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Several aqueous solution-gel precursors for the Li ion battery cathode material 

LiFePO4, were synthesized. These differ in their composition, both regarding their 

Fe source, as well as in the complexing agent present. Fe(II) lactate hydrate is for 

the first time used as Fe2+ source. The ability to use an Fe3+ source (Fe(III) nitrate 

nonahydrate) for the synthesis of LiFePO4 is also investigated. Our results show 

that it is possible to reduce the Fe3+ to Fe2+, necessary to enable LiFePO4 phase 

formation, during annealing under specific conditions. The decomposition behavior 

for these precursors in dry air, as well as in an inert atmosphere, is shown. Raman 

spectroscopy is used to evaluate the structure of the carbon phases present after 

annealing of the precursor powders. 

LiFePO4, Li ion battery, Cathode, Aqueous solution-gel synthesis, Iron lactate, Iron 

nitrate 
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Introduction 

LiFePO4 (LFP) is a member of the class of phospho-olivine cathode materials 

(LiMPO4, with M = Fe, Mn, Ni, Co) for lithium ion batteries (LIB), which was 

discovered in 1997 [1, 2]. An important benefit of LFP in comparison with the 

original cathode in LIB, LiCoO2 (LCO), is the fact that iron is much more abundant 

and thus significantly cheaper than cobalt. Iron is the fourth most abundant element 

in the earth’s crust at 4.32%, while cobalt has an abundance of only 24 ppm [3]. On 

top of that, iron is also non-toxic. LFP has a theoretical capacity of 170 mAh g-1
, 

and a practical capacity nearing this value (up till around 160 mAh g-1) [4]. While 

the theoretical capacity of LCO is significantly higher (274 mAh g-1), its practical 

capacity is limited to only about 140 mAh g-1, which corresponds with 

(de)intercalation in the range 0.5<x<1 in LixCoO2 [5]. The strong P-O covalent 

bonds in LFP increase the potential of the Fe3+/Fe2+ redox couple, in comparison 

with its presence in an oxide lattice, to a value of 3.45 V, resulting in an improved 

competiveness compared to LCO (4.2 V) [4]. 

 

Disadvantages associated with phospho-olivine cathode materials are their low 

electronic conductivity (< 10-9 S cm-1 for LFP) and low Li+ diffusion coefficient (≈ 

10−14 cm2 s−1 for LFP) [4, 6, 7]. The latter is a consequence of the crystal structure, 

in which Li+ diffusion is only possible via narrow tunnels along the [010] 

crystallographic direction [8, 9]. The limited electrical conductivity and Li+ 

diffusion coefficient come to expression at elevated (dis)charging rates. To reduce 

the effect of this intrinsically limited diffusion coefficient and conductivity, one 

generally reduces particle sizes and coats the particles with conductive carbon 

respectively [10]. 

 

In this article, we present several aqueous solution-gel based precursors for LFP. 

Upon annealing of the dried precursor powders in an inert argon atmosphere, a 

conductive carbon coating around the particles will be created by the decomposition 

of the complexing agents present. LFP has been reported to start crystallizing at 

around 450°C [11, 12]. An annealing temperature of at least 500°C is however 

necessary for the carbon phase to become conductive [13]. At temperatures higher 

than 750°C, an Fe2P impurity phase is observed [13], which becomes dominant at 
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a temperature of 840°C [14]. Therefore, an annealing temperature of 650°C is used 

in this study. 

 

Several precursors will be presented, differing mainly in their source of Fe ions and 

complexing agents. In LiFePO4, the iron ion is present as Fe2+. Therefore, an Fe(II) 

salt is preferred as a starting product. The anion of this salt should however not 

interfere with the chemistry of the other species in the precursor. Only a limited 

number of such salts are commercially available. We therefore investigated Fe(II) 

lactate hydrate as a novel inexpensive iron source in an aqueous solution-gel 

synthesis of LFP. Furthermore, we also investigated the compatibility of Fe(III) 

compounds with this synthesis route, by using Fe(III) nitrate nonahydrate, which is 

an inexpensively available Fe(III) source. Fe(III) nitrate nonahydrate was already 

used by Chen et al. [15], but resulted in that case in a LiFePO4(C+Fe2P) composite. 

Lin et al. [16] also used Fe(III) nitrate nonahydrate for the synthesis of LiFePO4. 

They however used a two-step heat treatment, ending with an anneal at 800°C in an 

Ar/H2 95/5 atmosphere, using the H2 present to reduce Fe(III). Another approach is 

to use a FePO4 precursor, synthesized beforehand from Fe(III) nitrate nonahydrate, 

and combine this in an extra thermal step with Li2CO3 and an organic component 

in an inert [17] or reducing atmosphere [18, 19], to produce LiFePO4. In our study, 

we show that by adjusting our synthesis conditions appropriately, Fe(III) from our 

dried precursor gels can be reduced and incorporated into the LFP lattice as Fe(II) 

during anneal without the use of any additional reactants, without the use of FePO4 

as an intermediary precursor, and without the use of H2 as a reducing agent. 

 

Experimental 

Precursor synthesis 

Aqueous precursor solutions for LiFePO4 were prepared using an Fe-containing 

salt, LiH2PO4 (as source for Li+ and PO4
3-), and a complexing agent. Fe-containing 

salts studied were: Fe(II) lactate hydrate (≥ 98.0%, Sigma-Aldrich) and Fe(III) 

nitrate nonahydrate (ACS, ≥ 98%, Sigma-Aldrich). The hydrate content of the 

Fe(II) lactate hydrate starting product was quantified to be 2.1 H2O molecules per 

formula unit by thermogravimetric analysis (TGA) and verified using inductively 
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coupled plasma optical emission spectroscopy (ICP-OES) before precursor 

synthesis. Complexing agents used were citric acid (CA) (99%, Sigma-Aldrich), 

ethylenediaminetetraacetic acid (EDTA) (Triplex® II, Merck) and L-ascorbic acid 

(AA) (≥ 98%, Sigma-Aldrich). Starting products were combined for the different 

precursors as listed in Table 1, were dissolved together in 70% of the final volume 

Milli-Q water and stirred under refluxing conditions at 50°C for 2 hours to obtain a 

clear solution. In the case of Fe(NO3)3 as iron source, it proved necessary to add the 

CA while stirring to a solution already containing the Fe(NO3)3 and LiH2PO4. In 

case of EDTA as the complexing agent, the dispersion remained turbid, and 

addition of ammonia (NH3) (32 wt%, extra pure, Merck) after this heating step to 

the warm solution was necessary to fully dissolve the complexing agent to obtain a 

clear solution, hereby increasing the pH from ∼2.3 to ∼5.4. After cooling down the 

precursor solutions to room temperature, Milli-Q water was added to further dilute 

the precursors to the final concentrations. Solid precursor powders were obtained 

by drying the precursor solutions overnight at 80°C in a Binder lab oven, inducing 

gelation, and grinding them afterwards with a mortar and pestle. 

 

Table 1: Precursor compositions. 

Precursor LFP-1 LFP-2 LFP-3 LFP-4 

Li+ and PO43- 

source 

LiH2PO4 (1 eq.) LiH2PO4 (1 eq.) LiH2PO4 (1 eq.) LiH2PO4 (1 eq.) 

Fe source Fe(II) lactate 

hydrate (1 eq.) 

Fe(II) lactate 

hydrate (1 eq.) 

Fe(III)(NO3)3 

(1 eq.) 

Fe(III)(NO3)3 (1 

eq.) 

Complexing 

agent 

CA (1 eq.) EDTA (2 eq.) CA (1 eq.) AA (4 eq.) 

NH3 added? No Yes No No 

Final 

concentration1 

0.075 M 0.3 M 0.1 M 0.05 M 

 

                                                 
1 With respect to “LiFePO4 in solution”. 
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Annealing 

The precursor powders were annealed in an alumina crucible in a tube furnace. 

Unless mentioned otherwise, the standard program, consisting of a heating step to 

650°C at 10°C/min, followed by an isothermal period of 4 hours in an argon 

atmosphere (0.5 L/min) (Alphagaz 1, 99.999%, Air Liquide), was used. Before 

starting the heating procedure, the tube containing the sample was flushed with 

Argon gas for 1 hour, to remove the oxygen. 

Apparatus 

ICP-OES analysis was done on a Perkin Elmer Optima 3000 DV. TGA was 

performed on a Dupont 951 Thermo Gravimetric Analyzer (standard procedure: 

10°C/min to 700°C, 100 ml/min dry air atmosphere or He atmosphere). In the case 

of an experiment in He atmosphere, the TGA chamber was flushed for 1 hour with 

helium prior to each experiment to ensure an oxygen free environment during the 

heating. Powder X-ray diffraction (XRD) patterns were obtained on a Siemens 

Diffractometer D5000 (Cu Kα1 radiation). Raman spectra were recorded with a 

Horiba Jobin-Yvon T64000 spectrometer equipped with a confocal microscope. 

Excitation of the samples was performed with an Ar-ion 488 nm laser (Nexel 95). 

The instrument was calibrated using the Si (520.7 cm-1) mode. 

Results and discussion 

Precursor decomposition behavior 

Precursors based on Fe(II) lactate hydrate were prepared as described in the 

experimental section with CA (LFP-1) and EDTA (LFP-2) respectively, as well as 

a precursor based on Fe(III) nitrate nonahydrate with CA as complexing agent 

(LFP-3). The decomposition behavior of the dried and grinded precursor powders 

was studied using TGA. Decomposition behavior in dry air atmosphere was studied 

to learn about the thermo-oxidative decomposition behavior of the different 

precursors when oxygen is present. Results of this are shown in Figure 1. The lactate 

and CA containing precursor (LFP-1) is already almost completely decomposed 

(∼60% mass loss) after a sudden mass loss around 232°C, while complete 

decomposition is obtained at around 400°C, making it the precursor with the lowest 

decomposition temperature. As pure CA shows a maximum decomposition rate at 
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∼198°C when heated at 10°C/min under dry air atmosphere, and a maximum rate 

of mass loss at ∼172°C was observed for pure Fe(II) lactate 2.1 H2O, it is reasonable 

to assume the mass losses at ∼215°C and ∼232°C in the case of LFP-1 are related 

to the decomposition of lactato-citrato complexes [20]. The first one is  also present 

in the decomposition of LFP-2 (EDTA – lactate precursor), corroborating its link 

with the decomposition of lactate complexes. LFP-2 clearly shows the largest mass 

loss (only ∼18% remains). This can be understood by the fact that this precursor 

contains the largest amount of organics (i.e. ∼585 g/mol for 2 eq. of EDTA vs. 

∼192 g/mol for 1 eq. of CA in LFP-1). The nitrate and CA containing LFP-3 

precursor has the highest relative end mass, because of its limited presence of 

organics. The weight loss in the region between 130°C and 190°C is expected to be 

mainly related to the decomposition of nitrate [21]. The decomposition step with a 

maximum rate of mass loss at ∼229°C can again be linked to the decomposition of 

CA. 

 

 

Figure 1: TGA of dry LFP precursor powders (green: LFP-1, red: LFP-2, blue: LFP-3). Heated at 

10°C/min in dry air atmosphere. 

 

Figure 2 shows the decomposition behavior of these precursors in an inert 

atmosphere (He). These decomposition experiments mimic the behavior during the 

actual annealing in a tube furnace in an inert argon atmosphere. Due to the lack of 
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oxygen present, oxidative decomposition is suppressed, resulting in a more gradual 

decomposition. The organic complexing agents are however only partially 

decomposed at the final temperature, as the final masses are higher than in an 

oxidative atmosphere (47.7% for LFP-1, 36.3% for LFP-2 and 41.1% for LFP-3). 

The residual organic content was converted to conductive carbon [13]. 

 

Figure 2: TGA of dry LFP precursor powders (green: LFP-1, red: LFP-2, blue: LFP-3). Heated at 

10°C/min in helium atmosphere. 

Phase formation 

Annealing of the precursor powders was done at 650°C in argon atmosphere, as this 

is reported to be the optimum temperature for obtaining LiFePO4 with a conductive 

carbon coating [13]. The product obtained after a standard anneal, as described in 

the experimental section, originating from a LFP-1 or LFP-2 precursor shows 

clearly the formation of the desired LFP phase in its powder X-ray diffractogram 

(LFP reference: ICDD card number 01-083-2092), as can be seen in Figure 3. No 

noticeable (crystalline) impurity phases are observed.  



LFP precursors Page nr. 9 of 19 

9 

 

Figure 3: XRD patterns of precursors LFP-1 (lactate – CA precursor) in blue and LFP-2 (lactate – 

EDTA precursor) in red after annealing, together with the LFP reference pattern (ICDD 01-083-

2092). 

 

Diffraction peaks corresponding to LFP could however not be observed in the XRD 

pattern of the annealed LFP-3 precursor, using the same annealing treatment as for 

LFP-1 and LFP-2. Instead of phase pure LFP, a mixture of several phases was 

formed. In this pattern, shown in Figure 4, peaks are assigned to Li3PO4, and phases 

containing Fe(III): β-Fe2O3 and Fe3PO7. These are reported as common impurities 

in the synthesis of LFP [13, 22, 23]. It is clear that the processing parameters during 

the anneal did not allow the Fe3+ ions, originating from Fe(III) nitrate to be reduced 

to Fe2+. We conclude that this is necessary to be able to form the LiFePO4 phase. 
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Figure 4:XRD pattern of a LFP-3 (Fe(III) nitrate – CA) precursor powder after a standard annealing 

procedure together with ICDD references patterns of Fe3PO7, β-Fe2O3 and Li3PO4. 

 

Subsequently, the parameters of the standard annealing process were varied, 

studying if these new conditions would enable the reduction of Fe3+ ions from the 

LFP-3 precursor to Fe2+ during the anneal. One approach encompassed a decrease 

of the heating rate. Decreasing this rate from the standard 10°C/min to 2°C/min did 

indeed enable reduction of Fe3+, as the XRD pattern of this product shows again a 

phase pure LFP product (as can be seen in Figure 5a). On the other hand, also a 

longer isothermal step in the annealing process was investigated. By heating the 

sample again at the standard rate of 10°C/min to 650°C, but keeping the sample in 

the flowing argon atmosphere for 24h instead of 4h, the Fe3+ could again be reduced 

to Fe2+, resulting in a phase pure LFP product (shown in Figure 5b). Both results 

show that LFP can indeed be formed from a precursor containing Fe3+ and no 

organic material other than the 1 eq. of CA used as the complexing agent in the 

solution-gel synthesis. These results can be explained by taking a closer look at the 

processes occurring during the anneal in an inert atmosphere. It has been reported 

that reducing gases (hydrogen and hydrocarbon gasses) are produced during the 

pyrolysis of the organic material present in the precursor powders. These reducing 

gasses allow the formation of conductive carbon out of partly decomposed organics, 
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as well as enable the reduction of Fe3+ [13, 24–27]. A slower heating rate, results in 

a more gradual decomposition of the organics and more gradual evolution of 

reducing gasses. Our results show that this enhances the reduction of Fe3+. The 

longer annealing period also enables the reduction of Fe3+. This might be explained 

by carbothermal reduction, where the conductive carbon formed throughout the 

sample, allows the reduction of Fe3+. Although according to Ravet et al. [26], the 

process of Fe3+ reduction by carbon is only efficient at temperatures starting around 

about 1000°C, the long annealing time of 24h might still allow this reduction, 

possibly catalyzed by the presence of the (precursors of) LiFePO4. 

 

 

Figure 5: X-ray diffractograms of (a) LFP-3 precursor, annealed at a heating rate of 2°C/min instead 

of 10°C/min, (b) annealed for 24h instead of 4h, and (c) LFP-4 precursor, in which 1 eq. of CA was 

changed for 4 eq. of AA. All these modifications allowed the reduction of Fe3+ to Fe2+ and 

subsequently LFP phase formation. 

 

Instead of modifying the annealing process (heating rate and isothermal period) to 

reduce the Fe3+, it was also found that modifying the precursor composition can 

also enable the formation of LFP using the standard annealing process parameters. 

This new precursor (LFP-4) differs from the LFP-3 precursor composition by 

replacing the 1 eq. of CA by 4 eq. of ascorbic acid, as ascorbic acid is known for its 

ability to reduce Fe(III) to Fe(II) in solution [28]. This hypothesis was also verified 

by adding a small amount of a solution of KSCN to the precursor solution. In the 
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presence of free Fe3+ species, this would result in a deep-red color change, due to 

the formation of Fe(III)(SCN)3 complexes. This was however not observed, 

indicating that the Fe3+ was indeed already completely reduced to Fe2+ in solution. 

It is, however, known that this qualitative analysis may suffer from interference in 

the presence of phosphate ions, as these can form stable Fe3+ complexes [29]. In 

order to exclude this interference, new solutions were prepared, which did not 

contain LiH2PO4. Also in this case, no deep-red color change was observed, 

indicating that the Fe3+ is truly reduced to Fe2+ in solution in the presence of 

ascorbic acid. We furthermore observed that this reduction reaction happens 

instantaneously upon mixing Fe(III)(NO3)3 and ascorbic acid in water, even without 

any heating. The photograph in Figure 6 includes samples of Fe(III)(NO3)3 and 

ascorbic acid before and after addition of KSCN (c and d respectively), while also 

showing Fe(III)(NO3)3 without and with KSCN added (a and b respectively), the 

latter showing the typical deep-red color of Fe(III)(SCN)3 as a reference. The phase 

pure result after a standard anneal using the LFP-4 precursor can be seen in Figure 

5c.  

 

 

Figure 6: Photograph showing from left to right solutions of: (a) Fe(III)(NO3)3, (b) Fe(III)(NO3)3 + 

KSCN, (c) Fe(III)(NO3)3 + ascorbic acid, (d) Fe(III)(NO3)3 + ascorbic acid + KSCN. Sample (b) 

shows the typical deep-red color of the Fe(III)(SCN)3 complex, which forms in the presence of free 

Fe3+. In sample (d), which in addition also contains ascorbic acid, no such color is observed, 

indicating that the Fe3+ is already reduced to Fe2+. 

Conductive carbon 

Raman spectroscopy was used to get an understanding of the structure of the carbon 

present in the LFP samples after anneal. This (conductive) carbon present at the 

particle surfaces enhances the electronic conductivity of the LFP particles, which is 
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an important parameter for its application in LIB cathodes. Figure 7 shows the 

Raman spectra for different product powders in the region between 1000 cm-1 and 

2000 cm-1. The broad bands centered on ∼1350 cm-1 and ∼1600 cm-1 correspond 

to what are commonly called the D- (disordered) and G- (graphite) bands of carbon 

respectively. These bands are however both composed of two major peaks, with 

their relative contribution depending on the carbon structure [13]. In order to semi-

quantitatively assess the shape of these bands, deconvolution is necessary. 

Deconvolution procedures for carbon D- and G-bands have been described before 

in literature [27, 30–33]. Our deconvolution procedure was based on Maccario et 

al. [33], fitting the 4 peaks with a Voigt peak profile as in Golabczak et al. [34]. 

Fitting results are shown in Table 2. R2 > 0.98 was obtained for all fits. The peaks 

at ∼1200 cm-1 and ∼1530 cm-1 which are situated next to the actual D- and G- peaks 

in the D- and G-bands respectively, are commonly assigned to vibrations related to 

sp3-type carbon [27, 31, 35]. The actual D-peak is situated at ∼1350-1360 cm-1 [27, 

30, 33]. In a perfectly ordered graphene sheet [36], it would not occur, as it is a 

disorder-allowed mode [37, 38]. The peak with a maximum at ∼1600 cm-1 is the 

actual G-peak, which is linked to the in-plane vibrational mode of the movement of 

two carbon atoms moving in opposite directions in a graphene sheet [36]. A 

parameter that has been used to relate the Raman spectrum of a carbon coating to 

its electronic conductivity is the relative (integrated) intensity ratio of the D- and 

G-peaks: R = ID/IG [39]. A lower value for this ratio corresponds to a less disordered 

carbon phase, resulting in a higher expected conductivity. As can be seen in the 

fitting data, shown in Table 2, R = ID/IG is calculated to be 1.86, 1.57 and 2.02 for 

annealed products originating from LFP-1, LFP-2 and for LFP-3 respectively. 

Although the differences in R are not that pronounced, the annealed product 

resulting from LFP-2 is expected to be slightly superior in terms of electronic 

conductivity. Since the structure of the carbon present after annealing is reported to 

be dependent on the nature of the organic material present in the precursor powder 

[40], these results are reasonable. 
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Figure 7: Deconvoluted Raman spectra of LFP-1, LFP-2 and LFP-3 annealed powders. 
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Table 2: Parameters of the fitted Voigt peaks in the Raman spectra of LFP-1, LFP-2 and LFP-3. 

LFP-1 LFP-2 LFP-3 

Peak positions (cm-1) 

1202 1211 1188 

1349 (D) 1366 (D) 1352 (D) 

1530 1525 1525 

1599 (G) 1601 (G) 1602 (G) 

Peak areas (arbitrary units) 

63.81 60.12 25.27 

75.35 (D) 138.33 (D) 101.13 (D) 

72.05 66.95 97.93 

40.54 (G) 88.12 (G) 50.02 (G) 

Voigt FWHM (cm-1) 

198.30 275.40 151.33 

158.86 (D) 192.95 (D) 189.17 (D) 

196.92 137.45 179.32 

68.44 (G) 104.19 (G) 76.06 (G) 

ID/IG 

1.86 1.57 2.02 

 

Conclusions 

We showed that LiFePO4 can be synthesized via an aqueous solution-gel method, 

both when the precursor contains an Fe(II) salt, as well as when it contains an Fe(III) 

salt. As the iron ion is in the 2+ state in LiFePO4, a reduction to Fe(II) is necessary 

during synthesis when using a Fe(III) salt. This reduction can be enabled due to the 

reducing gasses, produced by the decomposition of organic complexing agents 

present in the precursor, in an inert atmosphere during annealing. However, we 

showed that this reduction only happens optimally under specific process 

conditions. The heating rate is an important controlling parameter, as a slower 

heating rate will ensure a longer contact time of the sample with the reducing 

decomposition gasses. Increasing annealing time also improved the reduction 

reaction. Apart from a longer contact time with reducing gasses, carbothermal 

reduction of the sample with the formed carbon phase can also enhance reduction. 
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Raman spectroscopy indicates the presence of conducting carbon in all annealed 

samples. We have shown that the choice of the organic complexing agents 

influences the structure of the conductive carbon, which will ultimately influence 

battery performance (especially rate performance). The ratio R = ID/IG is the 

smallest for the Fe(II) lactate – EDTA based precursor, indicative for the best 

conductive carbon present.  
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