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Oxygen Reduction Mediated by Single Nanodroplets Containing
Attomoles of Vitamin B,,: Electrocatalytic Nano-Impacts Method**

Wei Cheng and Richard G. Compton*

Abstract: We report the use of single Vitamin B, nanodroplets
to mediate the reduction of oxygen in neutral buffer. Electron
transfer to single Vitamin B, nanodroplets is observed using
the nano-impacts method and shown to be quantitative. The
mechanism of mediated oxygen reduction by single VB,
droplets is revealed as via both Co™ and Co' reduced from
Co™ in VB, through one or two electron transfer followed by
the four-electron reduction of oxygen.

The electrochemistry of single nanoparticles typically as
a result of their random collision with a suitable electrode as
a consequence of their Brownian motion to induce quantita-
tive oxidation or reduction of, or catalytic reaction by, the
nanoparticle, so called “nano impacts”, has allowed new
insights into charge transfer together as well as providing the
opportunity to identify altered reactivity at the nanoscale with
analytical methodology for single nanoparticle characteriza-
tion.! Recent work has extended the scope of the nano-
particles that can be studied in this way to embrace liquid
droplets® including nanoliposomes.’®! Such studies are
important because of the use of emulsions in electrosynthesis
and the scope for avoiding environmentally non-benign non-
aqueous solvents.’! Moreover, by studying seemingly complex
processes using single nanodroplets the very high rates of
mass transport to and from the droplet may allow mechanistic
simplification and corresponding meditation of catalytic
processes.

One important biphasic system is that involving Vita-
min B,, emulsions in water. Electron transfer mediated
through this species has found diverse uses in synthesis;"!
the redox center in Vitamin B, is Co™. In addition electrodes
modified with molecule Vitamin B,, catalyze the reduction of
oxygen,! a process at the heart of energy transformation
technologies. Here, we report the use of single nanodroplets
of Vitamin By, to mediate the low potential reduction of
dioxygen. In particular the mechanistic simplification offered
by the conditions of high mass transport prevailing during
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“nano impacts” allows insights into the key relevant steps
involved in the reaction.

The structure of the Vitamin VB;, nanodroplet is illus-
trated in Figure S1 in the Supporting Information. Prior to
investigating the reduction of oxygen mediated by VB,
nanodroplets, the electrochemical behavior of VB, was
investigated in an oxygen-free buffer solution. First, a glassy
carbon (GC) macroelectrode (diameter=3 mm) was modi-
fied with VB, droplets and cyclic voltammograms recorded.
Figure S2 shows the first three scans of this modified
electrode immersed in phosphate buffered saline (PBS)
buffer (pH=6.9). Two reduction peaks were observed
around —0.10 and —0.95V versus the saturated calomel
reference electrode (SCE). These two reductive peaks likely
correspond to the two stages of each one-electron transfer
between Co (™) and Co"™, Co™ and Co' respectively, which is
consistent with the reported values for reduction of VB, on
a glassy carbon electrode.” This was further confirmed by the
cyclic voltammograms recorded for VB,, dissolved in the
buffer solution using a glassy carbon electrode, where similar
two reductive peaks position were also measured (see Fig-
ure S3 in the Supporting Information).

Next, a carbon microelectrode was immersed in a N,
degassed PBS buffer solution and a known concentration of
solution dispersed VB, droplets added.” Under potentios-
tatted conditions, clear reductive (Faradaic) current spikes at
—0.30 V versus SCE were detected (Figure 1). This potential
is significantly more negative than the first reduction poten-
tial of VB,,, ensuring the complete reduction of Co™ to Co".
The onset of spikes were found to be dependent on the
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Figure 1. Chronoamperometric profiles showing Faradaic reduction
spikes of single VB, droplets in oxygen-free PBS buffer (100 mm;
pH 6.9) at —0.30 V versus SCE.
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reductive potentials and no reductive spikes of VB, droplets
at the reductive potentials of + 0.1 V or above, confirming the
spikes correspond to Faradaic reduction of VB, droplets.
Another control experiment was conducted at the potential of
—0.30 V with no droplets in the solution and no spikes were
detected, further confirming that the occurrence of reductive
spikes is due to the random collisions of droplets with the
electrode.

The charge from the reduction of single droplets was
calculated by integrating the area of each spike (Figure S5).
To quantitatively characterize the reduction of single VB,
droplets, the modal size D,,, of VB, encapsulating droplets
was estimated to be 615 nm through dynamic light scattering
(DLS; Figure S6). By comparing the modal charge resulting
from reduction of 146 single VB, droplets Q. (Q, =
0.033 pC, Figure S7) from experimental nano-impact
method with the theoretical estimated modal charge O,
(Q:=0.029 pC) of single VB, droplet indicates that there is
effectively complete reduction of single VB, droplets (see the
Supporting Information).

A “voltammogram” of single droplet electrochemistry
was measured reflecting the average charge transfer to the
droplets as a function of potential, as illustrated in Figure 2.
From Figure 2, the average charge was observed to reach
a plateau at a higher potential and the average charge value
Q.+ (0.35+0.08 pC, where the error of the mean charge is the
standard error of the mean given by SD/\/n where SD is the
standard deviation and # is the sample number, in this case
the number of spikes) is almost two times of Q,,, (0.17 +
0.02pC) measured at —0.3 V, confirming a second electron
transfer resulted from subsequent reduction of Co" to Co'
upon a droplet impacting at higher potential such as —1.25 V
or more negative, as illustrated in Scheme S1 (see the
Supporting Information).

Subsequently, voltammetric methods were used to study
the electrochemical behavior of VB,, emulsion droplets in the
presence of oxygen. When VB,, is absent in O, saturated
buffer solution, the voltammogram (Figure 3) shows an
irreversible peak at —0.80 V for the reduction of oxygen
(O,+2H" +2e¢”—H,0,). The CVs of a VB, droplet-modi-
fied GC electrode (nanodroplets suspension was drop-casted
on the electrode, see the Experimental Section) was also
recorded in the presence of saturated oxygen, as shown in
Figure 3, showing two irreversible waves which are due to the
reduction of oxygen."’

It was found that the presence of VB, in buffer solution
decreases the overpotential of the oxygen reduction on GC
electrode about 200 mV, with another reduction peak arising
at —0.95 V. Comparing to voltammograms without oxygen
(black line) or without VB, (red line) this clearly demon-
strates the mediating activity of VB, droplets modified on the
electrode for the reduction of oxygen.

Corresponding nano-impact experiments of single VB,
nanodroplets were conducted in an O,-saturated PBS buffer.
As before, the onset of spikes was found to be dependent on
the reductive potentials, with clear spikes observed at —0.3 V
or more negative potential. No spikes were seen at positive
potential such as 0.1 V or above. The observation is consistent
with the measurements in the N, degassed buffer, suggesting
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Figure 2. a) Average charge Q for the reduction (black dots) of individ-

ual VB, droplet impact versus potential E. b) Likely mechanism of
reduction of single VB,, nanodroplets.
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Figure 3. Voltammogram of VB,, droplet modified glassy carbon
electrode in PBS buffer (pH 6.9) without oxygen presence (black line);
voltammogram of bare glassy carbon electrode in oxygen saturated
PBS buffer (pH 6.9; red line); voltammogram of VB, droplet modified
glassy carbon electrode electrode in oxygen saturated PBS buffer

(pH 6.9; blue line).
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that the observed spikes in an O, saturated PBS buffer are
also associated with Faradaic reduction of VB,, droplets.
However, when the potential was set more negative such as
—1.25 V, the amplitude of the spikes significantly increased, as
compared to those in the N, degassed buffer as shown in
Figure 4a, indicating there is an oxygen reduction reaction
mediated by VB,, when single VB,, nanodroplets collide with
the electrode.
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Figure 4. a) Chronoamperometric profiles showing Faradaic spikes of
single VB, droplets in oxygen-saturated PBS buffer (100 mm; pH 6.9;
red line) or without oxygen (black line) at —1.25 V versus SCE. The
inset showing the overlapped (background level adjusted) impact
spikes. b) Average charge Q for individual VB, droplets impacts
versus potential E in PBS buffer with saturated oxygen (red triangles)
and without oxygen (black dots). The labels show the number of
electrons transferred at each step among stoichiometric reaction.

To verify this hypothesis, chronoamperograms were
recorded at a range of electrode potentials between 0 and
—1.5V, the same potential range for chronoamperometric
measurements without presence of oxygen such that the
number of recorded impact events for each potential was
greater than 150. By integrating the area of each spike as
before, the average charge of individual spikes at a range of
potentials was calculated and then was plotted as a function of
potential, as illustrated in Figure 4b. Comparing this to the
“voltammogram” of single droplets in the absence of O,
(Figure 4b, black dots), the value of average charge of each
spike potential is significantly larger at —0.9 V or more
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negative, indicating that at sufficient negative potentials there
is an oxygen reduction accompanying the reduced of VB,
contributing to the injection of the charge measured at each
spike when individual VB;, nanodroplets collide with the
electrode.

The oxygen reduction can proceed by two main, parallel
pathways, namely the peroxide pathway where oxygen
undergoes a two-electron reduction to peroxide (O,+
2H" +2e —H,0,) or a direct four electron pathway to give
water (0,4 4H"+4e”—2H,0)," as shown in Scheme 1.

Oxygen-saturated buffer
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Scheme 1. Likely mechanism of oxygen reduction by single VB,, nano-
droplets.

E=-03Vvs. SCE
E=-09Vvs. SCE

E=-125V vs. SCE

Whilst, the mechanism of the role of VB, for oxygen
reduction is still controversial. Qui and Dong concluded
oxygen reduction via Co™ and Co' reduced from Co™, both
oxidative state are active for four electron reduction of
oxygen,” while Zagal etal. implied the role of dangling
imidazole chain of Co" with two- or four-electron reduction of
oxygen.® Other mechanisms have been discussed.

In the present study, the value of the charge Q,,; and Q.4
was further found to be 0.8+ 0.1 pCand 1.1+ 0.17 pC at —0.9
and —1.25V, respectively. The values are approximately 5
times and 6 times Q,,, at —0.3 V (0.17 £0.15 pC; Figure 4).
The similar charge measured at —0.3 V at oxygen-saturated
solution, as compared to oxygen-free condition suggests that
no oxygen reduction is active at —0.3 V or below, while
areduction of VB, from Co™ to Co" likely dominates at such
a low potential. The number of electrons transferred at
different potentials could be inferred, dependent on the
applied potentials, to be 5 and 6 electrons transferred at
—0.9V and —1.25V, indicating the following likely mecha-
nism of oxygen reduction by single VB, nanodroplets
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(Scheme 1). Multiple catalytic cycles, as seen with the droplet-
modified electrode, are not seen with nano-impact method,
probably because of the short duration of the impact times.”!

To summarize, we have shown oxygen reduction mediated
by single nanodroplets, in addition to demonstrating the
quantitative measurements of the size and electron transfer of
the reduction of VB, within a single droplet. The likely
mechanism of oxygen reduction mediated by single VB,,
droplet is also proposed which is through the reduced couples
of VB,,, namely Co" or Co' reduced from VB,, through one-
or two-electron transfer, followed by four-electron reduction
of oxygen when single nanodroplets impacting the electrode.

To our knowledge, this is the first time a mediated
reaction has been seen at single droplets containing attomoles
of molecules. This procedure facilitates understanding the
mechanism of oxygen reduction. The strategy is general and
can be applied to designing a wide range of aqueous droplets
containing various redox molecules for diverse catalytic
reactions. We believe this would open a new area and lead
to greater understanding and implications of “soft” nano-
particles such as droplets, micelles, polymers or organic
nanomaterials towards more affordable and natural non-
metal catalysts, as an alternative to “hard” precious metal
nanomaterials heavily used for current energy systems and
fuel cells.

Keywords: catalytic reaction - electrochemistry - nanodroplets -
oxygen reduction - soft nanoparticles
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