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Abstract

High-performance hyamek play a crucial roleas solid electrolytes forflexible
electrochemical supercapacitors (ES@8pre specifically all solidstate ESCs based on
renewable biodegradableand/or biocompatibldydrogelsdoped with inorganic saltas
electrolytes are attractiveot only because of their contribution todoee the resource
consumption andr the generation of electronic garbage, but alse totheir potential
applicability in the biomedical field. Herepmputer simulationkave been combined with
experimental measurements to probe the outstanding capadslisolid electrolyteof
photocrosslinked unsaturated polyesteramide hydrogetmtaining phenylalanine,
butenediol and fumaratend doped with NaCl (UPEAPhe/NaCl).Atomistic molecular
dynamics simulations have shown the influence of the hydrogelspareture in Ndand
Cl' ions migration, suggesting that UPHhe/NaCl hydrogels prepared without
completng the photecrosslinking reactionvill exhibit better behavior as solid electrolyte.
Theoretical predictions have been confirmed bteptiodynamic and galvanostasitudies
on ESCs fabricated using poly(3gthylenedioxythiophene) electrodes and UPEA
Phe/NaCl hydrogels, which were obtained using different timeexpiosure to UV
radiation {{e. 4 and 8 h for uncomplete and complete tpkarosslinking reaction).
Moreover, the behavias solid electrolytef the UPEA-Phe/NaCl hydrogel prepared using
a photopolymerization time of 4 h has been found to be significantly superior to those
exhibited by different polypeptide and polysaccharitydrogels, which were analyzed

using ESCs with identical electrodes and experimental conditions.



I ntroduction

Among modern flexible and wearable energy storage devices, compressible, stretchable
and bendable electrochemical supercapacitors (ESCs) ghemat potential for practical
applications because of its high power density, environmental friendliness, safety, fast rate
of chargingdischarging and long cycling lifetinfé. Flexible ESG requirethatall device
compnents, the electrodes and the electroligidyeflexible. In the lasfew yearsa huge
amount of work has been devoted to develop and characterize flexible ele€ffodes
Besides, polymeric hydrogelsave attracted increasing attention as flexible elagtes
because ofheir minimum leakage compared to liquid electrolytes and relatively high ionic
conductivity, especially when compared to solid polyni&fs.

Polymer hydrogel electrolytes have been prepared using synthetic polymers, as for
example polyvinyl alcohof*®® and polyacrylic acid'®* However, in recent years the
utilization of hydrogels based on biopolymers froromassand/orsyntheticbiopolymers
based on natural constituentsis gaining more attentiott:*® These biebased solid
electrolytes exhibit important advantagfs, instancerenewability, earth abundancy, lew
cost, biodegradability, biocompatibility and/or environmental friendless. Thus, fabrication
of bio-based electrolytes contributes to reduce not onlydéeeurce consumption but also
the enormous electronic garbage after their service lifetime.

In the last few years we have been interested in the developfrsoiid electrolytes for
ESCs based on natural polysaccharides, sushcasrageenat® and cellulosé® and on
synthetic biopolymers, as for example polglutamic acid* and phenylalanineontaining
unsaturated polyesteramid@sPEAs)* Interestingly,a photocrosslinked UPEA hydrogel

containingphenylalanine, butenediol and fumarate as building blaokisloped with NaCl



(UPEA-Phe/NaCl) exhibited better behavior as supporting electrolyte than biohydrogels
derived from polysaccharides and polypeptides doped with same salt, without any
detrimentin thebiodegradability anthiocompatibility>

Studies on polysaccharides and polypeptides showed that the performance of
biohydrogels as solid electrolytes is known to depend on the porous strictufaus,
systems withlarge inter-connected poresvere foundto favor the transportof ions
exhibiting better response. Key in the control of the pore architecture and network structure
is the synthesis of the hydrogel.g.regulating the concentration of polgm: crosknker
agent ratio or using termgies). However, in the casé photacrosslinked UPEAS this is
expected to be done by adjusting the phatymerization timei(e. the time of exposure to
UV radiation).In this work we employ a synergistic strategy based on both computational
molecular dynamics (MD) simulations and experimental approaches to optiheze
properties of thdJPEA-Phe/NaClas solid electrolyteMore specifically,atomistic MD
simulations havebeen conducted to investigatiee effect of the pore structure in ions
migration Computational resultsave been used to reduce the pkmttymerization time
from 8 h to4 h, enhaning significantly the response of UPERhe/NaCl as solid
electrolyte, whth has been proved by comparing key performance parameters. Our
approachdemonstrate that UPEAPhe/NaCl hydrogel electrolyte could be used for

manufactuing efficient flexible ESCs.

Results and Discussion

Computational modeling



UPEA-Phe hydrogelis synthesizd by photacrosslinking the unsaturated bonds of
UPEA-Phe chains withpoly(ethylene glycol)(PEG), which is previously functionalized

with unsaturated bonds to axt crostinker (Scheme 15°
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Scheme 1Photopolymerization reaction to produdeEA-Phe hydrogel

The pore size which is controlled by therossinking degree(CLD) that in turn is
regulaed by thetime of exposure to UV radiation, is expectedv&ve a majorféect onthe
properties of the hydrogdh particular,its capacity to transport Nand Clions when the
doped UPEAPhe/NaClhydrogel is used as solid electrolyte in ESCs. In this section, the
influence of the structure of the hydrogel on tiffusion of N& and Cl ions in UPEA
PhéNaCl has been studied using atomistic MD simulatidrtgee different variables have
been considered for the simulations: the electric field (EF), the-intkgsy degree CLD)
and the hydration degree (HD).

Unfortundely, the construction of crdgsked polyneric models (i.e. starting
configurations for MD) using conventional simulation techniques is vdrgrd and

inefficient because of thiollowing adversity: a dense and heterogeneous distribution of



atoms with weldefined the connectivityor both the badikone and the crosslinks.e.

bond lengths and bond anglé%§’ In order to overcome such adversity, which involves
severe restraints, thaitilization of specifically designed approachesis necessary.
Nonethelessthe length- and timescales of polymer dynamicswhich are unaffordable by

such approaches, drastically restricts the efficacimtilation algorithm thadre subjected

to strong geometric restriction$3’ For example, UPEAhe and functionalized PEG
require a photocrosslinkinge of at least 6 h (see below) to reach a very high CLD. Thus,
the dynamics of the system throughout this period allow all (or almost all) reactive sites to
be close enough for photoreaction. This spatial coincidence cannot be achieved using
current simulation algorithms andcomputationalfacilities, preservingthe connectivity
distribution {.e. bond lengths and bond angles of both the main chain and crosslinks at the
right values), due to the scale. These strong limitations casolved by focusing the
problem on the realistic representation of a single aspect of the system to be studied, and
neglecting the rest of the aspedtsthis work we focused simulations on the effect of the
size of the pores in the transport ions, negigoother aspects that depend on the dynamics

of the polymer chains as for example the evolution of the hydrogel structure with the
photocrosslinking time.

Three differenthydrogelmodels were built usingn earlydevelopedstrategy that was
engineeredto construct reliable 3D molecular architecturesf hydrated crosmked
materials® More specifically, this methodology was designed to generate and relax
molecular microstructures of crdsked systems, respecting the connectivity of the
molecular systenfin the case of UPERhe hydrogel igiven by the formula displayed in
Scheme 1) and imposing t@&.D. In brief, this strategy consists on the followifogir-step

algorithm:



1)

2)

3)

The positions of the atoms of the first UPPAe unit were generated within the
simulation box using an algorithm that was designed to provide conformations with
minimum torsional strains and without repulsive sbmmded interaction¥:*° Then,

a Monte Carlo criterion was applied to choose one of the following three options: (i)
the £cond UPEAPhe repeat unit was generated at the left side of the first one; (ii)
the second UPEARhe repeat unit was generated at the right side of the first one;
and (iii) a PEG chain was generated to form a crosslink.

If option (i) or (ii) are selectednistep 1), the second UPH?e repeat unit is
generated without steric overlagé.option (iii) was chosen in the previous step,
both a position of the first UPEA’he repeat uniand a position of the second
UPEA-Phe repeat unitare randomly choseamongthose able to form crosslinks
(i.e. those corresponding to unsaturated bonds) to generate the PEGTtlesina
number of PEG repeat unitsy, comprised between 25 and 50 is randomly chosen.
The crosdink is considered as feasible when the atomic positions generated for the
(PEGQm: chain do not overlap with previously generated atoms, whexeasw
number of PEG repeat unitep (m; > my) is randomlyselected again if steric
overlaps are detted.If after five trials, the generation of the crosslink fails, the
algorithm comes back to step Independently of the option, the positions of the
atoms contained in the second URBAe repeat unit or the PEG crosslinker are
obtained ondy-one.

The rest of theJPEA-Pherepeat units and PEG chains are generatecbgiome
using the procedure. The following features are distinctive of this repetition process:

(a) at the end of the generation process, the number of crosslinks is the whole



system musbe equal to the fixed CLD; and (b) the geometry of the connectivity

(i.e.bond lengths and bond angles) must be respected in all cases.

Three models witt240 UPEAPhe repeat units each a@dDs of 17%, 25% and 35%
which correspond to 40, 60 and 86 PEG chains, respectivaye generated using such
strategy The average number of repeat units per PEG crosslink in these systems was 42, 47
and 43, respectivel\Models for CLD= 17%, 25% and 35%ontained 27685, 36879 and
43677 explicit atoms, respectivelfhe homogeneous and relatively compact distribution
of polymer chains found for the model without crosslinks transforms into a heterogeneous
distribution due to the positional (functionalized PEG chains react with théedooibds of
butenediol and fumarate units) and geometric (bond lengths and bond arageding to
the connectivity restraints introduced by the crosslinR$wus the crosdinks inducel the
formation of poreswith ellipsoidatlike shapesas is reflectedn the models depicted in
Figure 1.The pore size(PS)was determined bgveraging ateast30 different diameters
(including the major and the minor) at the surface of each pore and, subsequently,
averagng the values found for theores of40 differentstored snapshots separated By
ns intervals. The PS wa§6, 3% 11 and58° 14 A for the model with a CLD of 17%, 25%
and 35%, respectivelyindicating that the size of the pores increases with the CLD.
Obviously, this increasing effect is expected to occur until a threshold value of the CLD
only, the dimensions of the pore decreasing when the number of crosslinks is very high
because of the severe geometric constrictions. Unfortunately, reliable naeitels CLD
higher than 3510% are not feasible using current computational strategies. Besides,

inspection tathe distributions of the measured diameters, which are included in Figure 1,



reveals two peaks in all cases, which is fully consistent with thps@batlike geometry

of the pores.
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Figure 1. Models for UPEAPhe hydrogel constructed with different CLDs: (a) 17%, (b)
25% and (c) 35%. Blue and orange chains correspond to the UPEA backbone and PEG
crosslinkers, respectively. In order to provideckearer visualization of the pores, parts of
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the neighboring periodic cells have been included in the images. The averaged value of the
pore size (PS) is displayed for each model. The distribution of pore sizes as measured for

20 different stored snapslsoseparated by 5 ns intervals are displayed for each model
(right).

Then, the three models were hydrated by introducing water moleculesh were
randomly incorporatedt positions not occupied by the polymer atéfsor each model,
three different hydhtion degree§HDs) were consideredl00% w/w, 300% w/w and 500%
w/w. The exact number of explicit water molecules used for each model, which depends on
the CLD, is provided in Table S1Also, Na and C! ions were added to reach a 0.1 M
NaCl concentration. The number of Nend Cl ions added to each system is included in
Table S1Accordingly, thetotal number of explicit atoms for the nine simulateddels(3
CLDs 3 3 HDs with 0.1 M NaC) rangel from 47,901 (CLD= 17%, HD= 100% w/w) to
285399 (CLD= 35%,HD= 500% w/w).

After their thermalization and equilibration using the protocol described in thetliSI,
nine constructed models were used as starting points for independent production MD
simulations, with were conducted considering the following electric figls). 0.0, 20,
40, 80 and 160 V/mnmThe EF was fixed along the-axis of the simulation box, the force

on each atomi, of the modelF § being defined by the following expression:
Fé:Fi+qi'Ez (1)

whereF; is the force defined by the potential forfield (i.e. the GAFF forcefield**?was
usedfor this study), g; is the charge of the atomandE; is theEF. It is worth noting that
the utilization of a fixed model, which successfullgscribes the transport of simple ions,

allows a dramatic reduction in computational cost compared to polarizable fisets.
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total of 46 production MD rung9 models® 5 EFs), each of 200 ns, were conducted, which
represent a total simulation time ®frs.

All simulations were run using the Amber18 pack&yepmputational details about the
procedures being described in the EBie structure of the modeled hydrogels did not
experienced significant chaeg since they are considerablgtrained by the crosslinks.
For example, simulationssingthe largest electric field (EF= 160 V/mm) showed that the
averaged pore size experienced a variation of 8%, 5% and 4% with respect to simulations
without electric field for the systems with CLD=%7 25% and 35%, respectively.

The diffusion coefficient ) of Na" and Cl ions was calculated using the Einstein
relation:

O —I Ed —0"YO (2)
wheret is time, MSD is the mean square displacement arid the number of cations or
anions. Eq (2) is only valid when the Einstein diffusive regimen is reackethé motion
of the diffusingionsfollows a random walkin other words, their motion is not correlated
with their motion at any previous timdnspection of the temporal evolution of tNSD
(see below) reflected an anomalous diffusion for a short period of time (ranging-3@m
ns to~80 ns) before to reach the diffusive regime. This part of the trajectory was excluded
from the diffusionanalyses. Thysafter the anomalous diffusion periathe MSD of the
diffusing particles increases linearly with time and the slopepf such curve is 1.0.¢€.
accelerated and anomalous diffusive regimes extmikitlL andm > 1, respectively).

Figures 2a and 2b represent the variationDofor Na* and Cl (Dna+ and Dgy,
respectively against the&eF for UPEA-PhéNaCl with CLD= 17%, 25% and 35% ardD=

100% while Figure S1 shows the temporal evolution of MSD for a representative system
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(UPEA-Phe/NaCl with CLD= 17% and HD= 100%) using the different B¥ssis shown,
the diffusion of the two ions does not follow any trend with respect t&Ewariation in
the studied rangé&.hus, the influence of the chemical structure of the hydrog&\anand
Dcii, which range from0.13-10° (CLD= 17%) to 0.36-10 cmf/s (CLD= 35%) and from
0.20-10° (CLD= 17%) and 0.49-Idcn¥/s (CLD= 35%), respectively, is much higher than
that of strength of th&F. Similarly, the effect of thé&F on Dya+ andDcy was practically
inexistent fordopedhydrogels wittHD= 300% and 500% (Figure2p

On the other hand, Figur@sand  show thaDcy; is higher tharDy,. for all the studied
CLDs andHDs. This has been attributed to the interaction between tfidoNa and the
oxygen atoms frontarbonyl groups of the UPERhe backboneThe strength of this
interaction is illustrated is Figure 3a, whidhsplays theradial distribution functions
(RDFs) for N&---02 atoms paifO2 refers to the first oxygen atom of the fumarate unit,
Scheme S1). The profiles obtained foydrogels withCLD= 17%, 25% and 35% and
HD=100%display a sharp and intense peak atdistanca= 2.3 A The intensity of this
peak decreases with increasi@gD, reflectingthat crosknks hinder the accesst Na' to
the oxygen atoms of the fumarate unitientical conclusions are reached by inspecting the
RDFs involving the N&--08,Na’---028 and N&--042 atom pairs (Figure3p where O8,
correspond tdahe oxygen atonof the second carbonyl of the fumarate unit and 028 and
042 refer to the oxygen atom of first and second Phe units (Scheme S1), respectively.
Instead no peakis obsenred in the RDFs involvin€!' ions, explairing why their mobility
is superior tathat of N& ions This is illustrated in Figure 3b, which displaye Cl---02
pair RDFs. Consistentlythe profiles obtained for the other'Gl-O# pairRDFs (not show
indicatedthat Cl ions do not interact with the carbonyl groupstié UPEA-Phechains

independently of th€LD. It should be mentioned that, although the RDFs were displayed
12



at short distances due to the anfmogeneity of the system, all theiend to caverge to

unity as expected, at L/2 (whereL is the size of the simulation bjpx
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Figure 2. Variation of the diffusion coefficients of (a, c) Nand (b, d) Cl (Dna: andDcy,
respectively) against: (a, b) the strength of the electric fieldJfeA-Phe hydrogels with
HD= 100% (.e. profiles for hydrogels with HD= 300% and 500% are shown in Figure S1);
and (c, d) the hydration degree. For hydrogels displayed i(d)ajhe plotted diffusion
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coefficients correspond to the averages of the valuesnalol using different electric fields,
while the error bars are to the resulting standard deviations. Temporal evolution of the
MSD for (e) Nd and (f) Cl ions in the hydrogel with CLD= 25% using EF= 20 V/mm
(results for the systems with CLD= 17% and 3&#8é shown in Figure S4).
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Na'---O28 atom pairs, as obtained from sintiglas of hydrogels with different hd and cld=
17%.

Figure 2ed plots the variation ofDya+ and D¢y, respectively, against thdD for the
three hydrogeldor EF= 20 V/mm Both Dya+ and D¢y increase linearly witithe HD,
indicating that the mobility othe ions becomes easier with increasing water conlférs.
effect is clearly illustrated in Figure 2gwhich displays the temporal evolution of the
MSD for representative simulations (EF= 20 V/mm) syfstems with CLD= 25% (the
temporal evolution of th#1SD for the systems with CL= 17% and CLD= 35% are shown
in Figure S4).Thus, the amount of Na-UPEA-Phe interactions and, therefore, the
retention of Na cations bound to the hydrogeiatrix decreasgwith increasingHD. The
linear increment of the diffusion coefficients with the HD has been attributed to the fact
that ion---polymer interactions are relatively weak and-secific in comparison to
ion---water interactionsThis effect is illustrated in Figure 3c, whicbropares théRDFs
involving the N&:--O28 pair for the hydrogels withCLD= 17% and variable water
contents and supported by the RDFs shown in Figure S3 for--N22, Na'---O8 and
Na'---O42 pairs D¢y is higher tharDya- for all the examined hydration degreegichis
due to the lack of specific interactions betweehi@is and UPEAPhe atomsilt is worth
noting that the chemical structure of hydrogels glaycrucial role in the diffusion
coefficient for ions. For exapte, in ionene hydrogeld.€. polyelectrolyte hydrogels in
which a quaternary ammonium cation resides within the polymer backbone) the strong
electrostatic interactions between the positively charged nitrogen atoms and ions dominate

over the ion---watemiteractions’ %
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The growing diffusion of the ions with the HD becomesmore pronounced with
decreasingCLD. Thus, the ratio between th&\,. values obtained foHD= 500% and
100%, Dna+(HD= 500%)/ Dna+(HD=100%), is 3.9, 3.5 and 2.0 f@LD= 17%, 25% and
35%, respectivelySimilarly, D ¢ (HD= 500%)/ D ¢ (HD=100%)is 4.1, 3.8 and 2.1 for
CLD= 17%, 25% and 35%, respectively. These results are consistent with the amount of
specific interactions between Naons and UPEAPhe atoms which increase with
decreasingCLD (Figures 3a and 3, and with the fact thathe migration of Clis faster
than that of N&

On the other hand, bofby,+ and D¢y increase with th€LD, as is reflected in Figure
4dab, respectivelyHowever, this tendency is less pronounced for systemsHinth 500%
than for those wittHD= 100% and 300%Again this is consistent with the amount of
Na'---UPEA-Phe interactions, which is inversely proportional to i (Figures 3c and
S2).The temporakvolution for the trajectories obtained using HD= 300% and 500% (EF=
20 V/mm) are shown in Figure 4tand 4¢€f, respectively.

In summary, MD simulations show that Nand C! ions diffusion increases with the
size of the pores, this structural parameter bémged much more important than the
strength of the electric field. This has inspiredaufurtherimprovethe alreadyoutstanding
properties of UPEAPhe/NaCl as supporting electrolyte ESCs increasing the pore size
Because of the limitations typicallydnd in the construction of crdsg&ked polymeric
models MD simulations were conducted using relatively low CLDs. CLD ¢ 35%), in
which the pore sizeof modeled hydrogelsncreased with theCLD. However,in the
laboratory, the size of the pore of real photosslinked UPEAPhe/NaCl hydrogels is

expected to bancreasedy reducingthe time of exposure to UV radiation from 8 h, which

16



ensured that therosslinking reactionvascompletedto 4 h. Experimental measures about
the performance of UPHehe/NaCl hydrogels prepared using such two photo

polymerization times are provided in the next section.
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Figure 4. Variation of the diffusion coefficients of (a) Nand (b) Cl (Dna+ andDgji,

respectively) against the crelisking degree. The plotted diffusion coefficients correspond

to the averages of the values obtained using different electric fields, while the error bars are
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to the resulting standard deviations. The temporalutienl of the MSD for (c, €) Naand
(d, f) ClI' ions in the hydrogels with (c, d) HD= 300% and (e, f) HD= 500% using EF= 20

V/mm.

Experimental characterization of UPEA-Phe/NaCl as solid electrolyte

UPEA-Phe hydrogels were prepared as describggrémious work® In brief, UPEA-
Phechains werebtainedfollowing the procedure reported by Katsarava anavodkers?
Then,UPEA-Phe chains were crdsked using as reticulating agent a functionaliREiG
(M,= 10000 g/mol), which was obtained by reacting watpropenoyl chloridé®> The
crosslinking reaction betwed$PEA-Phe and the functionalized PE@sperformedusing
the photainitiator irgacure 295@nd exposing the reaction medisaiution to an UV lamp
(230 V, 0.8 A) Two photepolymerization timesif. times of exposure to the UV
radiation) were considered: h and 8 h.The lattertime ensured that therosslinking
reactionwas completed as proved in previous worR. Therefore,the resulting hydrogel
was used as a controlinstead,the choice of the shortest time was based on the
computational results discussed in the previous section. Thus, such drastic reduction of
photopolymerization time (a factor dfvo) was expected to promote the formation of
larger poressince the reticulation process was inipted before it was completed.
Hydrogels obtained using times4h and 8 h, hereafter named UPPAe@h) and UPEA
Phe(8h), were washed at room temperature with distilled water, which was cleaeggd
12 h, during 48 h. Finally, the hydrogels were soaked a minimuzd bfin a 01 M NaCl
solution prepared with distilled water for doping. The doped hydrogels, UPEA

Ph&€4hyNaCl and UPEAPhe(8h)/NaCl, were kept in such NaCl solution for future
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utilization or lyophilized by freez&lrying for further characterization. Figuba provides

photographs of the UPERhd&4h) hydrogel as prepared and after doping with NaCl.
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Figure 5. (a) Photographs of washed UPHEhe(4h) and doped UPERhe(4h)/NacCl.
(b) FTIR spetra of freezadried hydrogels. The band associated to the C=C stretching is
marked in blue. Representative SEM micrographs and pore size distribution for freeze
dried (c) UPEAPhe(4h) and (d) UPERhe(8h) hydrogels.

The FTIR spectra of UPERhe(4h) and BEA-Phe(8h), which have been normalized
using the most intense band at 1100*qi@i O stretching), are compared in Figure 5b. As
expected, the main difference between the two compounds corresponds to the band at 1620

cm’, which is associated to the C=C stretching. The intensity of this band decreases with
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increasing CLD i(e. with increasing photgolymerization time). The rest of the FTIR
bands, as well as tiel NMR spectra (not shown), are fully consistent with thassedbed
in previous work®

On the other handepresentative SEM micrographs of freedited UPEA-Phd4h) and
UPEA-Phe(8h) are shown in FiguBe-d. Pores are much better defined in the former than
in latter. In fact, UPEAPhe(8h) shows some compactioeg homogeneously distributed
on the surface, in which the pores are totally or practidaligered This effect has been
attributed to thefact that thephotopolymerizationreaction was complete after 8 h
Interestingly, the average size of the pdres remain open in UPERhe(8h), 177 nm, is
slightly higher thanthat of the UPEAPhg4h) pores, #°10 mm, even though a higher
dispersion of values is obtained for the latfEnis observationwhich is reflected in the
distribution of sizes included iRigure 5ed, indicates that the continuation of the photo
polymerization process far additional hourgnainly affects the smaller pores, suggesting
that functionalized PEG tend to be grouped in micro/nanoclusters rather than
homogeneously distributed the reaction medium.

The swelling ratio $R %) of the two hydrogels was estimated using the weightiseof
hydrogels after washing and after freelrging (ESI) The SRwas 1501 9% 342% and
500% ° 114 % for UPEAPhd&4h) and UPEAPhe(8h) respectively reflecting that this
parameter decreases with increasidd as was also observed for other polysaccharide
and polypeptiddased hydrogef&*

To compare theelectrochemicalachievementsof UPEA-Phe(4h)/NaCl and UPEA
Phe(8h)/NaClas solid electrolytes, ESCs devicesre prototypedoy assemblingsuch

doped hydrogels with poly(3,4thylenedioxythiophene) (PEDOT) electrodess is
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illustrated in Figure6a. More specifically, a rectangular hydrogel piece was sandwiched
between two PEDT electrodesseparated at a distance omm. After this, the external
side of each PEDOT electrodes was covered by another hydrogel piece. A photograph of
the resultingESC prototype is included in Figu6a. It is worth noting thathe choice of
PEDOT electrodes, which consisted on steel sheets coated at the two sides by anodically
polymerized PEDOT (detailed description of the preparation and characterization of the
electrodes is provided in the ESBnd the tweelectrodes configurationvas donefor
consistency with previous studies in which other hydrogetse tested®>® This has
allowed us to stablish a rigorous comparisueith hydrogelsderived from biopolymers
showing the remarkable performance ofUPEA-Phe(4h)/NaClas solid and flexible
electrolyte (see last stdection).

Figure6b shows the cyclic voltammetry (CV) curves of ESCs with UHE#&4hYNaCl
and UPEAPhe(8h)NaCl recorded at different scan rates (from 10 to 200 mV/s) and a
working potential from 0.0 to 0.8 V. For each scan rate, the areas associated to the cathodic
and anodic scans are significantly higher for UPB#{4hYNaCl than for UPEA
Phe(8h)NaCl, indicating that the reversible exchange of voltammetric chargeasei@or
the former hydrogel. Moreoverkoltammograms at low scan rates exhibit a rectangular
shape, reflectingthe pseudecapacitive behaviorassociatedto the formation ofthe
electrochemicaldouble layer at the electrode/electrolyte interface. As the scan rate
increases, voltammograms deviate from the rectangular shape for both ESCs. However, this
effect is much less pronounced fOPEA-Phg4hyNaCl than for UPEAPhe(8h)NaCl,
revealing betteionic diffusionfor the former than for the latter

Galvanostatic chargéischarge (GCD) curves at different current densities are displayed

in Figure 6c. UPEAPhg4hYNaClcontainingESG showlower voltage drop than tise
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with UPEA-Phe(8h)NaCl, indepadently of the current density, indioag that theinternal
resistance is lower fothe former thanfor the latter GCD triangular curves are more
symmetric when more capacitive is the behavior due to symmetry in charge and discharge
(i.e. coulombic efficiency close to opeCompared with those of UPERhe(8h)NaCl, the

shape of th&CD curves of UPEA?hd4hyYNaClis closer tothe idealsymmetric triangular
profiles. This is consistent with the fact thedectrc double layer capacitive bakior is

better for ESCs containing the latter solid electrolytéich is in agreemenwith CV

results Another important finding is that charge and discharge timealarest twce for

the ESGwith UPEA-Phd4hyNaClthanfor the ESGwvith UPEA-Phe(8hjNaCl.

Figure6d representthe specific capacitanceS@s) obtained from CV at various scan
rates(from 10 to 200 mV/sand from GCD atarious current densities (from 0.43 to 2.44
A/g). In all cases, th&Cs obtained foESCs withUPEA-Phg4hyNaCl ESGCs are higher
than forthose withUPEA-Phe(8h)NaCl, reflecting again that thienic diffusion ishigher
for the hydrogelwith largest pores Moreover, the difference between the specific
capacitances of the two systems.(DSC= SCupeaprhaanynact T SCupea-Phe(shiac) iNCreases
from 15.6 to 28.1 F/g when the scan rate increases from 10 to 200 mV/s, wb8f(eas
decreases from 19.8 9 Ff when the current density increases from 0.43 to 2.44 Alqg.
The htter observation indicates thdéte ions fully dffuse inside the electrodest low
current densitiesthis effect being enhanced for the hydrogel electrolyte with more
available surfaceAs shown in Figuresd, the SGs are higher foPhe(4)/NaCl hydrogel
containing ESCs than for contr@SCs, which were prepared using PEDOT electrodes
separated by a 0.5 M NaCl liquid solution, evidencing that capacitive response was

better for thdormer than for the latter
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Figure 6. (a) Scheme and photograph of the ESC prepared in this work. For ESCs prepared
using UPEAPhe(4h)/NaCl and UPERhe(8h)/NaCl: (b) Cyclic voltammograms recorded

at different scan rates; (c) GCD curves recorded at different current densitte&s (d)
obtainedby CV at different scan rates (left) aB@s obtained by GCD at different current
densities. For compariso8Cs obtained using ESCs with a liquid electrolyte (0.5 M NaCl)

are included in (d).
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