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Abstract

A series of resorcinol formaldehyde based carbomgeds were synthesized under
identical conditions using different graphene oxioigds. The gelification reaction was
carried out using a stable aqueous suspensionaphgne oxide, yielding organic gels
with graphene oxide concentrations ranging fromt®.2.5%. After the carbonization,
xerogels with medium surface area (65G/gn and a highly improved electrical
conductivity were obtained. Specific capacitancel®® F/g of one electrode at very
high scan rate of 500 mV/s were achieved, as veglicaaver densities above 30 kW/kg,
which is a significant improvement of 180% with pest to the pristine xerogels.
Carbonized xerogels were further steam activateglid¢tnl activated carbon xerogels
with surface areas of up to 180G/g1 The use of activated xerogels improves slightly
the specific capacitance at low scan rates onlg,thare is a sharp decrease above 20
mV/s, resulting in a worse performance than grapleade doped carbonized xerogels.
The electrical conductivity of the graphene oxiadgeld carbon xerogels decreases upon
activation, which means that the influence of thecteical conductivity on a carbon
xerogel is greater than its specific surface ammach it is is the first time it is observed

for porous carbons.
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1. Introduction

Electrochemical energy storage devices, such asrcapacitors (SCs), batteries and
fuel cells have attracted widespread attention @rtba scientific community over the
last few decades due to the increasing use of rablevenergy and the rapid growth in
demand for electricity by electronic goods and telewehicles. Electrical double layer
capacitors (EDLC), based on the physical accunaratf the charge by means of
electrolyte species over an accessible surfacew sl excellent cyclability, low
maintenance and a longer life span and a safeatipemrecord than pseudo-capacitive
SCs, whose energy storage mechanism is based or oiédmical reactions [1-3].
Electrode materials are one of the most importantofs for the improvement of the
electrochemical performance of EDLCs, to get a &ighnergy storage capacity and
power densities. EDLCs are based on high surfae® @rbon based materials, mainly

porous carbons such as biomass or coal derivedagadi carbons [4, 5].

The energy storage capacity of SCs is theoretidaligpendent of the voltage and
depends mainly on the available area, which isrdeted as the part of the total
specific area corresponding to the porosity acbéssio the electrolyte. Carbon
materials are suitable due to their i) high connhtgt ii) high surface area (even above
2000 nf/g), iii) good resistance to corrosion and therstability, iv) controlled pore
structure, v) good processability and vi) relawklw cost [6]. Literature shows clear
evidence of a better performance in relation tacigecapacitance when BET surface
area is increased, taking into account that théaseirarea must be accessible to the
electrolyte. Then parameters such as average pmaeesfective ion size and the pore
size distribution in the carbon materials play asoimportant role [7]. On the other
hand, K6tz and Carlen [8] claim that the electricahductivity of the carbon materials
must simply be greater than that of the electrol@ch means that it is more effective
to have a large number of short micropores tharhdwe less deep or tortuous
micropores. Consequently, most efforts are focusedeveloping a very high surface
area with tuned pore sizes, to allow the highessipde amount of electrolyte to be

stored and the fastest possible kinetic adsormtaserption mechanism capability.

Activated carbons with a very high BET surface apssm show a high specific
capacitance at low scan (or current) rates, bua@tgnce normally decreases at higher
rates due to the slow kinetics caused by a hetesmyes pore size distribution. The use



of carbon nanomaterials such as carbon nanotuljg4qQp carbons onions [11], and

high porosity derived graphene [12], show morelstanergy densities when the scan
rate is increased, but not such a high specifiaci&p justifies a huge cost. Another
option is to develop synthetic porous carbons saglzeolite-templated carbons [10],
carbide-derived carbons [13, 14] or carbon derifredh sol-gel materials [15, 16].

These perform better due to their larger surfaea and the fact that their pore size
distribution can be tuned, yielding capacitanced%3-200 F/g at a reasonable cost in

the case of the sol-gels, although their poweritieasare still low [17].

Carbon gel materials, like carbon aerogel, crya@gel xerogel, based on resorcinol (R)
and formaldehyde (F), offer a greater potential fii§ 19] than the traditional activated
carbons due to their (i) low electrical resistiyifyi) high purity; (iii) the ability to
develop the desired pore texture and pore sizeildisons through a control of the
synthesis conditions [20]; (iv) their different rpbologies (monolith, powder,
spheres...). However, they also show a limited eneggpacity and power density when
the current density is increased like other porcarbons. Power density is inversely
proportional to the equivalent series resistanc®@RE which is related to the electrical
conductivity although its quantitative influencethvirespect to other factors like the
BET surface area is not yet clear. In view of thesgblems, modifications methods of
carbon xerogel have been suggested [21] in ordeotrol the effect of the synthesis
preparations conditions, such as modifying the ¥ molar ratio, gelation time,
temperature, dilution factor, drying conditions aodrbonization conditions. Other
modifications include the synthesis of boron, rgen [22] and sulfur doped carbon gels
to modify their surface chemistry and wettabili83]. In any case, carbon gels must
necessarily be activated in an oxidative atmospteraaximize the BET surface area
to attain the required energy densities. Furtheembybrid EDLCs based on carbon
xerogel composites with carbon nanomaterials, t&bon nanotubes (CNT) [24, 25]
and graphene related materials have been studrezt theoretically graphene could
achieve a capacitance of ~540 F/g, if all the s@rf@rea of the graphene layers could be
used [26]. To promote a good dispersion and avoigesyation, graphene oxide (GO) is
an excellent choice for the preparation of comgosdrbon materials, since GO has
functional groups in the sheet basal plane antheatetiges [27], which facilitate their
dispersion in aqueous media, and the formationobigsl using GO sheets (which

contain hydroxyl and phenol groups) as scaffolde k¢ al [28] prepared composite



materials synthesizing RF gel in the presence of @ctionalized with
polyethyleneimine (PEI), using an unspecified loadd compared the subsequent
activated aerogel with the pristine one. The rasyltGO doped activated aerogel
attained 1158 Afg (versus 1384 ffg the pristine aerogel) and a specific capacitaase
measured by cyclic voltammetry (CV), of 221 F/dl@tmV/s and 141 F/g at 200 mV/g
in an aqueous medium, which is an excellent refegdpite a reduction of 37% with an
increase in the scan rate. The pristine aerogébqmeed around 23% less well with a
similar reduction with the scan rate. The betteffqggenance of the GO aerogels, that
had a slightly lower BET specific surface area, atgbuted to its lower ESR. Qian et
al. [29] reported a similar decrease in performanitk an increase in current flux when
working with GO and resol phenolic resin. In shartlower ESR, which is related to
electric conductivity, is obtained with GO and athetic carbon as a matrix, yielding
higher specific capacitances at slightly lower Bdtifface areas, although there is still a

considerable decrease in its performance with aease of the scan rate.

The challenge of RF carbon based gels is to astainle capacitances at high rates, and
to achieve this a low ESR seems to be required.obfective of this work is to produce
GO-carbon xerogel composites with a tailored eietrconductivity and porosity by
varying the load of GO and the activation burn-offorder to produce carbon materials
with stable capacitances, even at high rates. @aéd carbon xerogels were produced
using the same gelification conditions with threeaffedent graphene oxide
concentrations, and a pristine carbonized xerogelcbmparison purposes. The RF
gelation was carried out in the presence of graplwemde, dispersed in water. During
the carbonization of the organic xerogel, the gesghoxide sheets were converted into
reduced graphene oxide (rGO), and this was embeddié carbon xerogel matrix. In
order to increase the electrical conductivity & ttarbon xerogels, a minimum amount
of GO was required to attain the electric percolapoint. Subsequently, the carbonized
xerogels were steam activated at two burn-off deggr&he results corresponding to the
carbonization and activation mass yields, speaifidace area, electrical conductivity,
CVs from 1 mV/s to 500 mV/s and galvanostatic chalgcharge cycles were

analyzed.
2. Experimental

1.1. Graphene Oxide preparation



GO was synthesized from a commercially natural e@pd graphite powder (BNB 90,
Timcal) using the modified Hummers-Offemann met[@@]. Basically, 1 g of graphite
was mixed and stirred at room temperature with 180 of H,SO, (95%, sigma
Aldrich) and 1 g of NaN@(Sigma Aldrich). After 3 h, 4 g of KMnQwere added and
stirred for an additional 2 h. When the reactionrsveampleted, it was poured into
around 400 g of ice cubes with 20 mL of®d (33vol. 33%, VWR international). After
several rinses of diluted HCI 0.1 N and water, tmaining solid product (graphite
oxide) was dried overnight at 70 °C. The oxidizetidswas subsequently suspended in
water at different concentrations (ranging fromm@mL to 20 mg/mL) and exfoliated
by high-energy tip sonication (QSonica Ultrasonk0Q) at 30 W for 2 h, in periods of
60s ON and 30s OFF to produce GO.

2.2. Synthesis of Carbon Xerogel

Initially an organic gel was synthesized by théypondensation of resorcinol (Sigma
Aldrich) with formaldehyde (37 wt-% water and 10-1&t-% methanol, VWR

International) in water as a solvent and with spdicarbonate as gelation catalyst,
based on the method described by Pekala et al.J3H.present work carries out the
synthesis of the organic gel by substituting aneags suspension of GO at different
concentrations (10, 15, 20 mg/mL) by the water.sThhe gel is formed using a GO
sheet as a scaffold platform. A GO-free organicvges also synthesized for comparison

purposes.

All the organic gels were synthesized at a resotfatalyst (R/C) molar ratio of 750, a
R/F molar ratio fixed to a stoichiometric value @b, and a dilution ratio (i.e. a total
solvent/reactant molar ratio), of 5.7. Resorcinodl &odium carbonate, as catalyst for
the adjustment of pH, were dissolved first in thiapypene oxide aqueous suspension
under magnetic stirring, and then the formaldehgdéution was added. As GO
suspensions have a high acidic pH, concentratedHN&@&s used to correct and fix an
starting pH of 6.4, which corresponds to the ihgael when producing the pristine gel.
Experimental details of the gelation, drying, pysi and activation are provided in the
supplementary data (SD). Breafly, gelation wasgraréd at 85°C for 72 hours. Drying
was carried out using a vacuum controlled progrgmoul50°C and down to -1 bar.
The resulting GO loads in the precursor organiogel composites are 1.2, 1.9 and 2.5
wt-% corresponding to the GO concentrations of II®,and 20 mg/mL in the initial
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water suspensions, respectively. The organic xé&ogere carbonized at a final
temperature of 800°C, and the samples were dergtede label CX followed by the
GO concentration present in the initial organic, gghce an accurate quantification of
the final GO content of the doped samples was ossiple. The carbonization yield
was then recorded. The carbonized xerogels wemmstctivated at 800°C for 10
minutes and 60 minutes, and burn-off was also aatefqurecorded. The nomenclature
of the activated samples was ACXBpwhere p represents the GO content of the

original organic-xerogel angithe duration of the activation process.
2.3 Textural characterization of the carbon xerogel

The textural properties of the carbon xerogels vesaduated from 77K Nadsorption-
desorption isotherm and 273K gQ@dsorption isotherm, by means of Quadrasorb-
Kr/MP (Quantachrome Instruments) equipment. Thecifipesurface area, ggr, was
calculated by applying BET [32] equation to the M}Kadsorption isotherm data in the
relative pressure range of 0.05-0.10. The micropotame (Mnicro) Was calculated by
applying the Dubinin-Raduskevich (DR) equation [38] the nitrogen adsorption
isotherm, and the total pore volumeyWvas calculated from the amount of nitrogen
adsorbed at saturation point. The average microgiaeewas estimated by applying the

Dubinin and Stoeckli equation using the DR adsormpénergy [34].

The morphology of the xerogels was studied by trassion electron microscopy TEM
(JEOL, JEM-2010) and field emission scanning etectmicroscopy FE-SEM (ZEISS,
Merlin VO Compact). The samples were dispersed -prapanol, sonicated and

deposited on a carbon-coated copper grid.
2.4 Electric and electrochemical characterizations

The preparation of the electrodes was performeodviahg the same procedure in all
cases, as explained in the SD. Analysis of thetreleltemical behavior of the materials
under study was carried out at room temperaturegusM H,SO, as electrolyte, and
applying cyclic voltammetry (CVs) and constant geadischarge (CD) current by
means of BT-G-502 4CH ARBIN potentiostat. The C\iargvapplied out in a voltage
window of between 0 and 1.0 V at different scaesdt, 2, 5, 10, 20, 50,100, 200, 500
mV/s) in order to detect possible pseudocapacitomributions and assess the charge

storage capacity of the device. The CD measuremsate performed at different
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current densities (0.1, 0.2, 0.5, 0.6, 0.8, 1.0) A&/gh a potential fixed at 1V, to evaluate
the specific capacitance. On the other hand, setesbmples were characterized by
electrochemical impedance spectroscopy (EIS), ban®:iea potentiostat/galvanostat
VMP Biologic. EIS analysis was done at open-circudltage (0 V) within the
frequency range of 1 mHz-100 kHz and 10 mV AC atugé.

The electrical conductivity of the electrodes wasedmined by the van der Pauw
method [35]. For this purpose an apparatus basetthaindesigned by Euler [36] and
used by Celzard et. al [37] for the measuremengletrical conductivity of carbon

black was employed.
3. Resultsand discussion

Figure 1 shows the carbon xerogel weight yieldsioled for both non-activated and
activated samples during 10 and 60 minutes. Aftexr tarbonization, there is a
practically constant yield for pristine and grapbeloped carbons, of around 58 wt-%.
However, 10 minutes of steam activation decredseyitld in a higher extent for GO-

xerogel composites to around 45 wt-%, comparedtve 50 wt-% for pristine carbon

xerogel, indicating that GO-carbon xerogel compssdre slightly more reactive when
subjected to steam activation. 60 minutes of atiimatime produces more marked

differences among GO doped xerogels, with CX-1@shg highest reactivity.
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Figure 1. Values of gravimetric yield of carbon ogels for pristine and GO doped
xerogels, when subjected to just carbonization stedm activation during 10 and 60

minutes.



Figure 2 shows the 77 K nitrogen adsorption isatiserof non-activated carbon
xerogels. All of them present similar micropore elepment according to the knee
visible at low relative pressures. The pristindboarxerogel presents a type IV isotherm
with a clear hysteresis loop at high relative puessindicating the presence of medium
size mesopores. The addition of GO produces thepdesarance of the hysteresis loop
and a big increase of nitrogen adsorption at satur&onditions, which means that the
presence of GO produces a carbon gel with a bigribation of large mesopores-
macropores, which means that the presence of GQupeothe net effect of of the
widening of medium-size mesopores into large messpmacropores. This latter fact
might be due a higher presence of acid groups dueQ surface chemistry. Table 1
shows the porous properties calculated from adsorpsotherms for non-activated
samples. Pristine xerogel attains a BET surface ak 760 /g, whereas GO
containing xerogels develop less surface areahitteer the GO content, the lower the
surface area. The average micropore size becomesm@laller due the incorporation of
GO. As a consequence, the presence of GO vyielderlswface area and widens the
mesopores into high sized mesopores/macroporssdiso noticeably that total pore

volume begins to decrease at the highest GO costdied.
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Figure 2. 77 K nitrogen adsorption isotherms ofgbges of undoped and doped carbon

xerogels with different amount of GO.

Table 1. Porous properties of non-activated dometden xerogels, obtained from 77K

N, adsorption isotherm data.



Sample 77K nitrogen adsorption isotherm parameters

Sser (MP/Q) | Vimiero (6NPIG) | Lo (nmM) |V, (cni/g)

CX 760 0.30 1.2 1.14
CX-1.2 710 0.28 0.9 1.82
CX-1.9 620 0.24 1.1 1.93
CX-2.5 614 0.24 0.9 0.81

In the case of steam activated samples, nitrogeorption isotherms retain the same
shape as the parent carbonized samples but witigheerhamount adsorbed at low
relative pressure. The surface area values incréaseall the samples with a

corresponding high increase in the micropore vokina@d also a moderate increment
in the total pore volumes (see SD). Figure 3 shtiwesevolution of the BET specific

surface area versus burn-off (weight loss upornvaiitin on a percentage basis). As
expected, the BET surface area increases with dififier all the samples. The pristine

activated xerogels, although less reactive witharasteshow a slightly greater pore
development tendency than the GO doped activaiegplsea. The latter samples exhibit
a lower tendency in the pore development due to passible reasons: a) the lower
surface area and micropore volume of the parentd@@ed carbonized xerogels than
those of the pristine one, or b) the high steanifigagon rate produces more external
burning (and less micropores) than the low reackimetics. In any case, graphene

xerogels with excellent surface areas above 173 were obtained.
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Figure 3. BET specific surface area versus actwakiurn-off plotted for pristine and

GO doped activated xerogels

Figure 4 shows, as example, the CV plots obtafbedepresentative carbonized and
activated samples at 1, 5, 50 and 500 mV/s. Figuaeand 4.b show CV plots for CX
and ACX-60, respectively, and Figure 4.c and hdwsthe corresponding CVs for CX-
1.9 and ACX-1.9-60. Although some CV experimenthdoresent high baseline noise,
especially at low scan rates, it can be observeat timere is no sign of
pseudocapacitance behavior and therefore all tpactance must be attributed to
double layer electrochemical storage. An appareefgeption to this seems to be
sample ACX-60 at mV/s. However, fluctuation in thgper branch of the cycle should
be attributed to an anomaly in the experiment ratih@n to a pseudocapacitance, since
cycles at higher scan rates, carried out on theessample, do not show any sign of
pseudocapacitance. It must be taking into accobat the CVs of each sample at
different scan rates (20 cycles at each specifia sate) were carried out with the same
electrode samples, starting by the lowest scan &é then increasing. As a
consequence, 500 mV/s was run at the end, andlyleaes not present any
pseudocapacitance. With respect to pristine caredniand activated xerogels, the
specific capacitances decrease considerably witte@sing scan rate as expected,. and
higher values of capacitance were obtained foathated equivalent samples (except
at 500 mV). On the other hand, this does not happénthe GO doped CX-1.9 derived

samples, where the carbonized sample CX-1.9 (60¢) rshows better and more stable
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values than a highly activated CX-1.9-60 (1808ign which displays a deep decay of
its properties when increasing scan rate. Simdaults were obtained for CD cycles for

the same samples, shown in SD for 1 A/g.
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Figure 4. CV plots for carbonized and activated gasat 1, 5, 50, 500 mV/s. Figure
4.a, 4.b CV plots for CX and ACX-60, respectivedpnd Figure 4.c, and 4.d. CVs for
CX-1.9 and ACX-1.9-60.

Figure 5 shows the specific capacitances, calkedl&om the CVs, for all the non-
activated and activated carbon xerogels (GO dopguristine), versus the scan rates,
with range from 1 mV/s to 500 mV/s (Figures 5.&, &.c and 5.d show the results for
CX, CX-1.2, CX-1.9 and CX-2.5 derived samples, estpely). Generally, the
activated xerogels show a higher capacitance t@nc¢orresponding parent carbonized
ones at 1 mV/s, as expected. Nevertheless, twerdift tendencies can be observed at
higher scan rates. The undoped samples show aadecre their performance in a
similar extent when the scan rate is increasedsepterg a higher decrease rate the
ACX-60 at high scan rates, indicative of severectetdyte ions diffusion at those
conditions. However, the second tendency correspamith low and medium GO

content xerogels. Carbonized CX-1.2 and the CXxefogels present much more
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stable capacitances that their corresponding detivaamples, to the point that their
performance is much better in the case of the cezbd samples, above 125 F/g with
only 600 nf/g, than for the activated samples, 45 F/g withOL8fYg, at 500 mV/s. The
highly activated ACX-1.2-60 and ACX-1.9-60 samplelsow a sharp decrease in
performance above 100 mV/s, indicating that the &fped non-activated and the
slightly activated xerogels have a key propertyt #rsghances their performance even
though their BET surface area is lower. The xemgeith the higher GO content
display a different trend, since the non-activadathple always shows a slightly lower
capacitance than the activated samples, and higttiyated ACX-2.5-60 does not
undergo a very sharp decrease in capacitance @atratzs above 100 mV/s. It is the
non-activated CX-1.2 and CX -1.9 samples that shiogv best capacitance results,
around 120 F/g at 500 mV/s, which represents aedserin capacitance of only 24%
with respect to the value at 1 mV/s, when it caceexl 65% in the case of the pristine
sample. These results are of great importanceg siapacitors must supply the greatest
amount of power as possible, and non-activated sngre much more economic due
to their considerably higher yield.
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Figure 5. Specific capacitance, calculated from GMhe activated carbon xerogel CX
(@), CX-1.2 (b), CX-1.9 (c) and CX-2.5 (d), at éifent activation times (10 minutes and
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1 hour), at different scan rates compared to that ¢orresponding non-activated
samples.

Figure 6 shows the variation of the specific cajaamcies of carbonized xerogels
calculated from the charge/discharge (CD) cyclesusetheir working current densities,
from 0.1 to 1 A/g (per gram of one electrode). Bpecific capacitances of all the GO
carbonized carbon xerogels are very similar andlestaith increasing current density,
and much greater than the specific capacitancbeoptistine carbonized xerogel, with
much clearer differences with respect to the vablsained from CV. The capacitances
of the GO doped xerogels are in between 135-160 Wgreas the pristine xerogel
shows much lower values (between 65 and 105 F/d)mare marked decay with

increasing current density. In this case, the dégrace at 1 A/g is only 59% of that

obtained at 0.1 A/g, whereas around 85% of the aitgyee is retained in the GO

containing xerogels. In addition, very similar ceipance values are obtained for the
activated and non-activated doped xerogels (see 1®Dardless of their BET surface
area. This is not the case for the capacitancesumea from the CD cycles of activated

pristine xerogels, which show higher values wittr@asing BET surface area.
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Figure 6. Specific capacitance, calculated from Gles, as a function of current
density with U=1V of the catbonized carbon xerogih different amount of GO.

Figure 7 shows the Ragone plot, calculated fromGbeat 1 A/g, for all the samples,
with different amounts of GO and without any GO tfwdifferent symbols for each),
and non-activated and activated samples (solid @edr, respectively). The best

performance, in terms of high energy and power itfgnsorresponds very clearly to
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GO non-activated xerogels, especially those wi#dland 1.9% in the parent organic
gels. These samples, with less than 7G0ymmearly double the performance of the
equivalent non-activated pristine xerogel in teridoth energy and power density.
The large difference in power density is due todifferences in ESR which are much
lower in the carbonized GO-doped xerogels thahéngristine ones. With respect to the
performance of GO-doped activated xerogels, itasecto, but slightly lower than that
of the graphene doped non-activated xerogels, avitimtermediate ESR. Consequently,
ESR seems to play more important role than the BRé&cific surface area. This
parameter is known to depend greatly on the etadtconductivity of the materials, and
it has a relevant repercussion on the power depsitige final supercapacitors [38]. In
contrast, the non-activated xerogel with the higB€r content, CX-2.5, shows a lower
performance than the other non-activated or a&d/aterogels with smaller GO
contents. This indicates that to a better perfogeas not directly related to the GO
content. Rather, it seems that there is an inteilateed>O content that facilitates the
dispersion of GO sheets over the amorphous carbattixnand in turn, a more
adequate surface texture. The possibility of inicadg GO agglomerates into the
carbon matrix increases with the GO content. Vemyilar results, and consequently
derived conclusions, are observed from Ragone piatsulated at charge current
density rates of 0.1, 0.2 and 0.5 A/g, as can badon SD.
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Figure 7. Ragone plot, calculated from CD cyclesdll pristine and GO doped carbon

xerogels from CD cycles at 1 A/g.

To clarify the singular results obtained for canzaed GO-carbon xerogel composites,
electrochemical impedance spectroscopy (EIS) weréopned for selective samples,
CX-1.9 and ACX-1.9-60, a carbonized and an acti/aB®-xerogel composites that
present, respectively, the best performance indesmCV at 500 mV/s and Ragone
plot, and a sensible reduction performance thgbatent carbonized xerogel. Figure 8
shows the Nyquist plot. First aspect to considethet the ESR (equivalent series
resistance), determined from the first point whittercepts the real axis, is almost the
same in both samples (0.@8 cm2 for ACX-1.9-60 and 0.2 cm2 for CX-1.9). In
addition, none of the samples show a noticeably Wirburg Zone. The EDR
(equivalent distributed resistance), which is esdatwith the Warburg zone, was
determined from the linear projection of the vetiportion at low frequencies to the
real axis [39], attaining values of only 0.6 ohm?dor ACX-1.9-6 and 0.9 ohm- chfior
CX-1.9. That means that the structure of both nedteenable the diffusion of the
electrolyte ions. Regularly, the resistance dee®ast high working frequencies.
However, the present materials do not present oxygatent and the cell assembly is
the same in both cases, therefore the bigger loopedd at high frequencies in the case
of ACX-1.9-60 can be attributed to a higher diftusresistance.
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Figure 8. Nyquist plot of CX-1.9 and ACX-1.9-60dfuency range of 1 mHz-100 kHz)

and its magnification at frequency values betwe@9®Hz and 100 kHz.

Finally, the electrical conductivity of all carbaerogel based electrodes were measured
to verify its influence on the performance as aesocgpacitor. Figure 9 shows the
electrical conductivity for the different carbonragels with different contents of GO
and activation degrees. Now, there is a clear tenddowards increasing electric
conductivity with increasing GO content, especidtly non-activated samples, where
the conductivity reaches twice the value of thestpre xerogel samples. The
conductivity values are also higher than those ntegofor the amorphous carbon
materials typically used in electrochemical appiaas [6, 12]. Clearly, the increase in
electrical conductivity is the factor responsilde the higher values of power density in
the GO containing xerogels, as shown in Figureh& Aigher the GO content the higher
the conductivity, but an important effect on howsticO is dispersed in the carbon

matrix and the final porosity of the composite sinaccording to Ragone plot, best
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performance as a supercapacitor is not obtaingdeaGO content, i.e. the maximum

conductivity.
140
[0 Non-activated
120 | M Activated 10 min -
m Activated 60 min -
100
= _
S 80
o]
60
40
20

XC XC-1.2 XC-1.9 XC-2.5

Figure 9. Conductivity of non-activated and act@ehtarbon xerogel based electrodes

with different GO contents, calculated by the ven Bauw method.

This could be due to the fact that, during the pwygization process, the GO sheet acts
as a scafold for the formation of amorphous gel di@dGO sheets are then perfectly
distributed throughout the subsequent carbonacestugture. This enhances the
electron mobility and subsequently the electricalductivity. However, Figure 9 also
shows the marked negative effect that steam aiivdias on the conductivity of
xerogel composites, in the form of a drastic desweand the higher the activation burn-
off, the greater the decrease. In pristine samples,decrease of conductivity upon
activation is not so profound as it is in GO dopextogels. These results clearly
evidence that electrical conductivity plays, in gresent samples, a more important role
than the BET surface area, which is to our knowdedgpe first time this has been
confirmed for carbon materials. In addition, theasiic reduction in electrical
conductivity upon activation could have occurred fowo reasons: activation burns
away GO sheets to a greater extent than the amaspiatrix, or simply because the

increase in burn-off and pore volume is too largeallow any contact between the
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graphene sheets in the amorphous carbon matrixi &qgtlanations are equally valid,
since GO sheets can be considered either imbibedtlbe@ matrix or directly accessible
to steam on activation, as can be observed in BBY and FESEM explorations (see
SD). It can be concluded that the incorporatiorG&@ into the non-activated carbon
xerogels produces a similar porous texture, wigight decrease in micropore volume
and a relevant widening of medium mesopores ingb hiesopores-macropores, but the
main effect is that GO specially produces a shacpease in the electrical conductivity

of the resulting xerogels.
4. Conclusions

« The main conclusion from the present work is thajpgene oxide produced a
significant enhancement of the electrical condutgtiof the carbon xerogel
resulting in a marked improvement of both the epeagd, especially, power
densities, with even better results when carboongeds were non-activated and
presented only 600 7.

» Electrical conductivity seems to play a more imanttrole than the specific
surface area in mesoporous carbon xerogels, sictga®d GO xerogel
composites, with 1000-1500%fg present a lower electrochemical performance,
as well as a lower electrical conductivity.

* The optimum amount of GO for optimal performancéus, i.e. below 2 wt-%.
Higher GO contents produce lower energy and powvessities, although the
electrical conductivity continues to show an insieg trend, which means that
GO must be individualized and well-dispersed thfeug the carbon matrix,

with no agglomeration.
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