GDCh
~~

Nanoparticle Catalysis

Zuschriften

Deutsche Ausgabe: DOI: 10.1002/ange.201510394
Internationale Ausgabe: DOI: 10.1002/anie.201510394

Quantifying the Electrocatalytic Turnover of Vitamin B,,-Mediated
Dehalogenation on Single Soft Nanoparticles

Wei Cheng and Richard G. Compton*

Abstract: We report the electrocatalytic dehalogenation of
trichloroethylene (TCE) by single soft nanoparticles in the
form of Vitamin B ,-containing droplets. We quantify the
turnover number of the catalytic reaction at the single soft
nanoparticle level. The kinetic data shows that the binding of
TCE with the electro-reduced vitamin in the Co’ oxidation state
is chemically reversible.

M easuring the catalytic kinetics of individual nanoparticles
is challenging because the charge transfer can only be crudely
estimated when using an ensemble. As a result, single
nanoparticles measurements are essential.’! An electrochem-
ical method using the so-called nano-impacts has been
recently developed to characterize individual nanoparticles
when they randomly collide, by virtue of their Brownian
motion, with a potentiostated electrode.”) Electrocatalytic
reactions at the surface of single metal nanoparticles can be
observed when such nanoparticles impact an inert electrode
that otherwise could not electrocatalyze. Most recently, the
nano-impacts approach has been extended to characterize
single soft nanoparticles,” such as liposomes,* vesicles, !
viruses,™ micelles,*® droplets and mediated oxygen reduc-
tion,’*1 and macromolecules.”*™ Electron transfer is
revealed by probing redox molecules or catalysts encapsu-
lated inside soft nanoparticles, in contrast to the mediated
charge transfer that takes place at the surface of metal
nanoparticles. To date, there are few reports on reactions
catalyzed by soft nanoparticles compared to the extensive
studies on metal nanocatalysts.”! In particular, the kinetics
and single turn-over efficiency of soft nanoparticles of any
type have never been quantified with single-nanoparticle
resolution.

As a natural redox enzyme, electron transfer through
Co™, the redox center in Vitamin By, (VBj,), has found
diverse uses in synthesis, bioremediation, and biocatalysis."
There has been significant interest in electrocatalytic reac-
tions by Vitamin B,,.["! In particular, the reductive dehaloge-
nation through Co™ has attracted large interest®™ and
recently was suggested to occur via the intermediary of
halogen-cobalt bond formation.! Using Vitamin B,, as
a model system, we report the electrocatalytic dehalogenation
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of trichloroethylene (TCE) by single soft nanoparticles
(nano-droplet) that contain Vitamin B,, dissolved in water/
glycerol encapsulated by emulsifiers. We find that the binding
between Co', the reduced form of Co™, and TCE is likely
a chemically reversible process, and quantify the catalytic
efficiency, interrogating soft nanoparticle catalysis at the
single-nanoparticle level in real time with single-turnover
resolution. To our knowledge, this is the first report to semi-
quantitatively measure the turnover number and the kinetics
of catalytic reactions at individual soft nanoparticles.

The ensemble electrochemical behavior of VB, emul-
sions was first investigated by dropcasting emulsions of
droplets to form an ensemble on a macro glassy carbon
(GC) electrode (diameter=3 mm) and recording cyclic
voltammograms. Figure Sla in the Supporting Information
shows the cyclic voltammograms for a glassy carbon macro-
electrode modified with 2 uL. VB, droplets immersed in
phosphate buffered saline (PBS) buffer (pH 6.9) at different
scans between 20 mVs ™' to 400 mV's ', Two reduction peaks
were observed around —0.10V and —0.95V versus the
saturated calomel reference electrode (SCE), likely corre-
sponding to the two stages of one-electron transfer: Co™ +
e"—Co" (Eq. 1) and Co" +e~—Co' (Eq. 2), respectively.”!

The peak current shows a linear dependence on scan rates
(Figure S1b), indicating a surface-controlled process, while
the integrated charge under the first reductive peak amounts
to less than 2% of the total theoretical charge, assuming the
immobilized VB,, droplets are completely reduced from Co™
to Co"™ and knowing the mass of material dropcasted
(Supporting Information). It was inferred that the charge
injection occurred at the three-phase boundary formed
between the surface-immobilized droplets, the electrode,
and the solution” (Scheme 1).

Voltammetric methods were further used to study the
electrocatalytic behavior of immobilized VB, droplets in the
presence of TCE, as shown in Figure 1. It was found that
addition of TCE caused a large increase in the second
electron transfer between Co' and Co' at —1.1 V, which is
attributed to the catalytic reduction of TCE. Comparing the

Droplet/Solution/Electrode Three Phase Boundary

- .. ._Co(ll[) +2¢™» Co(Il) + ™ Co (I)

Scheme 1. Reduction of Vitamin B,, droplets dropcast on a macro
electrode.
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Figure 1. Ensemble voltammograms of glassy carbon electrode modi- 0.8 %
fied with VB, droplets at 200 mVs~" in 100 mm PBS buffer (pH 6.9)
containing 74 mm TCE (black dash dot), 10 mm TCE (black line), 1
0 mm TCE (gray line) and voltammogram of bare glassy carbon 0.6+
electrode in PBS buffer containing 10 mm TCE (pH 6.9) (light gray
line). Q 1 %
GQJ‘: 0.4 i
voltammograms without TCE (gray line) or without VB,, g : L] +
(hg.ht. gray line) clearly demppstrates the electrocatalytic o2 % % %
activity of VB, droplets modified on the electrode for the i .
reduction of trichloroethylene Co™ +2¢~— Co', followed by 1
the reduction of TCE through Co', with dichloroethylene 00 ® .
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Co' + TCE9",co™ 4+ DCE (3)

Whilst the voltammetry indicates catalysis of the reduc-
tion of TCE by the Co™ oxidative state of VB12 (Figures 1, S1
and S2), because of the uncertain geometry of the droplet-
modified electrode and the imprecise nature of the three-
phase boundary, it is hard, if not impossible, to extract
quantitative information. We therefore turned to nano-
impacts to clarify and quantify the kinetics and mechanism.
The three-phase boundary restriction is not likely to apply to
single nanodroplets because complete electrolysis has been
shown for VB,, droplets* and similar data has also been
reported by others on soft nanoparticles.*'#! The differences
may arise because of possible coalescence of nanodroplets on
the electrode surface.

Next, a carbon microelectrode was immersed in PBS
buffer solution and known amounts of dispersed VB,
droplets and trichloroethylene added. In the absence of
TCE, clear reductive (Faradaic) current spikes were detected
at potentials more negative than —0.3 V (Figure 2a). A plot of
average charge resulting from the reduction of individual
VB, nanodroplets versus applied potentials (voltammogram)
was obtained by recording the average charge (the number of
recorded impact events for each potential was greater than
100) transferred as a result of direct Faradaic reduction of
VB,, droplets at different potentials (Figure 2b). The onset of
the spikes were found to be dependent on the reduction
potential, and no reductive spikes of VB, droplets were seen
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Potential vs. SCE / V
Figure 2. a) Representative chronoamperometric profiles of nano-
impacts at —1.25 V versus SCE. in PBS buffer (100 mm; pH 6.9)
containing: 16 mm TCE only (light gray line); VB,, nanodroplets only
(gray line); VB,, nanodroplets and 16 mm TCE (black line); b) voltam-
mograms of single soft nanoparticles: VB,, nanodroplets only (black
squares), VB,, nanodroplets and 16 mm TCE (black dots).

at the reductive potentials of +0.1 V or more positive,
suggesting the spikes correspond to Faradaic reduction of
VB,,-containing droplets. The presence of two plateaus in this
voltammogram suggest two steps of reduction of single
droplets containing VB,,, respectively resulting from the
reduction of Co™ to Co", and the subsequent reduction of
Co" to Co' upon a single droplet impacting at higher
potential. The average charge value at second plateau is
almost twice of that at the first plateau, consistent with
double-electron transfer occurring during single nanoparticle
impacts at very negative potentials.

Analogous nano-impact experiments of single VB,
droplets were conducted in PBS buffer containing 16 mm
TCE. At lower potential (up to —0.5 V), the amplitudes of
spikes are similar to those found without TCE, while the
amplitude of the spikes significantly increased when the
potential was —0.75 V or more negative (Figure 2), indicating
that at a sufficiently high potential, TCE is involved in charge
transfer and is reduced when single VB, droplets collide with
the electrode.
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To further investigate the catalytic reduction of TCE by
single VB, droplets, the average charge of individual spikes
at a range of potentials was calculated and plotted as
a function of potential (Figure 2b). Comparing this catalytic
voltammogram of single VB, droplets (circles) to the
voltammogram of direct reduction of single VB, droplets
(squares), the average charge of individual spikes was found
to be significantly larger at potentials above —0.75V,
suggesting that catalytic reduction of TCE accompanies the
direct reduction of single nanodroplets and contributes to the
charge injection when individual VB;, nanodroplets collide
with the electrode. In contrast, the average charge of
individual spikes is similar at potentials below —0.5V,
indicating that the catalytic reduction of TCE can only
accompany the electron transfer between Co" to Co' under
a high potential, and the active catalyst is the reduced form
COI.[6a'd]

To obtain kinetic information on the reduction of TCE
catalyzed by the single soft nanoparticles of VB,,-containing
droplets, catalytic voltammograms were obtained under
different added concentrations of TCE (Figure 3). The
amplitudes of spikes at certain high potentials generally
increased with increasing concentrations of TCE, further
confirming that the spikes observed at higher potentials
correspond to catalytic reduction of TCE through single VB,
nanodroplets impacting the electrode. The distribution of the
charge from electrocatalytic reduction by individual soft
nanoparticles indicates the size distribution of single soft
nanoparticles (Figure S4).

To estimate the catalytic efficiency of dehalogenation by
single nanodroplets, we define the effective turn-over number
(k.y) at different concentrations of TCE substrates for
electrocatalytic dehalogenation at single VB;, soft nano-
particle by Equation (4):

}
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Figure 3. Catalytic voltammograms of single soft nanoparticles at
various substrate concentrations: Average charge Q for single VB,
droplets impacts vs. potential E in PBS buffer with increasing TCE
concentrations: 0 mm (squares), 5 mm (up triangles), 7.4 mm (left
triangles), 9.5 mm (diamonds), 16 mm (circles), and 74 mm (down
triangles). The error of the mean charge is the standard error of the
mean given by SD/+/n where SD is the standard deviation and n is the
sample number, in this case the number of spikes.?!
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where m is the moles of TCE catalytically reduced or DCE
catalytically produced, m,,, is the moles of catalyst, which in
this case are the moles of VB, in single nano-droplets. Note
that the charge transfer of single droplet is probably not
limited by the surface area or the length of the three-phase
boundary.’! The charge transfer of a single nanodroplet Q, is
known to be quantitative and corresponds to the total amount
of Vitamin B, catalysts encapsulated in single droplets.! m,,,
can be estimated as 42, where F is the Faraday constant, A is
the Avogadro constant, Q, is mean charge transferred for the
reduction of single VB,, nanodroplets without the presence of
TCE corresponding to reduction of Co™ to Co'. ¢ is the
duration of the impact times. m can be thus derived from the
total mean charge (Q,.) transferred for dehalogenation of
trichloroethylene by single VB,, nanodroplets (Figure 3), and
the charge transferred (Q,) between Co™ to Co' before the
dehalogenation is initiated, as %. Two moles of
electrons are transferred for catalytic dehalogenation from
one mole TCE to DCE (Scheme 2).!

k
TCE + Co () === Co (I)-TCE
k|

. k, | +HY, -CI

Co (III) + DCE

Scheme 2. Electrocatalytic reductive dehalogenation of TCE by VB,,.

k. can be estimated by Equation (4), using the mean
charge (Figure 3) and impact times ¢ obtained from nano-
impacts experiments (Supporting Information) to be 30 £5,
4449, 74416, 81+8, and 143 +27 s7! for various concen-
trations of TCE substrates from Smm up to 74 mm.!'”
Furtherore, the effective turn-over number (k) at different
concentrations of TCE substrates was plotted against the
TCE concentration. Interestingly, a Michaelis-Menten-like
response was observed (Figure S6), indicating a probably
reversible binding between Co' and TCE (Scheme 2). If this is
the case, when the concentration of TCE is sufficiently high so
that all the reduced Co' forms of VB, in a single nanodroplet
are actively bound, increasing TCE substrate will not increase
the rate of the reaction beyond the maximum turn-over
number the k.

To verify the hypothesis and estimate the catalytic
kinetics, the reaction rate of electrocatalytic dehalogenation
is expressed as (Supporting Information):

d[DCE| _ ky[TCEJ[Co] oua

di K+ |[TCE] ®)

www.angewandte.de

An dte

Chemie

2593


http://www.angewandte.de

GDCh
~—

2594

thus

. kcal[TCE}
keff - m (6)

then

TTCE ()

where K is the kinetic constant % (Supporting Informa-

tion), [TCE] is the trichloroethylene concentration; [DCE] is
the dichloroethylene concentration and [Co'],, is the total
Co' concentration.

The linear relation between ﬁ and ﬁ is consistent with
the proposed mechanism above for catalytic efficiency of
dehalogenation by single soft nanoparticles. Furthermore,
from the linear fitting by Equation (7) with the experimental
data (Figure 4), the kinetic constant K and the maximum
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Figure 4. Catalytic kinetics of single soft nanoparticles: reciprocal of
effective turnover number estimated according to Equation (1) versus
reciprocal of TCE substrates (black squares), linear fitting (black line)
to the experimental data given by Equation (7).

turnover number k., for single soft nanoparticles can be
estimated as 29 +4 mm and 225432 57", respectively. Then,
the catalytic efficiency of single soft nanoparticles k., /K is
estimated to be 7.8x10°m 's™!, which is comparable to the
value obtained from electrocatalytic reduction of ethylene
dibromide in an emulsion system by Vitamin B,, molecules.*®!
The maximum turn-over number is found to be higher than
the dehalogenation reported for Vitamin B;, molecules
covalently immobilized onto the electrode, where in the
latter case a multi-layer film was likely formed,'* while
a complete electrolysis of Vitamin B;, molecules encapsu-
lated within single nanodroplets is thought to occur.

To our knowledge, this is the first time that the kinetics
and turnover frequency of single individual soft nanoparticles
have been semi-quantitatively measured and analyzed. We
believe this is a new strategy to fundamentally explore
catalytic reactions of soft nanoparticles with the mechanistic
simplification allowing insights into catalytic kinetics at
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single-nanoparticle resolution, likely opening doors for dis-
coveries and rational designs of soft nanoparticles and
enzyme nanocarriers that are currently neglected but hold
promise as more affordable and natural non-metal catalysts
for diverse chemical reactions and applications.
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