lonics (2021) 27:3259-3269
https://doi.org/10.1007/s11581-021-04113-x

ORIGINAL PAPER q

Check for
updates

Hydrothermal synthesis of olivine phosphates in the presence
of excess phosphorus: a case study of LiMn, gFe,, ;oMg, ,;PO,

Xu Chu'23 . Wei Chen'??. Haisheng Fang"*?

Received: 6 April 2021 / Revised: 17 May 2021 / Accepted: 19 May 2021 / Published online: 17 June 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Our previous work reported a new strategy based on a P excess reaction system to hydrothermally synthesize lithium transi-
tion metal phosphates (LiMPO,), and herein the effect of P excess on the synthesis and property of LiIMPO, is investigated
in detail by taking the multi-component LiMn, sFe, (Mg 5,PO, as a case. The results show that a proper degree of P excess
is fairly profitable for hydrothermal synthesis including the effect on suppressing the occurrence of undesired Fe** oxidation
during synthesis and improving the particle dispersion of hydrothermal product, and thus the obtained samples have enhanced
electrochemical performance. These effects of P excess should be general and applicable to hydrothermal synthesis of other

lithium transition metal phosphates.
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Introduction

Synthesis is of fundamental importance for materials
research and application, and the structure and property of a
material will depend on how it is synthesized. Hydrothermal
synthesis is known as a powerful process widely utilized to
prepare various functional materials [1-4], because it can
prepare crystalline powders directly from the solution at sub-
stantially lower temperatures without the need of post-heat
treatment, and moreover the powder structure and property
such as phase composition, particle size, and morphology
can be flexibly tuned by controlling the hydrothermal syn-
thesis conditions. Owing to these advantages, hydrother-
mal synthesis has become a common way to prepare cath-
ode materials for lithium-ion batteries [5-10], especially
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the olivine lithium transition metal phosphates (LiMPO,,
M =Fe, Mn, Ni, Co) which are one of the three types of
cathode materials in practical use [11-32]. As early as the
year 2001, Whittingham’s Group [33] initiated the synthe-
sis of LiFePO, by a hydrothermal reaction and thereafter
considerable works have been devoted to the hydrothermal
synthesis of LiIMPO, and their derivates [34-45], and the
strategy for hydrothermal synthesis was always based on a
Li excess reaction system for nearly two decades [6, 3341,
46—49]. It was not until the year 2019 that our group commu-
nicated a new strategy based on a P excess reaction system to
hydrothermally synthesize LiMPO, [50]. We demonstrated
that LIMPO, could be hydrothermally synthesized in the P
excess reaction system and could give competitive electro-
chemical performance. In addition, our report preliminar-
ily showed that the hydrothermal synthesis and property of
LiMPO, was apparently affected by the degree of P excess in
the reaction system, which deserves further detailed studies
to better understand the chemistry of this new hydrothermal
synthesis based on a P excess reaction system. Therefore,
in this paper, a multi-component LiMn, gFe, (Mg ;PO,
whose electrochemical performance is particularly promis-
ing as a cathode material as demonstrated by our previous
works [24-26] is hydrothermally synthesized in the P excess
reaction system as a case study and the effect of the degree
of P excess was investigated in detail.
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Experimental

A series of LiMn gFe, ;Mg ,,PO, samples were hydro-
thermally synthesized with various P excess (The molar
ratios of Li/M/P are 1:1:1.0, 1:1:1:1.2, 1:1:1.4, 1:1:1:1.6,
1:1:1.8, and 1:1:2.0, respectively, and M stands for metal
ions.). Metal sulfates at 0.03 mol (MnSO,-H,0 (>99%),
FeS0O,-7H,0 (=99%), and MgSO,-7H,0 (=99%) with
a molar ratio of 0.8:0.19:0.01) were firstly dissolved in
20 ml deionized water, and then the solutions of K,HPO,
(=98%, 0.03 ~0.06 mol K,HPO, dissolved in 20 ml deion-
ized water) and LiOH (0.03 mol LiOH«H,O (>95%) dis-
solved in 20 ml deionized water) were orderly added drop
by drop and thereafter stirred continuously for 1 h. The
suspension for hydrothermal reaction was prepared in the
nitrogen-filled glove box, and then the obtained suspen-
sion was transferred into Teflon-lined stainless steel auto-
claves and heated at 200 °C for 10 h. The precipitated
products were filtrated and fully washed with deionized
water and finally dried at 80 °C in vacuum. To prepare
LiMn, gFe, (Mg 4,PO,/C composite, the hydrothermally
synthesized LiMn¢Fe, (Mg, PO, was mixed with
sucrose (a nominal carbon content of 10 wt.% in the final
products) by ball milling, and the obtained mixture was
heated at 750 °C for 1 h under a nitrogen atmosphere.
The crystalline structures of the as-prepared
LiMn, sFe, ;Mg PO, samples were identified by X-ray
diffraction (XRD, TTR18kW, Japan) utilizing CuKa

Fig. 1 The suspensions after
hydrothermal synthesis with
various molar ratios of Li/M/P:
al:1:1.0,b1:1:1.2,c1:1:14,d
1:1:1.6,e 1:1:1.8, and f 1:1:2.0
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radiation. Lattice parameters were calculated by fitting the
XRD patterns using JADE with peak positions calibrated
by internal standard of silicon. Raman spectroscopy was
measured using a Reinshaw in Via Raman microscopy
with an Ar 514.5-nm laser as excitation source. The par-
ticle morphology and size of samples were observed by
field-emission scanning electron microscopy (FE-SEM,
Nova-Nano SEM450). The pH value of suspension was
tested by a pH meter (PHBJ-260, INESA). The residual
carbon content of samples was determined by a C-S Ana-
lyzer (COREY-150C, China).

Electrochemical performance of samples was assessed
using CR2025 coin cells with a lithium metal anode. The
cathode was made by mixing LiMn, ;Fe, ;Mg ;PO./C,
Super P, and polyvinylidene fluoride (PVDF) in a weight
ratio of 8:1:1 in N-methyl pyrrolidinone (NMP) to form
a homogenous slurry, which was coated on an aluminum
foil by a doctor blade coater and dried at 80 °C in vacuum.
The electrolyte was 1 M LiPF, in EC/EMC/DMC (1:1:1 in
volume) solution. All cells were assembled in an argon-
filled glove box. Cells were charged at a constant current-
constant voltage (CC-CV) mode and then discharged
at a constant current using a battery test system (Land
CT2001A). Electrochemical impedance spectroscopy
(EIS) was carried out on an electrochemical workstation
(Princeton Applied Research, AMETEK) in a frequency
range from100 kHz to 0.01 Hz with an AC signal of
0.5 mV. All electrochemical tests were conducted at 30 °C.
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Fig.2 a XRD patterns of samples hydrothermally synthesized with various molar ratios of Li/M/P and b XRD patterns of samples post-

annealed at 600 °C for 1 h under a nitrogen atmosphere

Results and discussion

Figure 1 shows representative photos of suspensions after
hydrothermal synthesis with different Li/M/P molar ratios.
With increasing the P excess, the suspension color gradu-
ally changed from yellowish brown to milky white. This
indicates the occurrence of undesirable oxidation reaction,
and the brown color of the suspension indicates oxidative
surrounding. The XRD patterns of samples hydrother-
mally synthesized with various molar ratios of Li/M/P are
displayed in Fig. 2a. It can be seen that all samples are
highly crystallized and can be identified as an orthorhom-
bic structure with a space group of Pnma, and no obvious
impurity peaks are found. Two samples with Li/M/P molar
ratios of 1:1:1.0 and 1:1:1.8 were post-annealed at 600 °C
for 1 h under a nitrogen atmosphere and further analyzed
by XRD, as shown in Fig. 2b. A tiny diffraction peak
of Fe,O5 impurity phase (indicated by asterisk) can be
observed in the pattern of the post-annealed sample with
a Li/M/P molar ratio of 1:1:1.0, while impurity peaks are
still not found in the pattern of the post-annealed sample
with a Li/M/P molar ratio of 1:1:1.8. For the hydrothermal

Table 1 Lattice parameters for samples hydrothermally synthesized
with various molar ratios of Li/M/P and the pH value of reaction sus-
pensions before hydrothermal synthesis

LiMP  a(A) b (A) c(A) V(A pH
1:1:1.0  6.09035 1044990 475271 30248  10.51
1:1:12  6.09428  10.44980 475114  302.57  10.04
1:1:1.4 609079 1043934 474815  301.90  9.82
1:1:1.6  6.08989  10.44129  4.74433  301.67 9.55
1:1:1.8  6.09010  10.44084  4.74514  301.72 9.39
1:1:20  6.09066 1043978  4.74488  301.70  9.06

synthesis of LiIMPO, [38], the reaction was often per-
formed in a solution under weakly acidic to weakly basic
conditions (6 < pH < 10). The similar phenomena are
observed within this research, as shown in Table 1. When
the Li/M/P molar ratio is 1:1:1.0, the pH value of reaction
suspensions before hydrothermal synthesis is greater than
10. Therefore, for impurities, it is most probably that dur-
ing hydrothermal synthesis, Fe** oxidizes to FeO(OH), not
to Fe,03, that on further heating converts to Fe,O;. How-
ever, it is certain that undesirable oxidation reaction (Fe2+
oxidation) indeed occurred in the hydrothermal reaction
system without P excess, and the formed oxide impurity
was present in an amorphous state in the hydrothermal
sample. These observations also indicate that the undesir-
able oxidation reaction can be suppressed by increasing P
excess. Turning our attention to Fig. 2a again, it is seen
that increasing P excess also results in an obvious shift
of diffraction peaks to higher angle at first and then the
shift becomes less obvious (peaks positions have been
calibrated by internal standard of silicon). The shift of dif-
fraction peaks indicates the variation in lattice parameters,
and the result of calculated lattice parameters is listed in
Table 1. It is seen that the lattice volume decreases with
increasing P excess, and this change becomes less obvious
when the molar ratio of Li/M/P increases to 1:1:1.6. As
the sixfold-coordinated ionic radius of Fe?* (0.74 A) is
smaller than that of Mn>* (0.80 10\), the decreased lattice
parameters mean that more Fe?* was incorporated into
the crystal and less impurity was formed with increasing
P excess, which also demonstrates that the occurrence of
undesirable oxidation is suppressed at large P excess. In
addition to the structural characterization, the morphol-
ogy of hydrothermal samples was observed by SEM, as
shown in Fig. 3. It is seen that particles of the sample syn-
thesized with a Li/M/P molar ratio of 1:1:1.0 are severely
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Fig.3 SEM images of samples hydrothermally synthesized with various molar ratios of Li/M/P: a 1:1:1.0, b 1:1:1.2, ¢ 1:1:1.4, d 1:1:1.6, e

1:1:1.8, and £ 1:1:2.0

agglomerated, and the dispersion of particles is apparently
improved with increasing P excess. From the above meas-
urements, it is demonstrated that P excess not only can
suppress the occurrence of undesirable oxidation reaction
during hydrothermal synthesis, but also improve the dis-
persion of particles.

To evaluate the electrochemical performance of hydro-
thermal samples, the obtained samples were composited
with carbon, and the capacity and rate are calculated without
deducting the content of inactive carbon from the compos-
ite. The residual carbon content in all composites is about
5.1 wt.%. Figure 4a shows typical charge/discharge curves
of all hydrothermal samples at 0.2 C. All curves exhibit
two charge/discharge plateaus around 3.4 V (vs. Li*/Li) for
the Fe**/Fe** redox couple and 4.1 V (vs. Li*/Li) for the
Mn**/Mn?* redox couple. The sample synthesized without
P excess gives low capacity, and increased capacity and pro-
longed 3.4 V plateau are clearly observed when the samples
synthesized with P excess of 1.2, 1.4, and 1.6, which also
indicates that more Fe?* was incorporated into the olivine
structure on the condition of P excess. Meanwhile, it is
noted that the samples synthesized with P excess of 1.6,
1.8, and 2.0 show almost the same charge/discharge curves
with comparable capacity. Figures 4b and ¢ compare rate
and cycling performance of all samples. It is seen that all
samples show good cycling performance but different rate
capability is observed, and the samples synthesized with P
excess can deliver higher capacities at high rates. Also, the

@ Springer

samples synthesized with P excess of 1.6, 1.8, and 2.0 have a
similar rate capability. For example, the sample synthesized
with a Li/M/P molar ratio of 1:1:1.8 can deliver capaci-
ties of 146.6, 136.7, and 116 mAh g'1 at 0.1, 1, and 5 C,
respectively. Moreover, EIS measurements were conducted
at the fully discharged state after 5 cycles at 0.2 C, and the
recorded EIS spectra are presented in Fig. 4d. The spectra of
all samples consist of a semicircle in the high-to-medium-
frequency region and an inclined line in the low-frequency
region. The semicircle represents the charge transfer resist-
ance (R, and decreases with increasing P excess. In gen-
eral, the three samples synthesized with P excess of 1.6, 1.8,
and 2.0 have a comparable size of semicircles which are
much smaller than those of other three samples. However, an
additional arc in the intermediate frequency region is present
in the spectrum of the sample synthesized with a Li/M/P
molar ratio of 1:1:1.0 and becomes less obvious for the spec-
trum of the sample synthesized with a Li/M/P molar ratio
of 1:1:1.2, and this interfacial impedance should be associ-
ated with the presence of iron oxide impurity in these two
samples as revealed by XRD. In the low-frequency region,
the inclined line represents the Warburg impedance associ-
ated with the Li* diffusion in the bulk of samples. It is well
documented that there is an inverse relationship between the
Li* diffusion coefficient D; ;" and the Warburg factor 6 [51].
The Warburg factor o is the slope between »~ > and Z' of
the low-frequency region in Fig. 4e. The slopes are 178.45,
218.42, 147.02, 92.11, 87.88, and 104.56 for samples with
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Fig.4 a Charge/discharge curves at 0.2 C, b rate performance, ¢
cycling performance at 0.2 C, d EIS spectra under fully discharged
after 5 cycles at 0.2 C, and e the relationship between Z' and o2 of

Li/M/P molar ratios of 1:1:1.0, 1:1:1.2, 1:1:1.4, 1:1:1.6,
1:1:1.8, and 1:1:2.0, respectively. The sample synthesized
with a Li/M/P molar ratio of 1:1:1.8 has the minimum value
of 6 (87.88) and hence has the max Li* diffusion coefficient.
The results of EIS measurement are well correlated with
those of XRD, the charge/discharge measurements, and the
results of these measurements all show that increasing P
excess is conducive to hydrothermal synthesis and property
of LiMn, sFe, 1gMg o PO,

For the present hydrothermal synthesis in a P excess reac-
tion system, increasing P excess is achieved by raising the
amount of K,HPO, which also gives rise to the pH varia-
tion of the reaction system, as shown in Table 1. Table 1
shows the pH value of reaction suspensions before hydro-
thermal synthesis. It is seen that the pH value decreases
nearly linearly with increasing P excess, which indicates

Z'/ ohm

LiMn ¢Fe; (Mg 4,PO,/C samples hydrothermally synthesized with
various molar ratios of Li/M/P

the accelerated ionization of HPO,~. This reminds us
that the changes observed on hydrothermal synthesis of
LiMn gFe (Mg, ,; PO, with P excess may be resulted from
pH variation. Therefore, in order to investigate the effect of
pH on hydrothermal synthesis of LiMn, gFe(, (Mg 4,PO,,
a series of samples were synthesized from reaction suspen-
sions with the same Li/M/P molar ratio of 1:1:1.8, but the
pH value of suspensions was adjusted by sulfuric acid or
potassium hydroxide to 10.42, 10.11, 9.39, 8.71, and 8.61,
respectively. From the representative photos of suspensions
after hydrothermal synthesis (The change in the color of the
suspension is shown in Fig. 1 and omitted here.), it can be
clearly observed that with increasing the pH value, the sus-
pension color changes gradually from milky white to yellow-
ish brown. When the pH value increases to more than 10, the
yellowish brown color of the suspension clearly indicates the

@ Springer
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Fig.5 XRD patterns of samples
hydrothermally synthesized
from suspensions with the same
Li/M/P ratio of 1:1:1.8 and at
various pH values
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occurrence of undesirable oxidation reaction. Figure 5 shows
three representative XRD patterns of samples synthesized
from suspensions at pH values of 10.42, 9.39, and 8.61. All
patterns can be indexed into an orthorhombic structure with
a space group of Pnma, and no evidence of impurities is
found. However, there is a slight shift of diffraction peaks
to the higher angle with decreasing the pH value (peaks
positions have been calibrated by internal standard of sili-
con), and the lattice parameters are calculated and listed in
Table 2. It is clear that the lattice shrinks with the decrease
of the pH value, also indicating that more Fe* is incorpo-
rated into material and the undesirable oxidation reaction is
suppressed. According to the preceding analysis, oxidation
impurity at pH=10.42 is undetectable by XRD due to its
amorphous state of the impurity, but the phenomenon of oxi-
dation can be intuitively observed in representative photo-
graphs of the suspension after hydrothermal synthesis. These
observations suggest that the undesirable oxidation reaction
(Fe?* oxidation) readily occurred at pH values above 10.
Figure 6 shows SEM images of samples synthesized at pH
values of 8.61, 9.39, and 10.42. The dispersion of these sam-
ples is similar, but the sample synthesized at the pH value of
10.42 has relatively larger particles.

Table2 Lattice parameters of the samples hydrothermally synthe-
sized from suspensions with the same Li/M/P ratio of 1:1:1.8 and at
various pH values

pH a(A) b (A) c(A) V(A%
10.42 6.09244 10.45032 4.74979 302.41
9.39 6.09010 10.44084 474514 301.72
8.61 6.08611 10.43958 4.74154 301.38

@ Springer

40 34.8 354 36.0

2 theta/degree

Figure 7 compares the electrochemical performance of
LiMn,, ¢Fe, ;Mg 1,PO,/C composites synthesized from
suspensions with the same Li/M/P ratio of 1:1:1.8 and
at various pH values. Clearly, the samples synthesized
at pH values of 10.11 and 10.42 have poor performance,
while the samples synthesized at pH values of 8.61, 8.71,
and 9.39 show much better electrochemical performance.
Figure 7d displays EIS spectra of these five samples. It is
noted that the sample synthesized at the pH value of 10.42
presents a big additional arc in the intermediate-frequency
region, and the sample synthesized at the pH value of 10.11
has a less obvious additional arc, which is associated to the
additional interfacial impedance of iron oxide impurity.
The other three spectra are free of the additional arc in the
intermediate frequency region and have smaller R, and the
higher Li* diffusion rate (Fig. 7¢). The results of all meas-
urements are well correlated and show that the pH value of
hydrothermal suspension has an apparent influence on the
hydrothermal synthesis and property of the product. The
above studies indicate that the undesirable Fe** oxidation
reaction takes place readily when the pH value of hydro-
thermal suspension is higher than 10, which is harmful for
hydrothermal synthesis of LiMn, gFe ;{Mg PO,.

Now the question is whether the excess P really plays
a role in the hydrothermal synthesis. To address this
question, the influence of the pH should be eliminated
when the degree of P excess is varied in the suspension.
Herein, additional samples were synthesized from sus-
pensions at almost the same pH value of 9.4 but with
different P excess. The suspensions with Li/M/P molar
ratios of 1:1:1.0 and 1:1:1.2 were both adjusted to a pH
value of 9.4 by addition of sulfuric acid before hydro-
thermal reaction. This pH value is almost the same as
that (9.39) of the suspension with the Li/M/P molar
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Fig.6 SEM images of the samples hydrothermally synthesized from suspensions with the same Li/M/P ratio of 1:1:1.8 and at various pH values:
a8.61,b9.39, and ¢ 10.42

ratio of 1:1:1.8. The representative photos of these sus-  with different Li/M/P molar ratios were also observed.
pensions (with almost the same pH value of 9.4 before =~ With increasing P excess, the color of suspension
hydrothermal reaction) after hydrothermal synthesis  becomes light, which is similar to what was observed
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Fig.7 a Charge/discharge curves at 0.2 C, b rate performance, ¢ LiMn gFe ;oMg 0;PO,/C samples hydrothermally synthesized from
cycling performance at 0.2 C, d EIS spectra under fully discharged suspensions with the same Li/M/P ratio of 1:1:1.8 and at various pH
after 5 cycles at 0.2 C, and e the relationship between Z’ and o~ of values
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Fig.8 a XRD patterns of samples hydrothermally synthesized from suspensions (at almost the same pH value of 9.4 before hydrothermal reac-
tion) with various Li/M/P molar ratios and b XRD patterns of samples post-annealed at 600 °C for 1 h under a nitrogen atmosphere

in Fig. I, and is related to the occurrence of undesir-
able oxidation reaction. Figure 8 shows the XRD pat-
terns of the samples (peaks positions have been cali-
brated by internal standard of silicon). All samples are
orthorhombic structures with a Pnma space group, and
no impurity peaks are detected. Figure 8b shows the
XRD patterns of the samples with Li/M/P molar ratios
of 1:1:1.0 and 1:1:1.8 after post-annealing at 600 °C
for 1 h under a nitrogen atmosphere, and a tiny dif-
fraction peak of Fe,O; impurity (indicated by aster-
isk) can be observed in the XRD pattern of the sample
without P excess. Apparently, these observations prove
that increasing P excess can suppress the occurrence
of undesirable oxidation (such as Fe>* oxidation). Fig-
ure 9 shows SEM images of these samples. It is seen
that particles of the sample synthesized with a Li/M/P
molar ratio of 1:1:1.0 are seriously agglomerated, and

3 pm
———

the agglomeration of particles is significantly reduced
with increasing P excess. It is confirmed that excess P
can improve particles dispersion of the hydrothermal
sample.

The electrochemical performance of these samples is
shown in Fig. 10. Compared with the two samples synthe-
sized with Li/M/P molar ratios of 1:1:1.0 and 1:1:1.2, the
sample synthesized with the Li/M/P molar ratio of 1:1:1.8
gives much better electrochemical performance, smaller
R, and higher Li* diffusion rate (from Fig. 10e, the slope
is 122.59, 127.22, and 87.88 for samples synthesized
with Li/M/P molar ratios of 1:1:1.0, 1:1:1.2, and 1:1:1.8,
respectively). In short, the results of these additional
experiments confirm that P excess is indeed beneficial
to the hydrothermal synthesis of LiMn, gFe ;Mg o, POy,
including suppressing the occurrence of undesirable Fe>*
oxidation reaction and improving the particle dispersion,

Fig. 9 SEM images of samples hydrothermally synthesized from suspensions (at almost the same pH value of 9.4 before hydrothermal reaction)

with various Li/M/P molar ratios: a 1:1:1.0, b 1:1:1.2, and ¢ 1:1:1.8

@ Springer
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Fig. 10 a Charge/discharge curves at 0.2 C, b rate performance, ¢
cycling performance at 0.2 C, d EIS spectra under fully discharged
state after 5 cycles at 0.2 C, and e the relationship between Z' and

which give rise to significantly improved electrochemical
performance of hydrothermal samples.

Conclusions

In this paper, a series of LiMn¢Fe, ;Mg PO, sam-
ples are hydrothermally synthesized from the P excess
reaction system, and the effect of P excess was studied
in detail. Our results show that varying the degree of P
excess accompanies changed pH value of the reaction
suspension, which can alter the stability of Fe>* in the
suspension and the particle dispersion of the hydrother-
mal product. When the degree of P excess is fixed, the
pH values exceeding 10 is negative to hydrothermal syn-
thesis due to the occurrence of undesirable Fe?*oxidation

Z'/ ohm

o~ of LiMn,gFe, ;oMg,PO,/C samples hydrothermally synthe-

sized from suspensions (at almost the same pH value of 9.4 before
hydrothermal reaction) with various Li/M/P molar ratios

and increased particles, which lead to poor performance.
When the pH value remains constant, increasing P excess
can suppress the occurrence of undesired Fe**oxidation
during hydrothermal synthesis and improve the particles
dispersion, which can significantly improve the electro-
chemical performance of the hydrothermal sample. In
conclusion, a proper degree of P excess can improve the
hydrothermal synthesis of LiMn, ¢Fe, ;Mg ,;PO,, and
much better electrochemical performance can be achieved
for the obtained product. These effects of P excess should
be general and applicable to hydrothermal synthesis of
other lithium transition metal phosphates.
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