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Abstract

Particle size-tuned platelets of the high-voltage cathode material LiCoPO4 for Li-ion batteries have

been synthesized by a simple one-step microwave-assisted solvothermal process using an array of

water/ethylene  glycol  (EG)  solvent  mixtures.  Particle  size  control  was achieved by  altering  the

concentration of the EG co-solvent in the mixture between 0 and 100 vol%, with amounts of 0–

80 vol% EG producing single phase, olivine-type LiCoPO4. The particle sizes of the olivine materials

were significantly reduced from about 1.2 μm × 1.2 μm × 500 nm to 200 nm × 100 nm × 50 nm with

increasing EG content, while specific surface areas increased from 2 to 13 m2 g−1. The size reduction

could mainly  be  attributed  to  the  modified  viscosities  of  the  solvent  blends.  Owing to  the  soft

template effect of EG, the crystals exhibited the smallest dimensions along the [010] direction of the

Li  diffusion  pathways  in  the  olivine  crystal  structure,  resulting  in  enhanced  lithium  diffusion

properties.  The  relationship  between  the  synthesis,  crystal  properties  and  electrochemical

performance was further  elucidated,  indicating  that  the  electrochemical  performances  of  the  as-

prepared materials mainly depend on the solvent composition and the respective particle size range.

LiCoPO4 products obtained from reaction media with low and high EG contents exhibited good

electrochemical  performances  (initial  discharge  capacities  of  87–124 mAh g−1 at  0.1 C),  whereas

materials made from medium EG concentrations (40–60 vol% EG) showed the highest capacities

and  gravimetric  energy  densities  (up  to  137 mAh g−1 and  658 Wh kg−1 at  0.1 C),  excellent  rate

capabilities, and cycle life.
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1 INTRODUCTION

A practical  approach to  increasing specific  energies in  Li-ion batteries would be  to  replace

cathode materials that are currently used with those that operate at significantly higher redox potentials.

The theoretical specific energy of the phospho-olivine LiCoPO4 (LCP), which is redox active at ~4.8 V

vs. Li+/Li  [1], is about 800 Wh kg−1, compared to about 580 Wh kg−1 for the isostructural compound

LiFePO4 (LFP),  which operates at  ~3.45 V vs.  Li+/Li  [2], and is used commercially in devices for

applications such as plug-in hybrid electric vehicles [3]. Successful deployment of LiCoPO4, however,

has  proven  challenging due  to  its  low and one-dimensional  ([010]  direction)  electronic  and ionic

conductivities [4-6] and the limited oxidative stability of conventional electrolytic solutions [7]. Due to

these issues,  LCP materials frequently demonstrate poor electrochemical performance, including low

capacities, low rate capabilities and capacity fading [8-11]. 

In addition to chemical doping [5, 6] and coating with conductive carbon [12, 13] to address the

conductivity  issues,  synthetic  methods  that  result  in  particle  size  reduction  and good morphology

control  to  improve  the  kinetics  have  been  attempted  [14].  The  latter  approach  mainly  involves

kinetically controlled soft-chemical synthesis methods, including hydrothermal  [15-17], solvothermal

[18-21], sol-gel  [22, 23], and polyol  [24, 25] techniques. In solvothermal synthesis, for instance, the

solvent composition has been shown to affect the particle size [26]. However, most of these processes

are combined with high-temperature annealing and carbon coating to ensure good crystallinity and

sufficient electronic conductivity [17, 18, 26]. 

We have recently reported  [27] a facile, one-step microwave-assisted solvothermal (MWST)

route  to  highly  crystalline  LCP,  which  requires  no  additional  treatments  such as  high-temperature

annealing  or  carbon  coating.  Under  optimum  conditions,  hexagonal  platelets  with  the  smallest

dimension along [010], the direction of Li diffusion in the olivine crystal structure [4, 6], are formed

using a binary 1:1 (v:v) water/ethylene glycol (EG) solvent. The tuned crystal properties result in very

good electrochemical performance (137 mAh g−1 at 0.1 C rate, using realistic active material loadings

of  4–5 mg cm−2 in  the  composite  electrodes).  These  promising  results  and  the  advantages  of  the

microwave synthesis technique, which include extremely short reaction times and more uniform reac-

tion conditions with lower temperature gradients resulting in monodisperse particles with controlled

particle size range [27-32], prompted us to investigate this approach further to determine if we could

further  improve  the  electrochemical  properties  of  LCP.  In  this  work,  we  report  the  effect  of  the

composition of binary water/ethylene glycol solvent mixtures on the structure, particle size and mor-



phology, and electrochemical performance of LCP materials made by microwave-assisted solvothermal

synthesis.



2 EXPERIMENTAL

2.1 Microwave-assisted solvothermal synthesis

LiCoPO4 powders were synthesized by a microwave-assisted solvothermal (MWST) process

[27] using 0.944 g LiOH ∙ H2O (Bernd Kraft, ≥ 99.0%), 2.108 g CoSO4 ∙ 7 H2O (Chempur, 99%), and

0.865 g  (0.506 mL)  ortho-H3PO4 (AppliChem,  Ph. Eur.,  85 wt.%  solution)  in  a  molar  ratio  of

Li:Co:P = 3:1:1, and 0.075 g ascorbic acid (Alfa Aesar, 99+%) as reducing agent to prevent oxidation

of Co2+ to Co3+ in the aqueous solution. The two additional equivalents of Li are required to bind the

SO4
2− ions in the reaction. The reactants were dispersed in 30 mL of various water/ethylene glycol sol-

vent mixtures (H2O: Millipore water type I, 18.2 MΩ cm; EG: VWR AnalaR NORMAPUR, 99.9%).

The EG concentration was varied in the range of 0–100 vol% with an increment step of 10 vol% while

keeping  all  other  parameters  constant  in  order  to  ensure  reliable  and  comparable  results.  In  the

following, the samples are designated LCP-0, LCP-10, (…), LCP-100, corresponding to the amount of

EG in vol% (v:v) used in the solvent. 

The resulting violet reaction mixtures (pH = 5.0) were homogenized and then transferred into

75 mL PTFE/TFM vessels (HTV-75, MLS GmbH). The synthesis was performed at 250 °C for 30 min

using an Ethos One microwave system (MLS) equipped with an MR-8 HT high-temperature rotor. The

system was operated at  a  maximum power of 600 W, and the microwave irradiation was adjusted

automatically by the T660 temperature control unit. After the microwave treatment, the vessels were

naturally cooled down. The pH of the solutions was 5.0–5.5. The products,  which exhibited colors

ranging  from  light  pink  to  dark  blue  (detailed  image  see  supplementary  material,  Fig. S1),  were

collected by filtration. The powders were washed several times with deionized water and absolute etha-

nol (VWR BDH PROLABO AnalaR NORMAPUR, 99.95%) and dried in air for 12 h at 150 °C.

2.2 Materials characterization 

X-ray powder diffraction (PXRD) and Rietveld refinements. A Stoe STADI P diffractometer

(Mo Kα1 radiation, λ = 0.70930 Å; Ge(111) monochromator; Dectris MYTHEN DCS 1K silicon solid-

state detector) was used to collect PXRD data of the ground powders, which were sealed in 0.5 mm

capillaries  (Hilgenberg,  borosilicate  glass,  wall  thickness:  0.01 mm).  The  measurements  were

performed in a  2θ range of 3–60° (PSD step: 0.015°;  time/step:  30 s,  3 ranges,  measurement time:

12 h).  The  data  were  calibrated  using  an  external  Si  standard  (NBS,  a = 5.43088 Å).  Rietveld

refinements of the diffraction patterns were performed with the Jana2006 software [33] using the oli-

vine crystal structure model (space group  Pnma, ICSD database entry no. 247497  [34]). In order to



ensure that the data were comparable, the same set of parameters was applied for all refinements. The

background was fitted using a Chebyshev polynomial (35 coefficients). Peak asymmetry was corrected

using the  axial  divergence model  [35].  In  addition,  an  absorption correction was applied (packing

fraction: ~0.6). General atomic positions as well as the isotropic thermal displacement parameters of

Co, P, and O were refined without restraints, whereas the parameters of Li were kept fixed due to its

low atomic scattering factor. More realistic standard deviations were obtained by applying the Berar’s

correction [36].

Elemental analysis. Atomic absorption spectroscopy (Varian AA280FS sequential device) and

photometry (Shimadzu UV-160 device) were used to analyze the Li, Co, and P contents. A Hekatech

Euro EA CHNSO combustion analyzer was used to determine the C, H, N, and S contents. 

Scanning electron microscopy (SEM). The morphology of  the  powders  was examined by

high-resolution scanning electron microscopy (HR-SEM) on a JEOL JSM-7500F instrument using an

accelerating voltage of 1 kV, a LEI (lower electron secondary image) detector, and a working distance

of 8 mm. The samples were prepared on conductive carbon tapes attached to an aluminum stub. 

Transmission  electron  microscopy  (TEM). A  JEOL  JEM-2010  transmission  electron

microscope (LaB6  cathode,  max.  resolution:  0.2 nm) was used at  160 kV to  perform selected area

electron diffraction (SAED) experiments. Ethanolic dispersions of the powders were dried on 200 mesh

carbon film for sample preparation. 

BET Surface  area  analysis. The  specific  surface  areas  were  measured  by  the  Brunauer–

Emmett–Teller (BET) method on a Quantachrome Autosorb iQ device using N2 physisorption after a

degassing period of 12 h at 423 K (11 measurement points). 

Rheometry. The dynamic viscosities of the H2O/EG solvent mixtures containing 0–100 vol%

(v:v; increment step: 10 vol%) EG were measured at 25 °C using an MCR 302 Anton Paar Modular

Compact  Rheometer  in  parallel  plate–plate  geometry  (PP-50  plate,  diameter:  49.991 mm,  gap:

0.250 mm). 10 mL of the solvent blends were prepared using a Brand Transferpette S (1–10 mL, error:

≤ ± 0.6%). A sample volume of ~0.5 mL was used for each measurement. Per solvent mixture, six

measurements  were  performed  in  a  shear  rate  range  of  1–120 s−1  (40  measurement  points,

time/measurement: 10.2 s); the average viscosity was determined at a shear rate of 100 s−1. 

Electrochemical measurements. The electrochemical properties of electrodes made from the

as-obtained LCP materials were tested using Swagelok cells with Li foil (Rockwood Lithium, 450 µm,

battery  grade,  > 99.8%)  as  anode,  two  glass  fiber  separators  (VWR,  691,  250 µm),  and  80 µL

electrolyte  (1 M LiPF6 in  ethylene  carbonate  (EC)/dimethyl  carbonate  (DMC),  1:1  (w:w),  Merck,

LP30). The electrodes were prepared by mixing the LCP powders with conductive carbon (Super C65,



Timcal),  polyvinylidene  difluoride  (PVdF,  Kynar  HSV 900,  Arkema)  and  N-methyl-2-pyrrolidone

(NMP, Sigma Aldrich) in a 80:10:10 wt% ratio followed by homogenization with a Thinky planetary

centrifugal vacuum mixer (2000 rpm, 20 min). The mixture was spread on Al foil (15 µm, MTI) with a

doctor-blade coater. Electrodes with a diameter of 10 mm and loadings of 4–5 mg cm−² were cut out,

pressed (KBr press, PerkinElmer) and dried for 2 h at 120 °C in a vacuum oven (Büchi B-585). The

cells  were  assembled  in  a  glove  box  (MBraun;  Ar  atmosphere,  < 0.1 ppm  H2O,  < 0.1 ppm  O2).

Galvanostatic cycling was performed in a potential window of 3.5–5.2 V for three cycles each at 0.1 C,

0.2 C, 0.5 C, 1 C, and 2 C to test the C-rate capability, followed by 15 cycles at 0.5 C to evaluate the

cycle life. The C rates were calculated from the theoretical capacity (167 mAh g−1), neglecting a minor

Li2SO4 impurity,  which does not does not affect the electrochemical performance as shown in our

previous work [27]. The potentiostatic step during CCCV (constant-current, constant-voltage) charging

was limited to a current of 0.05 C. To ensure reproducibility, two cells per material were tested. 



3 RESULTS AND DISCUSSION

3.1 X-ray powder diffraction

Fig. 1 shows the X-ray powder diffraction patterns of the samples LCP-0–LCP-80 prepared

from the MWST process using concentrations of 0–80 vol% ethylene glycol in the binary solvent. The

diffraction patterns can be fitted to the olivine crystal structure model (space group Pnma)  [34] with

overall excellent reliability factors (Fig. S2a–I), and no crystalline impurities were observed. The re-

fined  lattice  parameters  and cell  volumes  (Table S1)  are  comparable  and in  good agreement  with

reported values [27, 30, 37]. Considering the three sigma rule, there is evidence for a slight increase of

the cell  volume for samples made with higher EG concentrations.  Although the narrow diffraction

peaks suggest that all materials are highly crystalline as obtained from the MW synthesis without post-

calcination, the increase of V with increasing amounts of EG in the solvent indicates that these products

may have defects.  The refinement of the  occupancies,  however,  did not suggest  Li-deficiencies or

disordering, because of the limitations of the Rietveld method (cf. low atomic scattering factor of Li).

Consequently, the occupancy factors of all sites were set to 1 and no site-mixing was assumed. Detailed

crystal data (atomic coordinates, temperature factor, interatomic distances) are displayed in Tables S3

and S4. 

Interestingly, the sample made with 90 vol% EG (LCP-90) contains a mixture of 87.4(4) wt%

olivine LCP (Pnma) and 12.6(4) wt% of another, metastable LCP-polymorph (Pna21 [38]), while LCP-

100 is pure  Pna21-LCP (cf. Fig. S2j,k). The broad reflections are because the samples contain nano-

particles (cf. Fig. S4). The observation that at high EG contents, the metastable Pna21-modification is

obtained, is consistent with another report  [26] and indicates that the solvent significantly affects the

phase formation during the solvothermal synthesis. A possible explanation is that diffusion plays a

major role in the crystallization of the olivine phase during the process.  In  solvents with high EG

contents, the viscosity and the boiling point of the mixture are increased (as discussed later), resulting

in slower diffusion rates and reaction kinetics. Another possibility might be the decreased solubility of

the precursors in solvent mixtures which contain less water  [39]. Therefore, due to kinetic reaction

control, the formation of metastable products (Pna21-LCP) is favored over thermodynamic products

(Pnma-LCP). As the  Pna21-LCP polymorph reportedly shows poor electrochemical performance  [38,

40], this work will mainly focus on the electrochemically active, pure olivine materials LCP-0–80. A

structure redetermination and thorough investigation of the formation and material properties of Pna21

based on LCP-100 is presented in another report [41].  



Fig. 1 X-ray powder diffraction patterns (Mo K1 radiation) of LCP powders obtained from MWST

synthesis using various concentrations of EG (0–80 vol%) as co-solvent in a binary mixture with water:

(a) LCP-0, (b) LCP-10, (c) LCP-20, (d) LCP-30, (e) LCP-40, (f) LCP-50, (g) LCP-60, (h) LCP-70, and

(i) LCP-80. The theoretical pattern of LCP (Pnma) based on ICSD database entry no. 247497 [34] is

displayed mirrored in (j). 

3.2 Elemental analysis

The elemental compositions of the samples were analyzed by CHNS, AAS, and photometry.

The results for LCP-0–80 are displayed in Table 2, for LCP-90 see Table S6 and reference  [41] for

LCP-100.  While all the samples are slightly deficient both in Co and P compared to the theoretical

values, with the deficit increasing as more EG was used in the synthesis, the Li content increases. The

excess of Li is more evident when considering the molar ratios n(Li):n(P) and n(Co):n(P). Whilst the

Co:P ratios are close to the expected ratio of 1:1 for all samples, the Li:P ratios range from 0.99(5):1



(LCP-0) to 1.22(5):1 (LCP-80). Taking the respective standard deviations into account, the observed

rise in Li contents is significant. 

Table 1 Elemental composition of the LCP samples synthesized by the MWST process using various

concentrations of the co-solvent EG (0–80 vol%) in binary mixtures with water in comparison with the

theoretical values a,b

Element Theor. LCP-0 LCP-10 LCP-20 LCP-30 LCP-40 LCP-50 LCP-60 LCP-70 LCP-80
S (wt%) 0 0.3(3) 0.5(3) 0.8(3) 0.9(3) 1.1(3) 1.4(3) 1.8(3) 2.1(3) 2.3(3)
Li (wt%) 4.3 4.1(2) 4.3(2) 4.4(2) 4.3(2) 4.3(2) 4.2(2) 4.6(2) 4.6(2) 4.8(2)
Co (wt%) 36.6 35.9(5) 35.6(5) 34.7(5) 34.8(5) 34.6(5) 34.1(5) 33.8(5) 33.4(5) 33.5(5)
P (wt%) 19.3 18.6(3) 18.5(3) 18.5(1) 18.2(3) 18.2(3) 17.9(3) 17.7(3) 17.5(3) 17.5(3)
n(Li):n(P) 1 0.99(5) 1.04(5) 1.06(5) 1.05(5) 1.05(5) 1.05(5) 1.16(5) 1.18(5) 1.22(5)
n(Co):n(P) 1 1.02(1) 1.01(1) 0.99(1) 1.00(1) 1.00(1) 1.00(1) 1.00(1) 1.01(1) 1.01(1)
Li2SO4 (wt

%) c

0 0.9(10) 1.9(10) 2.8(10) 2.9(10) 3.9(10) 4.6(10) 6.2(10) 7.1(10) 7.9(10)

LiCoPO4 

(wt%) d

100 96.3(16) 96.1(16) 95.9(16) 94.5(16) 94.6(16) 92.8(16) 92.0(16) 90.6(16) 90.9(16)

a The composition is determined from the experimental results in wt% (standard deviations are given in

parentheses). 

b The values for C, H, and N were too low to be measured in all samples (= 0). 

c Calculation based on the moles of S and the surplus of Li found. 

d Calculation based on the moles of P found.

The  variation  of  the  Li  contents  can  be  explained  by  taking  the  CHNS  analyses  into

consideration. Whilst no hydrogen and carbon are detected,  which could be attributed to entrapped

water or residues of the organic EG solvent and/or ascorbic acid reductive, substantial amounts of S are

found, which increase linearly with higher vol% EG, similarly to the Li contents. As discussed in our

previous work  [27], the excess of Li and all of the detected S result from a minor Li2SO4 impurity,

which is formed as an amorphous side product in the MWST reaction. The estimated Li2SO4 contents

are found to be very low (i.e. not significant) for products obtained from water-rich solvents (e.g.

0.9 ± 1.0 wt% for LCP-0) and continuously increase (Fig. S3) to rather high fractions for products ob-

tained from EG-rich media (e.g. 7.9 ± 1.0 wt% for LCP-80). This is also consistent with the observed

Li:P molar ratios. An explanation for this is that Li2SO4 is a water soluble compound [42]. Therefore,

when equal moles of LiCoPO4 and Li2SO4 are formed in the reaction, the major portion of lithium

sulfate is dissolved in the aqueous phase of the solvent. Residues on the surface of the particles are

further removed by the washing step with water, while a minor fraction is found to form inclusions that



cannot be leached out [27]. With increasing EG concentrations and less water, the solubility of Li2SO4

in the solvent blend during the reaction is decreased. As a result, more Li2SO4 inclusions emerge in the

particles upon crystallization. The fraction of the olivine active material is reduced to ~90 wt% for sam-

ples containing more Li2SO4 (cf. LCP-70,80).

3.3 Scanning electron microscopy

Fig. 2 shows the SEM images of the samples LCP-0–LCP-80 prepared using different amounts

of EG in the solvent blend. The samples obtained from hydrothermal synthesis (0 vol% EG, LCP-0,

Fig. 2a) and 10 vol% EG (LCP-10, Fig. 2b) exhibited irregular morphologies that vary from square

platelets with a  wide dimension range of about 0.5–1.2 μm × 0.5–1.2 μm and thicknesses of 150–

500 nm  to  cubic  shapes  (~1 µm × 1 µm ×  1 µm),  some  of  the  crystals  being  intergrown.  Higher

portions of EG (20–40 vol%), corresponding to the materials LCP-20, LCP-30, and LCP-40 (Fig. 2c–

e), result in square platelets with edge lengths in the range of ~0.8–1.2 μm. With increasing EG con-

centration, the particle size distributions become more homogeneous and the base areas are marginally

reduced. Moreover, the edges of the square base areas appear rounder (cf. LCP-40). The thickness of

the platelets is reduced from about 150–500 nm (LCP-20) to a uniform 100 nm (LCP-40). Whereas a

very small portion of 10 vol% EG has no significant impact on the particle size and morphology in

comparison to the pure hydrothermal product LCP-0, moderate amounts up to 40 vol% EG help to

prevent agglomeration and intergrowth of crystals, and reduce the thickness of the platelets. When the

EG amount  is  raised to  50 vol% (LCP-50),  corresponding to  a  1:1  ratio  (v:v),  uniform hexagonal

platelets of ~800–900 nm in length, 500–550 nm in width, and 130–180 nm in thickness (Fig. 2f) are

produced as observed in our previous work  [27]. At higher EG contents of 60–80 vol%, hexagonal

platelets with overall smaller dimensions ranging from ~250–400 nm × 100–150 nm × 70 nm (LCP-60)

to  ~200–300 nm × 100–150 nm ×  50–60 nm (LCP-80)  and  narrow particle  size  distributions  were

obtained (Fig. 2g–i). The overall size reduction with increasing EG concentration is in stark contrast to

the  fact  that  for  LCP-20–40,  primarily  only  the  thickness  was  decreased.  When  comparing  the

hexagonal platelets to the ones obtained in 50 vol% EG, it is notable that the aspect ratio (length/width)

of the base areas changes from approximately 1.6 (LCP-50) to about 2 (LCP-80). The particle size was

further decreased for the non-olivine samples LCP-90 and LCP-100: LCP-90 exhibits two types of

particles,  nanospheres  (diameter  ~10–20 nm) located on  the  surface  of  hexagonal  platelets  (~300–

600 nm  × 80–150 nm × 30–60 nm;  Fig. S4a–c),  whereas  LCP-100  only  bears  spherical  particles

(~15 nm; Fig. S4d–f).



Fig. 2 SEM images of  the LCP samples obtained from microwave-assisted solvothermal  syntheses

using various concentrations of EG (0–80 vol%) in binary H2O/EG solvent blends: (a) LCP-0, (b) LCP-

10, (c) LCP-20, (d) LCP-30, (e) LCP-40, (f) LCP-50, (g,j) LCP-60, (h,k) LCP-70, and (i,l) LCP-80.

Detailed images of broken crystals of LCP-60–80 at higher magnification (Fig. 2j–l) reveal that

the hexagonal platelets exhibit an system of interconnected pores (diameter: ~10–20 nm), which are

more prominent at higher EG concentrations and were also observed in our previous report [27]. The

pores reduce the mechanical stability of the particles, which break upon stirring and during the washing

step after the synthesis. In contrast, only very few pores and less fragmentation are observed for the

bigger and mechanically more stable square platelets obtained from solvents containing more water

(LCP-0–40). Here, the damage is more likely the result of the break-up of intergrown crystals. This

finding is confirmed by TEM studies discussed later. The pores are the consequence of the formation

mechanism,  in  which  LiCoPO4 and  Li2SO4 ∙ H2O are  obtained  [27].  In  mixtures  with  higher  EG

concentrations, the solubility of Li2SO4 ∙ H2O is decreased and a smaller amount dissolved. Hence, the

composite crystals contain more Li2SO4  inclusions upon crystallization, which is in good agreement

with the linearly increasing amounts of S found by CHNS analysis (cf. Table 2; Fig. S3). The pores

observed on the  breaking edges  of  fragmented  particles  (Fig. 2j–l)  are  due  to  the  removal  of  the



inclusions upon washing. As the major portion of inclusions remains within the particles, the results of

the elemental analysis are representative for the bulk materials. 

The SEM studies reveal that primarily, the particle size and to a minor extent, the morphology

of the crystals are affected by the solvent composition. The particle size and/or thickness is reduced at

higher EG concentrations in the H2O/EG solvent. At the same time, the morphology evolves from

cubes and square platelets to hexagonal platelets.

3.4 BET surface area analysis

As expected from the SEM images, BET measurements deliver comparatively small specific

surface areas for the materials LCP-0–80, which increase with increasing amounts of EG in the mixed

H2O/EG solvent (Fig. 3a). The samples LCP-0–LCP-30 show very similar small values of ~2–3 m2 g−1,

indicating that the corresponding EG concentrations between 0 and 30 vol% have little effect on the

particle size and thus, the surface area. For EG amounts between 40 vol% and 80 vol%, the surface

areas are increased by a factor of two (LCP-40: ~4 m2 g−1) to six (LCP-80: ~13 m2 g−1) compared to the

sample obtained from a pure water solvent (LCP-0: ~2 m2 g−1). Significantly higher surface areas could

be  obtained  for  the  non-olivine  materials  LCP-90  (~22 m2 g−1)  and  LCP-100  (~61 m2 g−1).  The

correlation between BET surface areas and EG concentration is consistent with what has been observed

previously for LiMnPO4 [43].

Another interesting observation is that the colors of the powders (ranging from light pink for

LCP-0 to dark blue for LCP-100; Fig. 3b), are related to the particle size and respective BET surface

areas, as well as the structure. For the non-olivine samples LCP-90 and LCP-100, the blue color is

caused by the presence of the metastable  Pna21-polymorph of LCP, which exhibits a dark blue color

[38].

Plotting the measured dynamic viscosities of the solvent mixtures, which are in good agreement

with reported values  [44, 45], versus the EG contents (Fig. 3c) reveals that the viscosities follow a

similar exponential increase as the BET surface areas (Fig. 3a). Therefore, the increase in surface area

and vice versa the decrease in particle size are highly correlated with the increasing viscosities of the

solvents containing more of the EG co-solvent. An explanation for the key role of the EG concentration

in tuning the particle size is that, because EG has a higher viscosity than water (EG: 15.7 ± 0.2 mPa∙s

vs. H2O: 0.89 ± 0.05 mPa∙s in our experiment at 25 °C), the ion diffusion rate in the solvent is reduced

upon crystallization, which impedes the growth of large particles [39, 46]. Furthermore, the solubility

of the precursors in the solvent is reduced compared to pure water [39], resulting in a higher degree of



supersaturation in EG-rich media. Hence, nucleation is favored over growth processes during crystal

formation, resulting in smaller particles.

Fig. 3 (a) Specific surface areas of the LCP samples obtained from MWST synthesis versus the EG

concentrations (0–100 vol%) used in the H2O/EG solvent mixture, (b) color range of the as-obtained

LCP  powders,  and  (c)  measured  dynamic  viscosities  of  the  mixed  solvents  (average  from  six

measurements, T = 25 °C, shear rate: 100 s−1; error bars are smaller than data points where not visible).

The data points of LCP-90 and LCP-100, which contain non-olivine LCP, are highlighted in different

colors in (a,c).



However, it has to be noted that the viscosities were measured at ambient temperature and not

the reaction temperature (250 °C), which is above the boiling points of the mixtures (cf. boiling point of

pure EG: 198 °C [47]) [48]. Because the viscosity of the mixtures decreases with increasing tempera-

ture [45], and the particle size is more effectively regulated in mixtures that contain more EG, the size-

regulating effect seems to play a major role in the precipitation step before the microwave-synthesis

and the heat-up phase of the reaction, at which the solvents are still liquid. We therefore infer that the

nucleation step is the most important with regard to controlling the crystal size by using binary aqueous

solvents. 

The solvent viscosity–BET area relation demonstrates that adjusting the viscosity of the solvent

by varying the composition is a  simple way to  produce materials  with tailored particle  size  using

solvothermal synthesis, and also to predict the surface areas. The opportunity to modify this material

property, which is crucial for the electrochemical performance of active materials, by a single synthesis

parameter is of high interest for the commercial production of a variety of materials. 

3.5 Transmission electron microscopy

The  representative samples of the series LCP-0, LCP-30, LCP-50, and LCP-80 were further

characterized  by  TEM  (transmission  electron  microscopy)  and  SAED  (selected  area  electron

diffraction) to examine the crystal orientations and thicknesses as well as to gain further insights into

the crystal  formation and growth. To ensure that all  crystals of a  material  are  oriented identically,

SAED  patterns  of  5–6  individual  crystals  were  taken  for  each  material.  In  addition,  patterns  of

perpendicular  crystal  faces  were  collected.  The  respective  TEM  images  and  SAED  patterns  are

presented in Fig. 4.

In  general,  the  particle  sizes  and  morphologies  observed  in  the  TEM images  are  in  good

agreement with the SEM studies. All the platelets are highly crystalline single crystals that are grown

along the ac plane and show the smallest dimensions along the b axis, which is in the direction of the

lithium diffusion pathways. Furthermore, the pore structures or Li2SO4  inclusions within the particles

observed in the SEM (cf. Fig. 2i,k,l) are confirmed by the irregular transmission of the particles and are

also more pronounced for higher EG contents (LCP-50 and LCP-80, Fig. 4i,m,o). The samples LCP-0

and LCP-30 consist of crystals with a square platelet morphology with the a and c axes being oriented

along  the  diagonals  of  the  base  areas  (Fig. 4a,e).  The  dimensions  in  the  ac plane  are  similar

(~1 µm × 1 µm), but the dimension along [010] is reduced from approximately 600 nm to 250 nm with

the use of 30 vol% EG (Fig. 4c,g). In contrast, the hexagonal platelets of LCP-50 and LCP-80 show

different dimensions in  the  base areas as well  as the  thicknesses.  The particles of LCP-50 exhibit



dimensions of ~800 nm × 600 nm × 180 nm (Fig. 4i,k), while the platelets of LCP-80 are significantly

smaller with a reduced size of ~300 nm × 150 nm × 50 nm (Fig. 4m,o). In both cases, the c axis is ori-

ented  along  the  longer  side  of  the  hexagonal  base  areas,  the  hexagonal  shape  of  LCP-80  being

elongated along [001]. 

Fig. 4 TEM images and corresponding SAED patterns of the LCP samples synthesized by the MWST

technique using various concentrations of EG (in vol%) as co-solvent in a mixture with water: (a–d)

LCP-0, (e–h) LCP-30, (i–l) LCP-50, (m–p) LCP-80. Perpendicular crystal faces are displayed for each

sample.

The TEM studies reveal that the EG co-solvent not only plays a key role in controlling the parti-

cle size by its higher viscosity compared to water (cf. Fig. 3). It also helps to promote the growth of

crystals with defined morphology and orientation  [43, 49]. An explanation for the anisotropic crystal

properties is the soft template effect of the solvent [46]. EG molecules adsorb on the surface of the LCP

nanocrystals by forming hydrogen-bonds between the hydroxyl groups and the oxygen atoms on the

surface on the crystals, altering the surface energies of crystal faces. For LiMnPO4, it was reported [43]

that the EG molecules preferentially adsorb on the (100) planes, then the (010) planes, and the least

favorable, the (001) planes, resulting in limited particle growth rates along the [100] and [010] direc-

tions compared to [001]. This is consistent with our observation that the platelets show a higher aspect

ratio (i.e. elongation along  c)  for solvents containing more EG, but also with the reduction of the



particle thickness along [010]  [43, 50]. Because Li-ion conduction in the olivine crystal structure is

anisotropic, the reduced particle dimensions of our materials along [010] are expected to significantly

enhance Li diffusion and thus, the electrochemical performance.

3.6 Electrochemical characterization

The olivine materials LCP-0–80 were tested in Swagelok half-cells without further processing

(e.g.,  annealing,  carbon  coating).  The  specific  discharge  capacities  and  respective  coulombic

efficiencies at different rates are displayed in Fig. 5. The corresponding galvanostatic curves can be

found in Fig. S5. For better comparison of the trends in the test series, the first discharge capacity ob-

tained at each C rate is displayed in Fig. 5a for the various cells. Generally, no obvious correlation of

the performance with the particle size and thickness along [010] can be deduced. One would expect an

increase in absolute capacities and C rate capabilities with decreasing [010] dimension due to shortened

Li diffusion pathways, i.e., the lowest value for LCP-0 (~600 nm, Fig. 4c) and the highest for LCP-80

(~50 nm,  Fig. 4o).  Instead,  the  following  trends  are  observed  at  every  C  rate,  with  the  capacity

decreasing at  higher rate (Fig. 5a):   (1) LCP-0 and LCP-10 deliver low performances,  (2) good to

average performances are observed for LCP-20, LCP-30, LCP-60, LCP-70, and LCP-80, and (3) the

best performance of the series is achieved for the samples LCP-40–60. 

The relatively low capacities of LCP-0 and LCP-10 at both low (87 mAh g−1 and 116 mAh g−1 at

0.1 C) and higher rates can be explained by the large particle sizes (> 1 µm) and large dimensions along

the [010] Li diffusion pathway (150–500 nm) as well as the inhomogeneous shapes (platelets, cubes)

and particle sizes in both materials. However, the performance of the hydrothermal sample LCP-0 is

still better than that of other hydrothermally synthesized LiCoPO4 samples [17, 29], probably due to the

improved crystallinity, which is the result of the microwave irradiation used for the synthesis [30]. The

effect  of  decreasing  the  [010]-dimension  from  ~150–500 nm  (LCP-20)  to  ~100 nm  (LCP-40)  is

reflected in the increase in discharge capacity from 119 mAh g−1 to 137 mAh g−1  at 0.1 C. Moreover,

these materials show more uniform particle sizes and morphologies compared to LCP-0 and LCP-10.

The highest capacities at every rate and best coulombic efficiencies are achieved for the hexagonal

platelets of LCP-50. The value of 136 mAh g−1 at 0.1 C corresponds to a gravimetric energy density of

653 Wh kg−1 (based on its capacity and discharge potential of 4.8 V). LCP-40 reaches a capacity of

137 mAh g−1 at 0.1 C (energy density of 658 Wh kg−1), but exhibits a lower rate capability. Both results

are among the best results for LCP so far [21, 26, 30, 32], and comparable to our previous work [27].

This is surprising as the particles exhibit bigger dimensions (~130–180 nm) in the [010] Li diffusion



direction compared to LCP-60–80 (~50–70 nm). Unexpectedly, these samples with the smallest and

most homogeneous particles as well as the smallest dimension along [010] are not the best performing

of the series, suggesting that there is no linear correlation with the particle size or [010] dimension,

which is reflected by the somewhat lower initial discharge capacities (122–131 mAh g−1 at 0.1 C) and C

rate capabilities. Because LCP is electrochemically active above 4.6 V, side reactions involving the

oxidation of



Fig. 5 (a) Specific discharge capacities vs. C rate for the 1st cycle of each C rate (error bars represent

standard deviations from two cells), (b) specific discharge capacities vs. C rate for the first three cycles

at each C rate, and (c) coulombic efficiencies for the LCP samples made by the MWST process using

various amounts of EG (0–80 vol%)  The efficiencies of the 1st cycle after each C rate increase are

omitted in (c) as they cannot be determined in these cases. All data points present the average values

from two cells. Data points which are not visible are overlapped by other symbols. The error bars in

(b,c) are omitted for clarity. Conditions: 1 M LiPF6 in EC:DMC (1:1, w:w) at 25 °C.



the electrolyte [7] compete with the (de)intercalation reaction of LCP. The high specific surface areas

of the materials LCP-60–80 (~9–13 m2 g−1  vs. ~4–6 m2 g−1 for LCP-40 and LCP-50) exacerbate these

side reactions, resulting in poorer performance and lower coulombic efficiencies. The decomposition

products of the side reactions are likely to form resistive films on the particle surface that impede

lithium diffusion [51]. This finding strongly contrasts the general assumption [13, 52] that particle size

reduction helps to improve the electrochemical performance. Consequently, due to side reactions, the

particle size reduction is not necessarily beneficial to performance, particularly for high voltage materi-

als.

Following the C rate test, the cycle life of the LCP electrodes was tested for 15 cycles at a 0.5 C

discharge rate (Fig. 6). The total capacities (Fig. 6a), capacity retentions, and coulombic efficiencies

(Fig. 6b) follow the same trends as observed in the rate capability tests at higher C rates (cf. Fig. 5a,b,

cycles 10–15), with the minimum being reached for LCP-0, and the maximum for LCP-40 and LCP-50.

Despite the variation in capacity, the samples LCP-20–80 show an excellent electrochemical stability,

which is among the best performances reported as LCP materials have been shown to suffer from poor

cycling stability [7, 10]. The cycle life of the best-performing materials in terms of absolute capacity,

LCP-40 and LCP-50, however, differs greatly. While LCP-50 with a specific capacity of 101 mAh g−1

maintains 94% of its original value in the 15th cycle, LCP-40 shows rapid fading and only reaches a

capacity of 73 mAh g−1 (79%), which is only the fourth best value of the sample series. The deviant

cycle life may be the consequence of different particle size ranges, thicknesses along [010], and crystal

shapes. The influence of the shape is further supported by the fact that capacity fading is faster for

samples  with  a  square  platelet  morphology  (LCP-0–40)  than  for  materials  that  contain  hexagonal

shapes (LCP-50–80).

Also note that the performances cannot be directly correlated with the contents of the Li2SO4

side phase, which rise linearly with increasing EG concentration used for the synthesis (cf. Table 2 and

Fig. S3). This is in line with our previous results [27], which suggested that the impurity does not affect

the electrochemical performance. 

In brief, the electrochemical performance is the result of superimposed effects such as crystallite

size, particle shape, and thickness in the [010] direction of the Li diffusion pathways. Consequently, a

straightforward explanation for the observed trends cannot be deduced from our current findings. The

results, however, indicate that with the exception of LCP-0 and LCP-10, all the samples synthesized in

solvents  with  medium  EG  contents  and  respective  medium  particle  sizes  show  above-average  to

excellent discharge capacities, rate capabilities and cycle life, the optimum being reached at 50 vol%

EG. In comparison to previous reports of poor cycling stability for LCP  [8-11], the cycle life was



significantly improved. This suggests that in contrast to cathode materials with lower operating voltage

like LFP (3.45 V [2])  [53, 54], a medium particle size range seems to be beneficial for high-voltage

cathode materials such as LCP. This finding is consistent with other studies conducted by our group

[55] as well as with reports about other high-voltage cathode materials [56-58].

Fig. 6 Comparison of the (a) electrochemical stabilities (average values from two cells, error bars are

omitted for clarity) and (b) coulombic efficiencies of the LCP samples prepared by MWST syntheses

using various amounts of EG (0–80 vol%) at  0.5 C after the first  15 cycles of C rate testing. The

coulombic efficiencies of the 1st cycle are not shown as they cannot be determined due to the C rate

change before the cycle life test. Conditions: 1 M LiPF6 in EC:DMC (1:1, w:w) at 25 °C.



4 CONCLUSIONS

Particle size-controlled powders of the high-voltage cathode material LiCoPO4 with platelet-like

morphologies have been synthesized  via a rapid one-step microwave-assisted solvothermal route at

moderate  temperatures  using a  variety of  water/ethylene glycol  (EG) mixed solvents.  Particle  size

control was demonstrated by varying the concentration of the EG co-solvent in the solvent mixture

between 0–100 vol% with an increment step of 10 vol%. 

X-ray powder diffraction experiments reveal that highly crystalline, olivine-type LCP  (space

group  Pnma) is  obtained  for  EG  contents  between  0–80 vol%.  At  higher  EG  concentrations,  the

formation of a metastable LCP polymorph (Pna21) was observed. SEM studies indicate that, whereas at

low EG amounts (0–40 vol%), the formation of square platelets or cubic crystals with inhomogeneous

particle size distributions is preferred, uniform hexagonal platelets are formed in solvent mixtures with

50–80 vol%  EG.  Owing  to  the  higher  viscosity  of  the  reaction  medium  with  increasing  EG

concentrations,  the  particle  dimensions  are  significantly  reduced  from  approximately

1.2 μm × 1.2 μm × 500 nm to 200 nm × 100 nm × 50 nm in EG-rich mixtures, which is consistent with

an increase in BET surface areas. According to TEM studies, EG not only exhibits a size-regulating

effect, but is also a soft template which promotes the crystal growth by selective adsorption on crystal

faces. As a result, all particles show the reduced dimensions along the [010] direction of the Li diffu-

sion pathways in the crystal structure, which is beneficial to enhance the Li-ion diffusivity and thus

improve the electrochemical performance. 

The  performance  of  the  as-prepared  LCP  materials  strongly  depends  on  the  solvent

composition, and the respective size range and thickness of the platelets. LCP made from mixtures with

low and high EG contents exhibit average specific capacities and rate capabilities, which is the result of

big and inhomogeneous crystallite sizes, and increased side reactions of powders with high specific

surface areas with the electrolyte at high voltage. The materials synthesized in medium EG concentra-

tions  of  40–60 vol%,  on  the  other  hand,  show  the  highest  initial  discharge  capacities  of  up  to

137 mAh g−1 at 0.1 C, excellent rate performance, and cycle life although the materials did not undergo

further treatment (annealing, coating). Our findings suggest that in contrast to cathode materials with

lower operating voltage (e.g. LFP),  a  medium particle  size range is  the  optimum for high-voltage

materials such as LCP. 

To conclude, the present work not only provides a simple and efficient, but also energy- and

cost-saving  approach  towards  particle  size  control  of  cathode  materials  by  microwave-assisted

synthesis. It was also shown that the electrochemical performance can be improved by simply adjusting



one synthesis parameter such as the solvent composition and respective viscosity, which might be of

interest for large-scale industrial manufacturing. Therefore, the influence of the solvent mixing ratio on

the material properties should also be investigated for alternative co-solvents with morphology-tuning

properties, such as polyols (e.g. diethylene glycol, triethylene glycol, tetraethylene glycol, polyethylene

glycol). 
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