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Abstract
Sodium-ion batteries are lower cost and more sustainable alternatives for lithium-ion batteries. The
development of cheap and environmentally friendly electrode materials with high electrochemical performance
is the key strategy for the advancement of sodium-ion battery technology. However, despite the high research
attention to the development of the synthesis procedures of the electrode materials for sodium-ion batteries,
there has been less focus on the environmental footprint of each production route which is a vital aspect for
large-scale industrial applications. A comparative life cycle assessment (LCA) study was performed here to
evaluate the sustainability of the production phase of a promising cathode material with the chemical formula
of Na3MnCO3PO4 (NMCP), which was previously studied in sodium-ion batteries. LCA approach was used to
compare the environmental impacts of three representative synthesis strategies of NMCP nanoparticles
including ball milling, hydrothermal, and stirring assisted hydrothermal. Results showed that the footprint
associated with the ball milling method is dominant for three categories of acidi�cation, eutrophication, and
carcinogenics, while its impact in the other seven categories is only slightly less than the hydrothermal-based
methods. The LCA analysis suggested that hydrothermal-based methods were eco-friendlier than the ball
milling method. Consequently, between NMCP materials with comparable capabilities, the one prepared by a
procedure with lower environmental impact and acceptable electrochemical performance, i.e. stirring assisted
hydrothermal, would be the most appropriate method for large-scale applications.

1. Introduction
Rechargeable batteries are the main bridges for the transition from the existing fossil-fuel-based systems
toward renewable, sustainable, and clean energy ones. The development of rechargeable batteries is
signi�cantly attributed to the improvement in the electrochemical performance of electrode materials.
Consequently, investigating the synthesis, characterization, and performance of the wide range of electrode
materials has received considerable attention in both academic and industrial �elds (Liu et al. 2010; Lopez et
al. 2021).

Recently, Sharma et al. (Sharma et al. 2019) investigated combining the electrochemical performance of an
electrode material with its environmental impacts. They demonstrated that the structural characteristics and
electrochemical capabilities of electrode materials cannot be the only deciding factor for their application in
energy storage devices. The application of materials in energy storage systems should be reconsidered from
the viewpoint of their environmental impacts. Among counterpart electrode materials with comparable
capabilities, the one with the lowest environmental impact will win for large-scale industrial applications.

The evaluation of environmental sustainability can be done using life cycle assessment (LCA) studies. LCA is a
comprehensive tool to quantify the environmental impacts of a process or a product during its whole life cycle
or a portion of its life cycle, and therefore, helping researchers, industries, societies, and policymakers to
develop environmental-friendly and sustainable products and processes (Papadaki et al. 2017; Wu et al. 2019).

There is some literature on the application of LCA to evaluate the environmental impacts of the synthesis
processes of different types of materials (Leceta et al. 2013; Arvidsson et al. 2014; Pourzahedi and Eckelman
2015; Bobba et al. 2016; Martins et al. 2017; Cossutta et al. 2017; Feijoo et al. 2017; Bafana et al. 2018;
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Marimón-Bolívar and González 2018; Wu et al. 2019; Sendão et al. 2020; Temizel-Sekeryan and Hicks 2020;
Heidari and Younesi 2020; Patiño-Ruiz et al. 2021; Beloin-Saint-Pierre and Hischier 2021; Fernandes et al.
2021). Although, to the authors’ best knowledge, few LCA studies are available on electrode materials that
correlate their electrode production process and performance with the environmental impacts. Malara et al.
(Malara et al. 2021) reported a comparative LCA study for evaluating the production process of electro-spun
Fe2O3-based �bers as anode materials for use in sodium-ion batteries. In another study, and as
aforementioned, Sharma et al. (Sharma et al. 2019) chose Co3O4 as the test electrode material and prepared it
with three different morphologies including nanosheets, nanodiscs and solid spheres via three different
procedures and then used the synthesized material as the electrode in supercapacitors. The combination of
electrochemical and LCA results clearly revealed that simpler morphologies of Co3O4 had much lower CO2

footprints and environmental impacts than hierarchical morphology (nanosheets) and consequently simpler
morphologies could supersede the hierarchical ones, while the latter can deliver higher capacitance.
Accordingly, it seems that it is crucial to study other electrode materials in order to understand the effect of
different synthesis procedures and parameters on the structure of the prepared material and most importantly
on their environmental sustainability.

Sodium-ion batteries are emerging potentially as a less expensive, more sustainable and environmentally
friendly alternative to lithium-ion batteries. The key point for the development of sodium-ion technology is the
advancement of new low-cost electrode materials with high electrochemical performance (Malara et al. 2021).
Among the huge number of electrode materials, Na3MnCO3PO4 (NMCP) is a low-cost polyanionic electrode
material with high stability, safety, and appropriate operating voltage for use as the cathode in sodium-ion
batteries. Additionally, NMCP is one of the few manganese compounds in which both Mn2+/Mn3+ and
Mn3+/Mn4+ redox pairs could be activated during the charge/discharge processes, leading to its high
theoretical capacity (191 mAhg−1), which is bene�cial in making high-energy density batteries.

In the previous literature reported by one of the authors (Hassanzadeh et al. 2016a, b, 2018; Hassanzadeh and
Sadrnezhaad 2021), three facile synthesis procedures including ball milling, hydrothermal and stirring-assisted
hydrothermal were adopted to prepare NMCP nanoparticles. Besides, the kinetics of the NMCP formation and
the effect of the synthesis parameters on the structural, morphological, and electrochemical characteristics of
the obtained NMCP nanoparticles were studied for the three synthesis methods.

Although the synthesis conditions of the three main and most studied processes for the production of NMCP
nanoparticles have been well studied, comprehensive research dealing with the environmental footprint of
each synthesis route is needed. Therefore, in the current research, LCA was utilized to evaluate the
environmental impacts of the three previously developed synthesis routes of NMCP nanoparticles to inform a
cleaner production route. Furthermore, the LCA inferences will be combined with the previously reported
electrochemical performance of the NMCP cathodes, and �nally, the winner electrode from both
electrochemical capability and environmental sustainability perspectives will be introduced.

In general, this paper contributes towards the advancement of the three main synthesis routes of nanoparticles
including ball milling, hydrothermal, and stirring assisted hydrothermal by introducing the environmental
considerations that are needed for their sustainable scale-up.
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2. Lca Methodology

2.1. Goal and scope
The purpose of this work is to evaluate the environmental footprint of the three main routes for the synthesis
of NMCP nanoparticles, including ball milling, hydrothermal and stirring-assisted hydrothermal processes. The
aims of this work are to 1) quantify and compare the environmental impact of the three main routes of NMCP
production, 2) identify the key processes or inputs/outputs in each fabrication method that has the most
signi�cant environmental impact, and 3) introduce the most appropriate process for fabricating NMCP
cathode from both electrochemical performance and environmental impact perspectives. The production of 1
kg NMCP is considered the functional unit of LCA. Thus, the life cycle burdens of 1 kg NMCP are compared
and analyzed for three different NMCP synthesis procedures.

The LCA system boundaries de�ne the processes, materials, energy �ows, and activities that are involved in the
analysis (Papadaki et al. 2017). In the current study, a cradle-to-gate LCA, i.e. from starting materials to the
fabrication of NMCP nanoparticles, is investigated, while the use and disposal of the NMCP nanoparticles are
not included in the system boundary. The process diagram, system boundary, and the inputs/outputs of each
process will be presented in the following sections.

2.2. Life cycle inventory
In this work, a comparative life cycle analysis among the different synthesis methods for the fabrication of
NMCP nanoparticles has been done. Evaluations are performed based on the real data obtained from lab-scale
experiments developed previously by the authors.

The main equipment used in the synthesis processes, including autoclave, planetary ball mill, electric oven,
stirrer, and etc., as materials, are external to system boundaries, while the used electricity is included inside the
boundaries. It has to be noted that except manganese nitrate, all chemical inputs/outputs used in the
synthesis process, are included in life cycle inventory (LCI) databases. Since there are no relevant inventories
available in the Ecoinvent dataset for manganese nitrate, its inventory was compiled in the current study,
according to the calculations based on the stoichiometric equation of its production process derived from
literature. The consumption of raw materials and the amount of by-products for the production of 1 kg of
manganese nitrate are presented in Table S1 (see supporting information) which are calculated based on
equation S1.

2.2.1. Ball milling synthesis of NMCP
NMCP was prepared by the same ball milling process described previously by Hassanzadeh et al.
(Hassanzadeh et al. 2016b). For this purpose, 8 mmol Mn(NO3)2.4H2O (Sigma), 8 mmol Na2HPO4.2H2O
(Sigma), and 12 mmol Na2CO3.H2O (RDH) powders were transferred into a container with a ball-to-powder
ratio of 30:1. The synthesis was performed in a planetary ball mill at 300 rpm for 1 hour as the optimum
milling time (Hassanzadeh et al. 2016b). Since NMCP is not soluble in water, the products were dissolved in DI
water under magnetic stirring to separate NMCP from soluble by-products. Finally, the dissolution residue was
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washed with DI water and oven-dried at 50 ºC. The process diagram and the inventory for the NMCP ball
milling synthesis are presented in Fig. 1 and Table 2, respectively.

In order to calculate the output and emissions of the process, the occurring reaction between the raw materials
should be considered. The possible reaction during the synthesis process could be considered as follows
(Hassanzadeh et al. 2016b):

2Mn(NO3)2.4H2O+2Na2HPO4.2H2O+3Na2CO3.H2O→2Na3MnCO3PO4+4NaNO3+CO2+16H2O
equation 1

Stoichiometrically production of 1 kg NMCP according to equation 1 requires 0.90 kg Mn(NO3)2.4H2O, 0.64
kg Na2HPO4.2H2O, and 0.67 kg Na2CO3.H2O. according to real data obtained experimentally, as
presented in Table 1, the reaction e�ciency is about 50%. Therefore, the amounts of reaction byproducts
(emissions to air and water) were calculated according to the e�ciency of 50%, as reported in Table 1.

Table 1
Life cycle inventory to obtain 1 kg of NMCP via the ball-mill process

Input / Output Consumption Unit Unit Process

Inputs

Mn(NO3)2.4H2O 1.82 kg Compiled inventory for manganese nitrate

Na2HPO4.2H2O 1.29 kg Sodium phosphate {RoW}| market for sodium phosphate
|APOS, U

Na2CO3.H2O 1.35 kg Sodium percarbonate, powder {RoW}| market for sodium
percarbonate, powder | APOS, U

Electricity 118.48 kWh Electricity, medium voltage {IR}| market for | APOS, U

Deionized
water

227.27 L Water, deionised {RoW}| market for water, deionised | APOS, U

Emission to air

CO2 (g) 0.08 kg Carbon dioxide

Emissions to water

HPO2-
4

0.34 kg Waste water, to water

CO2-
3

0.33 kg Waste water, to water

NO-
3

0.23 kg Waste water, to water

Na+ 0.21 kg Waste water, to water

Mn2+ 0.20 kg Waste water, to water

2.2.2. Hydrothermal synthesis of NMCP
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Hydrothermal synthesis of NMCP was done according to the procedure reported earlier (Hassanzadeh et al.
2016a, 2018). A clear solution (A) was prepared by dissolving 2 millimoles of Mn(NO3)2.4H2O (Sigma) in 5mL
of deionized water. Concurrently, 2 millimoles of Na2HPO4.2H2O (Sigma) and 2.34 g of Na2CO3.H2O (RDH)
were dissolved in 10 mL of deionized water to form a clear solution (B). Noted that the synthesis conditions
such as the ratio and concentration of starting materials, the temperature, and duration of the hydrothermal
process were optimized in previous literature (Chen et al. 2012a, b; Hassanzadeh et al. 2016a, 2018). After
adding solution (A) to the solution (B) under fast magnetic stirring, the solution was transferred into a 25 mL
Te�on-lined stainless steel autoclave and heated hydrothermally at 120 ºC for 24 h. After cooling to room
temperature, the products were washed with deionized water and dried in the oven at 50°C overnight. Fig. 2
and Table 2 depict the production scheme and the process inventory, respectively.

Table 2
Life cycle inventory to obtain 1 kg of NMCP via the hydrothermal process.

Input / Output Consumption Unit Unit Process

Inputs

Mn(NO3)2.4H2O 1.11 kg Compiled inventory for manganese nitrate

Na2HPO4.2H2O 0.80 kg Sodium phosphate {RoW}| market for sodium phosphate
|APOS, U

Na2CO3.H2O 5.20 kg Sodium percarbonate, powder {RoW}| market for sodium
percarbonate, powder | APOS, U

Electricity 15.76 kWh Electricity, medium voltage {IR}| market for | APOS, U

Deionized
water

255.55 L Water, deionised {RoW}| market for water, deionised | APOS, U

Emission to air

CO2 (g) 0.08 kg Carbon dioxide

Emissions to water

HPO2-
4

0.08 kg Waste water, to water

CO2-
3

0.49 kg Waste water, to water

NO-
3

0.05 kg Waste water, to water

Na+ 0.22 kg Waste water, to water

Mn2+ 0.05 kg Waste water, to water

2.2.3. Magnetic stirring assisted hydrothermal synthesis of
NMCP
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Magnetic stirring assisted hydrothermal synthesis of NMCP was performed according to a recently published
literature (Hassanzadeh and Sadrnezhaad 2021). NMCP was fabricated by the similar hydrothermal process
described in section 2.2.2. For this purpose, 8 mmol of Mn(NO3)2⋅4H2O (Sigma) was dissolved in 20 mL of
deionized water to form solution (A), while solution (B) was prepared by dissolving 8 mmol of Na2HPO4.2H2O
(Sigma) and 9.36 g of Na2CO3⋅H2O (RDH) in 40 mL of deionized water. Solution (A) was mixed with solution
(B) under fast magnetic stirring and then transferred into a 100 mL glass bottle sealed with a cap. The bottle
was heated for 480 min in a 120 ̊C oil bath under magnetic stirring. After cooling the samples to room
temperature, the products were washed with deionized water and dried in an oven at 50 ̊C overnight. Similar to
the previous methods, the process diagram and the inventory for the current process are presented in Fig. 3
and Table 3, respectively.

Table 3
Life cycle inventory to obtain 1 kg of NMCP via the stirring assisted hydrothermal process.

Input / Output Consumption Unit Unit Process

Inputs

Mn(NO3)2.4H2O 0.94 kg Compiled inventory for manganese nitrate

Na2HPO4.2H2O 0.67 kg Sodium phosphate {RoW}| market for sodium phosphate
|APOS, U

Na2CO3.H2O 4.40 kg Sodium percarbonate, powder {RoW}| market for sodium
percarbonate, powder | APOS, U

Deionized
water

70.42 L Water, deionised {RoW}| market for water, deionised | APOS, U

Electricity 44.42 kWh Electricity, medium voltage {IR}| market for | APOS, U

Emission to air

CO2 (g) 0.08 kg Carbon dioxide

Emissions to water

HPO2-
4

0.02 kg Waste water, to water

CO2-
3

0.01 kg Waste water, to water

NO-
3

0.01 kg Waste water, to water

Na+ 0.04 kg Waste water, to water

Mn2+ 0.01 kg Waste water, to water

3. Results And Discussion
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Phase analyses of the obtained products through the three synthesis methods were carried out via X-ray
diffraction (XRD) technique and the results con�rmed the formation of pure NMCP phase, as reported in
previously published literature by the author (Hassanzadeh et al. 2016b, a, 2018; Hassanzadeh and
Sadrnezhaad 2021), in which the fabrication methods were exactly the same as those adopted in the current
study. The morphological investigations revealed that the ball-milled sample is constituted of micron-sized
particles formed from a myriad of needle-like primary nanoparticles with diameters of ∼15 nm, as seen in the
FESEM image in Fig. 4a (Hassanzadeh et al. 2016b). Producing extremely �ne NMCP nanoparticles via ball
milling would result in the enhancement of electronic and ionic conductivities of the prepared material and
consequently higher discharge capacities could be achievable. In contrast, the NMCP sample prepared by the
hydrothermal method showed a wide range of particle sizes (25 nm to 4̃μm), as observed in Figs. 4b and d,
and the average particle size was larger than that of the other two samples (Figs. 4a and c). Noted to mention
that FESEM and TEM images are used in this �gure according to their availability in literature.

Moreover, the performance of sodium-ion batteries constructed from the prepared NMCP cathodes was
reported earlier (Hassanzadeh et al. 2016b, a, 2018; Hassanzadeh and Sadrnezhaad 2021), and is here
summarized in Table 4. As presented in this table, the NMCP material prepared via ball milling delivered the
highest discharge capacity, amongst the three samples. The NMCP cathodes fabricated by hydrothermal and
stirring assisted hydrothermal methods delivered discharge capacities of 76 and 94 mAh/g, respectively. The
difference in the electrochemical performance of the samples could mainly be attributed to the various
morphologies of the obtained materials, as compared in Fig. 4. In conclusion, the �ndings revealed that the
stirring-assisted hydrothermal method resulted in the occurrence of mild conditions in both morphological and
speci�c capacity features, as seen in Fig. 4c and Table 4 (Hassanzadeh et al. 2016b, a, 2018; Hassanzadeh
and Sadrnezhaad 2021).

 
Table 4

Comparison of the electrochemical performance of NMCP materials prepared by different synthesis methods.
Material Synthesis method Current

rate
First discharge capacity
(mAh/g)

Ref.

NMCP Ball milling C/100 126 (Hassanzadeh et al. 2016b)

NMCP Ball milling C/30 73 (Hassanzadeh et al. 2016b)

NMCP Hydrothermal C/100 76 (Hassanzadeh et al. 2018)

NMCP Hydrothermal C/30 67 (Hassanzadeh et al. 2016a)

NMCP Stirring assisted
hydrothermal

C/100 94 (Hassanzadeh and
Sadrnezhaad 2021)

In the current study, the comparative LCA study was performed to evaluate the sustainability of the production
phase of NMCP nanoparticles via three representative synthesis strategies including ball milling, hydrothermal,
and stirring assisted hydrothermal. Table 5 shows the comparative life cycle impacts in ten environmental
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categories for the production of 1 kg of NMCP through three different methods of ball milling (B), hydrothermal
(H), and stirrer-assisted hydrothermal (S). Comparing the data in columns B, H, and S of the table reveals that
there is no obvious winner between the three different synthesis methods in terms of environmental footprint.

For better comparison, Fig. 5 illustrates the �ndings of Table 5. In this �gure, the maximum value of three
synthesis methods in each of the ten environmental categories has been set as the base for comparison.
Therefore, the environmental footprint of the three synthesis routes can be compared in each category. The
hydrothermal method has much impacts in Non-carcinogenics and Respiratory effects categories, while the
stirring-assisted hydrothermal method has the most impact in the categories of ozone depletion, global
warming, smog, and fossil fuel depletion. The ball milling method shows signi�cant impacts in three
categories of acidi�cation, eutrophication, and carcinogenics, while its impact in the other categories is slightly
less than hydrothermal-based methods. The results suggest that among all the three reported methods for the
synthesis of NMCP, ball milling demonstrates the lowest environmental performance in most environmental
categories. Furthermore, the hydrothermal (H) method shows the lowest environmental impacts in ozone
depletion, global warming, fossil fuel depletion, and smog, while the stirrer-assisted hydrothermal method
exhibits the best environmental performance in the rest of environmental categories.
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Table 5
Overall results for production of 1 kg NMCP via different routes

Impact
Category

Unit Ball
milling
(B)

Hydrothermal
(H)

Stirrer-assisted
Hydrothermal (S)

B/H H/S S/B

Ozone
depletion

Kg CFC
11 eq

1.54E-06 1.29E-06 2.04E-06 120% 64% 133%

Global
warming

Kg CO2
eq

1.53E+01 1.42E+01 2.00E+01 108% 71% 131%

Smog Kg O3
eq

8.61E-01 9.07E-01 1.04E+00 95% 88% 121%

Acidi�cation Kg SO2
eq

5.33E-01 1.95E-01 1.15E-01 273% 170% 22%

Eutrophication Kg N eq 9.21E-01 2.89E-01 1.08E-01 319% 245% 13%

Carcinogenics CTUh 3.23E-05 2.12E-05 1.80E-05 153% 118% 56%

Non-
carcinogenics

CTUh 4.63E-06 6.40E-06 5.73E-06 73% 112% 124%

Respiratory
effects

Kg
PM2.5
eq

1.82E-02 1.90E-02 1.82E-02 96% 105% 100%

Ecotoxicity CTUe 7.07E+02 6.88E+02 6.15E+02 103% 112% 87%

Fossil fuel
depletion

MJ
surplus

2.54E+01 1.74E+01 3.39E+01 146% 52% 134%

To detect the main source of the environmental impacts in each synthesis process, the contribution of the
system inputs and outputs in all three processes was analyzed and the results are shown in Fig. S1. This �gure
indicates the detailed LCA results for each input of the three synthesis processes and also for the total
emissions to air and water. Noted that the inputs are the same in all three methods. In order to know the
percentage impact contribution of each component of the process, the 100% columns histogram was used.
The three methods’ impact cannot be compared according to the column scale.

As demonstrated by Fig. S1, for the ball milling method, electricity contributed much of the total impacts in
ozone depletion, global warming, and fossil fuel depletion categories. Whereas, direct emissions contributed
more than 80% of the total impact for the acidi�cation and eutrophication categories. Manganese nitrate
contributed 50%, 60%, and more than 90% of the total impact for the respiratory effects, ecotoxicity, and
carcinogenics categories, respectively.

In the hydrothermal method, sodium carbonate as an input material, demonstrates the highest contribution
ranging from 40% to about 80% in 7 categories. The reason is due to the required amount of sodium carbonate
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to synthesize pure NMCP through hydrothermal-based methods, which is about 10 times higher than the
stoichiometric value. And �nally, the main contributors to the stirring-assisted hydrothermal process are
electricity and sodium carbonate.

Figures 6a, b, and c show the relative contribution of each unit process in the impact categories for fabricating
1 kg of NMCP via ball milling, hydrothermal, and stirring assisted hydrothermal methods, respectively. As seen
in these �gures, deionized water, stirring, and oven drying exhibit small environmental footprints in all three
fabrication methods. Besides, direct emissions are the main contributor to the impact categories of
acidi�cation and eutrophication, and manganese nitrate is the main environmental weakness in the
carcinogenics category, in almost all three synthesis routes.

Since the starting materials are the same in all three methods, a comparison of the techniques shows that the
hydrothermal process itself, had little environmental footprint while both ball milling and S-hydrothermal
processes contributed more than 50% of the total impact for the ozone depletion and fossil fuel depletion
categories. In categories of non-carcinogenics, respiratory effects, and ecotoxicity, more than 85% of the
environmental impacts originated from the use of raw materials including manganese nitrate, disodium
phosphate, and sodium percarbonate.

According to the literature (Hassanzadeh et al. 2016b, a, 2018; Hassanzadeh and Sadrnezhaad 2021) and as
aforementioned, the sample synthesized by the ball milling and hydrothermal processes showed the highest
and lowest speci�c capacities, respectively. In contrast, the LCA results suggested that among all the three
reported methods for the synthesis of NMCP material, ball milling demonstrates the highest environmental
footprint in most environmental categories.

As aforementioned, the best attainable electrochemical performance is not the only determining factor for
choosing the appropriate synthesis route for the large-scale production of electrode materials. Instead, the best
appropriate route should be adopted according to both electrochemical performance and environmental
footprint. Consequently, the stirring-assisted hydrothermal method could be introduced as the most
appropriate route for large-scale production of NMCP as the cathode material in sodium-ion batteries.

4. Conclusion
This study evaluated different synthesis routes for the production of a promising cathode material from a
comparative LCA perspective. NMCP was chosen as the test cathode material and the environmental impact of
its production via three different methods of ball milling, hydrothermal, and stirring assisted hydrothermal was
investigated in order to explore what unit processes or inputs/outputs drive impacts for each method and
�nally which route could have the less environmental footprint. The �ndings suggested that the most
dominant impacts in the ball milling production of NMCP come from electricity, direct emissions, and
manganese nitrate, while the main contributors to most impact categories in hydrothermal and stirring
assisted hydrothermal methods are sodium carbonate, and sodium carbonate plus electricity, respectively. The
LCA results were then coupled with the previously reported electrochemical performance of NMCP materials as
the cathode in sodium-ion batteries. The analysis suggested that stirring-assisted hydrothermal is the
acceptable method from both environmental and technological perspectives.
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The presented analysis which is at an early stage can navigate the developers of electrode materials for energy
storage devices in choosing an environmentally friendlier production method when designing new materials,
which should be an important goal in materials engineering for energy storage.
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Figures

Figure 1

System boundary of the ball milling process for the synthesis of NMCP material. 

Figure 2
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System boundary of the hydrothermal process for the synthesis of NMCP material. 

Figure 3

System boundary of the stirring assisted hydrothermal process for the synthesis of NMCP material. 
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Figure 4

FESEM images of (a) NMCP fabricated by ball milling process (Hassanzadeh et al. 2016b), (b) NMCP prepared
by hydrothermal procedure (Hassanzadeh et al. 2016a), and TEM images of (c) NMCP synthesized by stirring
assisted hydrothermal method (Hassanzadeh and Sadrnezhaad 2021), (d) NMCP prepared by hydrothermal
method (Hassanzadeh et al. 2018). 
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Figure 5

Comparative life cycle assessment for producing 1 kg of NMCP.
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Figure 6

The contribution of each unit process for fabricating 1 kg of NMCP material via a) ball milling, b)
hydrothermal, and c) stirring assisted hydrothermal techniques.
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