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Abstract

As one possible alternative metal to lithium in leatteries, potassium has recently
attracted considerable attention as a result @fatechemical abundance and low cost.
In this work, a detailed study of the electrocheahiproperties of potassium ion
storage was performed using reduced graphene {xi#l@) aerogel as a negative
electrode material. The influence of the naturethad electrolyte and the drying
methods used were investigated in order to optirtizeclectrochemical performance
of freeze-dried rGO in potassium-ion batteries @IBElectrochemical impedance
spectroscopy (EIS) were used to assess the periearad our rGO material in PIBs.
Used as the negative electrode, freeze-dried rGOdediver a high capacity of 267
mAh/g at C/3 rate together with 78% capacity retanturing 100 cycles, combined
with high rate capability (92 mAh/g at 6.7 C). Tkt of results makes rGO aerogel a
promising electrode material for PIBs.
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1. Introduction

With the booming development of renewable energurcas, the need for
advanced large-scale electrochemical energy statagees is becoming imminent.
Although great efforts have been devoted sincel®@0s to improve Lithium-lon
Batteries (LIBs) performance to fit with a wide g&n of applications, the
development of alternative energy storage devicast mot be stopped considering
the scarcity of Lithium resources and uneven distion [1]. In this context, rapid
progresses have been recently achieved to deveddpriBatteries (NIBs) [2], since
sodium is a less expensive and relatively abunetement [3]. Thanks to great
research efforts, many layered metal oxides [4] aotyanionic compounds [5]



demonstrated great capacity, [6] cyclability [7]Jdamulti-electron transfer [8,9] as

cathode materials for NIBs, which make NIBs bec@potential alternative to LIBs

for some applications where energy density is @ main requirement [10].

However, the standard electrode potential of N&/Na 71 Vvs. standard hydrogen

electrode) is 330 mV higher than that of Li/L§-3.04 V vs. standard hydrogen

electrode), thus resulting in a lower output wogkuoltage and lower energy density
compared to LIBs.

Recently, Potassium-lon Batteries (PIBs) have foced a lot of attention as a
new energy storage system since they offer sevekay advantages versus LIBs.
First, the abundance of K resources is similar to Bl [1] resulting in low cost of
potassium versus lithium ¢1000 USD per ton of Lithium carbonate compared to
~6500 USD per ton of potassium carbonate [1]). Alsdhe standard electrode
potential of K/K™ (-2.93 V vs. standard hydrogen electrode) is lowehan that of
Na/Na" (-2.71 V vs. standard hydrogen electrode), allowinPIBs to operate at
higher voltage, close to that of LIB, resulting inimproved energy density versus
NIBs [11]. Then, according to the report of Okoshiet al [12], K electrolytes
exhibit higher conductivity than Li and Na electrolytes. (4) Additionally, in
contrast to LIBs, aluminum foil can replace the coly copper foil as negative
current collector since there is no KxAl alloy formation reported [13]. Last but
not least, the most significant advantage of PIBsethnology over NIBs
technology is that graphite ne used as negative eteode material since it can
accommodate reversible K-ion de/intercalation [11].In contrast to sodium,
potassium can be intercalated reversibly into gtapto form KG, leading to a
theoretical capacity of 280 mAh/g [14,15]. Asiderfr graphite, many other materials
have proven recently to be promising for PIBs sagl$oft carbon [15], Prussian blue
[16,17], Hard—Soft composite carbon [18], N-dopextbon [19], SgP, [20], and
MoS; [21,22]. But there is still room for improvememice one of the major flaws is
the poor transport kinetic of K-ions, principallyelto its large size (0.138 nm), with
respect to Na (0.102 nm) or Li ions (0.076 nm).



Here, we report about the use of 3D reduced Grapli@aide (rGO) aerogel as
anode material for PIBs. Graphene has been regartphosed by.uo et al. [23] as an
anode material in PIB4.uo et al. reported that rGO had both a poor rate capability
and cycling stability due to low Kionic conductivity [23]. Since then, numerous
efforts have been made to overcome such limitatimnsinstance by tuning the
electronic structure and expanding the interlayaceg of graphene by doping with
various heteroatoms [24-26]. Doing so, it has besported that the K-ion storage
capacity and cycling stability could be improvedurCapproach here consists in
enhancing the ionic transport within rGO material(b) tweaking the morphology of
the rGO and (2) selecting the suitable electrolgtachieve improved K-ion storage
capacity, good rate capability, and long cyclirig.li

2. Experimental

2.1. Preparation of Reduced Graphene Oxide

Natural graphite (KS44 graphite, purchased from RWES Graphite & Carbon
Corporation) was used as the precursor. Grapheie ¢60) was prepared by the
modified Hummers’ method. In a typical procedur2) InL of SO, (95 wt%) and
13 mL of PO, (85 wt%) were added into a flask and stirred fOr rhinutes to
achieve a homogeneous solution. After addition.0fdlLflake graphite powder, 6.0 g
of KMnO4 was slowly added into the flask with vigorousrstig under the protection
of an ice-water bath. The reaction was held atG@vfth continuous stirring for 12
hours. After addition of 1 mL of 30 wt%B», the color of the solution turned from
dark green to bright yellow (Figure S1a). The aiedigraphene oxide was washed by
distilled water, 30% HCI and then in absolute ethas a sequence, until a pH of 8.5
was reached. Ultrasonic treatment was used toduehfoliate the GO nanosheets.
Three different routes were selected to dry thelggae oxide: (1) vacuum freeze-
drying for 4 days, (2) oven drying at 60 °C forH@urs, (3) oven drying at 100 °C for
30 minutes. To reduce graphene oxide, the as-pré@0O aerogel was heated for 10
hours at 350 °C at a heating rate of 5 °C/min innfixed atmosphere followed by

ultrasonic treatment for 1 h to further exfoliake tgraphene nanosheets or for two



years at 80 °C inside a vacuum oven.
2.2. Physical characterizations

X-ray diffraction (XRD) data was collected by a DBNDEAVOR X-ray
diffractometer (Bruker, Germany) equipped with Gutadiation { = 0.154 nm). The
morphology of the rGO was observed with a Scanmilegtron Microscope (SEM)
JSM 7100F (JEOL, Japan). Nitrogen adsorption déisorpsotherms were measured
at 77K using a Micromeritics ASAP 2020. The Brumadsmmett—Teller (BET)
equation was used to calculate the specific sudaea (SSA), from the linear plot in
the relative pressure range (P/P0) 0.01-0.35. Tdre pize distribution (PSD) was
determined by non-local density functional theoNLDFT) standard model with
SAIEUS software.

2.3. Electrochemical measurements

Two-electrode Swagel6k cells were assembled in an argon-filled glove box
(moisture < 0.1 ppm, oxygen <0.1 ppmip perform electrochemical measurements.
rGO aerogel has been pressed under 10-ton pressung hydraulic press machine
first and then cut to get the desired shape withiteer (diameter: 9 mm). After that,
rGO aerogel was directly used as the working edeletrto assemble standard half-
cells with a K metal (99.5%, Sigma-Aldrich) as ctarnand reference electrode.
Depending on the cell, the active mass loading betsveen 0.7 and 1 mg/ém
Aluminum foils were used as current collectors, leslivo layers of 26Qum-thick

porous borosilicate glass fibers (Whatman GF/B)ewesed as the separator.

All electrochemical characterizations were doner@m temperature using a
multichannel VMP3 electrochemical working statiddidlogic, S.A.). Galvanostatic

cycling was carried out within a potential rangenfr0.01 to 3V vs. K/K

Three different electrolytes were selected to opeémthe electrochemical
performance of PIBs, they are (1) 0.7 M KRB9.5%, Sigma-Aldrich) dissolved in



ethylene carbonate/propylene carbonate solventREG: 1:1 by volume), (2) 0.7 M
KPFs dissolved in ethylene carbonate/diethyl carboi@®@:DEC = 1:1 by volume),
and (3) 0.7 M KPF dissolved in PC.The water content in all as-prepared
electrolytes was measured by Karl-Fisher titrationand found to be lower than 50

ppm in all cases.

3. Results and discussion

3.1. Characterization of morphology and structure

The composition and structure of the samples weese dnalyzed by XRD. As
expected, two typical peaks can be observed itipgigraphite (Fig. 1a), with (002)
peak around 26.0° and (100) peak around 43.0° rAdtedation, the (100)
characteristic diffraction peak is shifted from @6.to 9.5°due to the increased
interlayer spacing. The layer spacing could beutated using Bragg’s law (equation
1):

d=1/[2sin ©)] (1)

wherel = 0.154 nm is the wavelength of the X-ray bedns the layer spacing),
is the diffraction angle. According to the aboveuaipn, the interlayer spacing has
been increased from 0.335 nm to 0.913 nm, whicltates the successful preparation
of GO from graphite.

SEM image shown in Fig. 1b reveals that the frestzed rGO consists of the
layered structure of ultrathin nanosheets. Thesprarency of the sheets evidences
small thickness and limited restacking of the 2iiures. The open architecture of
the freeze-dried rGO and the wide space betweenGBelayers should be favorable
for K™ ion intercalation. For comparison, the morpholofilyGO samples dried at 60
°C and 100 °C are also shown in Figure S2. Diffédyeftom transparent silk-like
nanosheets of freeze-dried rGO (Fig. 1b), an ingmbrtestacking was observed for
rGO dried at 100 °C (Fig. S2a), resulting in thickaulti-layered 2D structures. Such

a restacking of rGO layers decreases the accessitibce area of the sample.



Gas sorption experiments using & 77K were conducted to measure the specific

surface area, porous volume, and pore size disiinuThe presence of a hysteresis
loop at P/B = 0.5-1.0 in the type-1V isotherm shown in Fig. 4eggested the
presence of mesopores. The BET surface area wad folbe 219 Aig, and the total
porous volume was 0.35 éfg. Fig. 1d shows the pore size distribution offtleeze-
dried rGO sample obtained from the 2D-NLDFT model. Thesoporous volume
was measured at 0.28 ¥iathat is 82% of the total porous volume, in agrest with
the type IV isothermDifferently, The SSA of the freeze dried sample (ZLm?/g)
was 2.5 times larger than that of the 60°C dried saple (86 m2/g), resulting in
lower accessible surface for K ion intercalation fothe the rGO sample dried at

60 °C (see Figure S3a and S3b). The porous volumasvalso divided byd5 times

when moving from freeze-dried to 60°C dried sample.The hierarchical

morphology and high surface area obtained for theréeze-dried rGO sample

should favor the surface accessibility of K
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Fig. 1. (a) XRD patterns of graphite and GO, (b) SEM prap freeze-dried rGO
sheets, (c) Nitrogen-adsorption isotherofidreeze-dried rGO, (d) Desorption pore-

size distribution and pore voluno¢ freeze-dried rGO material.

3.2. Electrochemical performance

As well known, the morphology of 2D materials ahe electrolyte composition
play a significant role on the electrochemical perfance [28]. In this work, various
drying methods for preparing the rGO electrode diffgrent electrolytes have been
tested in rGO aerogel / K-metal half-cells to explthe effects of morphology and

electrolyte composition on the electrochemical penfance.

3.2.1. Comparison of different electrolytes and dring methods

It is well known that the electrolyte has an impattimpact on the formation of a
stable solid SEI layer for Li- and Na-ion batteggative electrode [28-30].

Fig. 2 shows the comparison of the electrochenpeaformance of our freeze-
dried rGO anode in three different electrolytestaonng 0.7M KPFE salt dissolved
in a) EC:PC, b) EC:DEC and c) PC solvents. THeingertion in rGO electrodes
occurs at the potential below 1.2 V vs!/K in all the selected electrolytes, in
agreement with previous report [26]. Demonstrabffecence can be seen regarding
the first discharged capacity and the coulombitiefficy in the various electrolytes.
The theoretical capacity of a carbon electrodekfbiintercalation being 280 mAh/g
(considering K@ as the fully reduced phase), the measured disetiargpacity in the
range of 900 to 2400 mAh/g is linked with SEI layjermation as well as probably
irreversible reduction of surface groups presentGEd surface [26]. Higher initial
coulombic efficiency (44%) was obtained in EC:PEcélolyte in comparison with
EC:DEC (26%), which is similar to what has beeneobsd in graphite for KIB [31].
However, very low initial coulombic efficiency (6%¥ee Fig. 3c) and significant
capacity decay was observed using pure PC as safhvdre electrolyte, this is similar

to what is observed with hard carbon in SIB anodcky has been attributed to the



continual decomposition of PC and growth of an &l [28]. EC is favored as a co-
solvent since it results in the formation of a poive-layer SEI, which was verified
not only in LIBs but also in SIBs [28-30]. Howevarure EC is not suitable as a
solvent at ambient temperature because of its Imgiting point (36 °C) [30].
Moreover, stable efficiency corresponding to steédié layer formation was achieved
after ~ 10 cycles in EC:PC electrolyte, while mimiver coulombic efficiency of first
10 cycles was observed in EC:DEC (Fig. 2d). Besidetter capacity retention ability
has been observed with 0.7M KPR EC:PC electrolyte compared to 0.7M KR#&
EC:DEC electrolyte( Fig. S4). Those results aresistant with lower stability of
linear versus cyclic carbonates low voltage as it has been observed for Na-ion
batteries [28].Indeed, Ponrouch et al. measured thermal and eleaichemical
stability of various electrolytes containing diverg solvent mixtures (cyclic,
acyclic carbonates, glymes) and Na based salts (Bded or perchlorate anions),
for sodium ion battery applications [28]. Based orelectrochemical impedance
spectroscopy and CV measurements, wider electrochécal stability window was
measured for EC:PC mixture among numerous solventf?8]; this was mainly
attributed to the improved electrochemical stabiliy of cyclic carbonates versus
linear ones. Moreover, differential scanning calomnetry measurements showed a
single exothermic peak around 250°C for EC:PC mixtte, resulting in the best
thermal stability amongst all the solvent combinatns tested [28]. In summary,
our results with rGO electrode confirm that EC:PC based electrolyte has
important advantages in terms of safety and wider lectrochemical potential
window. As a result, 0.7M KP§&in EC:PC electrolyte was selected for studying the

power performance and cycling stability of the rél@ctrode.

The drying method used to prepare rGO materialsalssa significant impact on
electrochemical performance. Differently from freedried rGO, Fig. S5 shows that
rGO dried at 100°C for 30 minutes is not electrocioally active for K
intercalation, while a rGO dried at 60°C (Fig. S&hibits limited electrochemical
activity compared with freeze-dried rGO. Such adwsdr can be explained by the
restacking of rGO layers for non-freeze-dried sasplesulting in limited surface
accessibility for K-ion insertion. This restackintay explain the poor performance of



rGO electrode for K-ion battery, as recently repdrbyXie et al. [22] andLuo et al.
[23]. It is well known that the freeze-drying method § a simple and efficient way
to retain the microstructure and specific surface eea of the treated samples
during the drying process. The excellent rate perfamance and cycling stability
thus can be achieved since the freeze-drying proseplays an important role in

prevention of the restacking of graphene sheets [R7
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The derivative dQ/dV plots for the first three dapdischarge cycles are shown in
Fig. 3a. K insertion into rGO during the first reduction (chigrge) process results in

10



the appearance of three cathodic peaks. The etbetntical signature is consistent
with the results previously reported By et al. [26]. The first peak at about 0.71 V
vs. K'/K corresponds to the decomposition of the elegteoland the associated
formation of a stable solid SEI layer [26] as wadlthe starting of the intercalation of
K ions into rGO electrode. The second cathodic peaktered around 0.32 V) is
related to further intercalation of"Knto rGO until the potential of 0.02 V which
corresponds to the third cathodic peak (Fig. 3de Three observed anodic peaks
located at 0.05 V, 0.31 V, and 0.66 V during theerse scan correspond to K

deintercalation reaction.

Fig. 3b and c shows the electrochemical performandeeeze-dried rGO electrode
in 0.7M KPF in EC:PC electrolyte at various current densiti#ge electrode
capacity was stable at about 267 mAh/g at C/3 wdiieh is close to its theoretical
capacity. Fig. 3b shows that a capacity of aboutm@h/g can be still achieved at a
high current rate of 6.7C, which evidences high @oeapability for our freeze-dried
rGO electrode compared to the literature [23]. @yrlistability was tested at the
constant current rate of C/3 (see Fig. 3d). It avéehat the capacity can still retain
about 230 mAh/g over 100 cycles, gives a good a¢gpeetention of 78%. However,
the coulombic efficiency was close to 95% during finst 10 cycles, before reaching
98% after 15 cycles. Such initial coulombic effroiy can be attributed to the
presence of oxygen surface functional groups reimgion the rGO surface. A longer
reduction treatment time could improve the coulanbefficiency. The
electrochemical capability at large current dengityd C) was also tested, which
exhibits high cycling stability (Fig. 3e). Even exft500 cycles, a charge/discharge
capacity of 125 mAh/g was still achieved.

To the best of our knowledge, the high K-ion ineertcapacity, rate capability and
capacity retention upon cycling in 0.7M KPEC:PC electrolyte for the present

11



freeze-dried rGO aerogel compares positively witbsmof the other previously
reported carbon-based anodes used in PIB (Table Additionaly, the simple
synthesis route and the limited synthesis temperatB50°C) used to prepare our
rGO makes it competitive versus all the carbon-thasmaterials used as negative
electrode in K-ion batteries listed in Table S1r EwampleMa et al. reports about a
phosphorous doped-rGO material with high capadi60(mAh/g at 2 A/g) as well as
stable cyclability over 600 cycles with a coulomefticiency of 35% at the first cycle
[25]. However, this materials is based on P-dopeapliene, with a complicated
synthesis process which need high temperature (00&atment [25]Jian et al.
reported another kind of active material, Hard—Switnposite carbon with a good
capacity of 150 mAh/g at 5C as well as a stabldirqyoover 200 cycles, whose
synthesis is also achieved at high temperature °(®0(18]. Although the rGO
aerogel can be easily prepared at lower cost themlssmple synthesis process, its
electrochemical performance (120 mAh/g after 50flas) are close to those hard and
soft carbon materials [15,18] and heteroatom dapagdhene [24-26], making freeze-

dried rGO an interesting anode for K-ion batterplaations.

Such achieved performances are in-line with theeetqul enhancement of 'K
diffusion thanks to microstructuration obtained UWyeeze-drying of rGO.
Nevertheless, to confirm this aspect further anslyhave been done by

Electrochemical Impedance Spectroscopy.
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cycle stability test at C/3. (e) charge and disghacapacity retention at long-cycle
stability test at 1.6C.

3.2.2. Reaction kinetics

13



In-depth investigations of the K-ion storage med$ranwas achieved using cyclic
voltammetry at different scan rates. Based on #lationship between the peak

current () and scan ratevj [32]
i=a’(2)

the b-value can be determined by plotting tievs. @) curves in log scale,
calculated from CV curves recorded at various setes (see Fig. 4a). A b-value of 1
indicates that the charge storage is totally dotethédy a surface (non-diffusion
limited) process, whereas 0.5 evidences a bulkugdn-limited) process, controlled
by the K ion solid-state diffusion in the rGOmaaérib value was found to be 0.72
(see Fig. 4b), which indicates that both contritmsi (surface and bulk) are present.
Dunn and et al. [32] proposed a method based on the deconvolutidhe current
into surface (changing with) and diffusion-limited contributions (changing Wit

2) "at each potential, leading to equation (3):
W) = ky + kv (3)

wherek; andk, are two constantg,the current (mA) ana the potential scan rate
(V/s). Figs. 4c shows the contributions of the acef (non-diffusion limited) and bulk
(diffusion-limited) charge processes at a scanghfemV/s, calculated from equation
(3). Even at such low scan rate of 1 mV/s, thosellte show that the fast surface
process plays a significant role in the chargeag@r thus supporting the high rate
performance of the freeze-dried rGO electrode. ddpacitive charge contributions at
various scan rates from 0.1 to 10 mV/s are predent&ig. 4d. As expected, the fast
surface charge contribution get higher as the satas increase and finally reach a
maximum values of 68% at a potential scan rateDah¥/s.

14
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and scan rate; (c) Separation of the surface (iffustbn limited) and bulk
(diffusion-limited) processes of charge storagel& mV/s; (d) Surface and bulk

current contributions to the total charge versessitan rates from 0.1 to 10 mV/s.

Electrochemical impedance spectroscopy (EIS) measemts were achieved at
different potentials during the first K ion intetaon cycle to understand the reaction
process thoroughly. A conventional three-electredtup (Fig. S7) was used, with
rGO (containing 20% carbon black) as a working tetele and K metal as both
counter and reference electrodes. As shown inFagat OCV, the impedance shows
a fast increase of the imaginary part at low fregye which is typical of a blocking-
type electrode behavior in the absence of a chaegesfer reaction [26]. When the
potential is decreased, another semicircle stamsvigg in the middle frequency
range, which can be associated to the presencheoSEI film together with the

charge transfer process corresponding to thedfiefts of K ion intercalation reaction,
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in agreement with the results presented in Fig.V8dah a further decrease of the
potential down to 0.4 V and 0.1 V, the charge tlansesistance decreases due to the
larger polarization potential. During charge (oxida) from 0.1V to 0.6 V, the
growth of the semi-circle diameter is consistenthwihe increase of the charge
transfer resistance of K-ion de-intercalation resc{Fig. 5b). At low frequency, the
rise in impedance follows a Warburg-type behavidkdd to diffusion of K ion inside

rGO electrode in agreement with ref. 26.

The similar impedance signatures between the Xbtémn cycle shown in Fig. 5b
and 5d evidence the stabilization of the electrotbal behavior (charge transfer and
SEI film formation processes). Moreover, the smallepedance observed during
reduction (Fig. 5¢) versus oxidation (Fig. 5d) niaiariginates from the decrease of

the charge transfer resistance, that is to saterfasaction kinetics is observed upon

reduction.
05 T T - T v T v T T
a = OCV b
s 0BV 12k = 06V |
04F = s 04V = 04V
= = 02V - = 02V
W L [=] = 01V
gosf 01V 1 ool 1
= . =
1st charge
©} 1stdischarge , ® ©) =
: 02} - o6}
N o B
' - a" . SR
-.‘ pEEEgmEn ! - L s,
01} [] LT .f- o ag v "Eg "smun
. okl o 03 l‘:-- L™ T
™ "J el L] Bome
0.0 b . .
0.1 Hz 0.0} . =001Hz .
0.0 0.1 0.2 03 0.4 0.5 0.0 0.3 0.6 0.9 12
Z' (Ohmeg) Z' (Ohmsg)
0 5 T T T T L L] Ll T T T
c d
» 06V 1.2 . 06V |
04fF 04V = 04V
= 02V =t = 02V
= 01V =) = 01V
gb_3 N EOAQ E
£ i =
:QO.Z I 5th discharge ?’0.6 5th charge
= o Ry
'\ll ansssguan® i ..ll;...
01F fll-....-...l il osl ‘..:.Il..-- ol [ i
W Bannnn, -
T 'M
oo o/ N\ - j' v
’ . 9.1 Hz - ; 0.0} - == 0.01 l'!Z . i
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.3 0.6 0.9 1.2

Z' (Ohmsg) Z' (Ohms+g)

16



Fig. 5. EIS analysis at different potentials using aeheéectrode set-up during: (a)
the first discharge (reduction) cycle; (b) thetftharge (oxidation) cycle; (c) the fifth
discharge;(d) the fifth charge cycle, respectively.

The diffusion coefficient of K ion into the rGO eteode was calculated from the
impedance measurements shown in Fig. 5¢ and 5d6&ighows an example of the
apparent diffusion coefficient of K ion into rGOeetrode calculated from the low

frequency region of the impedance plot, using eqoa:

1/ RT \?
D= E(ACazZFZ) (3)
where A is the surface area of the electrode, thasvalence of the ion, F is the
Faraday constant, C is the concentration of patasson in rGO electrode, R is the
gas constant, T is the room temperature in ourr@rpet,c is the slope of the line’Z

~ o Y2 which can be obtained from the line of Z o 2

(shown in Fig. 6a). Figure
6b shows the apparent diffusion coefficient chaof& ion with electrode potential
during both intercalation (reduction) and de-in&ation (oxidation) processes. The
K-ion diffusion coefficient is about I&cnf/s at 0.1V, which is similar to the results
of K-ion solid diffusion coefficient calculated fod- doped rG(26] and higher than
that of graphite anode calculated by Galvanostatiermittent Titration Technique
[31]. This high diffusion coefficient of the K-ionmrovides good rate capability, as a

result of the open structure of our present fresrred rGO material.
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Fig. 6. () Z' ~ ® *2line in the low-frequency region of the third discge cycle at

0.1 V;. (b) Diffusion coefficients calculated fraime impedance results.

4. Conclusions

Reduced graphene oxide (rGO) material obtained fifteenreduction of a freeze-
dried GO aerogel was used as an anode in the potags battery (PIB). Freeze-
drying technique resulted in the preparation ofoperrGO with high surface area
(219 nf/g) and porous volume (0.35 &tm). Moving from linear to cyclic carbonate-
based solvent electrolyte came with the decreagbeoirreversible capacity at the
first cycle, together with improved coulombic efincy and cycle life. Very
competitive performance of 267 mAh/g at C/3 ratéhwi8% capacity retention after
100 cycles were demonstrated. Electrochemical imupesl spectroscopy (EIS)
measurements evidenced the formation of a SEI latyabout 0.7 V vs. K followed
by the reversible K-ion intercalation reaction aivér potential. The existence of a
limited Warburg region in the EIS plot showed tta electrochemical process was
mainly limited by the charge transfer process. @pparent diffusion coefficient of K
ions was found to be about 2@&nt/s at 0.1V vs. K, which is higher compared to
that measured with graphite electrodes, in agreemih the open porous structure

of the freeze-dried rGO electrode which offers higitcessible surface.
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