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Abstract

Due to their eco-sustainability and versatility, organic electrodes are promising candidates for
large-scale energy storage in rechargeable aqueous batteries. This is notably the case of
aqueous hybrid batteries that pair the low voltage of a zinc anode with the high voltage of a
quinone-based (or analogue of quinone-based) organic cathode. However, the mechanisms
governing their charge-discharge cycles remain poorly understood and are even a matter of
debate and controversy. No consensus exists on the charge carrier in mild aqueous
electrolytes, especially when working in an electrolyte containing a multivalent metal cation
such as Zn?*. In this study, we comprehensively investigate the electrochemical reactivity of
two model quinones, chloranil and duroquinone, either diluted in solution or incorporated into
carbon-based composite electrodes. We demonstrate that a common nine-member square
scheme proton-coupled electron transfer mechanism allows us to fully describe and rationalize
their electrochemical behavior in relation to the pH and chemical composition of the aqueous
electrolyte. Additionally, we highlight the crucial role played by the pK,s associated with the
reduced states of quinones in determining the nature of the charge carrier that compensates for
the negative charges reversibly injected in the active material. Finally, contrary to the widely
reported findings for Zn/organic batteries, we unequivocally establish that the predominant

solid-state charge carriers in Zn?*-based mild aqueous electrolytes are not multivalent Zn®*
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cations but rather protons supplied by the weakly acidic hexaaqua metal ions (i.e.,
[Zn(H20)6]*]).

1 Introduction

In recent years, there has been a tremendous resurgence of interest in aqueous rechargeable
batteries because of the role they could play in the energy transition and, in particular, for
their potential to meet the growing demand for large-scale storage of electricity generated by
renewable energies.’” Compared to other energy storage technologies, aqueous batteries offer
multiple advantages such as reasonable energy densities, high power densities, high
robustness, safety, low production and maintenance costs, and the ability to be mass-produced
from abundant materials with low environmental impact. In addition, their eco-sustainability
and recyclability can be further enhanced if some of the metal- or metal oxide-based active
materials commonly employed in aqueous batteries are substituted by redox-active organic
materials.*® This is for instance the case of zinc-organic batteries, which have recently
emerged as a promising alternative class of rechargeable aqueous hybrid batteries.”** These
rechargeable batteries combine the advantages of an inexpensive and environmentally-
friendly zinc anode, exchanging 2 e” per zinc atom by electrodissolution/electrodeposition at a
low potential (-0.763 V vs. SHE), with those of a low-cost and eco-sustainable redox-active
organic cathode, also exchanging 2 e per redox center but at a high potential through a
reversible electrochemical reaction coupled to charge compensation via the soluble charge
carriers. Hence, many recent works have shown that aromatic compounds belonging to the
quinone family and their analogues (i.e., n-type conjugated carbonyl- or imine-containing

4,9, 12

compounds ) can lead to positive organic electrodes with charge-storage performances

competitive with those of inorganic metal oxide-based materials in aqueous electrolytes.” % 3



However, the charge storage mechanism of these electrodes in Zn**-based aqueous
electrolytes still remains unclear. Three different charge storage mechanisms were indeed
proposed (Scheme 1). The most frequently reported is assumed to follow the reversible
coordination of Zn?* ions to the negatively charged redox-active centers of reduced organic
materials. This has been reported for the first time in 2018, in three independent papers
involving different quinone-based electrodes (i.e. a calix[4]quinone,* the tetrachloro-1,4-
benzoquinone,™ and a pyrene-4,5,9,10-tetraone (PTO)™) in aqueous electrolytes (mildly
acidic) made of a few molars of ZnSO,4 or Zn(CF3S03),. This mechanism of reversible charge
compensation through coordination of multivalent metal cations (mainly Zn*" but also Mg?**’,
AP and even Ca®* ') was thereafter taken up for a wide range of either n-type conjugated
carbonyl- or imine-containing compound.> " ** The second reported mechanism, mostly for
quinone- or quinone analog-based electrodes, is the reversible storage of protons.® This is a
fairly obvious mechanism when the electrolyte is a strong acid like H,SO,4,'" 2>? but it is
much less clear when the aqueous electrolyte is mildly acidic. Indeed, a majority of groups
propose the reversible co-uptake of H* and Zn?* when working in a mild acidic aqueous
ZnS0, electrolyte,®*? while a few others suggest a charge storage exclusively based or

|33 34

largely dominated by the reversible uptake of protons, and this either with carbony or

imine-based redox active organic electrodes.® 3° There are even controversial results in
literature where different charge storage mechanisms are proposed for a same quinone moiety

16, 29, 37-39

(the PTO moiety is a good example ). Furthermore, the question of the origin of

protons,
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Scheme 1. Three currently proposed charge storage mechanisms of quinone-based organic electrodes in aqueous
rechargeable batteries, where M™ denotes the multivalent metal cation present in the electrolyte.

when considered as solid-state charge carriers, remains largely unresolved,** * leading some
groups to propose that protons originate from the solvent water via its self-ionization,* which,

as we will show below, is incorrect when working in the presence of Zn?* in the electrolyte.

All these elements underline the lack of fundamental understanding in the charge storage
mechanism of agqueous Zn-organic batteries, with an absence of consensus on a reaction
scheme allowing to explain why and when the negative charges of an n-type organic electrode
can be reversibly and preferentially compensated by Zn®* cations rather than protons and vice
versa. We propose here to fill this gap with the investigation of two different model quinone-
based electrodes, namely tetrachloro-1,4-benzoquinone- (or chloranil) and tetramethyl-1,4-
benzoquinone-based (or duroquinone) composite electrodes, that we have characterized in
detail either by cyclic voltammetry or galvanometric cycling experiments in different pHs and
electrolyte compositions. As it will be shown, a unique reaction scheme can be used to fully
explain and rationalize the electrochemical charge-discharge behavior of these electrodes in a
wide range of aqueous electrolytes (either buffered or unbuffered) and pHs, including the

transition from a proton- to a cation-coupled charge storage mechanism.



2 Results and Discussion

2.1 Electrochemistry of chloranil and duroquinone in aqueous

buffered electrolytes

Before characterizing the composite organic electrodes made of chloranil (or tetrachloro-1,4-
benzoquinone) or duroquinone (or tetramethyl-1,4-benzoquinone), we first examined, by
cyclic voltammetry (CV), the electrochemical behavior of these two redox-active molecules
diluted (0.1 mM) in buffered aqueous electrolytes at different pHs ranging from 0 to 12 (using
a standard three-electrode cell with a glassy carbon electrode as the working electrode). The
CVs gathered in Figures la and le are in agreement with the well-known 2 ¢, 2 H”
electrochemical reduction of quinone (Q) into hydroquinone (QH) (eq. 1), leading over a
wide pH range to a single reversible 2 e faradaic wave centered on a E;/, potential (taken as
the average of the cathodic and anodic peak potentials, i.e. Epreq and Epox, respectively).** *

As expected, it varies for both quinones of ~ -59 mV per pH unit (in agreement witha 2 e’, 2

H* transfer) over a wide pH range (Figures 1c and 1g).*

Q+2H*+2e':E_gi;’ QH, 1)
This pH dependency is direct evidence that protons participate to the electrochemical reaction
(the protons being provided by the acid form of the buffer, while the buffer also helps to
maintain the pH constant at the electrode interface during the whole electrochemical process).
Interestingly, for pHs > 6.5, the single 2 €7, 2 H" reversible wave of chloranil splits into two
distinct reversible waves of lower intensity, the first one being pH-independent and the
second varying by -59 mV/pH up to pH 8.5, after which it also becomes pH-independent. If

we consider that each reduction wave is the resultant of two sequential one-electron transfer



processes, the first wave must therefore be a pure one-electron transfer reaction wherein Q is
reduced to Q", while the second must involve the transfer of one electron and one proton to
produce QH-, and this until the pH is sufficiently basic so that the second wave no longer
involves a proton transfer (leading thus to a second horizontal plot on the E-pH diagram of
Figure 1c). As a result, at pH > 8.5, the chloranil reduction pathway can be described by two
sequential one-electron transfer reactions without coupled protonation (egs. 2 and 3), leading

first to the semiquinone radical intermediate, Q" followed then by formation of the doubly

deprotonated hydroquinone Q% (where e’ and e are the standard potentials of the redox

couple Q/Q" and Q/Q?%,



Chloranil in buffered electrolytes
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Figure 1. CVs (v =30 mV s %) of 0.1 mM (a, b) chloranil or (e, f) duroquinone in buffered aqueous solutions at different pHs
(the pH values are indicated on the graphs). The experimental (a, e) and simulated (b, f) results are plotted separately. (c, 9)
E-pH diagrams of (c) chloranil and (g) duroquinone, in which red solid square and red empty dot symbols are the
experimental and simulated Ey, (i.e., average of E, 4 and E, ) extracted from CVs, and solid and dashed lines are the
theoretical plots of (green) €7, .., (purple) e ., and (red) anpp calculated from egs. 5, 6, and 9, respectively, and using

the pK,s and potential values reported in schemes d and h. The short dotted green and purple lines in graph ¢ were obtained
from egs. 5 and 6 in which the pK,; and pK, 4 values were considered as sufficiently acidic for being neglected. (d, h) Nine-
membered square schemes of (d) chloranil and (h) duroquinone with the known and estimated thermodynamic parameters
(potentials are vs. SCE). Reactions that can be considered as negligible because of their too high potential values or very
acidic pKgs appear in light gray.

respectively, and the negative charges being compensated by the X' cations present in

solution).
Q+e’+x+<:E1:>Q";X+ )
QX +e +X T2 QU2 X" 3)




Values of e’ =0.12 V and e? =-0.03 V (vs. SCE) can thus be directly read from the two

horizontal lines fitted to the data in Figure 1c (solid green and purple lines). One can notice

that the £° value agrees with the one previously reported for chloranil.*?

The two well-separated reversible waves observed for chloranil at pH > 7.0 is rather unusual
for a quinone in an aqueous media.** This separation of the two one-electron reductions
implies that the semiquinone intermediate Q*" is thermodynamically stable, a stability that can

be quantified through the following disproportionation/comproportionation equilibrium:
2Q";><*:§2Q+Q2‘;2x+ 4)

with KdiS: e*F/RT(Elez)

(a value of Kgis = 0.0025 can thus be calculated). This singular behavior
can be attributed to the weak basicity of the reduced quinone, a consequence of the strong
electron-withdrawing effect of the four chloro substituents, leading to pK,s of 5.6 and 8.2,
respectively, for the QH,/QH™ and QH/Q? acid/base couples.*”® The consequence of this weak
basicity means that at high pHs, the predominant species Q* is only weakly stabilized by
hydrogen bonding with water. This is in contrasts to what is generally encountered with more
basic benzohydroquinones which, on account of their high pK,s, are strongly stabilized in

their Q% state by their strong hydrogen bonding with water.***" This hydrogen bonding

stabilization has the consequence of shifting e (and also, to a lesser extent, g°) towards
positive values, which, for numerous quinones, leads to a potential inversion with e} > g’

(leading in CV to a single two-electron wave, even at very basic pHs where Q* is the
predominant species). “*” This is notably the case of duroquinone whose pKas of QH, are
11.2 and 13.2.°® As a result, a single reversible 2 e” wave is obtained in CV over the whole pH
range (Figures 1le and 1g).*>*° Independently of rendering Q* much more basic, the electron-

donating character of the four methyl groups also contributes to shifting the ’ ~ to lower

potentials than chloranil (by ~-200 mV).



Because of the importance of quinones in many fields, their proton-coupled electron transfer
(PCET) mechanisms have been widely investigated, both theoretically and experimentally.>®
> Their mechanism can be interpreted on the basis of the general nine-member square scheme
presented in Scheme 2, where the horizontal reactions correspond to electron transfers (ETS)

and the vertical ones to proton exchanges.
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Scheme 2. Nine-membered square scheme

The mechanistic pathway is thus heavily dependent on the pK, of the redox-active species as
well as on the local pH environment. Laviron has demonstrated*® * that under conditions
where (i) protonations are at equilibrium (which is assumed to be the case in buffered aqueous
media), (ii) electrochemical transfer coefficients (i.e., «) are 0.5, and (iii) disproportionation
and dimerization reactions are absent, the nine-member square scheme can be reduced to a
simple mechanism made of two successive one-electron transfer reactions (Scheme 2), each

characterized by an apparent rate constant k° and , and an apparent standard

A/B,app B/C,app



potential e, =~ and e;__ , respectively. The expressions of these apparent standard

potentials are recalled below.

(K T
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wherein e and e are linked to e’ and e, through the following thermodynamic

relationships:

2.3RT
E, =E, + (PK,, - PK,,) @)

4 Ez - (pKa,s_pKa‘z) (8)

From egs. 5 and 6, the apparent equilibrium potential can be easily obtained:
anpp = (EEIB,app + E;)/C,app )/2 (9)
while the other potentials can be calculated from the following additional thermodynamic

relationships:

o _o 2.3RT

5 3 : ( KaS Ka4) (1:)
F ! !

6 4 : ( a,b 35) (11)
F ! !

Provided that a minimal set of pK,s values and apparent standard potentials are known, one
can draw, using egs. 5, 6 and 9, the E-pH diagram (or Pourbaix diagram) of chloranil and

duroquinone (dashed/plain green, dashed/plain purple and solid red curves, respectively, in

10



Figures 1c and 1g) (the thermodynamic parameters used to plot these theoretical curves are
gathered in Figures 1d and 1h — the pKss and E% of duroquinone were taken from

48, 5357 \vhile for chloranil some constants were from literature®® and other have been

literature,
adjusted to give the best fit to the experimental data, vide infra). In the case of chloranil, in a
first approximation we have considered that the unknown pK,s of the protonated quinones and
semiquinones (i.e. pKy 1, pKa2, pKas and pKys) are acidic enough for their contributions in eqs

5, 6, or 9 to be negligible. Under these conditions, only the thermodynamic parameters pK, s,

pPKae, EC and g, count. By adjusting these parameters so that egs. 5, 6 and 9 best fit the

experimental data, we were able to plot, respectively, the dotted/solid green, dotted/solid
purple and solid red curves in Figure 1c using the following set of values: pKy3 = 8.5, pKys =

58, E° =0.12Vand g’ =-0.03 V.

The E-pH diagrams plotted in Figures 1c and 1g are useful for visualizing the pH range where

the overall 2 e", 2 H" reaction takes place (with a . varying by -59 mV/pH unit — solid red

plots). In the case of duroquinone, we can see that it extends over the entire pH range
investigated, while for chloranil it is only effective within the pH range 0 to ~7. From the E-
pH diagram of chloranil, we can also easily discern the pH at which the single reversible 2 e
transfer splits into two reversible 1 e transfers.

To complete our analysis and confirm the relevance of the proposed mechanisms, digital
simulations of the CVs were performed (see the Supporting Information and Table S1 for
details on simulations). For such a purpose, the square-scheme mechanisms with their
thermodynamic parameters (Figures 1d and 1h) were considered to take place at an electrode
boundary with no homogeneous reactions in solution (i.e., the contribution of homogeneous
disproportionation/comproportionation reactions were assumed negligible®®), while a 1D-
semi-infinite linear diffusion normal to the electrode was set for the species in solution. The
standard Butler-Volmer formalism was also applied to all elementary electrochemical

11



reactions (with « values of 0.5), with the assumption of relatively fast and identical
heterogeneous ET rate constants for chloranil (set to k® = 1 cm/s),® while for duroquinone
some of the heterogeneous ET rate constants were adjusted in order to better fit the
experimental CVs (notably k%, k%, k%, which were set to 300, 30, and 2 cm/s, respectively —
It is to note that these values are not far from those previously determined for analogous

benzoquinones® %

). For modeling the protonation steps, all possible acid/base equilibriums
were considered (by taking into account all proton donor/acceptor couples present in the
electrolyte, i.e., HsO"/H,0, H,O/OH", and AH/A", where AH and A" are the conjugate acid
and base of the buffer). Moreover, all protonation rates were assumed identical and close to

the diffusion limit (values ranging from 10™ to 10 M™.s™ were used), while the pH was set

by adjusting the concentrations of the acid and base forms of the buffer.®®

The simulated CVs for both quinones at different pHs (Figures 1b and 1f) reproduce quite
well the experimental ones (Figures 1a and 1e). In the case of chloranil, the best matches were
obtained by roughly adjusting the pK,, and pK,s values to ~ 3.5 and ~ -2, respectively.
Compared to duroquinone (pKa> = 5.1 and pK,s = -1.1), these pKss are quite reasonable
considering the electron withdrawing effects of the 4 chloro substituents of chloranil
(correlating well with the pK,s we can estimate from the Hammett’s sigma constants of -CI vs.
—CHjs substituents®® ). Also, a good match between experimental and simulated data was
obtained by reporting the E;/, values inferred from the simulated CVs on the E-pH diagram
(empty dot symbols in Figures 1c and 1g). These results finally underline the relevance of the
square scheme mechanisms in Figures 1d and 1h, including the associated thermodynamic

parameters.
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2.2 Electrochemistry of chloranil and duroquinone composite

electrodes in buffered aqueous electrolytes

The next step was to determine to what extent the above PCET mechanisms persist once
quinones are incorporated within the composite matrix of solid electrodes (prepared from a
slurry consisting of 60% active material, 10% polymer binder, and 30% carbon powder — see
Experimental Section for details). An interesting property of chloranil and duroquinone is that
they are both very sparingly soluble in water, leading to relatively stable composite electrodes

in aqueous electrolytes.* %

The graphs a and b in Figure 2 show a representative set of CVs recorded at Ketjenblack
carbon-based chloranil and duroquinone electrodes (in a three-electrode setup) in 0.5 M
buffered electrolytes at three different mild acidic pHs. As in homogeneous solutions, the CVs
display a pair of reversible reduction and oxidation peaks, characteristic of the reversible 2 e,
2 H" reduction of Q into QH,. For both quinones, the areas of the oxidation and reduction
peaks are almost identical, demonstrating a high degree of chemical reversibility. The
reversible waves are also centered on Ejy, that are close to those previously obtained from
solution at the same pHs (with a same Nernstian shift of -59 mV/pH), exhibiting only a slight
overall offset towards negative potentials (see the insets of Figures 2a and 2b). This pH
dependency clearly indicates for both quinones the persistence of the PCET process in the
solid phase. However, the shape of the voltammetric peaks differs considerably from those
obtained with dissolved quinones, suggesting a thin-layer type response due to the absence of
a “tail” in the faradaic peak currents (the latter dropping to almost zero). Another striking
difference with the chloranil is the much larger peak-to-peak potential separation (AE) than
in solution (AE, ~200 mV vs. ~40 mV in solution) and this despite the slower scan rate. On

the other hand, for duroquinone, the apparent reversibility is in contrast clearly improved

13



compared to the homogeneous solution at the same pHs. One possible explanation for the
high AE, of chloranil lies in the establishment of a concentration polarization at the electrode
interface. This can occur if the supply of proton donors/acceptors is insufficient to sustain the
reversible local consumption of 2 H* per quinone molecule, resulting in the formation of pH
gradients in the vicinity of the electrode and hence in voltage hysteresis. To test this
hypothesis, the influence of the buffer concentration at a constant pH value on the CVs of
chloranil electrode was examined. As shown in Figure 2c, decreasing the buffer concentration
leads to an increase in AE, and, at a same time, a slight decrease in peak areas. These
behaviors are well consistent with an insufficient supply of proton donors/acceptors at low
buffer concentration. Increasing the buffer concentration and decreasing the scan rate thus
helps to mitigate this effect. A similar behavior is also observed in a non-buffered electrolyte
containing HCI. Indeed, the CVs in Figure 2d demonstrate that by increasing the HCI
concentration, AE, becomes smaller and tends toward a constant value. Here, the reversible
waves are also shifted by -59 mV/pH unit (see the inset of Figure 2d), a behavior which fully

agrees with the pH-dependent Nernst equation inferred from reaction 1, i.e.:

RT
0
E :EQ/QHZ’szo—Z.BOZTpH (12)

What remains however intriguing is that even at high buffer or acid concentrations and slow
scan rates (Figure 2e), a large AE, is still observed, converging, whatever the pH, to an
important non-null value at slow scan rates (Figure 2h). Concentration polarization is
therefore not the sole explanation for the large AE,. The fact that it converges to a constant
value at slow scan rates suggest that there is a need to overcome a threshold activation barrier
to trigger the electrochemical reaction. Interestingly, this seems to correlate with the abrupt
increase of the faradic current (cathodic or anodic) once an overvoltage threshold is passed,

leading to singular discontinuities at the foot of the reduction and oxidation peaks on the CVs

14



(Figure 2e and also Figure S1). All these elements are the tell-tale signs of a reversible solid-
solid phase transformation (or phase transition) of chloranil during its reversible PCET
reduction (where the quinone probably undergoes a solid-state two-phase separation), the rate

of which is probably controlled by a nucleation and growth process.®®
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Figure 2. CVs (v =1 mV s %) of Ketjenblack EC-300J carbon-based (a) chloranil and (b) duroguinone electrodes recorded in
0.5 M buffered aqueous electrolytes at three different pHs (the pH values are indicated on the graphs). (¢) CVs (v=1mV s ™)
of a Ketjenblack EC-300J carbon-based chloranil electrode recorded in aqueous acetate buffers (pH 4.0) of different
concentrations (see the graph legend). (d) CVs (v = 1 mV s %) of a Ketjenblack EC-300J carbon-based chloranil electrode in
HCI electrolyte of different concentrations and so pHs (see the graph legend). Insets in a, b and d: (solid dots) E,, recovered

from the CVs as a function of pH and (solid curves) theoretical £ -pH plots of the quinones recovered from homogeneous

app
solution (i.e., same than the red curves in Figure 1). All currents were normalized to the mass of active material. (¢) CVs
recorded at Ketjenblack EC-300J carbon-based chloranil electrodes in a (blue) 2 M acetate buffer (pH 4.0) and a (green) 2 M

15



HCI (pH ~ -0.3) at the following different scan rates: (from the darkest to lightest blue or green curves) v = 0.02, 0.03, 0.05,
0.07, 0.1, 0.15, 0.3, 0.5, 0.75, 1, 1.5, 2, 3, 5, 8, 12, and 20 mV/s (inset in graph e is a zoom on the CVs performed at the
slowest scan rates). The currents were all normalized to the mass of active material. (f, g) Double-potential-step
chronoamperograms recorded at chloranil electrodes in (f) 2 M HCI and (g) 2 M acetate buffer (pH 4.0). The potential (vs.
SCE) was stepped (f) from open-circuit to +0.425 V for 2 min, then to +0.400 V for 5 min, and finally to +0.450 V for 5 min,
and (g) from open-circuit to +0.180 V for 2 min, then to +0.160 V for 5 min, and finally to + 0.200 for 5 min. (h) Semi-log
plot of the reduction (E, eq) and oxidation (E ) peak potentials (recovered from the CVs in e) as a function of v. (i) Log-log
plot of the CV peak currents in graph e as a function of v. The straight lines are the fits of i, = f(v) (i.e. slope 1.0, dashed line)
orip = (&) (i.e. slope 0.5, solid lines) to the data. (j) Log-log plot of the charges integrated from the reduction (Q) and

oxidation (Qoy) peak currents in graph e as a function of v. The vertical dashed lines in graphs i and j indicate the transition
from a diffusion-controlled to a surface-controlled process.

Further evidence for a nucleation and growth process is provided by the double-potential-step
chronoamperometry experiments shown in Figures 2f and 2g. Indeed, the two successive
potential steps exhibit transient current responses which do not follow the classical asymptotic
decrease of faradaic current,®” but instead show, after a rapid decay of capacitive current
(corresponding to the vertical spikes at the very beginning of the current responses), the
formation of a more or less pronounced faradaic peak after the application of each step
potential (see also the additional results provided in Figure S2). Such a current evolution is
characteristic of nucleation and growth kinetics,® which moreover is observed here
depending on the nature and/or pH of the electrolyte (the peak sets up much faster in HCI than

68-72

in acetate buffer). It is to note that, in contrast to inorganic insertion materials, phase

transitions with nucleation and growth kinetics were only scarcely reported for organic

15, 66, 73

electrode materials, and even more rarely unambiguously demonstrated.”

The additional information we extracted from the CVs is the cathodic and anodic peak
currents (ipred @and ipox) @s a function of scan rate, represented on a log-log scale in Figure 2i.

In both acetate buffer and HCI electrolytes, above ca. 0.4 and 1 mV/s, respectively, iy req and
Ip.ox scale linearly with \/v_ (i.e., slope of 0.5 in Figure 2i), while below they scale neither to

\/v_ or v but in between (i.e., slope varying from 0.6 to 0.7 in Figure 2i). This behavior differs

from what is expected when moving from a semi-infinite diffusion-controlled process

(proportional to \/;) to a finite diffusion-free process (proportional to v) under thin-layer CV

conditions. In order to ascertain from which threshold scan rate all electroactive molecules
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contained within the thin-film are reduced or oxidized, the peak currents were integrated and
the resulting charges Qreq and Qox plotted as a function of v in Figure 2j (on a log-log scale).
From this graph, it can be established that the quasi-equal charges Qreq and Qox, Which both
are very close to the theoretical gravimetric capacity of chloranil (i.e., 220 mA-h/g), become
constant and independent of v once the scan rate reaches a sufficiently slow threshold value
(dashed vertical lines, depending on the nature and/or pH of the electrolyte), indicating that all
quinone molecules in the composite electrode are reversibly reduced for slower scan rates.
Interestingly, the threshold scan rate (or time) at which Qg and Qqx change from constant and
scan-rate independent to decreasing and scan-rate dependent coincides with the transition in

Figure 2i (dashed vertical lines), where ipreq and ipox Change from nonproportional to

proportional to W , for both electrolytes. These observations demonstrate that the classical eq.
13, which states that the peak current in CV is proportional to v for a one-electron Nernstian

surface-confined process, is here not applicable.

i, = £-vsLcg, (13)

(where Cg,f is the starting concentration of the quinone in the electrode composite, S is the

geometric electrode area, and L is the thickness of the composite layer). The first reason that
invalidates the use of this equation is that the latter is established for a surface electrochemical
reaction involving a fast one-electron transfer (Nernstian behavior), whereas here we are
dealing with an electrochemical process that involves two electron transfer’® also coupled
with protonations. The second reason is that the electrochemical reaction involves a phase
transition with nucleation and growth that is kinetically highly nonlinear. This explains why,
at slow scan rates, although the quinone is quantitatively transformed (surface process), the
shape of the voltammograms continues to vary, with an increasingly pronounced peak as v
decreases (see Figure S1, where slow CVs are normalized to v). These results demonstrate the
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need for caution in interpreting peak currents as a function of v, echoing what was recently

pointed out by C. Costentin’’ and others.”

From the slopes of 0.5 in Figure 2i, one can tentatively extract an apparent diffusion
coefficient, Dapp, from the fit of the Randles—Sevéik equation” (eq. 14) to the data (keeping in
mind that this equation is only valid for an ideal Nernstian redox couple diffusing freely and
homogeneously in one compartment, so the Dy, Value extracted with this equation is only a

rough estimate).

. 0
i) =2x0.446FSCq /D, FV/RT (14)

From the best fits, an average D,y value of 4.5 x 10™® cm?/s was recovered from the reduction
and oxidation peak currents in the acetate buffer, while a Dy, value of 7.5 x 10 and 15 x 10
® cm?/s was determined from, respectively, the reduction and oxidation peak currents in the
HCI electrolyte. These values are 2 to 12 fold lower than the diffusion coefficients of acetic
acid/acetate (1.2 x 10®° cm?/s for both molecules®) and Hs0*/H,0 (9 x 10®° cm?/s for H;0*®!
and 2.2 x 10° cm%s for H,0%) in water, which are the effective proton donor/proton acceptor
couples for reversible PCET reduction of chloranil in the acetate buffer and HCI electrolyte,
respectively. This thus supports the hypothesis that the rate-determining process controlling
the magnitude of the peak currents is the diffusion of the soluble proton donors/proton
acceptors throughout the electrode porosity. That Dy, values are lower than those in the bulk
electrolyte is consistent with the fact that the mass transport inside the porous electrode is
reduced by tortuosity and constriction effects.®>*¢ However, it is also important to recall that
diffusion in porous electrode materials is an inherently complex process, involving subtle
interplays between many factors that include not only the size and shape distribution of pores,
the tortuosity of diffusion pathways, but also the nature of the electrolyte, its interaction with

7
|8

the solid-liquid interface, and the solvent swelling of active material.”® Among the mass
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transport rate limitations, the diffusion of the buffer components inside but also outside the
electrode porosity is certainly the most obvious. As already discussed, it is expected to lead to
a local pH gradient for the reason that, in the solid state, the electrochemical
reduction/reoxidation of the rather highly concentrated quinone requires a considerable supply
of proton donors/acceptors at the electrode interface. If mass transport is not sufficiently rapid,

the buffer in the void volume of the pores can no longer maintain the local pH constant, which

translates in CV into peak currents proportional to «/v_ and AE, increase (see above). Another

possible mass transport rate limitation is through the solid-state diffusion of protons and
electrons taking place by proton-coupled electron self-exchanges between the different
neighboring solid quinone forms throughout the nonconductive solid active material (i.e. the
fraction of solid quinones not in contact with either the conductive carbon additive or the
inner electrolyte). At a high buffer concentration and relatively slow scan rates, one might
therefore expect the limiting diffusional process to: (i) the buffer diffusion in the pores, (ii)
the electrons/protons migration across the solid active material, or (iii) a mix of both,
ultimately leading to the same dependence of the faradic peak currents on Jv .2 Last but not
least, the Ohmic drop has also to be taken into account, especially when the scan rate becomes
increasingly high.® Its contribution was therefore evaluated from Ohmic drop compensation
experiments (see Figure S3) and the results show that it remains negligible as long as v is

below a few mV/s.

The above interpretations inferred from CVs were confirmed from the galvanostatic
discharge/charge (GDC) profiles recorded for chloranil and duroquinone electrodes in

buffered electrolytes (Figure 3). As shown from the average discharge/charge potential
plateaus (or Eyj, assumed to be close to E,,, ) extracted from the GDC profiles, the values

are clearly pH-dependent for both quinones, showing a potential shift of -59 mV/pH over the

19



entire pH range for duroquinone (Figure 3d), and extending down to pH < 7 for chloranil
(Figure 3b). Their comparison with the anpp-pH diagrams of the same quinones in
homogeneous solution shows that they are relatively close, differing mainly by a slight shift to
negative potentials (by ca. -100 and -50 mV for chloranil and duroquinone, respectively).
This potential shift suggests that the reduced forms of chloranil and duroquinone are
somewhat destabilized in the solid phase, a result which suggests that the thermodynamic
parameters of the PCET mechanisms are slightly altered in the composite electrode
environment, but not to the extent of modifying the mechanism or its pathways. That the
PCET mechanisms remain almost the same is also supported by the double discharge plateau
observed for chloranil at basic pHs (i.e., pHs > 7) (Figure 3b), a behavior that is reminiscent
of the two sequential one-electron reductions of chloranil at these pHs (corresponding thus to
the process described by reactions 2 and 3 with charge compensation by cations). In an
attempt to make a rough assessment of the thermodynamic properties of chloranil within the
composite electrode, we have adjusted the values of the four key parameters (i.e., pKa3s, pKag,

e’ and e?) in such a way to fit egs. 5, 6 and 9 as close as possible to the experimental data

(see the solid curves in Figure 3b). From the best fit, the following values were then recovered:

PKaz = 9.0, pKae = 7.0, E° =-0.014 V and e, =-0.115 V. Their comparison with the values

previously extracted from the electrochemistry of chloranil in solution (pK,3 = 8.5, pKas = 5.8,

e’ =0.12Vand e} =-0.03 V) allows concluding that the composite matrix has the effect

to slightly increase the apparent pKys of reduced chloranil and to somewhat decrease the
formal potentials of Q/Q* and Q*/Q* (by a value of -135 mV and -75 mV, respectively). This
relatively weak influence of the electrode material environment suggests that the aqueous
electrolyte and its constituents (notably the weak acid and conjugate base of the buffer) have a
good access to the entire inner surface area of the porous electrode, and that, ultimately,

quinone molecules find themselves in an environment that is not so different from the
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aqueous electrolyte. This probably explains why, regardless of pH and nature of the buffered
electrolyte, the discharge capacities recovered with chloranil electrodes are optimal (i.e.,
ranging from ~200 to 250 mA-h/g, with an average value centered on 225 + 5 mA-h/g) and
close to the expected theoretical value (i.e., 220 mA-h/g). This full exploitation of the redox-

activity of chloranil is however not transposable to
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Figure 3. (a) GDC cycling profiles (the first 5 to 7 cycles are shown and the first cycle is highlighted in bold) of Ketjenblack
EC-300J carbon-based chloranil electrodes (rate: 0.5 mA/cm?) in a set of buffered electrolytes at different pHs (the pH values
are indicated on the graphs). (b) Average discharge potentials (Eg) of the single (red solid squares) or two plateaus (green and
purple solid squares) extracted from the first galvanostatic discharges as a function of pH. The red solid stars correspond to
the E,, extracted from the GDC cycles as a function of pH. The dashed red, green and purple curves are the theoretical E-pH
plot of chloranil in homogeneous solution (same plots than in Figure 1c), while the solid green, purple and red curves are the
best fits of eqs. 5, 6 and 9, respectively, to the experimental data using: pK,3 = 9.0, pK.s=7.0, E/ =-0.014Vand E; =-

0.115 V. (c) GDC cycling profiles (the first 5 to 7 cycles are shown and the first cycle is highlighted in bold) of Ketjenblack
EC-300J carbon-based duroquinone electrodes (rate: 0.5 mA/cm?) in a set of buffered electrolytes at different pHs (the pH
values are indicated on the graphs). (d) (red stars) Average discharge/charge plateau potential (or Ey;,) extracted from the

GDC cycles in c as a function of pH. The dashed red curve is the theoretical £° -pH plot of duroquinone in homogeneous

app

solution (same plot than in Figure 1g), and the solid red line is the same as the dashed red line but vertically offset by -50 mV.
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duroquinone, which on average delivers only two-thirds of the theoretical gravimetric
capacity (i.e., ~215 £ 30 mA-h/g over the theoretical value of 330 mA-h/g). To better
understand the reason for this low utilization of duroquinone, we hypothesized that it could
result from a fraction of quinones in the composite matrix that has limited or no access to
either the carbon conductor for electron exchange or the electrolyte for proton or cation
exchange. This assumption is supported by the fact that capacities were observed highly
dependent on the type of carbon-based powder used for the slurry preparation. Indeed, during
our preliminary experiments conducted with Super P® as carbon black the gravimetric
capacities were found consistently lower than those obtained with the carbon powder
Ketjenblack EC-300J (on average ~150 mA-h/g, which corresponds to ~68% and ~45% of the
theoretical capacity of chloranil and duroquinone, respectively — see Figures S4 and S5). We
have attributed this effect to the higher specific surface area of Ketjenblack EC-300J (800 m?/g)
as compared with Super P® (60 m?/g), the former being expected to promote/maximize the
electrical connection between the 3D network of conductive carbon nanoparticles and the
nonconductive redox-active organic molecules, as well as the access to the electrolyte. This
critical role played by the carbon conductor was further confirmed with the Ketjenblack EC-
600JD, whose specific surface area is higher (1400 m?g). Indeed, thanks to the use of this
ultraporous carbon conductor, we succeeded in preparing duroquinone electrodes with the

expected maximal gravimetric capacity (> 300 mA-h/g, see Figure S6).

Another important piece of information revealed by the GDC cycling experiments is the
severe loss of chloranil electrode’s capacity as soon as the pH exceeds 6.0 (Figure 3a),
whereas such an effect is inexistent with the duroquinone electrodes (Figure 3c). A full
capacity loss is even observed from the very first discharge at pHs > 8.0, and it is
accompanied by an equally rapid yellowing of the aqueous electrolyte (see Figure S7),

signing the dissolution of the reduced forms of chloranil. That the reduced quinone is highly
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soluble at pHs > 7 is not a surprise since the predominant reduced forms at these pHs are the
negatively charged QH™ and Q% species (see E-pH diagram in Figure 1c), which a priori are
much more hydrosoluble than the neutral protonated QH; species. A solubility test was thus
carried out with the commercially available reduced form of chloranil, i.e. the tetrachloro-1,4-
hydroquinone. The image of the flasks in Figure S8 demonstrates that the tetrachloro-1,4-
hydroquinone is effectively highly soluble in a borate buffer of pH 7, while not at all in an
acetate buffer of pH 5. The fact that the reduced duroquinone does not lead to an analogous
strong capacity loss can be easily understood from its pK, values of 11.2 and 12.9, which are
both definitely too high for leading to the formation of the water-soluble reduced species QH

and Q% even at the highest pHs explored here.

2.3 Electrochemistry of chloranil and duroquinone in unbuffered

aqueous electrolytes

Since aqueous electrolytes for zinc-organic batteries are commonly prepared by dissolving a
Zn®* salt in water, they are not buffered. Consequently, the quinone PCET mechanisms
validated above for aqueous buffers can potentially be different in unbuffered electrolytes. It
is therefore important to understand the consequences of unbuffered conditions on the
electrochemical behavior of chloranil and duroquinone. To this end, we repeated the CV
experiments on dilute quinone solutions, but this time in different unbuffered aqueous
electrolytes prepared with different mono and divalent salts, i.e. KCI, NaCl, LiCl, MnCl,,
ZnCl,, AICI3, and Pb(NOs),. The interest of these salts is that their dissolution in water leads
to the formation of dissociated metal cations that are more or less strongly coordinated (or
solvated) by several molecules of water. Depending on the size and electronic charge density
of the metal cation, the Brgnsted acidity of these coordinated water molecules can be much

higher than that of normal water. In the case of multivalent cations, most are known to lead in
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the formation of metal hexaaqua complexes, the weak acidity of which is governed by the

following acid-base equilibrium in water (or protolysis reaction):

n+ (n-1)+

+H20:§j[M(H20)5(OH)J +H,0" (15)

[M(HZO)G}

where M is a metal ion and n = 2 or 3. This equilibrium is thus characterized by a pK, value
which varies with the nature of the metal ion. As a result, these solvated weak acidic metal
aquo ions can thus play the role of proton donor during the reversible reduction of quinone.
This is analogous to what we previously revealed for the charge storage mechanisms of TiO5,

WO;3; and MnO, in mild APF*- and Zn®*-based aqueous electrolytes, and where we
demonstrated that the metal aquo-complexes [A|(Hzo)6f+ and [Zn(Hzo)J“ present in the

electrolyte are responsible for the reversible insertion of protons in TiO, and WO3,* ** or,

alternatively, of the reversible proton-coupled electrodissolution of Mn0,.%* This is also
what prompted, very recently, Poizot's group to show that [Z”(Hzo)er ions in a mild

aqueous electrolyte contribute to the reversible protonation of a 2,5-ditertbutyl hydroquinone-
based organic electrode, thereby challenging the prevailing assertion of reversible Zn®*

insertion in zinc-organic batteries.*

According to the literature, the pK, values for the selected metal aquo cations at 25°C are in
order of increasing acidity: K*> Na*> Li* > Ca** > Mg?* > Mn** > Zn** > Pb** > AI**.% Since
the dissolution of these metal cations in water modifies more or less the acidity of the
resulting aqueous solutions, the pHs of these metal salt solutions (at 0.5 M) were measured

(see Table 1).

The CVs of chloranil and duroquinone recorded in the unbuffered monovalent cation
electrolytes (i.e., 0.5 M KCI, NaCl or LiCl) show that they all overlap (Figure 4a and 4e),

indicating that the nature of the monovalent cation has no influence on the electrochemistry of

25



Table 1. pK, of different metal aquo cations used in this work and pH of the
corresponding 0.5 M metal salt aqueous solutions.

Metal salt ~ Kcl NaCl LiCl CaCl, MgCl, MnCl, ZnCl, Pbh(NO;), AICl,

[M(IﬂK(aD;)f]m % 14 139 136 12.7 11.2 10.6 9.0 7.6 5.0
2 X.
pH” 6.4 6.2 6.2 6.1 5.6 5.3 5.0 3.5 2.5

" determined with an uncertainty of + 0.2 pH unit

the quinones. Additionally, for chloranil, the CVs systematically exhibit two reversible waves,
whose potential positions (0.1 and -0.1 V) are close to the values characterizing the two
sequential one-electron reductions of chloranil without protonation. This behavior is due to
the absence of a sufficiently acidic proton donor in the electrolyte (the pKss of the hydrated
monovalent ions are close to the pK, of water and too weak to contribute to the protonation of
Q" or Q%), so the electrochemical reduction of chloranil follows the two sequential one-
electron reductions path (i.e., the upper horizontal pathway of the square scheme mechanism
in Scheme 2). This also implies that during the forward reduction, the local pH at the

electrode/electrolyte interface is significantly increased (vide infra).

On the other hand, CVs of chloranil and duroquinone recorded in the multivalent cation
electrolytes show reversible waves that steadily increase towards positive potentials as the
Brensted acidity of the hexaaqua metal cation increases (Figure 4a and 4e). In the case of
chloranil, the CVs even switch from two waves of 1 e to one wave of 2 e, which is
characteristic of the PCET square scheme mechanism described above in buffered electrolytes.
These behaviors indicate that the metal aquo cations are directly involved in the PCET
reduction of quinones (by direct involvement, we mean that it is the metal aquo cations that
participate as proton donors in the electrochemical reaction and not the free protons, i.e. H;O",
in solution, a statement which remains valid regardless of whether the proton-electron transfer

is sequential
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Figure 4. CVs of 0.1 mM (a, b) chloranil or (e, f) duroquinone in unbuffered electrolytes (0.5 M) prepared from different
salts (the code color for the nature of the salt is indicated in the graph legend). Scan rate: 30 mV s, The experimental (a, €)
and simulated (b, f) results are plotted separately. (¢, g) Simulated local pH changes (i.e., at the electrode surface x = 0) as a
function of potential (extracted from CV simulations). (d, h) E-pH diagrams of (d) chloranil and (h) duroquinone, where
colored solid symbols are E;, extracted from the experimental CVs (i.e., average of E, . and E, ;) and plotted as a function of
bulk pH, while empty dot and empty diamond symbols are E;;, extracted from the simulated CVs and plotted, respectively, as
a function of the experimental bulk pH and simulated local pH (i.e., the average pH,=o simulated at the end of the forward
reduction scan). The solid and dashed green, purple and red curves are the same theoretical plots than those in Figures 1c and

1g.

or concerted™?). It's also important not to confuse the protons involved as charge carriers (i.e.,
in the solid state) with the source of protons in the electrolyte. For each unbuffered solutions,
if we report E1/, as a function of bulk pH (Figures 4d and 4h) we observe for the most acidic

divalent cations a rather good correlation with a dependence of -59 mV per pH unit (the data

align parallel to the -59 mV/pH slope of the theoretical plot of E° ). This further confirms

app
that protons are involved in the quinone reduction process and that they stem from the weak

acid metal aquo cations present in the electrolyte, as follows:
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n+

- (n-1)+
Q+2[M(H20)XJ +2e T QH,+2 [M(HZO)X

OH } (16)

-1

An additional experiment, demonstrating that hydrated metal cations perform a role analogous
to that of a weak organic acid, is the CV of chloranil we have recorded in an unbuffered
solution of acetic acid (0.5 M, pH 2.15) (black curve in Figure 4a). As the pK, of acetic acid
(4.76) is very close to that of [Al(H,0)s]*" (5.0), one would expect the CV recorded in each
electrolyte to almost overlap. This is indeed what we observe in Figure 4a, where the CVs in

I3

acetic acid and Al*"-based electrolytes (compare red and black curves) show an almost

overlay of the 2 e” reversible waves (leading to virtually identical E;/, in Figure 4d).

It is noted that the global electrochemical reaction 16 remains effective if the pK, of the metal
aquo complex remains sufficiently acidic relative to the pK,s of QHy, since otherwise the
electrochemical reaction will have the tendency to follow the upper horizontal pathway of the
sguare scheme mechanism, as shown above for chloranil. On the contrary, in the case where
the pK,s of QH; are very high such as for the hydroduroquinone, the solvent water is acidic
enough to play the role of a proton donor during the reversible proton-coupled reduction of

quinone as follows:
Q+2H,0+2e = QH,+20H" a7

For the CVs in Figures 4a and 4e, the development of a local pH gradient at the electrode
interface should therefore translate into a potential shift of the reversible wave, the greater the
local pH change during the CV scan. This is what we observe for the less acidic metal aquo
cations, which lead to a negative Ey, shift relative to the equilibrium potentials of the

Pourbaix diagrams (Figures 4d and 4h).

To confirm that pH gradients are generated under these experimental conditions and to

determine their amplitude, the square mechanisms in CVs were numerically simulated under
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unbuffered conditions. For the sake of simplicity, these simulations take into account the
metal aquo ion concentration, considering only its first pK, value and the initial pH of the
electrolyte (see the Sl for details). The simulated CVs (gathered in Figures 4b and 4f for,
respectively, chloranil and duroquinone) finally reproduce quite well the experimental CVs
(Figures 4a and 4e). The Ej, extracted from the simulated CVs also agree with the
experimental ones in Figures 4d and 4h (this is particularly true for chloranil, but a little less
so for duroquinone, at least for the Eyj, recovered for Ph?* and Zn** electrolytes which turn out
to be somewhat more positive than the experiment®’). From the digital CV simulations, the
local pH change (i.e., at the electrode surface x = 0) extracted as a function of potential (see
Figures 4c and 4g) shows that it becomes all the more significant as the acidity of the metal
aquo cation becomes lower, thus agreeing with our above expectations. By replotting the Ej,
values extracted from the simulated CVs as a function of the simulated local pH (i.e., the
average local pH simulated at the end of the forward reduction scan), we obtain a better match
with the equilibrium potentials of the Pourbaix diagram (red empty dot symbols in Figures 4d
and 4h). Finally, all of these good agreements between simulations and experiments

demonstrate the validity of our reasoning and interpretations.

2.4 Electrochemistry of chloranil and duroquinone composite

electrodes in unbuffered aqueous electrolytes

With this knowledge in mind, the next step was to examine the galvanostatic discharge/charge
profiles (GDC) of chloranil- and duroquinone-electrodes in the unbuffered electrolytes of
metal ion salts (Figures 5 and 6, respectively). For the most acidic metal aquo cations (i.e.
[AlI(H20)6]**, [Pb(H20)6]*, [Zn(H20)s]** and [Mn(H,0)s]**) the GDC profiles indicate a
fairly reversible charge storage process that reaches gravimetric capacities similar to those

previously achieved in buffered electrolytes. Moreover, although the capacity fading is
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slightly more pronounced for the Zn®**- and Mn**-based electrolytes, all globally remain
reasonable and comparable to that previously observed in buffered media. In contrast, for the
less acidic metal aquo cations (i.e., Ca** and K*) an almost complete capacity loss is observed
for chloranil after just one cycle, while a very high voltage hysteresis between charge and
discharge is obtained for duroquinone. These results are in agreement with the above
demonstration that the PCET mechanism of quinones persists in the composite electrodes and
that metal aquo complexes in the electrolyte are the source of protons when the latter are
sufficiently acidic to protonate the reduced forms of quinones. Indeed, the strong capacity
fading of the chloranil electrode when working in a CaCl, or KCI electrolyte is the concrete
illustration that in the absence of a sufficiently acidic proton donor in solution, the reduced
anionic forms of chloranil cannot protonate, leading to their fast dissolution (similar to what
we have seen above in basic buffers). In contrast, in the presence of sufficiently acidic metal
hexaaqua ions, the reduced forms of chloranil can protonate, avoiding their dissolution and so

authorizing their cycling.

Another element of information which confirms that, with the most acidic metal aquo cations,
we are dealing, for both quinones, with a storage mechanism involving reversible charge
compensation by protons is that the average discharge/charge potentials (or Ei,) extracted
from Figures 5 and 6 align almost linearly with a slope of -59 mV/pH when plotted against
the bulk pH of unbuffered electrolytes (see Figures 5k and 6k). That a PCET mechanism is at
work can also be drawn from the huge voltage hysteresis observed with duroquinone. This
behavior is analogous to the one we recently reported for the insertion of protons in TiO,.%
This hysteresis is caused by the strong pH gradients which develop at the interface of the
composite electrode, especially when the proton donors in the electrolyte become very weakly
acidic, as is the case with Ca®*- and K*-based electrolytes. Given the low pK, values of these

two metal aquo cations (12.7 and 13.9, respectively), close to water, it can be considered that
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water itself plays the role of proton donor during the electrochemical reduction of
duroquinone, leading as per eq. 17 to the release of the strong OH™ base at the electrode

interface. In the KCI electrolyte, the local
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Figure 5. (a-j) Continuous GDC profiles (5 to 7 cycles are shown and the first cycle is highlighted in bold) of Ketjenblack
EC-300J carbon-based chloranil electrodes (rate: 0.5 mA/cm?) in 0.5 M unbuffered electrolytes prepared from different salts
(the nature of salt and bulk pH of the solution are as indicated on the graphs). The dashed horizontal lines represent the E,,,
while the dotted horizontal lines are the average discharge plateau potential, E4. (K) E-pH plots obtained from the Eyj, values
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(i.e., average of discharge and charge plateau potentials) and E4; and Egy, (i.e., discharge potentials of the first and second
plateaus) extracted from the GDC profiles in graphs a to j. Solid red, green and purple lines are the same theoretical plots
than in Figure 3b.
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Figure 6. (a-j) Continuous GDC profiles (5 to 7 cycles are shown and the first cycle is highlighted in bold) of Ketjenblack
EC-300J carbon-based duroquinone electrodes (rate: 0.5 mA/cm?) in 0.5 M unbuffered electrolytes prepared from different
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32



rise in pH cannot lead to KOH precipitation as the latter is highly soluble in water, whereas
with CaCl,, the solubility product of Ca(OH), remains relatively high (i.e., Ks = 6.4 x10°®

mol®/L® at 25°C*), so its precipitation is also unlikely (it can only start when pH is > 12%).

Under these conditions, the duroquinone electrode, with its high solid-state concentration, can
be viewed as a proton sponge which, during discharge, locally generates a high concentration
of soluble hydroxide ions, which then diffuse from the electrode into the bulk electrolyte. On
account of the thermodynamic cost of dissociating a proton from water, a highly negative
discharge potential has to be reached to reduce duroquinone into QH,, thereby explaining why
the discharge takes place at such highly negative potentials. During the following
galvanostatic recharge, the huge quantity of protons released from reoxidation of the
duroquinone electrode rapidly neutralizes the small amount of hydroxide bases still present in
the diffusion layer, and next locally and strongly acidifies the unbuffered electrolyte. This
leads to an abrupt drop in the local pH and, corollary, to a large rise in the charging potential,
until it stabilizes at a high value when the local H;O" concentration becomes sufficiently high
and so relatively constant. This finally means that in both the CaCl, and KCI electrolytes, the
discharging reaction does not involve the same proton donor/acceptor couple than the

charging reaction, as follows:

Discharge process: Q+2H,0+2e — QH,+20H’
Charge process: at the beginning QH,+20H - Q+2H,0+2e"

on the plateau QH,+2H,0 > Q+2H,0" +2¢e”

It is important to recall here that metal aquo complexes possess several Brgnsted acidities
with close pKgs, which, after several deprotonation steps, can potentially lead to the

precipitation of insoluble metal hydroxides.”® As a result, the following global reversible
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electrochemical process, including precipitation/redissolution of metal hydroxides, can occur

during the reversible electrochemical reduction of a quinone:

Q+3[M (Hzo)x}M P — QH2+% [M(H,0)  (0H) ]} (18)

n

In such a process, the moment at which the metal hydroxide begins to precipitate depends on
the amount of protons locally consumed by the reduced quinone, and therefore on the extent
of the local pH increase in the vicinity of the electrode. This local pH increase also depends
on the pK,s and concentration of metal aquo cation present in the unbuffered electrolyte, as
well as on the solubility product of metal hydroxide. Furthermore, once precipitation starts,
the local pH should stabilize and also remain stable during the subsequent QH, to Q
reoxidation step for the reason that the insoluble metal hydroxide accumulated at the electrode

8.1% Given

during discharge should facilitate (thermodynamically) the reverse reaction of eq.1
the very low solubility products of the various selected metal cations, there is no doubt that,
for the most acidic of them (thus excluding CaCl, and electrolytes based on monovalent
cations, as discussed above), a metal hydroxide precipitate is formed during discharge of the

quinone-based electrodes.

To better understand the impact that a metal hydroxide precipitate can have on the shape of
GDC curves and, in particular, on the voltage hysteresis, the chloranil- and duroquinone-
based electrodes were cycled in a 0.5 M N-cyclohexyl-2-aminoethanesulfonic acid (CHES),
i.e. an unbuffered weak organic acid electrolyte for which the conjugate base cannot
precipitate whatever the pH. This zwitterionic weak organic acid has a pK, of 9.3, close to the
pK, of [Zn(H.0)s]**. The pH of a 0.5 M CHES solution is thus mildly acidic, i.e. pH 3.7,
slightly more than the 0.5 M ZnCl, solution (pH 5.0). The GDC profiles of the two quinone
electrodes in CHES are given in Figure 5j and 6j. Their comparison with the GDC profiles
recorded in ZnCl, (Figure 5c and 6c) shows a contrasting behavior, and despite the similar
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pK, values of CHES and [Zn(H.0)s]**. Indeed, for the chloranil electrode in CHES we
observe a total loss of capacity from the first cycle, whereas in ZnCl; the electrode is capable
of cycling reversibly (also with a slightly more positive discharge potential than in CHES).
For the duroquinone electrode, it reversibly cycles in both electrolytes, but with a higher
voltage hysteresis in CHES compared to ZnCl,. These differences are clearly the consequence
of the zinc hydroxide precipitation on top of the electrode surface when working in ZnCl, as
opposed to CHES. The formation of zinc hydroxide in ZnCl; is attested by the more positive
value of the discharge potential in ZnCl, than in CHES. This more positive value is caused by
a stop in the local pH increase when zinc hydroxide begins to precipitate. As a consequence,
reversible PCET reduction of chloranil is enabled in ZnCl, (Figure 5c) but not in CHES
(Figure 5j), in which the greater local pH increase entails irreversible dissolution of the
unprotonated reduced chloranil. A similar behavior is observed for duroquinone, with the
difference that the PCET reduction of duroquinone in CHES is chemically reversible due to
the absence of dissolution of the protonated reduced form, but with the counterpart of much
larger pH swings resulting in huge voltage hysteresis (Figure 6j) compared to ZnCl, (Figure

6C).

To check whether a metal hydroxide forms during the discharge of chloranil electrodes in
unbuffered metal ion electrolytes, the electrode surface was characterized by scanning
electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDX). A
comparison of the images of chloranil electrode before and after discharge in a ZnCl,
electrolyte (Figure 7a and 7b, respectively) clearly reveals the presence of small needles of
~100 um length on the discharged electrode surface, which EDX element mapping shows to
be mainly composed of Zn and O, thus consistent with a zinc hydroxide precipitate. The
formation of a metal hydroxide can also be seen on the image of the chloranil electrode

discharged in Pb(NOg), electrolyte (Figure 7c), forming onto the surface a carpet of small
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ribbon-like strands (around 10 pum long) whose composition clearly indicates the presence of
Pb and O. The image also reveals the presence of thicker, sparse rods, approximately 3 to 5
pm in diameter and 100 pum long, whose elemental mapping indicate they are composed of C,
O and CI, but not of Pb. These rods are therefore likely to correspond to the
tetrachloroquinone in its reduced form. The same rods of reduced chloranil are also observed

on the image of the chloranil electrode discharged in AlCls,
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but without any evidence of a metal hydroxide precipitate (the absence of aluminum
hydroxide does not mean that it does not form. It is indeed plausible that the precipitate
rapidly redissolves as soon as the electrode is disconnected, then removed from the electrolyte
and rinsed with Milli-Q water). Interestingly, no rods or precipitates form at the chloranil
electrode discharged in CaCl,, consistent with the fact that the reduced Q* form of chloranil,
under these conditions, no longer protonates and therefore dissolves in the electrolyte (same
results were obtained in KCI — not shown). These experiments were replicated with the
Ketjenblack carbon-based chloranil electrodes and they were shown to produce almost similar
results (Figure S9), with SEM images showing the systematic presence of these sparse, 100-
pum-long rods of reduced chloranil on the electrode surface when discharged in a sufficiently
acidic metal aquo cation-based electrolyte. These results are thus a further confirmation that
in these electrolytes the reduced Q* species protonates into QH,, which given its insolubility
at pH < 7 (Figure S8) remains trapped within the porosity of the composite matrix. It is also
possible that, given the pH gradients that are expected to develop within the electrode porosity,
a small fraction of the Q% species has time to escape the electrode porosity and then protonate
definitively at the electrode/solution interface, forming these insoluble QH, rods by

nucleation and growth.

To further confirm that chloranil in the composite matrix of the electrode is effectively
reduced into its QH, form, the composite electrodes were characterized by standard X-ray
diffraction spectroscopy (XRD) before and after their single discharge in both AICI; and
ZnCl,. The resulting XRD patterns in Figure S10 show that the characteristic peaks of
chloranil are, after discharge in AICI; and ZnCl, electrolytes, converted to peaks
corresponding to the tetrachloro-1,4-hydroquinone. For the chloranil electrode in ZnCl,, the
additional presence of peaks correlates with a priori a zinc hydroxide phase that we do not

observe with the chloranil electrode discharged in AICI3. These observations are in good
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agreement with the conclusions drawn from the SEM images and EDX mappings, namely the
absence of an aluminum hydroxide precipitate after discharge in an AICI;3 electrolyte, in
contrast to the formation of a zinc hydroxide precipitate on the electrode surface after a first

discharge in a ZnCl; electrolyte.
2.5 GDC simulations

In order to definitely confirm the validity of the different mechanistic interpretations inferred
from the shape of the galvanostatic curves recorded under different experimental conditions,
we have carried out their numerical simulation on the basis of a two-compartment 1D
transport-reaction model (see Scheme S1 in Sl). Starting from the current collector, the first
compartment was used to model the finite porous film electrode of thickness L (100 pm)
containing the quinone and the electrolyte components, while the second compartment,
adjacent to the first, was used to model the semi-infinite electrolyte with its different
constituents. The two compartments were separated by the film/electrolyte interface through
which the electrolyte components can reversibly cross according to an equilibrium
partitioning governed by ko, and ke rate constants. To take into account the possible
dissolution of the reduced forms QH™ and Q% into the electrolyte, a dissolution rate constant
Kais off Was considered for these two species. To avoid the complexity of modeling charges and
electrons transport throughout the porous composite electrode matrix, we have considered that
the quinone-based redox-active species are homogeneously distributed in the first
compartment and able to rapidly freely diffuse in order to exchange electrons at the current
collector/film boundary (see Scheme S1 in Sl). By selecting, for all the different quinone
forms in the film, an artificially fast film diffusion coefficient (i.e., 10 cm?/s), this amounts
(under reasonable charge/discharge rate conditions) to an electrochemical process where the
redox-active species are almost instantaneously reduced or oxidized irrespective of their

position within the film, thus resulting in the absence of concentration gradients across the
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film. Regarding the diffusion coefficients of the electrolyte components within the film
compartment, they were assumed to be one-third to one-tenth slower than those in the
electrolyte. As for the CV simulations in a homogeneous solution, the square-scheme
mechanism with its thermodynamic parameters was settled to the film compartment. In
addition, the standard Butler-Volmer formalism was applied to all elementary electrochemical
reactions (with « values of 0.5), also assuming that the heterogeneous ET rate constants are

the same as in solution.

A selection of GDC profiles simulated for different pH conditions as well as for buffered and
unbuffered electrolytes are plotted in Figure 8 (middle graphs) and compared with those
obtained experimentally (left graphs) for each quinone. Although the modeling is approximate,
the simulated GDC profiles reproduce quite well the experimental data, particularly the
potential positioning of the GDC plots, which varies with pH, but also the reversible or
irreversible behavior of the galvanostatic cycle as a function of pH and nature of the quinone,
as well as the pronounced potential hysteresis that arises when the duroquinone-based
electrode is cycled in the unbuffered CHES electrolyte. From simulations, we were also able
to plot the local variation in pH upon cycling (right graphs in Figure 8), and the resulting plots
illustrate quite clearly the sharp pH gradients which develop at the electrode interface when

cycled in unbuffered electrolytes (Figures 8f and 8l).
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Figure 8. GDC cycles recovered (left) from experiments compared with those obtained (middle) from numerical simulations
(see text and S| for details) at different pHs and either under buffered or unbuffered conditions (see legend on the graphs).
The right graphs are to the local pH evolution (i.e., at x = 0) extracted from simulated galvanostatic cycles. The top graphs
from a to f are for the chloranil-based electrode, while the bottom graphs from g to | are for the duroquinone-based electrode.

3 Conclusions

In this work, we demonstrate that the PCET square scheme mechanism, well-established for
quinones in aqueous electrolytes, remains valid for quinones incorporated within the solid
matrix of organic electrodes. We also show that pK,s of the reduced forms of quinone in the

composite electrode are key elements that determine whether the charge-compensating cation
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(or charge carrier) is the proton supplied by the proton donor in the electrolyte or,
alternatively, the cation present in the electrolyte. In the case of duroquinone, whose QH,
pK,s are very basic (> 11), the discharge/charge storage mechanism is exclusively based on
proton uptake/release whatever the pH. On the contrary, in the case of chloranil whose QH;
pKss are much more acidic (7.0 and 9.0), the proton uptake/release is only effective at pH
values below 7.0, since at higher pHs, the cation in the electrolyte takes over to compensate
for the negative charges of reduced chloranil. However, as soon as these latter conditions are
met, the rapid dissolution of the reduced chloranil ensues, which in turn leads to a very rapid

loss of the electrode capacity.

We also demonstrate that the nature of the metal ion salt used to prepare the agueous
electrolyte can play the role of a proton donor in its hydrated form to compensate for the
negative charges of reduced quinones, depending on the Lewis acidity of the metal cation.
Furthermore, as these metal ion electrolytes are not buffered, the high local proton
consumption during the reduction of a quinone electrode results in the formation of a strong
pH gradient, which locally can lead to the precipitation of a metal hydroxide. These different
reactivities occurring during the reversible reduction of chloranil- or duroguinone-based

electrodes are summarized in Scheme 3.

In light of these results and taking into account the fact that many pK,s of reduced n-type

organic compounds are quite basic, 1%

it is clear that a large number of works are
questionable when they report that the charge storage mechanism of n-type organic electrodes
in aqueous Zn/organic batteries is based on either the reversible insertion of Zn?* or
coinsertion of Zn?* and H*. Among the few examples of n-type organic compounds that a

priori allow for reversible insertion of multivalent cations are the naphthalene diimide

derivatives.'® ?® Their theoretical pK,s values calculated by DFT were indeed found to be
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quite acidic, leading to pK, of QH/Q?* < 4.0,'® which is low enough to support charge

compensation by cations such as
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Scheme 3. Schematic summary of the various electrochemical processes that can occur at chloranil- or duroquinone-based
electrodes immersed in an unbuffered aqueous metal ion salt electrolyte. The wide arrow on the left indicates the transition
from one process to another depending on the nature of the mono- or divalent metal ions used in the electrolyte (and so of
pK, value of the hydrated metal cation).

Ca?* or Zn?*.What could certainly have led to some of the misinterpretations is that, in an
unbuffered Zn®*-based mild aqueous electrolyte, the huge amount of protons taken up during
the discharge of an n-type organic electrode causes zinc hydroxide to precipitate on top of the
electrode surface. The presence of this zinc element on the electrode can easily be
misinterpreted as zinc ions inserted in the reduced organic electrode. Another source of
misunderstanding is that the Lewis acid character of multivalent metal ions is largely ignored.
Indeed, as demonstrated in the present work, when multivalent ions solvate in water, they
produce the equivalent of a weak acid capable of supplying protons in the same way as does a

weak organic acid.
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An important lesson that can be drawn from the above results is that great care must be taken
when interpreting the charge storage mechanisms of organic electrodes in protic media, and
more specifically of quinone-based electrodes in aqueous electrolytes. Moreover, although we
can conclude that multivalent ion insertion cannot take place for a large number of quinones,
this does not mean that it is totally unthinkable. As exemplified with the chloranil electrode,
the reversible insertion of dications such as Ca®* or Mg®* (which are multivalent metal aquo
cations sufficiently weak acidic for being unable to protonate Q%) is conceivable at pH > 7.0,
provided that a cure is found to prevent the dissolution of the reduced quinone. To this end,
the incorporation of a quinone moiety (bearing strong electron withdrawing groups in order to
have both low pKss for QH; and a high reduction potential for Q) into an insoluble polymer is
one possible route.? 1% Other possibilities, such as the incorporation of n-type aromatic units
into covalent organic framework'®” or through extended conjugation of a quinone moiety into

oligomers,'% are also conceivable.

In view of the universal character of square-scheme PCET mechanisms with regard to
quinones and their analogues, but also with regard to many other redox-active organic
compounds, the thermodynamic and kinetic analysis we have undertaken here should serve as
a guide to the mechanistic charge storage study of many other organic electrodes in aqueous,

but also in organic media containing proton donors/acceptors.

4 Experimental Section

4.1 Chemicals

Chloranil, duroquinone , potassium chloride (KCI), manganese chloride (MnCl,), zinc
chloride (ZnCl,), aluminum chloride (AICI3), calcium chloride (CaCl,), sodium chloride

(NaCl), lead nitrate (Pb(NOg3),), dichloroacetic acid (CHCI,COOH), chloroacetic acid
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(C,H3CI0,), acetic acid (CH3CO,H), acide phosphorique (H3PO,), acide borique (B(OH)s),
potassium phosphate (KH,PO,), potassium hydroxide (KOH), dimethylformamide (DMF),
tetramethylene (THF), carboxymethylcellulose sodium (CMC), polystyrene-block-
polybutadiene-block-polystyrene (SBS), Ketjenblack EC-300J, Ketjenblack EC-600JD, and
Super P® were purchased from Sigma-Aldrich/Merck. Acetone (Normapur) was purchased
from VWR Chemicals. Nafion D-520 dispersion was purchased from Alfa Aesar. All aqueous
solutions were made with deionized water (18.2 MQ cm) and prepared with a TKA

MicroPure UV purification system.

4.2 Electrodes preparation

Quinone-based composite electrodes were prepared from slurries obtained as follows. A DMF
solution (6 mL) of 300 mg quinone is added dropwise to 200 mL of vigorously stirred
deionized water. Next, 175 mg of Super P or Ketjenblack carbon black powder is added under
continuous and vigorous stirring for 1 hour. Next, 850 uL of a SBS solution in THF (10
mg-mL™) is slowly injected with a needle into the continuously stirred water suspension over
30 minutes. The resulting mixture is then filtered, rinsed 3 times with water, and then added to
a mortar with 16.7 mg CMC dissolved in 2 mL water. After careful mixing, the still-moist
slurry is immediately spread on the surface of flat graphite electrodes (purchased from Fisher
Scientific™). The thickness and area of the composite are controlled with two layers of a 42
pum adhesive used as a stencil, the surface of the graphite being protected with a
supplementary layer of Kimtech™ wipe. The final mass ratio of quinone/carbon/SBS/CMC is
60%:30%:5%:5%. The electrodes are left to air-dry for at least 1 hour. In the case of Super
P®-based quinone electrodes, a drop of Nafion solution diluted in ethanol (5 wt. %) is drop-

casted on the electrode surface and left to air-dry overnight.
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The gravimetric capacity values are referred to the mass of quinone (active component)

incorporated in the electrode composite.

4.3 Electrolytes

The buffered electrolytes (0.5 M) were prepared using the following organic and inorganic
weak acids, i.e. dichloroacetic acid (CHCI,COOH), chloroacetic acid (C,H3ClO,), acetic acid
(CH3CO2H), boric acid (B(OH)3), and potassium phosphate monobasic (KH,PQOj,), to which
was added a concentrated solution of KOH in order to adjust the pH to the desired value (i.e.,
within the buffer zone). An amount of KCI was added to all buffers (except for the phosphate

buffer) to adjust the ionic strength to ~0.75 M.

The unbuffered electrolytes (0.5 M) were prepared from dissolution of the following
monovalent and divalent metal ion salts in deionized water: potassium chloride (KCI), sodium
chloride (NaCl), lithium chloride (NaCl), calcium chloride (CaCl,), magnesium chloride
(MgCl,), manganese chloride (MnCl,), zinc chloride (ZnCl,), lead nitrate (Pb(NOs3),), and

aluminum chloride (AICls).

4.4 Electrochemical Characterization

Cyclic voltammetry and galvanostatic cycling experiments were performed at room
temperature (20-25°C) in a three-electrode cell configuration using a VSP BiolLogic
potentiostat controlled by EC-Lab software. The counter electrode was a platinum wire and
the reference electrode was a saturated calomel electrode (SCE, 0.242 V vs. NHE). The
electrolyte was carefully degassed for 20 min with argon, and then a constant flow of argon
was maintained over the electrolyte for the entire duration of the experiment. In CV, a
systematic Ohmic drop compensation was applied. The current density was obtained by

normalizing the current intensity to the electrode's geometric area.
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4.5 Electrochemical Characterization

SEM images and EDX mapping were collected on a Gemini 360 Scanning Electron
Microscope from Zeiss (at an accelerating voltage of 5.0 kV) equipped with an EDX detector
from Oxford Instruments (Ultim Max 170 mm? detector). The measurements were under a
high vacuum. The discharged electrode samples were briefly washed with Milli-Q water to

remove remaining salt and left to dry before characterizing by SEM.

For the elemental mapping analysis, the detector has supplier-stated energy resolution at 130
Kcps of: (i) Mn Ka resolution less than 127 eV, (ii) F Ka resolution less than 64 ¢V (iii) C Ka
resolution less than 56 eV. All EDX mapping was obtained by Inlens SE detector (In Column)
at 8 kV accelerating voltage. Oxford Instrument AZtec software was used for the acquisition

of EDX maps, and point & ID.
4.6 Numerical Simulations

The details for numerical simulations including the models are reported in the Supporting

Information.

Associated Content

Supporting Information. Procedures for the numerical simulations of CVs and GDCs;

supplementary Figures; and supplementary Tables S1 and S2.
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Numerical Simulations

A standard semi-infinite one-compartment 1D model (see Scheme 1) was used for numerical
simulations of the CVs of quinones in homogeneous solution (the length & of this
compartment representing the electrolyte domain was chosen as a multiple of the diffusion-
convection layer thickness in order to have almost no alteration of the bulk concentrations at
this 6 boundary), while a finite/semi-infinite two-compartment 1D model (see Scheme 1,
based on a first finite compartment of thickness L to represent the porous quinone-based
electrode domain, juxtaposed to a second semi-infinite compartment of length ¢ to define the
electrolyte domain) was selected for numerical simulations of the GDC profiles (this two-

compartment model is in line to the one we had previously described in ref S1).

One-compartment model Two-compartment model
current current
collector collector
electrolyte
\ electrolyte compartment \ film compartment compartment
S| a 7 oQ S| a <0
/'QH* AH . . aH AH /QHV«——» QHY, AH; 5 AH e M
+e- e ¢ .
\Q" HY s Q" H* \Q, Lqe MESH L H
P QH* H*; <> QH*
/QH . /QH AT A
QH™ A A |/ QHe QH < >
= ) E=)
PES Q% \ OH45 OH <> OH
\ QH, QH, QHy <> QHy K
@ O o @ @ QHy <r QH(5 QH
Q* . Q Q< > Q45 QF
1D model -X ‘ X 1D model -Xx ‘ I > X
0 0 0 L 5
electrode/electrolyte maximal length of the electrode/film film/electrolyte maximal length of the

boundary electrolyte compartment boundary boundary electrolyte compartment

Scheme S1. Schematic representation of (left) the semi-infinite one-compartment 1D model and (right)

finite/semi-infinite two-compartment 1D model.

For both models, the mass transport of species in the electrolyte compartment (or domain)
was assumed to occur by linear semi-infinite diffusion-convection perpendicular to the
electrode’s geometric area S, while for the two-compartment 1D model the redox-active
species (i.e., the quinones and their different reduced states) as well as the electrolyte
components also present in the electrode domain were considered to be homogeneously
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distributed within the finite thickness L (100 um) and capable to freely diffuse, isotropically,
across this finite thickness. In addition, for modeling the protonation steps not only in the
electrolyte compartment but also within the electrode domain, the overall proton donor/proton
acceptor couples were considered with their overall possible acid/base equilibrium reactions
(see below). In the case of the two-compartment 1D model, the overall proton donor/proton
acceptor couples present in the electrode domain (i.e., at a same concentration than in the
electrolyte compartment) were considered to freely and rapidly distribute between the two
compartments by applying for each species a partitioning coefficient equal to 1 and ko, and
kot partitioning rate constants of 0.1 s at the boundary of the two compartments.
Furthermore, due to the high ionic strength of the aqueous electrolytes, it was assumed that
the contribution of migration to the charge carrier mass transfer could be neglected. Also, for

all species the activities were assimilated to concentrations.

For modeling the square scheme mechanism of each quinone in either the electrolyte or
electrode compartment, we have at first considered that the nine-member square scheme can
be simplified by an eight-member square scheme because the contribution of QH.** is
negligible within the pH range explored. It thus leads to the following overall set of possible

reactions:

i) at the boundary electrode/electrolyte interface (source terms at x = 0), the following set of

elementary electron transfer reactions:

Q+e 2Q" )Lk a
Q" +e 2 Q* ES . kY, a,
QH* + e~ 2 QH’ ES Ky, ag
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QH’+e” 2 QH™ ES, k), a,
QH;* + e~ 2 QH, Eg . ke, ag
i) in the electrolyte or electrode compartment, the following acid-base equilibriums:

(those involving the H3O*/H,0 proton donor/proton acceptor couple)

=

C

i - -pK
QH+<:)Q+H+ Wlth Kal:l—'d:]_() pH—Q:]_Op a,l
‘ klp C +
1’ QH
k2d CQ —pK
QH.(__)Q._+H+ with KaZ:—‘:]_O_pH =10 PRa2
, . c
QH
_ o0 Cot i
QH_ <_—)Q2_+H+ with Ka3:_’:10_p —~ 10 a3
, k3p c
) QH
o+ o + - k5d _oH CQH oK
QHZ :QH +H with Ka5:_:10p =10 a5
‘ k5p C +
QH,
Ke.a wCon
QHZ (__)QH_ + H+ With Ka,G = —Y:]_O_p —:lo a6
6.p Con,

where k; , and k; , are the dissociation (in s™) and protonation (in M™ s) rate constants of
the i subscript reaction.

(those involving the AH/A" proton donor/proton acceptor couple from the buffer)

k C _
AH - -
_,d:10 pHLzlo PK,

AH2 A" +H* with K, =
kAH,p Can

QH°+A~ 2 Q" +AH  with k
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Q" +AH2QH  +A”  with K, ,=—2-—2

) k K
QH™ +AH2QH, + A~ with K, == —2

Y k—9 Ka,6

+ — - klO Ka,l

QHt*+A 2 Q+ AH with K, = ==

‘ k—lO Ka

) K K

QHs* + A" 2 QH +AH  with k- 1L - =5

’ k—11 Ka

where k; and k_; are the forward and backward proton exchange rate constants (in Mt st of

the i subscript reaction.
(those involving the H,O/OH" proton donor/proton acceptor couple)

k

H,0 2 OH™ + H* withk, =2%2-c ¢ =10

H™ H;0

kW‘p 3
- NS : k, Kas
QH™ + OH™ 2 Q*™ + H,0 with K,,,, = == —
k—12 KW
_ _ : ks Kas
QH, + OH™ 2 QH™ + H,0 With K, = 3= =
' k—l3 Kw
. - °o— H k]_4 KaZ
QH*+ OH™ 2 Q* + H,0 With Ko, = == —
k—l4 KW
+ - H k15 Kal
QH"+OH™ 2 Q + H,;0 with K, 5= —=—
k—15 KW

. k K

QH;* 4+ OH™ 2 QH* + H,0 With Ko = -2 = =22
Y k—16 Kw
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iii) in the electrolyte or electrode compartment, the following acid-base equilibrium

exchanges between the quinone species themselves:

QH*+QH™ 2 Q+ QH,

QHT +Q*" 2Q+QH~

QH;* + Q*~ 2 QH*+ QH~

QH*+Q?  2Q° +QH~

QH, + Q*” 2 QH™ + QH~

QH;*+ Q" @ QH*+QH*

QH;* + QH™ 2 QH* + QH,

QHT+Q* " 2Q+ QH*

QH* 4+ QH* 2 Q+ QH*

iii) in the electrolyte

. k K
With K, = == —
k717 Ka,6

. k K
With K s = —2= =2
k—18 Ka,3

. k K
With Kg e = 2= =22
k—lg Ka,3

. k K
With K, 0 = —22= —2
k—20 Ka,3

. k K
With K, = 2= 25
I(—21 Ka,3

. k 5
with K, ,, = == —
k—22 Ka,Z
. . Kus
With K, 5 = == —=
k—23 Ka,G

. k K
with k- —2-- 2%
-24 Ka,2

. k K
with K, o - —22--
k—25 Ka,S

electrode compartment, the

disproportionation/comproportionation equilibrium reactions:

QT +Q" 2Q+Q

With kg, <25 el (20 )

1

co,l
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QH"+ QH* 2 QH* + QH™ WD Ky =25 - exp - (e -0

o— o H k is F
Q™ +QH3* 2 Q + QH, WIth g <252 el (- )

co,3
Q™+ QH 2 Q+ QH- with st _ ol F g0 g0y
< Kdisa = = EXP{‘E(El -Ey )J

co,4
QH®+Q*~ 2 QH* +Q*" with K, - <55 gl F g0 g0y
< dis,s—kcos‘ XpL_RT( 3~ z)J
. o + . Kais 6 [ F o _oyl
QH® + QH;" 2 QH* + QH, with KdisG:T:expL——(EB—EG)J

» 0,6 RT

where ky;,; and k, ; are the disproportionation and comproportionation rate constants (in M*
s™) of the i subscript reaction. Whether or not these equilibrium reactions are added to the
simulations, it was observed that they do not significantly change the results.

For simulations, all protonation rate constants involving the free protons as reactant, i.e. k;

Kap o and k were assumed to be under diffusion control and so all governed by a same

w,p?
high maximal rate constant value of 10*° M s™. For the other protonation rate constants, we

have considered that when the equilibrium constant k., ; is > 1, the forward rate constant k;

of the reaction i is under diffusion control with a value of 10° M s™, while when «,; <1 this

is the reverse rate constant k_; that is under diffusion control and so equal to 10° M s™. For

the disproportionation/comproportionation rate constants, we have applied the same reasoning,

i.e. when the dismutation equilibrium constant K, is > 1, the disproportionation rate
constant of the reaction i is considered under diffusion control with a value k;, ; = 10® M s?,

while when K, <1thisis k., ; that is equal to 10° M s™.
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An additional source term included to the model at x = 0 is the capacitive current arising from
the charging/discharging of the double-layer capacitance of either the glassy carbon electrode
(Cqi = 30 puF-cm™) used for CV experiments in homogeneous solution or of the highly porous

quinone-based composite electrodes (Cg = 10° pF-cm™) used for GDC experiments.

For simulations of the galvanostatic charges/discharges, the following conditions were applied:
O<t<ty :atx=0,i=-i; (charge)

tiny <t<tyay:at x=0,i=i, (discharge)

Inv

where i is the total current imposed on the electrode, iy the imposed current rate, and t,,, the

time where the charge or discharge is inverted to discharge or charge, respectively.

Att=0 and x = 0, the initial potential (open-circuit potential) of the electrode is given by:

0 0
_ EA/B,app + EB/C,app . RT |n|(1_0i\‘
2 2F 0 )

i
where ¢, is the fraction of the fully reduced form of quinone in the composite electrode. An
arbitrarily low value of 10 was selected in order to avoid an indefinite E; value.

Because of the slow rates we have used, the effect of the Ohmic drop on the potential was

considered to be negligible.

The above two models were numerically simulated by finite element analysis using COMSOL
Multiphysics software (v. 5.5) on a PC computer with Intel Xeon E-2236 CPU, 32 GB RAM

and Windows 10 Pro operating system.
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62



——step 2: 0.44V
—— step 2: 0.45 V
—— step 2: 0.46 V
z 15 ——step 2: 0.47V
e ——step 2: 0.48 V
. = ———step 2:0.55V
Step potential 2 § 104
5
100 ©
——step 1: 0.41 V ; step 2: 0.44 V 5+
——step 1: 0.40 V ; step 2: 0.45V
——step 1:0.39 V ; step 2: 0.46 V 0
——step 1: 0.38 V ; step 2: 0.47 V
501 ——step 1:0.36 V ; step 2: 0.48 V . . . . . . .
g Starting potential: 0.425 V ~———step 1: 0.30 V ; step 2: 0.55 V 400 420 440 460 480 500 520 540
e / time (s)
=
c
)
£ 0
3 . .
© 2 min 5 min 5min ol
. 2 ﬁ—
§ -5 ——step 1: 0.41V
5 ——step 1: 0.40 V
. £ ——step 1: 0.39 V
Step potential 1 3  step1-038V
-100 T T T T T T T -104 ——step 1: 0.36 V
0 100 200 300 400 500 600 700 ——— step 1: 0.30 V
time (s)
-15

T T T T )
120 140 160 180 200 220
time (s)

——step 2: 0.22V
——step 2:0.22V
——step 2: 0.215V
- 4 ——step 2:0.21V
- Step potential 2 N  tep 20205V
g ———step 2:0.20 V
——step 1:0.12 V ; step 2: 0.22 V ‘E’
——step 1: 0.14 V ; step 2: 0.22 V 5]
20 —— step 1: 0.145 V ; step 2: 0.215 V g

———step1:0.15 V ; step 2: 0.21 V
—— step 1: 0.155 V ; step 2: 0.205 V
——step1:0.16 V ; step 2: 0.20 V

~10 04
<E( Starting potential: 0.18 V
= T T T
S 0 400 500 600 700
5 . time (s)
© 5 min 5 min
-10 4
0
e —
209 step potential 1 _ ﬁ
<
T T T T T T T 1 £ 54 ——step1:0.12V
0 100 200 300 400 500 600 700 800 |5 step 1: 014V
time (s) = ——step 1: 0.145 V
© ——step1:0.15V
10 ——— step 1: 0.155 V
——step 1:0.16 V
-15

T T T T )
120 140 160 180 200 220
time (s)

Figure S2. Double-potential-step chronoamperograms recorded at chloranil electrodes in (A) 2 M HCI
(pH = -0.3) and (B) 2 M acetate buffer. The potential (vs. SCE) was stepped first from open-circuit to

(A) +0.425 V or (B) +0.180 V for 2 min, and then to the potentials 1 (see the legends for values) for 5

min, followed by the potentials 2 for 5 min.
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Figure S3. CVs of Ketjenblack EC-300J carbon-based chloranil electrodes recorded at different scan
rates (the scan rates are reported on the graphs) in (left) a 2 M acetate buffer or (right) a 2 M HCI

electrolyte, and (black) without and (red) with Ohmic drop compensation.
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Figure S4. GDC cycling profiles (the first few cycles are shown) of Super P® carbon-based chloranil
electrodes (rate: 0.5 mA/cm?) in a set of buffered electrolytes at different pHs (the pH values are

indicated on the graphs).
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Figure S5. GDC cycling profiles (the first few cycles are shown) of Super P® carbon-based

duroquinone electrodes (rate: 0.5 mA/cm?) in a set of buffered electrolytes at different pHs (the pH

values are indicated on the graphs).
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Figure S6. GDC cycling profiles (the first 3-4 cycles are shown and the first cycle is highlighted in
bold) of (A) Super P® carbon-based, (B) Ketjenblack ED-300J carbon-based, and (C) Ketjenblack ED-
600JD carbon-based duroquinone electrodes (rate: 0.5 mA/cm?) in a 0.5 M chloroacetate buffer of pH

3.0.
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Pt counter electrode

Chloranil-based composite electrode

Figure S7. Pictures of the three-electrode cells after a first discharge/charge cycle (rate: 0.5 mA/cm?)
applied to a Ketjenblack carbon-based chloranil electrode immersed in (A) an acetate buffer of pH 5 or
(B) a borate buffer of pH 7. In contrast to picture A, the appearance of a yellow color in the electrolyte

of picture B indicates the presence of the reduced form of chloranil in the electrolyte.
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Figure S8. Picture of a 5 mL (A) acetate buffer at pH 5 and (B) borate buffer at pH 7 in which was
added 10 mg of tetrachloro-1,4-hydroquinone. The hydroquinone is clearly insoluble at pH 5 (we can
see the insoluble powder of tetrachloro-1,4-hydroquinone floating on the surface of water) but highly

soluble at pH 7 (the hydroquinone dissolves spontaneously, turning the solution yellow-brown).
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Figure S9. SEM images (top row: wide magnification; bottom row: closer magnification) of the

surface of Ketjenblack EC-300J carbon-based chloranil electrodes (except for the Pb(NO3), SEM

image which is the surface of a Super P® carbon-based chloranil electrode) after their first discharge

in 0.5 M unbuffered electrolyte of AICls, Pb(NO3),, ZnCl,, MnCl,, and CaCl.,.
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Figure S10. XRD patterns of Super P®- and Ketjenblack EC-300J carbon-based chloranil electrodes:
(a) pristine electrode, (b) after a first discharge in a 0.5 M AICI; electrolyte, (c) after a first discharge
ina 0.5 M ZnCl, electrolyte. The theoretical and experimental XRD patterns of chloranil and
tetrachloro-1,4-hydroquinone powders are also shown for comparison. In (c) the theoretical

pattern of Zns(OH)gCl,eH,0 is included.
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Table S1. Set of parameters used in the one-compartment 1D model to simulate the CVs
reported in Figures 1 and 4.

Parameters Numerical
values
2 -1 -6
Electrolyte D, - =Dy (CM™s7) 8x10°°
compartment %
Do =Dgye =Dy =Dga =Dy =Dou, =D, 3.5x10
(cm?.sh)
D . (sz.s 1) 9.5 x 10-5 52,53
H 4,0
-5 54
D ) (sz_s 1) 53 X 10
OH
_ _ 11 10%°
ki,p_kAH,p_kw,p (M 'S )
k, or k_; (M*:s™), depending on K., ;° 10°
Kgis,i OF K¢o (M_l's_l)’ depending on K ° 108
Interfacial electron For duroquinone : k. = ky (cm-s™) 1
transfer reactions
kY (cm-s™) 300
ky (cm-s™) 30
2
k (cm-s™)
For chloranil : k” =k =k = k{ = kJ (cm-s™) 1
2
Capacitance Cy (nF-cm™) 30

% This value was selected for all added proton donors and proton acceptors in the electrolytes. It
corresponds to an average diffusion coefficient value.

® See page S7 of Sl for details.
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Table S2. Set of parameters used in the two-compartment 1D model to simulate the

GDCs reported in Figure 8.

Parameters Numerical
values
2 -1 6
Electrolyte D, - =Dy (CM™s7) 8 x 10
compartment o b (cmisY 35 10°
Q QH
D . (cm?s™) 9.5 x 10°
H;0
D (sz.s'l) 5.3 x 10-5
OH
10 11
ki,p:kAH,p:kW,p (M 1'5 1) 10 10
9
ki or k_; (M™-s™), depending on K, 10
D =-D,, (cm*s?) 2.7 x10°
Electrode AT AH -
compartment 4
Do =Dge- =Dgye =Dgz- =Dy - =Dow, =Dy, v 10
(cm?-s™)
-5
D . (sz.s'l) 3x10
H;0
-5
D ) (sz_s-l) 18 X 10
OH
1 - 10 11
ki,p:kAH,p:kw,p (M 1'3 1) 10 _10
k; or k_; (M™-s™), depending on K., ;" 10°
. 8
Kaisi OF keo 1 (M™:s™), depending on K, " 10
Electrode/ Pan = Pu- =Py o0 = Pou = Poz = Pop- 12
electrolyte
interface I(on,AH :kon,Af :kon,H30+ :kon,OHf = 0.1
koff,i = kon,i/Pi
k S (sM 0.0001
off,QH
-1 0.1
koff,Qz_ Cly)
Interfacial electron For duroquinone : k” = k) (cm-s™) 1
transfer reactions
kY (cm-s™) 300
k) (cm-s™) 30
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0

Capacitance

k) (cm-s™) 2

For chloranil : k2 = k0 = k0 = k? = k0 (cm-s™) 1
aQ=m=0=0= 0 05

Cy (uF-cm?) 10°

? Partitioning coefficient of the subscript species i

74




References

(S1) N. Makivi¢, K. D. Harris, J-M. Tarascon, B. Limoges, V. Balland, Adv. Energ. Mater., 2023, 3, 2203122.
(S2) V. Grozovski, S. Vesztergom, G. G. Lang, P. Broekmann, J. Electrochem. Soc., 2017, 164, E3171-E3178.
(S3) H. L. Song, C. R. Jayendran, J. Chem. Phys., 2011, 135, 124505.

(S4) E. L. Littauer, K. C. Tsai, Electrochim. Acta, 1979, 24, 351-355.

75



