
Ceramics International xxx (xxxx) xxx

Please cite this article as: Nafiseh Hassanzadeh, Sayed Khatiboleslam Sadrnezhaad, Ceramics International,
https://doi.org/10.1016/j.ceramint.2021.06.104

Available online 22 June 2021
0272-8842/© 2021 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Magnetic stirring assisted hydrothermal synthesis of Na3MnCO3PO4 
cathode material for sodium-ion battery 

Nafiseh Hassanzadeh a,*, Sayed Khatiboleslam Sadrnezhaad b,** 

a Faculty of Materials Science and Engineering, K. N. Toosi University of Technology, Tehran, Iran 
b Departments of Materials Science and Engineering, Sharif University of Technology, Tehran, Iran   

A R T I C L E  I N F O   

Keywords: 
Na3MnCO3PO4 

Hydrothermal 
Magnetic stirring 
Sodium-ion battery 
Atomic ratio 
Color 

A B S T R A C T   

Na3MnCO3PO4 (NMCP) is considered one of the promising cathode materials for sodium-ion batteries due to its 
high theoretical capacity. The hydrothermal method is an efficient, environmental-friendly, and simple route 
with low instrument cost to prepare active cathode materials such as NMCP. In this research, magnetic stirring 
was applied to promote the hydrothermal synthesis, and NMCP was produced by controlling different stirring 
times. This method results in the formation of pure NMCP upon only 45 min processing time. According to the 
ICP results, the Na to Mn ratio in the NMCP approached the stoichiometric value of 3 by prolonging the stirring 
time. By analyzing the charge-discharge behavior of the NMCP materials synthesized through different reaction 
times, it was found that the NMCP produced at 120 ̊C for 480 min had the highest discharge capacity of 94 mAh 
g− 1, which was resulted from the increased Na to Mn ratio of 2.51. Besides, using Avrami’s model, a kinetic 
equation was proposed for the particles’ formation under the stirring hydrothermal process at 120 ̊C. Stirring the 
solution during the hydrothermal synthesis offers a fast, scalable and eco-friendly way of producing better 
performing NMCP cathodes with uniform morphological characteristics for sodium-ion batteries.   

1. Introduction 

Sodium-ion batteries are among the most outstanding and promising 
candidates for the post-lithium-ion battery technology in large-scale 
energy storage applications. Both lithium and sodium-ion batteries 
show a similar working principle based on the “rocking-chair” mecha-
nism. The room-temperature sodium-ion batteries have been under 
focus lately because of their cost effectiveness and high geographical 
distribution of sodium [1–4]. One of the biggest challenges in the 
technological improvements of sodium-ion batteries is the necessity for 
cheap, resource-abundant, and stable Na-based electrode materials. 
Polyanion-type electrode materials are favorable electrode materials 
owing to their stability, safety, and appropriate operating voltage. 
Carbonophosphates are a recently emerged polyanionic compounds that 
belong to the sidorenkite family, with a general formula of Na3MCO3PO4 
(M = Mn, Fe, Co, and Ni) with a high potential to be used as the cathode 
material in sodium-ion batteries [5–8]. Sodium metal carbon-
ophosphates could (de) intercalate more than one sodium per formula 
unit resulting in multi-electron reactions, an effective strategy to make 
batteries with higher energy densities [9]. 

Among carbonophosphates, Na3MnCO3PO4 (NMCP) is the most 
studied one with a high theoretical capacity of 191 mAh g− 1 according 
to two-electron transfer reactions, even in aqueous electrolytes [10–17]. 
Among the various synthesis methods, the hydrothermal technique is 
the most studied one. It has been introduced as a promising, 
environmental-friendly, and straightforward way with low instrument 
cost for producing the pure NMCP phase [10–12,14,15]. However, the 
reported hydrothermal processing times for NMCP production are long, 
usually a few days or a week. Accordingly, Costa et al. [17] developed a 
microwave-assisted hydrothermal method as an ultra-fast way to pre-
pare sodium-carbonophosphates. Consequently, NMCP was produced 
with only 5 min of processing time at 210 ◦C. 

Another strategy to accelerate the formation of the cathode materials 
by mass transport enhancement is adding stirring to the hydrothermal 
procedure. Homogeneous mixing of the reactants, which maintains a 
similar reactant concentration in the whole container space, is expected 
to increase the reaction rate by removing the external mass transfer film 
layer. Also, it can improve the uniformity of the product’s morphology 
and characteristics [18–21]. 

In this paper, we studied the effect of applying magnetic stirring to 
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the hydrothermal process on phase composition, sample morphology, 
the electrochemical performance of the produced NMCP material, and 
the impact of different stirring times on NMCP characteristics. We pre-
sent the production rate of the NMCP material through a stimulating 
hydrothermal process. The reaction was performed on a hot magnetic 
stirrer that provided heating and mixing simultaneously. Following the 
authors’ previous investigation on kinetics of the NMCP formation via 
hydrothermal method [14], this paper reports the effects of the stirring 
on the hydrothermal reaction. It compares the structural, morpholog-
ical, and electrochemical performance results for both stirring and no 
stirring conditions. Quantitative evaluation of the reaction extent using 
XRD and ICP data permitted the data analysis with Avrami’s model. A 
short reaction-time accompanied with a considerable morphological 
and electrochemical property change is given in-depth attention 
throughout the paper. 

2. Materials and methods 

2.1. Sample preparation 

The NMCP was synthesized by the same hydrothermal procedure 
described in the previous authors’ papers [14,15]. Solution (A) was 
prepared by dissolving 8 mmol of Mn(NO3)2⋅4H2O (Sigma) in 20 mL of 
distilled water. Solution (B) was prepared by dissolving 8 mmol of 
(NH4)2HPO4 (RDH) and 9.36 g of Na2CO3⋅H2O (RDH) in 40 mL of 
distilled water. Solution (A) was added to the solution (B) under fast 
magnetic stirring and then transferred into a 100 mL glass bottle sealed 
with a cap. The bottle was heated in a 120 ̊C oil bath under magnetic 
stirring for various durations (30–480 min). After cooling the samples 
out of the oil bath, the solid products were washed with distilled water 
and dried in a vacuum oven at 50 ̊C overnight. 

2.2. Characterization 

The phases were identified from the patterns recorded by the XRD 
system (PW1830, Philips). The scan time and the samples’ weight were 
kept the same in all the XRD tests. The elemental composition of the 
NMCP was determined by inductively coupled plasma optical emission 
spectroscopy (ICP-OES, PerkinElmer Optima 7300DV). The morpho-
logical studies were performed with a transmission electron microscopy 
(TEM, JEM 100CXII) system. Charge-discharge tests were done by using 
CR2025 coin cells. For the preparation of the electrodes, the active 

material (70 wt%), Super P (20 wt%), and carboxymethyl cellulose 
(CMC) (10 wt%) were mixed in distilled water and then pasted on an Al 
foil. The coin cells were then assembled in an argon-filled glove-box 
using sodium as the anode, microglass fiber (GF/D, Whatman) as the 
separator, and 1 M NaPF6 dissolved in ethyl carbonate (EC)/dimethyl 
carbonate (DMC) with a 1:1 vol ratio as the electrolyte. The as-prepared 
coin cells were used in galvanostatic charge–discharge tests in the 
voltage range of 2.0–4.4 V. 

3. Results and discussion 

3.1. Structural evolution 

The XRD patterns of the products obtained after various stirring 
durations (30–480 min) at 120 ◦C are given in Fig. 1a. As seen in the 
figure, no crystalline phase has formed after 30 min. By increasing the 
reaction time to 45 min, the main peaks of the NMCP phase appear. 
Further increases in the reaction time (120, 180, and 480 min) result in 
several sharp peaks related to the NMCP, while no impurity peak is 
observed in the pattern. All diffraction peaks correspond to the standard 
NMCP powder considering slight angle changes. The XRD peaks of the 
NMCP phase of this research are in good agreement with those published 
in the previous literature [6,7,11,14,15]. To investigate the effect of 
reaction time on the crystallite size, the crystallite size (D) of the NMCP 
samples were estimated using Scherrer’s formula, D = kλ/β cos θ, in 
which k is the Scherrer’s constant (0.9), λ is the X-ray wavelength 
(0.1541 nm), β is the full width at half maximum (FWHM) of the 
high-intensity diffraction peak in radians, and θ is the angle of diffrac-
tion in degree [22]. The estimated crystallite sizes based on the XRD 
patterns are summarized in Table 1. It can be noted clearly that the 
crystallite sizes of the NMCP samples increased by prolonging the re-
action time. Furthermore, the crystal growth slowed down after 120 min 
of the processing time. It can be concluded that prolongation of the re-
action time results in more crystal growth and, thus, an increase in peak 
intensities is observed. 

When compared with the hydrothermal synthesis of NMCP without 
stirring, as seen in Fig. 1b [14], it is concluded as predictable that stir-
ring increases the reaction rate significantly. For example, the main 
peaks of pure NMCP appeared after 24 h in the absence of stirring, while 
this time was reduced to 45 min in the presence of mixing. Long pro-
duction times in the absence of stirring arise from the low mass transfer 
rate in the solution resulting in a slow collision of the reactants and low 

Fig. 1. XRD patterns of the samples prepared hydrothermally at 120 ̊C for various durations under (a) stirring conditions in the current research and (b) no stirring 
conditions as reported previously in Ref. [14]. 
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reaction rates. In fact, in the presence of magnetic stirring, the rate of 
NMCP formation is not diffusion-controlled, and mainly, the reaction is 
chemically controlled. 

Furthermore, the possibility of unwanted reactions increases in the 
lack of favorable reactants. This deficiency is the reason for the forma-
tion of impurities in the absence of stirring. 

The ICP analysis was performed to find the elemental composition of 
the samples prepared at 120 ̊C for various reaction times, and the results 
were presented in Table 1. These data are determined from at least three 
independent measurements. The Na to Mn ratios in the hydrothermally- 
synthesized NMCP products at 120 ̊C for 45, 120, 180, and 480 min are 
2.00, 2.17, 2.26, and 2.51, respectively, as seen in the table. It is, 
therefore, concluded that the Na to Mn ratio in the NMCP samples 
synthesized under the magnetic stirring hydrothermal process becomes 
closer to the stoichiometric value of 3 by prolongation of the reaction 
time. The lower Na to Mn ratio in the products obtained at short times 
could be attributed to the low reaction rates, especially when the reac-
tion is chemically controlled in the presence of stirring. Probably, at 
short reaction times, some parts of the precursors especially 
Na2CO3⋅H2O (as the sodium source) have not participated in the NMCP 
formation reactions and finally have been lost. Consequently, a drop in 
Na content of NMCP has been observed according to the ICP data due to 
the non-theoretical atomic ratio of Na to Mn in the NMCP. By prolonging 
the reaction time, a higher fraction of the precursors participated in the 
reactions. Note that the change in the Na to Mn ratio was negligible after 
480 min. In the authors’ previous paper [14], the Na to Mn ratios of 2.29 

and 2.44 were achieved at 120 ̊C after respective 24 and 65 h of the 
hydrothermal reaction without stirring (as demonstrated in Table 1). 
Accordingly, the ratio of 2.51 achieved in the current study after 480 
min (8 h) reveals faster reaction kinetics in the presence of the stirring 
conditions. 

The products of the hydrothermal process for NMCP synthesis show 
different colors depending on the reaction time. This color change is 
observable in Fig. 2. As it is seen, the product is light brownish at the 
beginning of the process (Fig. 2a), but by increasing the hydrothermal 
time, the color changes to brown and then dark-brown (Fig. 2b–d). 
Performing the hydrothermal process for more than 30 min results in the 
color change from dark-brown (Fig. 2d) to dark-grey (Fig. 2e), although 
it is difficult to distinguish the color change at this stage. The color tends 
to look lighter by further increasing the hydrothermal time (Fig. 2f–h). 
The product becomes light beige at the end (Fig. 2h), which agrees with 
the NMCP color reported in the previous literature [7]. 

Comparing the XRD patterns (Fig. 1) with the product colors (Fig. 2) 
indicates a correlation between the color and nature of the hydrothermal 
product. The color change from dark brown (Fig. 2d) to dark grey 
(Fig. 2e) is a notification of the NMCP formation. Therefore, it could be 
gathered that the colors of the dark grey to the light beige (Fig. 2e–h) 
belongs to the NMCP phase. According to the ICP results (Table 1), the 
color difference in the NMCP products is their various Na to Mn ratios. 
This ratio gets closer to the stoichiometric value of 3 by prolonging the 
reaction time. These findings can be beneficial because the color change 
is a fast, easy and economical way to visually approximate the material 

Table 1 
Crystallite sizes, chemical compositions acquired from the ICP analysis, and first discharge capacities of the samples synthesized at different reaction times.  

Synthesis Method Sample 
name 

Heating conducted in an oil 
bath 

Crystallite size 
(nm) 

Normalized 
element content 
(use P= 1 for both 
samples)  

First discharge capacity (mAh 
g− 1) 

Ref. 

Temperature 
(C̊) 

Time (min) Na Mn P 

Magnetic stirring- 
hydrothermal 

H1 120 45 18 2.59 1.29 1 25 Current 
study 

H2 120 120 27 2.60 1.20 1 44 Current 
study 

H3 120 180 30 2.69 1.19 1 79 Current 
study 

H4 120 480 32 2.96 1.18 1 94 Current 
study 

Hydrothermal without 
stirring 

– 120 1440 (24 
h) 

– 2.52 1.10 1 76 [14] 

– 120 3900 (65 
h) 

– 2.71 1.11 1 91 [14]  

Fig. 2. (a-h) The color of the products formed after different stirring times.  
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nature’s characterization. It may be helpful to mention that it is easier to 
track this color change during the stirred hydrothermal process than 
non-stirring conditions because of the faster reaction kinetics. Further-
more, in the current research, it was not safe to perform the stirred 
hydrothermal treatment for times longer than 480 min or at tempera-
tures higher than that used due to the reaction vessel’s possible breakage 
when a glass bottle was used as a transparent reaction vessel. 

3.2. Electrochemical performance 

Fig. 3 shows the first charge/discharge curves of the NMCP samples 
synthesized at 120 ̊C for various durations. As seen in the figure, the 
charge capacities are considerably larger than the discharge capacities, 
which could be ascribed to the formation of the solid electrolyte inter-
phase (SEI) film because of the electrolyte decomposition at high volt-
ages. The first specific discharge capacities are 25, 44, 79, and 94 mAh 
g− 1 for the samples synthesized hydrothermally at 120 ̊C for 45, 120, 
180, and 480 min, respectively. The increase in the charge and discharge 
capacities for the samples produced at the longer hydrothermal times is 
in agreement with the ICP results. As concluded above from the ICP 
data, by prolonging the hydrothermal reaction time, the Na to Mn ratio 
gets closer to the stoichiometric value. Therefore, more Na per formula 
unit can be activated through the discharge reactions, which bring about 
higher specific capacities. 

According to the ICP results, by shorter reaction times of 45 and 120 
min, most of the Mn ions in the NMCP have the oxidation number of +3. 
Therefore, the Mn3+/Mn4+ would be the predominant active redox 
couple during the Na-ion intercalation and de-intercalation. Accord-
ingly, it is expected to observe only the charge and discharge plateaus 
corresponding to the Mn3+/Mn4+ redox reactions. The observation of 
the charge and discharge plateaus at respective potentials of ∼ 4.25 and 
3.9 V in Fig. 3, proves the mentioned prediction. By increasing the re-
action time to 480 min and reaching the Na to Mn ratio of 2.51, the Mn 
in the NMCP would be likely in a mixed Mn2+/3+ state and hence a 
decrease in its average oxidation state from +3 would be expected. This 
decrease leads to better observability of the charge and discharge pla-
teaus at longer reaction times, as indicated in Fig. 3. By 480 min of the 
reaction time, the first discharge plateau at ∼ 3.9 V and the second 
plateau at ∼ 3.1 V could be observed which correspond to the Mn4+/ 
Mn3+ and Mn3+/Mn2+ reduction processes, respectively. Also, the 
charge plateaus at ∼ 3.6 and 4.2 V could be attributed to the Mn2+/ 
Mn3+ and Mn3+/Mn4+ oxidation processes, respectively. 

As reported previously [14], in the absence of the stirring, the spe-
cific discharge capacity was as low as 39 mAh g− 1 after 8 h of the hy-
drothermal reaction. By prolonging the process to 24 and 65 h, it 
reached 79 and 91 mAh g− 1 (as reviewed in Table 1). All the results are 
in agreement with ICP outcomes, as discussed above. 

Although the capacities of cells constructed from NMCP cathodes are 
still low in comparison with high energy lithium-battery materials, this 
capacity value is appropriate since such cathode materials could be used 
in low-priced stationary storage systems. 

3.3. Morphological analysis 

TEM image of the sample with the most appropriate electrochemical 
performance denoted as H4 (synthesized at 120 ̊C for 480 min) is shown 
in Fig. 4a. As demonstrated by this figure, the particle sizes range from 
20 to 95 nm with an almost uniform particulate morphology. In our 
previous studies [14,15], which were on the hydrothermal synthesis of 
the NMCP particles without stirring, the particle sizes had a heteroge-
neous distribution in the range of 25 nm to 4 μm (Fig. 4b). This com-
parison reveals that the particles with more uniformity in size and shape 
and smaller average sizes are produced in the stirring presence. Mass 
transport is significantly improved by the stirring of the mixture and the 
constant motion due to the stirring prevents products sedimentation and 
helps gaining of a uniform mixture with controllable product properties 
of reproducible nature. This conclusion is consistent with the previously 
reported findings [18–20]. The improved electrochemical performance 
of the NMCP material produced via stirring hydrothermal route 
compared with no stirring conditions could be ascribed to the formation 
of smaller particles with more uniformity in size. 

3.4. Kinetic evaluation 

Formation kinetics of the particles is investigated using the method 
that has been previously explained by this group [14]. Assuming the 
Avrami behavior, the transformation rate of the NMCP can be described 
according to the following equation [23,24]: 

f (t) =α= 1 − exp(− ktm) (1)  

which can be written as: 

ln(− ln(1 − α))= ln k + m ln t (2)  

where α is the reaction’s fractional progress, t is the time, k is the rate 
constant, and m is the reaction’s index. In other words, the rate of the 
particle formation has an Avrami behavior if the plot of ln( − ln(1 −

α))versus ln t reveals a linear or semi-linear behavior. Kinetic correla-
tion for the particles production can be considered as Eq. (1). The 
fractional progress of the reaction, α, can be calculated using both the 
ICP and the XRD results as described below. 

In this study, the Na to Mn ratio extracted from the ICP data (Table 1) 
was used for calculation of α. For this purpose, the sample that reacted 
for the longest time at the studied temperature was taken as the refer-
ence sample (sample H4, prepared at 120 ̊C for 480 min) because, at the 
current experimental conditions, the change in the Na to Mn ratio was 
negligible after 480 min. Therefore, the fractional progress of the reac-
tion (α) at time t was calculated by the ratio of Na to Mn for each sample, 
at the specific time t, and for the Na to Mn ratio of the standard sample. 
Table 2 presents the reaction progress calculated from the ICP data, α 
ICP, for different hydrothermal durations. 

In addition to the ICP data, the XRD patterns have been frequently 
employed to determine the extent of the crystallinity and, subsequently, 
the reaction’s progress (α XRD). The scan time and the samples weight 
were kept the same in all the XRD tests, as aforementioned in section 2.2 
to obtain a comparable kinetic quantity from the XRD pattern. The de-
gree of the crystallization of a material can be calculated by the total 
area under four principal XRD peaks (i.e. 2θ = 26.6, 33.4, 34.8 and 48.8 

Fig. 3. Initial charge/discharge profiles for samples synthesized via magnetic 
stirring hydrothermal method at 120 ̊C for various durations at C/100 rate. 
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for NMCP) of the synthesized sample (
∑

A) divided by the similar total 
area of the standard sample (

∑
As), as follows: 

Crystallinity= αXRD =

∑
A

∑
As

(3) 

Crystallization fractions (α XRD) were calculated by considering that 
the NMCP crystallization fraction is 0 at the time 0. The maximum extent 
of the reaction (α = 1) was obtained from an internal standard sample 
which is a highly crystalline sample with the highest peak areas (

∑
A) 

and no detectable impurity (sample H4). The fraction of the crystallized 
NMCP (α XRD) as a function of the reaction time was extracted from the 
XRD patterns and is presented in Table 2. 

The plots of α ICP and α XRD versus the reaction time are presented in 
Fig. 5a. The “S” shape curves seen in this figure is a characteristic of the 
Avrami behavior. The diagram of ln( − ln(1 − α))versus ln t was plotted 
according to the above mentioned amounts of α and is presented in 

Fig. 5b. For this plot, a range of α from 0.2 to 0.8 was considered. As seen 
in Fig. 5b, the curves extracted from both the ICP and the XRD data 
could be trended with an acceptable linear plot. Therefore, the amounts 
of m and k were calculated from the trend line slope and intercept with 
the vertical axis, respectively, as reported in Table 3. Using the values of 
m and k, obtained from both the ICP and the XRD results, the kinetic 
equations for the formation of the particles under the stirred hydro-
thermal condition at 120 ̊C could be found as follows: 

fICP(t)= 1 − exp
(
− 4.66 t3.5516)

fXRD(t) = 1 − exp
(
− 3.06 t3.5505)

It is seen that the above equations obtained from the ICP and the XRD 
results are almost in good agreement with each other. 

Since the index of the reaction (m) contains information about the 
mechanisms of nucleation and growth, the high values of m (> 3) offer 
the occurrence of secondary nucleation [25]. Compared to the authors’ 

Fig. 4. TEM images of the samples synthesized hydrothermally at 120 ̊C for (a) 480 min under stirring in the current study and (b) 24 h without stirring as reported 
previously in Ref. [14]. 

Table 2 
The progress of the reaction (α) at different reaction times determined 
from the ICP and the XRD data.  

Sample name Reaction time (min) α; Fractional progress of the reaction 

α ICP
a  α XRD

b  

H0 30 0 0 
H1 45 0.80 0.68 
H2 120 0.86 0.91 
H3 180 0.90 0.96 
H4 480 1 1  

a α ICP: α calculated from ICP data. 
b α XRD: α calculated from XRD data. 

Fig. 5. Plots of (a) the reaction progress (α) versus the reaction time, (b) the Avrami plot (ln (-ln (1-α)) vs. ln (t)).  

Table 3 
Avrami kinetic parameters for the NMCP samples synthesized at 120 ̊C 
hydrothermally.  

Synthesis method Source of 
data 

K 
(1/h)m  

m R Reference 

Magnetic stirring- 
hydrothermal 

ICP data 4.66 3.5516 0.975 Current 
study 

XRD data 3.06 3.5505 0.971 Current 
study 

Hydrothermal 
without stirring 

XRD data 0.0145 1.8394 0.9934 [14]  
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previous findings [14], as seen in Table 3, the higher values of m (> 3) 
and k lead to a reaction rate enhancement. Besides, O’Brien et al. [26] 
demonstrated that n is known to be related to the mechanism of both 
nucleation and growth. It particularly holds information on the growth 
dimensionality of the crystallization process, with typical values ranging 
from m = 0.5 to m = 4. Accordingly, in the stirring assisted hydro-
thermal process, the approximate value of m = 4 suggests a 
three-dimensional growth process and secondary nucleation. 

This work will help understand the kinetics of the NMCP formation 
under stirring hydrothermal conditions and elucidating the mechanism 
and consequently explored commercial applications for the NMCP 
cathode material in the future. Furthermore, the hydrothermal process 
under stirring conditions could be applied as a fast production route to 
prepare other sodium carbonophosphate compounds. 

4. Conclusions 

In this work, a stirring assisted hydrothermal method was developed 
as a fast way to prepare NMCP. The steady fluid motion enhanced the 
mixing of the solution and promoted homogeneous hydrothermal 
nucleation so that many nanoparticles with good uniformity were 
created. A correlation between the color and the nature of the hydro-
thermal products was obtained. The appearance of the product with 
dark grey color notified the initiation of NMCP formation. The final 
product color became light beige, which is an indicator of pure NMCP 
formation. The ICP results showed that the Na to Mn ratio in this product 
was 2.51. The change of color from dark grey to light beige represented 
the Na to Mn ratio’s approaching to the stoichiometric value of 3. The 
study confirmed that the stirring improved the NMCP morphological 
and electrochemical properties compared to the previous data obtained 
with the no-stirred hydrothermal processes. 
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