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Abstract

Graphite flnorides obtamed by fluormation of graphite at room temperature and after a
subsequent re-flucrmation freatment were characterised by X-Ray Diffraction and “F
MAS NME. Ther electrochemiczl performances as cathode materials m magmesmm
batieries bave been mvestigated. Four ddfferent electrobyies (0.5 or 1 M Mg{Cl040:
ACH, DMS0O, PC and THF) were used for these tests. The specific snergy and power
densthes were estmated for all media. A comparson of the performances between
lithium znd magnesmum battenies was reabsed. The effect. on the slectrochemical
performances, of 2 re-fluormation freatment at 2530 *C was also studied.
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1. Introduction

Progress m portable electronic devices requires more and more efficlent
batieries. lon-transfer battenies are well adapted for such applications. Up to date, most
of the research parformed in this field concens thmm mfercalaton batteries [1.2]. In
answer to the two important problems regardmg the cost of such batteries and them
envionmental mmpact, magnesium, becanse of s high natuwral asbundance and lesser
ham m comparison wih hthmm, seems to be a promusimg altermative for negative
elecirodes. However, the standard potental of the aqueous ME’L.'I'.Ig redox couple 15
066 V hizher than the one of Li /Li {fizure 1), which prefizures a lower dischargze
potential for magnesium batteries, in addfion to a lower energy density due to a smaller
specfic capacHy-to-weight ratio for magnesmm [3]. A magnesmmm battery = then a
compromees between a hizh performance system and a lower cost one. Magnesmm
intercalaton bas been less studied than hthum mtercalation. The followmg and non
exhaustve hst gives some examples of materizls allowmg accommodatton of
magnesium under ionic form: framstion metals owmdes (Va0s [4.5], MoO: [6].
Mn,Cog04 [7], ...}, sulphides {Ti5: [8]. Nb53 [9], MesMo354 [10], ...). and borides
(MloB;[8]. TiB; [8], ...)-

Graphite fluondes have alveady been extensmrely studied as cathode material m
lithmum [11-17) or alnmmmum batteries [1€]. Thus, covalent graphite fluondes yield a
discharge capactty of about 200 Ah I-:g'l assoclated to a discharge potental close to 2.1
WV ws Li/Li[11-13]. For alummmm batteries, the discharge potential and capacity are
close to 1 WV ws AT /AL and 500 Ah kg’ [18], respectively. Interestingly, graphite
fluorides prepared according to the method developed earbier by Hamw et al [19,20],

i.g. fnormation at room temperature usmmg a catalyfic gaseouws mxture of Fy, HE, MF,.



where MFp1s IFs, BF;, WEe ... stongly increases the discharge potential up o 3 V vs
L1 /Li, though a decrease of the capacity 15 observed concomitantly [14].

Hence, graphite fluorides m associaton with magnesium may appear as
interesting cell-components. In our study, we have mvesthgated, for the first tme, the
behavour of graphite fluonde prepared by fluorimaton of graphite at rocm temperature,
toward magnesum accommodaton. The mfluence of both the electrolyte medium and
the thermal posttreatment under fluorme, on the electrochemical performances, was
alzo studied. A comparnson with the electrochemical properties observed upon hthmum

Inseriion & grien.

2. Expermmental

2.1. Sample preparation

The staring maternial was a natwmal graphite powder from Madagascar with
average gram skze of about 4 pm. A sample, denoted CF{IF:). was first prepared
according o a room femperatme synthesis route wsmg an wdme flioride (IF3),
hydrogen fluoride (HF ) and fluorne (F3) gaseous mocture, as described m ref [19]. Ee-
flucrmation of the former CF(IF 5 product was camed out under pure F5 gas at 250 °C,
as desenbed m references [21.22], resultng m sample denoted CF{250). Accordmg to
weight uptake, the followmg apparent chemucal formmlze were cbtamed: CFig: and
CFugs for CF(IFs) and CF(250), respectrvely. As previously shown [21,22] for the raw
flucrmaton product or for re-fhorination temperatres up to 2530 °C, part of mass

upizke must be assigned to some residuzl iodme and not to fecrme atoms bonded to



carbon. Hence, the true chemweal formmlze obtamed by chemacal analysis were

CF an(1F oo HE g o6 for CF(IF 5) and CF g76(IF 5)gg1 for CE(230).

2.2. Physical characterization

B Magic Angle Spmomg (MAS) MNuclear Magpetic Resonance (TMED)
expermments were performed on a Bruker MS5SL 300 spectrometer (working frequency of
2822 MH=) with a 4 mm Cross Polarizanon Magie Angle Spinning probe from Bruker.
The spmning speed emplyed was 12 kHz. A smple sequence (T-acquisiton) was used
with 2 ©72 pulse length of 4 us. All chemical shifts were referenced with respect to
CEFCL.

Heray diffizction (HBD) powder pattemns were obtzined usmg a Siemens D501

diffractometer workmgz with the Cu Eq radiation.

2.3. Elsctrochemical smdy

Typrcal electrodes were composed of graphite fluonde (about 70 weight %),
graphiie powder (10%) and carbon black (10%) to enswre electronic conductiviy, and
pohvmylidens difluoride (PVDF, 10%) as bnder. A two electrodes system was nsed
(Swagelok cell tvpe). where magnesmm was both reference and counter electrode. A
PVDF miroporous film, wet wih electrobrte, was sandwiched between the composite
electrode and a2 magnesmum metal foil Several electrolytes were fested: 1 M
Me{ClD4)2ACH (acetomirde), 0.5 M Mz{ClO4DMS0 (dimethylsulfoxds), 1 M
Me{ClD4,PC (propylene cabonate) and 1 M Meg{ClD./ THF (tetrabydrofuran) (+3.33
M H:O/THE). The elkectrolyte solvents were doubly distilled prior o use. Pearchbrate

salts are commercial product (Aldnch). The celk were assembled under argon m a



glove box. Galvanostatic discharges were recorded with a2 VMP2 - Z from Biologic, at

room femperature and wnder a 10 A kg'l current density.

3. FResukz and disc uszion

3.1 Characterization af the graphite flucride:s

Prelmminary characterisation of all the samples studied was necessary fo beter
understand the behaviour of sach matenal and the slectrochemical mechanisms. Figure
2a dephys the X-ray diffraction patterns of the two graphite flucnide samples. Four
reflections are observed. The first one, at about 147 {d = 0.63]1 nm), 15 typical of the
(001} reflecton of a frst stage fluorme graphite mtercalaton compound. The second,
near 21° (mterlaver detnee d = 0.423 nm), comresponds to a resudual frrst stage graphite
intercalaton compound with IF; (z = 5; presence of IF;, IF; and IF7 with IFs as mam
species). The remaining features, at 41-42° (d=0.220 nm) and 78° (d=0.123 nm),
represent the (100) and (110) reflections issumg from graphite planes, respectively.
Accordingly, the repeat distance along the ¢ axs in the CF({IF5) sample is 0.598 nm and
the C-C bond lengh 15 0.143 nm, which & typical of @: hybrvdizated carbon atoms.
Upon re-fluormation at 250 °C, the only structural change = an expansion of the
interlayer spacmg to 0.638 nm for CEF(250). This fact1s explamed by a more mmportant

FC rato m the latter sample.

BF MAS NMR (figure 2b), provides further mformation about the iodme species

content, mainly IF5(5, = 2and 50 ppm) and IF; (3. =11 ppm), whose variations are



not easily revealed by the X-ray diffraction data. The position of the observed NME
lines also reflects the nature of the C-F bond character.

Inset m fimwe b shows the typical lines (all line mtensities normabsed to the
same value) of the IF, catalysts over the -20/60 ppm zone. The deease of the NME
lines area, evidenced by ther namrowing 15 charactenstic of a decrease of the 1odine
content. Moreover, a conversion IF; mto IFs smmltameowsly ocowrs [23]. Over the -
200/-100 ppm range, the spectra exhabit a broad band at -160 ppm. atfributed o
onocovalent C-F bonds [21-23]. The comresponding line does not seem to be affected
by the re-fluormation treatment, but owmng to its large width a shuft is difficult to detect.
However, m Infra-Red study had previously shown [21] that the C-F bond covalency 15
shghtly mereased m such condiions.

3.2 Electrochemical properties

3.2.1 Effecis of the electrolyte composzition and of the re-fuormation treatment

The galvamostatic discharge curves of CE(IF5), m the different electrolyies (0.3
or 1 M Msg(Cl0y4); m ACN, DMSO, PC or THE), are shown figure 3. These electrolytes
were chosen becanse they have been commonly used m magnesmm batteries. The
platean observed are chamctenistc of thas fanmly of materials [14.24.23] and comespond
to the electrochemical mserbon of magnesiom mio graphite fluonde, accompaned by
further decomposiion mio carbon and MgF: accordmg to:

C'F,+%Ivg}+xe'—}(:+%mg& (0

The average discharge potenfials E;» measured at half of the maximal capacity, are
108, 1.20, 0.73 and 0.72 V for the ACN, DMSO, PC and THF based electrolyie,



respectively. Data on the average discharge potential (Eyz), specific capacity (C),
specfic energy (E;) and spectfic powe (P, are detmled m fable 1. The highest E;
vale 15 obtained m DMSO. Thi potential 15 related fo the Gibbs free enagy of
dissociation of the C-F bond, that occurs m the course of reaction 1.

The discrepancy observed regardmg the different solvents could be explamed by
a more of less easy diffusion and'or dsselobion of I'--g2+ from the electode to the
electrolytes. Indeed, the formation of a passvating layer at the sirface of a magnesam
anode has often been mvoked m earber works dedicated o magnesmm batteries [26-
30]. The latter 15 cumrently recogmsed as lughly mpermeable to ‘*:ng_ 10ms, the mobality
of the Me™ ions i the passivating films being extremely ow [26-30]. Magnesim
dissolution, can then only ocour at a high overpotential, via a mechanism mvolving
npture of the film, as suggested in [27-29]. The dissolution of Mg™ seems then
facilitated in the order THF =PC= ACN = DMS0.

One may also mfer that the comespondmg potential decrease 15 different for each
electrolyte becanse Mg™" solvation depends on the nature of the solvent The role played
by solvation, may then lie m the respective sizes of the solvation spheres of the cation
from one medim o another one. Thus, msertion of Mz~ into the materials i all the
more hindered and the resulimg potential drop all the more notable as the solvation of
Mg™ species is strong. In addition. the potential drop could also result from a partial
desolvation ccauring at the surface of the host material before miercalation, as suggest
m [24].

The theoretical capacity 5 related to the reducton scheme (1), The
ransformation of CF; mto carbon and MgF, 1s responsible for the mreversibility of the

system. The theoretical maxinum capacity & then 736 Ab kg’ for CF(IF;). However,

=]



the highest experimental capacity obtained is 572 Ah kg™, The presence of residual
1odme fluondes can hmder magnesmm penefration mto the host lathce and therefore
accessibility to the C-F sites, leadmg to a reduced expermental capacity.

The specific energy demsity E; and power demsiy P, are two mmportant
parameters characterismg a batiery, that can be obtamed from the discharge curves (see
table 1). As for the capacity and average discharge potenfial the most mteresting vahies
of the energy and power densthes are also obtamed m ACN and DMSO electrobytes.
For thess two solvents, E, and P, are of the same ordar: E, = 600620 ‘iI.-']-:g'l and B, =
10-12 Wh kg'l- For the two other electrolyies, E. and P, are divided by a factor close o
2.

A subsequent heat-treatment under finorme can be used for an enhancement of
the C-F bond character [21,22]. From an electrochemical view pomt, fhis resulis m a
decrease of the average discharge potenfial: the higher the covalency, the lower Eya.
Thus, a prelmmary test was realized m order fo venfy to which extent this behavioar 1s
followed upon association with a magnesiim anode. For 1 M Mz(Cl0sPC, Ein
evolves from 0.73 to 0.68 V afier the annealng procedire (fismre 4). In parallel, the
capacity mereases from 400 to 429 Ah kg’ The re-fluorination treatment yields a
higher rafio and therefore a shghtly improved capacity. In addition, the weaker content
of residual iodine fluorides species, which hkely hmder cationic diffusion nto the

cathodic matenial. 15 also an argument m favour of the capacity mcrease.

3.2.2 Comparisen with lithium anodes

Graphite finondes prepared at ugh emperature have been used as cathodes m
commercial hthmm battenies over many years. Therefore, a compound sinular o the



present CFIF5) sample had bean previously stndied as a new component likely to enter
mto such a system [24.23]. It 15 then mteresting to compare the results cbtaimed from
lithmm and magnesium The galvanostatic discharge amve of CHIF5) used m a hthmm
batiery with 1 MLICIO4PC as electrolyte 1s shown mn figre 4. The theorefical optimal
capacities are identical for both lithium and magnesium (756 Ah kg™). This vake is
however never reached, the capacity cbtamed upon magnesmm accommodation being
the lowest. This phenomencon has ofien besn cbsarved m other studies [6.26.31]. The
poorer efficiency m the case of magnesium cells may be explamed by a more difficult
diffusion of Mz into the material in comparison with 1i". The hindering due to IF,
species may more strongly reduce the accessibihity of magnesmm fo reactive sifes.

The average discharge potential is 1.9 V lower for magmesnm m regard fo
lithium whereas the teoretical potential drop expected from the difference m the Gibbs

free energy of formation of LiF and MeF > when put n the Nemst equation (AE12 = AE
= E:_;‘Ei.t,='1"1:(3{3:_;‘1"'2-':"'3:..5;. |. would be 0.6 V. Such a difference is a good

indication that a high overpotential takes place, owing to the exstence of a passivating

layer on the magmesum electrode.

In the case of magnestum batteries, we show that the heat-treatment performed
on the fluormated cathodic mafenal keads to a2 modification of the electrochenucal
properties: Eyp dimmution {-0.05 V) and capacty inaease (7%%). A smilar behaviour 1s
observed for ithnm, ie. a Eyy dmmution by -0.16 V accongpanied by a smmltaneous
improvement of the capacity by 10%: (figure 4). Both the energy and power valies

remam 1mchanged after the fluormation post-reatment for the two kmds of batteries.



Nevertheless, m magnesnm-based cells the energy and power densifies are reduced by
a factor of at least 3 m companson with bthmm systems.

4. Concluizion

In this study, the msertion of Mg™ ions imto graphite flworides has been
mveshgated for the frst tme. Of the four solvents used, ACN and DMSO based
electrolytes give the highest capacity (572 Ah kg'! in the case of ACN) and average
discharge potential (1.20 V, for DMSO), vieldmg consequently the best parformances
regarding specific energy and power: = 610-620 Wh kg’ and = 10-12 W kg,
respectively.

The Mg/graphite fonde system provides reduced overall electrochenmcal
performances m comparison with an equivalent hthmm system Nevertheless, s
preliminary approach shows that graphiie finorides could be an mteresting alternative
for the development of novel magnesnm battery technologies. We suggest that serious
mnprovenents may be obtamed at the cathode level via re-fluormation freatments,
whose effects on the electrochenmcal proparfies requme complementary studies. In
parallel, research on the elaboraion of an electrolyte which does not quench the
electrochemical performances mmist be performed, the use of solubions of Grignard
reagent or sobd electrolytes have been evoked. More mvestigation 15 needed on both the
cathode material and global process before apphications can emerge.
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Figure captions

Figure 1:
Electrochemmcal potentials for X / CF; battenies (X = Al 11 or Mg). Inset shows the

standard potentials (versus SHE electrode) for Li, Mg, Al and Fa.

Figure 2:
() X-Ray diffracton patterns of CF(IFs) and CF250).
(b) “F MAS spectra, at 12 kHz, of CF(IF5) and CF(25

Figure 3:

Galvanostatic discharges curves (10 A kg, RT) of CF(IF5) for different electrolytes: (a)
1 M Mz{ClOy/ACN, (b) 0.5 M Mg(Cl09DMSO, () 1 MMz(Cl0)-PCand (@) 1 M
Me(CI0s)y/THF (+3.33 M EO/THF).

Figure 4

Galvanostatic discharge curves (10 A kg, BT) of CF(IFs) and CF(250) as kithium
cathodes (1 M LiCI0,PC) and of CE(IFs) and CF(250) & magnesmim cathode (1 M
Mg Cl04)/PC).
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Tahle 1:
Galvanostate charactenstes of Mg/'CE(IFs) and Mz'CF(230) batteries obtamed at room

temperature for different electrolyvtes. d=10 A kg'l for all tests.

Specific Specific
Electrolyhe Capacity
Sample Ey(V) BNETEY power
solvent (Ah kg-l:'
(Whkg™) (Wkg)
ACH 1.08 572 618 108
DS 1.20 503 604 12.0
CE(IFs)
PC 0.73 400 203 7.30
THF 0.72 451 325 720
CE(2500 PC 0.68 429 292 &80

E=C*E12 (Whkg™) and P:=d*Ey> (W kg ). C and d are the de=charge capactty (Ah kg

I:I and the cumrent density (A kg']}- respectvely.



