
A Review on Synthesis and Engineering of Crystal 
Precursors Produced Via Coprecipitation for Multicomponent 

Lithium-Ion Battery Cathode Materials

Journal: CrystEngComm

Manuscript ID CE-HIG-05-2019-000679.R1

Article Type: Highlight

Date Submitted by the 
Author: 18-Jun-2019

Complete List of Authors: Dong, Hongxu; University of Virginia, Chemical Engineering
Koenig, Gary; University of Virginia, Department of Chemical Engineering

 

CrystEngComm



1

Title: A Review on Synthesis and Engineering of Crystal Precursors 
Produced Via Coprecipitation for Multicomponent Lithium-Ion Battery 
Cathode Materials

Authors names and affiliations: 

Hongxu Dong, Gary M. Koenig Jr.

Department of Chemical Engineering, University of Virginia, 102 
Engineers Way, Charlottesville, VA, USA22904-4741. 

Email address: 

Hongxu Dong, hd5cw@virginia.edu; 

Gary M. Koenig Jr., gary.koenig@virginia.edu.

Corresponding author:

Gary M. Koenig Jr

Department of Chemical Engineering, University of Virginia, 102 
Engineers Way, Charlottesville, VA, USA22904-4741

1-434-982-2714 phone

1-434-982-2658 fax

gary.koenig@virginia.edu

Page 1 of 46 CrystEngComm



2

Abstract

Interest in developing high performance lithium-ion rechargeable batteries has 

motivated research in precise control over the composition, phase, and morphology 

during materials synthesis of battery active material particles for decades. 

Coprecipitation, as one of the most reported methods in the literature to produce 

precursors for lithium-ion battery active materials, has drawn attention due to its 

simplicity, scalability, homogeneous mixing at the atomic scale, and tunability over 

particle morphology. This highlight summarizes the advancements that have been 

made in producing crystalline particles of tunable and complex morphologies via 

coprecipitation for use as lithium-ion battery precursor materials. Comparison 

among different crystallization reagents, solution conditions that influence the 

properties of crystal particles, and the fundamental knowledge from equilibrium 

and/or kinetic study of the coprecipitation processes, are systematically discussed. 

The research reports and guiding principles summarized in this highlight are meant 

to improve selections made by researchers to efficiently determine synthesis 

conditions. In addition, it is desired that the methods applied from the study of 

crystallization process will inspire researchers to pursue further investigation of the 

nucleation and growth mechanisms of these coprecipitation processes, which will be 

necessary to achieve truly predictive particle synthesis.
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1. Introduction 

 

Interest in developing high energy, high power, and safe electrochemical energy 

storage has motivated research in battery technologies for many decades 1–5. Lithium-

ion (Li-ion) rechargeable batteries, since their commercialization by Sony in the early 

1990s, have received much attention over the last three decades due to the 

intrinsically high volumetric and gravimetric energy density and also excellent 

charge/discharge efficiency and cycle life 6. While in most cases commercial cells use 

similar active material cell chemistry of a graphite anode and layered transition metal 

oxide cathode 7–10, many methods have been developed to synthesize these 

electroactive materials with the goal of control over the particle composition, 

morphology, and surface functionality 11–19. The motivation to have exquisite control 

over active material composition and morphology is that the performance of the final 

assembled battery cell is highly sensitive to these parameters – both due to the 

properties of the individual particles themselves and to their organization within the 

electrode 17,20–24.

One of the methods very popular to produce Li-ion battery active materials is 

coprecipitation. Coprecipitation is commonly used due to its simplicity, scalability, 

homogeneous mixing at the atomic scale, and particle morphology control 25–27. The 

process of using coprecipitation to synthesize battery active materials usually 

involves two main steps: first the formation of particles from a coprecipitation 

reaction which are normally referred to as precursors. The precursors are typically 

dried to remove residual water and/or other solvents. The precursor particles are 

then blended with a lithium source and calcined to produce the final active materials 

used in battery electrodes28–32. Due to homogeneous mixing at the atomic scale 

provided by the coprecipitation reaction, relatively mild calcination temperatures 

and holding times are needed to form the final product with its target phase and 

crystallinity 28. These relatively mild calcination conditions are also beneficial for 

retaining the secondary morphology of the original precursor particles, although the 

surface roughness and/or primary particles that make up the secondary particles are 
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often modified due to decomposition of some of the precursor particle constituents 

and/or sintering 33. The precursor decomposition also results in internal porosity, the 

structure and degree of which is highly sensitive to the precursor material chemistry 

and the calcination conditions 17,34,35. Coprecipitation for production of battery 

materials is often conducted in batch processes in the literature, but the process has 

also been reported using continuous reactor systems which are highly scalable for 

mass production of battery active material powders 28,36. There are many controllable 

parameters for coprecipitation synthesis that can significantly impact the 

composition and morphology of the particles including: temperature, pH, 

concentration of both species that participate in the coprecipitation reaction and 

their counter ions in solution, stirring rate and mixing within the reactor, mixing 

method, rate of reactant feed, and the use of additives that modify the particle 

morphology such as chelating agents 37–40. The variety of coprecipitation chemistry 

and reaction conditions have resulted in many different particle morphologies 

including spheres, cubes, rods, plates, hollow spheres, dumbbells, rhomboids, and 

others 41–51. A few examples of the diverse morphologies from literature reports are 

shown in Figure 1. Thus far, detailed knowledge of the fundamental processes that 

would enable rational and predictive control of final particle composition and 

morphology that includes solution chemistry, process variables, and particle 

nucleation and growth has been lacking, but efforts have been made to tackle some 

aspects towards achieving this outcome such as probing the impact of solution 

chemistry equilibrium on particle morphology or detailed process optimization 

reports  37–40,52,53.
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Figure 1. Particles with different morphologies obtained from coprecipitation reactions: a) spheres, b) cubes, c) 
cubes, d) rods, e) ellipsoids, f) elongated ellipsoids, g) rods, h) stars, and i) needles. a, b) Reprinted with permission 
from 51. Copyright (2015) Elsevier. C) Reprinted with permission from 41. Copyright (2014) Royal Society of 
Chemistry. d, e, f) Reprinted with permission from 44. Copyright (2017) American Chemical Society. g) Reprinted 
with permission from 48. Copyright (2016) Wiley. h, i) Reprinted with permission from 54. Copyright (2006) 
American Chemical Society.

The study of coprecipitation broadly has a long history and the process has been 

developed for many applications including metal mining, water treatment, catalyst 

production, and pharmaceutical synthesis55–58. However, the use of coprecipitation as 

a popular method for the synthesis of Li-ion battery materials has been more recent 

and was spurred by commercialization of early Li-ion batteries. While solid-state and 

sol-gel synthesis were among the most popular for producing Li-ion active materials 

in the early literature and are still common today, coprecipitation has grown in 

popularity over the last 15-20 years. Evidence of this growth can be found using a 

Web of ScienceTM topical search including “precipitation”, “lithium”, and “battery” 

which in February 2019 found 921 publications, with 5 or less from 1995-2001 and 
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rising to the highest value of 123 in the most recent full year of 2018. This review will 

introduce a brief overview of some of the earliest coprecipitation papers in the Li-ion 

battery literature in Section 2, which often promoted the advantages of 

coprecipitation compared to more common synthesis methods such as solid-state 

and spray pyrolysis. In Section 3, the three most common types of coprecipitation in 

the Li-ion battery field will be discussed and compared: hydroxide, carbonate, and 

oxalate.  The disadvantages and major concerns when using coprecipitation to 

synthesize materials will also be described. In Section 4, work will be summarized 

which has been reported to tune or control the particle morphologies by controlling 

the coprecipitation reactor conditions. This section will include possible relationships 

between reaction conditions and the final particle products, which is meant to 

provide an initial guide for researchers to consider for producing final particle 

products with desired properties (e.g., composition and morphology). In Section 5, 

equilibrium and kinetic studies will be summarized which have explored 

coprecipitation reactions both in batch and continuous systems. In the final section, 

more complex materials produced via coprecipitation will be described such as 

compositional core-shell structures and concentration gradient materials.

2. Development and Expansion of Coprecipitation for Li-Ion Battery Active 

Materials

Solid-state synthesis routes are among the oldest and most common methods 

reported in the literature for making battery active materials 59–63. A major advantage 

is the ease in achieving the correct stoichiometry of transition metal (TM) and Li 

through careful measurement of the constituent powders – although depending on 

the processing and particle size long hold times at elevated temperatures may be 

needed 60,64–66. The use of solid-state reaction to synthesize intercalated TM oxide as 

cathode materials in rechargeable Li-ion batteries dates back to at least the 1980s 

and all the most well-known cathode materials including layered phase LiCoO2, spinel 

phase LiMn2O4, and olivine phase LiFePO4 were first synthesized by using solid-state 

reactions 67–70. More specifically, Mizushima et al. used a high temperature solid-state 
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method to synthesize LixCoO2 cathode materials 67; Thackeray et al. used solid-state 

method to synthesize lithiated manganese spinel and measured the electrochemical 

properties as battery cathode 69; solid-state was also used to synthesize phosphor-

olivines for rechargeable lithium batteries first by Padhi et al. 68; and Guyomard and 

Tarascon utilized solid-state reaction to synthesize LixMn2O4 powders in their review 

paper71. Relatively high temperature and long firing time are typically necessary in 

solid-state synthesis. As was described in papers from Gummow et al. 9,72, LiCoO2 

prepared at low temperature exhibited disordered cation distributions, and such 

disorder also occurred in LiCo1-xNixO2 for the range . When  severe 0 < 𝑥 ≤ 0.2 𝑥 > 0.2

phase impurities were detected. In addition to the long firing time at high 

temperatures, which has high energy demands, sometimes high pressure, aggressive 

milling, and pellet making have also been employed to guarantee high phase purity 
7,73–76. Solid-state synthesis has TM and Li constituents that must move relatively 

large distances through solid phases to find their desired atomic positions, and thus 

high temperature and intimate contact helps to accelerate the diffusion process and 

long firing times aid in allowing the solid structure to approach equilibrium. An 

additional complication can be that different preparation conditions such as firing 

temperature and cooling rates can play a role in oxygen loss or uptake in the final 

materials, either of which impacts phase purity 77–81. Loss of Li from the material with 

extended firing times at elevated temperature can also impact the resulting phase 

and/or electrochemical performance of the active material 82,83. Another challenge of 

aggressive firing conditions is that the materials may be metastable, resulting in 

changes to the oxidation state of different elements and even the phase due to oxygen 

lose and high temperature conditions, especially for nickel containing TM oxides 10,84. 

An alternative is to fire the materials under relatively low temperatures (400-600°C) 

for much longer times approaching a few days 85,86, although such processes are still 

energy and time intensive.

To synthesize phase pure TM oxides that have structural sensitivity to long/high 

temperature firing, researchers started to report the use of ‘precursor’ methods for 

Li-ion battery materials to facilitate cation mixing and homogeneity.  In Ohzuku’s 
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work in synthesizing cobalt nickel oxide 7, known amounts of Ni(NO3)2 and Co(NO3)2 

were dissolved in distilled water and LiOH solution was added to the solution heated 

at  60°C. The final materials were obtained by the thermal decomposition of the dried 

precursor at 800°C for 12h in air. Ni-rich LiCo1-xNixO2 for the range  was 0.5 ≤ 𝑥 ≤ 1

successfully obtained from this method, with the intimate mixing of the Co and Ni 

facilitated by their being dried from a solution where they were solvated and 

atomically distributed/mixed. Zhecheva et al. also implemented ‘solution mixing’ of 

multiple TM ions to synthesize oxide materials of targeted compositions 87, which was 

also used in Gummow’s early synthesis work9. Solid Li2CO3 was added to a solution 

containing Ni(NO3)2 and Co(NO3)2 under intensive stirring. The mixture was 

evaporated to obtain a dry residue consisting of LiNO3 and nickel and cobalt 

hydroxide nitrate, which was then pressed into pellets, calcined at 600°C for 6 hours 

in air, and then ground and pelletized again and calcined for 30 hours. The process 

was similar to conventional ceramic or solid-state synthesis route, but the ‘wet 

chemistry’ step was employed as a tool to facilitate better mixing between Li and the 

TMs. This method was followed by some later research for the synthesis of different 

Lithium TM oxides88. These solid-state routes where Li and TM salts or oxides are 

mixed (physical mixing or solution mixing), dried, pelleted, and fired under high 

temperature (and in some cases refired) are still common and reliable methods to 

produce battery active materials 89,90. Besides the added time and complexity of 

repeated energy-demanding calcination firings, a major tradeoff with these methods 

is that morphology control or tunability is often challenging.

Spray pyrolysis is similar to the ‘wet mixing’ approach in that it also uses solution 

phase(s) to promote homogeneous cation mixing. Droplets are produced by 

nebulizers from pre-mixed solutions, and are further sent to high temperature 

furnaces where a series of physical and chemical processes including solvent 

vaporization, precipitation, and decomposition, will take place to produce the target 

materials 31,91,92. Post-annealing improves the phase purity and can be used to 

modulate particle morphology. Zhu et al. published a detailed review on the use of 

spray pyrolysis method to synthesize battery active materials 93. Spray pyrolysis 
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routes are commonly used to produce commercial TM oxide materials at large scale 

(yield capability can achieve up to tons per day) 93, while it is less common in 

academic research labs because of the increased equipment cost and complexity. A 

great number of factors will influence the properties of the final powders collected, 

such as solution concentration, nebulizer type and droplet sizes, and furnace 

temperature and residence time. While producing spherical particles via spray 

pyrolysis is common, producing other morphologies and complex compositional 

profiles is challenging. In addition, size distributions are often rather polydisperse, 

though the size and size distribution does have tunability and relation with the initial 

droplet distribution 93.

Following Ohzuku et al.’s report 7, Caurant et al. published an early report on the 

hydroxide coprecipitation method to synthesize battery cathode precursors 94. 

Rather than using the conventional ceramic processes with multiple successive 

mixing, pressing, heating, and grinding stages of the powders, hydroxide 

coprecipitation was implemented in aqueous solutions to reduce material 

preparation time and effort while still aiming to achieve intimate homogeneous 

mixing between the multi-component TM ions. To synthesize LiNixCo1-xO2 materials, 

a solution with varying concentrations of LiOH and NH4OH was added into a solution 

of Ni(NO3)2 and Co(NO3)2 in ratios of predefined stoichiometry. The multi-component 

hydroxide precipitates were obtained after a rotary evaporation process at 70°C 

under vacuum to remove residual water and ammonia. The products were then dried 

and calcined under a flow of oxygen, which was expected to decompose any last 

remaining ammonium nitrate. Ammonium was chosen in part to facilitate the 

hydroxide coprecipitation because it readily decomposed under mild thermal 

treatment and was thus not expected to impact the final material properties as an 

impurity.  The same target oxide materials were also prepared for comparison via 

direct solid-state reaction of Li2CO3, NiO, and CoCO3, in predefined stoichiometric 

proportions. Relative to the products synthesized through coprecipitation, the 

materials from the solid-state method exhibited poorer crystallinity and phase purity, 

and thus worse electrochemical performances, including lower capacities and larger 
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cell polarizations, even though longer calcination time was applied during the solid-

state reaction as needed to form the target material. This study indicated 

improvements to mixing homogeneity when using coprecipitation relative to solid-

state methods in achieving better cation mixing and phase purity in the final 

materials.  

 Spahr et al. published a report employing hydroxide coprecipitation in an oxidative 

environment to synthesize Mn substituted LiNiO2 95. A hydroxide precipitate was 

filtered, washed, and then mixed with a 1.1-fold excess of Li in a LiOH solution. The 

mixture was dried and then calcined. Pure, single-phase oxide products were 

obtained with one step calcination, although there was deficiency found in the 

amount of Mn which was attributed to overoxidation of Mn and the formation of 

soluble MnO4
- species. The materials obtained from coprecipitation were determined 

to have homogeneous ion mixing while avoiding the typical grinding, pressing, and 

heating cycles of solid-state methods. Note that the coprecipitation was intentionally 

conducted in a strongly oxidative environment which readily oxidized Mn from 2+ to 

4+ and the transformation in oxidation state and phase of the precursor could impact 

final material homogeneity.

Paulsen et al. explored different synthesis routes based on the ‘hydroxide mixing’ 

method. In a study published in 2000 towards synthesis of Li2/3[Ni1/3Mn2/3]O2 

materials, ‘hydroxide mixing’ was implemented as the first step to obtain a TM 

precursor 96. A solution of TM nitrates was slowly dripped into a NaOH solution with 

intensive stirring. The obtained mixed hydroxide was filtered, washed, and calcined 

at 200°C for 2 days in air. The mixed oxide/hydroxide was then ground with excess 

Na2CO3, pressed into pellets, and a single calcination was made for 14 h at 900 °C (or 

36 h at 700 °C) in air. This Na-containing TM oxide was then converted to Li TM oxide 

by ion exchange of Na for Li in molten salt. Compared with the previous ‘hydroxide 

mixing’ reports 94, this report separated and harvested the precipitates via filtering 

rather than evaporating the solution, which significantly reduced the time and energy 

associated with evaporative solvent removal. The formation of the Na TM oxide and 
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ion exchange of the material added extra steps and complexity relative to direct firing 

with a Li source but was utilized in their process to stabilize the structure of the target 

oxide materials. The same method was later applied to synthesize a variety of 

multicomponent Li TM oxide materials of composition Li2/3[CoxNi1/3-xMn2/3]O2 97. 

Shortly thereafter, minor modifications to the synthesis were reported where LiOH 

was directly mixed with the TM hydroxide precursors before the calcination to form 

the final cathode materials 98, reducing the number of process steps. More papers 

reported the same method around the same time and the blending of multicomponent 

TM hydroxide with Li salt followed by a single calcination has become a common 

route to producing Li-ion electrode active materials of targeted compositions 99–101. 

While generally only a single firing step is used to convert coprecipitation precursors 

to final materials, the firing conditions to achieve complete crystallization of the 

product depends significantly on the homogeneity of the precursor and the chemistry 

of the precursor, and the target phase of the final materials can vary greatly 53,95. It 

should be noted though that while coprecipitation has been often described and 

assumed to produce homogenous mixing at the atomic scale, proof of this level of 

mixing and the extent of its uniformity throughout the precursor particle population 

has not been demonstrated; to the contrary some reports have suggested more 

granular mixing scales likely exist within the precursor particle populations 66,94. 

Even mixing at larger than atomic scales within coprecipitated particles will generally 

be a significantly smaller length scale than the commonly micrometers length scales 

encountered with particles in direct solid-state reaction of multiple powders. 

There are many details in the firing of precursors that can significantly impact the 

resulting phase and morphology of the final materials. The precursors undergo a 

number of chemical and physical changes during processing and calcination, 

including decomposition of the precursor and formation of one or more oxide phase, 

the formation of solid solutions, and sintering. The composition and microstructure 

that may be desired can greatly vary depending on the specific material and target 

material/application. Calcination processes at elevated temperatures and hold times 

generally coarsen and sinter the primary particles that form after precursor 
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decomposition resulting in larger, smoother and flatter particle surfaces 30. The 

changes in particle microstructure with extended firing time or elevated temperature 

also alters the internal porosity and can significantly impact the electrochemical 

performance of the active materials 33,102. For instance, it was reported that layered 

transition metal oxide cathode materials have an optimal calcination temperature 

which resulted in relatively higher discharge capacity,  rate capability, and cycle 

stability 33; the higher discharge capacity and better rate capability were explained 

by larger exposed surface area provided by relatively smaller primary particles, 

which grew larger under higher calcination temperatures, while too low of the 

calcination temperature was not enough to create oxide final materials of appropriate 

phase purity and crystallinity. The slightly better cycling stability of oxide materials 

from lower temperature calcination, however, was not correlated with any synthesis 

condition or physical property in the paper; it may still be attributed to the smaller 

primary particle size which was found to be able to better accommodate internal 

stress during charge and discharge cycles without any mechanical deformation, 

compared to larger particles which exhibited fractures after the same number of 

cycles 103. The details of calcination and post-processing of the final materials 

obtained from the coprecipitation precursors is important but outside of the scope of 

this review. Also, accurate in-situ tools to observe the change of microstructure of 

cathode materials during battery cycling need to be improved to more explicitly 

correlate the microstructure of active materials to their electrochemical 

performances 104. In general, the porous microscale secondary particles formed from 

coprecipitation, composed of nanoscale primary particles formed after 

decomposition and sintering, are believed to be beneficial for the optimization of 

electrochemical properties, since the primary particles as well as the internal porous 

network means short Li-ion transportation distance and good electrolyte 

accessibility while the microscale secondary particle increases the tap-density and 

thus the energy density of the materials 105–109.This review will focus on the 

coprecipitation reaction and properties of the resulting precursors, including the 

phase purity of the precipitate crystal particles that are crucial to the properties of 

the final material product. An important aspect of the coprecipitated precursor 
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frequently retained in the final active materials, the particle morphology, will be 

discussed in detail in Section 4 along with the observations of how solution conditions 

direct particle morphologies. The tunability of particle morphologies from 

coprecipitation is a major advantage of the method. Details of common 

coprecipitation systems used to produce battery active material particles follow in 

the next section.

3. Coprecipitation of Transition Metals with Different Anions

Hydroxide coprecipitation was the earliest developed coprecipitation method used 

for TM oxide battery materials synthesis 94,96–98. Chelating agents, such as ammonia 

and ammonium salts, were generally used to assist the production of dense spherical 

particles 110. Hydroxide precipitates were reported with homogeneous cation mixing 

and monodispersity with regards to particle shape and particle size distribution 

[28,32,52]. Detailed discussion of particle morphology control through reaction 

conditions using coprecipitation will be covered in Section 4. Hydroxide 

coprecipitation does have some challenges: 1) Mn2+ will be oxidized to Mn3+ and Mn4+ 

in the presence of oxygen in air, forming MnOOH and MnO2
 impurities; 2) to prevent 

the formation of oxidized Mn impurity phases, the coprecipitation must be carried 

out in an inert atmosphere which adds complexity to the process; and 3) 

reproducibility of particle morphologies can be low due to the sensitivity of the 

particle nucleation and growth process to the solution conditions. 

In 2002 Lee et al. published one of the earliest reports using carbonate 

coprecipitation to synthesize battery precursor particles 112. The carbonate precursor 

was used to synthesize the high voltage spinel structure cathode material 

LiMn1.5Ni0.5O4 (LMNO). In the synthesis, an ammonium carbonate solution and a TM 

solution containing appropriate stoichiometric feed amounts of Mn and Ni (3:1 

Mn:Ni) dissolved from sulfate salts were poured into a batch reactor. Compared to 

the materials produced from a sol-gel process, no impurity phase was detected in the 

materials synthesized from the carbonate precursors.  This was attributed to the 
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homogeneous mixing between the TM ions from the coprecipitation process, whereas 

in the sol-gel process isolated Ni failed to substitute into the Li Mn spinel phase. 

Scanning electron microscope (SEM) images showed the particles from 

coprecipitation were irregular secondary particles (3-4 um) composed of nano-sized 

primary particles (50-100 nm). In a follow up report，carbonate coprecipitation was 

applied to synthesize precursors used to make multi-component layered materials 13. 

In these initial reports utilizing carbonate coprecipitations, particle size and shape 

control was not well defined. Also, in some cases the secondary particle aggregates 

would undergo significant fracture and break up of primary particles after the 

carbonate decomposition during calcination processes. In later works relatively 

uniform particle shape was obtained with narrower size distribution 33,113; however, 

process variables that resulted in the more monodisperse particle morphologies 

were still under exploration. These early reports showed the possibility of particle 

morphology tuning by controlling the solution conditions from carbonate 

coprecipitation. And even though many of the precipitate particles had a relatively 

wide size distribution with irregular shapes, the aggregates became more uniform in 

shape and more densely packed with the aid of chelating agents 114,115. The 

micrometers-sized secondary particles comprised of hundreds of nanometers-sized 

primary particles as the final product exhibited structural stability and highly 

accessible surface area as cathode materials, resulting in encouraging 

electrochemical performance and rate capability 28,53,91,116. 

Carbonate coprecipitation has the following advantages: 1) almost all the commonly 

used TM cations for Li-ion batteries remain in the divalent oxidation state in 

carbonate coprecipitation solution within typical pH operating ranges; thus inert gas 

is not needed to assure phase purity of the product 33; 2) the solution conditions of 

carbonate coprecipitation are relatively neutral with regards to pH. Later studies of 

carbonate coprecipitation have also mentioned some drawbacks of carbonate 

coprecipitation: 1) continuous growth of secondary particle sizes 117 in a continuous 

stirred tank reactor (CSTR) makes control of particle size monodispersity 
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challenging; 2) the large particle size and large surface area makes the precursor 

samples vulnerable to moisture 118; 3) composition deviation from the feed or 

designed ratio due to the different solubilities of the precipitates 22. For example, the 

relatively stronger coordination of ammonia with nickel ions cause Ni-deficit in the 

coprecipitate crystals when using ammonia as chelating agent 83. 4) At high Ni 

compositions Ni impurity phases form 119; 5) The larger carbonate constituent 

compared to hydroxide results in increased porosity on calcination to final active 

material. While this improves electrolyte accessibility to the particle interior which 

has advantages with regards to rate capability, the particle porosity makes the 

materials more susceptible to fracture during calendaring which is an important step 

in commercial electrode processing 117,120.

Oxalate has also been investigated as a coprecipitation agent with TM cations to 

produce battery precursors. In 2010 Park et al used oxalate coprecipitation to 

synthesize precursors for making multi-component olivine materials 31. In this work 

the effect of the pH, atmosphere, temperature, and aging time was investigated with 

respect to the impacts on the atomic ratio of TMs, phase purity, and morphology of 

the mixed TM oxalate. Significant Mn-deficiency was observed due to the relatively 

higher solubility of Mn oxalate, when oxalic acid and TM sulfate salts were used to 

produce the precursors; improvement in obtaining the target stoichiometry was 

achieved by using ammonium oxalate as the oxalate source, which increased the 

solution pH. For Co and Fe, the oxalate β-phase was found to be preferred during 

room temperature coprecipitation and α-phase oxalate was observed during high 

temperature coprecipitation (90°C); in contrast Mn only exhibited α-phase oxalate 

for all conditions. To produce a phase pure precursor with homogeneous mixing of 

multiple TM cations, temperature was maintained at 90°C in the binary system to 

avoid formation of Mn-rich α-oxalate and Mn-lean β-oxalate. Optimized samples from 

oxalate coprecipitation exhibited significant improvements in rate capability, which 

confirmed the importance of phase and compositional homogeneity of the precursors 

for extracting the best electrochemical performance from the multi-component 

cathode materials. SEM images of final olivine samples from the ammonium oxalate 
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system showed nano-size crystals aggregated into irregular secondary structures. 

Mn-deficiency of the precipitate samples, especially at low pH conditions, was also 

studied by Wang et al. in 2013 121. They also reported that by using ammonium 

hydroxide as a pH adjuster and shifting the pH to near 7 the Mn to Ni ratio in the 

particles was much closer to the feed ratio in the synthesis of Li-rich Mn-rich layered 

cathode precursors. The final oxide particles were hierarchical structures with pores 

of regular patterns forming from aligned rod-like primary particles; the rod-cluster 

structure showed superiority over individual nano-sized primary particles produced 

after ball milling treatment with regards to both cycle life and rate capability.

In 2010 Wu et al published on the use of oxalate coprecipitation to synthesize 

precursors for xLi[Li1/3Mn2/3]O2.(1 - x)LiNi1/2Mn1/2O2 122. The obtained particles 

showed irregular shapes, similar to sol-gel materials. In 2013 Zhu et al. developed an 

oxalate-carbonate composite coprecipitation to synthesize precursors for the 

production of LMNO 83. The stronger coordination of ammonia with Ni ions was 

known to result in Ni-deficit in the carbonate precipitate materials. Since both Ni and 

Mn oxalates have very little solubility in aqueous solution, ammonia had no 

significant effect in the equilibrium solution concentration of either TM cations, and 

experimental results showed that with ammonium oxalate as the precipitation 

reagent the obtained precipitate samples had stoichiometry almost identical to the 

feed. However, without the chelating agent dissolving/recrystallizing the particles, 

the obtained particles from pure oxalate precipitation were non-spherical; spherical 

and stoichiometric particles were obtained by adding small amounts of ammonium 

carbonate to oxalate coprecipitation.

Oxalate coprecipitation has a few advantages over hydroxide and carbonate 

coprecipitation: 1) oxalate ions in the solution play a dual role as both a precipitation 

agent and a complexing agent - the formation of metal complexes slows down the 

precipitation rate and makes the nucleation and growth of the particles more 

controllable 83; 2) most TMs used in cathode materials, including Ni, Co, Mn, and their 

blends, form stable oxalate dihydrates across the entire range of mixing ratios 63,121, 
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which results in high purity precursors with homogeneous mixing across a wide 

range of compositional space. It is important to be aware that although the TMs all 

form oxalate dihydrates, different crystallographic structures may form under 

different temperatures and pressures 123–125. Proper solution conditions must be 

chosen to prevent polymorph phase separation 18,121. Oxalate precipitation also has 

some challenges. 1) Compositional deviations can occur between the precursor and 

the initial solution feed composition. Composition deviation from the feed also occurs 

for hydroxide and carbonate coprecipitation 28; however, hydroxide and carbonate 

typically operate at higher total concentrations and higher precipitate yields, which 

mitigates the compositional deviation to the extent that it is often ignored in those 

systems. Compositional deviation from the feed can be significant when the reaction 

is conducted in low concentration regimes where slow precipitation rate is desired to 

control and tune precipitate growth and morphology 22,51. Tuning the solution feeding 

ratio to target the final desired composition in the precursor has been used to 

improve material purity and electrochemical performance 22. 2) Oxalate salts have 

relatively low solubility in aqueous solution, which limits the utility of chelation 

agents as particle morphology modifiers to make spherical particles 83. Other 

chelating agents other than ammonia may be found which improve the particle 

morphology 126; 3) oxalate salts and oxalic acid have relatively lower solubilities than 

hydroxide and carbonate species, which may limit the precipitate yield and 

production rates. 4) While many TMs are stable for oxalate coprecipitation in air, 

others require an inert atmosphere – in particular Fe2+ ions were reported to readily 

be oxidize to Fe3+ and result in iron deficiency for oxalate coprecipitation with this 

TM in air 31.

4. Operating Conditions and Influence on Particle Properties 

Particles of a variety of different morphologies have been synthesized via 

coprecipitation, including spheres, rods, and plates as shown in Figure 1 41–51,54. 

Spherical particles are preferred in a number of cases, as spheres tend to pack 

relatively densely compared to irregular particles which leads to high tap density and 
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electrode loading, and also irregular particle shape can influence powder fluidity 

during processing, transfer, and mixing 127. High tap density and electrode loading are 

desirable due to their correlation with energy density at the cell level 128,129. 

Anisotropic particles can have advantages in certain cases though, for example in 

providing a shorter pathway for Li+ diffusion out of the particle or in facilitating 

alignment of the active material particles within the electrodes for aligned pore 

microstructures to reduce electrode ion transport resistance 130. This section will 

focus on reports of the influence of solution conditions on the particle morphology of 

the precursors and some of the particle morphologies obtained.

4.1. Transition metal salt anion effects

In a work published in 2003 by Jouanneau et al. the effects of using sulfate versus 

nitrate salts in hydroxide coprecipitation were studied with relation to the impact on 

particle tap density 53. It was observed that for equivalent solution composition and 

processing conditions of particles, the precursors synthesized using TM sulfates had 

higher tap density for the final oxide materials relative to those using TM nitrate salts.  

The reason for the increase in tap density was not provided in the work. The 

morphology of the final oxide particles was also observed using SEM and the particles 

synthesized from TM sulfates consisted of large agglomerates (between 10 and 20 

μm) of very small particles (around 0.2 μm), a structure which also resembled the 

morphology previously observed for particles from hydroxide coprecipitation using 

nitrates 27. The existence of Li2SO4 impurities were identified in the final oxide sample 

of materials resulting from coprecipitation of TM sulfates; however, this impurity was 

eliminated by implementing pH control during the reaction and holding the pH at 14 

by continuously adding LiOH to the solution.  

Many of the hydroxide coprecipitation reports in the literature use TM sulfate source 

salts, likely in part due to the previous studies demonstrating high tap density using 

these TM salts and their widespread availability from chemical distributors. For 

example, a detailed study on the structure, and thermal stability of NixCo1-2xMnx(OH)2 

(0 ≤x≤ 1/2) particles was reported shortly after the report mentioned in the 
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preceding paragraph 131.  Kim et al. also adapted hydroxide synthesis from TM 

sulfates as precursors for Li[Ni1/3Co1/3Mn(1/3-x)Mgx]O2-yFy materials 132. Many reports 

in the literature of battery hydroxide precursors from TM sulfate salts can be found 
52,53,92.

4.2. Chelating agent and stirring rate

Samsung SDI Co. published one of the earlier studies of the impact of ammonia as a 

chelating agent in hydroxide coprecipitation 110. The report took advantage of 

ammonia to control the precipitate particle growth, and a patent was also filed on this 

process 110,133. The function of ammonia was explained using the following reaction 

sequence (rearranged to a general form, M represents all possible transition metal 

ions):

                                                          (1)𝑀2 + +𝑥𝑁𝐻4𝑂𝐻(𝑎𝑞)→𝑀(𝑁𝐻3)2 +
𝑛 (𝑎𝑞) +𝑥𝐻2𝑂

                                                           (2)𝑀(𝑁𝐻3)2 +
𝑛 (𝑎𝑞) +𝑦𝑂𝐻 ― = 𝑀(𝑂𝐻)2(𝑠) +𝑛𝑁𝐻3

In the proposed mechanism, ammonia forms complexes with TM ions in the solution, 

which then gradually react with hydroxide ions to form precipitates. 

In the report, the pH was controlled and maintained by adding NaOH throughout the 

process. The obtained particles were sphere-like secondary particles composed of 

primary particles of sub-micron size, and the particle size of the secondary particles 

ranged from diameters of 5 - 30 m in a typical population.  The next year Ying et al. 

published a work on ‘controlled crystallization’ also using ammonia as the chelating 

agent in hydroxide coprecipitation to synthesize Co and Ni hydroxide particles 127. 

The paper reported that with the aid of ammonia it was possible to increase the tap 

density of cathode materials without sacrificing the specific capacity by controlling 

particle morphology and size distribution. The obtained regular spherical hydroxide 

particles and final oxide particles were synthesized by using the chelating agent and 

the effect of ammonia concentration on particle morphologies was investigated. It 

was found that the particles became more spherical and had a narrower size 

distribution, which gave higher tap density, when higher concentrations of ammonia 
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were used. The optimized particles (pH 11.5, 0.6 M NH3, having particle size 5-15 um), 

after conversion to layered oxide active material, surpassed the tap density and 

specific capacity of commercial reference materials when compared in battery cells. 

A later work published by Lee et al. in 2004 also reported the most regular spherical 

particles with the narrowest size distribution resulted when the highest amount of 

ammonia, the lowest pH, and the highest stirring speed was used within their 

investigation ranges (with the ranges being 0.12-0.36 M ammonia, pH 11-12, and stir 

rate of 400-1000 rpm) 82. Figure 2 shows the evolution of particle morphologies as a 

function of ammonia concentration. Spherical particles with narrower size 

distribution were obtained from coprecipitation with higher ammonia amount, which 

also resulted in corresponding final materials with the highest tap density. Stirring 

speed was also found to play an important role in determining the secondary particle 

morphology in the coprecipitation. As shown in Figure 3, more spherical secondary 

particles composed of more densely packed primary particles formed as the stirring 

speed was increased from 400 to 1000 rpm from coprecipitation synthesis.
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Figure 2 SEM images of (Ni1/3Co1/3Mn1/3)(OH)2 powders produced from hydroxide coprecipitations at various 
concentrations of NH4OH as a chelating agent. A) 0.12 mol dm-3 NH4OH, b) 0.24 mol dm-3 NH4OH, and c) 0.36 mol 
dm-3 NH4OH while all the other solution conditions were controlled to be the same with total TM concentration 
and NaOH concentration both of 2.0 mol dm-3, pH of 11, stirring rate of 600 rpm in a CSTR system. Reprinted 
with permission from 82. Copyright (2004) Elsevier.
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Figure 3 SEM images of (Ni1/3Co1/3Mn1/3)(OH)2 powders produced from hydroxide coprecipitations at various 
stirring speeds. A) 400 rpm, b) 800 rpm, and c) 1000 rpm while all the other solution conditions were controlled 
to be the same with total TM concentration and NaOH concentration both of 2.0 mol dm-3, pH of 11, and 0.36 mol 
dm-3 NH4OH in a CSTR system. Reprinted with permission from 82. Copyright (2004) Elsevier.

Chelating agents have also been applied in synthesis of battery precursors using the 

carbonate coprecipitation system. In 2005 in a paper from Park et al., carbonate 

coprecipitation was modified by the addition of NH3.H2O as the chelating agent, and 
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regular spherical-shaped precipitate particles with relatively monodisperse 

diameters of around 10 um were obtained. The particles well-retained the secondary 

morphology of the precursor after high temperature calcination and annealing 

processes 134. The primary aggregates that comprised the secondary structure were 

still relatively loose and could be broken by ultrasonication, and in the manuscript 

the loose structure was noted to potentially accommodate volume change during Li 

intercalation/deintercalation. The improved uniformity of the obtained particles was 

explained as resulting from the use of the chelating agent according to a similar 

mechanism as stated in Samsung’s work 110, functioning to prevent phase separation 

and to facilitate the formation of homogeneous and uniform particles. Robinson et al. 

published a qualitative work on the particle nucleation and growth process of 

manganese carbonate coprecipitation in a batch reactor 51, in which NH4HCO3 was 

used as the coprecipitation agent. The transition of particle shape from cube to sphere 

was observed as the concentration of manganese ion was increased at different 

NH4HCO3 to manganese ratios. This transition was attributed to the different sizes of 

the initially formed primary particles; initial primary particles with sizes under a 

certain threshold would aggregate into larger spherical particles.

While many of the previous reports focused on the hypothesis that slow growth and 

dense hydroxide particles resulted from ammonia complexing TM and slowly 

releasing the complex to the hydroxide solid phase (see Equations 1 and 2), Van 

Bommel et al. published a study that highlighted a different process 52. In this report, 

the slow growth and high tap density precipitate particles were attributed to the 

equilibrium between TM hydroxide particles and aqueous ammonia TM complexes in 

solution as shown below:

                                                                          (3)𝑀(𝑂𝐻)2 +𝑛𝑁𝐻3↔[𝑀(𝑁𝐻3)𝑛]2 + +2𝑂𝐻 ―

It was found that dense spherical particles only grew in the pH range where metal 

ions coordinated with ammonia, and the chelation effect was speculated to result in 

a dynamic dissolution-recrystallization of the hydroxide that resulted in lower 

particle internal porosity and higher tap density. The authors suggested that both the 
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release of the complexed ammonia to the hydroxide and the dissolution-

recrystallization was occurring during the coprecipitation reaction 51 . It was also 

suggested that the binding strength between the chelating agent and the precipitate 

particles could impact the resulting particle morphologies.

It is noted briefly that while ammonia is the most common chelation agent used in 

coprecipitation synthesis of battery precursor particles, others have also been 

explored. For example, Zhang et al. used poly(ethylene glycol) (PEG) to facilitate 

oxalate coprecipitation 126. Oxalate itself forms complexes with TMs commonly used 

in battery precursor coprecipitation and thus can serve a similar function to a 

chelation agent at relatively low TM concentrations 83.

4.3. pH

The influence of pH in hydroxide precipitation is dramatic because it not only impacts 

the chemistry and complexes of the different species that form in solution but also 

hydroxide ion is the target precipitation agent and thus higher pH means greater 

driving force for nucleation and growth. In agreement to the normal rule that higher 

supersaturation and faster precipitation speed results in smaller particles, it has been 

reported in hydroxide coprecipitation that the average particle size decreased with 

increasing pH 127,135. Particle morphology changes at different pH values has been 

reported in multiple studies. The dependence of particle morphology on solution pH 

was systematically investigated by Bommel et al. in 2009 52.  As shown in Figure 4, 

spherical particles with smooth surfaces can be obtained from synthesis at pH values 

of 11.4 or less, which will be able to more uniformly and densely grow and thus 

produce higher tap density for the materials compared to the irregular shaped 

particles. Through tracking the particle morphology and tap density, and conducting 

equilibrium calculations of the coprecipitation solution, the pH range where all the 

appropriate TM ions coordinated with ammonia was targeted to facilitate the growth 

of regular-shaped spherical particles with high tap density. pH effects are not 

restricted to hydroxide - Wang et al. reported that oxalate particles transformed from 

cubic to lamellar morphology as pH was increased from 1 to 7 with ammonia 
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chelating agent present in the solution 121. More detailed discussion on particle 

morphology will be covered below in Section 5.

Figure 4 SEM images of Ni(OH)2 particles synthesized from coprecipitation reactions with a pH value of A) 10.6, 
B) 11.0, C) 11.4, and D) 11.8 while other solution conditions were controlled the same in a continuous system. 
Reprinted with permission from 52. Copyright (2009) American Chemical Society.

5. Fundamental solution chemistry and nucleation and growth studies

Fundamental studies of coprecipitation solution chemistry, the complexes that form, 

and nucleation and particle growth processes is important to understand and predict 

the resulting precipitate composition and morphology. Often the target is dense 

spherical particles to obtain high tap density and electrode loading, but many other 

morphologies have been reported to have desirable electrochemical performance 
24,51,136,137. In addition, explicit compositional control is needed both to achieve target 
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compositions with high accuracy and reproducibility and to obtain more complex 

particles that have variation in composition within the particles.

5.1. Solution equilibrium

Van Bommel et al. previously reported the use of equilibrium calculations to study 

the effect of pH on particle morphologies in a mixed TM hydroxide reaction system 

with ammonia as the chelating agent 52. By using the system of equations that 

included equilibrium constants and mole balances, they predicted the concentration 

of metal-ammonia complexes for both pure and mixed TM systems. The 

experimentally obtained tap densities from particles synthesized at different pH were 

then evaluated in the context of the extent of complexation of the TM species as a 

function of solution pH. Spherical dense hydroxide is produced in the pH range where 

ammonia complexation was calculated to be significant – while at high pH values 

where little complexation was calculated the resulting particles were small, irregular, 

and had low tap density.  This study was one of the first few that integrated solution 

chemistry calculations with predictions on the final physical properties or 

morphologies of the resulting precipitate particles. In 2011, Wang et al. used 

equilibrium calculations on a carbonate coprecipitation process in a blend solution of 

Mn and Ni to guide the selection of solution conditions 117. The residual TM 

concentration in the solution was calculated as a function of pH and it was determined 

that the pH range of 7.5 to 8.5 would minimize the residual TM concentration that did 

not precipitate to the solid phase. Lower pH was predicted to inhibit complete 

carbonate precipitation reaction while higher pH would increase the residual TM due 

to the formation of ammonia complexes, and even higher pH would result in 

hydroxide coprecipitation.

In 2015, Robinson et al. published a work on the tunability of particle morphology in 

manganese carbonate coprecipitation 51, in which equilibrium calculations were used 

to determine the amount of ammonia complex formation in the solution at different 

NH4HCO3 to Mn2+ ratios. It should be noted that NH4HCO3 could function both as the 

coprecipitation agent and as the chelating agent – with NH4
+ in the salt providing the 
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source for the complexing NH3 and CO3
2- serving as the coprecipitation anion. 

Equilibrium calculations determined that less than 0.1% of the feed Mn remained in 

the solution as a soluble complex at equilibrium across a wide range of solution 

conditions, and that the residual manganese concentration decreased as the relative 

or absolute NH4HCO3 amount increased. This outcome was largely due to the 

relatively neutral pH of the solution, which resulted in NH4
+ being the dominant 

species in the ammonia/ammonium equilibrium and thus relatively small amounts of 

NH3 were available to form Mn(NH3)n
2+ complexes. Although the NH3 complexation 

was low as determined by equilibrium calculations, substitution of NH4HCO3 with 

NaHCO3 as the coprecipitation agent changed the particle morphology from cubic to 

spherical suggesting that even small amounts of complexation of TM may have 

significant impacts on initial particle nucleation. 

Wang et al. applied equilibrium calculations to oxalate coprecipitation in a solution 

containing both Mn and Ni 121. Oxalic acid was used as the coprecipitation reagent and 

either ammonia or hydroxide was used to control the solution pH. Both equilibrium 

calculations and experiments revealed that there was an optimal pH range to 

maximize the conversion of the TM cations to the solid phase precipitates. 

Calculations indicated that the residual Mn in the solution phase was four times that 

of the residual Ni at all pH values due to differences in solubility, which resulted in 

the Mn:Ni ratio in the obtained precipitates lower than the feed ratio. These 

composition deviations were not compensated by the addition of ammonia even 

though ammonia coordinates more Ni than Mn.

5.2. Coprecipitation kinetics

Understanding the kinetics of the nucleation and particle growth for both single and 

multicomponent TM solutions is also critical for rational and explicit control of 

particle composition and morphology. Some reports have developed models to 

describe the reaction, nucleation, and particle growth process of the coprecipitation 

system 138,139; however, coprecipitation is a complex process where conditions such 

as pH, concentration, temperature, complexing agents, morphology-directing agents, 
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and stir rate can all significantly impact final particle yield, composition, and 

morphology. Changes to the reagent feeding rates, the composition of the reactants 

and product particles, smoothness of the reactor surface and the abovementioned 

factors may direct the nucleation towards a different path (homogeneous nucleation 

or heterogeneous nucleation) or the particle growth towards different driving forces 

(diffusion controlled or surface controlled). This complexity likely underlies why 

there have been very few studies which develop a model in the coprecipitation 

synthesis for battery materials, because developing a broadly applicable model to 

many experimental conditions would be challenging 117. Even experimental studies 

aimed at gaining kinetic information are generally qualitative or semi-quantitative. In 

part this is due to the disparate length (from nanometers initial or pre-nuclei to 

submicron primary particles to tens of micrometers secondary particles) and time 

(from the rare event and fractions of a second initial nucleation to the many hours 

precipitation process; or possibly longer for continuous reactor operations) scales. 

Van Bommel et al. tracked the tap density and particle morphology of Ni(OH)2 

particles as a function of time in a CSTR coprecipitation reactor 52. It was found that 

the tap density of the particles gradually increased and then plateaued after ~10 

hours at ~2 g cm-3. The gradual formation of spherical particles which became larger 

and smoother over the first 10 hours of the process, as revealed with SEM (shown in 

Figure 5), was given as the explanation for the tap density observations. Wang et al. 

also used SEMs from particles at different reaction times in a carbonate 

coprecipitation study 117, and similarly it was found that the formation of dense, 

smooth, spherical particles took ~8 hours. Particles collected <1 hour after initiation 

of the reaction were particularly irregular with wide size distributions of the 

secondary particles from 1 to 80 m. Within the limits of the reaction time in this 

study in a CSTR, it was also found that the secondary particles continued to increase 

in diameter for the entirety of the process. These studies provided valuable insights 

into the coprecipitation timescale to achieve dense and spherical particles with both 

hydroxide and carbonate processes, although the systems were limited to a specific 
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subset of experimental conditions. Note that in both studies the CSTR starts with a 

TM concentration (of both feed or soluble species and precipitates) within the reactor 

of zero and thus part of the increase in particle size and tap density is the reactor 

reaching steady state with regards to concentration of total TM and coprecipitation 

anion. 

Figure 5 SEM images of Ni(OH)2  harvested from the same coprecipitation reactions after A) 2 hours, B) 5 hours, 
C) 10 hours, D) 15 hours , and E) 20 hours. Reprinted with permission from 52. Copyright (2009) American 
Chemical Society.

Dong et al. tracked the rate of coprecipitation of Ni and Mn oxalate in solutions 

containing only a single TM and a blend of the TMs in batch reactors 22. It was found 

that the pure Mn and Ni oxalate particles precipitated at very different rates, but that 

in the blend system Mn and Ni precipitate at nearly identical rates. This outcome was 

rationalized by postulating that faster-nucleating Mn oxalate particles functioned as 

seeds to facilitate faster Ni precipitation. This report demonstrated that even though 

TMs can have very different solubilities and precipitation rates, under certain 

conditions and timescales the resulting precipitate particles can have compositions 

that match the feed stoichiometry due to synergistic interactions with regards to the 

nucleation and growth rates and the most favorable precipitate structure. In a follow 

up study, Dong et al. used the focused beam reflectance measurement technique to 

in-situ track the particle size distribution (PSD) as a function of reaction time in the 
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oxalate coprecipitation system with the same TM feed compositions as before (pure 

Mn, pure Ni, and Mn/Ni blend feed), two example results being shown in Figure 6. 

The initial nucleated particles from the solution were detected with the sharp peak 

with narrow size distribution, followed by gradual increase of particle size and 

expansion of the PSD. Different coprecipitation reactions will result in different PSD 

evolution patterns, which can be used to understand the crystallization mechanism. 

The combination of in-situ compositional information and PSDs provided 

quantitative details of reaction rate, reaction order, and insights into the mechanisms 

of particle nucleation and growth 140. Further work is still needed to provide a more 

complete understanding of the process and to enable precise design and control of 

particle PSD. Note that the kinetic studies were conducted in batch reactors which 

have a continuously decreasing ion concentration during the reaction process that 

results in the particle growth process becoming supply-controlled.

Figure 6 Particle size distributions at 5, 10, and 30 min after the start of the precipitation in a) manganese 
oxalate, b) nickel oxalate coprecipitations. Solid lines added to guide the eye.  Reprinted with permission from 
140. Copyright (2018) Elsevier.
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6. Additional Particle Complexity 

Many promising cathode materials with high energy density, in particular Ni-rich 

layered oxides, have tradeoffs of less stability in the oxidized/charged state and lower 

temperatures of thermal decomposition compared to other TM oxides 34,141. High 

valence Ni ions have been associated with the issues of electrolyte oxidation, oxygen 

release from the oxide structure, and phase change to electrochemically inactive 

structures. Sun et al. proposed and reported on the synthesis of particles via 

coprecipitation where there was a core enriched in Ni and a shell with a lower Ni 

composition to take advantage of a core with high energy density and a shell that 

provided stability particularly to the contacting electrolyte phase to reduce 

electrolyte decomposition and improve thermal stability of the cathode material 34. 

The target composition for the inner core was Li[Ni0.8Co0.1Mn0.1]O2 and the outer shell 

was Li[Ni0.5Mn0.5]O2. The initial specific capacity of the core-shell cathodes was a little 

bit less than the pure core materials; however, the capacity retention after 500 cycles 

was 98% for the core-shell cathodes, much higher than the 81% of the pure core 

material. Differential scanning calorimetry measured higher onset temperature for 

the core-shell structure also with less heat release, suggesting improvements in 

thermal stability and safety. The core-shell material properties were also compared 

to the mechanical mixture of core and shell materials of equivalent fractions (as 

separate particles as opposed to integrated as core-shell particles) in a later report, 

and the core-shell still had better cycling and thermal stability – demonstrating the 

importance in achieving the more complex compositional profile in the active 

material 142. The encouraging properties of core-shell particles resulted in multiple 

follow up reports of variations in the particle structure and/or composition 141,143–146. 

The core-shell structure was revealed using SEM cross-section images, and the 

composition transition within the particle was also experimentally probed and 

validated 34,141,147.
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Figure 7 Scanning electron microscopy (SEM) image (a) and electron-probe X-ray micro-analysis (EPMA) line 
scan results (b) of precursor hydroxide; SEM image (c) and EPMA line scan (d) of the final lithiated oxide 
Li[Ni0.64Co0.18Mn0.18]O2. In both cases, the gradual concentration changes of Ni, Mn, and Co in the interlayer are 
clearly evident. The Ni concentration decreases and the Co and Mn concentrations increase towards the surface. 
Reprinted with permission from 2. 

Compared to other synthesis techniques to apply a protective coating to particle 

surfaces, such as sol-gel coating 148, chemical vapor deposition (CVD) 149,150, or atomic 

layer deposition (ALD) 151,152, shells deposited on coprecipitation precursors are 

relatively thick (often m-scale) and can be integrated with the production process 

of the core active material, often not requiring an additional processing step or 
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additional equipment. Since a following calcination process is needed to convert the 

core-shell precursor into the final core-shell active materials, the calcination profile 

and duration need to be carefully chosen to avoid excessive inter-diffusion of the TMs, 

which at an extreme case would result in a single composition particle with an 

average composition of a blend of the core and shell. Generating core-shell 

microstructures via coprecipitation is challenging, and maintaining these 

microstructures after sintering can be even more challenging. Efforts to understand 

and/or control the interdiffusion of ions between core and shell during calcination 

have been reported 34,147,153,154. Mild inter-diffusion can be beneficial for spreading 

out the interfacial region between the core and shell and mitigating voids or 

separation that can occur during calcination and/or cycling due to the different 

volumetric change between the distinct core and shell composition materials 2. Dahn 

et al. have also conducted a study to measure the interdiffusion rates of different 

transition metal ion couples during calcination process which can be used to 

predictably synthesize final oxide materials core and shell compositional profiles 155.

To further mitigate voids between the core and shell regions that can result due to 

their different volume change during processing and/or cycling, a modification to the 

synthesis was reported where a shell with a gradient in composition was precipitated 

onto single composition core particles 2. As shown in Figure 7, Sun et al. synthesized 

a core of Li[Ni0.8Co0.1Mn0.1]O2 and a shell which gradually went from the same 

composition as the core to Li[Ni0.46Co0.23Mn0.31]O2 at the surface over a length scale of 

3 µm, gradually increasing in Mn and decreasing in Ni. The gradient was obtained by 

careful control of the composition of the TM feed to the coprecipitation reactor. Initial 

discharge capacity of the concentration-gradient material was only slightly less than 

the nickel rich core, whereas the capacity retention after 50 cycles at 55 °C was 96%, 

much higher than the 67% of the core material alone. Room temperature comparison 

of 500 cycles showed 96.5% retention for the concentration-gradient material 

compared to 80.4% for the core particles. Careful inspection of cross-sections of the 

core-concentration gradient shell particles (Figure 7) revealed that the particles did 

not have as distinct or separated of interface or void regions associated with previous 
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core-shell particles, and follow-on studies demonstrated even better integration of 

the core and shell to mitigate void formation and stress in the interface region 119,156–

160.

In the core-shell and core-gradient shell examples above the solution chemistry was 

all hydroxide precipitation and the target materials after calcination were layered 

metal oxides. Coprecipitation of particles with other structures, chemistry, and 

compositional profiles have also been demonstrated. For example, carbonate 

coprecipitation was used to produce particles with a gradient initiated at the start of 

synthesis as opposed to only for the shell region, and the target was Li-and Mn-

enriched high capacity cathode final materials with an overall much higher Mn 

fraction 119. Coprecipitation of compositionally varying particles has also been 

applied to produce phosphate final materials, where the high capacity 

LiMn0.85Fe0.15PO4 olivine core was combined with a LiFePO4 surface with the goal to 

improve the conductivity of the final material 35. Full concentration-gradient layered 

cathode has also been applied to produce layered-phase final materials where the 

nickel concentration decreases linearly as the manganese concentration increases 

from the center to the surface of the particle 159. Hou et al. recently published a review 

paper focused on core-shell and concentration-gradient particles prepared via 

coprecipitation which details other reports in the literature 161.

7. Future directions

As more knowledge and insights are gained about the relationship between reaction 

conditions and coprecipitated product particle properties, computational models will 

be developed to guide the choice of reaction conditions to synthesize target product 

particles with explicit compositions and morphologies. Such models will need to 

account for a wide range of reaction parameters, and to provide an accurate 

prediction of all the physical and chemical processes during the coprecipitation 

reaction. A recently published paper by Barai et al. reported progress in predicting 

precursor particle properties from hydroxide coprecipitation. The computational 
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outcomes were comparable on some metrics to the experimental results, but some 

particle properties such as particle shape and size distribution were difficult to 

capture with the model 162. Further advances in the development of such models, 

coupled with deeper understanding of the coprecipitation processes, are expected to 

result in predictions of higher resolution and to guide the control of reaction 

conditions and chemical selection.

Meanwhile it is expected that the design space is expected to expand as the kinetics 

of coprecipitation becomes better understood. Although there have been a diversity 

of particle morphologies reported for coprecipitation, compared to other synthesis 

routes such as hydrothermal there are many more morphologies that could be 

achieved. Hydrothermal synthesis, however, requires the higher temperatures and 

longer reaction times relative to coprecipitation to obtain target particles. 

Coprecipitation could in principle achieve similar diversity of particle morphology to 

hydrothermal synthesis with more mild synthesis conditions if greater knowledge is 

gained in the nucleation and growth processes and appropriate structure directing 

agents are implemented.

To pursue fundamental knowledge of the coprecipitation process, advanced 

characterization methods will be needed. Tools with the ability to in-situ measure the 

solution concentrations and particle morphologies, as well as characterization 

methods to investigate the cation and phase distribution within the precipitated 

particles, are critical for gaining reliable information of the reaction process and 

particles obtained, so that correlation between reaction process and particle product 

can be achieved.  Thus far, the battery materials synthesis field has devoted many 

complex materials characterization tools and great effort to study the materials 

properties and chemistry of final active materials, but much less effort has been 

applied to understand precursor particles. This is not surprising given that the final 

active materials are used in the electrochemical device, however, for final materials 

produced using precursors, the properties of the precursor in many cases dictates the 

final properties of the active material. More emphasis should be put into the study of 
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coprecipitation reaction and the precursors, including the processes of precursor 

formation, the processes of precursor decomposition and conversion to final 

material, and the detailed structure and composition of the resulting precursor 

particles. 

Conclusion

Coprecipitation is a popular method for the synthesis of precursors used in the 

production of Li-ion battery materials. While the reaction is straightforward and easy 

to conduct in the lab, careful control over the reaction conditions is essential for the 

synthesis of particles with controllable, reproducible, and monodisperse particle size 

and shape. Prediction of the resulting particle morphology and composition requires 

fundamental knowledge of the coprecipitation process. In this paper, the 

considerations for each of the most common types of coprecipitation crystallizations 

used for synthesis of Li-ion battery materials were reviewed - hydroxide, carbonate, 

and oxalate. Depending on the cations involved in the reaction and different 

objectives in terms of synthesis simplicity and particle properties, one type of process 

often will be preferred. Key process conditions and their influence on the properties 

of the resulting crystalline particles were also reviewed with highlight examples from 

recent reports. In the field of battery materials synthesis, where tap density of particle 

powders is often a priority, monodisperse spherical particles are often targeted, 

which generally require high stirring rate, the use of a chelating agent, and careful 

selection of pH solution concentrations of reagents. Inclusion of coprecipitation to 

synthesize core-shell and concentration gradient particles was described in this 

review to demonstrate the versatile capability of coprecipitation for the synthesis of 

particles with complex composition and structure. Some recent advances in 

understanding the equilibrium and kinetics of coprecipitation reactions were also 

summarized, with an emphasis of the methods and tools being developed, which 

ideally will motivate further research into the fundamental processes in this complex 

reaction system towards precise and predictable control over the crystalline 

precursor particle synthesis.
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