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ABSTRACT 

A microwave heating protocol was developed for the rapid preparation of two polytypes of 

NaxCoO2 with distinct crystal structures. Two methods using conventional furnace heating with 

different heating rates were also developed to study the effects of heating rate and microwave 

irradiation on the formation pathway and final products. Both O3 type NaCoO2 and P2 type 

Na0.68-0.76CoO2 were prepared by heating a mixture of Na2O2 and Co3O4 to 850 °C followed by 

immediate cooling. Adjusting the Na precursor ratio selectively targeted the two phases. In order 

to compare the formation pathway, intermediate species obtained after the first reaction 
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occurring at around 350 °C were identified by ex situ X-ray diffraction and in situ Raman 

spectroscopy. A mixture of NaxCoO2 phases was found, showing rapid formation at this 

temperature, consistent with previous in situ studies. Higher heating rates increased the peak 

reaction temperature, accelerating reaction completion and increasing intermediate crystallite 

size. However, the final product's composition, structure, and morphology were unaffected by 

the heating method. Electrochemical performance in coin cells showed that all O3 and P2 type 

products had slightly lower initial capacity compared to previous reports but did not vary 

significantly between heating methods. Capacity retention over 100 cycles was stable for the O3 

phase but showed dramatic reduction for the P2 phase in all heating methods. This study 

demonstrates a promising rapid synthesis method that could promote the commercialization of 

Na-containing layered cathode materials. 

INTRODUCTION 

Layered NaxMO2 (M = transition metals) compounds have been widely investigated as 

potential positive cathode materials for sodium ion batteries (SIBs).1 They continue to receive 

significant attention for their potential application in large scale energy storage because of the use 

of earth abundant Na over limited Li supplies. Recent research progress and performance metrics 

have been extensively reviewed,2–4 showing they possess good promise in commercial 

applications. The crystal structures within this family share a common layered motif with a single 

layer plane of octahedral metal oxide and a single layer of Na ions. Orientation and alignment of 

the metal oxide layers provide a different Na coordination environment, summarized by Delmas 

notation,5 where O = octahedral and P = trigonal prismatic Na coordination environment, the 

number indicates the repeat layer number, and the prime indicates a symmetry breaking due to 
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Jahn-Teller distortion or Na vacancy ordering. The arrangement has critical impact on important 

performance parameters for SIBs, including energy density, cycle life, and stability.6 

 

Figure 1: Crystal structures of the four NaxCoO2 phases, viewed down the b (a) direction for the 3-layer (2-

layer) phases. 

Table 1: Summary of the several different crystal structures for NaxCoO2 compounds synthesized through 

solid-state methods reported by Lei et al.7 They are heated at a rate of 5 °C/min and held for 16 hours at 

temperature under air (or oxygen for O3) atmosphere followed by quenching in air. 

 Na1.00CoO2 Na0.83CoO2 Na0.60CoO2 Na0.68-0.76CoO2 

Delmas notation O3 O’3 P’3 P2 

Crystal system trigonal monoclinic monoclinic hexagonal 

Space group R3̅m (166) C2/m (12) C2/m (12) P63/mmc (194) 

Synthesis temperature 450 °C 650 °C 535 °C 750 °C 

Na2O2:Co3O4 ratio: Na:Co = 1.05 Na:Co = 1.00 Na:Co = 0.68 Na:Co = 0.68-0.76 

 

NaxCoO2 was the first of this family to be investigated for SIB commercialization.1 It 

exhibits a 2-layer polytype P2 – Na0.68-0.76CoO2 which is obtained by direct solid-state synthesis in 

a slightly variable Na stoichiometry and several 3-layer polytypes O3, O’3, P’3 obtained at finite 

Na stoichiometries (Figure 1). During Na addition/removal by chemical or electrochemical means, 

the 3-layer polytypes undergo phase transitions between the 3-layer structures listed here and 

another P3 structure not obtainable by direct synthesis.7 The P2 phase conversely retains its 

structure during charging and discharging.8 Direct syntheses of these phases are achievable by 

typical solid-state methods, but proper selection of reactants, stoichiometry, temperature, and time 
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are essential to isolate them as single phases. These have been summarized by Lei et al.7 (Table 1) 

with their determination of single phase regions in the initial Na:Co ratio and temperature phase 

diagram. The reaction pathway for the P2 phase synthesis has been recently studied using in situ 

X-ray powder diffraction by Bianchini et al.,9 observing that the O3 phase forms first and rapidly 

when Na2O2 is used. Subsequent transitions to O’3 then P’3 with fast kinetics were observed with 

increasing temperature. The fast kinetics of the conversions between the 3-layer polytypes is 

attributed to fast Na ion diffusion and facile CoO6 layer-gliding mechanism. Finally, an irreversible 

transition to the P2 phase was observed with slow kinetics, requiring a significant increase in 

temperature to complete. The necessity of elevated temperature to complete the conversion from 

3-layer to 2-layer form is attributed to the requirement to reform Co-O bonds. The study indicated 

the process proceeds through a nucleation and growth mechanism guided by Johnson-Mehl-

Avrami-Kolmogorov (JMAK) kinetics. 

Microwave (MW)-assisted synthesis of inorganic compounds is an attractive time and 

energy-reducing method for obtaining fast-forming and potentially metastable materials as it 

exhibits rapid and volumetric heating.10–12 Since the inception of using microwaves to heat foods 

in the 1950’s, the technique has been extended to industrial applications for drying of commercial 

products, degradation of environmental contaminants, vulcanization and polymerization, and 

ceramics and metallics sintering, primarily due to the ability of microwave energy to heat internally 

and selectively.13 Microwave heating has remained an academic interest for inorganic materials 

preparations. The interest began in 1988 when Baghurst and Mingos recognized that certain metal 

oxides could be heated directly by microwave irradiation and induce desired reactions.14 Since 

then, the method has been demonstrated for obtaining a wide range of materials including carbides 

(e.g. SiC, (V/Cr)2GeC, V4AlC3), chalcogenides (e.g. PbSe, ZnS) and oxides (e.g. CuFe2O4),
14–26 
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often with dramatic reduction in necessary synthesis time. The interaction between reactants and 

microwave radiation leads to direct heating of the precursors internally which will impact the 

synthesis process and final products. In general, the differences between MW and conventional 

(furnace) heating have not been well investigated in the solid-state syntheses of inorganic 

materials, and only a limited number of studies using in situ analytical methods exist.27–32 Recently, 

our group has developed an in situ Raman spectroscopy instrument for tracking phase changes 

during MW heating at high temperatures monitoring the structural change from anatase to rutile 

TiO2 as a model system.33 

Here, we successfully synthesized P2-Na0.68-0.76CoO2 and O3-NaCoO2 materials through 

rapid MW heating in high crystalline purity. To investigate potential impacts of microwave 

irradiation itself on the synthesis of NaxCoO2, a method of rapid conventional heating by use of a 

preheated furnace was also developed. Rapid heating rates similar to those encountered during 

MW heating were achieved. These were compared to a conventional furnace heating method 

where a slower heating rate was used which allowed the separation of heating rate and microwave 

irradiation effects. To compare the products (and their formation pathway) obtained by MW 

heating and furnace heating, their composition, structure, and morphology were investigated by 

X-ray powder diffraction, electron microscopy and Raman spectroscopy (ex situ and in situ). 

Finally, the cathode performance in Na battery cells was assessed, showing comparable capacity 

and cyclability to those previously reported for O334 and P235 phase by each method developed. 

Our findings unveil a promising synthesis technique by microwave heating that is both rapid and 

energy-efficient, offering a readily applicable solution for a variety of material systems in energy 

storage devices. 

EXPERIMENTAL 



6 

 

The layered compounds were synthesized from Co3O4 (Thermo Scientific, 99%) and Na2O2 

(Sigma Aldrich, 97%). A Retsch MM 400 shaker mill was used to homogenize starting materials 

using an airtight 25 ml tungsten carbide container (53 mm height, 22 mm diameter; Teflon gasket) 

and two 15 mm diameter tungsten carbide balls. Filling and emptying of the airtight mill container 

were performed in an Ar-filled glove box. The Na2O2 granules were initially reduced to a powder 

by ball milling for 5 minutes at 20 cycles/s. Starting material powder was then prepared at a 10-

gram scale using the appropriate stoichiometric ratios and milled for 90 minutes at 20 cycles/s. 

The ratios utilized for each heating method are presented in the main text (Table 3). Finally, 0.45 

g pellets were prepared by pressing in a 13 mm diameter die (Stainless steel, Specac) at 1 ton for 

at least 10 seconds under Argon. Pellets were placed in individual vials and sealed with parafilm 

before removing them from the glove box until immediate use to prevent moisture exposure of the 

Na2O2. 

Furnace methods utilized a Minithal 31 (Kanthal) small vertical tube furnace. The samples were 

heated in a 10 ml alumina crucible (AL-1010, Advalue Technology) that was supported just above 

the center of the furnace. We employed two different heating methods with the furnace, slow 

furnace (SF) and fast furnace (FF), (see Table 3) to investigate the effects of heating rate on the 

reaction outcome. For SF methods, the pellet was added to a preheated crucible within the furnace 

set at 100 °C. The temperature was increased at a fixed rate of 25 °C/min until the target 

temperature was reached (as measured by optical pyrometer, for details see below). For FF 

methods, the furnace was preheated to 1200 °C. Then the crucible with sample pellet was placed 

quickly inside and allowed to heat to the target temperature. For microwave (MW) methods, the 

10 ml “sample-containing” alumina crucible (AL-1010, Advalue Technology) was nested inside a 

larger 20 ml “susceptor-containing” alumina crucible (AL-1020, Advalue Technology) containing 
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20 g of Fe3O4 (natural, 94%, Alpha Chemicals) susceptor. This was kept at 100 °C until just before 

use. Then the sample pellet was added and immediately heated in a multimode microwave reactor 

operating at 2.45 GHz (CEM, Mars 6 Synthesis). The constant power level was 900 W for the O3 

synthesis and 1500 W for the P2 synthesis. The power was turned off once the target temperature 

was reached. In all heating methods the sample was either allowed to cool naturally to 100-200 °C 

for final products or quenched for intermediates then immediately transferred to an Ar-filled 

glovebox. The samples were then gently ground with an agate mortar before analysis. 

Intermediates were obtained by quenching the samples immediately following the observation of 

a large temperature spike just after reaching >350 °C. After the temperature receded following this 

spike, upon the first observation of the temperature beginning to rise again the sample was quickly 

removed and quenched on Al foil. All methods were performed within the microwave reactor 

chamber with identical air ventilation rates. 

Powder X-ray diffraction (XRD) measurements were performed on a STOE STADI P instrument 

in transmission geometry using Mo K-α1 (λ = 0.709260 Å) radiation. Samples were pressed 

between two Mylar films and loaded onto disc shaped holders with 3 mm diameter apertures. 

Measurements were taken in a 2-51.23° 2θ range with a 1° step size and 70 s/step using a linear 

position-sensitive detector covering 18.6° 2θ range, giving a total measurement time of 1260 

seconds per step. Measurements were 60 minutes. 

Rietveld refinements of the XRD data were performed in TOPAS.36 For all phases, scale and lattice 

parameters were refined. A phase was removed from the analysis if its weight percent was less 

than 1%. Size was refined using a single Voigt profile for major phases and the resulting integral 

breadth of the volume weighted mean column length distribution (IB-Lvol) is reported if refined 

(SI C). For P2-NaxCoO2, a value of x = 0.72 for the Na site occupancies was fixed and not refined. 
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Scanning electron microscopy (SEM) measurements were performed on a Zeiss Auriga 

microscope. A small amount of each product was distributed on carbon tape inside an Ar-filled 

glovebox to prepare for measurements. These were transported in a sealed container on activated 

3 Å molecular sieves until just before loading the instrument to minimize moisture exposure. 

Images were collected using 5 kV electron beam energy. 

Raman measurements were performed with a custom-built system as described elsewhere,32 with 

some modifications (SI E). A 532 nm CW laser (Hübner Photonics, Samba 100) operating at 

30 mW was used for excitation. The minimum spot size on the sample is approximately 31 μm. 

The collections were performed in a 180 ° backscattering configuration. The spectrometer 

(Teledyne Princeton Instruments, FER-SCI-1024B X-VR) was equipped with 1024 x 256 (w. by 

h.) pixel back-illuminated CCD detector cooled to -55 °C and a 2400 g/mm grating (Teledyne 

Princeton Instruments, ISO81-GRT-2400-500) providing a pixel spacing of ~2 cm-1. Calibration 

was performed using a Hg atomic emission lamp. Sequential exposures of 0.979 s each are 

collected at a constant rate of 1 Hz. 

Room temperature measurements of the products were performed on pressed powder of the 

products in a pellet die using the minimum registerable pressure (~0.1 ton). In these measurements, 

autofocus was not utilized. 100 sequential spectra were collected and averaged to obtain the final 

spectrum.  In situ measurements were performed on the synthesis of two additional samples each 

of O3 and P2 by the SF and MW heating methods. Sequential spectra were collected until the 

synthesis was complete. In the furnace methods, temperature data were collected using a fine 0.1 

mm diameter thermocouple (Omega, Type K, TJ36-CAXL-010U-25) pressed to the top surface of 

the sample pellet. Automated adjustment of the probe-to-sample distance (“autofocus”) was 

applied to maintain focus throughout the synthesis. The sampling area was continuously moved in 
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an orbital raster pattern to reduce laser heating effects and provide a more representative bulk 

analysis of the sample surface. These are described in SI E. 

Line profile analysis to extract the Raman peak shapes from room temperature Raman spectra was 

performed in TOPAS.36 Instrument related broadening was first determined using a Hg emission 

line (546.1253 nm, 486.1754 relative cm-1 from 532 nm excitation source) measured through the 

Raman probe. A natural Lorentzian line width of 1 cm-1 was assumed for the emission line and 

convoluted with a gaussian profile to model the instrumental broadening. The fit gaussian width 

was taken to be the instrument related broadening and was used to deconvolute the collected 

Raman spectra. The broadening was assumed constant over the wavenumber range measured. 

Raman peaks were modelled as split pseudo-Voigt profiles. The full-width at half-maximum 

(FWHM) reported for the Raman peaks are the sum of the two half pseudo-Voigt profiles and the 

Lorentzian contribution is the average of the two. 

Temperature was measured during synthesis by optical pyrometer (Optris, OPTCTL, 3MH3-CF4-

CB3HC) with a spot size of 1.5 mm diameter at a focal length of 450 mm. The pyrometer was 

manually aligned using the built-in sight lasers to the center of the top surface of the sample pellet. 

Emissivity was fixed at 0.9 for all measurements. It is capable of temperature measurements >250 

°C. Measurements were collected at a rate of 1 Hz. 

To prepare cathode electrodes, a slurry comprising of the cathode material (85 wt%), acetylene 

black (10 wt%), and polyvinylidene fluoride (PVDF, 5 wt%) in 450 μl of N-methyl-2-pyrrolidone 

(NMP) solvent was prepared in a total slurry mass of 0.3 g. This was uniformly spread using the 

FlackTek SpeedMixer. The slurry was subsequently coated onto an Al foil with a Doctor Blade 

and dried at 60 ℃ under atmospheric conditions for 20 minutes. Following this, it underwent a 12-
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hour vacuum drying at 110 ℃ to ensure complete removal of the NMP solvent. Then, the cathode 

electrode was punched into discs with a diameter of 12 mm and then transferred into an Ar-filled 

glove box immediately. A total of 3 measurements for each phase and preparation method were 

collected to characterize the repeatability of the measurements. 

Coin cells (CR2032) were assembled inside an argon-filled glove box for electrochemical testing. 

We used the cathode disc as the positive side, the sodium metal chip as the negative electrode, 0.5 

M NaClO4 (98%, Sigma-Aldrich) dissolved in propylene carbonate as the electrolyte, and glass 

fiber as the separator. Then, all the battery tests were conducted using a Landt battery cycler within 

the voltage range of 2.0−4.0 V at ambient temperature. 

 

RESULTS AND DISCUSSION 

Three heating method protocols were developed to synthesize either O3 type NaCoO2 and 

P2 type Na0.68-0.76CoO2 which were targeted using two initial Na:Co precursor ratios, namely 1.05-

1.10:1 for O3 phase and 0.75-0.80:1 for P2 phase. The three methods – slow furnace (SF), fast 

furnace (FF), and microwave (MW) – are distinguished by their heating rate and inclusion of 

microwave irradiation and are summarized in Table 3. A main conclusion is that the absolute 

maximum temperature reached is the crucial parameter to achieve complete reaction to phase pure 

products by all methods. Surprisingly, the optimal reaction temperature was found to be 850 °C 

for both O3 and P2 types (SI F Figure S23 and S24, respectively), in contrast to previously reported 

methods of obtaining O3 type at significantly lower temperature than P2 type.7 Synthesis at lower 

temperature shows impurities consistent with incomplete reaction, i.e. O’3 phase in the O3 

synthesis and P’3 phase in the P2 synthesis. For the microwave heating method, it was found that 

a higher power level of 1500 W was necessary to reach this temperature in the P2 synthesis 
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whereas in the O3 synthesis only 900 W was needed. It is speculated that this is due to the presence 

of excess Na phase, likely as Na2O, in the O3 heating process (initial Na:Co ratio = 1.05:1) which 

may be heated directly by the microwave irradiation and result in higher temperatures achieved 

with lower power levels.  

X-ray powder diffraction analysis of the O3 and P2 type oxides synthesized by the three 

different methods are shown in Figure 2. In all cases, the target compounds are constituted of the 

main phase with a weight percent of >96 wt% in all samples except for the O3 phase synthesized 

by MW heating which was obtained at 89 wt%. Rietveld refinements and all crystallographic data 

are compiled in the SI (SI C, Figures S3-14, Tables S3-14). The refined lattice parameters of the 

final products (Table 2) are in excellent agreement with those reported by Lei et al.7 demonstrating 

the high quality of the products obtained from our methods comparable to those prepared by 

traditional solid-state synthesis methods. The MW synthesized O3 product showed the lowest 

purity with 89% weight. Interestingly, this MW O3 final product showed essentially no increase 

in O3 fraction relative to a quenched intermediate taken just after initial reaction of the precursors 

with an 88% weight O3 phase (SI C Table S3 and S9, final product and intermediate, respectively), 

in contrast with the other FF and SF products of an increase relative to the intermediates. The 

reason for this phenomenon remains unknown, but it could be attributed to the faster heating rate 

of the MW method which reduces the overall time at high temperatures and may not allow 

sufficient time for complete conversion to the O3 phase. Identified side phases are O’3 and Na2CO3 

for both the O3 and P2 syntheses. The small amount of Na2CO3 is well explained by the reaction 

of Na2O (produced upon decomposition of the Na2O2 precursor) with atmospheric CO2 due to the 

ambient air conditions. The presence of O’3 in both the O3 and P2 products is better understood 

by examination of the reaction intermediates which were quenched from varied temperatures lower 
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than the target temperature (SI A, Table S1). In all cases, these were a varied mixture of some or 

all the phases (O3, O’3, P’3, P2). The small amount of O’3 remaining in the O3 product is likely 

due to incomplete diffusion of Na into the O’3/P’3 phases which may be present. The 

interconversion between 3-layer phases (O3, O’3, P’3) has low kinetic restriction as Na diffusion 

rates are high and the transition proceeds by simple layer gliding of the CoO6 octahedra planes.9 

Conversely, the P2 phase has been shown to transition from any of the 3-layer parent phases (O3, 

O’3, or P’3) by a nucleation-growth mechanism. This has high kinetic restriction due to the need 

to break Co-O bonds to accomplish the structural change.9 This suggests incomplete nucleation 

and propagation of P2 grains within the O’3 parent phases in the rapid synthesis methods presented 

here.  
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Figure 2: X-ray diffraction analysis of O3 NaCoO2 (a) and P2 Na0.72CoO2 (b) synthesized by the microwave 

(MW), fast furnace (FF) and slow furnace (SF) method, respectively. Refined weight percentages of the 

respective major phase are included (obtained by Rietveld refinement of the data, see SI C, Figure S3-14, 

Table S3-14). Below the diffractograms are reflection markers for the target phases of O337 (a) and P238 (b) 

In the MW O3 sample, splitting of the first peak (003) and the unmarked peaks are due to the presence of 

significant O’3 phase impurity as indicated by the Rietveld refinement analysis (SI C, Figure S3, Table S3). 

Table 2: Lattice parameters reported by Lei et al.7 and those determined by Rietveld refinement analysis 

of the final products in this study (SI C, Figure S3-14, Table S3-14). Values in parentheses are the 

standard errors for the last decimal reported. For the P2 samples, an x = 0.72 was assumed in the 

refinement. 
  Literature  MW FF SF 

O3-NaCoO2  a = 2.8883  a = 2.88950(3) a = 2.89047(2) a = 2.8896(2) 

  c = 15.6019  c = 15.6035(3) c = 15.6078(2) c = 15.6033(2) 

P2-NaxCoO2  (x = 0.68)  (x = 0.72) (x = 0.72) (x = 0.72) 

x = 0.68-0.76  a = 2.8320  a = 2.83445(4) a = 2.83120(4) a = 2.83233(4) 

  c = 10.8971  c = 10.9130(3) c = 10.9441(2) c = 10.9316(2) 

  (x = 0.76)     

  a = 2.8381     

  c = 10.8265     
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Table 3: Description of the method and the average heating and cooling rates for each method, determined 

through temperature profiles, and Na:Co elemental ratio in precursor mixture of Na2O2 and Co3O4. 

 

Detailed heating profiles of each method were collected using an optical pyrometer focused 

on the surface of the sample (Figure 3). A feature in the heating profile that is present in each 

method is a large spike in temperature which occurs once the temperature reaches around 350 °C. 

This spike is attributed to the exothermic decomposition of Na2O2 followed by immediate reaction 

of the produced Na/Na2O and the precursor Co3O4 to form an initial mixture of NaxCoO2 phases. 

This is confirmed by in situ Raman data (Figure 6) and ex situ XRD analysis of intermediate 

compounds which were quenched immediately following the temperature spike (SI C, Figure S9-

14). All quenched samples contained a mixture of the phases with the majority phase being O3, 

regardless of initial precursor Na:Co stoichiometry (Table 4). This is in good agreement with the 

observation of Bianchini et al.9 that O3 phase is formed first from the precursor mixture at 364 °C 

and the reaction is completed rapidly within ~75 seconds. Interestingly, the temperature spike is 

consistently larger in the P2 synthesis despite the smaller amount of Na2O2 utilized relative to the 

O3 synthesis. The origin of this is unknown; as the time scale of the temperature spike is very 

short, it may be a result of faster heat conduction of the P2 synthesis pellet compact. With a lower 

amount of Na2O2, the pellet is expected to undergo less disruption by cracking during the 

 

Heating methods 

Slow furnace 

(SF) 

Fast furnace 

(FF) 

Microwave 

(MW) 

Methodology description The sample is heated at the 

typical maximum heating 

rate for a conventional 

furnace to the target 

temperature 

The sample is added 

to a preheated 

furnace to achieve 

high heating rates 

The sample is heated 

rapidly by microwave 

irradiation and by a 

susceptor surrounding the 

sample 

Heating rate ~20 °C/min ~50-100 °C/min ~100-200 °C/min 

Cooling rate ~20 °C/min ~20 °C/min ~50 °C/min 

Na:Co precursor ratio 

 

P2 = 0.80:1 

O3 = 1.10:1 

P2 = 0.75:1 

O3 = 1.05:1 

P2 = 0.75:1 

O3 = 1.05:1 
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decomposition/reaction process which would result in greater conduction of internally generated 

heat to the surface of the pellet where temperatures are measured by pyrometer. 

 

Figure 3: Temperature profiles of each method for the O3 synthesis (left) and P2 synthesis (right) as 

measured by optical pyrometer focused on the sample surface, where SF = “slow furnace”, FF = “fast 

furnace”, and MW = “microwave”. Time = 0 indicates the first observation of temperatures >250 °C (gray 

line), which is the minimum temperature measurable by the optical pyrometer used in this study. The 

respective plot on the right of each show details of the reaction temperature spike (time is shifted to the 

onset of the temperature spike for comparison). Temperature profiles for the quenched intermediates can 

be found in the SI (SI A, Figure S1 and S2). 

Table 4: O3 weight percent in the intermediates which were quenched immediately following initial 

reaction from starting material to products as determined by the occurrence of a temperature spike early in 

the heating process. Peak temperatures determined for the temperature spike are given. Weight fraction was 

determined by Rietveld analysis of the XRD data collected on the intermediates (SI C, Tables S9-14). 
  O3 synthesis: 

Na:Co = (1.05-1.10:1) 

 P2 synthesis: 

Na:Co = (0.75-0.80:1) 

 

Method 

 Intermediate O3 

weight percent 

Reaction peak 

temperature 

 Intermediate O3 

weight percent 

Reaction peak 

temperature 

MW 

FF 

SF 

 88% 

91% 

49% 

564 °C 

657 °C 

399 °C 

 41% 

69% 

53% 

639 °C 

724 °C 

438 °C 
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After the initial exothermic reaction observed in all three cases, the phase fractions clearly 

diverge upon further heating directed by the precursor ratio: Na:Co = 0.75-0.80:1 results in a P2 

type material whereas Na:Co = 1.05-1.10:1 results in a O3 type material. This suggests that the 

excess phase present at this intermediate stage of the reaction is extremely important in directing 

the subsequent phase conversions; i.e. either small excess of Co3O4 in the 0.75:1 synthesis after 

initial reaction due to the Na deficiency relative to the average x in the NaxCoO2 intermediate 

mixture, or larger excess of Na (likely in the form of Na2O2 or Na2O) in the 1.05:1 synthesis due 

to the Na excess relative the average x in crystalline phase fraction (SI C, Table S9-14). 

The micromorphology of the final products is very similar with respect to the heating 

method as shown by the SEM micrographs (Figure 4). As can be observed, these are significantly 

larger than the intermediates due to the agglomeration and growth of particles during the full heat 

treatment. The P2 type compounds exhibit irregular hexagonal plate morphology with particle 

sizes of ~1−5 μm. The O3 type product exhibits a thicker and more icosahedral morphology with 

larger particles of ~2−15 μm in size. The smaller particle size of the P2 product can be attributed 

to the nucleation-growth phase transition mechanism of 3-layer to 2-layer as suggested by 

Bianchini et al.9 A significant difference in particle size is observed in the intermediates, however, 

where rapid heating methods (FF and MW) resulted in significantly larger particles relative to the 

slow furnace (SF) method. It is observed that the fast methods reach a much higher peak 

temperature at the time of the reaction and are quenched from a higher temperature (SI A, Figure 

S1-2, Table S1). It can be speculated that the agglomeration and growth process is significantly 

accelerated by the higher temperature reached. Because the higher “reaction peak” temperature is 

observed in both fast furnace and microwave methods this is likely purely a consequence of heating 

rate and any direct contribution of microwave irradiation is probably small. 
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Figure 4: SEM micrographs of the quenched intermediates (a) and final products (b) for the different heating 

methods utilized. In each tile, the left column is the O3 syntheses, and the right column is the P2 syntheses. 

From top to bottom, these are synthesized by the MW, FF, and SF methods, respectively. The respective 

XRD data are shown in SI C, Figure S9-14 and Figure 2 for the intermediates and final products, 

respectively. 

 

Room temperature Raman spectra were collected of the intermediates and the final 

products (Figure 5). Two Raman active modes are predicted (A1g + Eg) for the R3̅m (166) space 

group of the O3 phase.39 These have been observed experimentally by Yang et al.40 as summarized 

in Table 5. Five Raman active modes are predicted (A1g + E1g + 3E2g) for the P63/mmc (194) space 

group of the P2 phase.41 These were calculated by Li et al.42 for the P2 phase using full or half 

sodium occupation (Table 6). Only the A1g, one E2g, and the E1g modes have been observed 

experimentally for the P2 phase in polycrystalline samples41,43 due to low Raman scattering 

intensity of the other modes as summarized in Table 6. This is attributed to disorder in the Na ions 

in this nonstoichiometric phase41 and the lower optical skin depth for this metallic phase39. For the 
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O3 products, we observed two strong sharp Raman signals at 490-491 cm-1 (Eg) and 591-592 cm-

1 (A1g). Raman signals were extremely weak and broad in the spectra of the P2 final products at 

460-464 cm-1
 (A1g) and 583 cm-1 (E1g). These are somewhat lower in energy than those calculated 

by Li et al.38 and those observed experimentally (Table 6).  The large line width of the P2 type 

Raman signals (SI B, Table S2) at room temperature in general is attributed to disorder in the Na 

site occupancy, which is absent in the fully occupied O3-NaCoO2 material.41 We did not attempt 

to identify the E2g mode due to the low intensity of the spectra obtained. This mode may contribute 

to a lowered energy and larger line width of the overlapping A1g mode in our analysis. Lemmens 

et al.41 did not include this mode in their analysis either, yet their observation is significantly higher 

in energy (598 cm-1) for the A1g mode. In the intermediates, the NaxCoO2 signals were closest to 

those of the O3 phase, with significant broadening only observed in those obtained from the SF 

method. This can be attributed to size related broadening44 as the crystallite size is observed to be 

significantly smaller in the SEM images (Figure 4). In the SF method for both syntheses, an 

additional signal assigned to Co3O4 (694 cm-1)45 was observed, indicating significant Co3O4 of 

high crystallinity persists and the reaction is not fully complete after the observation of the 

temperature spike indicating reaction of the precursors.  

Na2CO3 is a common impurity phase encountered when excess Na2O reacts with 

atmospheric CO2. The Raman Na2CO3 peaks (1079 cm-1, 1083 cm-1)46 are extremely small in the 

O3 type products and not detectable in the P2 type, despite its high Raman scattering intensity. 

The XRD refinement shows low Na2CO3 in the MW O3 (2.0 wt.%) and SF O3 (1.6 wt.%) samples 

(SI C Tables S3, S5). All the P2 samples contain low amounts of Na2CO3 with MW P2 (1.4 wt.%), 

FF P2 (1.6 wt.%), SF P2 (2.7 wt.%) (SI C Tables S6-8). No needle-like crystals characteristic of 

Na2CO3 were visible in the SEM images (Figure 4). 
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Figure 5: Room temperature Raman spectra of the final products (a and b are for O3 and P2 synthesis, 

respectively) and the intermediates (c and d are for O3 and P2 synthesis, respectively). Spectra within each 

graph are plotted on the same range of Raman intensity, shown at right for the bottom spectrum. Dashed 

vertical lines indicate identified Raman modes for NaxCoO2, while dotted lines indicate identified side 

phases. 
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Table 5: Experimentally observed modes in O3 as reported by Yang et al.40, and observed modes in this 

study for O3 products. 

O3 Raman modes 

(cm-1) 

 

Mode  Experimental40 This study  

Eg 

A1g 

 486.5 

586.4 

490-491 

591-592 

 

 

Table 6: Predicted Raman modes for P2 by Li et al.37, experimentally observed modes in P2 by Qu et al.43 

(a) and Lemmens et al.41 (b), and observed modes in this study for P2 phase. 

P2 Raman modes 

(cm-1) 
Mode 

x in NaxCoO2 

Predicted37 

x = 1 

Predicted37 

x = 0.5 

Experimental (a43, b41) 

x = 0.7 

This study 

x = 0.68-0.76 

E2g 

E1g 

E2g 

A1g 

172.9 

477.1 

483.7 

608.0 

185.7 

482.1 

489.8 

604.6 

- 

478.0a, 480b 

528.8a 

585.5a, 598b 

- 

460-464 

- 

583 

 

Raman spectra were also collected in situ during the synthesis for the SF and MW methods 

(Figure 6). These results confirm that the initial formation of NaxCoO2 occurs when the 

temperature spikes at ~350 °C. In both O3 and P2 syntheses, NaxCoO2 signals, likely 

predominantly arising from the high intensity O3 phase Raman scattering, appear immediately 

following the disappearance of the signals assigned to Co3O4 Raman scattering (SI G, Figure S25-

28).45 Upon further heating, in the P2 synthesis these NaxCoO2 signals gradually disappear, while 

in the O3 syntheses the signals grow in strength. The observation in the room temperature Raman 

spectra that the P2 phase has very small Raman scattering intensities confirms that the expected 

O3/O’3/P’3 → P2 conversion occurs following the initial first reaction in the P2 synthesis upon 

further heating. After the initial reaction, the secondary phase is Co3O4 and the synthesis is directed 

to nucleation of the P2 phase in support of previous in situ study of the P2 synthesis by Bianchini 

et al.9 By contrast, in the O3 syntheses, the transformation from O3/O’3 → O3 is observed instead. 

This demonstrates the secondary phase of Na2O in O3 synthesis directs the phase transition of O’3 
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to O3. In light of previous investigation by Lei et al.7 of the Na:Co and temperature solid-state 

synthesis phase diagram, where long holding times at lower temperatures (450 °C) were used to 

obtain the O3 phase, this indicates that the initial Na:Co ratio serves as a determining parameter. 

However, the temperature necessary to achieve the desired conversion is balanced by the time at 

temperature in the synthesis, indicating a highly dynamic process where kinetics must be 

considered in the O3 synthesis. Evidence for surface formation of Na2CO3 is also observed with 

gradually strengthening signal intensity throughout both syntheses due to the expected reaction of 

Na2O with atmospheric CO2 to form Na2CO3. However, the total amount produced appears low, 

as upon grinding and re-pelletizing the products, the signal intensity is greatly reduced in the room 

temperature spectra (Figure 5) and low weight fractions found in the XRD analysis (SI C Tables 

S3-8). Overall, no differences in the reaction pathway of O3 and P2 syntheses were observed 

between the furnace and microwave heating processes. Please note that defects in the NaxCoO2 

compounds can have an influence on the formation pathway, however, this goes beyond the scope 

of this study. 
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Figure 6: In situ Raman spectroscopy data collected during the NaxCoO2 synthesis process by the slow 

furnace (SF) and microwave (MW) method. Temperature data in the SF methods were collected by a 

thermocouple placed on top of the sample surface. In the MW methods, no temperature data could be 

collected by thermocouple due to the microwave irradiation’s damage potential. In these, the left plots 

instead show an expanded view of the heating process as the heating rates encountered were much larger. 

a) SF, O3; b) SF, P2; c) MW, O3; d) MW, P2. In all plots, the large broad intensity appearing at 

wavenumbers at high temperature is the result of thermal related background, which masks the signals at 

these temperatures. 

We compared the electrochemical performance of cells containing P2 or O3 cathodes that 

were synthesized by the three heating methods. The representative galvanostatic charge/discharge 
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profiles are displayed in Figure 7 within the voltage range of 2.0−4.0 V vs. Na/Na+. Additional 

measurements are included in the SI D (Figure S15-18). Table 7 summarizes average initial 

discharge capacities. O3-NaCoO2 prepared via MW, FF, and SF methods deliver the average initial 

discharge capacities (std. deviation) of 108.7 (0.7), 118.3 (1.5), and 114.0 (0.7) mAh g-1, 

respectively, at the current rate of 0.1C (Figure 7a). The capacities of those materials synthesized 

by the three different methods are lower than the >140 mAh g-1 previously reported34 at 0.05C, 

which could be attributed to the presence of impurity phases or the higher 0.1C rate used here.  

When the current increases to 1C, O3-NaCoO2 synthesized via MW, FF, and SF methods 

experiences a slight decrease in average initial discharge capacities (std. deviation) of 89.4 (3.3), 

96.6 (2.4), and 92.2 (3.6) mAh g-1 (Figure 7c). 

Correspondingly, P2-Na0.68-0.76CoO2 synthesized via MW, FF, and SF methods deliver 

average initial discharge capacities (std. deviation) of 98.2 (0.1), 99.1 (1.8), and 92.3 (1.2) mAh g-

1, respectively, at the current rate of 0.1C (Figure 7b). Their capacities are slightly lower than the 

previously reported capacity of 107 mAh g-1 at 0.1C.35 Under an increased rate of 1C, P2-

Na0.7CoO2 synthesized via MW, FF, and SF methods demonstrate average initial discharge 

capacities (std. deviation) of 73.2 (10.1), 61.8 (7.9), and 70.8 (22.0) mAh g-1 (Figure 7d). The high 

standard deviation in the SF P2 sample is largely attributed to a large initial capacity for one 

measurement, 95.2 mAh g-1, whereas the other two measurements were 64.8 and 52.5 mAh g-1. 

The origin of this inconsistency is unknown. 
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Figure 7: Charge/discharge profiles of the cells containing different P2/O3 cathodes countered with Na 

metal in 0.5 M NaClO4 dissolved in PC (propylene carbonate) as the electrolyte within the voltage range of 

2.0−4.0 V vs. Na/Na+. a-b) 2nd cycle at 0.1C, c-d) 3rd cycle at 1C charge rate with the activation cycles at 

0.2C for the first 2 cycles, for O3 samples. 

Table 7: Summary of the average initial discharge capacities and capacity retention. Average initial 

capacities at indicated rates (2nd cycle for 0.1C, 3rd cycle for 1C charged at 0.2C for 2 cycles) and standard 

deviations for three measurements from each heating method. Those reported by Yoshida et al. for O3 

phase34 and Ding et al. for P2 phase35 are included for comparison. Average capacity retention after 100 

cycles for 1C charge rate and standard deviations for three measurements. 

Specific capacities: mAh g-1 (std. deviation) 

Capacity retention % 100 cyles (std. deviation) 

Phase  Current Rate  Literature  MW FF SF 

O3-NaCoO2  0.05C 

 

0.1C 

 

 >14034   

 

108.7 (0.7) 

 

 

118.3 (1.5) 

 

 

114.0 (0.7) 

  1C    89.4 (3.3)  

84.4% (12.5) 

96.6 (2.4) 

85.2% (18.2) 

92.2 (3.6) 

98.5% (4.9) 

P2-NaxCoO2  0.1C 

 

 10735  98.2 (0.1) 99.1 (1.8) 92.3 (1.2) 

  1C    73.2 (10.1) 

66.4% (62.0) 

61.8 (7.9) 

37.4% (9.3) 

70.8 (22.0) 

46.6% (53.7) 

 

The cycling stability and Coulombic efficiency of the corresponding cells at 1C over 100 cycles 

for one measurement are illustrated in Figure 8 (all three measurements are presented in the SI D, 

Figures S19 and S20). These values are summarized in Table 7, which includes the average 
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capacity and standard deviation of percent retention. At 1 C rate, O3-NaCoO2 synthesized via MW, 

FF, and SF methods exhibit average capacity retentions (standard deviation) of 84.4% (12.5), 

85.2% (18.2), and 98.5% (4.9), respectively. The high standard deviation in the FF O3 sample is 

attributed to one measurement which was significantly lower, 64.3%, than the other two, 97.4% 

and 94.0%. 

For the P2-Na0.68-0.76CoO2 samples at 1C, these samples synthesized via MW, FF, and SF methods 

have average capacity retentions (standard deviation) of 66.4% (62.0), 37.4% (9.3), and 46.6% 

(53.7), respectively (Figure 8b). Clearly, capacity retention characterization is inconsistent with 

the MW and SF methods. This is attributed to a dramatic capacity loss which is observed within 

100 cycles only for two of the three measurements with these samples. The FF method instead 

shows this capacity loss consistently within 100 cycles for all three measurements. 

In general, O3-NaCoO2 displays better cyclability at 1C rate compared with P2-Na0.68-0.76CoO2, 

which might be attributed to their larger lattice parameters, facilitating sodium ion intercalation 

despite their larger particle size. By contrast, the capacity of P2-Na0.68-0.76CoO2 is not directly 

correlated with lattice parameters, and their rapid capacity loss might be related to the structure 

stability, which can be influenced by many other factors. These understandings are beyond the 

scope of this study. 
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Figure 8: Cycling stability of the O3/P2 cathodes at 1C during 3−102 cycles within the voltage range of 

2.0−4.0 V vs Na/Na+, the cells were activated at 0.2C for the first two cycles. a) O3 type samples b) P2 type 

samples. 

CONCLUSIONS 

In this study, O3 type NaCoO2 and P2 type Na0.68-0.76CoO2 were successfully prepared 

using rapid microwave heating. The structure, morphology, and battery performance of these 

products were compared to those obtained by furnace heating where we compared high to low 

heating rates. No significant differences were found in structure or morphology, though phase 

purity of the O3 phase was slightly lower with microwave heating. Battery performance showed 

similar initial capacities regardless of the synthesis method, but rapid capacity fading in some P2 

phase measurements suggested short-range structure defects from fast heating. The formation 

processes of both compounds were examined using our home-built in situ Raman spectroscopy 

setup as well as ex situ powder diffraction and electron microscopy. In all methods, 3-layer 

polytypes formed initially, with faster heating accelerating the initial reaction and resulting in 

larger grain sizes. The final phase (O3 or P2) was determined by the initial Na precursor ratio. In 



27 

 

situ Raman data showed no differences in synthesis pathways between heating methods. This 

study demonstrates that microwave heating is a viable alternative for synthesizing NaxCoO2 

materials with similar characteristics to those produced by traditional methods. 

Supporting Information. 

Additional pyrometer temperature data, room-temperature Raman spectra peak analysis, Rietveld 

refinements of the XRD data, battery measurements for individual samples, instrument 

modifications, XRD data for lower synthesis temperatures, selected Raman spectra from in situ 

data. 

NaxCoO2_MW_SupportingInformation.docx 
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ABBREVIATIONS 

SIB: Sodium ion battery 

O3: NaCoO2 with O3 type structure by Delmas notation. 

O’3: Na0.83CoO2 with O’3 type structure by Delmas notation. 

P’3: Na0.60CoO2 with P’3 type structure by Delmas notation. 

P2: Na0.68-0.76CoO2 with P2 type structure by Delmas notation. 

MW: Microwave heating method. 

FF: Fast furnace heating method. 

SF: Slow furnace heating method. 

XRD: X-Ray Diffraction 

SEM: Scanning Election Microscopy 

PVDF: polyvinylidene fluoride 

NMP: N-methyl-2-pyrrolidone 
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