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Aqueous electrolytes, when compared to organic electrolytes, are safer, cheaper and usually enable a higher
capacitance and lower internal resistance. However, their narrow operational voltage window (ca. 1.2 V) limits
the device’s energy density and, as such, their current commercial use is limited. Poly(phenylene oxide) was
electrodeposited on the surface of activated carbon electrodes and has been shown to decrease the anodic
parasitic current. The impact on the cathodic parasitic current was minimal. Comparison of the polarisation
curves obtained in 1 M NaSO4 (aq) for coated and uncoated electrodes between 0.5 V and 1.1 V vs Ag|AgCl
demonstrated a >66% decrease in the exchange current density of anodic processes (from 10.1 pA/cm? to 3.4
pA/cm?). Assuming supercapacitor degradation is proportional to the parasitic faradaic current, this change in
the anodic parameters enables a 31% increase in the upper positive potential when a maximum parasitic current
density of 29 pA/cm? is considered acceptable. When these coated electrodes were mounted as symmetrical coin
cells and operated at an increased voltage window of 1.5 V (up from 1.2 V), gains in energy and power densities
were from 2.2 Wh/kg to 4.6 Wh/kg and 159 W/kg to 465 W/kg, respectively.

1. Introduction

Aqueous electrolytes, when compared to organic electrolytes, are
safer, more cost-effective and environmentally friendly [1]. The smaller
radii of the solvated ions is favourable for microporous electrodes and
also results in electrolytes with higher conductivities [2,3]. However,
because the thermodynamic potential for electrochemical water split-
ting is 1.23 V (at SATP), this results in a narrower operating voltage
window, significantly limiting energy density [4]. When this limit is
exceeded, gas evolution blocks pores, which hinders ionic transport and
reduces the accessible electrode|electrolyte interface area [5]. Gao et al.
[6] claimed that the maximum voltage is essentially limited by an
irreversible electro-oxidation process at the positive electrode that
changes the surface functional groups and generates CO and COs.
Similarly, He et al. [5] verified, with in situ gas analysis, that, even when
the positive electrode was polarised beyond the onset potential of the
oxygen evolution reaction (OER), no O3 evolution was observed - only
CO and CO». This was attributed to carbon corrosion, which consumes

the reactive oxygen once formed. These authors also reported that Hy
evolution on the negative electrode was only observable at -1 V vs Ag|
AgCl (200 mV below the theoretical onset). This was attributed to car-
bon surface group modification and hydrogen adsorption.

Activated carbon is known to have high hydrogen evolution reaction
(HER) overpotentials [1] and thus it can be combined, in an asymmetric
configuration [7], with a positive electrode that has a high OER over-
potential (e.g. MnO2) [8]. However, despite the extended operational
voltage, the performance of the device is limited to the least performing
electrode and their cost can be expected to be higher [9].

Moreover, asymmetric configurations require a careful balancing of
the electrode masses. This procedure is also useful in symmetric devices
since one of the electrodes may more rapidly reach potentials where
OER or HER initiates. This is solved by adjusting the respective electrode
masses, according to Eq. (1) [10]:
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where m* and m™ are the active masses and C* and C~ the specific ca-
pacitances for the positive and negative electrodes, respectively. AE™
and AE" are the potential differences from the potential at zero voltage
(PZV) to the negative and positive potential stability limits, respectively.

Instead of balancing the mass loadings, it is also possible to relocate
PZV: Yu et al. managed to do this both by amino-functionalisation of the
surface [11] and also by simply applying a bias potential to the cathode
[12].

The reactions that govern gas evolution depend on the availability of
H" and OH™ and so pH neutral electrolytes are another commonly un-
dertaken strategy [13]: Wu et al. [14] and Bichat and Pinero [15] re-
ported voltages above 2 V for devices operating with NaxSO4
electrolytes (which might also be explained by the large solvation en-
ergies of Na' and SO%’ [13]). Fic et al. [16] further applied these ideas
and achieved operating potentials of 2.1 V with a new cell design: the
negative electrode in an alkaline electrolyte (KOH) and the positive
electrode in an acidic (H2SO4) or neutral (LiNO3) electrolyte. However,
the system suffered from reversible electrosorption and electrolyte
mixing. Instead of adapting the local availability of H" and OH, it is
also possible to add redox couples to the electrolyte (or preadsorb alkali
metals onto the electrode) which will compete with them, by occupying
the active surface sites. However, this strategy presents various prob-
lems, such as severe self-discharge, low coulombic efficiency, high so-
lution resistance and poor cyclability [17].

Electrolyte concentration is also an important factor, as it affects the
interactions between the water molecules and solvated ions [1]. Water-
in-salt electrolytes are supersaturated solutions where a solid-electrolyte
interphase (SEI) is formed on the surface of the electrode and passivates
it [18]. As a result, operating voltages of up to 3 V are possible [19].
However, Lannelongue et al. [20] demonstrated that the power density
and cyclability were inversely correlated to electrolyte concentration.
SEI formation is a common passivation mechanism that naturally occurs
in Li-ion batteries [21]. However, this protective layer is rather fragile,
and its dissolution is one of the main causes for thermal runaways in
these devices [22]. Some electrolyte additives were found to polymerise
upon cycling and form an insoluble coating that stabilises the SEI [23].
Electropolymerising a protective coating on supercapacitor electrodes
can also prevent degradation in devices operating at extended voltage
windows. Insulating polymers have already been electrodeposited on
supercapacitor electrodes operating in organic electrolytes [24], in ionic
liquids [25] and, to the best of our knowledge, there is only one report
describing this strategy for aqueous electrolytes: Dong et al. [26] elec-
tropolymerised polyacrylic acid on carbon-based electrodes and the 15
nm coating managed to extend the operational voltage up to 2.4 V.
However, the authors reported the performance to be affected for >15
nm-thick coatings and alerted to the importance of fine-tuning this
variable. Given the high microporosity of supercapacitor-grade carbon
[27], a trade-off between effectiveness of passivation and capacitance
retention seems inevitable. In the present work, poly(phenylene oxide)
(PPO) films were electropolymerised on activated carbon electrodes
under two different conditions. Instead of a complete passivation of the
electrode (which would lead to a dramatic capacitance loss), the aim
was to hinder the electronic transfer between the electrode and the
electrolyte and consequently extend the operational voltage whilst
ensuring a good capacitance retention.

2. Experimental
2.1. Electrode fabrication

The electrodes were composed of 70 wt% activated carbon (Norit
DLC Supra 50), 20 wt% of polyvinylidene fluoride (PVDF) (Merck) and
10 wt% of carbon black (Super C65, TIMCAL). To disperse the compo-
nents for slurry formation, ca. 2 mL of propylene carbonate (Merck) was
added for every gram of the dry mixture. The slurry was further
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homogenised in a three-roll mill (EXAKT 50 I) and mixed for ca. 20 min
at 500 rpm and with a roll spacing of 15 pm (defining maximum particle
size). With the as-obtained carbon paste, several square electrodes’ with
an area of 1 ecm? were prepared with an automated screen-printer
(ATMA, AT-45PA), using stainless steel as the substrate (Hollinbrow
Precision Products, 25 cm x 30 cm, 50 pm-thick, grade 1.4310/301/
X10CrNijg 8/X12CrNij7.7).

The screen (SAATI, PE AM 36.90PW) had a 190 pm mesh opening,
90 pm of nominal thread diameter and the theoretical thickness of the
wet film is almost twice this value (ca. 150 pm). However, the resultant
thickness of the deposited film after drying is obviously lower and de-
pends on the slurry’s solvent content. After a short drying step (120 °C in
air for 10 min) a second layer was printed to fill in any faults left by the
screen and to achieve higher mass loadings.” After the second print, the
electrodes were dried overnight (120 °C in air for ca. 12 h). Finally,
individual electrodes were formed by manual cutting of the screen-
printed sheets.® A random sample of 40 electrodes was selected for
mass loading measurements: the mass of the 1 cm? square electrodes was
obtained by computing the difference between the mass of each as-
prepared electrode (substrate + electrode material) and the mass of
the corresponding substrate (i.e. after removing the electrode material).
The average mass loading was found to be 5.1 + 0.7 mg/cm? (16).

The remaining electrodes were electrochemically characterized (as
described below) and then carefully washed with deionised Millipore
water (18.2 MQ) and dried (100 °C in air for ca. 1 h). The electrodes
were distributed in groups of 5. Each group was composed to maximise
the standard deviation among the capacitances of its elements whilst
ensuring that the difference in average capacitance of the groups was
minimised. In total, there were 12 groups: 4 were kept “uncoated” (Unc.
A, Unc. B, Unc. C and Unc. D), 4 were electropolymerised at 1.15 V vs Ag
pseudo-reference (P115A, P115B, P115C and P115D) and the electrodes
of the remaining 4 groups were electropolymerised at 1.5 V (P150A,
P150B, P150C and P150D).

2.2. Electropolymerisation

The electropolymerisation procedure was adapted from Deheryan
et al. [28]. The electropolymerising solution contained 50 mM of
phenol, 50 mM of TMAH-5H20 and 100 mM of TBAP in acetonitrile.
TBAP and TMAH-5H0 were first weighed in an Ar-filled glovebox (O2
< 1%) and mixed with molecular sieve-dried acetonitrile (HPLC grade).
TMAH-5H50 is poorly soluble in acetonitrile and thus requires a long
(ca. 1 h) mixing step at ca. 70 °C. To minimise spontaneous polymeri-
sation, phenol was only added after this mixing step and after cooling
the solution down to room temperature. Since the solution was trans-
ferred to a sealed container, Ny was bubbled for ca. 5 min into the so-
lution to expel the residual oxygen dissolved in it and then a constant
flow of No was kept during electropolymerisation. The electro-
polymerisations were carried out in a 3-electrode configuration, where
the CE was a Pt mesh, the WE was the activated carbon electrode and the
RE was an Ag wire (i.e. it was a quasi-reference electrode). The quasi-
reference electrode was used instead of a conventional Ag|AgCl to
avoid the blockage of the electrode’s frit and to prevent the contami-
nation of the solution with AgCl. The electrodeposition was controlled
by a Solartron 1260 potentiostat, run by a PowerSuite software. Elec-
trodeposition was potentiostatic at either 1.15 V or 1.5 V, for 100 s
(henceforth designated set of conditions P115 and P150, respectively).
After electropolymerisation, each electrode was dipped in an

1 Rectangular electrodes were also printed for the coin cells (16 mm electrode
diameter).

2 High mass loadings enable higher energy densities both in supercapacitors
and in Li-ion batteries [43].

3 A portion of the coated stainless steel was left bare to enable the connection
to a crocodile clip for 3-electrode electrochemical measurements.
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acetonitrile-filled beaker for ca. 2 min, then transferred to a new
acetonitrile beaker and finally it was carefully rinsed with Millipore
deionised water. The 5 electrodes from a same group were consecutively
electropolymerised in the same solution. A fresh solution was prepared
for each group. After the rinsing steps, the electrodes were dried (100 °C
in air for ca. 1 h).

2.3. Electrochemical measurements

The electrochemical measurements were performed with an Autolab
PGSTAT302N (Metrohm) operated with NOVA 2.1 software. The elec-
trodes were submersed in aqueous solutions of NaSO4 (1 M), in a 3-elec-
trode setup using an Ag|AgCl (3 M) reference electrode and a mixed
metal oxide-coated titanium counter electrode (De Nora). For the
working electrode, the stainless-steel substrate was masked with Kapton
tape (vd Fig. 1) to prevent its direct exposure to the electrolyte.

All the electrochemical measurements initiated with a preliminary
performance assessment consisting of 60 wetting cycles (which were
enough to stabilise the electrode) performed at 30 mV/s between —0.4 V
and 0.5 V. Next, 6 of the 12 groups of electrodes (Unc. C, Unc. D, P115C,
P115D, P150C and P150D) were tested within this same range at
varying scan rates (10, 20, 30, 40, 50, 60 and 75 mV/s) and then gal-
vanostatic charge-discharge tests were carried out (also from —0.4 V to
0.5 V) at several current densities (1-8 mA/cmZ). Only the 10th
voltammogram/charge-discharge cycle was considered for calculations.
Finally, to investigate the impact of the coating on the ionic diffusion,
the electrodes were also characterised by potentiostatic electrochemical
impedance spectroscopy, at 0 V, with a 10 mV amplitude, from 500 kHz
to 40 mHz. This general characterisation procedure was then repeated
for increasingly wider potential windows. Unc. D, P115D and P150D
were tested in a widening negative bias window, increasing progres-
sively (-0.4V, -0.5V, —-0.6 V, —0.7 V, —0.8 V, —0.9 V, —1.0 V and
—1.1 V). The other 3 analogous groups (Unc. C, P115C and P150C) were
tested in a widening positive bias window, increasing progressively (0.5
V,0.6V,0.7V,0.8V,0.9V,1Vand 1.1 V). The complete large dataset
can be made available upon request.

The specific capacitance (Csp), the energy density (Esp) and power
density (Psp) were obtained from galvanostatic charge-discharge tests
and calculated, respectively, via Egs. (2), (3) and (4) [29]:

_ i(tr— 1)
E,[Wh/kg] = 0.5 Co [V(;g —V(n)] (3)
P W /ke] = iiEt; @

where, ty and t; are, respectively, the time at the start and end of the
discharge, i is the (constant) value of the current, V(tp) and V(tp) are,
respectively, the potential at the end and at the start (i.e., after the initial
IR drop) of the discharge, and m is the electrode mass (in g).

Stainless steel
current collector

Activated
Kapton tape

carbon
electrode i

Fig. 1. Front and back view of an electrode, showing how the regions of
stainless steel that were to be submerged in the electrolyte were fully covered
with Kapton tape.
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A final set of six group of electrodes were not assessed for perfor-
mance but were used to test polymer passivation effectiveness. In order
to only assess the faradaic currents and hence minimise capacitive
currents, linear scanning voltammetry was performed at 42 pV/s. Three
groups of electrodes were tested in the negative range (from 0 to —1.1
V), and another three groups in the positive range (from 0 to 1.1 V).

Table 1 summarises the electrode groups that were used for each
measurement.

Electrodes were also tested in a 2-electrode coin cell setup (CR2032
coin cells, 16 mm diameter electrodes soaked in 1 M NaySO4 aq). After
60 wetting cycles at 30 mV/s, the cells were tested at varying scan rates
(10, 20, 30, 40, 50, 60 and 75 mV/s) and then galvanostatic charge-
discharge tests were carried out at several current densities (0.1-1.5
A/g) up to 1.9V. Using a BTS4000-5V10mA battery tester (Neware),
stability was assessed for 10,000 cycles at 0.2 A/g charge/discharge
currents.

2.4. XPS analysis

The surface compositions of the coated and uncoated samples were
measured through X-ray Photoelectron Spectroscopy (XPS) analysis
using a Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer
equipped with a monochromatic Al Ko X-ray source. The excitation
sampling spot size was 400 pm, and the high-resolution spectra were
collected with 0.1 eV spectral resolution. The spectra were deconvoluted
using the Avantage software whilst the elemental concentration quan-
tification was applied using standard single element sensitivity factors.

3. Results and discussion

Fig. 2 shows the average evolution of the current density on carbon-
based electrodes during the potentiostatic electropolymerisations P115
and P150.

As the electrodeposition progresses, the current density through the
electrode experiences an exponential decrease (from 8.9 to 4.4 mA/cm?
and from 18.2 - to 3.7 mA/cm?), which suggests the presence of an
electrically insulating film. Also, for curve P150, the rate of decay is ca. 3
times larger than for P115, suggesting that the growth of poly(phenylene
oxide) is accelerated at higher potentials. If given enough time, the
current density would reduce several orders of magnitude, but, in pre-
liminary studies, this was found to have a detrimental effect on the
capacitance. It is worth keeping in mind that, in supercapacitor elec-
trodes, the capacitance arises mostly from micropores (<2 nm) [30] and
thus even a very thin polymer layer can be expected to block these,
resulting in unacceptably degraded performance. As such, instead of
aiming at a full passivation of the electrodes, the goal was to reach a
compromise between capacitance and extended operational potential.

Fig. 3a) and b) shows the voltammograms of electrodes before and
after the electrodeposition. As expected, the absence of redox peaks in
the coated electrodes demonstrates that PPO did not introduce any
pseudocapacitance, unlike conducting polymers and transition metal
oxides or nitrides [31]. Also, for a same electrode, there is a significant
decrease in the capacitance after electropolymerisation and it is more
pronounced for P150 electrodes (only 53% of capacitance retention)
than for P115 electrodes (65% of capacitance retention), which in-
dicates that electropolymerising at higher potentials promotes a broader

Table 1
Summary of groups used for the various measurements.

Positive range Negative range

Otol.lV Oto—-1.1V
Polarisation measurements to assess Unc. A, P115A, Unc. B, P115B,
passivation P150A P150B
General performance measurements for Unc. C, P115C, Unc. D, P115D,
increasing potential windows P150C P150D
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Fig. 2. Potentiostatic electrodeposition curves obtained in the organic solution
detailed in Section 2.2, at 1.15 V vs Ag pseudo-reference (P115) and at 1.5 V vs
Ag pseudo-reference (P150) - average curves obtained for 5 electrodes. The
trendlines (dotted) were obtained using a least squares fitting.

electrode surface coverage.

The coating also has an impact on the Nyquist plots, as shown in
Fig. 3¢) and d), where a ca. 3-fold increase in the semi-circle’s diameter
is visible between the uncoated and the coated electrodes. This increase
in the charge transport resistance (from 15 Q to 42 Q and to 47 Q) is
likely due to the polymer blocking a few regions of the electrode, hence
hindering the electrolyte’s access to some of the pores.

To facilitate XPS analysis, electrodeposited polymer films on bare
stainless-steel were also evaluated. Results for stainless-steel are shown
in Fig. 4. Comparisons to polymer-coated activated carbon electrodes
are shown in Figs. 5 and 6.

One of the most striking differences between the bare and polymer-
coated stainless steel is the abundance of C-O-C (at ca. 286 eV): whilst it
appears to be only residual in the former (5% of the Cls peak), it ex-
periences a six-fold increase on the latter, as shown in Fig. 4a) and b).
This is unsurprising, given that C-O-C bonds correspond to chain prop-
agation within PPO [32]. Other obvious differences, shown in Fig. 4c)
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and d), include the sharp decrease — from 19% to 1.5% and from 23% to
3%, respectively- in the Ols contents of chromium oxides and hydrox-
ides (which protect the steel from corrosion [33]). This suggests that this
original layer was mostly covered. It is also interesting to note that the
relative abundance of C-OH increased from 4% to 12%: whilst the pre-
coating amount was likely due to cleaning residues (from ethanol), the
C-OH in the polymer-coated stainless steel suggests the presence of some
unreacted phenol monomers (also rich in C-OH) which might have got
trapped in the coating.

Because PPO contains the same bonds that can be found at the sur-
face of the activated carbon [34], the presence of PPO by XPS analysis is
not indisputable. Nonetheless, as shown in Fig. 5¢) and d), the relative
abundance of C-O-C in the C1s peak increased from the uncoated sample
(19.6%) to the P115 sample (22.2%) and even slightly more when
compared to the P150 sample (22.8%).

To evaluate PPO heterogeneity, each electrode was XPS-mapped and
the average atomic percentage of oxygen was calculated. Although the
peak shown in Fig. 5a) — corresponding to a single spot — does not show a
significant variation between the amplitudes of the Ols envelopes for
different electrodes, the averaged atomic percentage of oxygen was
found to be higher for the P115 (4.7%) and for the P150 (6.5%) elec-
trodes than for the uncoated electrode (4.1%), as represented in Fig. 5b).
This fact can also be observed in the maps shown in Fig. 6a), b) and c).
This is consistent with the fact that the theoretical oxygen content in
PPO is 11% [35] whilst the oxygen content of the used activated carbon
is <3% [27]. Because the oxygen content does not increase 4-fold for the
electrodeposited surfaces, one can argue that the polymer is only
covering parts of the surface.

Also noteworthy is the fact that, not only Fig. 6d) and g) but also
Fig. 6e) and h), and f) and i) seem to be almost complementary to each
other. The observation that the fluoride-rich regions correspond, in all
samples, to regions with a lower amount of carbon (and vice versa)
suggests that the polymer was not electrodeposited on PVDF-rich areas.
This is consistent with the insulating nature of this binder [36].

To test the effectiveness of the passivation, polarisation curves were
obtained via linear scan voltammetries performed at a very low rate (42
pV/s), as shown in Fig. 7. The assumption here is that the extent of the
degradation reactions is proportional to the current density of these

uncoated
P115
P150

-03  -0.1 0.1 03 0.5

Potential (V) vs AgCI(3M)

a) b)
5T o 5
g g
14 £ 14
z 2
Z. 1 Z .+
L 15
< <
5707 57
S5 4 E 5 4
O &)

-7 t + + + + -7
05 -03 -01 01 03 05 -0.5
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c) d)
20 T 20
15 + 15 4
g8 g
J 10T =10 A
S 8
51 59
0 t t u t t t i 0
0 10 20 30 40 50 60 70 0

z Q)

10 20 30 40 50 60 70
Z(Q)

Fig. 3. Voltammograms recorded in Na;SO4 (1 M) at 30 mV/s before and after electropolymerisation at 1.15 V - P115 (a) — and at 1.5 V - P150 (b). Nyquist plots
obtained for uncoated electrodes and for P115 (c) and for P150-coated electrodes (d). These 3-electrode measurements correspond to the electrodes whose behaviour

was the most similar to that of the average behaviour of the group.
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Fig. 4. Deconvoluted XPS peaks Cls (a) and O1s (c) and relative abundance of bonds deconvoluted from Cls and O1ls peaks (b and d, respectively) in uncoated

stainless steel and in polymer-coated stainless steel.

parasitic faradaic reactions [37]. As such, if a higher overpotential is
required to achieve the same parasitic current density, it means that a
wider potential range can be applied without any additional
degradation.

Fig. 7 shows that the current density increases exponentially with the
overpotential and can be modelled with Eq. (5).

j ="’ )

where j and jy are, respectively, the current density and the exchange
current density; /3 is the Tafel coefficient [37] and 5 is the overpotential
at which the anodic/cathodic reaction is taking place. Linearising the
equation, we obtain Eq. (6),

I!
logj = % 1+ logjo 6)

where the term 1"% is the slope of the curve (proportional to the charge

transfer coefficient [38]) and the term log(jo) is the y-axis intercept.
Fig. 7 shows that the cathodic parasitic currents remained unaffected
by the passivating coating (the exchange current density only decreased
from 26.3 pA/cm? to 20.4 pA/cm? and to 23.0 pA/cm?). One possible
explanation is that the non-uniform coverage of the surface of the coated
electrodes and the small ionic radius of hydrated Na* (only 0.36 nm,
whilst hydrated SOz2 has 0.73 nm [13]) enabled their penetration
through the polymer’s pinholes. On the other hand, since the cathodic
parasitic currents have a much lower slope, their unsuccessful sup-
pression seems to be less problematic - i.e. even a large increase in the
overpotential causes only a modest increase in the cathodic current. This
behaviour might be explained by the reversible adsorption of nascent
hydrogen onto the negatively polarised electrode. In non-acidic

electrolytes, the formation of CH,q (the intermediate step that precedes
HER) was shown to be the main reaction taking place down to —1.6 V vs
Ag|AgCl. This means that the additional polarisation energy was being
mostly used to further diffuse the adsorbed hydrogen into the bulk of the
carbon host, occupying sites with higher adsorbing energy [39]. It is
thus the anodic parasitic reaction (most likely carbon corrosion) that
seems to be the governing gas evolution process (and thus the main
driver for degradation) [5,6], and here, the coating clearly caused an
impact. Even though the slope remained essentially the same, the ex-
change current density decreased significantly (from 10.1 pA/cm? to
4.3 pA/em? and to 3.4 pA/cm?), which suggests a lower electron transfer
rate between the electrode and the electrolyte and thus a higher reaction
energy barrier [40]. This means that, to achieve the same parasitic
current density, a higher overpotential is required, which, in practice,
translates into an increase in the stable upper potential. Shown in Fig. 8
are cyclic voltammetries where the maximum positive potential was
progressively increased.

Although the coated electrodes (Fig. 8b)) display smaller capaci-
tances for narrower potential ranges, their capacitance increases more
rapidly with increasing potential ranges and thus the performance dif-
ferences decrease (see Fig. S5). For example, when P115 electrodes are
cycled up to 1 V, their average capacitance is 43 F/g (for uncoated
electrodes tested in the same conditions, the average capacitance is 44
F/g). Also, it is noteworthy that, for P115 electrodes, the voltammo-
grams remain stable up to a very high potential of 1.1 V. On the contrary,
uncoated electrodes show signs of degradation (a narrower and noisy
voltammogram that hints at gas evolution and consequent fluctuations
of the available active area) when cycled up to 1.1 V (Fig. 8a)).

Nonetheless, milder degradation processes can often go unnoticed in
the first few voltammograms and only become evident upon long-term
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Fig. 5. Deconvoluted XPS peaks O1s (a) and C1s (c), average atomic percentage of Ol1s obtained from the maps shown in Fig. 6 (b) and relative abundance of C-O-C
in the C1s peak, for uncoated (black), P115- (green) and P150-coated (red) electrodes. Figs. S2 and S3 show, respectively, the Ols and Cls peaks separated for each
electrode. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cycling [41]. Since supercapacitors are expected to remain stable for
>10° cycles, their cyclability should ideally be tested for each voltage
window in order to define the adequate operational range. However,
this method is time-consuming and thus, estimating the available cell
voltage based on the anodic and cathodic polarisation curves can be a
better starting point. Fig. 9 shows the maximum available cell voltage as
a function of the acceptable parasitic current (Eq. (7), which was ob-
tained by adapting Eq. (6) to the positive and negative electrodes and
then inverting and combining the resulting equations).

Avmax :AVOJF ﬁa 108 jml “FLlog ]fmx (7)
loge Joa loge Joe

where AV is the theoretical cell voltage at equilibrium; jpax is the
maximum current density considered acceptable (which will be the
same for the positive and negative electrodes, unless they have different
areas or mass loadings); jo,  and jo, . are, respectively, the exchange
current density for the anodic and for the cathodic parasitic reactions;
and f, and f. are, respectively, the Tafel coefficients for the anodic and
for the cathodic parasitic reactions.

Determining the “onset potential” for degradation is not a straight-
forward task. However, assuming one starts by defining an acceptable
value for the parasitic current, it then enables the determination of the
stable potential window for each electrode and, consequently, of the
available cell voltage. As represented in Fig. 9, the theoretically avail-
able cell voltage increases with the value of the parasitic current
considered “acceptable” and the rate of increase is very similar between
the uncoated and the coated electrodes. In agreement with the obser-
vations made for Fig. 7, the main difference is the y-intercept: for a same

acceptable parasitic current, the available cell voltage is higher for the
coated than for the uncoated electrodes (despite the considerably large
spread of results obtained for these).

The choice of the acceptable parasitic current will inevitably affect
the cyclability of the cell: the higher the tolerance given to the former,
the larger the impact on the latter due to accelerated degradation.
However, in some applications, it might be worth sacrificing some
cyclability to gain energy density. Two different scenarios — corre-
sponding to two different “acceptable” current densities, based on the
calculations shown in Fig. 9 were studied for symmetric coin cells
fabricated with uncoated electrodes and with P115- and P150-coated
electrodes. The respective Ragone plots are displayed in Fig. 10:

For uncoated electrodes, a parasitic current density of 29 pA/cm?
should correspond to a stability window of 1.2 V, whilst, for coated
electrodes (regardless of the electropolymerisation potential), this same
current should enable a maximum voltage of 1.5 V and, for a current
density of 47 pA/cm?, the stability window was 1.7 V for the uncoated
cells and 1.9 V for the coated cells. The Ragone plots shown in Fig. 10
suggest that, for the cells fabricated with the coated electrodes, the
energy and power densities obtained for a same parasitic current density
are higher (e.g. for 29 pA/cm? their values are 4.0 Wh/kg and 4.6 Wh/
kg, compared to 2.2 Wh/kg and 345 W/kg and 465 W/kg, compared to
159 W/kg). This observation is not trivial, because, given the capaci-
tance loss initially demonstrated for a narrow potential window (around
40% - see Fig. 3), the voltage gains shown here (12 and 25%) should not
be enough to compensate it and yet they do. This is likely explained by
the phenomenon observed in Fig. 8. In short: the passivating coating
might block a few pores but also enables a stable operation at higher
potentials, which in turn increases the capacitance by facilitating
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applied potential and 0.5 V. Data obtained at 42 pV/s.

electrolyte diffusion into more restricted pores (possibly due to partial
desolvation [42]). Reversible hydrogen storage at the negative electrode
might have contributed to the capacitance enhancement as well [5,6].
Both the enhanced capacitance and the increased maximum voltage
translate into a better device performance.

The cyclability measurements shown in Fig. 11 suggest that the cells
fabricated with PPO-coated electrodes do not degrade faster than the

cells fabricated with uncoated electrodes during the 10,000 cycles up to
1.9 V. However, it is also not clear that the degradation is slower than for
the uncoated cells. The two reference (uncoated) cells show very distinct
behaviours: one degrades quickly and, afterwards, seems to stabilise
whilst the other experiences a lower initial decay but then starts failing
abruptly at about 8000 cycles. This means that other important factors
are clouding the conclusions about the long-term performance of the
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cells. One of them is likely related to charge balancing issues (already
explained in Introduction). Even when electrodes with different mass
loadings are combined to ensure that their stability window is respected,
these efforts can be undermined by the fact that the capacitance will
change along the cycles - and not necessarily in the same way for both
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electrodes. The only way to individually assess the ageing of each
electrode would be to insert a pseudo-reference electrode between them
(which brings additional challenges).

Although the PPO coating aims to decrease the extent of voltage-
driven degradation reactions it will never eliminate these completely.
The fact that this happens within porous electrodes inside a sealed and
pressurised container adds another layer of complexity to the problem
and contributes to an increased variability among the ageing profiles.
The possibly stochastic ageing nature requires carefully designed ex-
periments to ensure that large variability between samples is taken into
account.

4. Conclusions

An insulating polymer (PPO) has been potentiostatically electro-
deposited at 1.15 V and at 1.5 V vs Ag pseudo-reference on carbon-based
supercapacitor electrodes. The comparison of polarisation curves ob-
tained for coated and uncoated electrodes in aqueous solutions of
NaySO4 revealed that the anodic exchange current density was signifi-
cantly lower (4.3 pA/cm? and 3.4 pA/cm? compared to 10.1 pA/cm?) for
the passivated samples. Assuming that the anodic current density is
directly related to the degradation reactions that take place at more
positive potentials (possibly OER and/or CO and CO, evolution), having

b)
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4 4
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Fig. 10. Ragone plots obtained for cells fabricated with uncoated electrodes, with P115- and P150-coated electrodes. The cells were tested up to the voltage cor-
responding to a certain parasitic current density: 29 pA/cm? (a) and 47 pA/cm? (b).
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a lower current density for a same potential - and the same current
density for a higher potential — suggests a successful extension of the
stable potential window. The capacitance also benefitted indirectly from
this improvement, probably due to the mechanism of desolvation, which
enables the access to more restricted pores at high potentials. As a result,
the energy and power densities increased accordingly (e.g., for a 29 pA/
cm? parasitic current density, they increased from 2.2 Wh/kg to 4.0 Wh/
kg and to 4.6 Wh/kg and from 159 W/kg to 345 W/kg and to 465 W/kg,
respectively). The long-term measurements suggest that the PPO-
coating does not have a negative effect on the cyclability, but it also
does not show a clear improvement when compared to cells fabricated
with uncoated electrodes. A larger number of repeats are required to
compensate the variability among the ageing profiles.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.est.2022.104927.
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