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Abstract

A new method involving the homogeneous dispersigur@cursor compounds inside a
methylcellulose matrix is used for the synthesia cbmposite powder of dfeRO; and carbon.
The properties of carbon-containing and carbon{i@eders are studied by X-ray powder
diffraction (XRD) including Rietveld refinement, Mé&bauer spectroscopy, Fourier transform
infrared spectroscopy (FTIR), field emission scagrelectron microscopy (FESEM),
galvanostatic cycling, and electrochemical impedaspectroscopy (EIS). The structure of both
powders is refined in a monoclinic framework (spgaeupP2;/c). The structural refinement and

Mdossbauer spectroscopy reveal different degrepamifil occupancy of mixed-occupied sites



by lithium. Electrochemical measurements show tifkain situ formation of carbon improves

capacity (90% of 1-electron theoretical capacityptigh decreased charge-transfer resistance.
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1. Introduction

The interest in polyanion cathode materials fdnditn-ion batteries is rising because they
operate at higher voltages and ensure better si@tytheir oxide counterparts with the same
M?2*** redox pair. The crystal structure and covalencthefpolyanion affect the f1** redox
energies in polyanion cathodes [1]. Different caystructures of LiFePQLi,FeSiQ,
Li,FeRO;, and LiFeBQ have different redox energies. Among them, LiFgiB&he most
widely studied polyanion cathode material and & Almeady been commercialized. However,

there is an interest in finding new polyanion camaterials that would a have higher voltage

vs. Li/Li* than LiFePQ[2]. Li,FeRO; has a somewhat higher voltage than LiFgB®% and 3.4



V, respectively) and it also enables two-electreactions, where the theoretical capacity could
reach 220 mAhg nearing the capacity of some oxides [3,4]. ltacttire consists of corner-
shared dimers of PQetrahedra (#D; units) interconnected with Fg@ctahedra and FeO
trigonal bipyramids [5]. Contrary to isostructulithium manganese pyrophosphate
(Li,MnP,0y), the structure of LFeRO; reveals both Li and Fe mixed site occupanciestdaa
additional mixed-occupied site for iron and an &#ddal mixed-occupied site for lithium. An
anti-site defect is found to be the most favouralgfect, particularly for these mixed-occupied
sites [6]. Atomistic modelling techniques predigtLi* mobility along theb-axis andc-axis
channels that form a quasi-two-dimensional (2Dinigration in thebc- plane [6]. Under the
condition of partial occupancy by lithium and traies metal atoms, the fifth lithium mixed-
occupied site can mediate’lion diffusion between two-dimensional‘lion pathways,

transforming LI ion pathways into a 3D network [7].

So far, LpFeROy; or its composites with carbon have been synthdsizgarious ways, such as
the conventional solid-state method [8—-12], mechhamically assisted solid state synthesis
[13], combustion method [14], sol-gel method [1dg]ray pyrolysis [16], etc. The solid-state
method is widely adopted in industry for the masxipction of cathode materials due to its
simplicity and low cost. It is also suitable fomgiltaneous carbon coating during powder
synthesis by introducing an organic compound inegyrsor mixture. Coating with
electronically conductive agent (usually carbormgensively utilized to enhance the
electrochemical performance of various electrodeerras of low electronic conductivity [17—
20]. In the present paper, the newly suggestedlsimpthod that uses soluble methylcellulose

both as a carbon source and as a dispersing agased for the synthesis obEERO//C [21].



The structural, microstructural and electrochempzaperties of the powders obtained with and

without methylcellulose are compared.

2. Experimental

2.1. Materials preparation

The synthesis of carbon-free;EeR0O; (denoted as LFP) was conducted through the
precipitation of an aqueous solution, followed ha@rmal treatment. The aqueous solutions of
LiINO3;, FeSQ- 7H,0, and (NH),HPO, were mixed in this order in the 2:1:2 molar rafibe
obtained precipitated solution was slowly evapatatedryness and the precipitate was annealed
for 6 hours at 600 °C under a slightly reductive@phere (Ar + 10%#). Similarly, the
preparation of the kFeR0O;/C composite started from the same aqueous sofnuith addition

of soluble methylcellulose serving both as a disipgragent and as a carbon source (the
procedure is described in detail in our previouslgton the LiFeSiQ/C composite [21]). The

obtained powder will hereinafter be referred tahesLFP/C sample.

2.2. Materials characterization

X-ray diffraction data were collected on a Philpd/ 1050 diffractometer with Cudg
radiation (Ni filter) at a room temperature. Measuents were done in th@ eange of 10-110
with a scanning step width of 0.0and 14 s times per step. Crystal structure refergwas
based on the Rietveld full profile method [22] usthe Koalariet computing program [23].
The measurements of the Mdssbauer effectdRdBBO; powder samples were performed in

transmission geometry using £o(Rh) source at room temperature (RT). The Wissel



spectrometer was calibrated using the spectratafadaron foil; accordingly the isomer shift
values §) were in reference to metallic alpha ir@n<0).

The carbon content in the LFP/C sample was deteudny a thermal analysis of the sample
using simultaneous TG-DTA (Setsys, SETARAM Instrataéon, Caluire, France) in the
temperature range betweenZsand 80CC in air flow.

The morphology of the synthesized powders was aadlpy field emission scanning electron
microscopy (FE-SEM, Supra 35 VP, Carl Zeiss).

The Fourier transform infrared (FTIR) spectra af #amples were recorded in ambient
conditions in the mid-IR region (400—4000 ¢nwith a Nicolet IS 50 FT-IR Spectrometer
operating in the ATR mode and the measuring resolatf 4 cm* with 32 scans.

The electrical conductivity was measured at roompierature by the four-point probe DC
current method on disk-shaped pellets made of pdagswders.

Electrochemical measurements were carried outlosed, argon-filled two-electrode cell, with
metallic lithium as a counter electrode. A 1M samntof LiCIO, (p.a., Chemmetall GmbH) in
propylene carbonate (p.a., Honeywell) was usechadeztrolyte. Working electrodes were made
from the synthesized material, carbon black angiiioylidene fluoride (PVdF, Aldrich) mixed
in the 75:20:5 weight percent ratio and depositeglatinum foils from the slurry prepared in N-
methyl-2-pyrrolidone. Galvanostatic charge/disclearsts were performed within the potential
range of 2.8 and 4.0 V at different current radsctrochemical impedance spectroscopy was
performed in the frequency range fronT-110° Hz at an amplitude of 5 mV and a cell potential
of 3.2 V (vs. Li/Li"). The measurements were conducted using a Vemnexgls

potentiostat/galvanostat with an impedance analfflzem Technologies B.V.).



3. Results and Discussion

3.1. Morphology studies

The morphology of the synthesized powders was oéted by FESEM (Figure 1). The
powders looked like large crystalline masses wiéttiples reaching several micrometres in size.
The patrticles were highly agglomerated and sinteséti no clearly visible boundaries among
them. The LFP/C powder displayed a wider particde distribution than the LFP powder, with

smaller particles among large crystalline masses.

3.3. XRD analysis

The crystal structure of the synthesized powdeis avafirmed by X-ray powder diffraction.
The powders contained two crystalline phasegzdBO; as the major phase and olivine-type
LiFePQ, as a minor phase with the same share in both pswilke formation of LiFeP{may
have been accompanied with the emergence of litplnosphates, probably in the amorphous
state. There was no evidence of the formationystaline carbon and the internal carbon in the
LFP/C powder can be assumed to be a contributitimetdackground. The amount of thesitu
formed carbon, established by a thermogravimetradyesis, was found to be 10 wt%. A two-
phase refinement was performed on XRD data to gydahe amount of both LFeRO;and
LiFePQ, phases, as they were both electrochemically adBioth the observed and calculated
XRD patterns are given in Figure 2. The structdreibePQ, was refined in the orthorhombic
space grounma(No. 62) in the olivine type. The structure offE@R0O; was refined in the
monoclinic space group2s/c (No. 14) in a structure type where' LF&*, P* and G ions

occupied 24 nonequivalent generalatystallographic positions [x,y,z]*Pand G ions fully



occupied 4 and 14 positions of these 24 crystadjplgic positions, respectively. On the other
hand, F&" ions fully occupied one crystallographic posit{glenoted as Fe1) and'lions fully
occupied three crystallographic positions (denatedlil, Li2, and Li3). The remaining two
crystallographic positions were partially occupBdboth F&" and Li" ions (anti-site defect).
These sites, labelled as Fe2/Li5 and Fe3/Li4, werepletely occupied and had right trigonal-
bipyramidal and obliqu&igonal-bipyramidal (very close to tetragonal pwidal) oxygen
surrounding, respectively (Figure 3). Due to a gigant difference in the X-ray scattering
factors of iron and lithium ions, it was possilderéfine the occupancy of iron in the mixed-
occupied sites accurately. The refined values @ftiomic coordinates are given in Table 1. The
results of the refinements (Table 2) showed thairtlsitu formation of carbon led both to an
increase of the lattice parameters and a decrddke orystallite size (240 and 164 nm for LFP
and LFP/C, respectively). Smaller primitive cellume of LFP powder (1034.0 vs. 1035.9 A
accompanied with larger crystallite size suggdss it constitutes more stable structure. The
amount of the olivine phase was somewhat greatieih. FP/C powder (9.3 vs. 8.7 wt.% in LFP
powder), implying that a more reductive atmosphereated during the pyrolysis of
methylcellulose, facilitated LiFeR@rmation. This is also documented in the literatid6]. In
both powders, the Fe2/Li5 mixed-occupied site was gjreater degree occupied by iron ions
than the Fe3/Li4 site (0.85/0.15 and 0.71/0.29.fé? and LFP/C, respectively). In addition, the
observed different partial occupancy of the mixedupied sites (expressed as the Fe2/Fe3 ratio
in Table 2) may be relevant for the study of lithidiffusion. Namely, Li-diffusion pathways
involve conventional vacancy hopping between alyimgouring Li positions along each of the
three principal axes [6]. The pyrophosphates witlpautial occupation have continuous, but not

interconnected, two-dimensional lion pathways along tHec- plane (Figure 2). The Fe2/Li5



sites in pyrophosphates with lithium occupancyégrpolyhedra in Figure 3) can connect these
two-dimensional Li layers, thereby mediating Li-ion diffusion [7].nitay also be assumed that
the iron occupancy of the Fe3/Li4 site can interthp continuous pathways of Lwithin a two-
dimensional Li layer, affecting Li diffusion.

3.4. MOssbauer spectroscopy

The Mdssbauer spectra were examined using the Wbl Site software package based on
the least squares method [24]. The two spectrastedsof three conspicuous paramagnetic
doublets, plus one doublet with an almost neglegdolea relative to them, see Figure 4. The
fitted Mossbauer hyperfine parameters are giverainle 3.

The three main doublets in both samples came froeetvarious Fe environments in the
Li,FeRO; phase (Fel, Fe2, and Fe3 sites). According tonteesured, every Fe ion had the 2+
valence state with a high-spin electron configunat(tﬂzge2 ¢) [25]. There was no evidence of the
presence of B&in either investigated sample. The Fel was surredify six oxygen anions
making an octahedron. As Fel had the largest comtidn number compared to the other Fe
sites, we assigned to it the doublet with the Isrggmer shift value (1.27 mii$[13,25]. This
doublet also covered the highest normalized redadiea, as expected for a fully occupied Fel
position. This was the case in both samples. Freaiidth () of 0.43 mms*(0.41 mms'in the
case of LFP/C) was the consequence of a randomgamaent of the next-nearest-
neighbourhood (NNN). Namely, the oxygen anionshefsurrounding octahedron of Fel were
connected to one Fe2/Li5 site and one Fe3/Li4 $he.occupation of these sites with various
combinations of Li and Fe ions caused small chaig#dse charge distribution around Fel ions,

which was reflected in a greater line width.



The other two doublets were assigned to the mixadjoed Fe@sites (Fe2 and Fe3). Their
identification was difficult due to the lack of acate calculations of the hyperfine parameters. In
several published papers only one doublet waslkestto the combination of Fe@ites [8, 13,
26]. Taking into consideration the partial occupaatthe mixed-occupied sites established by
the Rietveld refinement and the ratio of the relativeas of these two doublets (Table 3), we
ascribed the doublet with the largest area, arawith a larger isomer shift and quadrupole
splitting, to the Fe2 site. There are different@ety surroundings around the Fe2 and Fe3 sites
(right trigonal-bipyramidal and obliqueigonal-bipyramidal, respectively, see Figured) well

as different arrangements of the next-nearest-beigits (NNN). The right trigonal-bipyramidal
surrounding enabled a greater deviation of thegehaymmetry around the Fe nucleus than the
oblique trigonal-bipyramidal arrangement. Thereftihhe Fe2 doublet had larger quadrupole
splitting, which is similar to the findings of Blerg et al. [27]. The greater isomer shift of the
Fe2 doublet was a consequence of a larger 3d pgapul& larger electron density led to a
greater shielding of the 3s electrons by 3d, detngehe charge density at the nucleus [25]. The
ratios of the relative areas of the Fe2 doublesw®the Fe3 doublet revealed tha9% and

59% of the Fe2 site was occupied by'Hens in the LFP and LFP/C powders, respectively.
These findings were in accordance with the restltiseoRietveld refinement with a slight
discrepancy of the absolute values (Table 2).poissible to estimate the relative site quantity
based on the relative area of the Mdssbauer sutbspei the corresponding recoil-less factor is
known. Neither in the present study, nor in thevjgnesly published papers [13, 26], was the
ratio of the fitted fractions (Fel:(Fe2 + Fe3)) Tthis indicates that the recoil-less factors for
these sites are not equal. Another reason fodikgepancy might be that the model of the pure

Lorentz lines is not suitable at all.



The minor doublet was recognized as a response Ffrions at their regular M2 octahedral
sites in the olivine LiFeP{)phase 2 (P2) in Table 4) [28]. There was a mismhetween the
LiFePQ, quantities estimated by the Mdssbauer spectrosangyy the structural refinement.
The values of quadrupole splitting)(lower than 2.96 mm$ might indicate disorder and
defects, mostly anti-site Fedefects in the olivine phase [29]. These antisig@als could affect
some parts of the spectrum, due to which one mdgrastimate the total representation of the
olivine-type LiFePQamount in the sample and overestimate its presertbe other parts of the

spectrum.

3.5. FTIR spectroscopy

The FTIR spectra of the two powders are quite simivith prominent bands characteristic for
(P,O,)* anions. Multiple bands in Figure 5 indicate theicgl frequencies associated with
P-O-P, G-P-0O, and PO vibrations [30, 31]. In addition, the spectruntlué LFP/C powder
also contains vibration at around 1600 cthat can be related to graphitic C—C nature (Gdpan

of carbon [14].

3.6. Electrochemical performances

The electrochemical performances were investigaséty impedance spectroscopy
measurements (EIS) and galvanostatic charge/digeltacling. The EIS measurements were
performed in the discharged (lithiated) state 2t\Bafter several charge/discharge cycles. The
Nyquist plots indicated diffusion-controlled chatgansfer processes (Figure 6). Each plot
consisted of two semicircles at high and mediurgUeacies that overlapped into one depressed

semicircle, and an inclined line at low frequentige impedance data were fitted with the
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equivalent circuit shown in the inset of Figurel'e equivalent circuit scheme included: resistor
Rs, resistor R1 paralleled with the constant pleésment Q1, and resistogfih serial with the
general Warburg impedanceg,And paralleled with the constant phase elemenR®2esistor
was the electrolyte resistance, the second paneoéquivalent circuit was related to the contact
resistance between the electrode composite materiaihe metallic substrate (Pt) coupled in
parallel with the double-layer capacitance createttie metallic substrate [32], while the third
part of the equivalent circuit was related to tharge transfer resistance and solid-phase
diffusion [33]. The inclusion of the constant phasements in the equivalent circuit, instead of
the capacitors, ensured a better fitting to theedgrpental data. The constant phase element
(CPE) has an impedance Z = @), n<1, and it is frequently used to model the preserfce
the time-constant distributions that can arise feurface heterogeneity, geometry-induced
nonuniform current and potential distributions, mgpas in the conductivity of oxide layers,
electrode porosity or surface roughness [34]. im ¢tase, the use of CPE, was physically
reasonable keeping in mind the electrodes’ prejoarathe fitted parameters of the equivalent
circuit are given in Table 4. The LFP/C electrode la significantly smaller charge-transfer
resistance of particle/electrolyte interfaces astightly larger Warburg impedanceyZthan

the LFP electrode. Apparently, thresituformed carbon enabled the reduction of crystadiites
and provided a more conductive network; both factowered the charge-transfer resistance,
thereby facilitating electron transfer. As the gartage of the LiFeP{phase in the two powders
is similar, the differences in the Warburg impedaoan be ascribed to the;EeRO; phase,
namely the different occupation of the mix-occupséds (Table 2). A small difference between
the Warburg impedances suggests that the assufffeeces in the partial occupancy of the

mixed-occupied site did not have a significantuefice on general diffusion.
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The conductivity measurements confirmed a highaduotivity of the LFP/C powder (1.3-%0
Scmitvs. 0.4-16 Scmb).

Figure 7 displays the discharge curves of the ¢iyste, as well as the delivered capacities for
different current rates in the potential range .8£2.0 V. The observed discharge curve profiles
of the two samples consist of a slightly sloping fl@m 4.0-3.4 V and a plateau at 3.39 V. The
sloping part originates from the EeRO; phase, while the plateau can be ascribed to the
LiFePQ, phase. In general, the carbon-containing powdeibérd a greater discharge capacity
(inset of Figure 7), which decreased with an inseglacurrent rate. Moreover, the roughly
estimated contribution of the existing phasesReRO; and LiFePQ) to the overall capacity
(the sloping part and the plateau in the dischaugees) is also greater for the carbon-containing
powder. This means that thresitu formation of carbon facilitates electron trangtérough the
conductivity enhancement) in both phases,F€B0O; and LiFePQ which typically have a low

electronic conductivity.

4. Conclusions

A simple method was used for the preparation gf¢€RBO; powder and its composite with
carbon, L}FeRO-,/C. The presence of LiFeR@s a minor phase was evidenced in both powders
in similar amounts. A combined X-ray diffractiondaMdssbauer spectroscopy study revealed
that a more reductive atmosphere, provided by ¥helysis of methylcellulose, altered the

partial occupancy by lithium of the mixed-occupgtds. Electrochemical measurements
showed that than situformation of carbon, rather than different partatupancy, increased

conductivity through the reduction of the chargmsfer resistance, and enabled better lithium-

12



ion diffusion. The composite powder had a highgracity that corresponded to 90% of the 1-

electron theoretical capacity of theEeRO; phase.
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Table 1. Refined fractional atomic coordinates #mair estimated standard deviations.

sample | LjFeRO,/C Li,FeRO;

atom X y z X y

Fel 0.673(2) 0.568(1) 0.698(2) 0.678(2) 0.568(2
Fe2 0.829(2) 0.273(2) 0.759(2) 0.830(2) 0.277(2
Fe3 0.074(1) 0.082(2) 0.686(2) 0.064(1) 0.0767(2)
P1 0.575(2) 0.658(2) 0.381(3) 0.582(3) 0.655(3)
P2 0.262(2) 0.593(3) 0.578(3) 0.255(2) 0.570(3)
P3 0.897(2) 0.814(3) 0.609(3) 0.895(2) 0.815(3)
P4 0.729(3) 0.049(3) 0.527(3) 0.741(3) 0.040(3)
o1 0.829(4) 0.214(5) 0.593(5) 0.827(4) 0.210(5)
02 0.762(5) 0.024(6) 0.458(6) 0.774(5) 0.023(5)
03 0.378(5) 0.563(6) 0.985(5) 0.373(5) 0.588(6)
04 0.143(4) 0.556(5) 0.616(5) 0.149(4) 0.558(5)
05 0.667(4) 0.301(5) 0.341(5) 0.713(4) 0.332(5)
06 0.732(5) 0.423(6) 0.555(5) 0.729(4) 0.418(6)
o7 0.039(4) 0.266(6) 0.012(5) 0.047(4) 0.273(5)
08 0.427(4) 0.291(5) 0.185(5) 0.398(4) 0.291(5)
09 0.831(4) 0.637(5) 0.684(4) 0.844(4) 0.639(5)
010 -0.006(4) 0.866(4) 0.682(5) -0.018(5 0.853(4)
o11 0.473(4) 0.888(5) 0.770(5) 0.493(4) 0.911(5)
012 0.578(5) 0.667(5) 0.543(6) 0.567(5) 0.686(5)
013 0.251(4) 0.053(6) 0.079(5) 0.244(5) 0.057(6)
014 0.214(5) 0.098(5) 0.401(5) 0.211(5) 0.101(5)
Lil 0.525(17) 0.406(17) 0.120(19) 0.598(22 0.509(2
Li2 0.681(15) 0.656(14) 0.223(20) 0.723(14 0.589(1
Li3 0.557(18) 0.506(19) -0.044(22) 0.391(24 0.23)(
Li4 = Fe3 = Fe3 = Fe3 = Fe3 = Fe3
Li5 = Fe2 = Fe2 = Fe2 = Fe2 =Fe2
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Table 2. The main parameters of the Rietveld strattefinement.

Sample LFP LFP/C
a=11.0229(7) a=11.0317(9)

b=9.7581(6) b =9.7616(7)

Lattice parameters /A c=9.8111(5) c =9.8163(6)

B =101.521(4)° B=101.529(4)°
Primitive cell volume /& 1034.0(1) 1035.8(1)

Crystallite size /nm 240(9) 164(5)

Fe2/Fe3 iron partial occupancy0.85(2)/0.15 0.71(2)/0.29

Weight percent of LiFeP0% 8:7(2) 9.3(1)

Rwp factor /% 2.62 2.23

Table 3. The fitted Mossbauer hyperfine parameteessroom temperatufe.

Sample Phase  Site Al % Ay % I’mms' o/ mms' A/ mms'
py Fel & 43(7) 44.3 0.43(1) 1.27(3) 2.18(6)

LEP Fe?* ™  37(10) 38.2 0.36(2) 1.225(4) 2.56(3)
Fet *  17(9) 17.5 0.27(5) 1.128(8) 2.17(2)

P2 Fer® ¢ 3(1) 0.21 1.201(8) 2.94(2)

py Fe’ ¢ 50(6) 52.1 0.41(1) 1.27(1) 2.16(3)

LEP/C Fe2t ™ 27(7) 28.1 0.32(2) 1.221(3) 2.58(2)
Fe?" ™ 19(6) 19.8 0.26(3) 1.123(7) 2.17(2)

P2 Fan® 41 0.21 1.218(6) 2.95(1)

°A- relative area of subspectrudy;- the relative area within the 4HeRO; phase7- line width;

0 - measured isomer shifs-quadrupole splitting. Identified phases: P1 ;FeRO; and P2 -
LiFePQ,. Site designation: o- completely filled FgOctahedral site, tb - partially filled FeO
trigonal-bipyramidal site. The fitting errors areepented in parenthesis, while asterisk denotes
the fixed value of linewidth.
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Table 4.The kinetic parameters obtained from ttiendj of the electric equivalent circuit to the

experimental data.

sample LFP LFP/C
Rs 0 71.67 61.91
Rct 422.7 121.3
Zw /Q s* 32.60 33.15
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Figure captions
Figure 1. FESEM micrographs of LFP (a, b) and IG-/,d).

Figure 2. The observee) (calculated (-), and the difference between theeoved and calculated
(bottom) X-ray diffraction data taken at a room pamature of a) LFP and b) LFP/C powders.
Vertical markers below the diffraction patternsigade positions of possible Bragg reflections

for monoclinic LbFeRO; (upper) and for olivine-type LiFeR@ower).

Figure 3. The arrangement of lithium polyhedra imonoclinic LjFeRO; structure viewed

along thec-axis.

Figure 4. The Mossbauer spectra at T = 294 K @fR®and b) LFP/C. The experimental data
are presented by solid circles and the fit is gibgithe red solid line. Vertical arrow denotes
relative position of the lowermost peak with a egpgo the basal line (relative transmission).
The fitted lines of subspectra are plotted aboeenin spectrum fit the Fel doublet (olive), the
Fe2 doublet (cyan), the Fe3 doublet (blue), and.tRePQ, (orange). The error is depicted as
the difference (Th-Exp). The largest value of thedute difference is less than a) 0.18% and b)
0.14%.

Figure 5. FTIR spectra of LFP (red) and LFP/C (hlue

Figure 6. The Nyquist plots of LFP (red) and LFR®Bie) and the equivalent circuit scheme

used for the EIS analysis.

Figure 7. The discharge curves of LFP (red dasine)l ind LFP/C (blue solid line) at different

current rates and the rate performance (inset).
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* Methylcellulose matrix isused for the synthesis of Li,FeP.O; and carbon composite.
» Theformation of carbon altered the partial occupancy of the mixed-occupied sites.
* Increased conductivity due to the reduction of the charge-transfer resistance.
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