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S1. A thermodynamic approach to the metal/redox solution interface

In the following we take the specific example of the Felll(CN)63-/Fell(CN)e* couple (in short
the ferri/ferro couple) in water for which one electron is exchanged. First, we consider the
oxidation reaction:

ferro — ferri + e(at VL)

The energy of the electron at infinity (the vacuum level at infinity VL*) is zero. We consider

the chemical potentials ui2l., u% of the ferri and ferro species, respectively, in the aqueous

solution (sol). For simplicity, the Hartree contribution q@{2. e, averaged over one unit cell
of the metal,! or over a supercell consisting of several hundreds of molecules for water,? is
incorporated into the chemical potential. By definition, the Gibbs energy difference of the

oxidation reaction (expressed in eV/particle) is:

Aerol sol sol >0. {1}

ferro/ferri — Mferri — Mferro

Now we consider the thermodynamic equilibrium of the electroactive species in the
solution with the metal electrode (met).

ferro — ferri + e(at the Fermi level of the metal)

The electrochemical potentials of the ferricyanide (in the solution), of the ferrocyanide (in

the solution) and of the electron in the metal are [if2., {i2. , and fiRt, respectively. With
~met _ t ~sol _ ol 1 ~sol  _ sol 1
uglet - ugﬂet + qv(?ell?vani’ u?grri - UIS’grri + 3qvéglvani and U-IS’grro - H‘ZO + 4qv(siglvani' at
equilibrium one gets:

~met _ ~sol _ ~sol

e = u?grro_ I'J‘ts"grri {2}

The electric potential energies in the two phases will be no more be equal at equilibrium
(quimet .+ qVE. ..+ to ensure the alignment of the electrochemical potentials following:

M?et + qV(I“::le\Eani - _ArG?grro/ferri + qvéglvani {3}

We can set qV39l,..; to zero with respect to the thermodynamic reference level, i.e. the

electron at infinity (VL™), which to the equation that positions the common Fermi level (FL)
with respect to the vacuum level at infinity (VL™)

One finally gets:
VL* — FL = _ﬁglet = AI‘C’?é)llro/ferri {4}
AGL /ferri 1S Obtained by adding the measured electrode potential of the

ferricyanide/ferrocyanide couple to the standard oxidation reaction Gibbs energy of the



reaction % Hz(g)+ H20 (1) > H30*(aq) + e(g) (at VL*) (the absolute standard potential of
H*/Hz2 couple ArG}?Z/HJr, see section S2).

S2. Calculation of A,.GE2 i+

Isse and Gennaro? calculate the standard Gibbs energy ArG}elz/HJr of the oxidation reaction

% H2(g)+ H20 (1) > H30*(aq) + e(g) (at VL™)

by adding the Gibbs formation energy of gas phase H+ to its Gibbs hydration energy, which
is the correct way to obtain a SHE value based on the chemical potential (i.e. referred to VL*).
The gas phase H+* Gibbs formation energy (1513.321 k]J.mol1/15.684 eV) is a well-
established value. For its part, the H* Gibbs hydration energy is calculated by Isse and
Gennaro3 (-1100.9 k].mol-1/-11.41 eV) from ion-water cluster experiments by Coe and

coworkers.* Expressed in eV /particle ArGI?Z/HJr is 4.281 eV, considering VL” as the reference.

S2. Calibration of the XPS spectrometer and accuracy

The Fermi level of the XPS analyzer is determined using a gold wire (grounded as the
analyzer) placed at the position of the liquid jet. The true photon energy is equal to the
kinetic energy difference KE}, 4, , (2hv) — KER, 4, , (hv) of the Au 4f7/2 peak obtained with
the first (hv) and second diffraction order (2hv) of the monochromator (see Figure S1).
During the experimental run of 2019 (Zobell solutions and pure KCl solutions) hv was
399.86(02) eV. The binding energy of the Au 4f7/2 peak BE,, af 1, with respect to the FL is

83.95 eV (see also ref. 5). Then the apparent analyzer work function @, is calculated from:

cDa = hV - BEAu 4f7/2 - KEgu 4f7/2 {5}
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Figure S1. Determination of the true photon energy value using the Au 4f core-level
measured at hv and Zhv.

The results are given in Table S1 for the FeCl3/FeClz run (run 1) and the Zobell run (run 2,
19 months after run 1). Over19 months, the evolution of the calibration can appear small
(less than 0.1 eV), but given the required accuracy, a calibration preceding each liquid jet run
is needed.

Pass Analyzer apparent work function @, (eV)
energy
%) Precision +£0.03 eV
Run 1 FeClz/FeCl; Run 2 (+19 months) Zobell

100 2.81 2.84

50 3.02 3.12

20 - 3.93

10 3.36 -

Table S1. Calibration of the XPS spectrometer and evolution over 19 months.

BEs and work functions depend on the analyzer work function determination +0.030 eV, the
photon energy +0.020 eV (Zobell/KCl run of 2019) and the fitting accuracy. Concerning the
latter one, the SEEDC MP and HOMO centroid fitting give values to +0.009 eV and +0.006
eV, respectively. Therefore, BEs are known to £0.056 eV and work functions to £0.060 eV.
The vertical IE is independent of the analyzer FL calibration, of the bias and depends only on



the precision on hv that is +£0.020 eV (for run 2, Zobell solution), therefore, the total
precision is £0.035 eV.

S3. Cyclic voltammetry and potentiometry
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Figure S2. (a) voltammogram of the Zobell solution fresh (not used) and after exposure to
the beam (used), (b) voltammogram of the Zobell solution plus 64 mM butanol fresh (not
used) and after exposure to the beam (used). The reference is the standard calomel
electrode. The measurements are made at 22°C.

The voltammogram of the Zobell solutions are shown in Figure S2 referenced to the
standard calomel electrode. Useful parameters are collected in Table S2 They were acquired
at 10 mVs'! using a platinum ultramicroelectrode having a radius of 12.5 pm. In these



conditions, the cyclic voltammograms are steady states,® the limiting current I being
expressed as:

I = 4nFDrC {6}

With n the number of electrons exchanged (7 = 1 here), F the Faraday constant, D the
diffusion coefficient, r the electrode radius and C the concentration. The current at I = 0
corresponds to the open circuit potential (OCP). The OCP, limiting cathodic and anodic
currents are given in Table S2. For the fresh solution (not exposed to the beam). The cathodic
and anodic limiting currents are practically equal, which shows that the concentrations of
ferrocyanide and ferricyanide are also practically equal (through equation {6}), as the
diffusion coefficients are close (0.726(11)x10-> cm? s'1 and 0.667(14) x10-5 cm? s-1 for the
ferricyanide and ferrocyanide at 25°C, respectively?).

For its part, the voltammogram of the Zobell solution exposed to the synchrotron beam is
practically superposable to that of the fresh solution (Figure S2(a)). Considering the limiting
currents and equation {6}, this shows that the concentrations of the ferricyanide and ferro
cyanide ions has not changed appreciably. The unchanged OCP shows that no new couple
due to water radiolysis is in sufficient concentration to create a mixed potential and alter the
measurement.

Adding 1-butanol has not great effect on the voltammogram (Figure S2(b)). In particular,
the OCP is unchanged. This explains why the (centroid) HOMO binding energies (see main
article) are found at the same position.

Solution Cathodic limiting | Anodic limiting | OCP SCE | OCP SHE
current (A) current (A) 4% 4%

Zobell (fresh) 9.29x10°° -1.13x10°® 0.194 0.439

Zobell (used) 9.30%x10° -1.13x10°8 0.195 0.440

Zobell + ButOH. | 9.34x107 -1.07x10° 0.195 0.440

(used)

Table S2: OCP of Zobell solutions fresh and after exposure (used) to the synchrotron beam.
Measurements are made at 22°C. SCE: referenced to the standard calomel electrode. SHE:
referenced to the standard hydrogen electrode.

Concerning the 50 mM FeCl3/ 50 mM FeClz solution, the potentiometric measurements are
reported in Table S3.



0.05 M FeCl3/0.05 M FeCl2 OCP SCE (V) OCP SHE (V)

1 min after fabrication 0.478 0.723

10 min after fabrication 0.475 0.720

Table S3: OCP measurement of the 0.05 M FeCl3/0.05 M FeClz solution. Measurements are
made at 22°C. SCE: referenced to the standard calomel electrode. SHE: referenced to the
standard hydrogen electrode.

The PHREEQC program?® was also used to calculate the composition of the 0.05 M FeCl3/0.05
M FeClz solution, the pH and the SHE referenced electrode potential. Calculated values are
reported in Table S4. Note that the dominant anionic species remains Cl-. The solution is
acidic. The agreement with the potentiometry experiment (OCP) is excellent.

50 mM FeClz3/50 mM FeCl; Electrode potential (vs SHE) =0.715 V, pH=1.937

species | Ht Cl- FeCl2+ FeCl+ HCl FeCl;+ FeCl;

molality | 1.44 102 | 2.537 101 | 2.788 102 | 2.043 103 | 3.349 10 | 2.470 10+ | 5.609 106

Table S4: PHREEQC program calculations

S.4 C 1s spectra

We show in Figure S3 (red curve) the C 1s peak of the Zobell solution. The photon energy
is 674.29 eV. Therefore, the photoelectrons have a KE of ~380 eV, which corresponds to an
electron attenuation length of ~2 nm.? The K+ concentration is 0.1 M. At this concentration,
the K 2p doublet is visible, appearing at 292.95 eV (2p3/2) and 295.77 eV (2p1,2) (binding
energies are overestimated by 0.2 eV due to the streaming potential). Importantly, we note
the absence of C 1s peak at ~285 eV, which proves the cleanliness of the jet (typical
contaminants are fatty acids).

Upon addition of 64 mM 1-butanol, the C 1s spectrum (green curve) exhibits the
characteristic lines of the alcohol, i.e., the alkyl carbons at ~284.9 eV, and the C-OH carbon
at 286.4 eV. The ratio “alkyl C” to “C-OH” ratio corresponds to the stoichiometric ratio 3:1.
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Figure S3. K 2p spectrum of the Zobell solution (red) and K 2p/ C 1s spectra of the Zobell +
butanol solution (green). Binding energies are referenced to the FL of the
analyzer/electrode. Binding energies are not corrected for the streaming potential that
increases them by 0.2 eV (see main article). The photon energy is 674.29 eV.

S5. Biasing the jet

We biased the 0.1 M KCl solution via the upstream electrode (the downstream catcher was
biased at the same value) and we measured the corresponding O 1s spectra reported in
Figure S4 (a). We used a photon energy of 673.74 eV and a pass energy of 50 eV. The kinetic
energies are shifted by the differences in the nominal qVbias. While the shape of the liquid
phase HOMO peak remains unchanged, the peak at lower kinetic energy which corresponds
to the gaseous water 1b1 peak experiences an increasing broadening with increasing qVbias.
This phenomenon is due to the X-ray spot size that does not matching exactly the diameter
of the liquid jet, so it ionizes (in addition to the jet) the gaseous water molecules between
the liquid and the entrance to the analyzer. The Cl 2p spectra are shown in Figure S4 (b). The
spectra were measured at a photon energy of 244.29 eV and a pass energy of 50 eV. The
kinetic energies are also shifted by the differences in the nominal qVbias. The Cl 2p spectra
are aligned and do not exhibit any deformation as expected for the core-level of an element
pertaining to the solution.
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Figure S4. (a) O 1s core-level spectra of the 0.1 KCI solution under the effect of several
values of Vbias. The spectra are aligned considering the nominal biases (given by the
voltmeter). (b) Cl 2p core-level spectra of the 0.1 KCl solution aligned considering the

nominal bias. (c¢) Observed KE shift versus nominal qVbias.

Figure S4 (c) shows that the observed KE shift varies linearly (slope=1) with the nominal
voltmeter qVbias. However, at -20 V, we note a small difference between the voltmeter value
and qVbias deduced from XPS kinetic energy shifts. If due to an ohmic drop, this drop is small.
For the KCI and Zobell solutions the applied nominal qVbias is equal to 20.57 V while KE shift
is 20.52 eV (0.05 eV smaller). For the FeCl3/FeClz solution the nominal qVbias was 20.00 eV,
while the KE shift was 19.97 eV (0.03 eV smaller). The binding energies given in the main
article are corrected from the XPS measured qVbias.
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S6. The modified Helmholtz-Smoluchowski equation

G Istr = lion + Ibip Gy
down oxidgtion
reduction Dy
downstream <
electrode PEEK tube
+ str
to recover Gold-plated
<= union upstream | <mmm AP
electrode
Glass capillary
Iion
Ipi
electrons

Figure S5. Schematics of the currents, assuming a bipolar faradaic process taking place at
the upstream and downstream (catcher) electrodes.

The value of streaming current I ;,-observed in a capillary is usually related to the zeta ()
potential through the relation:10

¢(4p)S
Istr = Sson—Lp {7}

where ¢ is the relative dielectric constant of the solution, €, the vacuum permittivity, ¢ the
zeta potential, ) the dynamic viscosity of the solution, Ap the pressure difference before and
after the capillary, S the section of the capillary and L its length.

The ionic conduction current in the capillary is:

_ KLS
lon =—= cl)str {8}

where ¢, is the streaming potential, and Kj, is the bulk solution conductivity (12.9 mS/cm).

The bipolar electronic current is:

— ¢ tr
"o = (Gageamen) ©)

11



where Gup and Ggown iS the conductance of upstream jet/electrode junction and of the
jet/catcher junction, respectively, in the presence of the redox species. At steady state, see
Figure S5, the streaming current is equal to sum of the ionic conduction current and of the
electronic bipolar current, therefore:

Istr = Lion+ Ibip {10}

and combining relations {7} to {10} one obtains:

££04(Ap)S
L
Pstr = KLS, T {11}

L (Gap+Gaawn)

Increasing the solution conductivity (by addition of electrolytes) and the conductance at the
upstream and downstream contact electrodes (by introducing a redox couple) diminishes

q)str-

S7. HOMO and SEEDC of the 0.1 M KCl solution

The valence and SEEDC spectra of the plain 0.1 M KCI solution are shown in Figure S6 and
the fitting parameters are collected in Table S5.
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Figure S6. HOMO and SEEDC of the 0.1 M KCl solution (blue curve) and of the Zobell
solution, referenced to the FL of the upward electrode/analyzer. The SEEDC rising edge is
fitted using the erf function (black solid curve, see main article).
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measured q® (MP) 4.57(06)
Width [sggpc 0.45
q®P (onset) 4.34(06)
BE1p1( centroid measured 7.01(06)
Thomo 1.39
BE1b1qiq) top (measured) 5.68
IE1p13iq) 1b1 centroid to SEEDC MP 11.58(04)
IE1p1aiq) 1b1 centroid to SEEDC onset 11.34(04)

Table S5: Fitting parameters of the HOMO and SEEDC curves of the plain 0.1 M KCI solution
(all values are in eV)
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