright features are Ag NPs, their average
concentration in the electrode vicinity is at least 0.06NP/um3. It has
also been noted that AgX NPs colliding with the electrode surface
do not always result in an EC transformation. Indeed, in several
cases AgX NPs hit the Au electrode surface and go back in solution
while unaltered optically. It is in agreement with the stochastic EC
collision experiment and explains why the collision frequency
recorded at the UME (f=5Hz) is much lower than the theoretical
frequency (of 53 Hz). This results from the experimental
configuration. Both optical and EC collisions experiments were
performed directly from the batch synthetic solution, containing an
excess of CTAB surfactant. CTAB is expected to adsorb onto the
electrode surface (UME or BALM sensor) henceforth repelling the
CTAB-capped AgX NPs, explaining both the absence of NPs
adsorption and the low collision frequency.

Occasionally, the event of disappearance of a dark feature and
the concomitant appearance of a bright feature within NP diffusion
distance, (at maximum 1x1 um2 region of the electrode), can be
detected upon two successive images. In Figure 4b, two AgX NPs
(dark features 1 and 2 in A and B) are randomly moving on the
electrode surface until the contrast of one of the two (labeled as 1,
in C) suddenly changes to bright. Once transformed, the bright NP
leaves the field of view (image D). Such event most likely
corresponds to the EC transformation of the dark AgX NP into a
bright Ag NP. Noteworthy, another possibility is the sequential
escape of the AgX NP and concomitant arrival of an independent Ag
NP within the same electrode area. The probability, Py, of finding N
independent Ag NPs in the probed volume (v,= 1x1x0.4um3)
centered at the AgX NP position in the latest image is expected to
follow a Poisson distribution:

N -<Ag>/N! (7)

Py=<Ag>"e
where <Ag> is the average number of Ag NPs in the probed volume,
Vp. It is estimated to 0.022NP/um3, based on the 9% collision

frequency, estimated at the UME (meaning a 9% transformation
rate of AgX NPs), and the total number of AgX NPs present in the
probed volume (O.25NP/um3). The probability of incoming of N=1
Ag NP in this region is lower than P;= 2.2%, which is less likely than
the probability of an effective conversion of AgX into an Ag NP (9%).

As suggested from the EC collision transients, the transformation
dynamics is very fast as the transition between dark and bright
contrast features for single NPs occurs within two frames (a time
delay of 50ms). An example of such process is shown in Figure 5,
which represents the optical profile of the whole transformation
process of a single collision event. After the first 2.5s, which display
the background intensity, the optical intensity abruptly decreases as
the AgX NP reaches the electrode surface. The NP wanders over the
surface for 300-400ms without any transformation as the intensity
remains constant. The NP indeed remains optically visible while it is
in the near-wall hindered diffusion region. Then, the optical
intensity suddenly changes, becoming bright (above the background
level) within 50ms (1 frame) and rapidly decreases to the
background level. This change reflects the reduction of AgX to Ag
followed by the expulsion of the NP in solution. The expulsion of
the converted NP from the dof results from both the faster
stochastic diffusion of the smaller (more dense) Ag NP, and halide
ions release that were shown to propel the NP upon its

. 3446
conversion.
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Figure 5. Optical transient recorded during the collision followed by EC conversion of a
single AgX NP, then escape from dof of the resulting Ag NP. Theoretical lines represent
the background (blue) and the intensities for a 0 (black) and 100% (red) reduction of a
100nm AgX NP into a 70nm Ag NP.

Considering a full transformation of AgX to Ag, one can also use
optical modeling to directly size the NPs, as previously
demonstrated for surface-bound AgX NPs** In Figure 5, the
theoretical lines correspond to the optical intensity relative to
background level (blue trace) predicted for a 100nm AgX NP (black
trace) and its respective complete transformation into a 70nm Ag
NP (red trace). The intensity variations recorded optically during the
complete transformation of a single NP match the prediction. It is
then verified that the single NP transient in Figure 5 corresponds to
the complete EC transformation of a 100nm AgX NP, corroborating
the charge distribution obtained from the electrochemical collision
experiments. The procedure has been repeated and confirmed for
N=50 different NP transformation events. Even if the time
resolution of BALM cannot decipher the whole dynamics of the
transformation of a Brownian NP, it supports the hopping
mechanism and the <10ms cathodic current spikes recorded
electrochemically (vide supra). It further suggests that quantitative
optical monitoring allows determining the size and conversion of
the NPs.



Conclusions

NP coulometry is used in combination with the EC-BALM
technique to analyze single AgX NP collisions at a negatively
biased gold electrode surface. It is evidenced electrochemically
with an UME connected to a current amplifier that AgX NP
transformation occurs through multi-step reduction and leads
to a complete reduction into Ag NPs. The obtained size
dispersion histogram is in agreement with the one constructed
from SEM. Both the characteristic durations (3-10ms) of the EC
collision transients of single AgX NPs and their scaling with the
NP size suggest, based on simulated transients, the conversion
is controlled by an homogeneous charge transfer hopping
within the NP.

In order to confirm such fast transformation events, they are
probed by an interferometric optical microscopy (BALM), as it
allows discriminating AgX NPs appearing as dark contrast
features from metallic Ag NPs resulting in bright contrast
features. Optical transients allow probing single NP collision
and conversion at a transparent electrode. Such optical
nanocollisions explain the low EC collision frequency in
coulometry and confirm that NP collisions with the electrode
surface yield their complete conversion. Finally, both EC and
optical information confirm the up to 3 orders of magnitude
faster conversion for Brownian NPs than for their surface-
bound counterparts, which is related to differences in dynamic
(transport and hopping charge transfer) involved during the
reduction of the Brownian NPs. The fast reversible and
complete conversion of AgX NPs into Ag NPs is comparable to
the reverse reaction: the oxidation of Ag NPs into AgX NPs.
This should make the Ag/AgX Brownian NPs an interesting
candidate as a redox nanofluid in semi-solid redox flow cells.
Meanwhile EC collision strategies provide a unique means to
screen those nanofluid potentialities by probing the intrinsic
charge capacity and charging rate of its individual NP
constituents.

Experimental

NPs and chemicals. The analytical grade chemicals were obtained
from Sigma-Aldrich and were used without further purification.
Solutions were prepared with ultrapure water with a resistivity
higher than 18.2MQ.cm. Ag NPs came from a commercial colloidal
solution (Sigma-Aldrich, concentration of 0.05mg/mL, capped by
sodium citrate and dispersed in a citrate buffer). AgX NPs were
synthesized through the following procedure. First, 1mL of NaCl
(0.5M) in ultrapure water was mixed with an aqueous solution of
cetyltrimethylammonium bromide (2mM). 1mL of AgNO; (0.5M in
ultrapure water) was then added dropwise and under constant
stirring to form a 100mL stock solution. The mixture was further
stirred at room temperature for 3h and became opaque and white.
No precipitate was observed and the colloidal solution was stored
under light protection and at temperature of 4°C until use.
Dropwise precipitation of silver ions with a mixture of both CI" and
Br  usually results in two distinct phases because the solubility
product constants of AgCl and AgBr are different. We assume that
the co-precipitation reaction has led to a binary mixture of AgCl and

AgBr NPs.®® The unimodal size distribution in Figure 2b,d suggests
AgCl and AgBr NPs cannot be differentiated by SEM images or
electrochemically. Indeed, the conversion was studied here at
sufficiently negative potential to ensure mass transfer limited
conversion of either material, preventing also an electrochemical
differentiation. The comparable values of AgCl and AgBr refractive
indexes also suggest they cannot be differentiated optically.34

UMEs preparation. Ultra-micro-electrodes were fabricated in-
house. They were machined using borosilicate glass capillaries
(Sutter instruments, Novato, California) with outer and inner
diameters of 1.0 and 0.5mm, respectively. 25um diameter gold
wires (99.99%, Goodfellow, Cambridge Ltd., Huntingdon, England)
were inserted into the capillaries and sealed with a laser pipette
puller (Narishige, Model PC-10, London, U.K.) in order to obtain
25um diameter disc electrodes characterized by a ratio between
the insulating glass radius and the gold wire radius equal to 10. The
UMEs were finally polished with aluminum oxide tape (3um from
Precision Surfaces International, Houston, Texas, USA).

EC and EC-BALM setup. The stochastic EC collisions of NPs were
recorded in a 2-electrode system using an Au UME as the working
electrode and a Pt wire as both counter and pseudo-reference
electrodes. The current transients were measured at 500Hz
bandwith (1kHz sampling rate) by a CH760 potentiostat (IJCambria,
UK). Current transients at 100kHz bandwidth (200kHz sampling
rate) were recorded in the same configuration with a low noise
current amplifier (Element eONE). The full description of EC-BALM
has been published elsewhere.*®*% Briefly, the visualization is
based on a pseudo-antireflective optical sensor (here composed of
a thin gold layer of ~10nm thickness deposited on a glass slide).
Optical sensors were purchased from Watch Live SAS France, and
used as received. The sensor was placed on a Zeiss Axiovert
inverted microscope and was illuminated from the backside (the
glass side) through a 63x oil immersion objective (Zeiss Plan
Apochromat, NA=1.40) with a non-polarized white light. The
reflected light was collected through the same objective by a CMOS
camera (IDS). For opto-EC experiments, the gold film was used as a
working electrode in a 2-electrode configuration. A platinum wire
was employed as a counter/pseudo-reference electrode and put
inside a micro-pipette. The micropipette was machined from the
same type of capillaries used for the UMEs and was stretched and
cut with the laser puller. The obtained pipette was finally polished
up to a diameter of roughly 50 um. Prior to the electrode insertion,
the pipette was filled with the AgX colloidal solution and disposed
upon the gold film in the way of a Scanning Electro-Chemical Cell
Microscopy com‘iguration.nc'48 The micropipette was then
approached next to the surface with a XYZ micro-controller to form
an EC cell. Electrodes were finally connected to a CHI 760
potentiostat in order to bias the working electrode at a sufficiently
negative potential.

Modeling and data analysis. EC simulations were performed with
COMSOL Multiphysics® implementing the finite element method.
Details related to the model, presented eIsewhere,34 are recalled in
the ESI. Optical simulations were obtained by a MATLAB® code
adapted to the BALM configuration from the codes proposed by the
Onli’s group."Sc The code simulates the scattering of a NP on a
reflecting substrate by using a MATLAB toolbox allowing to solve



the Maxwell’s equation through the Boundary Element Method.*
Home-made Python routines were employed throughout the work
to carry out the data processing.
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