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Abstract: Using Raman spectroscopy and X-ray photoelection spectroscopy,
synthesized lithium iron(II) phosphate (LiFePO,) and carbon coated nanocom-
posites LiFePO,4/C, synthesized by annealing LiFePO,4 with glucose for 1 and
12 h at 700 °C, have been investigated. According to XPS data, the synthesis
conditions of LiFePO,/C nanocomposite (700 °C, 1 h) facilitate the reduction
of iron, Fe3* — Fe2", on the sample surface. Also according to Cls spectra,
sp2C-sp2C is the main bond type in the samples under investigation. Contribut-
ions relating to C-0O, C=0, C—O-C, O—C=0 functional groups are also present.
According to X-ray diffraction analysis, a 12-h synthesis of LiFePO,/C nano-
composite leads to the formation of impurities. According to Raman spectra,
the annealing time does not affect the quality of carbon coating: the peak
intensity ratio of bands D and G has a value of 1.06 for the material annealed
for 1 h and 1.04 for LiFePO,/C nanocomposite after annealing for 12 h.

Keywords: battery cathodes; functional groups; Li-ion.

INTRODUCTION

Lithium iron(II) phosphate (LiFePQy) is one of the most promising materials
for lithium-ion battery cathodes. It has a fairly high theoretical capacity (170
mAh g-!) and can withstand a large number of charge/discharge cycles; LiFePOy4
is also an eco-friendly and cheap material. However, the disadvantages of
LiFePOQy, are the low ionic conductivity (because of the low diffusion coefficient
of lithium ions, Dp; = 10-15 cm? s71) and electronic conductivity (109 S cm™!).
One of the main ways of increasing the electronic and ionic conductivity is the
coating the LiFePOy4 particles with an electrically conductive addition and red-
ucing the diffusion path of lithium ions by the synthesis of LiFePO4 nanocrys-
tals.!-2 The most commonly used component up to date is carbon and its modi-
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fications. The main role of the carbon coating is to increase the surface electronic
conductivity of powder nanocrystals, which makes it possible to fully use
LiFePO4 active mass. The carbon coating also reduces the crystal growth rate
and prevents the agglomeration of particles during synthesis. An important role
of carbon is to create a reducing medium, which prevents the oxidation of Fe2™.
The carbon coating can be produced directly by adding carbon of various kinds
to a mixture of precursors or during annealing in the pyrolysis of organic com-
pounds. It is considered now that the coating produced during the thermal
decomposition of organic compounds is more uniform, and that its structure and
electronic conductivity depend on the carbon source and annealing temperature;
the annealing time usually varies between 1 and 12 h and depends on the degree
of crystallinity of synthesized LiFePOg4. For an amorphous product, annealing is
carried out longer (for ~12 h), for its goal in this case is not only to obtain a
carbon phase, but also to form a crystal structure. !4

The paper present the results of investigating lithium iron(Il) phosphate,
which has been synthesized in an ionic liquid of the composition choline chlo-
ride/diethylene glycol, and a carbon composite based on it. To investigate the
carbon coating of LiFePO4/C and the effect of the high-temperature annealing
stage on LiFePOg4 (assess possible iron oxidation), Raman spectroscopy and
X-ray photoelection spectroscopy were used.

EXPERIMENTAL

The synthesis of LiFePO,4 was carried out in a liquid-phase reaction medium, choline chloride
(ChCl)—diethylene glycol (DEG), using precursors NH4FePO4 and CH3;COOLIi. Nanocrys-
talline LiFePO,4 (sample 1) was prepared after 1 h of synthesis at 245 °C. The precipitate (LiFePO,)
was washed in the distilled water, ethanol and acetone separated by centrifugation and dried.’

To synthesize a LiFePO4-based carbon nanocomposite, synthesized LiFePO, powders
were soaked in a glucose solution, dried and annealed in an inert argon atmosphere at 700 °C
for 1 (sample 2) and 12 h (sample 3) to carbonize the precursor.

The X-ray diffraction analysis (XRD) patterns of powders were obtained using a DRON-4
diffractometer with CuKa radiation. The Raman spectra were taken with a DFS52 micro-
Raman spectrometer, fitted with a CDD detector, using a solid-state laser with an emission
wavelength of 532 nm. The research was carried out at room temperature in an optical vib-
ration range of 800-1800 cm™!. The electronic structure of the surface of LiFePO,/C and
LiFePO,4 was explored by method of X-ray photoelection spectroscopy (XPS) by spectrometer
with EC-2402 energy analyzer (E MgKo = 1253.6 eV, P = 300 W). The spectra of Fe2p;,-
level were decomposed into separate peaks, FWHM = 1.9 eV. The decomposition was carried
out by Gauss—Newton method. The area of peaks was determined after subtraction of
background by Shirley method.¢

RESULTS AND DISCUSSION

For the LiFePO4/C composite, synthesized at 700 °C for 1 and 12 h, XRD
spectra have been obtained (Fig. 1). For LiFePO4/C synthesized at 700 °C for 1
h, there are no additions (within the sensitivity of the XRD method, all reflect-
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ions are consistent with JCPDS: 00-40-1499). On XRD spectra of LiFePO4/C
powder, which was synthesized for 12 h, Li3POy4, LizFey(POy)3, FeoO3 or iron
phosphides additions are present.
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Fig. 1 XRD spectra of LiFePO,/C after annealing for 1 (A) and 12 h (B).

Using Raman spectroscopy, we have studied the nature of the carbon coating
on LiFePOy crystals. Raman spectra for two samples obtained after annealing for
1 (sample 2) and 12 h (sample 3) are shown in Fig. 2. The LiFePO4/C samples
showed two intense broad bands at ~1340 and ~1600 cm~1, which are usually
observed in disordered carbon black and are designated as bands D (disorder/
/defect band) and G (graphitic band).
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Fig. 2 Raman spectra of LiFePO,/C obtained after the carbonization of glucose for 1 (A) and
12 h (B).

For D and G, a procedure of decomposing peaks using Gaussian—Lorensian
function was employed. We analyzed four peaks at ~1200, 1340, 1520 and 1600
cm!, which are analogous to the curves presented in literature.”11 Two broad
bands of them at ~1340 and ~1600 cm~! correspond to D and G (graphitic band)
carbon particles respectively. The range ~1600 cm! is associated with graphite
stretching mode Ejg. Band D with a frequency of ~1340 cm! is associated with
Ajg mode vibration. It is related to different disorder types in the graphite struc-
ture (in the graphene layer): graphite domains of finite size, grain faces, sub-
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stitution of C atoms by N or other additions, sp3 hybridized carbon, etc.”2 Two
additional bands, which are necessary for satisfactory analysis, are located at
~1200 and 1520 cm! related to sp3-type carbon, which is often observed in
amorphous carbon compounds. To assess the nature of the carbon coating using
decomposed spectra, the peak intensity ratio of bonds D and G (Ip/lg=
= I1340/11600) 1s used. Smaller /p/lg values indicate a more conductive structure
(mainly sp? bond). The ratio sp?/sp3 of carbon, Isp2/Isp> = (I1340 + I1600)/(I1200 +
+ I1520), is also determined. It is considered that the bands at ~1340 (D range)
and 1600 cm! (G range) correspond to a graphite-like structure and the other
two bands at ~1200 and ~1520 cm! to sp3-like disordered carbon. Higher ratios
sp2/sp3 correlate with the more graphite-like nature of the carbon coating and
hence with higher electronic conductivity.”-!! In our work, a fraction of sp2/sp>
carbon is estimated using only one excitation line at 523 nm and can be used, as
was shown in’, as a semiquantitative estimate.

The Raman spectra (Fig. 2) of the LiFePO4/C composite obtained from a
powder annealed with glucose for 1 and 12 h have pronounced D and G peaks, as
well as two additional bands, obtained after the decomposition of the peaks. The
peak intensity ratio of bands D and G has a value of 1.06 for the material
annealed for 1 h and 1.04 for LiFePO4/C after annealing for 12 h, which is a
good indicator and correlates with the results of other investigations of the carbon
coating LiFePO4/C (Ip/lg of 1-3).7-11 For samples 2 and 3, synthesized for 1
and 12 h, the sp?/sp3 values of carbon are 2.23 and 2.76, respectively. This indi-
cates that the optimal annealing regime is the carbonization of carbon precursor
for 1 h at 700 °C. Increasing the annealing time results in a partial oxidation of
LiFePQy, but does not affect the nature of pyrolytic carbon.

For LiFePO4/C nanocomposite samples, XPSs of Cls, Fe2pj3/,-, Lils-, P2p-
and Ols- inner levels have been obtained. To assess the nature of the carbon
coating, a deconvolution of the Cls spectrum has been performed (Fig. 3). The
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dominating contribution to the Cls spectrum (77.5 %) with Ey, = 284.75 eV
relates to the sp2-hybridization of carbon (sp2C—sp2C) with C—C or C=C bonds
(Table I). Components are also present, which can be assigned to oxygen-con-
taining C-O (Ep = 286.1 eV); C=0 (£, = 287.4¢eV); C-O-C; O-C=0 (Ep =
= 288.9 eV) functional groups, peak at 291.2 eV can be determined as n—x shake-
-up satellite.12-14

TABLE 1. Results of the deconvolution of the Cls spectrum of a LiFePO,/C composite
(sample 2)

E,Cls/eV Content, at. % Components
284.75 77.5 C-C, C=C (sp?)
286.1 13.5 Cc-0
287.4 4.0 Cc=0
288.9 3.2 C-0-C, 0O-C=0
291.2 1.8 T

To assess possible iron oxidation by the action of oxygen and water, which
escapes during the pyrolysis of organic precursors, Fe2p3,» spectra of starting
LiFePOy4 (sample 1, Fig 4, A) and a LiFePO4/C composite (sample 2, Fig. 4, B),
synthesized at 700 °C for 1 h, have been examined. The spectra of 709.6-711.3
eV relate to the Fe2" states of iron, and those formed by components in a range of
712.6-714.5 eV relate to the Fe3" states of iron in LiFePOy; these data correlate
with the results from the references.!3-17 The peaks with energies of 716.1 and
718 eV are satellites, which correspond to the Fe2™ and Fe3" states, respectively
(Table II).
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Fig. 4. XPS of the Fe2ps, levels of the starting compound LiFePO,4 — sample 1 (A) and a
LiFePO,4/C composite — sample 2 (B).
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In the Fe2p3/) spectrum of sample 1, components at Ey, Fe2p3/, 706.7 and
708.2 eV, are also present, which are described in literature as “pre-peaks”.!8
These low-energy peaks may results from the deeper reduction iron. The peaks
with energies close to 708.2 eV are described in!8 as corresponding to Fe2* in the
FeO (708.4 ¢V) and FezO4 (708.3 eV) phases.

TABLE II. Bond energies (£},) of components in Fe2p;/, spectra

LiFePOy (Fig. 4, A) LiFePO,/C (Fig. 4, B) Component

Ey, (Fe2psp)/ eV Content, at.% Ey (Fe2psp) / eV Content, at.%

706.7 1.8 - - Pre-peak

708.2 11 - -

709.6 25.6 709.7 242 Fe?*

710.4 39 710.4 8.2

711.3 28.4 711.3 32.0

712.6 12.1 712.6 13.2 Fe’*

713.8 8.0 713.8 4.6

714.5 33 714.5 7.4

716.1 3.8 716.1 8.4 Fe2" sat

718.0 2.1 718.0 2 Fe3* sat

To assess influence of the annealing of the original sample with glucose,
FeZ™/Fe3* ratio values have been obtained for sample 1 (LiFePO4) and sample 2
(LiFePO4/C), which are 61.7/25.5 =2.4 and 72.8/27.2 = 2.7, respectively. This
indicates that the conditions of LiFePO4/C synthesis at 700 °C for 1 h not only
prevents the rise of the oxidation of LiFePOy4, but also initiate a reduction
reaction, Fe3* — Fe2*, on the LiFePOy surface through the pyrolysis of an org-
anic precursor.

CONCLUSION

A procedure for the preparation of LiFePO4/C nanocomposite (LiFePOg4
nanocrystals with conductive carbon coating) has been optimized, and the
methods of its diagnosis: routine monitoring (X-ray photoelectron and Raman
spectroscopy) of the iron (II) content of the LiFePOy4 surface layer and the nature
of carbon in LiFePO4/C have been proposed. According to the Raman spectra,
the annealing time does not affect the quality of the carbon coating. The peak
intensity ratio of bands D and G has a value of 1.04—1.06 for the materials
annealed for 1-12 h; however, the increase of the annealing time results in the
formation of impurities. According to XPS, the dominating contribution to the
Cls spectrum (77.5 %) with Ep, = 284.75 eV relates to sp2C—sp2C (C—~C or C=C)
bond. There are also components which can be assigned to oxygen-containing
C-0, C=0, C-0—-C and O—C=O0 functional groups. Using an XPS analysis, it has
been found that the prosed LiFePO4/C nanocomposite formation conditions (700
°C, 1 h) not only prevents the rise of the oxidation of LiFePQy, but also initiate
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the reduction Fe3* — Fe2* on the material surface through the pyrolysis of
glucose.

U3BOL
HUCITUTUBAE KATOOHOTI MATEPUJAJIA LiFePOs/C PAMAHCKOM U XPS
CIIEKTPOCKOIINJOM

VADYM GALAGUZ, OLEKSANDR KORDUBAN, EDUARD PANOV u SERGIY MALOVANYI

V. I. Vernadsky Institute of General and Inorganic Chemistry of the National Academy of Sciences of Ukraine,
32-34 Acad. Palladina Ave., Kyiv, 03142, Ukraine

Cunrerucanu tutujym-reoxie(1I)-docdar (LiFePO4) n Hanokommnosutu LiFePO4/C npexpu-
BEHH (JIOjEM YIUbEHHKA, 100HjeHu onrpeBareM LiFePO; ca rmyko3om y Toky 1 1 12 catu Ha 700°C,
WCIIUTHBAHU Cy KOpULIhemeM paMaHCKe CIIeKTPOCKONHje 1 (pOToeNeKTPOHCKe ClieKTpocKonHje X-
3pauewa. XPS pesynratu r[01<a3yg'y na ycnosu cuHTese LiFePOs/C Hanokomnosuta (700 °C, 1 h)
r[o,ucquy peu}rkunjy reoxha, Fe'" — Fe’', Ha MOBPIUMHY y30pKa. Takohe Ha ocHOBy C1ls crek-
Tapa, sp C—sp”C je TJIaBHU TUI Be3e Y UCITUTHBAHUM y3opiuma. JJormpuHocH koju notudy ox C-0,
C=0, C-0-C, O—C=0 dyHuMOHaIHUX Tpyla Cy Takohe AeTeKTOBaHU. Pe3yntatv mudpaxuuje
X-3pauema ykasyjy fa nBaHaecrouyacoBHa cuHTe3a LiFePOs/C HaHOKOMIT03UTa JOBOIHU 10 GOpMHU-
pama Heurcroha. Ha 0CHOBY paMaHCKHUX CIleKTapa 3aK/by4YeHO je [la BpeMe OfrpeBama He yTHYe Ha
KBaJIUTET CJI0ja YIVbEHHKA: OOHOC MHTeH3uTeTa D u G Tpaka MMa BpemHocT 1,06 3a MaTepujan
onrpesaH jezmaH cat U 1,04 3a Hanokommo3ut LiFePO4/C onrpesan 12 h.

(ITpummeno 10. cenrrembpa, pesuarpano 28. nenemdpa 2019, mpuxsahero 7. dedpyapa 2020)
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