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S1 Supplementary experimental methods
S.1.1 Materials

All chemicals were used as received without further purification. All aqueous solutions
were prepared with ultra pure water (Millipore Milli-Q, specific resistivity 18.2 MQ-cm). The
organic solvent o,o,a-trifluorotoluene (TFT, 99+%) was received from Acros Organics.
Cytochrome ¢ (Cyt ¢) from bovine heart (> 95%) was purchased from Sigma-Aldrich. The iron in
the heme group of Cyt c is in its oxidised form (Cyt c-Fe(""). The lipophilic reductants ferrocene
(Fc, 98%), dimethylferrocene (DiMFc, 95%) and decamethylferrocene (DcMFc, 97%) were
purchased from Sigma-Aldrich. Bis(triphenylphosphoranylidene) ammonium chloride (BACI,
97%), potassium ferricyanide (KsFe(CN)s, >99%), potassium ferrocyanide (KsFe(CN)s-3H20,
>99.95%), tetramethylammonium chloride (TMACI, > 98%)), lithium chloride (LiCl, > 95%) and
phosphate buffered saline (PBS) tablets were purchased from Sigma-Aldrich. Lithium
tetrakis(pentafluorophenyl)borate diethyletherate ([Li(OEt2)2]TB) was received from Boulder

Scientific Company.

BACI and [Li(OEt2)2]JTB were used to prepare the organic electrolyte salt
bis(triphenylphosphoranylidene) ammonium tetrakis(pentafluorophenyl)borate (BATB) by
metathesis of equimolar solutions of BACI and [Li(OEt,)]TB in a methanol-water (2:1 v/v)
mixture. The resulting precipitates were filtered, washed and recrystallised from acetone. The pH
of the aqueous Cyt ¢ solutions was fixed to pH 7 by preparing a phosphate buffer solution by
dissolving a PBS tablet in ultra pure water and diluting to achieve final concentrations of 2.00 mM
phosphate buffer, 0.54 mM potassium chloride (KCI), and 27.40 mM sodium chloride (NaCl).

S.1.2 Calibration of CVs obtained in aqueous phosphate buffer solution with a 3-electrode cell

using Ag/AgCl reference electrodes to the SHE scale

The onset potential for the hydrogen evolution reaction in an aqueous phosphate buffer
solution at pH 7 is —0.413 V versus SHE [1]. Using a 3-electrode cell, the onset potential for the
hydrogen evolution reaction in an aqueous phosphate buffer solution at pH 7 (degassed, and

maintained under an inert N> atmosphere) versus the aqueous Ag/AgCI reference electrode

([El/z]j:g/AgCl) was determined as —0.744 V (Fig. S1(A)). Thus, the offset potential difference



between the aqueous Ag/AgCI reference electrode used herein and the SHE (AEXG agci vs. sHE)

was 0.331 V, since AExg agci vs. suE = ([Ee];vHE - [El/Z]VAVg/AgCI)'

The redox potential of an equimolar solution of [Fe!""(CN)e]*/Fe"(CN)s]* redox probes
in phosphate buffer solution, with a molar concentration of ~50 mM, at pH 7 versus SHE

([EG]EVHE) has been determined previously as +0.418 V [2]. As the electrochemistry of ITO in the

absence of any redox probes is featureless, this redox probe was used to calibrate the CVs obtained
with ITO working electrodes. Using a 3-electrode cell, the half-wave potential of an equimolar
solution of [Fe("(CN)s]*>/Fe(CN)s]* in phosphate buffer solution, with a molar concentration

w

of ~30 mM, at pH 7 versus the aqueous Ag/AgCl reference electrode ([El/z] Ag/AgCl

) was

determined as +0.092 V (Fig. S1(B)). Thus, AExy g1 vs. sup Was 0.326 V. This is in excellent
agreement (+ 5 mV) with the value of AEx, aqcips. sue determined with the same Ag/AgCl

reference electrode using the Pt wire working electrode in Fig. S1(A).

The phosphate buffer solution contained 0.54 mM KCI and 27.40 mM NacCl, and therefore
this chloride concentration allowed the potential of the Ag/AgCl wire used herein to remain stable.
The stability of the latter was monitored at regular intervals versus a Ag/AgClI (3 M KCI) reference

electrode.
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Fig. S1. (A) CV of phosphate buffer solution at pH 7 (degassed, and maintained under an inert N2
atmosphere) versus the Ag/AgCI reference electrode. The working and counter electrodes were
both Pt wire. The scan rate used was 20 mV-s. (B) CV of an equimolar solution of [Fe(""(CN)e]*-
/Fe(CN)s]* in phosphate buffer solution, with a molar concentration of ~30 mM, at pH 7 versus
the Ag/AgCI reference electrode. The working and counter electrodes were an ITO slide and Pt

wire, respectively. The scan rate used was 20 mV-s =,



S.1.3 Electrochemical experiments at the interface between two immiscible electrolyte solutions
(ITIES) to calibrate all voltammetry data obtained in the 4-electrode CBPEC configuration to the
Galvani potential scale

Electrochemical measurements at the ITIES formed between an aqueous phosphate buffer
solution and organic TFT solution, containing 5 mM BATB organic electrolyte, were performed
using a 4-electrode electrochemical cell, as described previously [3]. In this 4-electrode
configuration, the organic Pt and Ag/AgCl electrodes were connected to the counter and reference
terminals, respectively, while the aqueous Pt and Ag/AgCl electrodes were connected to the
working and sensing terminals, respectively. All experiments were carried out under aerobic

conditions.

The applied potential (E) in the 4-electrode cell used to obtain CVs at the ITIES is defined
as the potential difference established between the Ag/AgCl reference electrode in the aqueous
phase and that in the organic reference solution. The applied potential (E) encompasses firstly the
potential difference (or potential drop) that spans the interface between the aqueous and organic
phases, known as the Galvani potential difference (Ag ¢@). The latter is defined as Ay ¢ = (4" —
#°), where ¢V and ¢° are the inner Galvani potentials of the aqueous and organic phases,
respectively. Additionally, the applied potential (E) is determined by the nature of the reference
electrodes used (for example a junction potential exists between the organic TFT solution and the
organic reference solution). These contributions to the applied potential (E) are defined here as
AE..s. Thus, to calibrate the CVs at the ITIES to the Galvani potential scale the following
relationship exists: E = Ay ¢ + AE..¢. The critical value of AE..; may be determined using the
electrochemical response of model ion transfer probes, such as tetramethylammonium cations
(TMAY"), at the ITIES in conjunction with the tetraphenylarsonium tetraphenylborate (TATB)
assumption [4].

Previously, Olaya et al. precisely determined the half-wave potential of TMA™ ion transfer
at the ITIES formed between water and TFT (A3 ¢, TFT(TMAY)) versus the origin of the Galvani
potential scale as 0.270 V [4]. Using this value, the standard ion transfer potential of TMA™ from
water to TFT (AY g2 ~TFT(TMA*)) was determined to be 0.311 V. Thus, herein, TMA* was
added to the aqueous phase and acted as a “secondary” reference ion for the calibration of the

polarisable potential window to the Galvani potential scale using the following relationship
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between the applied potential (E), the Galvani potential difference (A @), the experimentally

measured half-wave potential of TMA* (Ey};" """ (TMA™)) and the standard ion transfer potential

of TMA* (AY g2 ~TFT(TMA®)):

Ay p— Ay g2 T (TMAY) = E — E});TFT(TMAY)

(1)
E =AY ¢— Ay ¢O" 7T (TMAY) + EYS T (TMAY)
(S2)
E =AY ¢+ [EY7TFT(TMAY) — Ay g0 =TT (TMA"Y)]
(S3)
E =AY ¢+ AE.f
(S4)

Herein, El“}z"TFT(TMA+) was measured as 0.780 V using our experimental setup at the

ITIES (data not shown) and, thus, AE,..; was determined as 0.469 V. As the reference electrodes
used at the ITIES and the CBPEC configuration are identical, this value of AE..; was used to

calibrate all voltammetry data obtained in the CBPEC configuration to the Galvani potential scale.
S.1.4 The current convention with a 4-electrode CBPEC

It is important to note that the peaks on the forward and reverse CV sweeps in a 4-electrode
CBPEC indicate the progress of two half-reactions. In a conventional 3-electrode electrochemical
cell, the peak on the forward sweep with a positive current simply means the species in solution is
oxidised at that potential on the working electrode. However, in the 4-electrode CBPEC with
aqueous-organic solutions, the peak on the forward sweep with a positive current indicates the
flow of negative charge, i.e., electrons, from the organic to aqueous compartment. Taking the half-

reactions outlined in Equations (2) and (3) as an example, a positive current indicates the

simultaneous reduction of Cyt c-Fegn) to Cyt c-Fe‘(,\I,I) at Py and oxidation of DcMFc? to DcMFcg
at Po on the forward sweep, scanning positively. When the sweep direction is reversed and scanned
negatively, the back-reactions in Equations (2) and (3), main text, take place, and electrons flow

from the aqueous to organic compartment giving rise to a negative peak.



S2 Voltammetry of Cyt ¢ and the lipophilic electron donors in individual 3-electrode

electrochemical cells

The redox potential of the Cyt c-Fe""/Cyt c-Fe("" redox couple in phosphate buffer solution

w

) was determined as +0.267 V using a 3-electrode

at pH 7 versus SHE (|E©
y SHE

cyt c-Fel™/ cyt c-FeEA‘,I)]

cell, as described in section 2.1, with an ITO working electrode (Fig. S2(A)). This value is in

w

for native Cyt c from

excellent agreement with previous studies where [Ee
y SHE

cyt c-Fe™/ cyt c-FellD
bovine heart at pH 7 was determined as +0.263 V [5]. Using the Fc*/Fc redox couple as an internal

calibrant, the redox potential of the DcMFc*/DcMFc redox couple in TFT versus SHE

[0}
([E§CMFC3/DCMFC8]SHE) was determined as +0.107 V from a CV of a mixture of 10 uM Fc and 10

uM DcMFc in TFT with 5 mM BATB supporting electrolyte (Fig. S2(B), solid black line).
Similarly, using DcMFc as the calibrant, the redox potential of the DiMFc*/DiMFc redox couple

[0}
in TFT versus SHE ([EgiMch/DiMch]SHE) was determined as +0.584 V from a CV of a mixture

of 10 uM DcMFc and 10 uM DiMFc in TFT with 5 mM BATB supporting electrolyte (Fig. S2(B),

solid blue line).



A ] ITO electrode :
0.2 ‘

B2 . =-0.059V

. Ag/AgCl
1
1

04 02 00 02
E/V (vs. Ag/AGCI)

B 44 |DcMFc/DeMFc| | DiMFc/DiMFC |
3_- : " |Fe'IFe
2]
< ] :
3 1
\ -
0 o
14
2 : :
T T T T

02 00 02 04 06 08 10
E/V (vs. SHE)

Fig. S2. (A) Cyclic voltammetry (CV) of 8 uM Cyt ¢ in phosphate buffer solution at pH 7, with a
molar concentration of ~2 mM, versus the Ag/AgCl reference electrode in a 3-electrode cell. The
working and counter electrodes were an ITO slide and Pt wire, respectively.

w w
V2 a =-0.059 V is equivalent to [59 =+0.267V,

Cytc-Fey, */ Cyt c-Fey, Ag/AgCl Cyt c-Fe‘(AI,H)/ Cyt c-Fe‘(AI,I)]SHE
knowing AEx; agcivs. sue = 0-326 V (see section S1.2). The scan rate used was 20 mV-st (B)
CVs of 10 uM Fc and 10 uM DcMFec (solid black line) and 10 uM DcMFc and 10 uM DiMFc
(solid blue line) in TFT with 5 mM BATB supporting electrolyte. The working and counter
electrodes were an ITO slide and Pt, respectively. The reference electrode, immersed in the organic
reference solution, was a Ag/AgCl wire. The CVs were calibrated to the SHE scale using the
known redox potential of the Fc*/Fc redox couple versus SHE in TFT solvent as an internal
calibrant. The scan rate used was 20 mV-s 2.



S3 The sensitivity of ITO electrodes to electrochemical reduction

ITO is known to undergo morphological changes and dissolve on application of very
negative cathodic potentials when used as the working electrode in a 3-electrode cell [6-8]. The
electrochemical behaviour of ITO is highly dependent on the properties of the solution media, in

particular the pH. Protons are known to be involved in the possible reduction reactions [7]:
In,03 + 6H* + 66~ — 2In + 3H20
(S5)
SnO; + 4H* + 4¢- — Sn** + 2H,0
(S6)

The electrochemical behaviour of ITO under the experimental conditions present in the aqueous
compartment of the 4-electrode CBPEC (phosphate buffer solution at pH 7) was examined.
Scanning to negative potentials, the onset of negative current was clearly observed at
approximately —0.100 V vs. SHE (Fig. S3). This value is consistent with previous reports of SnO-
reduction at +0.070 V vs. SHE in sulphuric acid at ~ pH 1 [8]. As expected, following the Nernst
equation, a positive shift of the reduction potential occurs as the acidity increases since protons are

involved (see Equations S5 and S6).
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Fig. S3. Electrochemical reduction of ITO on application of very cathodic potentials. The ITO was
the working electrode, with Pt and Ag/AgCl wires as the counter and reference electrodes,
respectively. The aqueous solution consisted of phosphate buffer solution at pH 7. The scan rate
used was 20 mV-s. Inset: the appearance of oxidation peaks, attributed to the re-oxidation of
metallic In or Sn, in CV cycles subsequent to extending the potential window negatively.

ITO may lose its conductivity and transparency under extreme anodic or cathodic
polarisation [7]. Therefore, a straightforward experiment to evaluate the irreversibility of ITO
reduction involved extending the polarisable potential window to very negative potentials during
a CV cycle (e.g., down to —0.600 V vs. SHE as shown in Fig. S3) and comparing the resistivity
before and after negative bias. The resistivity was found to increase from 60 Q to 200 Q, clearly
indicating ITO’s loss of conductivity is permanent once the stable polarisable potential window
has been exceeded cathodically. A further consequence of negative polarisation was the
subsequent appearance of oxidation peaks in the anodic region, attributed to the re-oxidation of
metallic In or Sn. Thus, attention must be paid to the positive and negative polarisation limits
during a 4-electrode CPBEC experiment, in particular for the pole of the ITO BPE in the aqueous

compartment.

S4 Calculations linking the aqueous Ag/AgCI reference electrode potential scale to the

DcMFc potential scale in the TFT organic electrolyte

These calculations are rationalised as follows:

wo_ 1/2 © 0
Ao = <[EDcMFc:;/DcMch]Ag/AgC1 + AEpg/ngcivs. sHE )

w
1/2 w
- E 111 11 ] + AE

(S7)
o w
A‘<3v¢ = [Echch/DcMch]SHE B <[E1C/yzt c-Fe‘(AI,H)/ Cyt c-Fef,\l,I)]Ag/AgCl * AEXVg/AgC] vs. SHE )
(S8)
w 1/2 v © © w
Ao d=— [E Cytc-Feg )/ Cyt C-Fes\l,l)]Ag/qu ¥ ([EDCMF <t/ DCMFCg]SHE ~ ABag/agcivs. sue )
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(S9)

w

1/2 w
Ao p= |~ [E +A
of cyte-Fely Vs CyteFel ) nge 0 Pottset

(S10)

The offset potential difference between the aqueous Ag/AgCI reference electrode and the

SHE in a phosphate buffer solution at pH 7 (AExg/agcivs. sue) Was 0.326 V. Since

[£5. ]
DcMFcd /DeMFeg [y

(0]

= +0.107 V, as shown in Fig. 2(B), Sl, a net offset versus the interfacial

Galvani potential difference (A‘(’)"qﬁoffset) of —0.219 V was determined.
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