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Binder-free graphene as advanced anode for lithium batteries

Haiyan Sun®, Antonio Esau Del Rio Castillo®, Simone Monacob, Andrea Capasso’, Alberto Ansaldo®,
Mirko Prato”, Duc Anh Dinh?; Vittorio Pellegrini®, Bruno Scrosati®, Liberato Manna® and Francesco
Bonaccorso™

We report the fabrication of binder-free anodes for lithium-ion batteries (LIBs) based on graphene nanoflakes on-demand
designed and produced by liquid phase exfoliation of graphite. Asolvent exchange process is exploitedto first remove the
N-Methyl-2-Pyrrolidone used for the exfoliation of graphite and thento re-disperse the exfoliated single- (SLG) and few-
layer (FLG) graphene flakes, ata high concentration {5 g L"), in an environmentally-friendly solvent, i.e., ethanol. Anodes
are realized by drop-casting the SLG-and FLG-based ink in ethanol at ambient conditions on a copper foil without any
binder or conductive agents, typically used for the fabrication of conventional LIBs. We test our SLG-and FLG-based
anodesin a half-cell configuration, achieving a reversible specific capacity of~500 mAh g* after 100 cycles at a current
density of 0.1 Ag™, with coulombic efficiency >99.5 %. We also test the SLG- and FLG-based anode in a full-cell
configuration, exploiting commercial LiNiosMn1.504 as cathode. The battery operates around 4.7 Vwith a flat-plateau
voltage profile anda reversible specific capacity of~100 mAh g”. The proposed electrode fabrication process is fast, low
cost and industrially scalable opening the way tothe optimization of energy and power densites, lifetime and safety of
LIBs, while minimizing their cost and environmental impact.

is the development of high-performance anodes,zcapable toyield
high specific capacity and energy efficiency, coupled with long cycle

lifeandlow cost,inorderto meettheenvironmental constraints
11

In the last decades, lithium-ion batteries (LIBs) have become one of
the most popular energy storage technologies, especiallyin
consumer electronics, anincreasingly growing market drivenbythe
widespread diffusion of portable electronic devices."*The demand
of LIBs will grow even more with the rise of electric vehicles (hybrid
or full-electric), in view of a shift from fuel-burning to more
sustainable energysources for tra nsportation4 and in accordance
with the worldwide agreement on the CO, emissions reduction.’ A
LIB, in its most conventional structure, consists ofa graphite anode,
a cathode (formed bya lithium metal oxide), and an electrolyte
embedded in a separator.6 Duringthe charging process, lithium ions
are de-intercalated from the cathode to the electrolyte and, passing
through the separator, are thenintercalated into the anode; during
the discharge phase, this process is reversed.”” Although the
electrochemical performances of LIBs are influenced by the
properties/quality of allthe constituents, e.g., electrolyte, separator
and current-collector, the electrodes play a key role.

One of the critical challenges that LIBs technologyis currently facing
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and ultimatelyto suitthe needs of industrial-scale production.e’
Conventional LIB anodes are commonly composed by~60-90 % of
active material,lza conductive materialto increase the electrical
conductivity of the electrodes, and a binder exploited to enhance
the adhesion between the active material and the current-collector
support.®

The mainlimiting factor of the most conventional active anode
material, gra phite,4 relies in its theoretical maximum specific
capacity of 372 mAh g'l.14 In this context, there is a significant
interestin replacinggraphite with a higher specificcapacity anode
material, such as othercarbon derivatives™ (i.e, carbonnanotubes-
CNT-"® and reduced graphene oxide -RGO-'" %§), alloying-type
materials(e.g.,Snlg,SiZO'Zl,Geu),and transition metal oxides (e.g.,
Fe0' Co0™, Ni0™ Cu,0, Mn0” 2 and C0;0,**®). However,
9 10,2035 5 ve curre ntly
unsuitableto bescled upto the industrial level due to various
issues. RGO, forexample, presents poor electrochemical stability
and a high irreversible s pecific capacitydue to the large amount of
structural defects and functional groups;27Si andSn alloys suffera
high specific capacity fade due to their large volume
expansion/contraction during charge-discharge cycling;28 while

nanocrystalline transition metal oxides usuallyrequire time-
23,29

most of the aforementioned materials

consuming synthesis processes.
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Graphene nanoflakes prepared by liquid phase exfoliation (LPE) of
graphite are emerging as a promising anode material for LI B,*°
having both high specific surface area’® and electrical
conductivity,3°'32'34whichtranslate into a high specific capacity
of~750 mAh g™ at a current density of 700 mA g’1 thanks to the
uptake of Liions both on the basal planes and on the edges.30
However, the most-effective solvents for the production of
graphene nanoflake-based inks,* suchas N-Methyl-2-Pyrrolidone
(NMP),“' 36,37 N,N—Dimethylformamide,38 N,N—Dimethylacetamide,39
justtocite afew, are notenvironmentallyfriendly.37’ 40
are posing asevere limitation for the exploitation of graphene
nanoflake-basedinks in LIBtechnologyas well as in other devices
for energy conversion and storage.1 Moreover, all the
aforementioned solvents have high boiling point (>150 °C),41 and
theirevaporation usually requires high temperature (e.g., 400 °C) 2
coupledwith high vacuumconditions to avoid the oxidation of the
graphene nanoﬂakes.35’37Non-toxicandIow-boilingpointsolvents
such as water”>* and some aIcohoIs,45which would be crucial to
developa fullyenvironmentally-compatible deposition/coating
processes,ss’ 7 require the addition of stabilizing agents, i.e.,
polymers or surfactants,* * for the optimal dispersion of the
flakes. Unfortunately, the presence of such stabilizers in the ink
compromises the graphene nanoflakeselectrochemical properties
once deposited onto the current collector.® Aviable strategy to
overcome the aforementionedissues relies in the exploitation of
co-solvents (e.g., water/ethanol,”” *"*and water/isop ropanol48'5°)
to tune the rheological properties of low-boilingpoint solvents for

the formulation of graphene nanoflake-based inks. However, the
37,49, 50

These issues

concentration of the as-produced ink is still low (<1g L"),
thus notideal forapplications where highly concentrated ink is
needed, i.e., the production of battery electrodes.

Besides the issues on the development of novel and high-
performant anode materials, advances in the electrode fabrication
processes“’58 arealsoneeded. Infact, the electrode prepa ration™
s time consuming and expensive, with a strong impact on the
costofthe LIBs technology.somAdditionally, the composition and
morphologyof the electrode are critical forthe battery operation,
because both compositionand morphological inhomogeneity can
hinderthediffusion of Li ions throughout the electrode itself,
determining a high charge transfer resistance value of the battery.
Finally, the weight of the binder, beinga material notinvolved in
the lithiation/de-lithiation processes,64hasa negative effect on the
electrochemical performance of the anode, limiting both the
specificcapacityand the energy density of the battery.64 In this
context, for example, polyvinylidene fluoride (PVdF), i.e., the widely
usedbinder material,eis reported to swell (e.g., PVdF binderin Si
batteryhas showna 20% thickness change in electrolyte during the
charge/discharge process)ssin contact withelectrolytes based on
carbonate solvents.® This effect determines the solvent
decomposition with consequent capacity fading of the battery
during operation.e‘r"e'8 In thisregard, itis necessaryto envisage novel
production processes for the anodes.®

There is a fervent research activity“’58 in the development of

binder-free anode electrodes, mostly exploiting the direct
deposition of the active materials on the current collector. 3155
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However, most of the proposed methods, suchas electrophoretic
deposition of hollow Co30451, sputtering of Ge embedded in a
carbon matrix’> and chemicalva pour deposition (CVD) of CNT?and
Si nanowires,54as well as microwave plasma enhanced CVD of
verticallyaligned graphene sheet,” are not meetingyet the market
requirements in term of scalabilityand low-cost production.eg
Anotherroute,i.e.,vacuum fiItration,SG' *"has beenre ported for the
preparation of carbon-based binder-free anodes, so called free-
standing electrodes,”®* without any current collector support
substrate. However, these anodespresent various limitations, i.e, a
largeirreversible capacity #1000 mAh g’1 forsingle-wall CNT57), as
wellas low reversible capacity (e.g.,~300 mAh g’1 for RGO pape r°
and~330 mAh g™ for hybrid CNT/RGO™).

Here, we report on the successful one-step fabrication of LIB
anodesbydrop-castingona Cu foil at room temperature (RT) an
environmentally-friendly graphene nanoflake-based ink without the
addition of conductive additives, e.g., carbon black and binders,
thus avoidingthe conventionaltime-consuming preparation and
deposition of the anode electrodes.”®* The graphene inkis
prepared by LPE of pristine graphite in NMP, to guarantee a high
quality (in term of lateral size and thickness) of the exfoliated
flakes.® Asolvent exchange process69 isthenused to first remove
the NMP and then re-disperse the exfoliated flakes, ata high
concentration(~5g L'l), in an environmentally-friendlysolvent, i.e.,
ethanol. The graphene nanoflake-based anodesare tested in half-
cell configuration, achievinga reversible specific capacity of 503
mAh g'lafter 100 cycles. Moreover, we demonstrate that our fast,
low costand industrially scalable graphene nanoflakes electrode
fabricationhaspotentialityalso in a LIB configuration. Exploiting
commercial LiNigsMn450, (LNMO) as cathode material and our
graphene nanoflake-based anode, we have achieved a reversible
specific capacity of the battery of~100 mAh g'l, openingthe way to
the optimization of energy/power densities and lifetime
environmentally friendly LIBs.

Experimental

Inks preparation

Liquid phase exfoliation of graphitein NMP. 1 g of graphite flakes
(Sigma-Aldrich) is dispersed in 100 mL of NMP (Sigma-Aldrich) and
exfoliated by ultrasonicationinasonic bath (Branson®5800) for 6
(see Fig. 1(a)). The
ultracentrifuged at 10000 rpm (ina Beckman Coulter Optima™ XE-
90 with a SW32Tirotor) for30 min.at 15 °C, to remove thick flakes
and un-exfoliated graphite (see Fig. 1(b)).3°’ 36 4 After the
ultracentrifugation process, the supernatant is collected by
pipetting, thus delivering a graphene dispersion in NMP.

hours resulting dispersion is then

Solvent-exchange process. 100 mLof graphene dispersed in NMP
are filtrated througha Millipore® filter with 0.2 um pore size by
vacuum filtration (see Fig. 1(c)). Meanwhile 1 Lof ethanol (Sigma-
Aldrich,299.8%) is added in batchesof 100 mL eachto the filtration
flask. Finally, 5 mL of ethanol are used to recover the graphitic
flakesfrom the filterand 10 min of sonicationis then applied to re-
disperse the graphiticflakesinethanol. The NMP solventis then
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(a) Ultrasonication (b) Ultracentrifugation

(d) Drop casting

N = =

Figure 1. Schematic representation of the graphene ink
production and electrode fabrication. (a) Liquid phase
exfoliation of graphite by the ultrasonication process in NMP.
(b) Size selection of graphene flakes carried out by
ultracentrifugation. (c) Solvent exchange process. The
graphene inkin NMP is exchanged in ethanol via vacuum
filtration. (d) Drop-casting ofthe graphene ink in ethanol onto
the Cu substrate.

recycled after the filtration process and re-used for another
exfoliation process of graphite.

Inks characterization

Optical absorption spectroscopy (OAS) is carried out by a Cary
Varian 5000UV-Vis. The graphiticink inNMPis diluted to 1:20 with
pure NMP. Afterwards, the dilutedinkis placed inside the quartz
cuvette used for the OAS. The concentration of the ink is
determined considering the experimentally derived absorption
coefficient of 1390 Lg'm™ at 660 nm.™™ 3

Transmission electron microscopy (TEM) images are taken with a
JOELJEM 1011 transmission electron microscope, operated at 100
kV.The graphiticinkin NMP is then diluted 1:10 with pure NMP,
whilethe oneinethanolis diluted 1:200 with pure ethanol. 100 pL
ofthe resultinginks are drop-castat RT onto carbon coated copper
TEM grids (300 mesh), rinsed with deionized (DI) water and
subsequently dried under vacuum overnight.

Raman measurements are carried out with a Renishaw 1000 using a
50X objective, a laser with a wavelength of532nmandanincident
powerof~1 mW.The D, Gand2D peaks are fitted with Lorentzian
functions. The I(D)/I(G)and I(2D)/I(G) ratios are calculated usingthe
heightoftheD, 2D andG peak intensities. For each sample ~20
spectra are collected. The graphiticinks are diluted 1:10 with pure
NMP and ethanol and drop-cast ontoa Si wafer (LDB Technologies
Ltd.) with 300 nm thermally grown SiO,.

X-ray photoelectron spectroscopy (XPS) characterization is
performed on a Kratos Axis Ultra DLD spectrometer, using a
monochromatic Al Ka source (15 kV, 20 mA). Samples for XPS
measurements are prepared by drop casting the two graphitic inks
in NMP and ethanol ontosilicon wafers. Wide scans are acquired at

This joumnal is © The Royal Society of Chemistry 20xx
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analyser pass energyof 160 eV. High-resolution narrow scans are
performed at constant pass energy of 10 eV and steps of 0.1 eV.
The photoelectrons are detected at a take-off angle (i.e., the angle
defined by the sample surface normal and the position of the
detector) ® =0°with respect to the surface normal. The pressure in
the analysis chamberis maintained below 9x10™ bar for data
acquisition. The data are converted to VAMAS format and
processed using CasaXPS software, version 2.3.16. Fitting of the N
1s spectrum is performed using a linear background and Voigt
profiles.

Electrodes fabrication

The Cu foil with thickness of 25 um (Sigma-Aldrich) is cutinto round
shapedisks with diameter of 1.5 cm and cleaned with acetone
(Sigma-Aldrich) in ultrasonic bath for 10 min. Then, the Cu foils are
dried at80°Cand 10> barfor2 hoursina glass oven (BUCHI, B-585)
and weighted afterward (Mettler Toledo XSE104). Subsequently,
250 pLof grapheneinkin ethanolis drop-caston Cu foil under air
atmosphereatRT (see Fig.1(d)) andthen dried at 120 °Cand 10°
barfor30mininoven(BUCHI, B-585). The graphene mass loading
(1 mg)foreach anodeiscalculated by subtracting the weight of
bare Cu foil from the total weight of the electrode.

Electrodes characterization

Scanning electron microscopy (SEM) analysis of the inks is carried
outbymeans of a field-emission scanning electron microscope FE-
SEM (Jeol JSM-7500 FA). As-prepared inks are drop cast with a
pipette on the surface of silicon waferand imaged without any
metal coating.

The thickness of the graphitic film deposited on Cu is measured by
means of a Dektak XT profilometer (Bruker) equipped with a
diamond-tipped stylus (2 um) selectinga vertical scan range of 15
pm with 8 nm resolution and a stylus force of 1 mN, on area 0f~0.25
cm?’.

Ramanspectroscopyontheas preparedelectrodesis carriedoutin
the same experimental conditions reported for the characterization
of the inks.

Specificsurface-area measurements are carried out by nitrogen
physisorption at 77 Kin a Quantachrome equipment, model
autosorb iQ. The graphene-basedanodes deposited onto the Cu
support substrates are cut into pieces fitting into the BET
measurement chamber. The s pecific surface areais calculated using
the multi-point BET (Brunauer—Emmett—Teller) model, considering
11 equallyspaced pointsinthe P/Pyrange from 0.05 to 0.30. Prior
to measurements, the sample is degassed for 2 hours at 200 °C
undervacuum to eliminate adsorbates.

Assembling of half- and full-cells

Both the half-andfull-cellsare assembled in coin cells (2032, MTI)
in an argon-filled glove box (0,and H,0<0.1 ppm) at 25 °C, using 1
M LiPFg in a mixed solvent of ethylene carbonate/
dimethylcarbonate (EC/DMC, 1:1 volume ratio) as electrolyte (LP30,
BASF) and a glass fibre separator (Whatman GF/D). For the half-cell
configuration, the anodes are tested against Li foil (Sigma-Aldrich)
circularelectrodes. The cathode used in the full cell is prepared

J.Name., 2013,00,1-3| 3
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using commercial LNMO powder (NEI Corporation). The cathode
composition is: 80 wt% of LNMO, 15 wt% of carbon black (Super-
P, TIMCAL) and 5 wt% PVdF (MTI). The three components, in form
of powders, are mixed with NMP using a ball mill at 250 rpm for 2
hours.The obtainedslurryis thendeposited, by doctor-blade, on
KOH-etched aluminium foils. To promote a better adhesion
between the cathode slurry and the current collector, the
roughnessof Al foilswas increased by an etching procedure in KOH.
To this end, the Al foils were immersed for 1 minute in a 5 wt.%
KOH aqueous solution, and afterward carefully washed with
distilled water and dried at 60 °C for 4 hours. After the drying
process, the electrodes are shaped in circular form by a cutting
procedure, followed by a pressing process at~2 MPa for 1min.
Before full-cell assembling, the anode is pre-lithiated30 by placing
the graphitic film in direct contact with a Li foil wet by the
electrolyte solution for 30 min.

Electrochemical characterization

The cyclicvoltammetries (CVs) are performed ata scan rate of 50
uvs™ between 1V and 5 mV vs Li*/Li with a Biologic, MPG2
potentiostat/galvanostat. All the electrochemical measurements
are performed at RT. Constant current charge/discharge
galvanostatic cycles are performed forthe as prepared binder-free
anodesinhalf-celland infull-battery configurations at different
conditions (see details in section “Electrochemical propertiesof the
electrodes”) using a batteryanalyser (MTI, BST8-WA).

Results and discussion

Inks and electrodes preparation

Inks are prepared by LPE of graphite in NMP,*® having a surface
tension (41.2 mN m’l)70 closeto the graphene surface energy (46.7
mN m’l).36’ 37, %5 Graphite is exfoliated by ultrasonication
process,n'nproducinga heterogeneous dispersion of thin/thick
andsmall/large graphiticflakes.35 The resulting dispersion is
subsequently ultracentrifuged exploiting the sedimentation-based
separation (SBS) process,3o‘ 30 obtainan ink enriched in single-
(SLG) andfew-layer (FLG) graphene flakes. The as obtained NMP ink
could, in principle, already be deposited onthe current collector to
form a graphene-based anode for LIB.** However, the high boiling
pointof NMP (202 )% poses limitations especiallyin view of
industrial production, which requires an effective andfast (within a

0.8
; NMP ink diluted 1:20
. 0.6 a4
8 a=1380Lg m
8
=04
M
a
5
g 02 c= 0.18 mgmL"
<
0.0

600 800 1000
Wavelength (nm)

400 1200

Figure 2. Absorption spectra of the graphene ink in NMP.
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Figure 3. Bright-field TEM image of graphene flakes dispersed
fromthe (a) NMPink and (b) Ethanol ink; the insets show the
electron diffraction patterns collected on an area of 2 umiin
diameter withthe peaks labelled by Miller—Bravais indices. (c)
and (d) Lateral size distribution, extracted by statistical analysis
on TEMimages, of graphene flakesdispersedin NMP (blue) and
after solvent exchange in ethanol (red).

51-58 .
To overcome such Issue, we

few minutes)deposition process.
have exploited a solvent exchange process65 from NMP to a low
boiling-pointand more environmentally-friendly solvent such as
ethanol. The exchange of graphene flakes from NMP into ethanol 7
promotes the predpitation ofthe graphene flakes due to its low
surface tension ¢22 mNm™)* with respect to the surface energy of
graphene,ssa nd results in a metastable inkin ethanol. Fig. 2 plots
the OAS of the graphitic-based NMPink prepared via SBS. The UV
absorption peaklocatedat~275nm can be attributed to inter-band
electronictransitions fromthe unoccupied n* states atthe M point
of the Brillouin zone.”” Using the experimentally derived
absorption coefficient of 1390 Lg 'm " at 660 nm,** ** we estimate a
concentration of graphitic flakes 0f~0.18 g L. Forthe estimation of
the concentration of the graphitic flakes in the ethanol-based ink,
we use a direct method: the average mass |oading of the graphitic
film (1 mg), after solvent evaporation, is divided by a known volume
(250 pL) of the drop-cast ethanol-based ink onto the Cu foil.
Following thisprocedure we estimate a concentration of graphitic
flakesof~5.6g LYin the ethanol-based ink, which is~30 times higher
than the one achieved in NMP. The high concentration of the
graphiticflakes in the ethanol-basedink enablesthe fabrication of
anodesusing a simple one-step process bydirectlydrop-castingthe
as obtained graphitic flakesontoa Cu foilfollowed by drying at RT.
Moreover, the solvent exchange process allows recycling over 90 %
of NMP, decreasingproduction costs, waste disposal and pollution.

The morphological propertiesof the graphiticflakes dispersed in
the NMP-basedinkandinthe ethanol-basedinkare characterized
bymeansof TEMandRaman spectroscopy. Transmission electron
microscopy bright fieldimages of the graphitic flakesbefore (NMP)
and after solvent exchange (ethanol)processare reported in Figs.
3(a)and(b),respectively. Both samples are formed by graphitic
flakeswith anaverage lateral size in the 100-150 nm range, (see
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Figure 4. (a) Ramanspectra at 532 nm excitation wavelength
forrepresentative flakesin NMPink (blue curve) and ethanol
ink (red curve). Distribution of (b) FWHM(2D), (c) Pos(2D), (d)
1(2D)/1(G), (e)1(D)/1(G), and (f) distribution of I(D)/I(G) as a
function of FWHM(G), for NMP ink (blue dashed histograms and
dots) andethanolink(red dashed histograms and triangles),
respectively.

Figs.3(c)and3(d)forstatistical analysis). The statistical analysis
demonstrates that the solvent exchange process does notinduce
modification inthe lateral size of the graphitic flakes. Electron
diffraction patterns, shown in the inset to Fig. 3(a) and 3(b),
collected on flakes aggregates indicate that the flakes are crystalline
in both samples. All the rings are indexed as h,k,-h-k,0 reflections of
an hexagonal lattice with a=0.244(1) nm, in agreement with the
graphene structure.”

To gaininsightinto the number of layers inthe flakes and presence
of defects,”®”” we have carried outa Ramana nalysis. Fig. 4(a) plots
the typical Raman spectra of the graphitic flakes deposited on
Si/SiO, for both the NMP-basedink (blue curve) and the ethanol-
basedink(redcurve).Ina typical Ramanspectrum of graphene, the
G peak corresponds to the E;; phonon at the Brillouinzone center;”
the D peak is due to the breathing modes of the sp2 rings and
requiresa defect forits activation by double resonance; *¥ the 2D
peakisthesecondorderofthe D peak.78In pristine graphene, the
2D peak has a single Lorentzian component, whereas it splits
(upshiftingalso in position)in multi-layer graphene, reflecting the
evolution of the band structure.”®®>® An estimation of the number
of layers ofthe flakes comes from a statistical Raman analysis
(based on20 measurements for both NMP-basedinkand ethanol-
based ink), of the full width at half maximum of the 2D peak
(FWHM(2D)), see Fig. 4(b), the average position of the 2D peak
(Pos(2D))(Fig. 4(c))and the 1(2D)/I(G) ratio (Fig. 4(d)). While we

This joumnal is © The Royal Society of Chemistry 20xx
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Figure 5. XPS data of the (a)C1s and (b)N1s core-levels acquired
on graphenefilms obtained from NMP and ethanol inks. N1s
profiles are fitted as describedinthe experimental section and
detailed in the text.

referto Refs. 11, 30,34 formore detailsabout the procedure, we
pointoutthata FWHM(2D) in average lower than 70cm™, Pos(2D)
around2700cm*and the ratio I(2D)/I(G)ratiohigher than 0.5, the
vaIueforgraphite,78indicate that both samples are composed of a
combination of SLG and FLG flakes.' 3% 3%3¢ Additionally, the
Ramanspectrashow significant D peaks intensities (Fig. 4(e)).
However, we attribute the high1(D)/I(G) ratio to the edges of our
sub-micrometer flakes,” (see Fig. 3) ratherthanto the presence of
a large amount of defects withinthe flakes, otherwise the D peak
wouldbe muchbroader,and G, D’ would merge ina single band.77
Indeed, FWHM(G)always increases with defects.”” As detailed in
refs 11, 30, 34, 36 the lack of a clear correlationbetween I(D)/1(G)
and FWHM(G) in both samples (Fig. 4(e)), further supports the
absence of structural defects also after the solvent exchange
process.

In orderto gainfurtherinformation about the surface chemistry of
the SLG/FLG-based films deposited before and after the solvent
exchange process, we investigated the two inks by XPS. We focused
ouranalysisonthe C1s and N 1s core-levelsto obtain information
on the chemical state and the atomic bonding of the twoelements
(Fig.5).Indeed, the shapeand position of C1s peak can provide
information on the local environment and oxidation states of
graphene, since binding energies are sensitive to the chemical
environment.?* The C1s profiles collectedonthe twosamples are
reportedinFig.5(a):in both cases, C1s has an asymmetric shape
with the C-Ccomponent centredat~284.3 eV, as typicallyreported
for pristine (i.e., unoxidized) graphene and gra phite flakes.® % The
peakshape andthe absence of aC-O component, usually centred
at~286.2 eV, prove thatthe SLG and FLG flakeshave not undergone
oxidation during either the exfoliation or the solvent exchange
process.%' 87 Nitrogen is presentin very low content in both
samples, as shownin Fig. 5(b): the N:Catomicratio is 0.8:100 for
the NMP ink, while it decreases to 0.4:100 after the solvent
exchange process. For both NMP- and ethanol-basedinks, the N 1s
signalcan be fitted with two components (Fig. 5(b)). The main
component (dotted Voigt profiles) is centred at (400.3 + 0.3) eV for
both samplesand canbe assignedto pyrrolicN (i.e., N coordinated
asinthepyrrole molecule),®® consistent with the presence of NMP

molecules,® %8| ikelytrappedbetween the SLG and FLG flakes.® The
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Figure 6. (a) Photograph of the Cu-supported SLG- and FLG-
basedelectrode. (b) SEM image of graphene electrode. The
inset shows the thickness of the SLG-and FLG-based electrode
measured by a profilometer.

pyrrolic N component accounts for~90% and ~80 % of the total N
contentforthe SLG and FLG flakes in the NMP-based inks andinthe
ethanol-basedink, respectively. The second, minor component
(dashed profiles) is centred at 402.2+ 0.3 eV, close to the position
ofthe N peak observed inthe related system of trimethylamine
when adsorbed onto an electron acceptor substrate.® We
therefore assignthis component to the N of the NMP molecules
adsorbed onto the SLG and FLG flakes.® In summary, the XPS
analysis indicates that from one hand the solvent exchange process
does notinduce oxidation ofthe SLG and FLG flakes and from the
otherhand, itallows the removal of ~50 % of the NMP molecules
adsorbed onto the SLG and FLG flakes, as determined via XPS
analysis, seeFig. 5b.Sucha small amount of residual NMP (less than
3.2 wt%, calculated from the N:Catomic ratio) demonstrates the
feasibility of the proposed solvent exchange process for the NMP
removal. The obtained results is remarkable considering that, in a
previous work,36gra phene flakes preparedin NMPinkhave shown
a residual content of NMP up to ~11 wt% even after a thermal
annealing at 600 °Cin high vacuum condition.

Anodes basedon SLG and FLG flakes are then prepared by drop
castingthe ethanol-basedinkonto Cu foil (see methods in Sect. 2.3
forexperimental details). The as-produced electrodes have a mass
loading of SLG and FLG flakes of 1 mg. The film covers
homogeneouslythe Cu substrate, both at macroscopic (Fig. 6(a))
and microscopic (Fig. 6(b)) levels, with a thickness of~15 um (inset
to Fig. 6(b)). The as-produced anode is also characterized by Raman
spectroscopy in order to monitor the quality of the flakes
composing the electrode. Fig. 7(a) compares a typical Raman
spectrum measured at 532 nm for a flake deposited onto SiO,
substrate fromthe ethanol-basedink, withthat ofthe electrode. As
for the inks (See Fig.4(f)) the absence of a correlation in the
distributions of the I(D)/I(G) vs FWHM(G) (Fig. 7(b)) demonstrates
thatno additional defects onSLG and FLG flakes are caused by the
deposition process.sg’gl' 92Additionally, the 2D peak still shows a
Lorentzianline-shape distinctly different from that of graphite. In
fact, followingRefs. 11, 30 the statistical analysis of 1(2D)/1(G) (Fig.
7(c)) and Pos(2D) (Fig. 7(d)) of the as-prepared electrode indicates
thatthe electrodeis composed by a collection of SLGs and FLGs,
which, also if stacked together, are however electronically
decoupled.

This joumnal is © The Royal Society of Chemistry 20xx
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Figure 7. (a) Raman spectra of graphene ethanol ink(red)and the
graphene electrode (dark gray), (b) I(D)/1(G) ratios as a function
of FWHM(G), histograms of (c) I(2D)/1(G) and (d) Pos(2D).

Electraochemical nraonerties_of the electrades

The anodeelectrodes based on SLG and FLG flakes are tested
against metallic Li in a half-cell configuration, see method (sect. 2.5)
for details. Figure 8(a) reports the cyclic voltammetries (CVs)
performed atascanrate of50 uVs’l, carried outto get a complete
electrochemical response for Li ion tra nsfer.” The scan range is
from 1 V to 5 mV vs Li*/Li, covering the formation of solid
electrolyte interface (SEI)Mand the lithiation/de-lithiation process
for carbon material.”

The first CV scan shows a broad reduction peak with a maximum
at~0.55Vandan onset at~0.8 V, which is associated to the SEI
formationdue to sidereactions orthe reduction of electrolyte at
the surface ofelectrode.” The absence of this peakin the following
scans indicates that the SEl formationis stable, guarantying a good
cycle life of the anode, without further decomposition reactions.*
Additionally, there is a currentincrease ¢20 %) in the 0.1-0.3V
range passing from the 1% to the 5t cycle. This electrochemical
behaviour can be associated to a slow activation of the
lithiation/de-lithiation processes that gradually enhance the
capacity of SLG/FLG flakes-based anode over cycling, as recently
reported by Raccichini etal.®® Ourbinderfree electrode based on
SLG and FLG flakes shows a specific capacity of 503 mAh g'1 at
currentdensity of O.1Ag'1afterthe 100" cha rge/discharge cycle in
the range 50mV -3V vs Li+/Lianda Coulombicefficiency of 99.5 %
(Fig. 8(b)). Moreover, the device cycled at different current
densitiespresent excellent charge/discharge cyclability as well. In
fact, a specific capacity of 610 mAh g'1 is reached when the
graphene-basedanodeis cycledat0.05 Ag'l. Additionally, specific
capacityvalues of 260 mAh g* and 150 mAh g'1 have beenreached
after 20 cycles at current densities of 0.5 Ag” and 1 Ag?,
respectively, see Fig. 8(b). Figure 8(c) presents the voltage profiles
of the electrodes duringthe 15t, 10th, 50" and 100" galvanostatic
charge/discharge cycles performed at current density of 0.1 A g’1
between 50 mV and 3 V vs Li*/Li, in order to complete the
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Figure 8. (a) Cyclicvoltammetriesatascanrate of 50 uVs ™. (b)
Specific capacity and Coulombic efficiency over charge/
dischargegalvanostatic cycles between 50mV and 3V. The
galvanostatic cycling atO.lAg'1 (triangles) is compared with
the one atdifferent current densities (diamond). (c) Voltage
profile upon galvanostatic charge/discharge of graphene
electrodes at 0.1 A g'1 between 50mV and 3V. (d) Specific
capacityand Coulombic effidency over galvanostatic cycles at
curre ntdensityofO.lAg'1 between50mVand 2V (circle) and
between 50mV and 3V (triangles), respectively.

lithiation/de-lithiation (charge/discharge) process in the SLG/FLG-
basedanode during each cycle. From the first voltage profile we can
calculateanirreversible specific capacity of~500 mAh g'l, which
represents about half of the total charge capacity. Such a high
irreversible charge capacity value is typical for graphene-based
anodesanditis presumablydueto the large surface area 27,28 325
ng'l, measured byBET) and edgesreactivityof our SLG/FLGflakes
with respect to graphite-based a nodes.”’ The voltage profiles show
thatmore than 50 % of the electrode capacityis delivered ata
potential lowerthan0.25V vs Li*/Li with a flat plateau up to the
100" cycle. Such a low potential is comparable to the values
obtained usinggraphite (0-0.4 V vs Li*/Li), leading to a high energy
efficiency of batteries.”” In order to understand the volta ge cut-off
on both the specific capacity and Coulombic efficiency of the
graphene-based anode, we tested the electrode cycled at two
different cut-off voltages, one between 50 mV and 2 V and the
other one between 50 mV to 3V. As shown in Figure 8(d), the
specific capacities of the electrode tested in these two different
voltage ranges are similar, witha capacity loss lower than 5% for
the first 50 cycles forboth test conditions. Also the Couloumbic
efficiencyis quite similar, with a value >99% achieved after 8 and 5
cycles for the electrode cycled up to 2 Vand 3V, respectively.
Moreover, the electrode cycled up to 2 V shows no gradual i ncrease
of the specific capacity upon cycling as instead shown by the
electrode cycled up to 3 V. As mentioned before, this specific
capacityincreaseis linked to the slowactivation of the anode.® It
indicates thata small quantity of irreversible capacity, which may
be relatedto the edgeseffects of the graphene flakes,*® requires
high voltage (2-3 V) to be completed.

Ourbinder-free SLG/FLG-based anode is further studied in LIB
configuration, coupling it with a commercial cathode material, i.e.,

This joumnal is © The Royal Society of Chemistry 20xx
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coulombic efficiency over charge/discharge galvanostatic cycles
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LNMO. The latter is considered as one of the most promising
candidates in the development of high energy/power LIBs,98’ %
thanks to its high theoretical s pecific ca pacity (146.7 mAh g*)*®and
high working voltage (around 4.7 V vs. Li+/Li).101 Before the full LIB
assembly, wecarried out a pre-lithiation step on the anode to
improve the working voltage andthe energydensity as well as to
reduce the irreversible capacity loss, increasing the Li*
concentrationof the electrolyte.102 The aforementioned properties
positively contribute to the cell cycling stability.103 The reason
behindthe choice forthe pre-lithiation process of the anode only
for the full battery configuration and not for the half-cell
configuration, relieson the fact that the LNMO cathode has limited
Li*source compared to the metallic Li foil (used for the half-cell
configuration tests).102 Thus, the LNMO cathode is not able to
provide sufficient Li* for the formation of SEI film without negatively
affecting the cell cycling sta biIity.102 Moreover, in designing the
battery,itis of paramountimportance to reachanoptimalbalance
of cathode and anode electrodes both in term of weightand
electrochemical properties.3°’ 102,108 1h ¢ weight ratio we used in
trying to optimizethe anode/cathode balancingis 1/3.5, which
takesintoaccountthe difference in specific capacity of the two
electrodes. As shown inFig. 9(a), the SLGs/FLGs-LNMO full battery
operatesatahighvoltage (~4.5 V) with a voltage profile similar to
the typical LNMO one,mo confirming appreciable anode
performance with a substantially constant working voltage lower
than 0.20 V vs. Li*/Li."®" The plot of the specific capacity as a
function of the galvanostatic charge/discharge cycles (Fig. 9b)
shows arather stable s pecific capacity of ~100 mAh g’1 with respect
to the mass of LNMO, and a Coulombic efficiency of~99 % achieved
after5cycles. Amajordrawbackof the LNMO-based batteries is
theirca pacityfade,1°4’ 195 \Whichis caused bythe decomposition of
the electrolyte atthe electrode/electrolyte interface at the high
workingvoltage (~4.7 V).104 The capacityand the stability of SLGs-
FLGs/LNMO full batteryare comparable to those of state of the art
LNMO-based batteries.”® %1% Althoughfurtherresearchneeds to
be doneonthe optimization of LNMO cathodesand electrolyte, the
results obtained by using the binder-free SLGs/FLGs-based
electrodes, both in half- and full-cell configuration, strongly
encourage theirexploitation as advanced and high performance
anode in LIBs.
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Conclusions

In this work, a novel method for the fabrication of a binder-free
SLGs/FLGs-based anode for LIBs is presented. The SLG and FLG
flakes produced in NMP are then re-dispersed in ethanol bya
solvent-exchange process. This approach leads to the several
potential advantagesin the production of anode electrodes for
lithiumbatteries: (1) the presented SLGs/FLGs-based electrode is
binderfree. The use of~100 % in weight of active material in the
anode provides remarkable electrochemical performance and
stability; a charge/discharge s pecific capacity of 503 mAh g’1 after
100 cycles at a current density of 100 mA g'lwith a coulombic
efficiency>99.5%. Moreover, the SLG/FLG-based anode shows its
functionalityalso in a full-cell configuration, exploiting commercial
LNMO as cathode, with the working voltage around 4.7V and a
reversible s pecific ca pacity of~100 mAh g?; (2) the solvent exchange
process appears as a fast, efficientand low-cost method to remove
NMP from the SLG and FLG flakes forming the electrode; (3) the
absence of any conductive agentand binder allows to use asimple,
one-step processto deposit the SLGs/FLGs-based film, avoiding
time-consuming and costly preparation procedures; (4) the
exploitation of our solvent exchange process from NMP to ethanol
reduces the pollution of dangerous chemicals during the electrode
deposition, anditallows to recycle large partof the solvent (NMP)
usedduring the graphite exfoliation process. When compared with
otheranodes usedin LIBstechnology, the one-step preparation
route of SLGs/FLGs-based anode, herein proposed, opens the way
to the improvement ofboth energyand power densities through a
facile coating process, with consequent reduction of the
environmental impact and production costs.
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A binder-free graphene anode for Li-ion battery showing a reversible specific capacity of 500

mAh g'1 after 100 cycles is demonstrated.

o
o

y N

Graphene film

)
0.05 Ag™! 0.05 Agt160

.05 E
Pt 0.1 Ag?
oo

@
S

S
=)

0.5 Ag?
o ] pg
‘oo

TR
=3

Coulombic Efficiency(%)

L

0 20 40 60 80
Cycle Number

o
o




