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ABBREVIATIONS 

Abbreviation Meaning 

AA 

AC 

a.u. 

Activation agent 

Activated carbon 

Arbitrary Unit 

BJH Barret-Joyner-Halenda analysis (pore size distribution) 

DFT Density functional theory 

DTG Derivative thermogravimetric analysis 

EA Elemental analysis 

EDS Energy dispersive X-Ray Spectroscopy 

EV Electric vehicle 

EW Electrochemical window 

FESEM Field-emission scanning electron microscopy 

FTIR Fourier-transform infrared spectroscopy 

GA 

GDP 

Gravimetric analysis 

Gross Domestic Product 

GITT Galvanostatic intermittent titration technique 

HK Horvath-Kawazoe model used to calculate pore size 

LCO LiCoO2 

LIB Lithium-ion battery 

NAD Nitrogen-Adsorption-Desorption 

Raman Raman spectra / Raman spectroscopy 

SAED Selected area electron diffraction 

SBET 

SCA 

Brunauer-Emmett-Teller specific surface area 

Solid chemical activation 

SEI Solid electrolyte interphase 

SEM Scanning electron microscopy 

SHE Standard hydrogen electrode 

SSA 

SSAT 

Specific surface area 

Specific surface area test 

TEM Transmission electron microscopy 

TGA Thermogravimetric analysis 

wt% Weight Percentage 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

ZEV Zero-emission vehicle 
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1 INTRODUCTION 

European union’s political strategy involves the European Green Deal. The aim of 

the Green Deal is to ensure that there will be no net emissions of greenhouse gases 

in EU by 2050 and that the economic growth is decoupled from recourse use. 

Transportation has its own section in this deal as transportation represents around 

25% of the EU’s total greenhouse gas emissions and around 5% of EU’s gross 

domestic product (GDP). The goal regarding transportation is to reduce the 

greenhouse gas emissions by 90% by 2050.1 To achieve these goals the efficiency 

of transport systems must be increased, problems in electrification of transport must 

be removed, low-emission energy must be provided and movement towards zero-

emission vehicles (ZEV) must be accelerated.2 

One of the most important obstacles to solve is the problem with energy storage in 

electric vehicles (EVs). The most utilized energy storage system used in EVs and 

portable electronics is the lithium-ion battery (LIB). LIBs have relatively high charge 

capacity, excellent power performance and an acceptable cycle life. On the other 

hand, LIBs have faced obstacles in automotive industry such as slow charge rate, 

safety hazards, limited lifetime, and high cost.3 To improve the properties of the LIBs 

the main battery components properties have to be developed. These main 

components include anode, cathode, electrolyte, and separator. 

This study focuses on the anode part of the battery, specifically activated porous 

carbon materials used as anode materials and their structural properties. The 

activated carbon can be produced from biomass that would otherwise be burned or 

considered waste, such as wheat straws4 or banana peels5, making it sustainable 

and renewable raw material for anode carbon. Activated carbon materials have 

shown ultrahigh specific surface area (SSA) and well-defined pore distribution.6 The 

porous structure of these materials can promote the movement of lithium-ions and 

the penetration of the electrolyte inside the anode.4 However, biomass materials 

exhibit their own problems, such as high solubility to organic electrolytes and for the 

most materials, their working mechanism is not yet completely understood.6 

Because of the potential and unsolved problems of these biomass derived porous 

activated carbon anode materials, they should be studied further. 



4 
 

2 STRUCTURE OF A LITHIUM-ION BATTERY 

2.1 Basics of cells and batteries 

In this chapter basics of batteries and lithium-ion cell are gone through. Some key 

things affecting anode and cell performance are briefly discussed. Carbon 

terminology is explained. 

A cell is the basic electrochemical unit. In a cell, chemical energy is converted 

into electrical energy making cell provide electricity. The cell consists of 

electrodes, electrolyte, separators, container, and terminals. A battery on the 

other hand consists of one or more electrochemical cells in series/parallel, monitors, 

controls, and other ancillary components. Electrochemical cells/batteries can be 

identified either as primary (nonchargeable) or secondary (rechargeable).7  

The anode or negative electrode is the “reducing electrode”, which gives up 

electrons to the external circuit and is oxidized during cell discharge. The cathode 

or the positive electrode is the “oxidizing electrode”, which accepts electrons 

from the external circuit and is reduced during cell discharge. The electrolyte, also 

known as ionic conductor, provides medium for transfer of charge as ions inside the 

cell from cathode to anode. The electrolyte is usually liquid with dissolved salts, 

alkalis, or acids to provide ionic conductivity. The anode and cathode are separated 

from each other mechanically with separator. The separator is permeable by the 

electrolyte to maintain the ionic conductivity but prevents short-circuits as it doesn’t 

pass electrons through, thus making the electrodes electronically separated.7 

2.2 Operation of a lithium-ion cell 

The operation of a simplified Li-ion cell is shown in Figure 1. When the charged cell 

is connected to a load, electrons flow from the anode through the external load to 

cathode. The anode material (-) is oxidized, and the cathode material (+) is reduced. 

Cell is operating as galvanic cell. The electric circuit is completed by flow of cations 

(Li+-ions) from the anode through the electrolyte to the cathode. During the 

recharging process current flow and the reaction is reversed. Oxidation occurs at 

the positive electrode and reduction occurs at the negative electrode, and cell is 

operating as electrolysis cell. 
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Figure 1. a) cell is being discharged and, b) the cell is being charged. The picture 

is drawn by Jere Leinonen. 

The redox reaction in the cell is reversible, and the electrode materials incorporate 

lithium in an intercalation process, where lithium ions are reversibly removed and 

inserted into a host without significant structural change making LIBs rechargeable.7 

2.3 Cathode material in lithium-ion battery and reaction mechanism of the cell 
LiCoO2 (LCO) was the first and the most commercially successful layered transition 

metal oxide cathode, which was introduced to portable electronics by Sony in 1991. 

LCO is still used in most commercial, portable Li-ion batteries. LCO has relatively 

high specific capacity of 274 mAh/g, high theoretical volumetric capacity of 1363 

mAh/cm3, low self-discharge, high discharge voltage, and good cycling 

performance. The downsides are high cost of cobalt, low thermal stability, and 

fast capacity fade at high current rates or during deep cycling. Low thermal stability 

may lead to exothermic release of oxygen, making the cell burst into flames in a 

thermal runaway. Deep cycling means that over 50% Li extraction has occurred in 
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the cell. This will lead to lattice distortion and deterioration of cycling performance in 

LCO cathodes.8 The reaction mechanism in a common lithium-ion battery with LCO 

cathode and graphite anode is: 

𝐿𝑖𝑥𝐶6 + 𝐿𝑖(𝑖−𝑥)𝐶𝑜𝑂2 ↔ 𝐿𝑖𝐶𝑜𝑂2 + 𝐶6              (1) 

where LixC6 describes graphite anodes intercalation of Li+-ions and Li(i-x)CoO2 

describes cathode and its deintercalation of Li+-ions.7 

Many different metals (Mn, Al, Fe, etc.) have been tried as substitutes/dopants for 

cobalt and have demonstrated promising but limited performance. Many more 

cathode technologies have been studied for LIBs, such as polyanion compounds, 

conversion cathode materials, and lithium sulfide materials.8 

2.4 Carbon anode and meaning of hard/soft carbon 

Lithium has been one of the most promising anode materials, as it has the lowest 

redox potential of -3.04 V vs. standard hydrogen electrode (SHE) and ultrahigh 

theoretical capacity of 3862 mAh/g. In the beginning of lithium metal battery 

research, the research focused on the reversible lithium anodes, but many issues 

emerged: formation of dendrites, corrosion of lithium, dead lithium, and volume 

expansion. These issues are yet to be solved, but new research has been made. In 

the 1990s the lithium metal anode was replaced by graphite anode,9 after which 

carbon anodes have been the go-to anodes.8  

Carbon is low cost and abundant material. Carbon has high electrical conductivity, 

low delithiation potential vs Li, relatively low volume change during the cycling and, 

high Li+ diffusivity. Because of these factors, carbon anodes have relatively low cost, 

moderate energy density, power density, cycle life and are widely used.8 

Commercial carbon anodes can largely be divided into two types: graphitic carbon 

and hard carbon.8 Graphitic carbon can be derived from soft carbon. By definition, 

soft carbons are materials that can be graphitized at high temperature (2000˚C to 

3000˚C). Materials that cannot be graphitized even when treated at 3000˚C are 

called hard carbons.7 
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The base unit of these carbon materials is a planar sheet of carbon atoms arranged 

in a hexagonal group, as in Figure 2. These hexagonal groups form a layered 

structure as in Figure 2 where lithium-ion can be intercalated. The intercalation of 

lithium into highly ordered graphite happens in stages in which lithium forms 

“islands” to some graphite layers and other are left empty. This can be observed as 

voltage plateaus. The most lithium rich stage is called stage 1 and forms at the 

lowest voltage. Higher stages form when lithium is removed from the graphite. 

Graphite in real LIBs shows less distinct stages and flat discharge curve.7 

 

 

Figure 2. a) Intercalated lithium ion can be seen from up and b) two sheets of 

parallel graphite (at an angle) have intercalated a lithium ion, c) the clear lines 

resemble graphite layers and the dotted lines resemble lithium layers. Numbers 

tell the stage of lithiation. Pictures made by Jere Leinonen. 
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Real materials contain disorders and won’t have tidy stacking graphene layer 

structure. Graphitization removes some of these disorders where the graphitic 

planes are parallel but shifted or rotated. These are called turbostatic disorders 

and removal of them will lead to less strain on the material. Graphite has many 

different morphologies other than the flat plates of natural graphite, such as carbon 

fiber and spheres.7 Carbon anode materials with morphologies like nanoflakes,10 

microtubes11 and spheres7 can all be found in studies.  

Graphitic carbons have big graphite grains and can achieve almost the theoretical 

charge capacity. They do not combine well with propylene carbonate-based 

electrolyte, which is commonly used due to its low melting point and fast Li+ 

transport. The propylene carbonate electrolyte intercalates together with the Li+ 

between the planes and causes capacity loss via exfoliation of graphite. Even 

without the solvent intercalation induced strain, strain may be produced during Li 

intercalation which damages solid electrolyte interphase and reduces the cycle life 

of the cell.8 

Hard carbons have small graphitic grains with disordered orientation and are a lot 

less likely to experience exfoliation. These grains have space between them, 

resulting in reduced volume expansion in all dimensions. Because of these 

properties hard carbon can exceed the theoretical gravimetric capacity of graphite 

372 mAh/g7,8 and be material with high capacity and cycle life. On the other hand, 

the high fraction of uncovered edge planes results in an increase of solid electrolyte 

interphase layer formation, which will lead to reduced coulombic efficiency8 and 

higher irreversible7 capacity. Hard carbons anodes also have higher voltage vs 

lithium, than graphitic anodes. This will affect what electrolytes can be used as some 

don’t have wide enough electrochemical window for the higher voltages. More 

discussion about electrochemical window is given in Section 2.6. 

In hard carbon, the storage mechanism of Li+ is based on the adsorption to the 

surface of active sites (e.g. defects, edges, and heteroatoms) in the sloping voltage 

region, followed by intercalation into the graphitic layers in the low-voltage plateau 

region.12 

 

 



9 
 

2.5 Solid electrolyte interphase and dendrites 

The solid electrolyte interphase (SEI) is a passivating layer, which is formed on 

the electrodes during the first charge(s) of LIB.13 SEI layer forms from the lithium of 

the electrolyte and the cathode, but the chemical composition and morphology is 

affected by the composition of the carbon anode14 and the different electrolyte and 

anode combinations.13 The SEI layer stops any further electrolyte decomposition if 

the film forming process is optimized and protects the charged anode. The SEI layer 

allows the passage of Li-ions. SEI layer is very important to the electrochemical 

performance and safety of the whole LIB. Through cycling of the battery, 

irreversible side reactions happen, and unwanted SEI layer growth occurs at the 

anode which leads to major capacity fading, power loss and dendrite grow. Different 

electrolyte and anode combinations affect the SEI layer formation and structure. The 

anodes properties, such as surface area have sometimes linear correlation between 

the irreversible charge loss occurring during the first cycles and SEI formation.13 

Dendrites are irregular lithium electrodeposits that can grow to span the 

interelectrode space and short circuit the cell and cause overheating and thermal 

runaway. Dendrites grow on the anode part of the cell during charging.15 
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2.6 Electrochemical window – important property of electrolyte 

Electrochemical window (EW) is the difference between the decomposition voltages 

of oxidation and reduction of the electrolyte. The reduction and oxidation 

decomposition voltages are determined by the highest and the lowest occupied 

molecular orbitals of the electrolyte, HOMO and LUMO, respectively. The open 

circuit voltage is determined by the electrochemical potentials of anode and cathode 

materials. This is visualized in Figure 3. When EW can fit the VOC inside itself the 

electrolyte material can be considered as inert. The oxidative and reductive 

capabilities of the electrode materials grow higher as more energy dense batteries 

are needed and thus electrolytes with wider EWs are developed.16  

 

Figure 3. A relative energy diagram of electrode potentials, where Eg is the energy 

gap of HOMO and LUMO of the electrolyte, VOC stands for open circuit voltage 

and μA and μC stand for the chemical potentials of anode and cathode.16 
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3 SYNTHESIS OF ACTIVATED CARBON ANODE MATERIALS 

3.1 Carbonization processes and hydrothermal treatment 

Carbonization is a process where solid remnants with increasing content of the 

element carbon are formed. Calcination and pyrolysis are common part of 

carbonization. Calcination means that something is heated to high temperature in 

air or oxygen. Pyrolysis is a thermolysis, usually associated with exposure to high 

temperature.17 Thermolysis is a process where covalent bons are cleaved without 

catalyst with exposure to a raised temperature.17 Carbonization can precede or 

follow activation. Carbonization was done in all the studies analyzed in this paper. 

Hydrothermal carbonization pretreatment with autoclave can be used to make the 

carbon material have more regular hole structure and a larger SSA.18 Carbonization 

temperature has critical impact to the properties of the carbon material. Too high 

temperature may lead to a material with very small surface area and graphite like 

layer, which is unfavorable for electrochemical performance.19 

3.2 General solid chemical activation method for carbon 

Biomass derived carbon materials obtained with just direct carbonization or 

hydrothermal carbonization are usually found with relatively low SSA and limited 

porosity. Therefore, different methods of activation are developed to increase SSA, 

such as gas activation and solid chemical activation (SCA).6 SCA will be 

discussed further in this section.  

In SCA, activation agents (AAs) are used to fabricate activated carbon (AC) with 

high SSA and well-defined pore distribution. Potassium hydroxide (KOH) and zinc 

chloride (ZnCl2) are well-known agents to make the SSA larger and enrich the 

abundant pore network in AC. In addition, substances such as K2CO3, NaOH, 

Na2CO3, H3PO4 and H2SO4 can all be used as AAs. The activation mechanism is 

not yet well understood.6 For KOH, at least, a summarization of reactions occurring 

between KOH and carbon has been made.20 

2𝐾𝑂𝐻 (𝑎𝑞) → 𝐾2𝑂 (𝑠) + 𝐻2𝑂 (𝑎𝑞)             (2) 

𝐶 (𝑠)+ 𝐻2𝑂 (𝑙) → 𝐻2 (𝑔) + 𝐶𝑂 (𝑔)                       (3) 

𝐶 (𝑠) + 4𝐾𝑂𝐻 (𝑎𝑞) → 𝐾2𝑂 (𝑠) + 3𝐻2 (𝑔) + 𝐾2𝐶𝑂3 (𝑎𝑞)             (4) 
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𝐾2𝐶𝑂3 (𝑎𝑞) → 𝐾2𝑂 (𝑠) + 𝐶𝑂2 (𝑔)                           (5) 

2𝐶 (𝑠) + 𝐾2𝐶𝑂3 (𝑎𝑞) → 2𝐾 (𝑎𝑞) + 3𝐶𝑂 (𝑔)                     (6) 

𝐶 (𝑠) + 𝐾2𝑂 (𝑠) → 2𝐾 (𝑠) + 𝐶𝑂 (𝑔)                          (7) 

In the elementary SCA process, pristine or pre-calcinated biomass is either directly 

mixed with AA or impregnated into AA solution. If impregnation method is used, an 

additional low temperature drying process is needed. The activation process is then 

conducted by heating the mixture within an inert gas-filled furnace. After the heating, 

the mixture is washed with an acidic solution and deionized water to remove any 

soluble impurities. Figure 4 shows an example of the process. The usage of different 

AAs will result in different structures for the AC.6 Microwave-assisted pyrolysis can 

be used in place of conventional pyrolysis. It is more cost-effective, energy efficient, 

and the heating is faster and more selective compared to conventional pyrolysis.21 

 

Figure 4. Example illustration for the process of producing activated carbon from 

the study of Luna-Lama et al.5 

Waste biomass resources are mainly composed of cellulose, hemicellulose, and 

lignin. The structure of AC synthesized from biomass is affected by the mass ratios 

of cellulose and lignin in the biomass. Cellulose maintains the AC’s porous structure 

and facilitates the formation of mesoporous structure. This can be seen as increase 

in the surface area of the material. Lignin on the other hand contributes to layered 
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and microporous structure in AC. Lignin can easily decompose and is volatile at 

higher temperatures.21 See Section 4.6.1 for definitions of the pore sizes. 

Activation of biochar with AAs is highly efficient, but it also has problems. It will 

reduce the yield of the final products, produce greenhouse gases, corrode the 

equipment, and complicate the production process. These issues are something to 

consider when developing the process. In studies different carbon-based 

biomaterials have been used to produce anode materials such as wood, bamboo, 

straw, cotton, kapok tree fruit, bacteria cellulose, seaweed, pollen, corn, potato, 

soybean, carrot, tomato, and fungus.6 Commercial AC is produced from 

nonrenewable recourses such as coal or petroleum-based residues.21 

3.3 Doping 

One way to modify carbon materials is to dope the material with heteroatoms, which 

means that atoms are chemically attached into the structure of the carbon 

material. As of now, nitrogen is the most studied doping heteroatom in energy 

related material study because of its ease to be brought together with carbon. Other 

atoms, such as boron, sulfur or phosphorus can also be used for doping. Many 

dopants can be used at the same time. The synthetic pathways leading to doped 

carbons are diverse.22 The doping of carbon materials can, for example, improve 

electrochemical conductivity23 and Li+ ion storage capacity24 of a carbon material. 
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4 STRUCTURAL PROPERTIES OF ANODE MATERIALS 

4.1 General 

In this chapter nine different carbon anode material studies4,5,10,11,23,24,25,26,27, and 

their structural analysis methods are reviewed. The theory behind all the methods 

is not gone through in too detail, rather the most important methods’ results, 

parameters, terminology, and diagrams are explained so that comparison between 

the studies anode materials can be understood. These structural analysis methods 

include TEM, SEM, XRD, Raman, and SSAT. Earlier, in the beginning of the thesis 

paper the abbreviations of the analysis methods used in the nine studies are 

explained. In Table 1 the usage of different methods can be seen. 

Table 1. The different structural analysis methods used in the nine studies 

investigated. x marks the method used in the study 

Ref TEM XRD SEM* Raman SSAT** SAED EA GA*** DFT XPS FTIR 

4 x x x x x       

5  x x x x  x x x   

10 x x x x x       

11 x x x x x x      

23 x x x x x     x x 

24 x x x x x x  x x x x 

25  x x x x     x  

26 x x x x x       

27  x x  x       

* Includes SEM-EDS, SEM, FE-SEM 
** Includes BET, BJH and nitrogen adsorption tests 
*** Includes TGA, TG, DTG 

 

The most common analysis methods were TEM, XRD, SEM, RS and SSAT. XRD, 

SEM and different SSAT methods were used in all studies and TEM and Raman 

methods were used in almost all studies.  
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4.2 Transmission electron microscopy 

In transmission electron microscopy (TEM), electron gun is used to transmit 

electrons through the sample in a near vacuum. Condenser lenses are used vary 

the strength of illumination to the sample, which is needed for magnification. 

Together they focus the beam of electrons to a smaller area to prevent damage to 

the sample. The beam is aligned with magnetic fields to the sample. After the 

sample stage lenses called objective lens, first projector lens, and second 

projector lens are used for image magnification. Between the objective and 

projector lenses lies objective aperture from which electrons go through and the 

unwanted over scattered electrons hit a metal disk surrounding the aperture. The 

imaging is done with fluorescent screen to which the electrons fall. The sample 

used must be very thin (less than 0.1 μm) for high enough energy electrons to 

transmit through the sample to produce a sharp image.28 This is a simple 

explanation of TEM as the modern instrument is complex with many parts and can 

be used for analysis too, including structural analysis and chemical composition 

analysis of the sample. TEM is very powerful tool and can produce images with 

resolution down to sub angstrom levels.29 (One angstrom is 0,1 nm) Figure 5 shows 

a TEM image of AC. 

 

Figure 5. TEM image of activated carbon sample CSC-2 from Li et al. study with 

very few pores to be seen.26 
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4.3 Scanning electron microscopy 

In scanning electron microscopy (SEM) the sample is scanned with electron gun 

and condenser lenses are used to focus the beam of electrons. In the sample many 

different phenomena occur from which the emission of secondary electrons and 

the re-emission or reflection of backscattered electrons are the most important for 

SEM. The intensity of emission of secondary and backscattered electrons is 

sensitive to the angle at which the electron beam strikes the surface. The electron 

current emitted is collected and amplified electron collection system. The electron 

collection system has film with phosphor in positive potential attracting electrons 

which make the phosphorus spark. The light impulses are then sent to the cathode 

of a photomultiplier which converts the signals to electrical signal and amplifies 

them.28 In SEM the resolution of image is count in the nanometer range.29 One thing 

to note is that the micropores can’t always be seen with a conventional SEM.5 Figure 

6 has three SEM pictures of AC. 

 

Figure 6. a) SEM picture of the activated carbon from Li et al. study23 where 

porous structure can clearly be seen.  b) and c) are both from Luna Lama et al. 

study5 and both contain SEM picture of BPW@ZnCl2 sample with different 

magnifications. No clear porous structure can be seen. 
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4.4 X-ray diffraction 

4.4.1 Interpretation of X-ray diffraction patterns 

The characterization of materials in X-ray diffraction (XRD) is based upon the 

position of peaks in terms of 2θ and their relative intensities in the X-ray diffraction 

pattern. The diffraction angle θ is the angle at which the monochromatic X-ray 

strikes the sample and the angle can be controlled with the instrument. The X-ray 

diffracts from the sample without energy loss and this diffracted radiation is 

measured. With help from Bragg’s law (8) the distance between the planes (d) can 

be calculated as the wavelength of the X-ray source is also known and the intensity 

at different angles is measured. If the angle doesn’t satisfy the Bragg’s law, 

destructive interference occurs.30 Bragg’s law is determined as 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆,                                          (8)             

where, 

d is the interplanar distance of the crystal, 

n is the order of the diffraction and is a positive integer and usually equal to 1, 

θ is the angle in which the x-ray strikes the crystal surface, 

and λ is the wavelength of the x-ray (nm).30,31 

As n and λ can be determined as constant, and θ controlled, d can be calculated. If 

d decreases, then sinθ should increase and if sinθ decreases then d should 

increase. sinθ increased in value when θ increases in value in 0 – 90° interval. This 

means that a peak shifting to the left in Figure 7 means higher d value. 

The intensity of peaks depends on the constructive and destructive interferences of 

the X-ray radiation which depends on the positions of atoms in the lattice. The width 

of the peak depends on the size of the crystallite/crystal and the strain on the 

crystallite/crystal. Real crystals have mosaic structure in which a single crystal is 

thought as of consisting of many little substructures, and the pieces left are to some 

extent randomly aligned. This leads to many different diffraction angles. When the 

size of the crystals is small, larger amount of these differently oriented crystals will 

diffract X-rays. These factor leads to a wider distribution of diffraction angles and a 

broader intensity peak. The strain on the lattice can change the peak in three 
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different ways: compressive strain decreases d, tensile strain increases d and a non-

uniform strain will broaden the peak as more diffraction angles occur.31 The take-

away is that wide peak indicates amorphous structure.23 The numbers on top of 

the peaks (e.g. 002 and 100) in Figure 7 diagrams are Miller indices which are 

defined as “the reciprocals of the fractional intercepts which the plane makes with 

the crystallographic axes.”31 The (002) and (100) peaks are typical for amorphous 

carbon. The wide (002) peak is usually connected to the interlayer structure of 

multiple graphene sheets and the weaker diffraction peak of the (100) crystal plane 

is indicative of sp2 hybridized hexagonal structure4 of graphene.5 

4.4.2 Interlayer distance 

All activated carbon materials in the studies4,5,10,11,23-27 that had the d-value listed, 

had larger interlayer spacing than graphite layer (dgraphite,002 = 0.3354 nm,5 see 

Table 2 on page 31) and have wide peaks in XRD-diagrams suggesting 

amorphous structure which helps the insertion and extraction of Li-ions21 and their 

storage between graphene layers.23 This increases conductivity.5 In Figure 7 three 

XRD patterns from the studies reviewed can be seen. 

In the study of Li et al.23 nitrogen-doped porous hard carbons derived from shaddock 

peel (N-d-SPC) were calculated to have d002 value of 0.424 nm. Even the KOH 

activated shaddock peel carbon materials without nitrogen doping (K-e-P-SPC and 

K-e-SPC) had values of 0.375 and 0.395 nm. The non-pyrolyzed material K-e-SPC 

had larger d value than the pyrolyzed K-e-P-SPC, suggesting that the pyrolysis 

procedure after the material preparation shortens the interlayer distance, this 

can be seen as shift of the (002) peak at 22° in Figure 7. The (100) peaks at 43° of 

K-e-P-SPC and N-d-SPC are a lot clearer than the K-e-SPC counterpart 

suggesting that the later pyrolysis also promotes the formation of more 

ordered crystalline structure. The peak shift of N-d-SPC compared to K-e-SPC 

suggests that nitrogen doping increases interlayer distance. 

In the study of Chen et al.25 silicon rich carbon material was derived from Equisetum 

Arvense for LIB anodes. The material had more silicon (36.88 wt%) than carbon 

(23.71 wt%) and had quite a lot of oxygen (25.55 wt%). The material of interest was 

the SiOx/C sample. The wide peak at 22° is the peak of amorphous carbon and SiOx. 

No silicon was generated during the process as the curve of SiOx/C doesn’t have 
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other peaks. In the study of Li et al.26 a note was made that the addition of CaCl2 

did not change the crystal structure of the carbon material from the original. In Luna-

Lama et al. study,5 the XRD-diagram had slight variation to others as it contained 

the (101), (10-1) and (040) peaks indicating the crystallographic planes of natural 

cellulose. It was said that the natural cellulose had low crystallinity due to the 

presence of amorphous lignin in the fiber structure. In the other studies no 

remarkable points were made. All of them had wide (002) and (100) peaks with only 

small variation in the angles at which the peak was located and all of them had wide 

peaks indicating amorphous structure with multiple stacked graphene sheets in all 

of them.4,10,11,24,27 In Figure 7 examples of XRD patterns can be seen. 

 

Figure 7. a) The common XRD pattern of amorphous carbon anodes with wide 

(002) and (100) peaks from the study of Li et al.23 Peak shift can be seen. b) 

Silicon rich carbon material (SiOx/C) by Chen et al.25 c) Peaks (101, 040) of 

cellulose by Luna-Lama et al.5 x-axis tells the diffraction angle times two and y-axis 

tells the intensity of the diffracted radiation 
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4.5 Interpreting Raman spectroscopy data 

In Raman spectroscopy the sample is irradiated with laser with visible or near-

infrared monochromatic radiation. This radiation scatters from the sample and a tiny 

portion of this scattered radiation is different wavelength from the incident beam. 

This is called Raman scattering. Raman scattering is divided into two different 

scattering, Stokes and Anti-Stokes scattering. The measured radiation is usually 

the emission of Stokes scattering. Stokes emission occurs when the electron 

excited by the radiation falls from the first virtual state to the first vibrational state of 

the molecule. The wavenumber, also known as the Raman shift, is defined as 

the difference in wavenumber between the observed Stokes radiation and radiation 

of the source in Raman. Wavenumber is the number of waves in unit distance (cm-

1). This shift is put onto the x-axis and the intensity of this radiation is put onto the 

y-axis.30 The Raman spectrum is different for different molecules. It can be used to 

determine the amorphous structure and crystallinity of materials.20
 

In the studies, curves with two peaks can be seen. These are called the G band 

(graphitic layer) and the D band (disordered carbon).20,23 The properties of these 

peaks are used to study the structure of the carbon.20 The peak locations are at 

about ~1350 cm-1 for D band and ~1600 cm-1 for G band in all the studies analyzed 

in this paper.4,5,10,11,23-26 The D band projects the disorder and defect of carbon, 

and the G band presents the stretching vibration of sp2 carbon plane. The 

higher the intensity of the D peak (higher peak) the more defects there is. The 

higher the G peak the higher the graphitization degree. There are also different 

bands that can be used to gather more detailed information about the biochar 

structure which are hidden between the overlap of G and D bands.20 These bands 

are not investigated in the studies that are analyzed in this paper and are not gone 

through because of that. From the intensities of G and D band an intensity ratio 

(IG/ID or ID/IG) can be calculated. It tells about the graphitization degree and the 

degree of disorder. Increase in IG/ID means that the carbon is more graphitized23 

(or/and has less defects). Increase in ID/IG means that there is more defects5 (or/and 

less graphitized areas). Graphitization leads to higher electrical conductivity 

(high IG).5,23 On the other hand, the high degree of disorder (high ID) promotes 

electrochemical activity4, Li-ion insertion, and Li storage into the carbon material.5 
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In short, high IG/ID or low ID/IG means high electrical conductivity,5,23 but also 

indicates lowered Li+ storage properties.26 

In the study of Li et al.23 increase in IG/ID was achieved by subsequent pyrolysis of 

the carbon sample derived from shaddock peel and was further increased by the 

nitrogen doping of the sample. In the study of Ou et al.24 oxygen-rich carbon 

material, developed with magnesium nitrate, derived from filter paper produced 

typical XRD-diagram with D and G peaks. The sample with mass ratio of 1:2 (filter 

paper to Mg(NO3)2) called FPC-2 had the highest ID/IG at 1.01 and the FPC-0 sample 

with no Mg(NO3)2 treatment had the lowest at 0.94 suggesting that the amount of 

defects increases with Mg(NO3)2 treatment. Figure 8 contains the Raman spectrum 

of the samples the study of Li et al.23 

 

Figure 8. Raman spectrum for nitrogen doped activated carbon of the study of Li et 

al.23 The spectrum is very similar to all the other spectrums shown in the studies 

reviewed in this paper. Both D and G band can clearly be seen. The shift in 

wavelength is on the x-axis and y-axis shows the intensity of the shifted radiation. 
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In the study of Yu et al.4 wheat straw carbon was activated with different weight 

ratios of KOH ranging from 1:0 to 1:5. This was expressed in the sample names 

(e.g. WSCPC-0 for zero KOH). WSCPC-4 sample had the highest ID/IG value (3.41) 

and WSCPC-0 the lowest (2.81). In the study of Luna-Lama et al.5 ID/IG values were 

calculated and the H3PO4 activated carbon derived from banana peel waste 

(BPW@H3PO4) exhibited the smallest one. The other samples were activated with 

KOH and ZnCl2. In the study of Sekar et al.10 the graphitic carbon nanoflakes derived 

from green-tea waste had low ID/IG value (~0.93) and thus high graphitization 

degree. The Raman spectrum also had a band that was not mentioned in other 

studies called 2D band which was said to be the signature of graphitized carbon. In 

the study of Liao et al.11 hard carbon microtubes derived from cotton showed typical 

Raman spectrum, with D and G peaks.  

In the study of Chen et al.25 the silicon rich carbon containing material derived from 

equisetum arvense exhibited typical Raman spectrum. The material containing 

carbonized ball milled equisetum arvense leaves SiOx/C (BM) treated with ZnCl2 

had lower integrated ID/IG ratio (1.04) than the raw SiOx/C (1.54) that was just 

carbonized, indicating more graphitization and better electrical conductivity via 

treatment and milling. In the study of Li et al.26 porous biomass carbon was derived 

from corn stalks via CaCl2 activation. The samples were named after the weight 

ratios of corn stalk and CaCl2. The sample with the mass ratio of 1:2.5 (CSC-2.5) 

had the highest ID/IG (0.98) indicating enhanced reversible capacity and improved 

Li-ion storage ability. The lowest ratio was for the untreated sample (CSC) at (0.66). 

See Table 2 of Section 4.7 on page 31 for all the IG/ID and ID/IG values. 
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4.6 Characterization methods of porous materials 

4.6.1 Definitions and terminology about pores, adsorption, and surface area. 

Classed porous structure including different sized pores will increases the 

electrochemical performance of the material in combination with high specific 

surface area as it makes lithium disperse better into the structure.25 The pores can 

be classed with their diameter: micropores (<2 nm), mesopores (2-50 nm) and 

macropores (>50 nm).17,32 Macropores can act as ion-buffering reservoirs of 

carbon materials, mesopores shorten the ion transfer distance to the inner pores of 

carbon, and micropores provide effective sites for charge accumulation.18  The term 

“specific surface area” is defined as surface area of adsorbent (As) divided by the 

mass (m) of the adsorbent: 

𝑎𝑠 =
𝐴𝑠

𝑚
             (9) 

The surface area of adsorbent is defined as: 

𝐴𝑠 = 𝑛𝑚 ∙ 𝐿 ∙ 𝑎𝑚          (10) 

where nm is monolayer capacity in moles, L is the Avogadro constant, and am is 

the area effectively occupied by an absorbed molecule in the complete monolayer. 

The monolayer capacity is usually defined as the amount of adsorbate needed to 

cover the surface with complete monolayer. In monolayer adsorption all absorbed 

molecules are in contact with the surface layer of the adsorbent, unlike in multilayer 

adsorption where more than one layer form. Capillary condensation is a process 

where residual pore space left after multilayer adsorption is filled with liquid-like 

material separated from the gas phase by menisci. A hysteresis effect occurs often 

same time with capillary condensation. In adsorption hysteresis the adsorption and 

desorption curves deviate from each other.32 Hysteresis suggests that the 

adsorption-desorption process is not completely reversible and that there are 

mesopores in the structure of the material.4,11 Adsorption is defined as the 

enrichment of one or more components on to interfacial layer. Absorption, where 

the molecules penetrate the surface layer and bulk solid, is often near impossible to 

distinguish from adsorption. This is where term sorption should be used as it 

includes both adsorption and absorption. However, in the studies reviewed in this 

paper this is not always done and what should be called sorption is called 
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adsorption. Adsorption isotherm is the relation of the quantity of gas adsorbed (na) 

to the equilibrium pressure (p/p°) of the gas in constant temperature. p° is the 

saturation pressure of the pure adsorptive at the temperature where the 

measurement is made. Saturation pressure is the pressure where the adsorbent is 

saturated with the gas. p is the pressure which is changing during adsorption and 

desorption. Total pore volume (Vp) is derived from the amount of vapour absorbed 

at p/p° ≈ 1.32 

4.6.2 Nitrogen-Adsorption-Desorption procedure 

Commonly gas adsorption manometry is used for the determination of adsorption 

isotherms of nitrogen at the temperature of liquid nitrogen (77 K).3 The adsorbent 

and gas are put into confined volume and the amount of gas adsorbed (na) is 

evaluated by measuring the change in gas pressure with the manometer. The 

amount of nitrogen absorbed is plotted against the equilibrium relative pressure 

(p/p°). From there, the isotherm can be classified.32 

4.6.3 Classification of adsorption isotherms 

There are six types of physisorption isotherms ranging from I – VI. The ones 

observed in the studies were type IV, mixed type I/IV and type I for the activated 

carbon materials. It should be noted that microporous or non-porous material exhibit 

type II diagram, typical for untreated material in the studies.5 Type I isotherm 

happens with microporous solids having small outside surfaces (e.g. activated 

carbon) the limiting factor in uptake of gas is the accessible micropore volume rather 

than the internal surface area. Micropore filling occurs at the initial steep curve 

(low p/p°) of type I diagram.  In type IV diagram hysteresis loop can be seen.32 It’s 

connected to capillary condensation taken place in mesopore, in other words the 

filling and emptying of mesopores.32,33 The source of hysteresis is not simple and 

stems from different sources, such as the swelling of the adsorbent which can lead 

to opening the internal areas during adsorption.33 It’s also affected by the structure 

of the pores in the material. There are also different types of hysteresis loops32 which 

characteristics we don’t go through. In Figure 9 different types of adsorption 

isotherm diagrams can be seen. 
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Figure 9. The different types of adsorption isotherms. The picture is modified from 

a paper of Sing, K. S. W.32 Picture drawn by Jere Leinonen. 

4.6.4 The effect of pH, hydration, activated carbon, and contact time to adsorption. 

The pH of the solution can either promote or prevent adsorption as pH can affect 

the adsorbent and the adsorbate species in a solution. Low pH means higher 

concentration of H+ ions, which promotes protonation of the functional groups of the 

adsorbent. This will lead to repulsion of cations and cationic molecules like Li+. H+ 

ions can also compete with the adsorption sites of the adsorbate. When pH is 

increased more surface carbons get negatively charged because of OH- adsorption 

and deprotonation. This leads to increase in adsorption for cationic molecules. 

However, pH also affects the hydration of the adsorbate molecules, which may lead 

to decreased adsorption in carbon material at higher pH even for cationic molecules 

like rhodamine B, as was the case in Lacerda et al. study.34 The hydration can make 

the adsorbate molecule larger leading to difficulties when the molecule tries to enter 

a pore in the carbon material. The amount of activated carbon obviously also affects 

the adsorption. More activated carbon means more active sites and more surface 

area to bind to. Contact time with the carbon also plays a role in adsorption. The 

adsorption is rapid at first and then gradually decreases till equilibrium.34 However, 

in batteries the carbon is in contact with the electrolyte all the time. 
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4.6.5 Brunauer-Emmett-Teller method for surface area determination 

Brunauer-Emmet-Teller (BET) gas adsorption method is used to determine surface 

area of porous materials. BET theory is based on simplified model of 

physisorption. The assumptions are the same as in Langmuir theory, except in 

BET, multilayer adsorption is considered. In BET, molecules adsorbed after the first 

layer are assumed to have the properties of a liquid. The range of applicability of the 

BET equation (11) is always limited, and for some adsorbents (e.g. graphitized 

carbons) the upper limited is at p/p0 < 0.1. The BET method is unlikely to give the 

actual surface area if the isotherm is type I.32 Usually, linear form of BET equation 

is used: 

       
𝑝

𝑛𝑎∙(𝑝0−𝑝)
=

1

𝑛𝑚
𝑎 ∙𝐶

+
(𝐶−1)

𝑛𝑚
𝑎 ∙𝐶

∙
𝑝

𝑝0
          (11) 

where na is the amount of vapour adsorbed at relative pressure of p/p0 and nm
a is 

the monolayer capacity. C is a term that gives an indication of the order of magnitude 

of the adsorbent-adsorbate interaction energy.32 BET is not used in all studies 

reviewed for surface area determination. 

4.6.6 Adsorption isotherms, pore size distribution and surface area of the materials 

The specific surface areas are collected into Table 2 on page 31. The activated 

materials in the studies had type I27, type IV4,11,26, and the mixed type I/IV5,10,23,24,27 

isotherms. Different methods were used to determine the pore size distribution. 

These included methods such as Barret-Joyner-Halenda (BJH)23,10, Horvath-

Kawazoe (HK)20 and non-local density functional theory (DFT) model.5 The 

theory behind these methods is not opened here, but the results are discussed. 

In the study of Yu et al.4 the carbon material derived from wheat straw with KOH at 

weight ratio 1:4 (WSCPS-4) exhibited type IV diagram. The adsorption increased 

sharply at the start of the diagram, indicating micropore presence. The hysteresis 

loop begun to rise near p/p0 = 1 and this indicates the presence of macropores. The 

hysteresis loop observed indicates material with rich mesopores. The mesopores 

ease the transport of electrolyte ions which is beneficial for the reaction rate of the 

electrochemistry process. The prevalence of all the pore sizes promotes the 

penetration of the electrolyte, lowers the internal resistance of Li+ and electron 

transmission, and improves the utilization of the surface of electrode materials. 
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In the study of Luna-Lama et al.5 the activated carbon made from banana peel waste 

(BPW) is of a mixed type I/IV. The first part of the curve (p/p0 < 0.4) indicates 

presence of micropores and the hysteresis loop presence of mesopores. According 

to the study, because of these aforementioned factors, the material had slit-shaped 

pore structure. The pore size distribution calculated with non-local DFT showed that 

the materials had high concentration of micropores in the 1-2 nm region and lower 

proportion of mesopores. NAD diagram can be seen in Figure 10 and pore size 

distribution can be seen in Figure 11 for BPW samples on pages 29–30. 

In the study of Sekar et al.10 the carbon nanoflakes derived from biomass green-tea 

waste exhibited type I/IV diagram indicating presence of micro and mesopores. With 

BJH method. The flakes were confirmed to have larger specific surface area and 

total pore volume than other graphitic carbon nanostructure derived from green-tea 

waste. In the study of Liao et al.11 hard carbon microtubes (HCM) were derived from 

renewable cotton and they showed type IV isotherm indicating mesoporous 

structure and non-reversible adsorption process as the adsorption and desorption 

curves did not coincide. From the type of hysteresis line, it can be said that the size 

of pores is uniform and that pores are slit-like. Most of the pore volume consist of 

pores sized 1 – 5 nm which is different from the usual 1 – 2 nm for HCM. This is 

attributed to the KOH activation. The porous structure of the HCM is improving the 

lithium storage performance of batteries. NAD diagram for HCM can be seen in 

Figure 10 and pore size distribution can be seen in Figure 11. 

In the study of Li et al.23 all three hard carbons derived from shaddock peel showed 

type-I/IV isotherm. The nitrogen doped sample (N-d-SPC) had the highest surface 

area compared to the non-doped pyrolyzed sample (K-e-P-SPC) and to the non-

doped, non-pyrolyzed sample (K-e-SPC). Indicating that the pyrolysis and the 

carbamide dopant driving the pyrolysis process increase surface area. All three 

samples had structure dominated by meso- and macropores with size distribution 

18.2 – 83.1 nm. The N doping increased small mesopore appearance at 2.2 and 3.4 

nm, which could be attributed to gas release during pyrolysis when oxygen is 

substituted by nitrogen. It was said that unique structure can prevent expansion and 

shrinkage of the hard carbon during Li+ intercalation and to promote the electrolyte 

access in the nitrogen doped sample. Pore size distribution diagram for the study 

can be seen in Figure 11. 
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In the study of Ou et al.24 hierarchically porous nitrogen and oxygen rich carbon 

derived from filter paper with Mg(NO3)2 treatment showed type I/IV isotherms. The 

high adsorption at low p/p0, combined with hysteresis loop at mid p/p0, combined 

with the rising quantity adsorbed at high p/p0 indicates structure with all the pore 

sizes: micro-, meso-, and macro-. The pores with most presence were micro- and 

mesopores. The samples had different pore volumes and sizes depending on the 

amount of Mg(NO3)2 used. The FPC-2 sample (1:2 ratio of carbon material to 

Mg(NO3)2) exhibited the highest micro- and mesopore volumes and highest BET 

surface area. The average pore sizes of the carbon were concentrated in the 2 – 4 

nm area. The high surface area and hierarchically interconnected structure of the 

material can shorten the ion diffusion pathway resulting in enhanced rate capability 

in charge and discharge of a cell. 

In the study of Chen et al.25 no isotherm was shown. The carbon material derived 

from equisetum arvense via ZnCl2 activation had large very large BET surface area. 

Ball milling of the material increased this even further. Both the ball milled, and non-

milled sample contained pores of all sizes. These factors promote fast dispersal of 

Li-ions and improve electrochemical performance. In the study of Li et al.26 the 

porous biomass derived from corn stalks activated with CaCl2 exhibited type IV 

isotherms. This indicates, again, mesoporous structure. The CSC-2.5 sample had 

the highest specific surface area. In the study of Chen et al.27 activated carbon 

derived from sugarcane activated with KOH exhibited type I isotherm in the case of 

traditionally activated sample (TAAC) and type I/IV diagram in the case of activation 

via hydrothermal-assistance (HAAC). The type I diagram indicated micropore rich 

structure. Type I/IV indicates both micro- and mesopores. The BET specific surface 

area was calculated using BJH and the HAAC sample had bigger one compared to 

TAAC. 
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Figure 10. Nitrogen adsorption diagrams. a) HCM sample of the study of Liao et 

al.11 shows clear type IV isotherm with hysteresis loop. b) TAAC sample from the 

study of Chen et al.27 shows type one isotherm with no hysteresis loop. c) In the 

study of Luna-Lama et al.5 the samples show mixed type I/IV isotherm with a small 

looking hysteresis loop. x-axis shows the relative pressure and y-axis shows the 

nitrogen adsorbed with the changing pressure. 
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Figure 11. a) The differential pore volumes for BPW samples in the study of Luna-

Lama et al.5 Sample activated with H3PO4 shows largest micropore volume. b) The 

cumulative pore volume of HCM in the study of Liao et al.11 shows that the 

structure of the carbon sample is small pore dominant. c) The nitrogen doped 

sample (N-d-SPC) in the study of Li et al.23 shows the highest incremental pore 

volume of the samples in the study. Pay attention to the x-axis of the diagrams as 

they are not evenly divided in the case of diagrams b) and c). 
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4.7 Structural parameters of the carbon materials 

 

Table 2. Structural parameters of the carbon materials 

Ref Starting material Sample 

name 

Highest 

temperature 

(C°)^ 

Activating 

agent 

d200 

(nm) 

ID/IG 

 

SBET 

(m2/g) 

Total pore 

volume 

(cm3/g) 

Isotherm 

diagram 

type 

4 wheat straw  WSCPC-0 600 - - 2.18 161 0.053 - 

4 wheat straw WSCPC-1 600 KOH - 2.84 239 0.078 - 

4 wheat straw WSCPC-2  600 KOH - 2.96 380 0.083 - 

4 wheat straw WSCPC-3 600 KOH - 3.08 563 0.091 - 

4 wheat straw WSCPC-4 600 KOH - 3.41 628 0.172 IV 

4 wheat straw WSCPC-5 600 KOH - 2.71 253 0.075 - 

5 banana peel 

waste 

BPW@ 

H3PO4 

700 H3PO4 0.393 0.83 815 0.420 I/IV 

5 banana peel 

waste 

BPW@ 

ZnCl2 

700 ZnCl2 0.397 0.87 348 0.198 I/IV 

5 banana peel 

waste 

BPW@ 

KOH 

700 KOH 0.399 0.90 264 0.155 I/IV 

10 green-tea waste IMP-GC 600 KOH - ~0.93 1373 ~0.4093 I/IV 

11 cotton HCM 1300 KOH - 0.63^^^ 39.3*** - IV 

23 shaddock peel N-d-SPC 500 KOH 0.395 0.97^^^ 499^^ - I/IV 

23 shaddock peel K-e-P-SPC 700 KOH 0.375 1.03^^^ 318^^ - I/IV 

23 shaddock peel K-e-SPC 500 KOH 0.424 1.23^^^ 290^^ - I/IV 

24 filter paper FPC-0 700 - 0.373* 0.94 323 - I/IV 

24 filter paper FPC-1 700 Mg(NO3)2 0.373* 0.97 770 - I/IV 

24 filter paper FPC-2 700 Mg(NO3)2 0.373* 1.01 1031 - I/IV 

24 filter paper FPC-4 700 Mg(NO3)2 0.373* 0.98 923 - I/IV 

25 equisetum 

arvense 

SiOx/C 

(Raw) 

700 ZnCl2 - 1.54 983 - - 

25 equisetum 

arvense 

SiOx/C (BM) 700 ZnCl2 - 1.04 1226 - - 

26 corn stalk CSC 600 - - 0.66 - - IV 

26 corn stalk CSC-2 600 CaCl2 - 0.86 267.5 - IV 

26 corn stalk CSC-2.5 600 CaCl2 - 0.98 370.6 - IV 

26 corn stalk CSC-3 600 CaCl2 - 0.78 345.4 - IV 

27 sugarcane 

bagasse 

HAAC 750 KOH - - 2243.3 - I/IV 

27 sugarcane 

bagasse 

TAAC 750 KOH - - 1522.8 - I 

*The sample was not specified 
** calculated using HK 

***calculated by a multi-point particular surface area method 
^calculated by a multi-point particular surface area method 

^Highest temperature used in carbonization, calcination, pyrolysis, activation, or annealing  
^^ calculated with BHJ 

^^^The original values were IG/ID values but I, Jere Leinonen, calculated the ID/IG values from them (Values rounded up to 
closest decimal if the decimal was exactly 0.50, or larger. Otherwise rounded down.) 
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5 SUMMARY 

From Table 2 we can see that all carbon materials had larger interlayer distances 

than graphite (dgraphite,002 = 0.3354 nm5) which facilitates the insertion and extraction 

of lithium ions and because of that also increases conductivity. ID/IG values on the 

other hand go from 0.66 (not activated sample CSC)26 to 3.41 (for activated sample 

WSCPC-4)4. The trend indicated by the reviewed studies is that activation increases 

the ID/IG values. This means that the amount of disorder and defect in carbon is 

increased,20 which will result in better Li+ storage properties.26 The downside is that 

conductivity of the material is lower because of lower graphitization degree. Also 

there seems to be a “sweet spot” where the disorder, defect and surface area of the 

carbon is maximized with certain amount of activating agent. After that certain point 

the structure of the carbon is unstable and it collapses leading to lower specific 

surface area as can be seen in the studies of Yu et al.,4 Ou et al.,24 and Li et al.26 

All but one sample reported type IV or mixed type I/IV adsorption isotherm. Type I 

characteristics indicate microporous structure and type IV characteristics are 

common in materials with mesopores. We can conclude that most of the materials 

have micropores and mesopores, which contribute to hierarchical pore structure that 

provides channels for Li+ and electron transport. The effects of different activating 

agents can be seen in the study of Luna-Lama et al.,5 increase in surface area via 

hydrothermal-assistance can be seen in the study of Chen et al.,27 and increase in 

surface area can be attributed to nitrogen doping in the study of Li et al.23 

Considering all these structural properties it can be concluded that activated porous 

carbon materials derived from biomass have a lot of potential to be used in LIBs. 

They also have the potential to be very environmentally friendly and economically 

feasible as they can be synthesized from materials that otherwise would be wasted 

and their properties can be tailored for different applications. However, the 

electrochemical properties or the large-scale production of the carbon materials 

were not reviewed in this paper. They are of utmost importance if the materials were 

to be commercialized. The optimal synthesis methods, operating conditions or the 

best precursor materials are also unlikely to be found in scientific literature yet, and 

because of this, these carbon materials should be studied further. 
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