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ABSTRACT Soft or “liquid—liquid” interfaces were functiona-
lized by roughly half a monolayer of mirror-like nanofilms of gold
nanoparticles using a precise interfacial microinjection method. The
surface coverage of the nanofilm was characterized by ion transfer
voltammetry. These gold nanoparticle films represent an ideal
model system for studying both the thermodynamic and kinetic
aspects of interfacial redox catalysis. The electric polarization of » >
these soft interfaces is easily controllable, and thus the Fermi level of
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manipulated. Here, we study interfacial redox catalysis between two redox couples located in adjacent immiscible phases and highlight the catalytic

properties of a gold nanoparticle film toward heterogeneous electron transfer reactions.
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olarizable soft interfaces between two
immiscible electrolyte solutions (ITIES)
have emerged as model platforms at
which to study charge transfer reactions
that impact energy research, chiefly the
hydrogen evolution (HER)' > and oxygen
reduction reaction (ORR).5 " Soft interfaces
also represent an ideal system at which to
self-assemble molecules or nanoparticles
(NPs) into 2D films that are defect-free, are
mechanically flexible, and exhibit self-
recovery.'*'3 Avariety of functionalized soft
interfaces have been realized by the self-
assembly of supramolecular arrays,® noble
metallic NPs,'*~'® magnetic particles such
as Fe,0;,'7 and quantum dots.'® Energy-
related reactions may be favored by soft
interfaces functionalized with either mole-
cular adsorbed catalytic species, such as
porphyrins,®” or solid nanoparticles, such
as MoS, for the HER* or Pt° and reduced
graphene oxide'® for the ORR. Often, the
role of the adsorbed interfacial species is to
accept and store electrons from a molecular
donor in the organic phase, relay them to an
electron acceptor, and provide a binding
site for reactive intermediates.
Functionalization of soft interfaces with
self-assembled films of gold NPs (AuNPs) is
an area of avid research for technological
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applications ranging from optics (flexible
mirrors and filters),'®'® to sensors,?*?' to
biomedical research (size-selective dialysis
membranes and drug-delivery capsules),??
to catalysis,?® etc. Several methods exist to
induce the self-assembly of AuNPs at soft
interfaces. Since Reincke and co-workers®*
reported the spontaneous self-assembly of
AuNPs at a water | heptane interface follow-
ing the addition of alcohol, numerous alter-
native approaches have been described to
trigger the assembly of metallic NPs at soft
interfaces.’>?>?% The alcohol injection method
is still one of the most convenient but requires
introducing a substantial volume of alcohol (at
least 10 vol %)%’ ~2° close to the interface and
lacks a precise control of the interfacial surface
coverage of AuNPs in the film.

The redox properties of metallic NPs, and
by extension their self-assembled 2D films,
depend directly, but not exclusively, on the
excess charge present on the metallic NP.3°
The latter may be either electronic or due to
the presence of adsorbed ionic species or
ligands. However, adsorbed neutral ligands
also influence the redox properties of metal-
lic NPs by altering their surface potential.*®

The Fermi level of the electrons in metal-
lic NPs (EFP), such as AuNPs, depends first
on their synthesis route, then on their
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conservation method (aerobic versus anaerobic) but
most crucially on their environment.>® When AuNPs
are placed into a solution containing a redox couple
(Ox/Red) in excess, ENF equalizes with the Fermi level of
the electrons in solution for this redox couple, which is
given directly by the Nernst equation. For the AuNPs to
attain the Fermi level imposed by the redox couple, an
electrochemical reaction should take place to charge the
AUNPs either negatively, raising EF, or positively, low-
ering EN. Similarly, if AUNPs are in contact with a solution
of, for example, ferri/ferrocyanide in excess, EF" is given
by the Nernst equation for this redox couple and may be
manipulated by varying the relative concentrations of
the two species (ferri/ferro).

When more than one redox couple is present in a
solution, a thermodynamic equilibrium should be
reached between all redox couples. However, due to
kinetic limitations, the system may remain out of
equilibrium. In this instance, the addition of colloidal
NPs can catalyze Fermi level equilibration in solution,
and this process is called redox catalysis.3'? Another
scenario involves having two different redox couples
present in separate immiscible phases, for example,
ferri/ferrocyanide in the aqueous phase and ferroce-
nium/ferrocene in the adjacent organic phase. At
equilibrium, the Fermi levels of the electrons in both
phases are aligned, but analogous to homogeneous
systems, equilibrium may not be reached due to kinetic
limitations. Indeed, such is the case for the decamethyl-
ferrocenium/decamethylferrocene (organic phase)
and 2H'/H, (aqueous phase) redox couples, even at
high positive polarization of the aqueous phase with
respect to organic phase.®* Adsorption of a suitable
catalyst at the liquid—liquid interface can significantly
enhance the reaction rates, thereby achieving inter-
facial redox catalysis at functionalized soft interfaces.>*

It is important to note that soft interfaces are polar-
izable and therefore offer an additional parameter to
control the position of equilibrium: the Galvani poten-
tial difference across the interface (A%¢).>® The flow of
current across the interface to reach a new equilibrium
can be manipulated or even reversed in direction by
adjusting AJ'¢, and such reactions may be catalyzed by
NPs adsorbed at the soft interface. These abilities
identify polarizable functionalized soft interfaces as
an excellent model system to study interfacial redox
catalysis at adsorbed species.

Heterogeneous electron transfer (HET) reactions at
the ITIES are known to be potential dependent, i.e.,
dependent on the interfacial polarization, but it is
difficult to evaluate how much of the overall polariza-
tion is active as a local driving force. In the early days,
these reactions were thought to take place solely by
true heterogeneous electron transfer (ET), as sug-
gested by Samec et al3® for the system comprising
Ks/4[Fe(CN)g] in water and ferrocene in the organic phase,
meaning that an aqueous redox couple is supposed to
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react with an organic redox species only at the interface
where ET reactions occur. However, it was then postu-
lated, e.g., by Kihara et al,*” Osakai et al,*® and Katano
et al,* that one of the reactants can in fact partition to
undergo a homogeneous ET, with associated ion transfer
(IT) reactions, and that the current measured was not
always due to a heterogeneous ET but rather to the
preceding or following IT reaction.

Herein, we introduce a reproducible and precise
method of functionalizing soft interfaces with one
nanoparticle thick gold nanofilms using an interfacial
microinjection method. Subsequently, we provide an
in-depth characterization of the interfacial redox cata-
lysis between ferri/ferrocyanide in the aqueous phase
and ferrocenium/ferrocene in the organic phase at an
adsorbed AuNP film by comparison of voltammetry
and finite element simulations. A theoretical descrip-
tion of the observed processes in terms of Fermi level
equilibration is presented as a general model for
understanding interfacial redox catalysis.

RESULTS AND DISCUSSION

Fermi Level Equilibration and the Kinetics of Electron Transfer
across the Soft Interface. Let us consider a heterogeneous
redox reaction between an aqueous redox couple
0,/R; and an organic redox couple O,/R,:

n20‘1”+n1Rg = an‘{V—f—n]Og (1

where n; and n, are the number of electrons ex-
changed for each redox couple. At equilibrium, the
Fermi level of the electrons in water (EY) is equal to that
in the organic phase (E?), as illustrated in Scheme 1.
E¥' is given by the Nernst equation and the Galvani
potential of water on the absolute vacuum scale (AVS)
taking the electron at rest under vacuum as the origin
(in kJ mol™):

EY = —F|[E3 o 1% +£In €6, + oy +[ED I
F 01 /Ry 4SHE mF C‘Qﬂ w H*/1/2H, AVS

)

where [Ey-//2n, TAvs = 444 V is the potential of the
standard hydrogen electrode (SHE) on the absolute
vacuum scale and ¢,, = xw + ¥ is the Galvani potential
(also called the inner potential) of the aqueous phase,
where y,, is the surface potential and ,, is the outer
potential of the aqueous phase. Unfortunately, it is not
possible to measure the Galvani potential of a phase, so
the absolute value of EY is not known. However, it is
possible to measure the Galvani potential difference
between the aqueous and organic phases. Similarly,
Ef is given by

RT (<@
ES = —F|[ES 1% +—In| =2 E. K
F [ Oz/Rz]SHE+n2F ”(C32> + @0 + [Erye 1 /21, Tavs

3)
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Scheme 1. Equilibration of the Fermi level of the electrons
in water (EF') with electrons in the organic phase (E?) via
heterogeneous electron transfer (HET) across the soft inter-
face. The positions of Ef and E}f are represented under
conditions where thermodynamic equilibrium is reached
between both redox couples in the adjacent phases (i.e., no
kinetic limitations to Fermi level equilibration are present).
EF"'™ and Ep'™ are the initial Fermi levels of aqueous (blue)
and organic (red) phases, respectively (see text for addi-
tional details).

where ¢, is the Galvani potential of the organic phase.
The equilibrium Galvani potential difference A‘évqf:eq
is defined as

[¢w - ¢o]eq = A\g(ﬁeq

[Eoz/Rz]gHE - [EOT/Rl]g/HE

ny m
w 0
_ AW¢0 + RT In CRw Coz
- o YHET W 0
ninyF co, CR,

(4)

with A%¢%r, the standard Galvani potential difference
for the heterogeneous electron transfer (HET), given by

Ag(pgiET = [Egz/Rz (S)HE - [E&/Fh]g/HE (5)

Thus, by polarizing the soft interface, we can change
the potential of the organic redox couple (and also E?)
with respect to the aqueous redox couple; now the
concentration ratios of [OS]/[RS] and [OY1/[RY] will
adjust so that equilibrium is attained once more. AY¢
may be adjusted by an external power supply.

Let us now discuss the scenario when a metallic NP
is adsorbed at the soft interface and in contact with two
redox couples. If the latter are not in equilibrium, a
mixed potential is established such that both the
oxidation and reduction half-reactions proceed at the
same rate on the surface of the metallic NP. We can
consider the half-reactions

k
O] +n1e’NP<:'1R1 (6)
k4
ks —NP
Ry =0, + nye (7)
k-2

where reduction (eq 6) and oxidation (eq 7) take place
at the aqueous and organic sides of the interface,
respectively, with the metallic NP acting as a bipolar
electrode. The rates of both electrochemical reactions
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can be considered to follow a Butler—Volmer formal-
ism using Fermi levels in solids and solutions instead of
electrode potentials. These rates are governed by an
exponential term dependent on the difference be-
tween the Fermi levels of the electrons in solution
and the electrons in the metal (EF"), i.e., the driving
force, the rate constant k°, which is driving force
independent, and the surface concentrations of react-
ing species.

If we assume that back-reactions are negligible, the
current iy for the reduction half-reaction (eq 6) is

. — NP _
ih = —mA Fk?c"o": Se“ o )N (Ep EY)/RT (8)

where k? is the potential-independent rate constant, A,
is the area available for reaction 6 being either that of a
single NP or of an “island” of electronically interacting
NPs, a4 is the charge transfer coefficient (commonly
close to 0.5), and co,"* is the surface concentration of
O; in the aqueous phase. Note that the oxidative
current is defined as positive, in accordance with [UPAC
definitions, and the Fermi level of electrons in solutions
is expressed as defined in egs 2 and 3.

Correspondingly, for the oxidation half-reaction
(eq 7),

. _ NP po
I = nzAszgcg’zse a2 ER)/RT 9)

Note that the terms Ef and Ef contain the Galvani
potentials for both phases. Additionally, as ET takes
place from a higher into a lower Fermi level, we have
Ef< ER.

For floating metallic NPs in solution, the current for
both reactions is the same, so i; = —i, (ie, a key
assumption is that the metallic NP is chemically inert
in solution). Hence, at a steady state, E}* is controlled
by the ratio of the two rate constants:

(1 — ou)mEE + aanaEpR)
(1 = o4)n +azny)

ull Alalli - IS
(0 —am +oony) | mAKSCY?

NP
E" =

If back-reactions cannot be neglected, the situation
becomes too complicated to be easily solved analyti-
cally, and numerical methods are required.

The influence of the different relationships between
A:kS and A,kS on the position of ERF is illustrated in
Scheme 2. For example, if oy =, =0.5,n; =n,=n,and
the concentrations of O,/R; and O,/R; are similar, then
eq 10 simplifies to

EY+E°) RT |AKCY®
ge - EE) RT, ARG G,
2 n AszCR2

If Ak? and A,k3 are equal, and if the number of
transferred electrons (n, and n,) is also equal, then the
position of EF" (a turquoise line) is half of the sum of the
Fermi levels of the two redox couples (Scheme 2B).
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Scheme 2. Interfacial redox catalysis: equilibration of the Fermi level of the electrons in a metallic NP (E?P) adsorbed at a soft
interface and in contact with two redox couples, one in the aqueous phase (1) and the other in the organic phase (2). The final
position of ENP (a turquoise line) is determined by the kinetics of both the oxidation and reduction half-reactions (eqs 6 and 7
in the text): (A) A,k > Ak, (B) A,k3 = A,k3, and (C) A k3 < A, k3. Limitations of this approach: the metallic NP is chemically inert
in the solution and interacts with the redox couples; also the concentration of the redox couples is the same at any pointin the

solution (no mass transfer limitations).

However, if A-k3 > Ak% additional driving force
(overpotential) is required to drive the reduction half-
reaction (eq 6) at the same rate as the oxidation
half-reaction (eq 7). Note that ET occurs from Ef to
E¥, so EY < E2. This results in equilibration of EFF closer
to E? (Scheme 2A). In this scenario, the metallic NP is
often termed a “reservoir of electrons” as the NP
is charged with electrons to increase EN'. Similarly, if
AkS < A;kS, additional overpotential is required
to conduct the oxidation half-reaction at the same
speed as the reduction half-reaction, and, thus, equili-
bration is reached when EN' is closer to £ (Scheme 20).
In this case, the metallic NP is called a “reservoir of
holes”.

As noted in the introduction, if one redox couple is
dominating, EF¥ is pinned by the redox potential of
that couple. Thus, if one redox couple is present in
significant excess compared to the other (and the
kinetics are reasonably facile), EN* adjusts close to the
redox potential of that couple. The Fermi level of
electrons in the NP will always be found between Ef
and E7.

Finally, by polarizing the metallic NP functionalized
soft interface (i.e,, establishing a new value of AJ¢e),
we also change the difference between Ef' and Ef
(see egs 2—4). For example, if EN s pinned by an
aqueous redox couple, changing Ag¢eq by +0.5 V
will lower E2 by —0.5 eV with respect to EN. This
change will trigger ET until a new equilibrium is
reached (in effect the surface concentration ratios of
Co,”/cg,”* and co,"*/cg,"* adjust to the new Ag'pe). If
Er" is exactly between £’ and E?, changing Al peq will
affect the overpotentials for both reactions equally.
The gap between Ef’ and EF changes or even inverts,
but EN will remain in the middle. Finally, it is also worth
noting that this theoretical approach is equally applic-
able to homogeneous redox catalysis reactions, where
both reactions take place in a single phase i with a
Galvani potential ¢;.
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Functionalization of Soft Interfaces with Mirror-like AuNP
Nanofilms. An interfacial microinjection approach has
been developed to deliver AuNPs to the interface and
to considerably improve the control of the AuNP sur-
face coverage in comparison with previously reported
methods. The process involves three steps: (i) synthesis
of citrate-stabilized AuNPs, (ii) concentration of these
AuNPs by centrifugation and resuspension of the con-
centrate in methanol, and (iii) precisely controlled
injection of the methanol-suspended AuNPs at a soft
water | trifluorotoluene (TFT) interface using a capillary
and a syringe-pump to deliver a small volume of the
methanol solution of AuNPs (Figure 1A). Previously,
Park and co-workers used a syringe-pump to carefully
inject pure ethanol at a water | hexane interface but
without preconcentrating the AuNPs in alcohol. Larger
quantities of alcohol (milliliter versus microliter vol-
umes used here) were required to achieve mirror-like
AuNP films.?®

Interfacial AUNP nanofilms were formed with either
12 or 38 nm mean diameter AuNPs. The mean dia-
meters of the as-synthesized citrate-stabilized AuNPs
were determined by characterization with transmis-
sion electron microscopy (TEM), UV/vis spectroscopy,
and dynamic light-scattering (DLS) measurements;
see the Supporting Information, SI-1. As depicted
in Figure 1B to D, the methanol-suspended AuNPs
were injected at the interface at a controlled rate of
10 uL/min.

The injected AuNPs immediately assembled into
one nanoparticle thick isolated gray islands floating at
the interface, each island gradually increasing in size
with continued AuNP injection. The interface was
slightly perturbed by the flow from the capillary, and,
thus, each AuNP island was constantly in motion.
Eventually, all of the individual islands of AuNPs coa-
lesced to form a dense mirror-like AUNP nanofilm. For
the four-electrode electrochemical cells illustrated in
Figure 1B and C, 10 uL of concentrated 12 nm AuNPs
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(A)

Figure 1. Functionalization of soft interfaces with AuNP
nanofilms by precise injection of AuNPs suspended in
methanol at the interface. (A) Schematic of the capillary
and syringe-pump setup used to settle AuNPs directly at the
interface between two immiscible liquids allowing precise
control over the AuNP surface coverage. Examples of AuNP
films prepared at flat soft water | trifluorotoluene interfaces
in four-electrode electrochemical cells using AuNPs with
mean diameters of (B) 12 nm and (C) 38 nm. Flat soft
interfaces were achieved by partial silanization of the
bottom half of the electrochemical cell glass walls. (D) AuNP
nanofilms were also prepared on larger curved soft inter-
faces using a 2 x 4 cm quartz cell.

and 20 uL of 38 nm AuNPs in methanol were required
to cover the flat 2.5 cm? water | TFT soft interface.
Typically, water | oil interfaces in hydrophilic glassware
are curved due to differences in surface tension be-
tween the organic solvent, water, and glass itself. An
important aspect of this work was to determine the
surface coverage of AuNPs as accurately as possible. To
achieve the latter, flat interfaces with well-defined
surface areas were preferred and realized by partial
silanization of the electrochemical cell. The nano-
film formation process for the larger 38 nm AuNPs
was recorded with time using a ProScope HD USB-
microscope, and each step is clearly illustrated in the
Supporting Information, SI-2.

All of the AuNPs injected into the electrochemical
cell were retained at the soft interface; the latter can be
seen in Figure 1B and C as clean, transparent, and
noncolorized solutions below and above the settled
nanofilm. Thus, as the interfacial area, the concentra-
tion of the AuNPs in the methanol solution, and the
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volume of AuNPs injected (controlled by the flow-rate
and injection time period) were precisely known, an
accurate control of the surface coverage of AUNPs was
possible, as shown previously.'® The precision of the
method is mostly limited by the determination of the
bulk AuNP concentration using Haiss and co-workers
methodology based on UV—vis spectra®® and can be
estimated as 5—7% of standard deviation. By this
method, nanofilms of half a monolayer were prepared,
with the surface coverage estimated from the hexago-
nal packing as 37%.

Additionally, the presented method is scalable,
appropriate for flat (Figure 1B and C) or curved
(Figure 1D) soft interfaces, and generally applicable
to other immiscible water | oil combinations, such as
water | 1,2-dichloroethane, water | 1,2-dichloromethane,
and water | nitrobenzene.

lon Transfer Voltammetry Characterization of AuNP Nanofilm
Functionalized Soft Interfaces. Packing arrangements of
the AuNPs at the soft interface were investigated by
carefully transferring the interfacial 38 nm AuNP film to
a silicon substrate and characterizing it with scan-
ning electron microscopy (SEM). Settling of the AuUNPs
leads to partial occupation of the interface by a one
nanoparticle thick nanofilm (submonolayer), which
can be distributed in two ways: (i) randomly, forming
a continuous network on NPs with voids in between, or
(i) in an island-like manner, where hexagonally closed
packed islands coexist with voids of the same dimen-
sions (Figure 2Q). In fact, the preparation method
results in films that are a combination of both mor-
phologies: randomly distributed network of NPs with
voids of different sizes, small and big ones (see Sup-
porting Information SI-3). Thus, in effect, the AuNP
nanofilm patterns the soft interface with a randomly
distributed array of micropores, and the theory of
voltammetry on partially blocked electrodes*' can be
applied for any ion transfer (IT) reactions. Amatore and
co-workers introduced the concept of a zone diagram
for various types of blockage, depending on morphol-
ogy, size, and interparticle distance (or distance between
blocking compounds). Recently, this topic has been
reviewed by Davies and Compton.*? If the diffusion zone
radius (0) is larger than both pore center-to-center
distance (S) and pore radius (r), in the so-called heavily
overlapping diffusion zones condition, mass transfer
occurs by apparent semilinear diffusion from the bulk
and a classical peak-shaped cyclic voltammogram (CV) is
obtained (Figure 2B and D).

First, CVs with only background electrolytes present
in the absence and presence of AuNP nanofilms con-
sisting of either 12 or 38 nm AuNPs were obtained
using electrochemical cell 1 outlined in Scheme 4B
of the Methods section. CVs with well-defined poten-
tial windows of ca. 1 V width, limited by the IT of
Cl~ at the negative potentials and Li* at positive
potentials, were attained in all cases (Figure 2A). In
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Figure 2. Cyclic voltammetry (CV; IR compensated) at bare and AuNP nanofilm modified soft interfaces formed between a
10 mM LiCl aqueous solution and a 5 mM BATB solution in TFT. CVs were obtained at a scan rate of 25 mV/s (A) without and (B)
with TMA™ ions present for calibration. (C) Schematic representation of possible distribution of AuNPs in the nanofilm at ITIES:
randomly distributed network (top), islands with voids (bottom), and mixed morphology (middle). (D) Schematic representa-
tion of the cross-sectional view of the ITIES partially occupied by a nanofilm of AuNPs (lines show the diffusion profiles of ion

concentration).

marked contrast to previous reports,?”?° no decrease

of the window and lowering of the Gibbs energies of
transfer of the aqueous background electrolyte ions in
the presence of the AuNP nanofilms were observed.
This is attributed to the significantly lower volumes of
methanol required to achieve the dense mirror-like
film formation here than reported in previous studies.
Thus, IT and ET events of interest taking place at
potentials close to the transfer of the background
electrolyte ions may now be observed in the presence
of an interfacial AUNP nanofilm. Control experiments,
summarized in the Supporting Information section
Sl-4, show that methanol, sodium citrate, and ascorbic
acid with concentrations at least an order of magni-
tude higher than those used in the AuNP nanofilm
preparation did not significantly affect the CVs.

Next, CVs were obtained in the presence of the non-
redox-active tetramethylammonium cation, TMA™, in
the aqueous phase. The presence of the interfacial
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AuNP nanofilms did not significantly alter the voltam-
metric response for TMA™ transfer, in accordance with
previously published results??° with clear peak-
shaped responses obtained on both the forward
and reverse sweeps (Figure 2B). This indicates that
the diffusion zones between individual micropores
were heavily overlapping, as illustrated in Figure 2C
and D.

Scan-rate analysis using the Randles-Sevéik
equation*® allows the determination of the percentage
of the surface covered by AuNPs (see Supporting
Information SI-4B). In the presence of an interfacial
AuNP nanofilm consisting of either 12 or 38 nm AuNPs,
respectively, the nanofilm coverage was estimated to
be about 30%. This value corresponds roughly to half a
hexagonal close packed monolayer (surface coverage
of 37%), considering that 70% of the surface area
is available for semi-infinite linear diffusion. Accord-
ing to the blocked electrode theory, the apparent
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Scheme 3. Possible mechanisms, each leading to measur-
able current across the polarized soft interface as described
in the main text, when an electron donor species (&) is
present in the organic phase and an electron acceptor
species (such as ferri/ferrocyanide) is present in the aqu-
eous phase: (A) bimolecular heterogeneous electron trans-
fer, (B) a homogeneous electron transfer—ion transfer
mechanism, and (C) interfacial redox catalysis with the
AuNP nanofilm acting as a bipolar electrode. The orange
arrow indicates the electron transfer reaction with a rate
constant k°.

IT rate should decrease with increasing surface
coverage (Oaunp) Of the blocking particles (k.OT,app =
k%(1 — Oaune)).*" However, herein the IT reactions
still exhibited reversibility and were not disturbed
by a 30% surface coverage of the blocking layer
(Figure 2B).

Interfacial Redox Catalysis at a Polarized AuNP Nanofilm
Functionalized Soft Interface. ET across the AuNP film
functionalized soft interface was examined using a
model system, namely, the electron donor redox cou-
ple Fc™® dissolved in the organic phase and the
electron acceptor redox couple [Fe(CN)]*~"* dis-
solved in the water phase.3%3%39 At bare (without AuNP
nanofilm) soft interfaces, an ET reaction involving this
model system can proceed in two ways: (i) bimolecular
heterogeneous ET (HET), between [Fe(CN)¢]* "~ in
water and Fc™° in oil, as suggested by Samec et al.
and described in eq 12 (Scheme 3A):3

[Fe(CN)sl® ~ (W) + Fc®(0) = [Fe(CN)g]* ~ (w) + Fct (o)
(12)

or (ii) a homogeneous ET-IT mechanism involving
partition of neutral Fc into the water phase, followed
by homogeneous ET with [Fe(CN)¢]>~ and subsequent
IT of Fc* back to the organic phase, as postulated
by the groups of Kihara,” Osakai,*® and Katano®®
(Scheme 3B). As we will show in a separate publication,
the two mechanisms occur concomitantly, and the
observed experimental current is a combination of
HET and ET—IT processes.
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Figure 3. Experimental evidence of interfacial redox cata-
lysis in the presence of the AuNP nanofilm. Cyclic voltam-
mograms (IR compensated) of ET between the oil-
solubilized Fc*’® redox couple and the aqueous
[Fe(CN)s]> "~ redox couple, with various ratios between
Fe*" and Fe3" investigated, both (A) in the absence and (B)
in the presence of a AUNP nanofilm at the soft interface. All
electrochemical cells were prepared as described in
Scheme 4B. Scan rate: 10 mV s~ .

At AuNP nanofilm functionalized soft interfaces, the
ET reaction preferably takes place on the bipolar film,
where the Fermi level on the AuNPs is fixed by the
aqueous redox couple in excess acting as an electrode
to oxidize the ferrocene in the organic phase eqs 13
and 14:

NP? + [Fe(CN)6]> ~(w) = NP® ~ ¢ 4 [Fe(CN)g]* ~(w)
(13)

NPZ% + Fc®(0) = NP V¢ 1 Fct(o) (14)

where z represents the charge number on the core of
the AuNP. This process is called interfacial redox
catalysis and is illustrated in Scheme 3C.*

A comparison of experimental CVs in both the
absence and presence of the AuNP nanofilms is shown
in Figure 3A and B, with various ratios of [Fe(CN)e]* /4~
(see Scheme 4B in the Methods section for the com-
positions of the investigated electrochemical cells). ET
appears reversible under semi-infinite linear diffusion
control when the nanofilm is present, providing clear
evidence that the nanofilm acts as an efficient redox
catalyst, despite a low surface coverage of ca. 30% of
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the gold island. As summarized in Table 1, in the
absence of the nanofilm the peak-to-peak separation
for ET (AE,,) was 90 mV or above for the three Fe**/3*
ratios investigated, whereas with the nanofilm pre-
sent AE, was between 65 and 70 mV even when IR
compensation was utilized to eliminate most of the
contributions from ohmic drop in the system. Addi-
tionally, the ratio of forward and reverse peak currents
ioflipp is closer to unity in the presence of the nanofilm
(Table 1).

According to the partially blocked electrode theory,
the reaction kinetics appear more irreversible (larger
separation of the peak potentials) with practically no
effect on the peak currents with increasing coverage of
the blocking layer. Utilizing the method of Nicholson
(see the Supporting Information, SI-4C, for further
details), the experimental peak separation of 66 mV
indicates that ca. one-fifth of the interface is active for
interfacial electron transfer, in agreement with the
surface coverage estimated theoretically from the
AuNP concentration (37%) and from the IT experi-
ments (ca. 30%).

The observed voltammetry in Figure 3A and B can
be understood by the theory presented above. At a
bare soft interface, initially no noticeable ET takes
place, indicating that E? is lower than Ef'. As AY¢ is
scanned to more positive potentials, at a certain point
E? rises above Ef', driving ET from oil to water (positive
current). When the sweep direction is reversed, the
Fermi levels invert to drive ET from water to oil
(negative current).

At AuNP nanofilm modified soft interfaces, the
nanofilm can be treated as a bipolar electrode. If the
back-reactions are neglected, EF* of the nanofilm can
be calculated from eq 10 or 11. The key parameters are
(i) the ratio of the surface area available for electron
transfer reactions between the water (A,,) and organic
(Ao) sides of the interface, (ii) the ratio of the nanofilm
surface concentrations of the oxidized [Fe(CN)gl>~
species in the water phase (Crecnp-"" ~ 10—
100 mM) and reduced Fc® species in the organic
phase (cro®® < 0.1 mM), and (iii) the ratio of standard
rate constants for the water-based reduction (k)
and oil-based oxidation (k9) half-reactions at the
nanofilm surface. As the apparent surface area avail-
able for linear semi-infinite diffusion of reactants
toward the AuNP islands is roughly equal on both
sides of the interface, the A,,/A, ratio is close to unity.
The kinetics of the [Fe(CN)g]* "~ electrode reactions
are reasonably facile (k3 = 0.04 cm s~ on a gold
electrode),*® and Fc® oxidation is a model reversible
reaction with facile kinetics; therefore k$/k3 ~ 1
Hence, the ratio AukScrecnys " */AckICrce™®  in
eq 11 is that of the concentrations of the redox
species, ca. 100 to 1000, and ENP will always be closer
to EF. In other words, the aqueous redox couple in
excess pins the Fermi level on the gold NP nanofilm.

SMIRNOV ET AL.

TABLE 1. Summary of the Experimentally Observed
Values of Peak-to-Peak Separations (AE.), Half-Wave
Potentials (Ag'¢1/2), and iy, Ratios in Figure 3A and B
(with Various Ratios between Fe?* and Fe** Investigated
for the Aqueous [Fe(CN)s]>~"#~ Redox Couple) at Both
Bare and AuNP Nanofilm Functionalized Soft Interfaces

bare soft interface AuNP film functionalized soft interface

Fe*™" AE/mV AYap/mV iyeliyy  AE/mV A¥prpfmV ipelign

10/100 93 206 14 66 207 11
55/55 90 275 1.0 66 275 0.9
10010 135 330 14 n 330 0.9

An additional feature of the AuNP nanofilm is the
increased cross-sectional area of the reaction: hetero-
geneous electron transfer across the interface requires
that both reactants come close enough to each other
to allow electron transfer from one molecule to the
other. Hence, the rate of reaction also depends on the
frequency of these encounters. However, with a gold
island the electron donors and acceptors can charge
and discharge the island upon contact. The latter
increases the probability for electron transfer, as the
AuNP islands provide a conductive interfacial route
through which electrons can flow from the donor to
acceptor molecules, circumventing the need for direct
molecular encounters. Although the 30% coverage of
the interface is probably not enough to allow electron
conductivity through the whole film, there is local
conductivity within the close-packed islands of NPs.
This means that electrons injected into the film at the
edge of the island can conduct through the island and
be discharged at any point of contact.

CONCLUSIONS

We have presented a new theory based on Fermi
level equilibration of two redox species in separate
immiscible solutions, both in contact with an interfacial
film of metallic nanoparticles, to understand interfacial
redox catalysis, and this theory was used to explain the
catalysis of interfacial heterogeneous electron transfer
between the model redox couples [Fe(CN)¢]>~"*~ in an
aqueous phase and ferrocene/ferrocenium in an or-
ganic phase by gold nanoparticle islands. Additionally,
a simple, reproducible, and scalable method of AuNP
nanofilm sedimentation has been developed and im-
plemented to create mirror-like films with controlled
AuNP surface coverages. The AuNP nanofilm was
characterized by ion transfer voltammetry of model
species.

This work shows that electrochemistry at liquid—
liquid interfaces is a powerful model system to study
interfacial redox catalysis. Precise control of the Galvani
potential difference between the two phases allows
significant variation of the Fermi levels of electrons
in aqueous and organic phases, resulting in direct
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control of the rate and direction of electron transfer
at a floating gold nanofilm adsorbed at the interface,

METHODS

Reagents. All chemicals were used as received without fur-
ther purification. All aqueous solutions were prepared with ultra-
pure water (Millipore Milli-Q, specific resistivity 18.2M€2-cm).
Bis(triphenylphosphoranylidene)lammonium chloride (BACI,
98%), tetramethylammonium chloride (TMACI, 98%), tetrapro-
pylammonium chloride (TPropACl, 98%), LiCl (>99%), dichloro-
dimethylsilane, and ferrocene (Fc, 98%) were purchased from
Fluka. Hydrogen tetrachloroaurate(lll) hydrate (HAuCl,-3H,0,
99.999%, 49% Au) was provided by Alfa Aesar. Silver nitrate
(AgNOs3, 99%) was bought from Chempur, and ascorbic acid
(CeHgOe) from Reidel-de-Haem. Trisodium citrate dihydrate
(Na3CgHs0- - 2H,0, 98%) and the organic solvent a,o,a-trifluor-
otoluene (99%-+) were purchased from Acros. Bis(triphenylphos-
phoranylidene)ammonium tetrakis(pentafluorophenyl)borate
(BATB) was prepared by metathesis of aqueous equimolar solu-
tions of BACl and lithium tetrakis(pentafluorophenyl)borate ethyl
etherate (LiTB-DEE purum, Boulder Scientific). The resulting
precipitates were filtered, washed, and recrystallized from an
acetone/methanol (1:1) mixture.

Preparation and Characterization of Gold Nanoparticles of Various
Mean Diameters. In order to prepare AuNP suspensions with
various mean diameters, a seed-growth method was selected.*®
This method is a two-step process involving synthesis of small,
round-shape seeds followed by seed-mediated growth. The first
step proceeds using a common procedure to prepare
AuNPs.**8 Briefly, 41.5 mg of HAuCl,-3H,0 was dissolved in
300 mL of deionized water in a round-bottomed flask with
stirring, and the solution was heated to boiling point. A 9 mL
amount of a 1% w/v trisodium citrate solution was then rapidly
injected to form 13 (£1) nm AuNPs. In the second step, a
solution containing 4 mL of 20 mM HAuCl,-3H,0 and 0.4 mL
of 10 mM AgNOs; was prepared in 170 mL of deionized
water. Next, 15 mL of the seed solution (prepared in the
first step) was added. Finally, 30 mL of a 5 mM ascorbic acid
solution was added in a dropwise manner under vigorous
stirring using a syringe pump with a constant flow rate of
0.5 mL/min (60 min).

All AuNP suspensions were examined by UV/vis spectros-
copy on a PerkinElmer Lambda XLS+ spectrophotometer with a
10 mm polystyrene cell in order to estimate the concentration
of the AuNP suspensions in accordance with the work of Haiss et
al.*® Both Turkevich's**® and Park's*® methods reproducibly
allow AuNP suspensions to be prepared with the desired AuNP
concentrations. These were estimated as 4.0 x 10° particles/uL
for 12 nm AuNPs and 1.1 x 108 particles/uL for 38 nm AuNPs.
Particle size distributions for both sizes of AUNPs were obtained

(A) (B)

REorg (Ag/AgCl)
REw (Ag/AgCl)
Il Ag/AgCl
aq.phase
10mM LiCl
aq.phase [__CEW (Pt)
10 mM LiCl—+ )
1 mM BACI without or
with AuNPs
H atITIES
:@ L cewry
TFT
xmM D Ag/AgCl
5 mM BATB
)

highlighting the electrocatalytic properties of these
films.

by two methods: DLS and TEM. The TEM images were recorded
using a FEI CM12 (Phillips) transmission electron microscope,
operating with a LaBg electron source at 120 kV. The size
distributions of the AUNPs were estimated with ImageJ software
from four to five individual images, gathering information from
more than 150 particles. DLS measurements were performed
with a Nano ZS Zetasizer (Malvern Instruments, U.K), with
irradiation (1 = 633 nm) from a He—Ne laser, using Dispersion
Technology Software (DTS). The UV/vis spectroscopy, TEM, and
DLS characterization data are presented in the Supporting
Information, SI-1.

Modifying a Soft Interface with a Flat AuNP Nanofilm inside a Four-
Electrode Electrochemical Cell. Step (i): Preparing a Suspension of
AuNPs in Methanol. As-prepared solutions of citrate-stabilized
AuNPs were centrifuged for 15 min in polypropylene tubes
(at 8000 rpm for 12 nm AuNPs and 6000 rpm for 38 nm AuNPs).
The supernatant was carefully decanted, leaving a highly
concentrated aqueous solution of AuNPs with only ca.
0.1 mL of the initial 15 mL of solution remaining at the bottom
of the plastic tube. A 0.2 mL amount of methanol was then
added to the 0.1 mL solution of concentrated AuNPs. The
concentrations were estimated by UV/vis spectroscopy as
1.5 x 10" and 1 x 10° particles/uL for the 12 and 38 nm
AuNPs, respectively.* Tightly sealed bottles of AUNP suspen-
sions in methanol were stable for weeks.

Step (ii): Silanization of the Four-Electrode Electrochemical
Cell. Prior to AuNP film preparation the electrochemical cell
was silanized with dichlorodimethylsilane, as described
previously.49 Briefly, a certain volume (3.5 mL for the electro-
chemical cell modified herein) of a 10% (v/v) dichlorodimethyl-
silane/TFT solution was carefully injected underneath a layer of
water in the electrochemical cell. The dichlorodimethylsilane/
TFT solution volume was chosen such that the immiscible
interface it forms with the top water layer was positioned
midway between the two Luggin capillaries in the cell. The role
of the water on top is to protect the top half of the electro-
chemical cell from becoming silanized. After 5 min, the dichloro-
dimethylsilane/TFT solution was carefully removed using a
syringe and the glassware washed abundantly with acetone,
ethanol, and deionized water. A hydrophobic protective layer
was formed on the bottom half of the cell, preventing wetting of
the glass by water and allowing the formation of a flat interface
midway between the two Luggin capillaries.

Step (iii): Precise Microinjection of the AuNPs in Methanol at
the Soft Interface. The AUNP methanol suspension was inserted
into a 500 «L Hamilton syringe fixed in a syringe-pump. Next, a
capillary (fused silica, inner diameter of 150 um) was attached to

Cell 1 Cell 2
X M TvACH 100 mM KeFe(CN,
N M Ky N)s
Ag/AgCl (1:1;;M LiCl AgAgCl | oo Ticl
X (aq)
1 mM BACI 1mM BACI | 0.1 mM Fe
10 mM LiCl (ST‘}';‘T’[) BATB Ag/AgCl |10mMLiCl | 5 mM BATB
(Ref. aq.) (Ref. aq.) (TFT)
Cell 3 Cell 4
55 mM K,Fe(CN) 100 mM K Fe(CN)s
awagc | 55 mMKFe(CN)g agagcl | 10 mM KiFe(CN)g
g/ag 100 mM LiCl g/Ag 100 mM LiCl
(aq) (aq)
1 mM BACI | 0.1 mM Fe 1mM BACI | 0.1 mM Fe
10mM LiCl | 5 mM BATB Ag/AgCl | 10mM LiCl | 5 mM BATB
(Ref.aq) | (TFT) (Ref.aq) | (TFT)

Scheme 4. (A) Scheme of the four-electrode electrochemical cell and (B) composition of the four-electrode electrochemical
cells utilized in this study. & denotes electron-donor molecules such as Fc.
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the end of the syringe needle. The free end of the capillary
was held in close proximity to the water | TFT interface in such a
way that it only touched the interface by capillary forces.
Finally, the syringe-pump was started and the gold nanofilm
formation initiated. Varying the flow rate from 1 to 20 uL/min
did not markedly influence the nanofilm formation process,
and, thus, the flow rate was defined at 10 #L/min. A movie, the
corresponding images, and a detailed explanation of the
sedimentation process are provided in the Supporting Infor-
mation, SI-2.

Determination of Redox Potential of Fcin TFT and [Fe((N)6]3’“’ in the
Aqueous Phase. To determine the redox potentials of Fc in TFT,
the electron transfer potential was measured between a 0.5 mM
concentration of the donor molecule, Fc, in the oil phase and a
mixture of [Fe(CN)s]* "~ in the aqueous phase. Next, the redox
potential of [Fe(CN)e]> "4~ was evaluated with ultramicroelec-
trode voltammetry (dp, = 25 um, RG (radius of the tip divided by
the radius of the Pt disc in the center of the tip) = 6.15) in a
100 mM solution of both [Fe(CN)s]*~ and [Fe(CN)e]*~ with
100 mM LiCl as the supporting electrolyte. A complete descrip-
tion of the experimental approach is presented in the Support-
ing Information, SI-5.

lon and Electron Transfer Voltammetry. All IT and ET voltammetry
measurements at the water | TFT interface were performed using
a four-electrode cell following the configuration described
previously by Hatay et al>° and illustrated in Scheme 4A. The
different electrochemical cells investigated in this study are
outlined in detail in Scheme 4B.

Briefly, two platinum electrodes provide current and poten-
tial difference, whereas two pseudoreference Ag/AgCl electro-
des allow measurement and correction of the polarization
across the interface. TFT was chosen as the solvent, as the water
| TFT interface provides a larger window and is chemically both
more stable and less toxic in comparison to chlorinated organic
solvents.”’ Commercially available potentiostats, PGSTAT 30
and PGSTAT 101 (Metrohm, Switzerland), were used. The Gal-
vani potential difference, in accordance with the TATB assump-
tion,>? was calibrated by addition of internal standards TMA™
and TProA™" ions, whose AJ¢,, at the water | TFT interface were
taken to be +0.270 V for TMA™ and —0.019 V for TProA™,
respectively.’'> For all experiments 10 mM LiCl and 5 mM BATB
were chosen as the aqueous and oil phase background electro-
lytes, respectively, and used to maintain electrical conductance.
The organic reference solution (see Scheme 4) was 10 mM LiCl
and T mM BACI in water.
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