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Lithium ion transport through the cathode material LiFePO4 (LFP) occurs predominately along one-

dimensional channels in the [010] direction. This drives interest in hydrothermal syntheses, which enable

control over particle size and aspect ratio. However, typical hydrothermal syntheses are performed at

high pressures and are energy intensive compared to solid-state reactions, making them less practical

for commercial use. Here, we show that the use of high precursor concentrations enables us to achieve

highly crystalline material at record low-temperatures via a hydrothermal route. We produce LFP

platelets with thin [010] dimensions and low antisite defect concentrations that exhibit specific discharge

capacities of 150 mA h g�1, comparable to material produced with higher temperature syntheses. An

energy consumption analysis indicates that the energy required for our synthesis is 30% less than for

typical hydrothermal syntheses and is comparable to solid-state reactions used today, highlighting the

potential for low temperature hydrothermal synthesis routes in commercial battery material production.
Fig. 1 Specific energy consumption of the LFP synthesis step as
a function of hydrothermal reaction temperature and total precursor
Lithium iron(II) phosphate (LFP) is a commercially-used
lithium ion battery (LIB) cathode material that offers some
advantages over other cathode materials due to the fact that it
does not contain cobalt, and that it has a at voltage prole
and a high rate capability.1 It is commercially produced in
a solid-state synthesis route; however, this well-established
preparation offers less morphology and composition control
than wet chemistry approaches.2 A large number of sol-
vothermal syntheses have emerged for LFP,3 especially
using water as the solvent (i.e., hydrothermal syntheses).3–12

Typically, these hydrothermal syntheses are performed with
a precursor concentration in the range of 0.1–0.3 M, at
temperatures between 150 �C and 200 �C, and for a time in the
order of ten hours.5,7–9 Rather high process temperatures (150–
200 �C) pose two issues towards commercialization: (i) the
energy consumption for hydrothermal production of LFP is
signicantly higher than for the solid-state LFP synthesis and
(ii) the vapor pressure of water can reach more than 10 bar,
requiring a special reactor design.13 A commercially viable LFP
hydrothermal synthesis will therefore require reduction of the
reaction temperature.

To nd the parameters at which the specic energy
consumption of a hydrothermal synthesis process could
compete with the solid state one, we develop a model to esti-
mate the energy required for the hydrothermal-based synthesis
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of LFP from mine to ready-to-use cathode material. Extending
upon existing literature,13–18 we consider the impact of the key
parameters such as synthesis temperature, precursor concen-
tration, and reaction time on the specic energy consumption.
Details of the model are given in the ESI,† and the dependence
of the specic energy on reaction temperature and precursor
concentration is shown in Fig. 1. The energy consumption of
the hydrothermal synthesis is largely related to the large heat
capacity of water, which makes the heating of the reactor
concentration. The blue shaded region indicates the energy
consumption of typical hydrothermal syntheses, the synthesis re-
ported here is indicated green. The iso-energy line corresponding to 3
MJ kg�1 is shown in bold, corresponding to the specific energy
consumption of a solid-state synthesis. The shaded triangular region
below this line represents a temperature and precursor concentration
window where a hydrothermal synthesis consumes less energy than
a solid-state synthesis.
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(not the time held at a specic temperature) energy intensive.
Our model shows that the reaction temperature as well as the
precursor concentration, Ctot play a role in energy usage. The
larger Ctot, the smaller the specic energy consumption
because, at lower concentrations, a smaller mass of LFP is
created for the same heated volume of water. For temperatures
of 150 �C, a hydrothermal synthesis can only compete with the 3
MJ kg�1 energy consumption of a solid-state synthesis if the
precursor concentration were at the solubility limit of LiOH
in water. With decreasing the reactor temperature, the de-
pendence of energy consumption on concentration weakens,
allowing a larger range of possible precursor concentrations.

Based on this analysis, we aim to develop a synthesis at
115 �C that still yields battery grade material. At this tempera-
ture, the specic energy consumption can be lowered to 3 MJ
kg�1 using a feasible precursor concentration (i.e., one below
the solubility limit) and the vapor pressure in the reactor will be
about 1.5 bar, presenting convenient operating conditions,
similar to a pressure cooker.

The hydrothermal synthesis of high-quality LFP at low
temperatures is a challenging chemistry task.4–6 Low temperature
syntheses result in slow growth kinetics and produce LFP with
poor crystallinity and a large number of antisite defects (i.e., Fe
atoms populating the Li positions). These antisite defects block
the [010] Li transport channels in the LFP structure and ulti-
mately decrease specic charge capacities.19–22Moreover, the slow
growth kinetics lead to a low number of nuclei, leading to thicker
LFP particles and thus longer [010] Li channel lengths such that
there is a higher probability of antisite defects blocking them.23

In this letter, we present a study of low-temperature hydro-
thermal synthesis of LFP platelets. In particular, we optimize
the precursor concentration and reaction time in order to ach-
ieve battery-grade LFP material. We then perform the carbon
coating of LFP platelets and show electrochemical performance
on par with that synthesized at higher temperatures with
specic discharge capacities of up to 150 mA h g�1 at C/5 and
120 mA h g�1 at 1C rate.

Scheme 1 shows our low temperature synthesis approach. As
detailed in the Experimental methods, we use typical precursors
for hydrothermal synthesis of LFP: LiOH, H3PO4, and FeSO4-
$7H2O.4–11 We also use ethylene glycol (EG) as an additive,5,7 which
is known to decrease the solubility of the precursors, increase the
number of nucleation sites, and thereby achieve smaller particle
dimensions.7 Here, to ensure that the role of the EG is primarily in
coordination of the LFP surfaces and to be close to a possible
commercial application, we work with small additive concentra-
tions and select a xed molar ratio of [LiOH] : [FeSO4$7H2-
O] : [H3PO4] : [EG] ¼ 3 : 1 : 1 : 0.1 for all syntheses.
Scheme 1 Preparation procedure of battery grade LiFePO4.

17764 | RSC Adv., 2017, 7, 17763–17767
To assess our ability to control material quality as well as
particle shape and size with our low temperature hydrothermal
synthesis, we systematically look at the effect of (1) precursor
concentration and (2) reaction time. Since density function
theory (DFT) calculations suggest that the symmetric stretching
band of the PO4 group is redshied when the antisite defect
concentration is increased,5 we use Fourier transform infrared
(FTIR) spectroscopy to assess material quality. Scanning elec-
tron microscopy (SEM) enables us to obtain approximate the
particle morphology.

Even though it is generally accepted that the total precursor
concentration inuences the supersaturation24 and therefore
the reaction kinetics, crystallinity, and particle size, it has not
been extensively studied in hydrothermal syntheses of LFP.11

We investigate measurements performed on LFP samples aer
16 hours of reaction. The FTIR spectra of the PO4 stretching
modes of each sample at different concentrations are shown in
Fig. 2a. Increasing the precursor concentration, Ctot, results in
LFP particles that show sharper spectral features and a shi of
the PO4 stretching band towards lower wavenumbers, both
indicating smaller defect concentration (Fig. 2b). These FTIR
results are consistent with Rietveld renements on X-Ray
diffractograms (Fig. 2S†), from which we nd a decrease of
antisite defects with increased Ctot (Fig. 3S†). The decrease in
antisite defect with increasing precursor concentration can be
explained by faster reaction kinetics at higher concentrations,
whereby the LFP crystals form faster and have more time within
the set reaction time of 16 hours to recrystallize. This is sup-
ported by SEM images (Fig. 2c) showing that, at low Ctot, the
particles are not all evolved, while uniform platelets are formed
for increasing Ctot.

Increasing the precursor concentration also affects the
particle morphology. With increasing Ctot, the average particle
thickness decreases from 220 nm to 150 nm (Fig. 2d) while the
platelet diameter remains approximately constant around 1.6
mm (Fig. 2e). These results can be explained by DFT calcula-
tions21 and previous experimental results,5,7 which suggest that
both water and EG cap the (010) facet, inhibiting growth in the
[010] direction.

To investigate the optimal reaction time for a low
temperature hydrothermal synthesis, we construct a sampling
reactor that enables us to remove material at different times
during the reaction (Fig. 4S†). We consider a reaction with
a precursor concentration Ctot ¼ 0.55 M. As shown in Fig. 3a,
with increasing reaction time, the average particle thickness
tends to increase slightly and the distribution of thicknesses
broadens (i.e., 130 nm � 50 nm at 3 hours to 150 nm � 70 nm
at 72 hours), reecting the Ostwald ripening process.25 At the
same time, defect concentration (as quantied by the peak
position of the symmetric PO4 stretching band) decreases
with longer reaction times (Fig. 3b) due to recrystallization of
LFP. This poses a trade-off, because for the highest charge
capacity both thin platelet morphology LFP particles (i.e.,
short [010] Li channels) and low antisite defect concentra-
tions are required. We thus expect a reaction time in the
middle of those tested (e.g., 48 hours) to exhibit the best
electrochemical performance.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Dependence of defect concentration and particle morphology as a function of molar concentration of precursors, Ctot, in water.
Precursors are fixed in a ratio of [LiOH] : [FeSO4$7H2O] : [H3PO4] : [EG] ¼ 3 : 1 : 1 : 0.1. (a) FTIR spectra and (b) position of the symmetric P–O
stretching band peak for samples synthesized at different precursor concentrations. (c) SEM images, (d) mean particle thickness, and (e) mean
particle diameter are also shown for different precursor concentrations.
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To test the electrochemical performance of our newly ob-
tained material, we prepare the LFP particles for electro-
chemical cycling by carbon coating them. The LFP particles are
mixed with D-glucose, pressed into pellets, and annealed at
600 �C resulting in LFP particles with a coating of 3 wt% of
carbon. XRD, FTIR, SEM, and transmission electronmicroscope
(TEM) measurements suggest that the carbon coating step
Fig. 3 Two different batches (circles, triangles) of LFP platelets synthesize
and their thickness (a) and the peak position of the symmetric P–O stretch
measurements. (c) Polarization curves at C/10 rate of LFP samples pre
different C rates (1C ¼ 0.17A g�1) of LFP synthesized at 115 �C at a precur
indicates the error bars on the measurements, which are determined by
different batches of material.

This journal is © The Royal Society of Chemistry 2017
removes the solvent incorporated in the crystal and provides
a conductive coating but does not affect the particle crystal
structure or the antisite defect concentration. As described in
the methods, electrodes are made from different particle
batches and cycled vs. lithium in a half-cell conguration.

Fig. 3c shows the electrochemical voltage vs. capacity curves
for C/10 (dis)charge for three LFP batches prepared with the
d under the same conditions are sampled as a function of reaction time
ing mode (b) is plotted. Shading indicates the standard deviation of the
pared with different reaction times. (d) Specific discharge capacity at
sor concentration of Ctot ¼ 0.55 M and a reaction time of 48 h. Shading
measuring 5 cells containing different electrodes prepared from two

RSC Adv., 2017, 7, 17763–17767 | 17765
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same precursor concentration of Ctot ¼ 0.55 M and reaction
times of 16, 48, and 72 hours. All three samples exhibit a at
voltage plateau and low polarization at a C/10 rate. Our
parameter sweep indicated that the best electrochemical
performance should result from particles synthesized for �48
hours, and indeed this sample performs best with a specic
discharge capacity >150 mA h g�1. Importantly, such high
discharge capacity of LFP material is already comparable to
values obtained by high temperature hydrothermal syntheses
and improves upon previous reports for low temperature
hydrothermal LFP synthesis.4,5 Furthermore, our LFP samples
show only very small capacity fading aer 50 charge/discharge
cycles (Fig. 6S†). Using galvanostatic cycling, the specic
discharge capacity at different C rates (1C ¼ 0.17 A g�1) is
determined from the LFP particles synthesized for 48 hours.
Fig. 3d shows the average discharge capacity and standard
deviation of sample electrodes prepared in different batches.
The specic charge capacity drops to 130 mA h g�1, when the
cycling rate is increased to 1C, which is comparable to high
temperature hydrothermal LFP syntheses.4–11

Table 1 summarizes the specic energy consumption of our
proposed hydrothermal synthesis, a high temperature hydro-
thermal approach proposed by Chen et al.,6 and a solid state
synthesis. This comparison includes the carbon-coating step in
our hydrothermal synthesis for which we assume an extra energy
consumption of 2 MJ kg�1. By increasing the concentration and
decreasing reaction time, our synthesis saves more than 30%
compared to high temperature hydrothermal syntheses, but still
consumes more energy than solid state syntheses. However, an
excess of lithium is used in the hydrothermal process, which
leads to the formation of Li2SO4. If this co-product was recycled,
the precursor energy consumption would decrease by up to 50%
eventually making the synthesis benecial from an energy
perspective. Of course, energy consumption during synthesis is
only a small part of the costs of the overall material production.
For instance, the aforementioned temperature dependent pres-
sure in the reactor has a high impact on investment cost due to
increased safety requirements. However, while increased reaction
time has only a small effect on energy consumption (heating up
to and not holding the temperature is the energy intensive step as
highlighted in Fig. 7S†), it does impact throughput. Therefore,
a multi-parameter optimization of temperature, reaction time,
and the process (e.g. using ow reactor set-up) would be neces-
sary for commercial introduction of a hydrothermal process.

In conclusion, we synthesized LFP platelet particles in
a hydrothermal synthesis with a low reaction temperature of
Table 1 Overview of the specific energy consumption of LFP prepared
by different synthetic approaches

Solid state
synthesis13

High temp.
hydrothermal6

Our
approach

Synthesis energy 3 MJ kg�1 19 MJ kg�1 5 MJ kg�1

Precursors energy 22 MJ kg�1 26 MJ kg�1 26 MJ kg�1

Reactor pressure 1 bar 10 bar 1.6 bar
Total 25 MJ kg�1 45 MJ kg�1 31 MJ kg�1

17766 | RSC Adv., 2017, 7, 17763–17767
115 �C. Increased precursor concentration together with small
amounts of EG as an additive lead to highly crystalline parti-
cles with a platelet-shaped morphology having small dimen-
sions along [010]. Using a sampling setup, we found the
counteracting effects of recrystallization and Ostwald ripening
lead to an optimal reaction time in the range of 48 hours. Our
analysis shows that reduction of reaction temperature and
increase of precursor concentration can bring the energy
consumption of a hydrothermal synthesis in line with that
of a solid state approach, while enabling particle size and
shape control not available with solid state approaches. This
work highlights the open potential for optimization of
hydrothermal processes at lower temperatures and higher
concentrations.

Experimental methods

In a typical synthesis of LFP, a 20 mL solution of LiOH (Sigma)
and the ethylene glycol (Sigma) is transferred into a 50 mL
stainless steel reactor. While stirring, 20 mL of H3PO4 solution
is added dropwise. A white precipitate of Li3PO4 forms. Ground
FeSO4$7H2O (Sigma) powder is quickly added to the dispersion
and the reactor is purged with N2 for 10 min. The nal molar
ratio [LiOH] : [FeSO4$7H2O] : [H3PO4] : [EG] in the solution is
kept 1 : 1 : 3 : 0.1. Aer purging, the reactor is heated with
a heating mantle. When the synthesis is nished, the resulting
off-white powder is washed in H2O and ethanol and dried at
80 �C. To coat the LFP particles with 3 wt% of carbon, glucose is
mixed thoroughly with the LFP particles. The mixture is pressed
in a pellet and then heated at 600 �C for 6 h in Ar/3 wt% H2

stream. The resulting powder is black.
To determine the particle dimensions, scanning electron

microscopy (SEM) images in secondary electron mode are taken
using a Hitachi SU-8200. The dimensions of 100–200 particles
are measured using ImageJ, see Fig. 8S† for details. FTIR spectra
are obtained on an attenuated total reection (ATR) setup with
Ge single crystal on a Bruker Vertex 70 Fourier transformed
infrared spectrometer. The observed symmetric PO4 stretching
band is t with a Gaussian function. X-ray powder diffraction
spectra are measured in a 2q range between 15� and 85� using
a Rigaku Smartlab diffractometer. Rietveld renements are
performed with the Maud soware.26 To analyze the Carbon
coated samples, transmission electron micrographs are taken
with a FEI F30 microscope.

To test LFP electrodes, 70 wt% of active material, 20 wt% of
Super C64 carbon black (Timcal), and 10 wt% of Kynar HSV900
polyvinylidene uoride binder are dispersed in N-methyl-2-
pyrrolidone (NMP, Sigma). Resulting slurries are blade coated
on an aluminum sheet and dried at 120 �C under vacuum for
8 h. Half cells were prepared under argon atmosphere, using
glass ber separator soaked with 500 ml of the electrolyte, a 1 M
solution of LiPF6 in 1 : 1 ethylene carbonate and dimethyl
carbonate (BASF), between the LFP cathode and lithium metal
reference. The cycling measurements are performed at room
temperature on a Biologic VMP3 potentiostat. The reported
values (data points) and errors (shaded regions) in Fig. 3 come
from the average and standard deviation of measurements on
This journal is © The Royal Society of Chemistry 2017
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different electrodes prepared with materials from different
synthesis batches, but with the same reaction conditions.
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