
ORIGINAL PAPER

Shiyi Deng1,2
& Yongxiang Chen1

& Georgios Kolliopoulos2 & Vladimiros G. Papangelakis2 & Yunjiao Li1

Received: 24 October 2019 /Revised: 13 December 2019 /Accepted: 2 January 2020 /Published online: 15 January 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
The Eh-pH diagrams for Ni-Co-Mn-CO3-H2O system at various temperatures and ion concentrations are simulated via OLI
studio based on the fundamentals of thermodynamic equilibrium. A co-existence area for NiCO3, CoCO3, and MnCO3 is
observed visually from the Eh-pH diagrams, which thermodynamically proves the stability of these species in aqueous solutions,
and the possibility of co-precipitating polymetallic carbonate. The simulation results also demonstrate that a higher temperature
and/or a more dilute solution are not in favor of the co-precipitation. With the predicted pH ranges from the Eh-pH diagrams, a
confirmative experiment was conducted to synthesize Ni0.13Co0.13Mn0.54(CO3)0.8, the precursor for preparing
Li1.2Ni0.13Co0.13Mn0.54O2, which is a promising cathode material for next-generation LIBs. The physical properties of both
materials are characterized in detail, and the electrochemical performance for the final cathode material was tested. The results
show that Ni2+, Co2+, and Mn2+ ions in solution are homogeneously co-precipitated in the form of polymetallic carbonate. The
Li1.2Ni0.13Co0.13Mn0.54O2 material obtained from the carbonate precursor has a typical structure of Li- andMn-rich cathodes and
yields an initial discharge capacity of 296.0 mAh g−1 at 0.1 C and 188.1 mAh g−1 after 100 cycles at 1 C rate. It was verified that
the OLI-assisted Eh-pH simulation is consistent with the experimental measurements.
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Introduction

Rechargeable lithium-ion batteries (LIBs) have been consid-
ered as one of the most reliable paths for energy storage for a
long time under today’s severe global energy and environmen-
tal concerns for greenhouse gases [1–3]. In the past few years,
LIBs have seen a leap-frog development in both research and
applications [4–6], as one of the promising energy storage
devices in electric and hybrid electric vehicles (EVs and
HEVs). These developments have also promoted the utiliza-
tion of high-value metals such as Ni, Co, and Mn. Even so,

lowering the cost of production and increasing the energy
density of LIBs remain the most important metrics of success
[7, 8]. Among the popular cathode materials (LiCoO2,
LiMn2O4, LiFePO4, and LiNixCoyMn1-x-yO2), the lithium-
rich and manganese-based layered compounds seem to pro-
vide an ideal solution because of the relatively lower produc-
tion cost and high discharge capacity (> 250 mAh g−1) [9, 10].
This category of materials is often described by the chemical
formula of xLi2MnO3·(1–x)LiMeO2 (0 < x < 1, Me = Ni,
C o , M n , e t c . ) , w h e r e t h e c om p o s i t e o x i d e
Li1.2Ni0.13Co0.13Mn0.54O2 has been largely studied and
proved to possess excellent comprehensive electrochemical
performance [11–13].

Among the various synthesis methods for Li- and Mn-
rich cathode materials, such as the Pechini [14], the Sol-gel
[15, 16], the solvothermal/hydrothermal method [17, 18],
and the sacrificial template [19], co-precipitation coupled
with a follow-up calcination with a Li source is the most
widely used synthesis method to prepare these materials
[20, 21]. Co-precipitating three or more metal ions uni-
formly is a challenging process. Conditions, including
but not limited to, temperature, pH, ion concentration,

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11581-020-03439-2) contains supplementary
material, which is available to authorized users.

* Yunjiao Li
yunjiao_li@csu.edu.cn

1 School of Metallurgy and Environment, Central South University,
Changsha 410083, People’s Republic of China

2 Department of Chemical Engineering and Applied Chemistry,
University of Toronto, Toronto M5S 3E5, Canada

Ionics (2020) 26:2747–2755
https://doi.org/10.1007/s11581-020-03439-2

Thermodynamic and experimental analysis of Ni-Co-Mn
carbonate precursor synthesis for Li-rich cathode materials

http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-020-03439-2&domain=pdf
https://doi.org/10.1007/s11581-020-03439-2
mailto:yunjiao_li@csu.edu.cn


etc., have a significant impact on the micro-morphology,
crystallinity, and structure of the resulting precursor mate-
rial, which in turn affects the physical, chemical, and elec-
trochemical properties of the final cathode materials [22,
23]. Until now, many researchers have discussed several
key parameters during the precursor synthesis, such as li-
gand selection [20], nucleation and growth mechanisms
[22], and feeding ways [24]. For example, Xiang et al.
[9] performed a log[M]-pH calculation based on equilibri-
um reactions to predict the residual transition metal con-
centrat ions in ammonium bicarbonate solut ions.
Nevertheless, there still exists a certain discrepancy be-
cause the equilibrium constants are all for 25 °C but the
actual reactions are taking place at 55 °C. Our previous
work [23] reported on a thermodynamic analysis for the
polymetallic hydroxide co-precipitation process which
p r o v i d e d g u i d a n c e f o r t h e s y n t h e s i s o f
LiNi0.5Co0.2Mn0.3O2 (NCM 523) hydroxide precursor,
where the thermodynamic data at elevated temperatures
were computed. However, many calculations, especially
those of the heat capacity and activity coefficient, had to
be simplified due to their complexity in manual calcula-
tion. Therefore, although progress has been achieved on
the thermodynamics of co-precipitation processes for
LIBs [25–27], there is still room for improvements and a
more comprehensive analysis of the electrochemical equi-
libria of the process, which is different from the hydroxide
system, and could have important significance in material
synthesis.

In this work, polymetallic carbonate precipitation was stud-
ied both theoretically and experimentally. A series of Eh-pH
diagrams related to the co-precipitation of Ni-Co-Mn carbon-
ate were constructed based on fundamental reaction equilibria
and simulated by the OLI AQ framework. Different tempera-
tures and ion concentrations were tested in the simulation to
identify compositional variation tendencies in the co-
precipitating process. An experimental verification was also
attempted by synthesizing a Ni0.13Co0.13Mn0.54(CO3)0.8 pre-
cursor and in turn Li1.2Ni0.13Co0.13Mn0.54O2 cathode mate-
rials. The accuracy and the reliability of the constructed Eh-
pH diagrams were also assessed.

Theories and experiments

Thermodynamic calculation

All reduction half-reactions occurring in the Me-CO3-H2O
(Me =Ni, Co, Mn) system is typically expressed by Eq. (1):

aAþ nHþ þ ze− ¼ bBþ cH2O ð1Þ

The Gibbs free energy change (ΔGT) for the above reaction
at temperature T is given by Eq. (2):

ΔGT ¼ ΔrGΘ
T þ RT ln

αc
H2Oα

b
B

αa
Aα

n
Hþ

ð2Þ

where ΔrGΘ
T is the standard Gibbs free energy of reaction at

temperature T, in kJ·mol−1. R is the universal gas constant, J·
mol−1·K−1; T is the absolute temperature, K; and α is the
activity of species in Eq. (1).

At elevated temperatures, the standard Gibbs free energy of
a reaction is given by the following equation [23]:

ΔrGΘ
T ¼ ΔrGΘ

298−ΔrSΘ298 T−298ð Þ þΔCΘ
p T−298−T ln

T
298

� �
ð3Þ

whereΔrGΘ
298 andΔrSΘ298 are the standard Gibbs free energy

and standard entropy of reaction at 298 K;ΔCΘ
p is the average

heat capacity change of Eq. (1) from 298 to T K, in J·K−1. In
Eq. (3), the heat capacity change is not taken as temperature
dependent, instead an average value over the temperature
ranging from 298 to T K is used.

Construction of Eh-pH diagrams was performed using the
aqueous (AQ) model in OLI Studio Stream Analyzer v.9.6.3
(OLI Systems, Inc., USA). The AQ framework is using an
electrolyte activity coefficient model that predicts the proper-
ties of electrolytes, in which the mean activity coefficient, ±,
is computed using the Bromley-Zemaitis activity model [28,
29]. This expression is a combination of the Debye-Hückel
long-range electrostatic interactions and a semi-empirical ex-
pression for short-range interactions between cations and an-
ions [30]. The generalized form of the implemented activity
coefficient is

logγ� ¼ −
A zþz−j j ffiffi

I
p

1þ ffiffi
I

p þ 0:06þ 0:6Bð Þ zþz−j j ffiffi
I

p

1þ 1:5
zþz−j j I

� �2 þ BI þ CI2 þ DI3 ð4Þ

where A is the Debye-Hückel coefficient; z is the ion charge
number; I is the ionic strength; B, C, and D are empirical,
temperature-dependent cation-anion interaction parameters.

At elevated temperatures, the revised Helgeson Kirkham
Flowers method (HKF model) [31, 32] is applied to essential-

ly calculate a more accurate ΔCΘ
p value from statistical

thermodynamics.

Materials synthesis and characterization

The carbonate precursor Ni0.13Co0.13Mn0.54(CO3)0.8 (denoted
here as NCM-P) was synthesized by a co-precipitation ap-
proach. Firstly, a certain amount (Ni:Co:Mn = 1:1:4.15 in molar
ratio) of NiSO4·6H2O,MnSO4·H2O, and CoSO4·7H2O (Xilong
Scientific Co., Ltd., China) was dissolved in de-ionized water to
form a 1 mol L−1 mixed solution and pumped into a batch
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reactor with vigorous stirring at 600 rpm. Meanwhile, a
1 mol L−1 Na2CO3 (Sinopharm Chemical Reagent Co., Ltd.,
China) solution used as the precipitator was also fed into the
reactor. The reactor was heated in a water bath, and the temper-
ature was maintained at 55 °C. The co-precipitation process
was operated under atmospheric pressure with no need of
inert-gas protection. The pH was monitored and adjusted at
7.2 ± 0.2 using the 1 mol L−1 Na2CO3 solution. After 10 h of
aging, spherical carbonate precipitates were filtered, washed
with de-ionized water, and dried in an air-dry oven overnight
at 105 °C. The Li1.2Ni0.13Co0.13Mn0.54O2 cathode material (ab-
breviated as LNCMO) was prepared by the high-temperature
s o l i d - s t a t e m e t h o d [ 3 3 ] . T h e o b t a i n e d
Ni0.13Co0.13Mn0.54(CO3)0.8 precursor was weighed and mixed
with powder Li2CO3 (Ganfeng Lithium Co., Ltd., China) at a
Li/Me (Me =Ni + Co +Mn) molar ratio of 1.5. The raw mate-
rials were mixed in a material mixer (M10, Beijing Grinder
Instrument Co., Ltd., China) at the speed of 60 rpm for 1 h.
After that, the mixture was calcined in a muffle furnace at
500 °C for 6 h and then at 850 °C for 12 h in air.

X-ray diffraction (XRD) analysis was performed to identify
the crystal structures of the synthesized materials via a Rigaku
TTR-III diffractometer using a Cu Kα radiation. The XRD
data were collected in the 2θ range of 10–80° with a scanning
rate of 2° min−1. And the Rietveld refinement was conducted
via the GSAS/EXPGUI program to obtain the cell parameters.
The particle morphology was observed, and the surface ele-
mental distribution was measured by scanning electron mi-
croscopy equipped with energy dispersive spectroscopy
(SEM/EDS; JSM-6360LV, JOEL). Elemental analysis of the
as-prepared material was determined by inductively coupled
plasma atomic emission spectrophotometry (ICP-AES; ICAP-
7400, Thermo Fisher Scientific). Solutions to be measured
were prepared by dissolving 0.1 g of the precursor or as-
prepared material in 5 mL of 1 mol L−1 HNO3 under stirring
for 30 min at room temperature, and then diluting 1000 times
with DI-water. Regarding the electrochemical testing, the pre-
pared Li1.2Ni0.13Co0.13Mn0.54O2 cathode material was fabri-
cated to CR2016 type coin cells, whose detailed assembly
procedures were similar with our previous reports [34, 35].
After being activated at 0.1, 0.2, and 0.5 C (1 C =
250 mA g−1) for one cycle each, the cycling test was conduct-
ed on a LAND test system (CT2001A, Wuhan LAND
Electronics Co., Ltd.) over 2.0–4.6 V (vs. Li/Li+) at 1 C rate
and at room temperature.

Results and discussions

Eh-pH diagrams for the Ni-Co-Mn-CO3-H2O system

To identify each stable phase, separate Eh-pH diagrams for
Ni-CO3-H2O, Co-CO3-H2O, and Mn-CO3-H2O systems were

prepared by OLI as shown in Fig. 1. The temperature was set
to 25 °C and the molalities of Ni, Co, and Mn to 0.1 mol kg−1,
respectively. The pH in the simulation was adjusted by using
H2SO4 and Na2CO3 as titrants. The divalent Me2+ ions trans-
form into different species at different pH and Eh (vs. standard
hydrogen electrode, SHE) values (Fig. 1). The predominant
areas of carbonates for all Ni, Co, and Mn were identified,
indicating that it is possible for the three metal ions to be co-
precipitated as a complex carbonate at a certain overlapping
pH and Eh ranges. According to these diagrams, Ni2+ ions
start to precipitate as NiCO3 at pH 6.48 and end at 8.17; the
corresponding Eh range is from − 0.376 to 0.600 V. For Co2+,
the pH and Eh windows for CoCO3 precipitation are 5.22–
10.52 and from − 0.526 to 0.581 V, respectively. Similarly,
MnCO3 is stable between pH from 5.12 to 12.00 and Eh from
− 1.445 to 0.692 V.

In order to verify the specific region for co-precipitating
Ni2+, Co2+, and Mn2+ ions as a complex carbonate, the Eh-
pH diagram for the Ni-Co-Mn-CO3-H2O system is presented
in Fig. 2a by overlapping the three single Me-CO3-H2O sys-
tems. It is clear that the co-precipitation area is mainly con-
trolled by the formation of NiCO3 since its stable region is
relatively smaller than those of Co and Mn. Therefore, the
most suitable pH and Eh ranges for co-precipitating all three
metal ions are from 6.48 to 8.17 and from − 0.376 to 0.503 V,
respectively. When the temperature rises to 55 °C and the
molalities of metal ions remain the same, the Eh-pH diagram
converts to Fig. 2b, where the stable area for MeCO3 signifi-
cantly shrinks to pH from 6.24 to 7.10 and Eh from − 0.341 to
0.411 V. On the other hand, the region ofMe(OH)2 stability is
enlarged by the temperature increase. These observations
demonstrate that in theory Ni2+, Co2+, and Mn2+ ions can be
co-precipitated by adjusting the pH and Eh values within ap-
propriate ranges. Furthermore, the co-precipitation process of
MeCO3 is negatively affected at higher temperatures.

Simulation results for lower ion concentrations are present-
ed in Fig. 3. The influence of concentration on the predomi-
nance area ofMeCO3 was evaluated by setting the molality for
each of Ni, Co, and Mn to 0.01 mol kg−1. The effect of ion
concentration decrease by a factor of 10 shows that the
MeCO3 region in Fig. 3a is dramatically reduced when com-
pared with that in Fig. 2a under the same temperature. At
elevated temperatures, as shown in Fig. 3b, the predominance
areas of Ni(OH)2, Co(OH)2, andMn(OH)2 further expand due
to the chemical equilibrium shift and the stable region of
NiCO3 ceases to exist. As expected in precipitation processes,
the results illustrate that lowering the ion concentration is also
unfavorable to the co-precipitation process of MeCO3.

On the basis of the above discussion, the ion molalities of
Ni2+, Co2+, and Mn2+ in the simulation were set as 0.13, 0.13,
and 0.54 mol kg−1, respectively, in order to be consistent with
the stoichiometric ratio of Ni0.13Co0.13Mn0.54(CO3)0.8, which
is the precursor for Li1.2Ni0.13Co0.13Mn0.54O2 cathode
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material. The calculated Eh-pH diagrams are depicted in
Fig. 4, where similar outcomes are observed. These results
were then used for an experimental verification described be-
low in the next section.

Experimental verification

Given that the stable region of MeCO3 is contracted as tem-
perature goes up, whereas elevated temperature are beneficial
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Fig. 2 Eh-pH diagrams for Ni-Co-Mn-CO3-H2O system at a 25 °C and [Me2+] = 0.1 mol kg−1; b 55 °C and [Me2+] = 0.1 mol kg−1
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for the kinetics of the precipitation process and the crystallog-
raphy of the final precursor, and that the pH range of 6.26–
7.48 shown in Fig. 4b is large enough for experimental control
and monitor, it was selected that the trial experimental condi-
tions of temperature and pH were 55 °C and 7.2 ± 0.2, respec-
tively. Consequently, NCM-P and LNCMO were synthesized
following the experimental procedures described previously
in the experimental section. X-ray diffraction (XRD) was car-
ried out to confirm the crystal structures for both NCM-P and
LNCMO. As depicted in Fig. 5a, the as-synthesized precursor
(NCM-P) conforms well to the hexagonal structure of the
MnCO3 phase with the R-3c space group (JCPDS #86-0173)
[22]. The sharp peaks also indicate that the precursors are
mainly crystalline, which is in agreement with the SEM im-
ages shown in Fig. 6. In addition, there are no impurities
observed in the XRD pattern, demonstrating that all the tran-
sition metal ions are co-precipitated into the mixed carbonate
phase, without forming oxides or hydroxides. Moreover, the

molar ratio of Ni:Co:Mn in the precursor was found to be
0.130:0.132:0.539 via ICP-AES, which is very close to the
desired values of 0.13:0.13:0.54. The above further confirms
that the transition metal ions in the solution were stoichiomet-
rically co-precipitated. These evidences reveal that the simu-
lated Eh-pH diagrams are consistent with our experiments.
Figure 5b shows the XRD patterns for the final
Li1.2Ni0.13Co0.13Mn0.54O2 powder (LNCMO) after calcina-
tion with Li2CO3. All main diffraction patterns are indexed
to the hexagonal α-NaFeO2 structure with R-3m space group
(JCPDS #74-0919), except for a series of small and weak
peaks around 21–23°, which belong to the Li2MnO3-like
phase (C2/m space group, JCPDS #73-0152) [15, 36].
Meanwhile, the clear splitting of both (006)/(102) and (108)/
(110) doublets also indicates the highly ordered layered struc-
ture for LNCMO [34, 37]. The detailed lattice parameters
from Rietveld refinement were listed in Table S1, where the
relatively low R factor confirmed the reliability of the
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Fig. 4 Eh-pH simulations for the synthesis of Ni0.13Co0.13Mn0.54(CO3)0.8 at a 25 °C and b 55 °C (where [Ni2+] = 0.13mol kg−1, [Co2+] = 0.13mol kg−1,
and [Mn2+] = 0.54 mol kg−1)
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refinement results. Moreover, the molar ratio of Li:Ni:Co:Mn
in the final cathode material was examined to be
1.364:0.146:0.148:0.617 by ICP-AES, which is close to the
theoretical values of 1.2:0.13:0.13:0.54.

Figure 6a shows the SEM images of the prepared
Ni0.13Co0.13Mn0.54(CO3)0.8 precursor, which has a quasi-
spherical shape with a diameter of 8 to 12 μm. At larger
magnification, a porous and rough morphology can be seen
at the surface of the precursor. EDS mapping of the obtained
precursor is also shown in Fig. 6b, where the distributions of
Ni, Co, and Mn on the particle surface are seen as homoge-
neous. This clearly demonstrates that the Ni2+, Co2+, and
Mn2+ ions in the mixed solution were uniformly co-
precipitated into the carbonate precursor.

To further investigate the electrochemical performances
of the synthesized LNCMO sample, a cyclic test was per-
formed from 2.0 to 4.6 V at 1 C (current density of
250 mA g−1). Before that, the cells were activated by charg-
ing and discharging for one cycle at 0.1, 0.3, and 0.5 C,
respectively, over the same voltage range. The initial
charge/discharge curves for LNCMO are portrayed in
Fig. 7a, where the charge curve consists of a positive slope

region below 4.5 V and a relatively long plateau at ~ 4.5 V.
The positive slope region is assigned to the extraction of Li+

ions from the layered structure due to the Ni2+/Ni4+ and
Co3+/Co4+ reaction [38]. The long plateau is attributed to
the removal of Li2O from the Li2MnO3 structure [22, 39,
40]. This shows typical electrochemical behavior of a Li-
and Mn-rich composite material [12, 15]. As shown in Fig.
7a, the LNCMO sample delivers a first-discharge capacity
of 296.0 mAh g−1 at 0.1 C, which is reasonable for being
less than the calculated theoretical discharge capacity
(314 mAh g−1) of Li1.2Ni0.13Co0.13Mn0.54O2 [41]. Such a
high capacity at 4.6 V could be attributed to the reversible
oxygen redox chemistry (O2−/O−) or/and the charge com-
pensation of high-valent ions, according to the reports
[42–45]. Regarding the cyclic performance (Fig. 7b), the
LNCMO sample yields 188.1 mAh g−1 after 100 cycles at 1
C rate, corresponding to a retention rate of 84.5%. Moreover,
the average voltage changes as a function of cycle numbers
was illustrated in Fig. S2, where the average voltage fades
from 3.465 to 3.092 Vafter 100 cycles. It further demonstrates
that the Li1.2Ni0.13Co0.13Mn0.54O2 cathode material was suc-
cessfully synthesized with the guidance of Eh-pH diagrams.

Fig. 5 XRD patterns for the synthesized a Ni0.13Co0.13Mn0.54(CO3)0.8 precursor and b Li1.2Ni0.13Co0.13Mn0.54O2 cathode material

Fig. 6 a SEM images and b EDS
mapping for the synthesized
Ni0.13Co0.13Mn0.54(CO3)0.8
precursor
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Conclusions

Eh-pH diagrams for the Ni-Co-Mn-CO3-H2O system at two
temperatures (25 and 55 °C) and molalities (0.01 and
0.1 mol kg−1) were constructed using OLI software. A co-
precipitation predominance area for the metal carbonates was
identified in the diagrams. The calculated pH and Eh ranges
under different conditions constitute a good reference for guiding
the carbonate precursor synthesis process for LIBs cathode ma-
terials. Moreover, increasing the temperature and/or decreasing
the ion concentration leads to shrinkage of theMeCO3 predom-
inance area, which is detrimental to the co-precipitation process.
Guided by the Eh-pH diagrams, the Ni0.13Co0.13Mn0.54(CO3)0.8
carbonate precursor was successfully synthesized with no em-
bedded impurities, where the Ni, Co, and Mn were homoge-
neously distributed and close to the desired stoichiometric ratio.
Upon calcination with Li2CO3, a final Li1.2Ni0.13Co0.13Mn0.54O2

cathode material was found to present a typical crystal structure
and electrochemical characteristics for Li- andMn-richmaterials.
It delivers an initial discharge capacity of 296.0mAh g−1 at 0.1 C
and a competitive capacity of 188.1 mAh g−1 after 100 cycles at
1 C rate. In summary, the OLI-assisted Eh-pH diagram simula-
tion was verified to be reliable in theoretically predicting the co-
precipitation process of the precursor. The latter is expected to be
helpful in other related applications as well, including material
synthesis via wet-chemical methods, element doping for material
modification by carbonate precipitation, wet recovering of spent
LIBs, and so on.
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