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Abstract 

This thesis is focused on the design and fabrication of carbon-based electrode 

materials for sodium-ion batteries (NIBs) and sodium-ion capacitors (NICs), as well 

as metal oxide (SnO2) based anode material for NIBs and lithium-ion batteries 

(LIBs).  

Na ion based energy storage systems are attracting significant interest as a 

potential lower cost alternative to Li ion based systems due to the geographically 

democratic reserves of the sodium metal. In its infancy, there is a strong demand for 

suitable electrode materials. In our first attempt, we created carbon materials 

(CPM-A) as NIB anodes, which exhibited many attractive electrochemical 

properties, similar to graphite as a LIB anode. An abundant wild plant, peat moss 

was chosen as the carbon precursor. The highly cross-linked polymer tissue of peat 

moss suppressed the nucleation of equilibrium graphite phase at high temperatures, 

instead transforming into highly ordered pseudographitic domains with substantially 

larger interlayer spacing (0.388nm) than that of graphite (0.335nm). These domains 

can provide Na intercalation sites analogous to the Li storage sites in graphite. By 

inheriting the unique cellular structure of peat moss leaves, CPM-A were composed 

of 3D macroporous frameworks of carbon nanosheets, which not only provided 

facile electrolyte access pathways but also greatly reduced the Na bulk diffusion 

distances. Benefiting from all these superiorities, the best CPM-A anode exhibited 

many highly desirable features, including low capacity voltage, negligible voltage 

hysteresis, high Coulombic efficiency, good cycling retention and high rate capacity. 

Based on this set of CPM-A specimens with tunable graphitic order, surface area and 

heteroatoms level, we also discovered the inner correlation between the 

physical/chemical properties of carbon and the galvanostatic voltage profile of the 

corresponding NIB anode, which provided important guidance for future carbon 

NIB anode design and preparation.  
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In our second attempt, we built a Na-ion based hybrid capacitor device (NIC) 

which has spanned the energy-power divide between the traditional batteries and 

supercapacitors. Both the anode carbon and cathode carbon were entirely derived 

from a highly economical biowaste: peanut shell. By skillfully utilizing the 

heterogeneous tissue of peanut shell, an adsorption cathode carbon (PSNC) and an 

intercalation anode carbon (PSOC) were prepared using the outer and inner skin of 

peanut shell, respectively. The cathode carbon has a high surface area, a high level 

of oxygen doping and a unique hierarchically porous architecture, which all 

positively contribute to the excellent capacitive performance. On the contrary, the 

anode carbon is highly ordered with low surface area and low heteroatom doping, 

and thus provides large intercalation capacity in the low voltage region. By 

pre-sodiating the anode, the working voltage windows of both the cathode and 

anode in the full NIC cell were optimized. In more detail, the cathode swung within 

a wide voltage window from 1.5 to 4.2V hence the high adsorption capacity of 

PSNC was fully utilized. The anode was restricted within the low voltage region 

(below 0.1V), in order to achieve the largest possible working voltage window for 

the full device. Benefiting from the excellent electrochemical properties of electrode 

materials and the optimized working style of the electrodes, the resultant NIC 

devices can offer a state-of-the-art cyclically stable combination of energy and 

power densities, even comparable to the performances of previously reported Li-ion 

capacitors (LICs).  

In the third attempt, we tried to develop anode materials with high volumetric 

capacity for NIBs. SnO2 was chosen as the active material. A glucose mediated 

self-assembling method was employed to prepare a novel SnO2-carbon 

nanocomposite, which exhibited very promising cyclability and rate behavior as  

both a NIB and LIB anode. In addition to the advanced material synthesis, we also 

made systemic investigation on the fundamental energy storage mechanism of SnO2 

anodes. Combining characterization methods of TEM, XRD and XPS, the phase 
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transformations of SnO2 during the sodiation/desodiation, lithiation/delithiation 

processes have been studied in detail. These analyses have revealed the inner cause 

of the capacity discrepancy for SnO2 anode between Li and Na systems, which 

although frequently observed has never been explained. The much lower capacity of 

SnO2 anode against Na is due to the kinetic difficulty of Na-Sn alloying reaction to 

reach the terminal Na15Sn4 intermetallic. Therefore, a large portion of the active 

material only shuffles between SnO2 and Sn+NaO2. The characterization data also 

revealed a critical difference in the conversion reactions between the two systems. 

LiO2 is reduced directly to SnO2 and Li, whereas the NaO2 to SnO2 reaction 

proceeds through an intermediate SnO phase. These fundamental findings have great 

significance for future SnO2 anode development.  
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Preface 

This thesis is organized into 5 chapters: 

Chapter 1 of this thesis is an introduction of the research background, 

fundamental principles, as well as a description of the motivation and research scope 

of this thesis. 

Chapter 2 of this thesis has been published as Jia Ding, Huanlei Wang, Zhi Li,
 

Alireza Kohandehghan, Kai Cui, Zhanwei Xu, Beniamin Zahiri,
 
Xuehai Tan,

 
Elmira 

Memarzadeh Lotfabad, Brian C. Olsen, and David Mitlin, “Carbon Nanosheet 

Frameworks Derived from Peat Moss as High Performance Sodium Ion Battery 

Anodes”, ACS Nano, 2013, 7(12), 11004-11015. 

Chapter 3 of this thesis has been published as Jia Ding, Huanlei Wang, Zhi Li, 

Kai Cui, Dimitre Karpuzov, Xuehai Tan, Alireza Kohandehghan, and David Mitlin, 

“Peanut Shell Hybrid Sodium Ion Capacitor with Extreme Energy - Power Rivals 

Lithium Ion Capacitors”, Energy & Environmental Science, 2015, 8, 941-955. 

Chapter 4 of this thesis has been published as Jia Ding, Zhi Li, Huanlei Wang, 

Kai Cui, Alireza Kohandehghan, Xuehai Tan, Dimitre Karpuzov, and David Mitlin, 

“Sodiation vs. Lithiation Phase Transformations in a High Rate - High Stability 

SnO2 in Carbon Nanocomposite”, Journal of Materials Chemistry A, 2015, 3(13), 

7100-7111.  

Chapter 5 of this thesis presents the conclusion remarks of the projects included 

in this thesis. 

For each work presented in this thesis, I was responsible for the primary thinking, 

concept formation, experiments design and operation, data collection and analysis, 

as well as the manuscript composition/submission/revision. Dr. David Mitlin was the 

supervisory author and was involved with idea, concept formation and manuscript 

composition/revision. In the first paper (ACS Nano, 2013, 7(12), 11004-11015), 

Huanlei Wang and Zhi Li gave me the training and assistance on the carbon porosity 



vi 
 

characterization. Zhanwei Xu provided me assistance on the Raman data analysis. 

Xuehai Tan, Elmira Memarzadeh Lotfabad and Beniamin Zahiri provided me the 

training and assistance on the transmission electron microscopy (TEM) operation. 

Alireza Kohandehghan provided me assistance on the electron energy loss 

spectroscopy (EELS) data analysis. Kai Cui was responsible for EELS data 

collection. Brian C. Olsen was responsible for the scheme drawing. In the second 

paper (Energy & Environmental Science, 2015, 8, 941-955), Huanlei Wang and Zhi 

Li gave me training on the hybrid device assembling and tests. Kai Cui was 

responsible for EELS data collection. Dimitre Karpuzov was responsible for X-ray 

photoelectron spectroscopy (XPS) data collection. Xuehai Tan gave me assistance 

on the transmission electron microscopy (TEM) operation. Alireza Kohandehghan 

gave me assistance on the EELS data analysis. In the third paper (Journal of 

Materials Chemistry A, 2015, 3(13), 7100-7111), Huanlei Wang gave me assistance 

on the porosity characterization. Zhi Li gave me assistance on the electrochemical 

kinetics data analysis. Xuehai Tan gave me assistance on the transmission electron 

microscopy (TEM) operation. Alireza Kohandehghan provided me assistance on the 

EELS data (element maps) and XRD data analysis. Kai Cui was responsible for 
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1                                  

Introduction 

Limited availability of fossil fuels and climate change have greatly threaten the 

world economy and ecology. Environmentally friendly energy resources with high 

energy/power densities are under urgent demand. Among various energy resources, 

electrical energy storage (EES) systems play a crucial role as a successfully 

commercialized green energy technology. As one of the most important member of 

EES systems, Li-ion based system, e.g. lithium ion battery (LIB), has been 

tremendously investigated and widely applied in the past several decades.
1,2,3

 

Recently, the application of Li ion based energy storage system has expanded from 

portable electronics to large scale ones, such as electric vehicles, grid storage 

batteries and even stationary facilities. The rapid expansion of the relevant markets 

results in an increasing concern about the insufficient Li resource on earth to satisfy 

the demand.
4
 The shortage of Li supply is expected to largely raise the cost of the 

final energy storage products.  

Sodium is attracting significant attention as a potential alternative to lithium 

recently. Sodium shares similar chemical characteristics in many respects as lithium, 

and the basic electrochemical principles of the Na ion and Li ion based energy 

storage systems are almost identical. However, sodium has obvious cost advantage 

due to its inexhaustible resource on earth, especially for large scale applications 

where large amounts of alkali are needed. In addition to the economic factor for 

industries, for academia there will be significant unexplored opportunities in 

research, because both the host materials and the relevant charge storage mechanism 
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for Na have been explored considerably less than that of for Li.  

However, there are also substantial new challenges of developing Na ion based 

systems. Firstly, Na ion is 39.5% larger (106 vs. 76 pm) and 231% heavier (22.98 vs. 

6.94 gmol
-1

) than that of Li ion. Since most battery reactions involve ion diffusion 

processes (e.g. ion interaction, phase transformation, etc.) within electrode material 

bulk, the reaction kinetics in Na ion based systems are expected to be much slower. 

Therefore, the Na ion based devices are expected to be inferior to Li ones in terms of 

reversible capacity, cycling retention and rate capability, etc. Moreover, the standard 

potential difference between Na/Na
+
 and Li/Li

+
 is 0.3V, which may result in a 

narrower voltage window and lower energy densities for the final devices. These are 

the main obstacles in developing Na ion based energy storage systems at present, 

which are also the critical issues to be overcome in our works.  

1.1 Li/Na ion batteries  

1.1.1 The principle of electrochemical process 

Since Na ion batteries (NIBs) share the same electrochemical principles as Li ion 

batteries, we use LIBs as an example elaborating the principles of electrochemical 

process.  

A rechargeable Li ion battery acts as a galvanic cell and an electrolytic cell 

during discharge and charge processes, respectively. Oxidation and reduction 

reactions occur in the cathode and anode respectively during charging process, and 

vice versa upon discharge. During discharging process, the anode oxidizes and gives 

off electrons. The cathode is reduced by accepting the electrons. In case of charging 

process, electrons are pumped from the cathode to the anode by the external power 

supply, making a potential difference between the two for further discharge. 

Electrons travel through the external circuit, to balance the battery electronically, 

cations (Li
+
/Na

+
) transfer between electrodes in the internal circuit.

5,6
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Figure 1-1 illustrates the schematic charging/discharging processes of a typical 

Li ion battery with graphite and LiCoO2 as anode and cathode, respectively.
7
 The 

electrolyte applied was EC organic solvent with LiPF6 lithium salt. Li
+
 ions can 

reversibly intercalate between the parallel graphene layers of graphite (LiC6), which 

occurs around 0.1V vs. Li/Li
+
. The cathode reaction is LiCoO2 = 1/2 Li

+
 + 1/2e

-
 + 

Li0.5CoO2, with a standard electrode potential of 4.35V vs. Li/Li
+
.
8
 Upon charging, 

Li
+
 ions remove from the cathode into the electrolyte and then intercalate into 

graphite. Upon discharging, Li
+
 ions extract from graphite, dissolve into electrolyte 

and further intercalate into LiCoO2 cathode.
9
 

 

Figure 1-1: Schematic diagram demonstrating the electrons and Li
+
 ions transfer 

during charge and discharge processes. Adapted from ref 7 with permission from the 

Royal Society of Chemistry, Copyright 2011. 

1.1.2 Thermodynamics 

The discharging process is thermodynamically spontaneous based on the voltage 

difference between the cathode and anode. The driving force for each electrode 

reaction is the formation Gibbs free energy (ΔG
°
f) difference between the products 

and the reactants which follows as: 

     
  ∑   

 (        )  ∑   
 (         )                                ( )   

According to the Nernst equation, this chemical driving force is equivalent to an 
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electrostatic driving force (-nEF) where, E is the standard potential of the electrode, n 

is the stoichiometric number of electrons involved in the reaction and F is the 

Faraday’s constant. Therefore, the standard potential of the electrode equals to: 

   
      

 

  
                                                ( ) 

The standard open circuit voltage of a lithium ion battery equals to the standard 

potential difference between anode and cathode:  

     
          

        
                           ( ) 

 

From another point of view, based on the reversible Li
+
 ions transport between the 

cathode and anode, a lithium ion battery can also be considered as a concentration cell, 

with a full cell voltage proportional to the difference in chemical potential of Li
+
 ions 

between each electrode. Therefore, the voltage of an open circuit battery equals to: 

    
 [   

           
     ]

  
                                 ( )  

 

Where, μLi
(cathode)

 and μLi
(anode)

 are the chemical potentials of Li
+
 ions in the cathode 

and anode, respectively. When the battery is fully charged, μLi
(cathode)

 < μLi
(anode) 

and Voc 

is positive. Upon discharge, Li
+
 ions transfer from the higher chemical potential 

region in the anode to the lower chemical potential region in the cathode. The 

chemical potential change of Li
+
 ions in each electrode can be expressed by the 

Nernst equation: 

     
                                                  ( )  

Where,   
° is the chemical potential of species i (i.e. Li

+
 ions) in its standard state, 

ai is the activity of species, T is the temperature and R is the ideal gas constant. 

Because the activity of a species is its effective concentration, the Nernst equation 

indicates that both the chemical potential and the voltage change as a function of the 

amount of Li
+
 ions in each electrode. Typically the potential change is monitored over 

time. 

These are the thermodynamic principles of lithium ion battery. However, for 

batteries in a closed circuit, they will exhibit voltage loss resulting from certain 

kinetic factors. Therefore, there is always overpotential between the measured voltage 
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and the equilibrium voltage of a battery decided by thermodynamic principles.  

1.1.3 Kinetics 

 If there is a net current allowed to flow in a closed circuit battery, the potentials 

(V) of both anode and cathode will shift away from their equilibrium (open circuit) 

values (Voc). This potential change is named overpotential/polarization (η) given by: 

η=Voc-V. 

The overpotential resulting from circuit resistance, activation energy barrier and 

ion concentration all exist in Li ion batteries. Moreover, it should be noted that the 

electrode reactions in batteries are always bulk reactions (e.g. phase transformation, 

intercalation/extraction etc.) combining with charge transfer processes. Therefore, 

the kinetics of Li ion diffusion within the material bulks is also a significant 

deciding factor for the total voltage loss of the battery.  

 

Figure 1-2: (A) Cyclic voltammograms (CV) of LiFePO4 electrode. Adapted from 

ref 10 with permission from the Royal Society of Chemistry, Copyright 2011. (B) 

Galvanostatic discharge/charge profiles of graphite electrode. Adapted from ref 11 

with permission from Wiley-VCH, Copyright 1998.  

 

   Figure 1-2 displayed the overpotential of two classic LIB electrodes (i.e. 

LiFePO4 and graphite). The standard potential of LiFePO4 electrode is located at 

3.45 V. In the cathodic scan, the redox peak is located at 3.33V, resulting in an 

overpotential (η) equaling to -0.12V. In the anodic scan, the redox peak is located at 

3.54V, resulting in an overpotential (η) equaling to 0.09V.
10

 These values agree 
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with the principle that the cathodic/anodic overpotential should be positive/negative, 

respectively. As shown in Figure 1-2B, there is also a voltage difference between 

the discharging and charging processes for graphite electrode as a result of kinetic 

overpotential.
11

  

   The overpotential is a significant issue for the practical application of lithium ion 

batteries, because the voltage loss can largely reduce the energy densities of the 

batteries. People have done tremendous works on developing advanced electrode 

materials in order to improve the kinetics of electrode reaction and diminish the 

voltage loss.  

1.2 Carbonaceous materials as Na ion battery 

anodes  

Currently, the lack of appropriate electrode material has seriously impeded the 

progress of Na ion batteries. As a successfully applied electrode material for LIBs, 

carbonaceous material has been studied for Na storage with a top priority.  

Unfortunately, graphite, the most successfully commercialized anode material 

for LIBs, displays negligible capacity against Na due to the much larger ion 

diameter of Na
+
 (Figure 1-3A).

12,13
 Hard carbon with imperfect graphitic structure 

and large graphene interlayers instead, turns out to be a usable anode. In the earlier 

studies, some hard carbons have exhibited measurable capacity for Na storage.
14

 As 

shown in Figure 1-3B, the D. Billaud’s group reported a 209mAhg
-1

 capacity of 

carbon fibers (with Brunauer-Emmett-Teller (BET) surface area of ~1 mAhg
-1

, 

density of ~2 g/cm
3
).

15
 Dahn et al. reported that hard carbon derived from 

pyrolyzed glucose (density of ~1.5 g/cm
3
) could achieve an initial reversible 

capacity 300mAhg
-1

,
16,17

 as shown in Figure 1-3C. In L. Tirado et al.’s study, the 

carbon microspheres (with BET surface area of 3 m
2
g

-1
) derived from 

resorcinol-formaldehyde displayed a 285mAhg
-1

 reversible capacity.
18

 In these 

studies, the majority Na storage capacity concentrated at the low voltage region (i.e. 
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0-0.2V vs. Na/Na
+
), as shown in Figure 1-3 (C-D). Analogous to graphite for LIBs, 

this feature is highly desirable for achieving wide voltage windows and high energy 

densities of the final batteries.   

 

Figure 1-3: (A) Potential profiles of Na/graphite cell showing the lack of 

electrochemical activity of graphite against Na. Adapted from ref 12 with 

permission from Wiley-VCH, Copyright 2013. (B) Potential profiles of the first 

charge/discharge cycle for saccharose-coke derived carbon in EC/NaClO4 

electrolyte at 7mAg
-1

. Adapted from ref 15 with permission from the Elsevier, 

Copyright 2002. (C) Sodium potential profiles of glucose pyrolyzed to 1150°C. 

Adapted from ref 16 with permission from the Electrochemical Society, Copyright 

2000. (D) Voltage/capacity plots of carbon aerogel microspheres in sodium cells, 1 

M NaClO4 dissolved in DME, THF, and EC:THF as electrolytes. Adapted from ref 

18 with permission from the Electrochemical Society, Copyright 2005. 

 

 However, these carbons still have significant issues for practical utilization. 

Firstly, the cycling lives (i.e. cyclability) were limited below 50 cycles, which were 

too short for practical use. Secondly, the capacities severely decayed under relatively 

high current densities (>1C) due to the extremely slow kinetics of Na ion diffusion. 

In later studies, people tried to improve the cyclability and rate performance of 

the carbon anodes by introducing porous structures in carbons. As shown in Figure 
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1-4 (A-B), Wenzel et al. firstly generated macro-porosity in carbon through a 

nanocasting process using silica monolith as a hard template (with BET surface area 

of 346 m
2
g

-1
 and pore volume of 0.79cm

3
g

-1
). The large surface area and pore 

volume have greatly improved the rate performance of the carbon anode (ca. 

150mAhg
-1

 at current density of 0.2C).
19

 As shown in Figure 1-4C, J. Maier’s 

group prepared hollow carbon nanospheres (with BET surface area of 410m
2
g

-1
) 

from D-Glucose using poly(styrene) as a sacrificing template. Considerable specific 

capacities were maintained under high current densities (i.e. 75, 50 mAhg
-1

 at 5, 10 

Ag
-1

), as shown in Figure 1-4D.
20

 In the following studies, people tried to generate 

porosity in carbons by the activation methods in place of the high cost sacrificial 

template methods. Various pore-generating reagents were used during the synthesis 

in order to substantially increase the surface area and pore volume of the carbons. 

For instance, in H. Wang et al.’s study, nitrogen-doped carbon sheets with BET 

surface area of 1477 m
2
g

-1
 and pore volume of 2.02 cm

3
g

-1
 were prepared using 

KOH as the activation reagent.
21

  

 

Figure 1-4: (A) SEM image of the interconnected macroporous structure of the 
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templated carbon. (B) Rate capability of the templated carbon. Adapted from ref 19 

with permission from the Royal Society of Chemistry, Copyright 2011. (C) TEM 

image of the hollow carbon nanospheres (HCS). (D) Rate performance of HCS and 

carbon spheres (CS). Adapted from ref 20 with permission from Wiley-VCH, 

Copyright 2012. 

 

Figure 1-5: (A) Charge/discharge profiles of the templated carbon and commercial 

Timrex 300. Adapted from ref 19 with permission from the Royal Society of 

Chemistry, Copyright 2011. (B) Galvanostatic charge/discharge profiles of hollow 

carbon nanospheres at 50mAg
-1

. Adapted from ref 20 with permission from 

Wiley-VCH, Copyright 2012. (C) Charge/discharge profiles of the chemically 

activated polypyrrole–functionalized graphene sheets at a current density of 

50mAg
-1

. Adapted from ref 21 with permission from Wiley-VCH, Copyright 2013. 

. 

Based on these studies, it can be concluded that the introduced porosities in 

carbon indeed have positive effects on the rate capabilities. However, they also 

created some other issues. Firstly, the capacity voltages of these anodes were 

substantially shifted to the high voltage regions (as shown in Figure 1-5). This is 

highly undesirable, because it could largely narrow the voltage window of a full 

battery. Secondly, these anodes always exhibited severe hysteresis between the 

discharging and charging processes. For instance, the voltages of desodiation were 

always over 1 V higher than that of sodiation, resulting in a large proportion of 

charge capacity above 2.5 V vs. Na/Na
+
. These issues greatly declined the potential 

of these carbons for practical application as anodes.  

Basically the causes of the high capacity voltage and hysteresis were unclear by 

far. The uniform distribution of capacity as function of voltage in the galvanostatic 

profile indicates that the carbon has Na storage sites with a distribution of energies. 

This energy distribution should mainly result from the graphitic structures of the 
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carbons, which are dominantly decided by the precursor tissue, synthesis procedure 

and activation process.  

 

Figure 1-6: (A) SEM image of the hollow polyaniline nanowires (PANI-HNWs). (B) 

Capacities of PANI-HNWs derived carbon (HCNW) electrode as a function of cycle 

number at different current densities. (C) Charge/discharge profiles of HCNW 

electrode between 0 and 1.2V at a current density of 50 mAg
-1

. Adapted from ref 22 

with permission from the American Chemical Society, Copyright 2012. (D) FESEM 

image of the cellulose nanofiber derived carbons (CNFs). (E) Rate performance of 

CNFs. (F) Charge/discharge profiles of CNFs at 40mAg
-1

. Adapted from ref 23 with 

permission from the Royal Society of Chemistry, Copyright 2014. (G) FESEM 

image of electrospun PAN-F127 derived carbon nanofibers (P-CNFs). (H) 

Discharge capacity of P-CNFs electrode at various current densities. (I) Voltage 

profiles of P-CNFs electrode at a current density of 50 mAg
-1

. Adapted from ref 24 

with permission from the Royal Society of Chemistry, Copyright 2013. 

 

Afterwards, researchers started to try new carbon synthesis strategies in order to 

achieve a combination of practical discharge/charge properties and improved rate 

capabilities. For instance, people prepared carbons with various nano-scale 
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architectures (e.g. hollow nanowires, nanofibers, nanosheets, etc) without any extra 

activation process. The nano-scale architectures can largely reduce the Na bulk 

diffusion distance necessary for sodiation/desodiation, thus have obvious positive 

effects on the rate performances of these carbon anodes. As shown in Figure 

1-6(A-B), Cao et al. prepared hollow carbon nanowires by directly carbonizing the 

polyaniline precursor.
22

 The carbon anode displayed a considerable capacity at 2C. 

Li et al. prepared carbon nanofibers through an electrospinning plus carbonize 

procedure (Figure 1-6D).
23

 Benefiting from the nano-scale diameter (~200nm) of 

the fibers, the anode displayed a combination of high specific capacity and excellent 

rate performance (Figure 1-6E). As shown in Figure 1-6(G-H), Luo et al. prepared 

carbon nanofibers ~50nm in diameter by directly carbonizing the cellulose 

nanofibers,
24

 which exhibited excellent capacity maintenance at current density as 

high as 20A/g. In addition to the competitive rate performances, it should also be 

noted that the galvanostatic discharge/charge profiles of these carbon anodes are 

highly practical. As shown in Figure 1-6(C,F,I), the majorities of Na storage 

capacities were obtained at low voltage regions (below 0.2V vs. Na/Na
+
), and the 

hysteresis between discharge/charge processes were negligible. One common 

ground in synthesis strategy among these carbons is the absence of extra porosity 

generation process. Both the surface area and pore volume of these carbons were 

much lower than that of the highly porous carbons abovementioned. So the 

comparable rate performances should benefit from the special nano-scale 

architectures of the carbons. 
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Figure 1-7: Voltage profiles and dQ/dV plots (inserts) of (a) Na/sphere carbon cell 

and (b) Na/hard carbon cell cycled between 0.001-2V at 15mAg
-1

. Adapted from ref 

25 with permission from the Elsevier, Copyright 2014. 

 

Unlike other anodes (e.g. alloying, conversion based ones) having standard 

galvanostatic voltage profiles, the galvanostatic discharge/charge profiles of carbon 

anodes can always be substantially different in shapes. Figure 1-7 shows a typical 

example of this phenomenon.
25

 Although the two carbons were derived from the 

same precursor, they still exhibited largely different voltage profiles. 

 

Figure 1-8: (A) Charge/discharge profiles of a chemically activated carbon with a 

surface area of 1477 m
2
g

-1
. Adapted from ref 21 with permission from Wiley-VCH, 

Copyright 2013. (B) Charge/discharge profiles of an unactivated carbon with a 

surface area of 3 m
2
g

-1
. Adapted from ref 18 with permission from the 

Electrochemical Society, Copyright 2005. 

 

In the early 20
th

, Dahn et al. have proposed the first hypothesis elaborating the 
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correlation between the voltage profile of carbon anode and the microstructure of 

carbon.
16

 They claimed that the sloping part of the potential profile results from the 

Na insertion between parallel or nearly parallel graphene layers, and the low-voltage 

plateau part results from the insertion of the Na ions into nanopores (named 

“pore-filling”). This hypothesis has perfectly explained their experimental results. 

However, many following results went beyond this hypothesis. Firstly, it was always 

observed that some highly porous carbons displayed negligible “pore-filling” 

plateau capacities. As an example shown in Figure 1-8A, a carbon anode with pore 

volume of 2.02cm
3
g

-1
 obtained only ~70 mAhg

-1
 plateau capacity. On the contrary, 

some carbons almost free of pores have shown large plateau capacities. As an 

example shown in Figure 1-8B, the plateau capacity of the carbon anode is as high 

as 200 mAhg
-1

, but the total pore volume of the carbon is negligible.  

 

Figure 1-9: (A) Linear and natural logarithm transformed models plotting the 

reversible capacity in the 1
st
 cycle as a function of DFT specific pore volume of 

carbon specimen. (B) Reversible capacity vs. logit transform of the percentage of the 

unexposed carbon atoms. Adapted from ref 26 with permission from the Elsevier, 

Copyright 2014.   

 

With the increasing accumulation of experimental data, people discovered that 

the plateau capacity always has a close connection with some graphitic structure 

parameters of the carbon instead of the pore volume. Bommier et al. have proposed 

a negative correlation between the measurable pore volume and the reversible 

capacities of carbons, based on a vast amount of data points shown in Figure 1-9.
26

 

Meanwhile, they also proposed a positive correlation between the reversible 
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capacity and the percentage of the unexposed atoms in carbon.  

In sum, due to the complexity of carbon materials, there is still controversy over 

Na storage mechanism in carbon by far. Nevertheless, all these ongoing studies can 

provide important guidance for developing better carbons for Na storage.  

1.3 Sn/SnO2 based materials as Na ion battery 

anodes 

1.3.1 Sn-based NIB anodes 

Along with the development of energy storage devices, there is an increasing 

demand of small volume devices. In certain conditions, the volumetric property is 

the only factor that really matters for the real devices. Therefore, it is highly 

desirable for electrode materials having high volumetric capacities for Li/Na 

storage. 

 

Table 1-1: Comparison of properties of various LIB and NIB anodes.  

Material 
Density 

(gcm
-3

) 

Theoretical 

gravimetric 

capacity 

(mAhg
-1

) 

Theoretical 

volumetric 

capacity 

(mAhcm
-3

) 

Volume 

change 

(%) 

Lithiation/Sodiation 

Potential vs. 

Li/Li
+
/Na/Na

+
 (V) 

Lithiation 

Graphite  2.25 372 837 10 0.05 

Li 0.53 3862 2062 100 0 

Si 2.33 3590 8365 280 0.37 

Sn 7.29 994 7246 260 0.03,0.3,0.6 

Sb 6.7 660 4422 200 ~0.8 

Sodiation 

Hard carbons ~1.5 ~200-300 ~300-450 --
a
 --

a
 

Na 0.97 1165 1130 100 0 

Sn 7.29 847 6174 420 0.03,0.08,0.13 

Sb 6.7 660 4422 290 0.5 

Ge 5.35 369 1974 126 0.15 

P 2.7 2596 7009 491 ~0.2 

a
 There were different values for various carbons. 
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As shown in Table 1-1, graphite has theoretical volumetric capacity of 837 

mAhcm
-3

 as a LIBs anode. For most carbons as NIBs anodes, the volumetric 

capacities are lower than 450 mAhcm
-3

. These values are apparently not large 

enough to meet the increasing demand of high volumetric capacities nowadays. 

Element materials such as Si, Sn, Sb, Ge, Pb, etc. could also be Li/Na ions host 

materials because they can electrochemically alloy with Li and Na metals. Due to 

the large densities, these anodes have theoretical volumetric capacities much higher 

than that of graphite and hard carbons.
27,28,29,30,31,32,33

 Therefore, they could be 

highly competitive anode candidates for small volume devices.  

Among these alloying based anodes, Sn is the most promising one both for Li 

and Na based systems. Especially for Na, the theoretical volumetric capacity of Sn is 

as high as 6174 mAhcm
-3

. This is very attractive for NIBs, which are significantly 

inferior to LIBs in volumetric density. Actually Sn should be even more important 

for NIBs if we consider the very limited choices of NIBs anodes available.  

The Na storage mechanism of Sn anode was firstly investigated by applying Sn 

thin film as working electrode in a half-cell configuration.
34

 Figure 1-10A shows 

the voltage profiles of the first sodiation/desodiation processes overlaying on a 

Sn-Na phase diagram. Basically, during the sodiation process, there are four distinct 

plateaus at 0.46 V, 0.2V, 0.08V and 0.03V. These four plateaus correspond to the 

formation of intermetallic phases of NaSn5, NaSn, Na9Sn4, Na15Sn4, respectively. 

Figure 1-10B displays the calculated voltage profile (red dashed line) by density 

functional theory (DFT). Resulting from certain kinetic factors, the sodiation 

(cathodic) profile locates below the calculated one, indicating a negative 

overpotential. On the contrary, the desodiation (anodic) profile locates above the 

calculated one, which indicates a positive overpotential. 
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Figure 1-10: (A) Voltage profiles of the first desodiation and second sodiation of a 

sputtered Sn film superimposed on the Na-Sn binary phase diagram. (B) Voltage 

profiles of the first desodiation and second sodiation of sputtered Sn film 

superimposed on the predicted DFT voltage profile. Adapted from ref 34 with 

permission from the Electrochemical Society, Copyright 2012. 
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Figure 1-11: (A) Differential capacity vs. cell potential curves of pure 

microcrystalline Sn obtained after 1
st
 cycle at ~50mAg

-1
 in the potential window of 

0.01-1.2V. Adapted from ref 35 with permission from the Elsevier, Copyright 2013. 

(B) Cyclic voltammograms of mesoporous C/Sn composite anodes in Sn-Na 

batteries at a scan rate of 0.05 mVs
-1

. Adapted from ref 36 with permission from 

Wiley-VCH, Copyright 2013. 

 

 

Figure 1-12: (A) Electron diffraction pattern evolution as sodiation proceeds. 

Adapted from ref 37 with permission from the American Chemical Society, 

Copyright 2013. (B) Schematic illustration of the structure evolution of Sn nano 

particles (NPs) during the sodiation. Adapted from ref 39 with permission from the 

American Chemical Society, Copyright 2012. 

 

Besides galvanostatic profiles, derivative curves (i.e. dQ/dV vs. V) and cyclic 

voltammograms (CV) curves can also indicate the voltages at which the 
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intermetallic phases form. Figure 1-11A shows a typical derivative curve of the Sn 

thin film anode,
35

 and Figure 1-11B shows a CV curve of Sn/C composite anode 

against Na
36

. The positions of the redox peaks on both the derivative and CV curves 

agree well with the plateau voltages in the galvanostatic profiles shown in Figure 

1-10.  

People have also utilized more advanced characterization methods (e.g. in situ 

transmission electron microscopy (TEM), etc.) to investigate the phase 

transformation and microstructure evolution of Sn anode during sodiation/ 

desodiation processes.
37

 As shown in Figure 1-12A, it was observed that all the 

intermediate phases (NaSn5, NaSn, Na9Sn4) were amorphous, which could be named 

a-NaxSn. After full sodiation, the final Na15Sn4 phase displayed a crystalline texture 

interspersing among an amorphous Na2O matrix. Based on the stoichiometric ratio 

of the equilibrium Na15Sn4 phase, the theoretical capacity of Sn anode could be 

calculated as 847 mAhg
-1

.  

 

Table 1-2: Characteristics of lithium and sodium.  

Parameter Lithium Sodium 

Ion radius (Å) 0.76 1.06 

Atomic weight (g/mol) 6.9 23 

E
°
 (V vs. Li/Li

+
) 0 0.3 

 

In fact, people are greatly challenged when they develop practical Sn anodes for 

batteries, especially for NIBs. The most dominant challenge should be the huge 

volume change of Sn anode during the alloying reaction. This repeated volume 

change can easily result in mechanical and structural disintegration of the active 

material in the forms of cracking and fracturing. For NIBs, this issue is expected to 

be even more severe due to the much larger Na ion (as shown in Table 1-2).
38

 As 

shown in Figure 1-12B, a Sn nano particle will display ~ 420% volume expansion 
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after sodiating to the final Na15Sn4 phase.
39

 The capacity of Sn anode decays rapidly 

as a result of this huge volume change. Another challenge is the slow kinetics of ion 

diffusion within Sn bulk, especially for Na with much larger mass/size. Based on 

either DFT calculation
37

 or experimental observation
36,40

, the propagation of Na ions 

within Sn bulk could be more than one magnitude slower than that of Li ions.  

 

Figure 1-13: (A) SEM image of the Sn thin film deposited on wood fibers 

(Sn@WF). (B) Cycling performance of Sn@WF, the Al2O3 coated fiber and the Cu 

current collector baseline. Adapted from ref 41 with permission from the American 

Chemical Society, Copyright 2013. (C) SEM image of cathodic electrodeposition 

synthesized Sn nanofibers. (D) Cycle performance and Coulombic efficiency of the 

Sn nanofibers over a voltage range of 0.001 to 0.65 V vs. Na/Na
+
. Adapted from ref 

42 with permission from the American Chemical Society, Copyright 2014.  

 

Researchers therefore tried to prepare advanced Sn-based composites to solve 

these two issues. For instance, as shown in Figure 1-13A, H. Zhu et al. used a soft 

substrate (i.e. natural wood fiber) to release the mechanical stress of Sn film.
41

 The 

thin Sn@WF composite anode displayed good cycling stability upon 400 repeated 

cycles (Figure 1-13B). D. Nam et al. prepared Sn nanofibers with ~370 nm in 

diameter as NIBs anode (Figure 1-13C).
42

 Benefiting from the 1D nano 

architecture which was better at accommodating large strain and stress, this Sn 



20 
 

nanofibers anode displayed largely improved cyclability than bulk Sn anode. 

1.3.2 SnO2-based NIB anodes 

In addition to Sn metal, the oxides of Sn (e.g. SnO2, SnO
43,44

) can also be Li/Na 

ion host materials. Researchers discovered that the oxides could be reduced by 

Li/Na into Sn metal, which can further alloy with Li/Na analogous to Sn anode.
37,45

  

Due to the advantages of SnO2 including low cost, environmental compatibility 

and safe work voltage, SnO2–based materials have been tremendously studied as 

anodes for LIBs.
46,47,48

 It is commonly accepted that the reversible conversion 

reaction between Li and SnO2 also contribute to the overall capacity of the SnO2 

based anode. Combining the alloying reaction (Sn + 4.4Li
+ 

+ 4.4e
-
 ↔ Li4.4Sn) and 

conversion reaction (SnO2 + 4Li + 4e
-
 ↔ Sn + Li2O), SnO2 anode can exhibit a 

theoretical capacity of 1494 mAhg
-1

 (i.e. 8.4 equivalent of lithium per SnO2). 

Unfortunately, the poor electronic conductivity of SnO2 can greatly decrease the 

activity of conversion reaction. The reversibility of the conversion reaction therefore 

largely depends on the structures of SnO2–based materials. 

For the new Na system, the Na storage mechanism of SnO2 anode remains 

unclear by far. Some studies proposed that SnO2 would behave identically to that in 

Li system, resulting in a theoretical capacity of 1378 mAhg
-1

.
49

 However some 

other studies claimed that the conversion reaction is irreversible from the very first 

cycle, and only the alloying reaction can contribute to the final theoretical capacity 

(i.e. 667 mAhg
-1

).
50

 Although there is controversy over the charge storage 

mechanism, it is commonly agreed that the much larger/heavier Na ions have posed 

significant challenge on achieving good electrochemical performance for SnO2–

based NIB anodes.
36,41

  

In the current studies, people prefer to introduce inactive soft matrices for 

accommodating the volume change of Sn. For instance in LIBs studies, the most 

commonly used soft matrix were various carbons, such as graphene, CNT and 
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amorphous carbons.  

 

Figure 1-14: (A) TEM image of SnO2/reduced graphene oxide nanocomposite 

(SnO2-RGO). (B) Cycling performance of SnO2-RGO in 1M NaClO4 in EC-PC with 

and without FEC additive. Adapted from ref 50 with permission from the Royal 

Society of Chemistry, Copyright 2014. (C) Low magnification TEM image of SnO2 

on multiwall carbon nanotube composite (SnO2@MWCNT). (D) Cycling 

performances of SnO2@MWCNT, bare MWCNT and SnO2. Adapted from ref 51 

with permission from the Elsevier, Copyright 2013. (E) Low magnification TEM 

image of SnO2 anchored graphene nanocomposites (SnO2@graphene). (F) Cycling 

performance of SnO2@graphene, bare SnO2 and graphene. Adapted from ref 49 with 

permission from the Royal Society of Chemistry, Copyright 2013. 

 

Figure 1-14 displayed the morphologies of some SnO2-based NIBs anodes 
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recently reported, as well as the corresponding electrochemical performances. 

Figure 1-14A, E shows the morphologies of two SnO2-graphene 

nanocomposites.
49,50

 Although the material in Figure 1-14E has much larger SnO2 

particle size (~100nm vs. ~5nm), the overall specific capacity instead is higher. 

These two composites displayed similar cyclability. Figure 1-14E shows the 

morphology of a SnO2@CNT composite.
51

 The performance indicated that the CNT 

can both increase the overall specific capacity and the cyclability of the anodes 

(Figure 1-14F). It should be specially noted that the solid electrolyte interface (SEI) 

stabilizing additive (e.g. fluoroethylene carbonate, FEC) can greatly improve the 

cyclability of SnO2-based anode. 

Although these studies indeed provided some useful information, the most 

important knowledge about the Na storage mechanism of SnO2 still remains unclear. 

Moreover, according to the experimental capacities reported (i.e. below 600 mAhg
-1

), 

there is a huge discrepancy between these values and the theoretical capacity due to 

certain unknown reason. Therefore for the future researches, it is highly desired to 

investigate the Na storage mechanism of SnO2 based anode.  

1.4 Li/Na ion capacitors 

1.4.1 Concepts 

Basically, there are two dominant rechargeable energy storage systems, i.e. 

secondary ion batteries and supercapacitors.
52 , 53

 Batteries have high energy 

densities which can keep our devices working all day, but they always take hours to 

recharge.
54,55,56,57,58

 Supercapacitors are able to exhibit rapid power delivery, but 

they always have very low energy densities.
59,60,61,62,63,64
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Figure 1-15: (A) Cyclic voltammograms (CV) of a supercapacitor material, where 

the response to a linear change in potential is a constant current. (B) Cyclic 

voltammograms (CV) of a battery material which exhibits faradaic redox peaks. 

Adapted from ref 52 with permission of Science AAAS. 

 

The difference in energy storage property between batteries and supercapacitors 

results from the intrinsically different electrochemical processes taking place within 

the devices. For batteries, the electrodes will involve redox reactions within bulk 

electrode materials, thus provide large charge storage capability.
52 

As shown in 

Figure 1-15B, these redox reactions could be clearly characterized as redox peaks 

by cyclic voltammogram (CV) tests. The kinetics of the electrochemical reaction in 

battery is largely controlled by the slow ion diffusion process, which dominantly 

limits the power density of batteries. For example, commercial lithium ion batteries 

can deliver a specific energy density of 200 Whkg
-1

, but only a maximum specific 

power density of 350 Wkg
-1

. For electrical double-layer capacitors (EDLCs), charge 

is stored by ion adsorption on the surface of electrode materials. The absence of bulk 

redox reaction for supercapacitors results in a rectangle shaped CV (as shown in 

Figure 1-15A). The response to change in voltage for supercapacitors is rapid, thus 

leads to high power density.
65,66,67

 However because the charge is confined on the 

electrode surface, the energy densities of supercapacitors are much lower than that 

of batteries. For instance, most electrochemical supercapacitors can deliver specific 

power densities as high as 10 kW kg
-1

, but deliver specific energy densities around 5 

Whkg
-1 

only.  
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Tremendous works are performed to push the performance limitations of both 

batteries and supercapacitors. The performance distinction between the two systems 

has been greatly blurred. For batteries, their power performances are greatly 

improved by applying nano-scale electrode materials. For supercapacitors, their 

energy densities are increased by adding extra pseudo-capacitance through surface 

redox reactions.
68,69,70,71,72,73

 It should be noted that the high pseudo-capacitance 

could be obtained without satisfying the excellent cycling life and power density of 

the supercapacitor.  

However, these progresses are still far distant from the target of truly bridging 

the gap between batteries and supercapacitors. In order to meet the energy and 

power density demand for applications ranging from microelectronic devices to 

electrical vehicles, people started to develop a new hybrid ion capacitor system 

which could truly combine the advantages of batteries and supercapacitors.
74,75,76

 

This hybrid system is named lithium ion capacitor (LIC) as Li ions are the charge 

carriers. When employing Na
+
 and ClO4

-
/PF6

-
 as charge carriers, the device is named 

sodium ion capacitor, i.e. NIC.
77,78,79

   

1.4.2 Configuration of Li/Na ion capacitors 

Basically, the configuration of Li/Na ion capacitors is a combination of battery 

and supercapacitor. It couples a bulk intercalation-based battery-style negative 

electrode (anode, faradaic process) and a surface adsorption-based capacitor-style 

positive electrode (cathode, non-faradaic process) together. Based on this 

configuration, the working voltage window of the device could be largely expanded 

on the basis of the conventional supercapacitors.  

Figure 1-16A displays the voltage profile of a conventional organic EDLC 

utilizing active carbon (AC) as both negative and positive electrodes.
74

 The voltage 

applied should be limited to 2.7V in order to avoid any fatal degradation of the 

device caused by various considerable side reactions. The maximum energy density 
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is limited to 10 Whkg
-1

. Figure 1-16C shows the voltage profile of a lithium ion 

capacitor using graphite as the anode and active carbon as the cathode in an organic 

system. The graphite anode is the battery-type electrode involving Li
+
 

intercalation/extraction, and the active carbon cathode is the capacitor-type electrode 

involving surface adsorption/desorption.
80,81

 As shown in the figure, the adsorption 

cathode sweeps within the voltage window equivalent to that in the supercapacitors, 

however the working voltage of the graphite anode can be very close to 0V vs. 

Li/Li
+
. As a result, the hybrid Li ion capacitors have large overall working voltage 

windows over 4 V, and energy densities over 30 Whkg
-1

. It should be noted that 

there are cation and anion consuming processes for Li/Na ion capacitors during 

discharge/charge, which are substantially different from those happened in batteries. 

For instance, during charging process, cations (Li
+
, Na

+
) intercalate into the anode 

bulk and anions (e.g. PF6
-
, ClO4

-
) adsorb on the cathode surface, respectively, 

resulting in ions consuming in the electrolyte.  

 



26 
 

Figure 1-16: (A) Schematic voltage profile of a conventional EDLC supercapacitor, 

utilizing active carbon as electrodes. (C) Schematic voltage profiles of a Li-ion 

capacitor cell. (B)(D) Comparison of the characteristics of Li-ion batteries, EDLCs 

and Lithium-ion capacitors over six important criteria for electrochemical energy 

storage device. Adapted from ref 74 with permission from the Royal Society of 

Chemistry, Copyright 2012. 

 

As shown in Figure 1-16 (B-D), hybrid Li/Na ion capacitors are expected to 

expand the performance of six important criteria for both batteries and 

supercapacitors. In theory, they will integrate the high working voltage, energy 

density of batteries, together with the excellent power density, cyclability, working 

temperature range and safety ecology of supercapacitors. This ultimate goal of Li/Na
 

ion capacitors has posed very high challenges for preparing the electrode materials. 

Firstly, there is a high requirement for the power behavior of the anode material. The 

kinetics of anode reaction should be fast enough to catch up with the cathode 

reaction. In order to achieve this, various nanostructured materials have been 

utilized as anodes.
82,83,84,85

 Secondly, the specific capacities of the cathode materials 

need be largely increased. Due to the typically low capacity of the cathode, there is 

always a necessity to use excess cathode materials in order to achieve the charge 

balance between two electrodes.
86,87,88

 Therefore a larger specific capacity of the 

cathode can reduce the total mass of the electrode material applied, thus increases 

the energy and power densities of the device.  

1.5 Carbonaceous materials synthesis 

1.5.1 Lignocellulosic biomass precursors 

As a renewable natural resource, lignocellulosic material is an important 

inexhaustible supply of carbon precursors. Comparing to coal or petroleum, 

lignocellulosic materials are more evenly distributed on earth. With regards to the 

increasing prices of oil and other fossil resources in the long term, there is obvious 
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economic advantage exploring these much cheaper carbon sources.
89,90

 Therefore in 

the last decade, tremendous studies have been performed producing various carbon 

materials from these lignocellulosic materials.
91,92,93,94

  

It is known that the precursor tissue and the synthesis procedure are the 

dominant decisive factors for the resultant carbon properties.
95,96

 Therefore in order 

to obtain controllable carbon properties, firstly we should get familiar with the 

polymer tissues of the lignocellulosic materials. Basically, most of the 

lignocellulosic materials are mainly composed by carbohydrate polymers (e.g. 

cellulose, hemicellulose, etc.) and aromatic polymers such as lignin. The 

carbohydrate polymers are typically assembled by various sugar monomers. For 

example, cellulose is a polysaccharide consisted of a linear chain of several 

hundreds to over ten thousands β (1→4) linked D-glucose unit ((C6H10O5)), which 

should be strong, crystalline and resistant to hydrolysis.
97,98

 Hemicellulose could be 

considered as shorter cellulose (0.500-3K units vs. 7-15K units) with plenty of 

branches.
99

 Different from cellulose which is mainly composed by anhydrous 

glucose, hemicellulose may include xylose, mannose, arabinose and galactose. 

Typically, hemicellulose has random, amorphous structure, which is much easier to 

be hydrolyzed by dilute acid or base.  

 

Figure 1-17: (A) Chemical structure of lignin. (B) 3 types of building blocks of 

lignin.  

 

http://en.wikipedia.org/wiki/Glycosidic_bond
http://en.wikipedia.org/wiki/Glucose
http://en.wikipedia.org/wiki/Mannose
http://en.wikipedia.org/wiki/Arabinose
http://en.wikipedia.org/wiki/Galactose
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Totally different from the 2D fiber-like cellulose and hemicellulose, lignin is a 

3D cross-linked aromatic polymer assembled by phenyl propane units.
100

 Figure 

1-17A displayed a small piece of lignin, where the cross-linking structure of lignin 

could be roughly observed. Figure 1-16B shows 3 types of building blocks of lignin 

(1. Paracoumaryl alcohol; 2. Coniferyl alcohol; 3. Sinapyl alcohol).  

In addition to the main components, lignocellulosic materials also include some 

other impurities, such as pectin, free-sugars, proteins and various inorganic 

compounds. All these minorities could be selectively removed by certain 

pre-treatments.  

Due to the substantially different polymer structures, the components in 

lignocellulosic materials will behave very differently during the carbon synthesis 

processes (e.g. pyrolysis, hydrothermal carbonization, etc.).
95,96, 101 , 102 , 103

 

Furthermore, there is a significant variation on the mass ratios between these 

components among different lignocellulosic precursors. Therefore in theory people 

can prepare carbons with different properties by changing the specific synthesis 

procedures. As mentioned above, people need to take consideration of both the 

precursor tissue and the synthesis strategy in order to prepare carbons with desired 

attributes.  

1.5.2 Pyrolysis, hydrothermal carbonization  

People are always motivated to search facile, low cost, environmentally friendly 

and nontoxic routes to produce novel materials potential for future 

commercialization. The topic of advanced carbon materials preparation is under 

enormously study because carbons have been widely applied in the fields of 

catalyst,
104

 adsorbents,
105,106

 energy storage/conversion,
107,108

 gas storage,
109

 water 

treatment,
110

 etc.
111

 Especially after the discoveries of low dimensional carbon 

materials (e.g. fullerenes, carbon nanotube, graphene, etc.), the carbon related 

material science has become a hot field.  
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Carbon synthesis is defined as a process of transforming the starting carbon 

sources (e.g. coal, fuel, petroleum pitch, biomass, carbohydrates, etc.) to 

carbonaceous solids. Methods like pyrolysis, high voltage arc electricity treatment, 

hydrothermal carbonization, laser ablation, etc. have been utilized for carbon 

synthesis. For the biomass precursors which are of our particular interest in this 

thesis, the most commonly used methods are pyrolysis
112,113,114

 and hydrothermal 

carbonization.
95,96

  

Pyrolysis is defined as the thermal decomposition process of materials in the 

absence of oxygen or when significantly less oxygen is present than required for 

complete combustion. The general reactions that occur during typical pyrolysis 

include: (1) Primary pyrolysis reactions at high temperature which releases volatiles 

and forms char; (2) condensation of certain volatiles in the cooler parts of the fuel, 

followed by secondary reactions which produce tar; (3) autocatalytic secondary 

pyrolysis reactions and simultaneously occurred primary pyrolytic reactions; (4) 

further thermal decomposition, reforming, water gas shift reactions, radicals 

recombination and dehydrations. After the pyrolysis, nonmetallic elements including 

P, N, S, H, etc. are locked into the final carbonaceous solids as heteroatoms.  

 Hydrothermal treatment is a classic technique for inorganic materials synthesis 

for half a century. Various solid state compounds (oxides, sulfides, microporous 

phases)
115,116,117,118

 have been prepared through hydrothermal synthesis. Basically, it 

is a facile, efficient and environmentally benign synthesis method.  

In the last several decades, hydrothermal treatment for preparing carbonaceous 

materials (i.e. hydrothermal carbonization) has attracted considerable attention. By 

far, carbon materials with different morphology, chemical composition, graphitic 

microstructure, degree of crystalline, surface functionality, etc. have been 

successfully synthesized through hydrothermal carbonization methods.
119,120,121

  

Basically, the commonly applied hydrothermal conditions could be classified as 

high-temperature and low-temperature ones. For high-temperature hydrothermal 
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treatment (300-800°C), the temperature will be far above the thermal stable region 

of most organics. Therefore the high-temperature hydrothermal treatment is also 

considered as a “thermolysis” process. Carbons with high degree of crystalline can 

be prepared through the high-temperature hydrothermal treatment. Low temperature 

hydrothermal treatment always performs below 300°C, which is presumably 

considered as a greatly accelerated “coalification” process. Various nanostructured 

carbons with low degree of crystalline were successfully prepared through the 

low-temperature hydrothermal treatment.  

The starting carbon sources (i.e. precursors) utilized for the hydrothermal 

carbonization include various carbohydrates,
122,123

 organic molecules,
124,125

 and 

lignocellulosic biomasses.
126

 The chemical reactions happened are very complicated, 

and it is impossible to provide a clear picture of them. However, it is for sure that a 

series of reactions including dehydration, condensation, polymerization and 

aromatization will happen during the hydrothermal carbonization.  

 

Figure 1-18: (A) SEM image of monodispersed carbon spheres obtained by 

hydrothermal carbonization with sugar as precursor. Adapted from ref 127 with 

permission from the Elsevier, Copyright 2001. (B) SEM image of “hard” biomass 

(oak leaf) after hydrothermal carbonization. Adapted from ref 96 with permission 

from American Chemical Society, Copyright 2007. 

 

When applying lignocellulosic biomass as the precursor, the morphology of the 

final product is essentially influenced by the intrinsic composition of the 

biomass.
95,96

 Basically, the “soft” components (e.g. glucose, starch, lignin, etc.) in 
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the biomass will lose their original morphology and form globular carbonaceous 

nanoparticles. For instance, Figure 1-18A displayed the carbon spheres derived 

from the glucose precursor.
127

 However, the “hard” components with extended 

crystalline cellulose scaffold would maintain their outer shape in the macro- and 

micro-scale. For example, for most cellulose-rich biomass precursors, the 

well-defined cellular shapes could be largely preserved after hydrothermal 

carbonization (as shown in Figure 1-18B).
96

  

Specific to the three dominant polymers in lignocellulosic precursors (i.e. 

cellulose, hemicellulose and lignin), most lignin and a large portion of hemicellulose 

will be hydrolyzed into soluble organic compounds. The cellulose will lose part of 

its crystallinity, but its main scaffold will still remain.  

The resultant carbons could be substantially different in size, shape, yield, 

graphitic structure, surface chemistry, etc. These properties are all essentially 

influenced by the temperature, pressure and reaction time of the hydrothermal 

carbonization.  

Finally, it should be noted that the carbons prepared by hydrothermal 

carbonization could be heavily functionalized by oxygen groups. The presence of 

these polar groups will make the carbons highly hydrophilic.
128

  

1.6 Motivation and scope of this thesis 

Due to the increasing concern about the global scarcity and cost disadvantage of 

lithium, the development of sodium ion based energy storage systems becomes 

highly desired. However this new system poses great challenges for preparing 

suitable electrode materials due to the much larger and heavier Na ions than that of 

Li ions. Most of the present electrode materials are unqualified for practical use due 

to their inferior rate capability, poor cycling stability and low specific capacity for 

Na storage.  

My doctoral researches are firstly aiming at exploring advanced materials with 
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promising electrochemical performance for Na based energy storage systems. In 

addition, they also include fundamental investigations on the Na ion intercalation 

chemistry, Na storage mechanisms, as well as the inner correlation between 

synthesis, structure and performance of the electrode materials. The insights and 

conclusions of this thesis are expected to offer solid scientific guidance for the future 

researches in this area. 

Chapter 2 will present my studies on developing carbonaceous materials as 

anodes for Na ion batteries. I have skillfully chosen an abundant wild plant, peat 

moss as the carbon precursor, which has a very unique highly cross-linked polymer 

tissue and an intrinsic macroporous cellular architecture. Based on these special 

attributes, I’ve designed a novel synthesis procedure combining a high temperature 

carbonization step and a follow-up mild air activation treatment. Firstly, the high 

temperature carbonization transformed the cross-linked polymer into highly ordered 

pseudo graphitic arrays with substantially dilated interlayer spacing, which allows 

for significant Na ion intercalation. Secondly, the following air activation introduced 

hierarchical micro-/meso- porosity, which can greatly improve the electrolyte access 

and reduced the Na bulk diffusion distances. The resultant carbon anodes exhibited 

outstanding Na storage performance in terms of considerable specific capacity, 

negligible voltage hysteresis, high Coulombic efficiency and superb cycling 

retention.  

Chapter 3 will present my works on developing the carbon-based sodium ion 

capacitor devices. A couple of adsorption and intercalation carbons was prepared 

from the biowaste peanut shell, and served as the cathode and anode of the hybrid 

device, respectively. The cathode and anode carbons were substantially different in 

surface area, graphitic order, heteroatoms doping and porous structure, which 

resulted in totally different Na storage behaviors. In addition to the performance 

optimization for each electrode material, I also optimized the properties of the full 

hybrid device by skillfully controlling the working voltage windows of both 
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electrodes. Benefiting from the excellent electrode material and the advanced 

working mode, the final NIC devices exhibited superb electrochemical performances 

rivaling that of most Li counterparts in terms of energy, power densities and 

cyclability.  

Chapter 4 will present my studies on preparing SnO2-based anodes for NIBs. A 

hierarchically nanostructured SnO2-carbon composite was prepared through a 

glucose mediated self-assembling process. The material has delivered very 

promising electrochemical performances as both NIB and LIs anodes, being among 

the best in terms of cyclability and rate capability. In addition to the materials 

synthesis, I have also performed side-by-side study on the phase transformations of 

nano SnO2-based anodes during sodiation and lithiation processes. The systemic 

investigation has not only clearly revealed the Na storage mechanism, but also 

perfectly explained the large discrepancy between experimental and theoretical 

capacities in NIBs. Furthermore, I also discovered the kinetic difficulty of Na bulk 

diffusion, plus the resultant incompleteness of the Na-Sn alloying reaction.  
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2                                    

Carbon Nanosheet Frameworks Derived from 

Peat Moss as High Performance Sodium Ion 

Battery Anodes

 

2.1 Introduction 

Advanced portable and automotive electrical energy storage (EES) system are 

primarily based on lithium ion battery (LIB) technologies. However there is 

increasing concern about the use of lithium due to its cost disadvantage and overall 

global scarcity. Sodium is an attractive alternative to lithium due to its markedly 

lower cost and much wider global abundance. Sodium ion batteries (NIBs) are 

therefore attracting increasing scientific attention, particularly with regard to 

large-scale stationary applications where their lower gravimetric energy density is less 

of an issue.
1,2

  

Substantial success has been recently achieved in developing NIB cathode 

materials,
3,4,5

 with less obvious choices being available for the anode. Researchers 

have developed inorganic intercalation compounds,
6

 organic compounds,
7

 or 

alloying metal/metal oxides
8,9,10

 as potential anode materials. However each class of 

such materials displays certain intrinsic limitations, such as a high overpotential 

                                                 

 Material in this chapter has been published in: 

Jia Ding, Huanlei Wang, Zhi Li,
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Elmira Memarzadeh Lotfabad, Brian C. Olsen, and David 

Mitlin, ACS Nano, 7, (2013), 11004-11015. 
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associated with conversion reaction or alloying reaction electrodes. Carbonaceous 

material is a dominant candidate as electrode material for EES devices.
11,12,13,14,15 

Due 

to its desirable electrochemical attributes, graphite remains the dominant anode 

material for commercial LIBs.
16,17 

These attributes include a closely spaced (i.e. low 

voltage hysteresis on charge vs. discharge) voltage plateau close to Li/Li
+
,
18,19

 which 

for a given cathode material leads to the widest possible voltage window. Due to the 

minor and highly reversible dilation of the graphite lattice during 

lithiation/delithiation (c/2 changes from 3.35 to 3.6Å), the electrodes are stable upon 

extensive cycling. Moreover, graphite achieves superior coulombic efficiency due to 

relatively low levels of cycling-induced solid electrolyte interface (SEI) growth. A 

NIB anode that displays these characteristics would be very useful.
20

  

However reports of LIB-graphite analogues for NIBs are scarce. Traditional "soft" 

carbons with substantial turbostratic disorder display as much as 50% of the total 

capacity in the less useful > 0.5 V range.
21

 Early work on non-graphitizable "hard" 

carbons demonstrated considerable capacity (200-300mAhg
-1

), but have unqualified 

cyclability and rate performance.
22 , 23 , 24 , 25

 templated carbons,
26

 hollow carbon 

spheres,
27

 and carbon nanosheets
28

 have demonstrated improved rate performance 

because of their porosity. A recent study on hollow carbon nanowires derived from 

polyaniline reported attractive potential versus capacity profiles in addition to 

improved rate capability, the former being attributed to a combination of pore filling 

and a dilated graphene layer spacing.
29

  

A survey of the existing literature on carbons with optimum energy storage 

attributes shows that it is essential to couple the intrinsic structure of the precursor 

with tailored carbonization/activation treatment.
30,31

 Since no two precursors are 

identical, neither should be the synthesis routes designed to extract the maximum 

electrochemical performance. Moreover both the precursor and the synthesis process 

should be "green" in terms of minimal use of harmful chemicals and ideally a 

negative or a net zero CO2 footprint.
32

 It also has to be economically viable. Peat 
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moss is one of the most abundant plant species, with peatland (land with a naturally 

accumulated layer of peat moss), covering around 4 million km
2
 of land (3% of the 

earth!).
33

 Peat moss is also well known for its astonishing water-holding ability due to 

the open macroscopic cellular structure in the leaves. As will be demonstrated, such 

macroscopic structure leads to very favorable electrode architectures in the post 

pyrolysis - post activation specimens. Unlike the various woods that are cellulose-rich, 

peat moss has a high content of cross-linked polymers including hemicellulose and 

lignin (ca. 80 wt% total).
34

 This would make it difficult to graphitize the majority of 

the material even at high carbonization temperatures.
35

 In this work, we take full 

advantage of both the cellular structure and the high degree of crosslinking. Through a 

facile tailored synthesis process of carbonization and activation, this virtually 

inexhaustible biomass is converted into NIB anodes with the electrochemical 

characteristics approaching that of graphite when employed in lithium ion batteries. 

2.2 Experimental procedures 

2.2.1 Material synthesis  

The compressed peat moss biomass was purchased from Premier Horticulture 

Company, Canada (20 kg in pack). Before the synthesis process, impurities (including 

small wood sticks, coarse stalks of peat moss, etc.) in the peat moss were thoroughly 

picked out, leaving only the fine peat moss leaves. For the pyrolysis carbonization 

process, typically 10 g peat moss precursor is loaded in a tubular furnace and 

carbonized at a range of temperature (600-1400°C) with argon flow of 100 sccm min
-1

. 

The heating rate is 5 min
-1

. The yield is from 2.5-4.5 g. The obtained hard carbon is 

carefully washed in 20% KOH at 70°C for 2h and 2M HCl at 60°C for 15 h to remove 

the impurities. The purified samples are further rinsed by MQ-water and then 

collected by filtration. After dried at 120°C for 12 h in vacuum oven, carbonized peat 

moss (CPM) is achieved. Some of the CPM specimens are further activated at 300°C 



45 
 

for 3h (at a heating rate of 5 min
-1

 in the tubular furnace) in a dry air flow of 50 sccm 

min
-1

. The obtained activated peat moss (designated CPM-A) is firstly ground and 

then washed with 2M HCl and MQ-water again before use. 

2.2.2 Material characterization  

To investigate the morphology of peat moss precursor, S-3000N SEM with 

variable working pressure is used. For the morphologies of carbon, a Hitachi S-4800 

SEM equipped with field emission gun is used. TEM analysis is performed using a 

JEOL JEM-2010 TEM, with an accelerating voltage of 200 kV. The surface area and 

porous structure are characterized by nitrogen adsorption at 77 K with a 

Quantachrome Autosorb
-1

. The samples were outgassed at 250°C for 4h under 

vacuum prior to the gas sorption measurements. The pore size distributions were 

evaluated by a non-local DFT method using nitrogen adsorption date and assuming 

slit-pore geometry. XRD analysis was performed using a Bruker AXS D8 Discover 

diffractometer with the Cu Kα radiation. XPS was obtained on an Axis Ultra 

spectrometer. All the samples were dried at 120°C in vacuum oven overnight to 

remove the absorbed water before XPS analysis.  

2.2.3 Electrochemical test 

Electrochemical tests were carried out using coin cells CR2032. The slurry of 80% 

active materials, 10% carbon black (Super-P) and 10% poly(vinlylidenedifluoride) in 

N-methylpyrrolidone (the weight ratio is 95% active materials and 5% 

poly(vinlylidenedifluoride) for the ex situ XRD tests electrodes) was coated on copper 

foil using a doctor blade and then dried at 110°C overnight in vacuum oven, resulting 

in electrodes with a mass loading of ~1mg cm
-2

. Na metal was used as counter 

electrode and separated from the working electrode with polyethene separator. The 

electrolyte was 1 M NaClO4 dissolved in a mixture of ethylene carbonate (EC) and 

diethyl carbonate (DEC) with a volume ratio of 1:1. Cyclic voltammetry 
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measurements were conducted on a Solartron 1470 Multistat system. The 

charge-discharge measurements were performed using an Arbin BT2000 Potentiostat. 

Electrochemical impedance spectroscopy measurements were also performed using a 

Solartron 1470E Multichannel Potentiostat/Cell Test System. All electrochemical tests 

were conducted at room temperature. 

2.3 Results and discussion 

The peat moss precursor is firstly carbonized at a range of temperatures (Tcarb = 

600°C, 900°C, 1100°C, 1400°C) under an inert atmosphere. Some of the samples 

were then activated under air flow at 300°C for 3 hours. The entire synthesis process, 

along with the initial precursor structure, the post carbonization and activation 

microstructures, and the possible sodiation mechanisms is illustrated in Figure 2-1. 

The key linkages between all of these aspects will be discussed in the subsequent text. 

The as prepared Carbonized Peat Moss is named CPM-x, and the further Activated 

carbon is named CPM-x-A, where x refers to the carbonization temperature. For 

comparison, a Commercial Activated Carbon (NORIT® A SUPRA) labeled as CAC 

was also analyzed. 

 

Figure 2-1: The preparation route of CPM-1100-A carbons derived from peat moss as 

anode. 
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Figure 2-2A shows a macroscopic photograph of the as-received peat moss 

employed as the carbon precursor. The material consists of relatively coarse (mm and 

cm-scale) agglomerates that could be handled by hand without disintegrating. The 

peat moss consists of "wound" macroscopic assemblies of leaves (termed "stem 

leaves") along the main stem. The stem leaves are primarily composed of clear cells, 

termed hyaline cells. Because of the large volume of hyaline cells and the thin yet 

flexible cell walls, the peat moss delivers astonishing absorbent and water-holding 

capacity (can hold 16-26 times as much water as the dry weight),
36

 like a sponge. The 

commercial products of peat moss biomass are fully dried plants that were harvested 

on the peatland. Water and cytoplasm in the hyaline cell were forced out, leaving only 

the cell wall. In the scanning electron microscopy (SEM) images of peat moss 

precursor (Figure 2-2B), the shape of the hyaline cell can be observed (arrowed). The 

removal of the cytoplasm leaves numerous macroscopic voids, while the cell walls 

build up an interconnected framework. The cell walls contain ca. 20% in weight of 

α-cellulose, which is a long straight 1,4 glycosidic linkage polymer.
37

 The α-cellulose 

acts as a hard scaffold, conferring the mechanical strength of the whole carbon 

framework.
38

 This scaffolding remains in place during pyrolysis, with the α-cellulose 

rich portions of the material being expected to preferentially graphitize at lower 

temperatures.  

    

Figure 2-2: (A) Photograph of the fully dehydrated peat moss precursor. (B) 

Environmental SEM image of the fully dehydrated peat moss precursor. 

 

Figure 2-3A shows a low magnification SEM micrograph of a peat moss leaf 
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carbonized at 1100°C. The final product had this type of morphology regardless of the 

carbonization temperature. Even when the carbonization temperature is increased to 

1400°C (Figure 2-3B), the macroscopic carbon frameworks do not collapse.  

 

Figure 2-3: (A) Low magnification SEM micrograph of peat moss derived carbon 

(CPM-1100-A). (B) SEM micrograph of CPM-1400-A. 

 

After mechanical grinding, the larger carbon framework breaks up into irregularly 

shaped carbon particles that are 20-300 μm in dimensions. According to the SEM 

images Figure 2-4 (A-B), each carbon particle displays a hollow three-dimensional 

architecture with linked macropores. The unique open morphologies of the CPM 

specimens are fundamentally different from those of commercial activated carbons, 

such as the highly popular NORIT SUPRA. Figure 2-4C shows the SEM 

micrographs of CAC particulates that are effectively 3D micron-scale clumps without 

any open structure to facilitate electrolyte penetration and ion diffusion. As will be 

demonstrated, the intrinsic macroscopic openness of CPM specimens is one essential 

feature for optimum material utilization during sodium insertion/extraction. 

 

Figure 2-4: (A) Higher magnification SEM micrograph highlighting the hollow 

macroporous architecture of the carbon particles (CPM-1100-A). (B) SEM 

micrograph of CPM-1100-A, highlighting the macroporous architecture. (C) SEM 

micrograph of a commercial activated carbon (CAC) particle. 
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Figure 2-5 show high angle annual dark field (HAADF) transmission electron 

microscopy (TEM) micrographs and electron energy loss spectroscopy (EELS) 

thickness profiles of the CPM-A specimen. The carbon walls derived from the hyaline 

display thicknesses between 60-180 nm, with such location-to-location thickness 

variations being encountered in all the CPM specimens. The resultant Na diffusion 

distances are at the maximum of 1/2 of those thicknesses (there is electrolyte contact 

on both sides of the macropores). Moreover these air-activated specimens contain 

micro and mesopores that actually further reduce the diffusion distances due to 

electrolyte penetration. 

   

Figure 2-5: HAADF TEM micrograph and EELS thickness profile (inset) of the 

arrowed carbon strand in CPM-A. 

     

Figure 2-6: HRTEM micrographs of CPM-600-A (A), CPM-900-A (B), CPM-1100-A 

(C) and CPM-1400-A (D), respectively. 
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The low carbonization temperature specimen (CPM-600-A) displays highly 

disordered structure, with limited evidence of any graphitic nanocrystallites. The 

contrast displayed in the HRTEM micrograph of this material, shown in Figure 2-6A, 

agrees with the interpretation that such structure is primarily amorphous with any 

"graphitic" domains being sub-2nm in scale.
39

 With increasing carbonization 

temperature, the material becomes progressively more ordered. Figure 2-6B shows 

the HRTEM micrograph of the CPM-900-A specimen, while Figure 2-6C shows the 

CPM-1100-A sample, which will be demonstrated to possess optimum 

electrochemical properties. The CPM-1100-A specimen shows evidence of substantial 

local order, though without the presence of equilibrium graphite phase. The 

CPM-1400-A specimen (Figure 2-6D) is highly ordered. As Raman and XRD will 

demonstrate the material is now actually partially graphitic, with the domains 

containing graphite of equilibrium interplanar spacing. All the specimens show 

HRTEM contrast consistent with what is typically reported for microporous and 

mesoporous carbons. However we believe that due to ambiguities created by the 

inevitable pore and material overlap in the TEM specimens, nitrogen sorption analysis, 

discussed next, is more effective in identifying the porosity. 

 

Figure 2-7: (A) XRD patterns of the activated specimens (CPM-A) and of 

commercial activated carbon (CAC). (B) XRD patterns of the un-activated specimens 

(CPM). 
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Figure 2-7A shows the X-ray diffraction (XRD) patterns of the CPM-A 

specimens along with those of baseline CAC. The XRD patterns of the CPM 

specimens are shown in Figure 2-7B. The results of the XRD analysis, along with the 

results of Raman and BET, are shown in Table 2-1. The average graphene interlayer 

spacing was calculated from the peak centers. The thickness and average width of the 

graphitic domains, Lc and La, are calculated based on the well-known Scherrer 

equation, using the FWHM values of (002) at 2θ ~ 23
o 
and (100) at 2θ ~ 43

o
. In the 

case of the CPM-1400-A there are two overlapping peaks at each position, which may 

be readily mathematically deconvoluted using the Voigt function. It can be seen that 

the 300°C activation will not appreciably alter the graphitic order/disorder. In all but 

the 1400°C specimens, the average thickness of the graphitic domains is ~ 1.8 nm, 

indicating that they are composed of 4-5 stacked graphene layers (i.e., 

1.8/0.38=4.7).
40,41

 As Table 2-1 demonstrates, the integraphene layer (d002) spacing 

gradually shifts toward lower values with increasing carbonization temperature. 

However, a comparison of the 600, 900 and 1100°C specimens, indicates that this 

trend is quite weak, and that in all cases the spacing is significantly above that of 

equilibrium graphite (0.3354 nm). Carbonizing at 1400°C creates a clear bimodal 

distribution in the average d spacings, indicating that finally the temperature is high 

enough to form equilibrium graphite (c/2 measured as 0.334 nm). Based on the ratio 

of the deconvoluted areas of the peak doublets, the carbon to equilibrium graphite 

ratio is 4:1 by weight. Interestingly the remaining carbon maintains a dilated 

intergraphene spacing (0.383 nm), indicating that the formation of graphite occurs via 

nucleation and growth rather than by ordering and shrinkage of the existing lattice. 

Since the peat moss precursor is heterogeneous, graphite would be expected to form 

preferentially in regions originally rich in -cellulose. For CPM-600-A, CPM-900-A, 

CPM-1100-A, the average value of interlayer spacing are 0.399 nm, 0.395 nm, 0.388 

nm, respectively. Such open structures are known to allow for facile Na 

insertion/extraction between the graphene planes.
27

 What is unique about the 1100°C 
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specimen, is that despite having a mean spacing far above that of graphite the material 

is quite ordered, having a mean graphitic domain width of over 5 nm. The only 

specimen that shows larger domain dimensions is CPM-1400-A, though it is 

composed of 20% electrochemically inactive graphite. The baseline CAC possesses 

comparable domain widths (4 nm), but has a smaller graphene interlayer thickness 

(0.372 nm). As Raman results will demonstrate, it is also much less ordered / more 

defective. These attributes, combined with ion diffusional limitations associated 

CAC's closed particulate morphology, will hinder Na ion transfer and tremendously 

place it at an electrochemical performance disadvantage. 

 

Table 2-1: Physical parameters and electrochemical properties for CPM, CPM-A and 

CAC. 

a
 ID and IG are the integrated intensities of D and G- band. 

b
 Surface area was 

calculated with Brunauer-Emmett-Teller (BET) method. 
c
 The total pore volume was 

determined at a relative pressure of 0.98. 
d
 Discharge capacity at the 2

nd
 cycle. 

e 

Reversible capacity at the 35
th

 cycle in the rate tests. 

 

 Raman spectroscopy analysis was employed to investigate the structure of the 

CPM-A specimens. These results, along with the same analysis performed on CAC, 

are shown in Figure 2-8A. All samples exhibit a broad disorder-induced D-band (≈ 

Samples 
d

002 

(Å) 

L
a
 

(nm) 

L
c
 

(nm) 

I
G
/I

D

a
 

S
BET

 

(m
2
g

-1
)
b
 

V
t
 

(cm
3
g

-1
)
c
 

Pore 

vol% 

(<2nm) 

Pore 

vol% 

(>2nm) 

C50mAg
-1 d

 

(mAhg
-1

) 

C500mAg
-1e

 

(mAhg
-1

) 

CPM-600 3.98 1.83 1.80 0.51 55.3 0.069 46.1 53.9 230 93 

CPM-900 3.91 2.52 1.79 0.76 45.1 0.059 24.2 75.8 219 91 

CPM-1100 3.87 5.11 1.83 0.87 24.5 0.054 4.5 95.5 325 117 

CPM-1400 
3.82 

/3.34 

8.36 

/16.21 

1.90 

/6.31 
0.89 20.8 0.052 10.7 89.3 275 84 

CPM-600-A 3.99 1.75 1.80 0.47 369.1 0.26 72.7 27.3 267 150 

CPM-900-A 3.95 2.85 1.83 0.71 271.2 0.21 64.7 35.3 280 155 

CPM-1100-A 3.88 5.39 1.86 0.86 196.6 0.18 47.9 52.1 332 203 

CPM-1400-A 
3.83 

/3.34 

8.51 

/17.18 

2.21 

/6.25 
0.91 92.2 0.12 25.2 74.8 294 139 

CAC 3.72 4.2 1.84 0.26 2050 1.17 61.7 38.3 139 38 
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1340 cm
-1

) and in-plane vibrational G-band (≈ 1580 cm
-1

). The integral intensity ratio 

(IG/ID) is indicative of the degree of graphitic ordering in the carbons.
42

 The fits of the 

spectra are shown in Figure 2-8.
43

 As shown in Table 2-1, increasing the 

carbonization temperature to 1400°C leads to a progressively more ordered structure. 

The 2D peak at ≈ 2680 cm
-1

 may also be used as a measure of order.
44,45,46 

These are 

only prevalent in the 1100°C and 1400°C specimens. The CAC specimens are 

markedly less ordered than any of the CPM. To contrast, for CPM-1100-A and 

CPM-1400-A the ratio IG/ID = 0.87 and 0.91, while for CAC the ratio is 0.26. 

 

Figure 2-8: Raman spectra of CPM-A, CAC (A) and fitted Raman spectra of CPM-A 

and CAC specimens. 

 

During the carbonization process, a material composed of primarily α-cellulose 

would readily graphitize at high temperature due to the long-scale parallel fashion of 

the linear polysaccharide (C6H10O5)n chains.
47

 However the main components (ca. 

80wt%) of peat moss are actually hemicellulose (β-, γ-cellulose) and lignin. Unlike 

α-cellulose, the polysaccharide chain of hemicellulose is much shorter and bifurcates 

with glycosidically bound branches. Lignin is a three-dimensional, highly cross-linked 

polyphenolic polymer without any ordered repeating units.
48
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different polymers in the cell walls of peat moss is also shown in Figure 2-1. The 

small amounts of long cellulosic microfibrils (α-cellulose) are embedded in a matrix 

of interwoven polysaccharides. Shorter branched hemicelluloses increase the linkage 

among long cellulosic fibers. High content of lignin (ca. 50wt%) fills the spaces 

between cellulose and hemicellulose, and covalently links to the cellulose and other 

polysaccharides within the cell wall.
49,50 

In short, despite being heterogeneous, the 

overall peat moss structure is highly cross-linked and non-crystalline, which prevents 

graphitization at low and moderate temperatures. 
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Figure 2-9: (A,C,E) Nitrogen adsorption-desorption isotherms of CPM-A, CPM and 

CAC specimens. (B,D,F) Pore size distribution calculated from the adsorption 

isotherms of CPM-A, CPM and CAC specimens, using DFT method. 

 

Figure 2-9A shows the nitrogen adsorption-desorption isotherms CPM-A, while 

Figure 2-9B shows their resultant pore size distributions (obtained by density 

functional theory (DFT)). The same analysis for the CPM specimens and for CAC 

baseline are shown in Figure 2-9(C-F). All the adsorption curves of the CPM-A 

specimens display type I/IV isotherms. Table 2-1 shows the calculated BET surface 
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area, and the fraction of pores that are microporous versus mesoporous. It can be seen 

that while air activation does increase the amount of micro and mesoporosity in all 

specimens, it is progressively less effective for the more ordered/graphitic specimens. 

This is not unusual since graphitic carbons are known to resist oxidation better than 

amorphous ones.
51,52

 All the resultant materials, however, are of relatively low 

surface area, ranging from 55 - 21 m
2
g

-1
 for CPM and from 369 - 92 m

2
g

-1
 for the 

CPM-A. To contrast, the surface area of CAC is 2050 m
2
g

-1
. Comparing CAC to 

CPM-1100-A, one observes almost an order of magnitude higher volume of 

micropores (0.722 cm
3
g

-1
 vs. 0.086cm

3
g

-1
) and a factor of five higher volume of 

mesopores (0.448 cm
3
g

-1
 vs. 0.093cm

3
g

-1
). 

 

Table 2-2: Elemental composition information for CPM, CPM-A and CAC. 

 

Table 2-2 presents the combustion elemental analysis and X-ray photoelectron 

spectroscopy (XPS) results for the specimens, listing the weight percentages of the 

main elements (C, O, N, H). There is a significant content of heteroatoms both on the 

surface (XPS) and in the bulk (elemental) of the specimens carbonized at 600 and 

900°C. XPS also shows that activation further oxidizes the surface of these more 

disordered carbons, but has little effect on the surface composition of the 1100°C and 

1400°C specimens. As expected, with increasing carbonization temperature there is a 

significant decrease in the carbons' oxygen, nitrogen and hydrogen content. The 

Samples 
Elemental Analysis  XPS 

C [wt%] O [wt%] N [wt%] H [wt%]  C [wt%] O [wt%] N [wt%] 

CPM-600 76.38 13.06 3.45 2.11  82.76 13.35 3.89 

CPM-900 84.59 8.02 1.2 1.07  89.01 9.59 1.40 

CPM-1100 87.11 4.93 1.03 0.51  93.65 5.28 1.07 

CPM-1400 93.35 2.98 0.74 0.29  95.03 3.94 1.03 

CPM-600-A 78.85 14.01 3.67 2.21  81.54 15.24 3.22 

CPM-900-A 86.38 8.63 1.46 1.19  87.45 11.42 1.13 

CPM-1100-A 89.35 5.13 1.05 0.49  93.41 5.84 0.75 

CPM-1400-A 93.31 2.68 0.72 0.27  96.29 3.12 0.59 

CAC 94.12 4.34 0.12 0.43  95.35 4.65 ~0 
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CPM-1100 and CPM-1100-A specimens show comparable oxygen and hydrogen 

levels to CAC. While their nitrogen content (1.05wt% bulk, 0.75wt% surface for 

CPM-1100-A) is higher than CAC, it is still relatively negligible in terms of its effect 

on the electrochemical properties. 

 

Figure 2-10: Cyclic Voltammogram of CPM-A electrodes between 0.001 and 2.8 V at 
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a scanning rate of 0.1 mVs
-1

 (Left panels). Galvanostatic discharge/charge curves of 

CPM-A electrodes at current density of 50mAhg
-1 

(Right panels). 

 
Figure 2-11: Galvanostatic discharge/charge profiles of un-activated CPM electrodes. 

 

To investigate the electrochemical energy storage properties of the carbons we 

performed cyclic voltammetry (CV) and galvanostatic discharge/charge cycling. The 

specimens were tested between 0.001 and 2.8 V vs. Na/Na
+
. Figure 2-10 show the CV 

curve and discharge/charge profile of CPM-A specimens. The inserts of the voltage 

profile panels presents the derivative curves dQ/dV vs. V, which have similar shapes 

to the CV's. The galvanostatic data and related derivative curves for the CPM 

specimens are shown in Figure 2-10. 

For CPM-1100-A, in the first CV scan, two broad cathodic peaks are visible at ~ 

0.4 V and 0.75 V, disappearing in the subsequent cycling. These peaks generally 

attributed to the decomposition of the electrolyte and the formation of SEI (solid 

electrolyte interface) layer on the carbon surface.
29

 The formation of SEI and any 

irreversible insertion of Na into the carbon structure are the main reasons for the 
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peak near 0 V and a counterpart anodic peak at 0.15 V, resembling the cycle 

voltammetry behavior of lithium insertion/extraction in graphite.
53

 Besides the sharp 

peaks, there is also a pair of weak humps over a wide voltage region (0.2-1.2 V) in 

both the cathodic and the anodic portions. These pairs of sharp peaks and weak humps 

correspond to the plateau regions and the sloping regions of the galvanostatic 

discharge/charge profiles, respectively. 

As shown in Figure 2-10, for CPM-1100-A the first cycle delivered specific 

capacities are 532 mAhg
-1

 (discharge) and 306 mAhg
-1

 (charge). After 10 cycles, there 

is still 298 mAhg
-1

 reversible capacity remaining. This cycling performance may be 

considered quite outstanding, since there are very few reports of carbonaceous 

materials displaying over 250 mAhg
-1

 of stable capacity as a NIB anode.
28,29

 The 

carbonization temperature has a profound effect on the shape of the voltage versus 

capacity profiles. In general, a sloping voltage plateau is associated with ion insertion 

into a material where the insertion sites possess a distribution of energies. A more 

disordered carbon would possess a wide site energy distribution, and hence would 

show a substantial fraction of its total capacity at higher voltages. This is the trend 

that we observe with CPM, with both the total amount and the relative fraction of the 

charge storage capacity measured above 0.2 V decreasing with IG/ID (Table 2-1 lists 

IG/ID). In CPM-1100-A and CPM-1400-A, a reversible charge/discharge capacity of 

196 mAhg
-1 

(after 10 cycles at 50mAhg
-1

) can be obtained within a narrow voltage 

window of 0.001- 0.2 V.  

As discussed in the Introduction, this low voltage/low hysteresis plateau behavior 

resembles the highly attractive capacity versus potential profiles of graphite anodes in 

LIB. Moreover, examining the capacity below 0.2V (Figure 2-10 including insert) it 

can be observed that both CPM-1100-A and CPM-1400-A behave quite on par with 

LIB graphite in terms of displaying almost a negligible charge/discharge voltage 

hysteresis. 
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Figure 2-12: (A-C) Potential profiles of CPM, CPM-A and commercial active carbon 

electrodes. (B, D) Summery of capacity potential distribution of CPM, CPM-A and 

commercial active carbon electrodes. (10
th

 cycle at current density of 50mAhg
-1

 in all 

the figures). 

 

Figure 2-12 shows the potential profiles of CPM-A and CAC specimens. The 

same type of chart is shown in Figure 2-12A for the CPM specimens. For CPM-A 

(and CPM) with increasing carbonization temperature there is an increasing capacity 

plateau at the low voltage region. This is interesting and somewhat unexpected since 

this trend is completely opposite of what one would expect if the low voltage plateau 

was based on filling of pores by Na metal ("nanopore filling").
21

 As Table 2-1 

demonstrates, the porosity of CPM-A specimen decreases with increasing 

carbonization temperature. Moreover the CAC samples are highly porous (2050 

m
2
g

-1
), containing both micropores and mesopores in a volume ratio of 1.6:1. Yet, the 

reversible capacity of CAC is low and a voltage plateau is nonexistant. Where is a 

strong trend however is between the total capacity and "flatness" of the low voltage 

plateaus in CPM and CPM-A, versus the degree of ordering in these carbons (IG/ID in 
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Table 2-1). The CAC specimen also fits this trend, being the least ordered of the 

carbons tested. This phenomenon may be explained by arguing that the more ordered 

domains would provide Na insertion sites that are more energetically equivalent, and 

hence lead to progressively flatter plateaus. Effectively the carbons would become 

"psedo-graphitic" to Na,
54

 offering a chemically similar environment while 

maintaining a sufficiently dilated interlayer spacing to allow insertion/extraction. The 

progressive elimination of heteroatoms with increasing carbonization temperature 

would also help in establishing energetic equivalence of sites, though as demonstrated 

by the relatively pure CAC this criteria is by itself insufficient. The 

structure/performance of CPM-1400-A specimen is somewhat obscured by the 

roughly 20% graphite present in the material. Nevertheless the overall trend is 

unambiguous.  

This trend is also summarized in histogram shown in Figure 2-12 (B-D), where 

the fraction of the total capacity associated with the plateau below 0.1 V increases 

with CPM carbonization temperature (16% for CPM-600-A, 36% for CPM-900-A, 53% 

for CPM-1100-A, 73% for CPM-1400-A). Identical trend is observed for the 

CPM-600, CPM-900, CPM-1100 and CPM-1400 specimens (Figure 2-12B), despite 

none of them containing significant porosity. In fact considering 100% pore filling by 

Na in the un-activated CPM specimens (in our opinion a highly optimistic 

assumption), one obtains capacities of 78, 66, 61 and 54 mAhg
-1

, for the CPM-600, 

CPM-900, CPM-1100 and CPM-1400. This is opposite in trend to the measured low 

voltage capacities. These values also do not account for the total low voltage 

measured capacities in CPM-900, CPM-1100 and CPM-1400. Conversely the low 

voltage capacity due to complete pore filling of CAC should be 1317 mAhg
-1

, which 

is more than one order of magnitude higher than its capacity throughout the entire 

voltage range. While some nanopore filling by Na almost certainly occurs for all these 

materials at low voltages, the data leads us to hypothesize that this is not the dominant 

charge storage mechanism between 0.1 and 0.001 V. 
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Figure 2-13: (A) XRD spectra for CPM-1400 and CAC electrodes, demonstrating Na 

intercalation-induced dilation of the interlayer spacing in the majority pseudographitic 

phase of CPM-1400. The peaks at 2 =26.4° are for the secondary (~ 20 wt.%) 

equilibrium graphite phase also present in CPM-1400, which is inactive and hence 

remains invariant with voltage. The electrodes were galvanostically discharged to a) 

0.2V, b) 0.1 V, c) 0.05 V, d) 0.001V vs. Na/Na
+
. (B) Dependence of the mean 

interlayer spacing on discharge voltage, values derived from (A). 

 

Rather, we argue that because the peat moss carbons possess a unique highly 

ordered pseudo-graphitic structure but with a dilated graphene interlayer spacing, it is 

possible to achieve significant Na intercalation down to the discharge voltage. To 

prove this point we carried out XRD analysis to track the structural changes in CPM 

within the voltage region of 0.2V - 0.001V, performing identical experiments on CAC 

as a baseline. To obtain a "steady-state" microstructure, the half-cells first received 10 

galvanostic charge-discharge cycles at 0.1C. Upon cycle 11, the electrodes were 

discharged to a) 0.2V, b) 0.1 V, c) 0.05 V, d) 0.001V. The cells were then disassembled 

in a glove box with the active material being removed from the current collector, 

cleaned and immediately analyzed. Specimen CPM-1400 was analyzed due to its 

most ordered structure of all the CPM specimens, and its largest plateau capacity 

(162mAhg
-1

 below 0.1V vs. Na/Na
+
). Moreover the distinct and sharp (002) Bragg 

peak from the roughly 20wt.% equilibrium graphite phase within this sample, being 

completely sodium inactive, served as a highly useful secondary in-situ calibration 

standard.  

Figure 2-13A shows the raw XRD data for CPM-1400 and the CAC samples, the 
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broad (002) pseudo-graphitic peaks being marked by arrows. The clearly discernable 

shift to lower 2 values with decreasing terminal discharge voltage reflects the 

increasing intergraphene spacing due to Na intercalation. Figure 2-13B plots the 

calculated mean interlayer spacing as a function of voltage. As CPM-1400 was 

discharged from 0.1 V to 0.001 V, the interlayer spacing expanded from 3.96 Å to 

4.16 Å. Since the structure was highly ordered, the sodium occupation sites were 

energetically similar, leading to the observed flat voltage profile not unlike that of Li 

in graphite. To contrast, within the same voltage range the highly disordered CAC 

sample demonstrated a much lower interlayer dilation, going from 3.91 Å at 0.1 V to 

3.96 Å at 0.001 V.  

 

Figure 2-14: Extended cycling performance of the CPM, CPM-A and CAC electrodes, 

with coulombic efficiency of CPM-1100-A electrode being displayed. 

 

Figure 2-14 (up) shows the cycling capacity retention performance of CPM-A 

specimens. The same plot is presented for CPM in Figure 2-14 (bottom). The first ten 
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cycles were tested at a current density of 50 mAg
-1

, and the subsequent 200 cycles 

were tested at 100 mAg
-1

. As can be observed, CPM-1100-A and CPM-1100 

specimens deliver the overall most favorable combination of total capacity and 

capacity retention, with CPM-1100-A being overall the best. The CPM-1400-A not 

only provides lower overall capacity but degrades at higher rates. Accelerated 

degradation may be perhaps related to cycling-induced growth of graphite domains at 

the expense of the active carbon. Alternatively pores may provide a secondary benefit 

of buffering the sodiation induced expansion/contration in the material. With much 

lower porosity levels, CPM-1400-A may therefore partially disintegrated during 

cycling.  

After 10 cycles at 50 mAg
-1

 the CPM-1100-A specimen demonstrates a reversible 

capacity of 298 mAhg
-1

. Over the subsequent 200 discharge/charge cycles at 100 

mAg
-1

, this value decreases to 255 mAhg
-1

. Table 2-3 compares the cycling and rate 

performance behavior of our materials with several state-of-the-art carbons reported 

in literature. For preparing this comparison, we chose what were to our knowledge the 

best performing materials at that time. As can be seen, the CPM-1100-A carbon offers 

some of the best overall capacity and cycling capacity retention combinations. 

The volume of the electrode is also a key consideration for a real packed cell. 

Figure 2-15A provides the volumetric capacity of CPM-1100-A as a function of cycle 

number. These values were obtained by dividing the measured gravimetric capacity 

by the electrode packing density (0.62 g cm
-3

). The electrode had a mass loading of 

1.2 mg and a geometric area of 1.13cm
2
. The thickness of the electrode was 17 μm, 

being obtained from a cross section SEM image (Figure 2-15B) and confirmed using 

a high precision micrometer. Figure 2-15A demonstrates that at a rate of at 50mAg
-1

 

the CPM-1100-A electrode displays a stable cycling capacity of approximately 

200mAhcm
-3

, which is a promising volumetric energy value for practical NIBs 

applications.  
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Table 2-3: Performance comparison of CPM-1100-A versus state of the art NIB 

carbons reported in literature. 

Material 

Plateau capacity 

(capacity below 0.1 V 

vs. Na/Na
+
) 

Cyclability 

(discharge capacity) 
Rate performance 

Pyrolyzed 

glucose 
150 mAhg

-1
 (1

st
 cycle) Not reported Not reported 

Carbon fibers 
ca. 184 mAhg

-1
 (1

st
 

cycle) 
Not reported Not reported 

Carbon 

microspheres 
Not reported 

285 mAhg
-1

 at 2
nd

 cycle 

255 mAhg
-1

 at 7
th 

cycle 

89% retention over 7 cycles 

at 40μAcm
-2

 

Not reported 

Hard carbon 

particles 

ca. 150 mAhg
-1

 

at 25mAg
-1

 

250 mAhg
-1

 at 2
nd

 cycle 

225mAhg
-1

 at 100
th
 cycle 

88% retention over 100 

cycles at 25mAg
-1

 

Not reported 

Templated 

carbon 

ca. 20 mAhg
-1

 

at 74mAg
-1

 (10
th

 

cycle) 

180 mAhg
-1

 at 10
th

 cycle, 

120mAhg
-1

 at 40
th
 cycle 

66.7% retention over 30 

cycles at 74mAg
-1

 

ca.140mAhg
-1

 at 74mAg
-1

 

ca.120mAhg
-1

 at 740mAg
-1

 

ca. 100mAhg
-1

 at 1.85 Ag
-1

 

Hollow carbon 

spheres 

ca. 20 mAhg
-1 

at 50 mAg
-1

 (10
th
 

cycle) 

250 mAhg
-1

 at 10
th

 cycle, 

160 mAhg
-1

 at 100
th

 cycle 

64% retention over 90 cycles 

at 100mAg
-1

 

175mAhg
-1

 at 200mAg
-1

 

150mAhg
-1

 at 500mAg
-1

 

100mAhg
-1

 at 2Ag
-1

 

75mAhg
-1

 at 5Ag
-1

 

Hollow carbon 

nanowires 

ca. 150 mAhg
-1

 

at 50mAg
-1

 (10
th

 

cycle) 

ca. 255 mAhg
-1

 at 10
th
 cycle 

ca. 220 mAhg
-1

 at 200
th
 cycle 

86% retention over 190 

cycles at 50 mAg
-1

 

ca. 210mAhg
-1

 at 250mAg
-1

 

149 mAhg
-1

 at 500mAg
-1

 

Carbon 

nanosheet 

ca. 40 mAhg
-1

 

at 50mAg
-1

 (10
th

 

cycle) 

ca. 260mAhg
-1

 at 10
th

 cycle 

ca. 155 mAhg
-1

 at 200
th 

cycle 

60% retention over 190 

cycles at 50mAg
-1

 

ca. 190mAhg
-1

 at 200mAg
-1

 

ca. 125mAhg
-1

 at 500mAg
-1

 

ca. 80 mAhg
-1

 at 1Ag
-1

 

50 mAhg
-1

 at 2Ag
-1

 

45 mAhg
-1

 at 5Ag
-1

 

CPM-1100-A 

161 mAhg
-1

 

at 50 mAg
-1

 (10
th
 

cycle) 

284 mAhg
-1

 at 10
th

 cycle 

255mAhg
-1

 at 210
th
 cycle 

90% retention over 200 

cycles at 100mAg
-1

 

250 mAhg
-1

 at 200mAg
-1

 

203 mAhg
-1

 at 500mAg
-1

 

150 mAhg
-1

 at 1Ag
-1

 

106 mAhg
-1

 at 2Ag
-1

 

66 mAhg
-1

 at 5Ag
-1

 



66 
 

 

Figure 2-15: (A) Volumetric capacity of CPM-1100-A. (B) Cross section SEM image 

of the CPM-1100-A electrode. 

 

The cycle 1 coulombic efficiency increased from 43.9% for CPM-600-A, to 50.1% 

for CPM-900-A, to 57.5% for CPM-1100-A, and 60.1% for CPM-1400-A. Similarly 

cycle 1 coulombic efficiency increased from 46.1% for CPM-600, to 55% for 

CPM-900, to 60.7% for CPM-1100, and 64.3% for CPM-1400-A. Of course a 

progressively decreasing surface area with carbonization temperature (less SEI 

formation) plays a role in this trend. However the analogous behavior of the low 

surface area CPM specimens indicates that a progressively lower heteroatom content 

(discussed ref.
55

) is also critical in reducing the cycle 1 capacity loss. The initial 

columbic efficiencies CPM-1100-A and CPM-1400-A are actually somewhat higher 

than the counterpart values reported for high performance carbonaceous materials 

with even lower surface areas.
29,56 

This supports the argument for the attractiveness of 

our materials as NIB anodes. The more ordered - less defective graphitic structures 

0 50 100 150 200
0

100

200

300

400

500

100mAg
-1

Cycle number

  
 

 

V
o

lu
m

e
tr

ic
 C

a
p

a
c
it
y
 (

m
A

h
/c

m
3
)

Discharge Charge
A

50mAg
-1



67 
 

may also reduce the extent of the irreversible capacity loss reactions in the first cycle, 

though the exact mechanism needs clarification. In CPM-1100-A the columbic 

efficiency increases rapidly to over 90% in the second cycle and stabilizes at ~ 100% 

(within measurement accuracy) from the 8
th

 cycle onwards. Figure 2-14A (right axis) 

shows the coulombic efficiency for the CPM-1100-A specimens during cycling. An 

analogous trend is observed for all but the CPM-1400 specimens, with ~ 100% 

efficiency being measured during stable cycling. CPM-1400 however never quite 

reaches 100% efficiency, performing between 98 - 99% for the majority of the 

cycling. 

 

Figure 2-16: (A) Electrochemical impedance spectra of CPM, CPM-A and CAC 

electrodes before cycling. (B) Electrochemical impedance spectra of CPM, CPM-A 

and CAC electrodes after cycling for 210 cycles. 

 

Figure 2-17: Equivalent electronic circuits used to simulate the EIS data. For the 

spectra of all the as prepared specimens, equivalent circuit (A) was used. Rel is the 
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sum of resistances of electrical connections in the experiment setup including ionic 

diffusion resistance in the electrolyte. Rct reflects the charge transfer resistance and Zw 

(Warburg-type element) represents Na diffusion impedance within carbon materials.  

For the cycled specimens with SEI layer formed (equivalent circuit B was used), 

another pair of resistor (Rf) and constant phase element (Cf) represent Na transport 

through SEI/carbon interface. Rct+Rf is claimed to represent the total charge transfer 

resistance within all the interfaces and through SEI layer. 

 

Figure 2-16 and Figure 2-18 show the electrochemical impedance spectra (EIS) 

analysis of the CPM and CPM-A specimens. Figure 2-16A shows the Nyquist of 

CPM, CPM-A and CAC specimens before cycling. Figure 2-16B shows the same 

analysis but after 210 cycles. The value of Rct+Rf, simulated from the fit of the 

experimental Nyquist plots with the equivalent circuit shown in Figure 2-17, 

represents the combination of charge transfer resistance at the SEI/electrolyte 

interface and the resistance of Na transport through SEI layer.
57

 The obtained 

parameters are listed in Table 2-4. It is the physically meaningful parameter for 

analysis of the cycled specimens, which is expected to increase with SEI growth. In 

LIB applications of graphite materials a substantial rise in Rct+Rf would mean that the 

initially low surface area electrode was creating new surfaces for SEI formation (SEI 

preferentially forms of fresh carbon surfaces exposed to the electrolyte rather than on 

the back of existing SEI), by exfoliating and/or fracturing.
58

 Similarly for high 

surface area carbons, a cycling induced increase in Rct+Rf signifies some form of 

material disintegration. While SEI growth in NIB applications is less well understood, 

a qualitatively similar scenario may be expected. The CPM-1400 and CPM-1400-A 

specimens have the largest % increase in Rct+Rf versus the initial Rct. These are also 

the specimens that demonstrate the highest rate of capacity degradation during cycling. 

Of all the specimens CPM-1100-A shows the lowest value of Rct+Rf (114.7 Ω), 

indicating that it's the most stable against SEI grows during cycling. For CPM-1100 

Rct+Rf is 350.4 Ω. The difference between CPM-1100-A and CPM-1100 supports the 

argument that pores buffer sodiation induced expansion/contraction (i.e. damage) in 

the matrix. 
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Figure 2-18(A-B) show the change of Rct+Rf and Rel as a function of cycle number 

in CPM-1100-A and CPM-1400-A electrodes. Figure 2-18(C-D) show the raw 

Nyquist plots in the as-prepared electrodes and after 30, 100, 150 and 210 cycles. As 

shown in Figure 2-18A, the much slower increase of Rct+Rf in CPM-1100-A with 

increasing cycle number indicates a more stable SEI layer throughout cycling. A 

stable SEI is known to promote high capacity retention,
27

 and is likely related to the 

microstructural features of CPM-1100-A versus CPM-1400-A previously discussed.  

 

Figure 2-18: (A-B) The total charge transfer resistance within all the interfaces 

(Rcl+Rf) and sum of resistance of electrical connections in the experimental setup (Rel) 

changes as functions of the cycle number. (C-D) Electrochemical impedance spectra 

of CPM-1100-A (C) and CPM-1400-A (D) (As-prepared, 30
th

 cycle, 100
th

 cycle, 150
th

 

cycle and 210
th

 cycle). 
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Table 2-4: Resistance values simulated from modeling the experimental impedance 

(Figure 2-16) using the equivalent circuits shown in Figure 2-17. 

 CPM-600-A CPM-900-A CPM-1100-A CPM-1400-A 

As prepared electrodes 

Rel(Ω) 6.4 9.1 6.9 11.1 

Rct(Ω) 80.6 100.2 51.1 43.3 

Cycled electrodes 

Rel(Ω) 15.2 23.8 15.7 13.5 

Rct+Rf(Ω) 324.5 182.7 114.7 240.1 

 
Figure 2-19: Rate performance of CPM-A (A) and CPM (B) electrodes. 

 

Where the really interesting difference between the CPM and CPM-A specimens 

emerges is in their rate capability, shown in Figure 2-19. At high charge rates, such as 

at 2 and 5 Ag
-1

, the un-activated samples show effectively negligible capacity. 

 CPM-600 CPM-900 CPM-1100 CPM-1400 

As prepared electrodes 

Rel(Ω) 9.3 16.1 8.5 11.2 

Rct(Ω) 172 119.7 72.1 52.6 

Cycled electrodes 

Rel(Ω) 24.2 22.8 20.1 23.2 

Rct+Rf(Ω) 396 306.1 350.4 335.3 
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Conversely the CPM-1100-A, CPM-900-A and CPM-600-A all still perform. The 

CPM-1100-A specimens provide stable capacities of 203 mAhg
-1

 at 500mAg
-1

, 150 

mAhg
-1

 at 1Ag
-1

, 106 mAhg
-1

 at 2Ag
-1

, and 66 mAhg
-1

 at 5Ag
-1

, rates over 1Ag
-1

 

being considered very high (e.g. assuming a capacity of 200 mAhg
-1

, 1Ag
-1

 is equal to 

5C !). 

As we argued earlier in the text, the introduction of limited porosity will in effect 

reduce the required Na ion diffusion distances since the electrolyte will be able to 

penetrate into the pores. Where this seems to matter the most is at high rates, where it 

is logical to surmise that Na diffusion in the bulk of the carbon may be the rate limited 

step. Solid-state diffusion of ions has been argued to be the limiting factor for the high 

rate performance of bulk intercalation electrodes.
4,5,8,59

 The activation process would 

not affect the solid-state diffusion values of Na in carbon, but could substantially 

reduce the diffusion distances necessary for full sodiation of the material. Since time 

is proportional to the diffusion distance squared (Fick's first law), if all else being 

equal, thinner walls of carbon would sodiate faster. The CPM-1400-A samples have 

by far the lowest surface area of all the activated specimens (less than 1/2 the surface 

area of CPM-1100-A), indicating less penetrating porosity and explaining the worse 

rate capability. Were nano-pore filling to become an important Na storage mechanism 

in the specimens at high charge/discharge rates, activation would similarly facilitate 

increased capacity. Comparing the CPM-1100-A specimens to the carbons presented 

in Table 2-3, demonstrates its highly promising rate capability, on par with the more 

exotic open structures such as hollow carbon spheres and carbon nanosheets. In fact 

for a given current density in the range of 0.2-2 Ag
-1

, CPM-1100-A exceeds all the 

counterpart capacities. 

2.4 Conclusion 

In this study we synthesized and tested carbons derived from a ubiquitously found 

biomass precursor, namely peat moss. Taking advantage of the cross-linked 
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organization of the polymers in the peat moss cell wall, we achieved highly ordered 

pseudo-graphic structures with a highly dilated graphene interlayer spacing. This 

allowed for facile Na interclation into the carbons' bulk, while the high level of order 

created a chemically homogenous environment for the inserted ions and hence 

relatively flat voltage profiles. The intrinsically open macroporous structure of the 

peat moss resulted in sheet-like walls in the post-pyrolyzed carbons that were as thin 

as 60 nm. To improve the high rate performance we employed mild air activation 

(300°C) to create sufficient porosity to further reduced the Na diffusion distances. The 

resultant carbons display superb (some of the best reported in literature) 

electrochemical performance in numerous respects, including total reversible capacity, 

cycling stability, rate capability, charge/discharge voltage hysteresis. The exceptional 

performance, combined with the green and economical method for synthesis, should 

make carbonized peat moss a highly attractive practical NIB anode material. 
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3                                        

Peanut Shell Hybrid Sodium Ion Capacitor with 

Extreme Energy - Power Rivals Lithium Ion 

Capacitors

 

3.1 Introduction 

Electrical energy storage (EES) systems play a crucial role in consumer 

electronics, automotive, aerospace and stationary markets. Due to sodium's effectively 

inexhaustible and democratically distributed reserves, Na - ion based energy storage 

devices are a promising alternative to the well-developed Li - ion 

technologies.
1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16

 There are primarily two types of devices for 

energy storage; batteries e.g.
17 , 18 , 19 , 20 , 21

 and electrochemical capacitors 

e.g.
22,23,24,25,26,27,28,29,30,31,32,33,34

. The former offers a high energy density while the later 

offers high power. For instance, commercial lithium ion batteries deliver a specific 

energy upwards of 200 Whkg
-1

, but with a maximum specific power being below 350 

Wkg
-1

. By contrast most electrochemical capacitors possess specific power values as 

high as 10 kW kg
-1

, but with specific energies in the 5 Wh kg
-1

 range. Yet a key target 

for an advanced electrical energy storage device is to deliver both high energy and 

high power in a single system.
35,36 

A hybrid ion capacitor is a relatively new device that is intermediate in energy and 

powder between batteries and supercapacitors. Since there is the potential to span the 

                                                 

 Material in this chapter has been published in: 

Jia Ding, Huanlei Wang, Zhi Li, Kai Cui, Dimitre Karpuzov, Xuehai Tan, Alireza 

Kohandehghan, David Mitlin, Energy & Environmental Science, 2015, 8, 941-955. 
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energy-power divide between the two systems, hybrid devices are attracting 

increasing scientific attention.
37,38,39,40,41,42,43,44,45,46,47,48

 The hybrid ion capacitor 

couples a high capacity bulk intercalation based battery-style negative electrode 

(anode) and a high rate surface adsorption based capacitor-style positive electrode 

(cathode). When employing Na
+
 and counter ions such as ClO4

-
 as charge carriers, the 

device is termed NIC, i.e. sodium ion capacitor.
38,43,45

  

Overall, the NIC field is quite young, with more research into improved electrode 

materials being desirable. Previously, researchers have primarily focused on 

improving the power capability of the anode in order to catch up with the fast kinetics 

of the capacitive cathode.
39,42,44,46

 NIC devices have been recently fabricated using the 

following anode-cathode combinations: V2O5/CNT//AC,
38

 NaxH2-xTi3O7//AC 
43

, with 

AC meaning conventional activated carbon. This creates a necessity to include excess 

mass (i.e. volume), generally several times more than that of the anode, in order to 

achieve the charge balance between the two electrodes.
39,43,44

 The Na ion insertion 

processes into the bulk of the negative electrodes are known to be substantially more 

kinetically sluggish than those for Li,
4,49,50

 posing a secondary major challenge to 

achieving attractive Na ion - based hybrid devices.  

An inexpensive carbon-based negative electrode with a Na redox potential near 

Na/Na
+
 would not only provide a cost advantage over the inherently more costly 

inorganic materials but would also maximize the device energy density.
11,40,49,51,52

  

Ideally such electrode materials would also be truly green,
7,8,20,26,30,31, 

33,47,53,54,55,56,57,58,59,60,61
 being derived from organic waste products that otherwise 

possess no economic value. Peanuts are a globally cultivated legume food staple, with 

the peanut shells having only limited commercial end-use as filler in animal feed or as 

charcoal.
62

 In 2010 the peanut plant was cultivated on 21 million hectares 

worldwide,
63

 producing approximately 20 million tons, with an estimated value of 9 

billion USD.
64

 This produces roughly 6 million tons of peanut shell waste. 

Researchers have prepared activated carbons from peanut shells and explored their 
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applications in environmental science (e.g. sorbents for organic and metal pollutants 

removal
65,66

) and energy storage (e.g. supercapacitor,
67,68

 lithium ion battery
69,70

). 

These "classical" activated carbons were prepared by direct pyrolysis followed by 

high temperature activation.
62,67,71,72

 In terms of the synthesis methodology and by the 

resultant structure and performance, such ACs are analogous to commercial products, 

which are micro-scale particulates with tortuous 3D pore networks. In terms of the 

synthesis methodology and by the resultant structure and performance, such ACs are 

analogous to commercial products, which are micro-scale particulates with tortuous 

3D pore networks. In this work we take an alternative approach: We tailor the 

synthesis process to take full advantage of the unique structure of the peanut shell and 

actually achieve two fundamentally different (anode vs. cathode) very high 

performance electrodes from the same precursor. 

3.2 Experimental procedures 

3.2.1 Materials 

We employed shells from the peanuts grown and roasted in the Shandong region 

of China, bags of which the author (HW) gave to the research group as a going away 

gift. The obtained biomass was firstly soaked in ethanol for 2 weeks, and then washed 

with MQ-water (Ultrapure water with 18.2 MΩ·cm at 25 °C obtained in Milli-Q water 

purifier system, Millipore Corporation) and thoroughly dried before use. Rough 

grinding was used to separate the inner from the outer peanut shell. The PSNC 

cathode materials were synthesized as follows: A ratio of 1.5 g of outer shell, 2.5 mL 

of concentrated sulfuric acid and 50 mL of MQ-water were sealed in a 100 mL 

stainless steel autoclave. The autoclave was heated at 180°C for 48 h and then cooled 

down naturally. The resulting biochar was collected by filtration, washed with 

MQ-water and then dried. The yield of biochar is approximately 0.8 g. The dried 

biochar and activation agent (KOH), in a mass ratio of 1:2 or 1:3, were thoroughly 
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ground and mixed using an agate mortar and pestle. Activation was carried out in a 

tubular furnace at 800 or 850 °C for 1h under argon flow. The activated samples were 

thoroughly washed with 2M HCl and MQ-water, and finally dried in an oven at 

100°C overnight. The final yield of the PSNC carbons was in the 19 - 29% range 

(based on the weight of the biochar). The PSOC anode materials were synthesized as 

follows: A mass of 2g of the inner shell carbonized in argon at 1200°C for 6 h. This 

resulted in a yield of approximately 0.7 g, i.e. 35%. To remove impurities the obtained 

carbon was thoroughly washed using 20% KOH at 70°C for 2h, and 2M HCl at 60°C 

for 15 h, followed by MQ-water. Activation for the PSOC-A was performed at 300°C 

for 9 h with dry air flown at 50 sccm min
-1

. The activated carbons were then washed 

again using the above procedure.  

3.2.2 Material characterization 

The surface area and porous texture of carbon materials are characterized by 

nitrogen adsorption at 77 K (Quantachrome Autosorb
-1

). Prior to the gas sorption 

measurements, the samples were outgassed at 250 °C for 4 h under a vacuum. The 

pore size distribution (PSD) being calculated using density functional theory (DFT) 

model from the adsorption branch. The pore size distributions were evaluated by a 

nonlocal DFT method using nitrogen adsorption data and assuming slit-pore 

geometry. To characterize the morphology of the carbon samples, field emission 

scanning electron microscopy (FE-SEM) (Hitachi S-4800) and transmission electron 

microscopy (TEM) (JEOL 2200FS, 200 kV) are used. Low loss electron energy loss 

spectroscopy (EELS) was performed with scanning TEM (STEM) mode with a 

nominal electron beam size of 0.5nm. The carbon compact's electrical conductivity 

was measured using Pro4 from Lucas Laboratories. X-ray photoelectron spectroscopy 

(XPS) measurements are performed on an ULTRA (Kratos Analytical) spectrometer 

using monochromatic Al-Kα radiation (hυ= 1486.6 eV) run at 210 W. Before XPS 

analysis, the samples were dried at 110 °C in vacuum oven overnight to remove the 
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absorbed water. X-ray diffraction (XRD) analysis was performed using a Bruker AXS 

D8 Discover diffractometer with the Cu K radiation. The Raman spectra were 

recorded with a confocal microprobe Raman system (Thermo Nicolet Almega XR 

Raman Microscope). 

3.2.3 Electrochemical testing 

All the electrodes were prepared by coating electrodes slurries (75 wt% active 

material, 15 wt% carbon black, and 10 wt% polyvinylidenediflouride dissolved in 

N-methylpyrrolidone) on stainless steel spacers, and then dried at 120°C under 

vacuum overnight. The typical mass loading of the electrodes was 0.4 mg cm
-2

 and 

each electrode has area of 1.77cm
2
. To ensure that this mass loading was adequate for 

representing the electrochemical performance of a higher loaded electrode, additional 

testing was performed on both the cathodes and the anodes loaded with 2 mg cm
-2

. 

Commercial mass loading electrodes (15 mg cm
-2

) were prepared identically but 

pressed at 100 MPa in the final step. Half cells were constructed using standard 2032 

button cells, with Na metal as the counter electrode, a polyethene-based separator, and 

1M NaClO4 in 1:1 (volume ratio) ethylene carbonate (EC): die1thyl carbonate (DEC) 

as the electrolyte. Button cell - based Na-ion capacitor (NIC) devices were 

constructed using opposing carbon electrodes with the same separator and electrolyte. 

All the cell fabrication and disassembly was performed inside an Ar filled glove box 

with sub-0.1 ppm water and oxygen contents. To confirm that passivation of Na metal 

was avoided we cycled Na-Na cells. There is no degradation of Na-Na cell during the 

tested 5,000 cycles. Galvanostatic charge/discharge profiles were performed using the 

BT2000 Arbin electrochemical workstation. Cycling voltammetry and 

electrochemical impedance spectroscopy (EIS) measurements performed using a 

Solartron 1470 Multistat system. 
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3.3 Results and discussion 

 

Figure 3-1: Material synthesis process employed for each of the electrodes and the 

relevant cathode/anode charge storage mechanisms in the sodium ion capacitor (NIC). 

Figure 3-1 illustrates the material synthesis process employed for each of the 

electrodes, as well as the relevant cathode/anode charge storage mechanisms, to be 

discussed later in the text. The peanut shell was firstly separated into two parts. The 

inner portion of the shell was used as the precursor for the negative electrode 

(designated "anode"). The anodes were prepared by carbonization (1200°C) in argon, 

followed by a mild low temperature (300°C) activation treatment in air. Unlike 

conventional high temperature activation, typically performed in excess of 600°C, this 

treatment was unique in introducing sufficient porosity but not destroying the 

macroscopic sheet-like architecture of the precursor. Because of their resultant 

structure, these materials are labelled Peanut Shell Ordered Carbon PSOC. Since not 

all specimens were activated, we added the ending "-A" i.e. PSOC-A to the ones that 

were. The outer rough shell was employed as the precursor for the positive electrodes 

("cathode"). These carbons were prepared by hydrothermal treatment (described in 

experimental) followed by KOH chemical activation at 800 - 850 °C in argon. 
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Because of their resultant structure, these carbons are labelled Peanut Shell Nanosheet 

Carbon PSNC. The specific nomenclature is PSNC-x-y, where x refer to the mass ratio 

between the KOH and the biochar obtained after the hydrothermal treatment, while y 

refer to the activation temperature. A high surface area Commercial Activated Carbon 

(NORIT A SUPRA, steam activated), labeled CAC, was also employed as baseline 

for cathode testing.  

 The decision to employ the inner shell as the anode and the outer shell as the 

cathode was based on our understanding of the differences in their plant structure, and 

how those may be transformed to the target final electrodes' microstructure. The 

peanut shell is primarily a combination of cellulose, hemicellulose and lignin. 

However its tissue is highly heterogeneous, with the inner versus the outer shell 

containing different relative fractions and distribution of each phase. Our sodium ion 

capacitor (NIC) device consists of an intercalation anode and an adsorption cathode, 

requiring carbons with fundamentally different degrees of graphene ordering, surface 

area/porosity, and surface functionality for each electrode. 

 We chose the inner shell for the anode because it is the most homogenous portion 

of the shell, being primarily composed of lignin. Lignin is a three-dimensional, highly 

cross-linked polyphenolic polymer without any ordered repeating units. This 

lignin-rich tissue prevented large-scale formation of equilibrium graphite during high 

temperature pyrolysis but allowed for pseudographitic ordering of the defective 

graphene planes. Such ordering results in a structure composed of highly inter-dilated 

graphene layers (as compared to equilibrium graphite), which is thus able to easily 

intercalate the large Na ions. The NIC's battery-like ion intercalation anode does not 

need to possess a high surface area, as ion adsorption was not a significant charge 

storage mechanism. Therefore the inner shell's relatively homogeneity was not a 

major concern, as it did not require to be separated into nanosheets, etc. through 

preferential chemical etching.  

Conversely the NICs capacitor-like adsorption cathode required a very high 
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surface area and facile ion diffusion/access through the electrolyte. We were looking 

for a precursor that ideally could be transformed in to an electrochemically 

graphene-like analogue. From our previous work on processing plant-based materials 

we knew that the key to achieving such properties is to begin with a precursor that is 

highly heterogeneous but with nano-scale periodicity. We needed something where 

one or several of the phases could be preferentially etched while leaving behind intact 

sheets or other 2-D structures. The outer skin of the peanut shell was cellulose-rich 

but highly heterogeneous. It consists of an interconnected cellulosic fibril network 

(crystalline cellulose), with the individual microfibrils being roughly 10 - 30 nm in 

diameter. These microfibrils are interlinked by a minority phase of much shorter 

branched polysaccharide tethers (hemicellulose) and polyphenolic polymers (lignin).
73

 

Such multi-phase tissue, abundant in cellulose fibrils, is an ideal precursor to achieve 

interconnected carbon nanosheets through a hydrothermal + chemical activation 

process, which in parallel adds capacitance enhancing surface functional groups. 

 

Figure 3-2: (A) Low magnification SEM micrograph illustrating the macroscopic 

morphology of PSNC-3-800. (B) TEM micrograph of PSNC-3-800 highlighting the 

morphology of the carbon nanosheets. (C) HAADF image (holey carbon support also 

visible) and insert of a thickness profile of PSNC-3-800, measured with low loss 

EELS along the white arrow. (D) HRTEM micrograph of PSNC-3-800. (E) Low 

magnification SEM micrograph highlighting the morphology of PSOC-A with an 

insert highlighting the thickness of the carbon sheet. (F) HRTEM micrograph of 
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PSOC-A. 

 

Figure 3-3: SEM micrographs of (A) PSNC-3-850 and (B) PSNC-2-800, (C) PSOC, 

(D) the baseline commercial activated carbon (CAC). 

 

Figure 3-2 displays a low magnification scanning electron microscopy (SEM) 

micrograph of PSNC-3-800. Figure 3-3D shows CAC, which is a micron - scale 3D 

particulate. Conversely, PSNC-3-800 morphologically resembles a macroscopically 

open sponge. Figure 3-3(A-B) display the SEM micrographs of PSNC-3-850 and 

PSNC-2-800. Both carbons possess an analogous morphology as PSNC-3-800, 

although with decreasing levels of macroscopic "openness" in the same order.  

The morphology of PSNC is attributable to a synthesis strategy that is tailored to 

take the maximum advantage of the structure of the outer peanut shell. Under the 

relatively aggressive conditions of a hydrothermal treatment, the minority 

non-crystalline components are hydrolyzed and dissolved. However the 

interconnected cellulosic fibril network is not fully dissolved. Rather, the 

hydrothermal process degrades the overall crystallinity and loosens the connections 

between the microfibrils. The hydrothermal process also partially carbonizes them, 

resulting in the preservation of a cellulose "scaffold" on the micron-scale, as observed 
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in the SEM images. During chemical activation the pores left over from the 

dissolution of non-crystalline components serve as channels for the capillarity-driven 

infiltration of liquid KOH, further loosening the microfibril networks to create the 

carbon nanosheets and punching secondary micro and meso porosity into the 

structures. A similar phenomenology was employed to explain the formation of sheet 

like carbon layers from other multi-phase composites containing cellulose fibrils 

precursors, e.g. hemp fiber.
74

 In order to reinforce the discussion concerning the 

rationale for precursor selection, we employed the entire peanut shell as a single 

precursor, with the same synthesis procedures as PSNC-3-800. Figure 3-5A shows 

SEM micrograph of the resultant carbon specimen. The carbon particle did not display 

the essential macroscopically open sheet-like morphology. 

During electrochemical testing the open architecture of PSNC will allow full 

access of the electrolyte to the active surfaces, minimizing high rate diffusional losses 

through the liquid. By contrast, commercial activated carbons including CAC are 

known to contain a tortuous pore network that penetrates microns deep into the 

particulates. Especially at high scan rates / current densities this will result in 

significant ion diffusional losses. 

Figure 3-2B shows a transmission electron microscopy (TEM) micrograph of 

PSNC-3-800, further illustrating the structure of the carbon, which consists of 

three-dimensional arrays carbon nanosheets. Figure 3-2C and Figure 3-4(A-B) show 

high angle annual dark field (HAADF) scanning TEM (STEM) micrographs and 

low-loss electron energy loss spectroscopy (EELS) thickness profiles of the PSNC 

specimens. PSNC-3-800 has carbon nanosheet thickness in the range of 15 - 25nm, 

which is thinner than that of PSNC-3-850 (40 - 60nm). Due to the insufficient 

chemical etching, PSNC-2-800 has the largest carbon sheet thicknesses, being up to 

140 nm. Figure 3-2D presents a high resolution TEM (HRTEM) micrograph of 

PSNC-3-800, demonstrating the low degree of ordering in the material. The other 

PSNC specimens were similarly disordered, being shown in Figure 3-2 C and D.  



87 
 

 

Figure 3-4: HAADF TEM micrographs and thickness profiles (insert) of (A) 

PSNC-3-850 and (B) PSNC-2-800, measured from low-loss EELS along the white 

arrows. HRTEM micrographs of (C) PSNC-3-850, (D) PSNC-2-800, and (E) PSOC. 

 

The morphology of the PSOC-A and PSOC, which are synthesized from the inner 

peanut shell, is shown in Figure 3-2E and Figure 3-3C. These materials also exhibit a 

macroscopically open structure, which is unaffected by activation. The insert in 

Figure 3-2E highlights the typical sheet thickness, which is on the order of 300 nm. 

As shown in Figure 3-5B, the specimen derived from the integral peanut shell is 

mainly solid μm-size irregular-shaped carbon particles lacking macroscopic openness. 

The tissue of the inner peanut shell possesses a much higher content of 

three-dimensional highly cross-linked lignin. During high temperature pyrolysis such 

E 
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a precursor will act as a "hard" carbon, preventing large-scale formation of 

equilibrium graphite at temperatures high as 1400°C.
49

 However during carbonization 

the material will order locally, creating pseudo-graphitic arrays with dilated 

intergraphene spacing. As the HRTEM images in Figure 3-2F and Figure 3-4E 

illustrate, PSOC and PSOC-A primarily consist of partially ordered graphene domains, 

which may be described as "pseudographitic". 

 

Figure 3-5: SEM micrographs of cathode and anode carbons achieved when 

employing the entire peanut shell as a single precursor for either synthesis process. (A) 

cathode carbon. (B) anode carbon. 

 

Figure 3-6: (A) XRD patterns of the PSNC and PSOC specimens. (B) Raman spectra 

of PSNC-3-800 and PSOC-A. (C) O 1s and C 1s core level XPS spectra fits for 

PSNC-3-800. (D) Nitrogen adsorption-desorption isotherms of PSNC and PSOC. (E) 

Pore size distribution of PSNCs. (F) Pore size distribution of PSOCs, calculated from 

the adsorption isotherms using DFT method. 
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Figure 3-6A shows the X-ray diffraction (XRD) patterns of the PSOC and PSNC. 

The patterns of PSOC show two broad diffraction peaks that are indexed as (002) and 

(100) of the pseudographitic domains. These peaks are barely discernable in PSNC, 

indicative of its much lower ordering. Moreover the PSOC patterns display the 

presence of a minor amount (estimated to be ~ 1 wt%) of equilibrium graphite, which 

is indexed separately. The average graphene interlayer spacing can be calculated from 

the center position of (002) peaks. As Table 3-1 shows, the mean integraphene layer 

spacing (d002) for PSOC is significantly larger than that of graphite (0.3354 nm). We 

will demonstrate that this dilated intergraphene spacing allows for facile Na ion 

intercalation into the bulk of the PSOC-based negative electrode. To further 

understand the graphene plane arrangement in our materials, we employ an empirical 

parameter (R), defined as the ratio of height of the (002) Bragg peak to the 

surrounding background.
75

  

 

Figure 3-7: Scheme illustrating the R values calculation based on XRD patterns for 

PSNCs (A) and PSOCs (B). 

 

A schematic depicting how R was calculated is shown in Figure 3-7. It has been 

argued that the value of R could credibly characterize the concentration of the 

graphene sheets arranged as single layer, with a larger R indicating a lower percentage 

of single graphene sheets within a carbon.
75 

The R values for PSOC are an order of 

magnitude higher than they are for PSNC (20-23 vs. ~ 2), agreeing with our 
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interpretation of the HRTEM images. Activation of PSOC does increase R from 20.1 

to 23.7, presumably by preferentially volatilizing to CO2 the less ordered portions of 

the material. The average dimensions of the ordered graphene domains (La, Lc) could 

be calculated by the well-known Scherrer equation, using the full width at half 

maximum values of (002) and (100) peaks, respectively. As shown in Table 1, the 

domain thickness is relatively invariant from sample to sample (including for CAC), 

ranging from 1.51 - 1.84 nm. However with domain width is twice as large for PSOC 

versus PSNC or CAC (~ 8 nm vs. ~ 4 nm). 

The structure of the carbons was further investigated by Raman spectroscopy. As 

shown in Figure 3-6B and Figure 3-8, all the specimens exhibit broad 

disorder-induced D-bands (≈ 1340 cm
-1

) and in-plane vibration G-bands (≈ 1580 cm
-1

). 

The values of the integral intensity of D- and G- bands could be obtained by fitting 

the spectra (Figure 3-8), with IG/ID being employed to index the degree of graphitic 

ordering. As Table 3-1 shows, for PSOC the IG/ID values are 1.01 - 1.1, for PSNC 

they are 0.41 - 0.62, while for CAC the ratio is 0.26. PSOC also exhibited second 

order 2D and D+G peaks, which are also associated with their more ordered 

structure.
76

 PSNC displayed an electrical conductivity in the range of 181 - 227 S 

cm
-1

, being a factor of five higher than that of CAC (43 S cm
-1

). Although we were 

unable to press PSOC into sufficiently dense "pucks" as to perform satisfactory 4 

point probe conductivity measurements, it is expected that these highly ordered - low 

surface area carbons will be similarly much more conductive than CAC. 

Figure 3-6D shows the nitrogen adsorption-desorption isotherms of PSNC and 

PSOC, while Figure 3-6 (E-F) shows their pore size distributions (obtained by 

density functional theory (DFT)). The same analysis for the CAC baseline is shown in 

Figure 3-9. Table 3-1 provides the porosity characteristics of the peanut shell derived 

materials and of CAC. Type I/IV isotherms could be found for all the PSNC 

specimens, which all possess considerable porosity and high surface areas. The 

surface area and the pore volume fraction of micropores vs. of mesopores (and total 
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pore volume) depend on the activation conditions. Overall both the highest surface 

area (2396 m
2
 g

-1
, being desirable for maximizing the total ion adsorption) and the 

highest fraction of mesopores (35.4%, being desirable for rapid electrolyte diffusion) 

were achieved in the PSNC-3-800. A higher activation temperature or a lower ratio of 

KOH to carbon resulted in a reduction of both attributes. CAC actually possesses an 

on par surface area (2050 m
2
 g

-1
) and mesopore content (32.3%). However due to its 

lower electrical conductivity and a "closed" particulate morphology CAC will be 

demonstrated to be a far inferior electrode at high charge rates. 

 

Table 3-1: Carbon structure, electrical conductivity and textural properties of Peanut 

Shell Nanosheet Carbon (PSNC) and Peanut Shell Ordered Carbon (PSOC), with 

baseline commercial activated carbon CAC also shown. 

a
 ID and IG are the integrated intensities of D- and G- band. 

b
 Surface area was 

calculated with Brunauer-Emmett-Teller (BET) method. 
c
 The total pore volume was 

determined at a relative pressure of 0.98.  

 

  

Sample 

Carbon Structure 
s 

(S cm
-1

) 

Textural Properties 

d002 

(Å) 
R 

La 

(nm) 

Lc 

(nm) 
IG/ID

a
 

SBET 

(m
2 

g
-1

)
b
 

Vt 

(cm
3
g

-1
)
c
 

micropores 

% 

mesopores 

% 

PSNC-3-850 4.12 2.1 4.43 1.51 0.56 227 1998 1.21 70.2 29.8 

PSNC-3-800 4.13 1.9 3.75 1.71 0.41 181 2396 1.31 64.5 35.4 

PSNC-2-800 4.11 2.2 4.49 1.55 0.62 192 1376 0.91 77.5 22.5 

PSOC 3.78 20.1 7.95 1.80 1.10 - 78 0.074 45 55 

PSOC-A 3.79 23.7 8.04 1.84 1.01 - 476 0.31 77.8 22.2 

CAC 3.72 3.8 4.20 1.84 0.26 43 2050 1.17 67.7 32.3 



92 
 

 

Figure 3-8: (A) Raman spectra of PSNC-2-800, PSNC-3-850 and PSOC specimens. 

(B-G) Fitted Raman spectra of PSOC, PSNC and CAC. 
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Figure 3-9: (A)-(B) Nitrogen adsorption-desorption isotherms and pore size 

distributions of CAC. 

X-ray photoelectron spectroscopy (XPS) and combustion elemental analysis were 

employed to investigate the surface and bulk chemical composition of PSNC and 

PSOC. Figure 3-10 displays the XPS survey and fitted high-resolution spectra. Table 

3-2 lists the surface composition of the carbons, the oxygen functionalities, and the 

bulk C, O, N and H results of the elemental analysis. Based on the XPS survey spectra, 

the content of impurities (Si, Cl) is 0.9 wt% in total. Other potential impurities that 

may be present in plant-based precursors (e.g. P, K, Mg, Ca) were below the detection 

limits of XPS analysis, being both volatilized during synthesis and further removed by 

the post-synthesis HCl wash. 

 

Table 3-2: Surface chemistry of PSNC and PSOC, with baseline CAC also shown. 

Sample 
Surface Chemistry (XPS) 

Functionality  

(% of total O 1s) 
Elemental analysis

a
 

C (wt%) N (wt%) O (wt%) O-I O-II O-III C (wt%) N (wt%) O (wt%) H (wt%) 

PSNC-3-850 89.45 0.85 9.70 44.15 51.87 3.98 90.44 0.93 7.41 0.21 

PSNC-3-800 85.91 0.58 13.51 53.94 41.83 4.23 86.51 0.65 12.21 0.13 

PSNC-2-800 87.31 0.96 11.73 44.58 43.04 12.38 88.31 0.94 9.97 0.33 

PSOC 93.70 0.73 5.57 55.72 29.44 14.83 92.82 0.46 5.04 1.08 

PSOC-A 92.94 0.97 6.09 39.41 55.28 5.31 91.85 0.74 5.71 1.10 

CAC 95.35 ~0 4.65 45.32 47.15 7.53 94.12 0.12 4.34 0.43 

a
 Weight percent of elements obtained from combustion analysis. 
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Figure 3-10: (A) XPS survey spectra of PSNC, PSOC and hydrothermal biochar. 

Magnified views of the C 1s, N 1s and O 1s core level XPS spectra with fits for (B) 

PSNC-3-850, (C) PSNC-2-800, (D) PSOC, (E) PSOC-A, (F) hydrothermal obtained 

biochar. 

 

The unactivated biochar obtained after the hydrothermal process possessed a 

significant content of O (34.2wt%, results not shown). After chemical activation, a 

large portion of oxygen heteroatoms is preserved, with 11.7wt%, 13.5wt% and 9.7wt% 

oxygen content for PSNC-2-800, PSNC-3-800 and PSNC-3-850 respectively. The 

high-resolution O 1s and C 1s XPS spectra of PSNC-3-800 is shown in Figure 3-6C, 

with the same data for the other materials being displayed in Figure 3-10 (B-F). The 
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high resolution O 1s spectra could be deconvoluted using 3 peaks representing the 3 

different types of oxygen functional groups: C=O quinone type groups (O-I, 531 eV), 

C-OH phenol/C-O-C ether groups (O-II, 532.4 eV), and COOH carboxylic groups 

(O-III, 535.4 eV). The surfaces in all the specimens are primarily covered by O-I and 

O-II functionalities, with O-III being a relative minority. For instance in PSNC-3-800 

the relative weight percent is 53.9% for O-I, 41.8% for O-II and 4.2% for O-III. In 

PSOC and PSOC-A the amount of O was much lower, being 5.6wt% and 6.1wt%. In 

all PSNC and PSOC the N content was below 1wt%. Baseline CAC contained 4.65wt% 

O and negligible N. The N content in all carbons is sufficiently low that it is not 

expected to meaningfully contribute to the charge storage capacity. 

Figure 3-11 shows the electrochemical performance results for PSNC, which will 

be employed as the cathode in the hybrid NIC device. Here PSNC was tested in a 

half-cell configuration versus Na metal, in a voltage window previously employed for 

hybrid Na-based cathodes (1.5 - 4.2V). This range maximized the operating voltage 

window without decomposing the electrolyte, or intercalating ions into the bulk of the 

carbons to an appreciable extent.
49, 77 , 78

 Upon positive polarization the PSNC 

electrode will reversibly adsorb ClO4
-
 and reversibly release Na

+
. Capacitance is 

achieved both by EDLC of ClO4
-
, and through a pseudocapacitive interaction of 

Na
+
 with surface defects and oxygen functionalities.  

 As shown in Figure 3-11A, the CV curves of PSNC-3-800 electrode display a 

box-like shape, indicative of typical EDLC behavior, overlaid with pseudocapacitive 

humps. Figure 3-12(A-C) shows the same CV data for PSNC-3-850, PSNC-2-800 

and CAC carbons. The level of IR loss - induced distortion in the CVs at higher scan 

rates for the materials goes effectively in the order of the "openness" of the structures: 

With increasing scan rate (0.2 - 10 mVs
-1

) the PSNC-3-800 specimen displayed 

negligible shape distortion. PSNC-3-850 was the second least distorted, the 

PSNC-2-800 was the third least distorted. Of all the carbons, the high scan rate CVs 

of the particulate-like CAC were by far the most distorted. 
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Figure 3-11: Half – cell performance of PSNC and CAC, tested between 1.5 - 4.2 V 

vs. Na metal. (A) Cyclic voltammograms (CVs) of PSNC-3-800. (B) Dependence of 

anodic and cathodic current (at 2.75 V) on scan rate, indicating the deviation from 

linear behavior. (C) Galvanostatic discharge/charge profiles of PSNC-3-800, at 

current densities from 0.8 to 25.6 Ag
-1

. (D) Specific capacitance of PSNC versus 

current density. (E) Cycling stability of PSNC (tested at 3.2 Ag
-1 

for 10,000 cycles), 

with an insert comparison to state-of-the-art Na and Li cathodes in hybrid devices. (F) 

Specific capacity vs. current density for PSNC-3-800, comparing with best literature 

reports for both Na (tested at same voltage window) and Li (tested at the wider 1.5-4.5 

V vs. Li/Li
+
) hybrid cathodes. 
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Figure 3-12: (A-C) Cyclic voltammograms (CVs) of PSNC-3-850, PSNC-2-800, and 

CAC, respectively. (D) IR drops of PSNC specimens and CAC in half cells. 

 

Figure 3-11B displays the current dependence on the CV scan rate, measured at 

2.75 V. At scan rates from 1 to 50 mV s
-1

 the PSNC-3-800 electrode maintained 

linearity. For PSNC-3-850 and PSNC-2-800, the onset for deviation from linearity is 

25 mV s
-1

 and 15 mV s
-1

, respectively. For CAC, the charge storage reaction became 

diffusion limited at very low rates, i.e. below 5 mV s
-1

. A transition from a linear 

dependence of current to square root dependence is considered an indicator of the 

onset of diffusion-limited reactions,
79

 and supports the argument that the ion transfer 

kinetics for the open PSNC structures is much more facile as compared to CAC. Since 

the charge storage mechanisms for PSNC are surface adsorption based, one can argue 

that the carbons' open structure reduces the ion diffusional limitations in the 

electrolyte (rather than in the bulk). Differences in pore shapes may also play an 

important role. Pores in PSNC could provide smoother inner-pore transport channels 
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for ions as compared to conventional activated carbons, reducing the "traffic jam" 

effect discussed in ref.
 30,74 

 

Figure 3-13：Galvanostatic discharge/charge profiles of (A) PSNC-3-800, (B) 

PSNC-3-850, (C) PSNC-2-800 and (D) CAC, (E) PSNC-3-800 within voltage region 

of 2.7-4.2 V vs. Na/Na
+。 

 

Figure 3-11C and Figure 3-13 show the galvanostatic charge/discharge profiles for 

PSNC as well as for CAC. For the PSNC electrodes the curves are symmetrical with 

low IR drops. Conversely, CAC is quite distorted at higher current densities (Figure 

3-13D). Figure 3-13D displays the measured IR drop of each carbon at various 
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current densities. As indicated, CAC's pore tortuosity and inferior electrical 

conductivity both contribute to the larger CV distortion at high rates and the higher IR 

drops.  

Figure 3-11D shows the specific capacitance of the PSNC and the CAC 

electrodes as a function of current density. The optimized PSNC-3-800 delivered a 

capacitance of 213Fg
-1

 at current density of 0.1Ag
-1

, which gave surface normalized 

capacitance of 8.9 μFcm
-2

 (based on BET surface area). The PSNC electrodes 

consistently outperform CAC through the entire current range of testing. However the 

performance difference is most stark at the very high currents, where electrolyte 

diffusional limitations the manifest: At 25.6 Ag
-1

 PSNC-3-800 delivers 119 Fg
-1

 while 

CAC delivers 36 F/g. Figure 3-14 shows the electrochemical data for the cathode 

carbon derived from the integral peanut shell as the precursor. Its inferior capacitance 

further proves the essential function of the macroscopic openness and the sheet-like 

morphology of PSNC-3-800. 

 

Figure 3-14: The electrochemical performance of cathode carbon (A) and anode 

carbon (B) that were derived from the entire peanut shell without separation. 

 

Overall the PSNC-3-800 electrode offers the best performance, which may be 

attributed to its optimum combination of O content, surface area and mesopore 

content, the later becoming critical at high scan rates. The most reactive oxygen 

functional groups should be the quinone type groups (C=O/O-C=O, O-I type) due to 

the unsaturated carbon-oxygen double bond. As covered earlier, all PSNC materials 

possess significant O-I content, with PSNC-3-800 being the richest both in terms of 
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weight fraction (53.94%) and the total amount. It has been previously argued that 

between 1.5-4.2V vs. Na/Na
+
 there is substantial charge storage capacity associated 

with reversible Na
+
 binding to this moiety.

13,80
 This therefore is another reason for the 

optimum performance in PSNC-3-800 versus PSNC-3-850 or PSNC-2-800. While 

CAC contains an analogous fraction of O-I, its overall oxygen content is three times 

lower.  

The cycling performance of PSNC, tested at 3.2 Ag
-1

, is shown in Figure 3-11E. 

The figure also contains an insert that compares our data to state-of-the-art Na and Li 

cathodes previously employed in hybrid devices and published in scientific literature. 

For a consistency with the PSOC data, these results are presented in terms of specific 

capacities (mAhg
-1

) rather than capacitances. The capacitance C (F g
-1

) is defined as C 

= i×t / V , where i is the active mass normalized current density and t is discharge 

time obtained from the galvanostatic discharge curve. The voltage window V is 

defined as V = Vmax – Vmin, where Vmax is the voltage at the beginning of discharge 

after the IR drop and Vmin is the voltage at the end of discharge. The specific capacity 

Q of a half-cell is Q = i×t. Thus a conversion of a measured capacitance to a 

measured capacity requires a straightforward multiplication of C by V. For instance a 

capacitance of 140 F/g with a voltage window of 2.7 V will yield a specific capacity 

of 105 mAhg
-1

 (i.e. 140 × 2.7/3.6).  

It is important to point out that the scientific convention for cycling of electrodes 

in hybrid battery - supercapacitor Li and Na devices remains similar to that for testing 

of conventional battery materials, rather than to materials employed for EDLC 

supercapacitors or for faradaic pseudocapacitors (e.g. surface redox oxides such as 

Co3O4). In literature for hybrid Na and Li electrodes, cycling is often completed as 

early as after 1,000 cycles, with testing being rarely performed beyond 5,000 cycles. 

The PSNC-3-800, PSNC-3-850 and PSNC-2-800 electrodes retained 94%, 91% and 

92% of the initial capacity after the usual 1,000 cycle test span employed for 

qualifying hybrid system cathodes
13,81,82,83,84,85

. Previously published cycling results 
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are overlaid with our data, Na being half full circles and Li being open triangles. 

PSNC cycling performance is among the state-of-the-art for both Li
81,82,83,84,85

 and 

Na
13,80

 systems, which is notable since researchers empirically observe Na electrodes 

cycling worse than Li electrodes. The PSNC cathodes kept working well throughout 

the 10,000 cycles tested. At the 5,000
th

 cycle, PSNC-3-800, PSNC-3-850 and 

PSNC-2-800 retained 82%, 84% and 81% of the initial capacity. After 10,000 cycles 

these values were 73%, 74%, 73%. We attribute the cycling loss to a gradual 

degradation of the surface oxygen moieties rather than to bulk changes of the carbons' 

structure. By contrast the CAC electrode retained only 61% of its initial capacity after 

5,000 cycles. 

 Figure 3-11F displays the current density dependence of the capacity in 

PSNC-3-800 and compares it to various advanced carbon-based materials previously 

employed as cathodes in both Na and Li hybrid devices. The PSNC-3-800 electrode 

(black circles) is quite attractive in comparison to published Na-based systems (half 

full circles) tested at an identical voltage window
13,80

. In fact it actually performs on 

par with some of the best cathodes for hybrid Li devices (open triangles), which are 

normally expected to display higher capacities and rate capabilities than Na. The fact 

that our Na adsorption cathode is competitive with Li adsorption cathodes is highly 

notable since Na is a 39% larger ion that is much more prone to electrolyte solution 

diffusional limitations while inside the pores of the carbon (a key rate limiting step for 

ion adsorption electrodes). The Li cathodes are also tested with a wider voltage 

window (1.5-4.5 V), further giving them a "leg up" over Na in terms of the measured 

capacity. The Li electrodes include mesoporous AC's,
86

 functionalized 

graphene,
82,83,87

 CNT/graphene composite,
88

 and functionalized CNTs
81,85,89

.  

We also prepared PSNC-3-800 electrode with a mass loading of 2 mg cm
-2

 and 

tested it identically. As shown in Figure 3-15A, although the mass loading is 5 times 

higher, the capacities were at maximum 17% lower. To estimate the density of an 

electrode which would operate in a commercial device, we prepared a 15 mg cm
-2

 



102 
 

mass loading electrode in a pressed state (100 MPa). As shown in Figure 3-17A, the 

PSNC-3-800 electrode was approximately 240 μm thick, giving a packing density of 

0.62 g cm
-3

. This is on par with the 210 μm, 0.71 g cm
-3

 of an identically mass loaded 

and pressed CAC electrode. We calculated the volumetric capacity of the 

PSNC-3-800 electrode based on the above density value, with the results being shown 

in Figure 3-16A. 

 

Figure 3-15: The electrochemical performance of PSNC-3-800 (A) and PSOC-A (B) 

with two different electrode mass loadings. 

 

Figure 3-16: The volumetric capacity of PSNC-3-800 (A) and PSOC-A (B). 
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Figure 3-17: Cross section SEM images of (A) PSNC-3-800 (B) CAC, (C) PSOC-A 

and (D) commercial graphite thin film electrodes with commercial mass loadings. 

 

Figure 3-18 shows the electrochemical performance results for PSOC, which will 

be employed as the anode in the hybrid device. Here PSOC was tested in a half-cell 

configuration versus Na metal. Figure 3-18A and Figure 3-19 display the CV curves 

of PSOC-A and PSOC half-cells, tested between 0.001 and 3V. The CV's display a 

pair of sharp cathodic (centered at 0.016 V) and anodic peaks (centered at 0.11 V), 

indicating minimum hysteresis between the charge and the discharge process. Figure 

3-18B shows the galvanostatic data for PSOC-A tested at a current density of 0.1 A g
-1

 

(~ 1/3C), at cycles 1, 2, 5 and 10. The same charts for PSOC and the galvanostatic 

curves as a function of current density (at 5
th

 cycle at each current density) are shown 

in Figure 3-19B. As shown in Figure 3-18B, galvanostatic curves possess relatively 

flat charge - discharge profiles, with the majority of the capacity (discharge: 181 of 

315 mAhg
-1

) being accumulated below 0.1 V. The flat charge - discharge plateau and 
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the low voltage are desirable for maximizing both the energy density and the voltage 

profiles of full devices. 

 

Figure 3-18: Half - cell performance of PSOC and PSOC-A. (A) CVs of PSOC-A, 

tested at 0.1 mVs
-1

. (B) Galvanostatic discharge/charge profiles of PSOC-A, tested at 

0.1Ag
-1

. (C) (left) XRD spectra for PSOC discharged at 50 mAhg
-1

 to 0.2, 0.1 and 

0.001 V. (right) The mean interlayer spacing at several cut-off voltages. (D) Rate 

performance and CE of PSOC and PSOC-A. (E) Rate capability comparison of 

PSOC-A with the literature published carbonaceous materials employed as Na anodes. 

(F) Cycling capacity retention and CE of PSOC and PSOC-A, tested at 3.2 Ag
-1

 for 

10,000 cycles. 

 

Figure 3-18C displays the ex-situ XRD patterns of PSOC electrodes discharged to 

different cut-off voltages (1.8, 0.2, 0.1 and 0.001 V vs. Na/Na
+
) at a current density of 
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50 mAg
-1

. The sodiated carbons were kept in an argon container up to the point of 

XRD testing. The raw XRD plots along with the insert of the calculated mean 

d-spacing demonstrate sodiation-induced dilation of the intergraphene layers that is 

synonymous with ion intercalation. This is fundamentally different low voltage charge 

storage behavior as compared to nanoporous carbons tested against Li metal, where 

metal plating was indeed experimentally proven to be a key contributor to the total 

capacity.
90

 

 

Figure 3-19: (A) CVs of PSOC specimen at a scan rate of 0.1mVs
-1

. (B) 

Galvanostatic discharge/charge profiles of PSOC at density of 0.1Ag
-1

. (C-D) 

Galvanostatic discharge/charge profiles of PSOC-A (C) and PSOC (D) at current 

densities of 0.1, 0.2, 0.4 and 0.8Ag
-1

. (E) Dependence of anodic and cathodic peak 

currents on scan rate for PSOC and PSOC-A. (F) Galvanostatic discharge/charge 

profiles of PSNC-3-800//PSOC-A hybrid Na-ion capacitor at low current densities. 
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We employed air activation to introduce limited additional porosity into the PSOC 

electrodes. This would both improve the electrolyte access to the bulk of the material 

and reduced the solid-state diffusion distances due to a lower effective sheet thickness. 

As shown in Figure 3-19E, through the entire scan rate range of interest, both the 

unactivated and the activated electrodes display nearly a square root dependence of 

the peak current on scan rate. This indicates that the charge storage process for both 

PSOC and PSOC-A is diffusion-limited, which is expected for intercalation. However 

as shown in Figure 3-18D, PSOC-A exhibited much improved rate capability. At low 

currents the capacities are not that dissimilar, for example being 315 vs. 290 mAhg
-1

 

at 0.1 Ag
-1

. At higher currents, such as 3.2 Ag
-1

 (~ 10C), activation makes a 

tremendous difference; effectively doubling the capacity from 51 to 107 mAh/g. 

According to Figure 3-18E the rate performance of PSOC-A is among the most 

favorable in comparison to various carbonaceous materials previously tested as 

anodes in Na half-cells.
8,11,91,92,93,94,95

 

As shown in Figure 3-15B, at the 2 mg cm
-2

 mass loading the current density 

dependence of specific capacity of PSOC is only slightly lower relative to the 0.4 mg 

cm
-2

 loading values. Tested within the current density range 0.1 to 25.6 Ag
-1

, the 

capacity of the 2 mg cm
-2 

electrode is at most lower by 15%. Figure 3-17 shows that 

in a pressed state the 15 mg cm
-2

 PSOC-A electrode is 100 μm thick with a packing 

density of 1.5 g cm
-3

, while electrodes identically synthesized from commercial 

LIB-electrode grade graphite are 80 μm and 1.87 g cm
-3

. Figure 3-16B displays the 

volumetric capacity of PSOC-A electrode at various currents, the calculation being 

based on an electrode packing density of 1.5 g cm
-3

. 

According to Figure 3-18F the cycled PSOC-A electrode retained 75% of its 

original capacity after 10,000 cycles, with coulombic efficiency being at 100% 

(within the resolution of the instrument) after the first 5 cycles. Such results are highly 

unusual even for Li anode systems (apart from commercial graphite), since electrode 

decrepitation and concomitant loss of electrical contact with the current collector 
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inevitably occurs due to repeated volume expansion/contraction associated with 

charging. However such cycling stability is even more unique for anodes that employ 

Na as charge carriers due to their larger diameter. The favorable cycling performance 

of PSOC-A compared to previously published materials may be attributed to its 

unique "pseudographitic" structure that allows for facile intercalation of large amounts 

of Na at low voltages. The excellent rate capability results from the very short 

diffusion distances due the carbons' intrinsic sheet-like morphology further boosted by 

activation-introduced porosity. As shown in Figure 3-14B, the carbons derived from 

the integral peanut shells exhibit much worse rate performances. Materials such as 

CAC, which are much less ordered and less diffusionally accessible, will offer neither 

the low-voltage flat-capacity plateau nor the rate capability. 

We combined the two peanut derived carbons to create hybrid sodium ion 

capacitors (NICs) with an unparalleled performance for Na class of hybrid devices 

that actually rivals Li ion capacitors (LICs). For the reasons outlined earlier, one 

normally does not expect NICs to perform as well as LICs in either rate capability or 

cycling stability. The rationale for employing PSNC as the cathode and PSOC as the 

anode is as follows: The PSNC is ideally suited as the cathode since it possesses a 

relatively large charge storage capability and rate performance in the high voltage 

region, i.e. 1.5 - 4.2V vs. Na/Na
+
. When employing the PSOC as the anode we can 

fully utilize the large plateau capacity in the low voltage region, i.e. near and below 

0.1 V vs. Na/Na
+
. We point out that the device would have poor performance if the 

electrodes were to be swapped. The PSOC anode is a low surface area insertion 

electrode, with almost all of its capacity being below 0.5 V vs. Na/Na
+
. It would store 

negligible charge if employed as cathode swinging through a positive voltage range in 

a device. 
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Figure 3-20: Electrochemical performance of the hybrid Na-ion capacitors (NICs). (A) 

Galvanostatic profiles of PSNC-3-800//PSOC-A, the low current density results being 

shown in Figure 3-21A. (B) Ragone plot of PSNC-3-800//PSOC-A at 0°C, 25°C and 

65°C. The calculated energy and power densities are based on the total mass (solid) or 

volume (hollow) of the active electrodes. (C) Ragone plot (active mass normalized) 

comparing a device based on PSNC//PSOC to CAC//PSOC and to symmetric 

PSNC//PSNC and CAC//CAC systems. The PSNC//PSNC and CAC//CAC store 

charge based on EDLC only. (D) Energy - power density performance comparison (all 

active mass normalized) of PSNC-3-800//PSOC-A versus state-of-the-art reported 

energy storage systems in literature. (○:Na-ion capacitor, △:Li-ion capacitor, 

☆:Aqueous asymmetric EDCL + faradaic capacitor, □: Ionic liquid EDLC capacitor). 

(E) Cycling stability and coulombic efficiency of PSNC-3-800//PSOC-A, tested at 6.4 

Ag
-1

 for 10,000 cycles. (F) PSNC-3-800//PSOC-A devices were tested at 25°C and at 

65°C, in both cases undergoing 100,000 cycles at 51.2 Ag
-1

 within a voltage window 

of 1.5-3.5V. 
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Figure 3-21: (A) Galvanostatic discharge/charge profiles of PSNC-3-800//PSOC-A 

hybrid Na-ion capacitor at low current densities. (B) Nyquist plots of 

PSNC-3-800//PSOC-A and CAC//PSOC-A after rate tests. (C) Cycling stability of 

PSNC-3-800//PSOC-A hybrid ion capacitor at a current density of 100Ag
-1

 and 

voltage window of 2.2-3.8V. (D) The cyclability of Na-Na cell. 
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of both electrodes. Both of these targets could be realized when the PSOC anode 
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voltages. In accordance with the principle of balanced charge passing through the 

cathode and the anode (Qcathode = Qanode), the electrode mass ratio (mcathode/manode) was 
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-1
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0.1A g
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 to 1.5 V vs. Na/Na
+
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in Figure 3-20, from the voltage windows for the half-cells vs. Na/Na
+
 presented in 

Figure 3-11. The device voltage range was purposely kept at 1.5 - 4.2 V (rather than 

at 0 - 2.7 V) so as to maintain the cathode operating in the ion surface adsorption 

regime while limiting ion insertion. Since the capacities of the two electrodes are 

roughly balanced, upon charging of the device the cathode positively swings by ~ 2.6 

V, while the anode negatively swings by ~ 0.1 V (i.e. the flat plateau) to become fully 

sodiated.  

Prior to assembly and testing of the NIC devices, both electrodes were 

preconditioned in half-cells (i.e. vs. Na/Na
+
). The PSOC anode was firstly 

galvanostatically (50 mAg
-1

) cycled three times between 0.001 - 3 V vs. Na/Na
+
,
 
and 

then discharged to a cut-off voltage of 0.1 V vs. Na/Na
+
. This left it right above the 

onset of its high capacity intercalation plateau. The PSNC cathode was discharged (50 

mAg
-1

) to a cut-off voltage of 1.5 V vs. Na/Na
+
, leaving it sodiated to its target 

capacity. The specific energy and specific power values of assembled NICs were 

calculated as follows: E = P × t, P = ΔV × i, ΔV = (Vmax + Vmin)/2,
 
in this case i being 

the current normalized by the total active mass in both electrodes, Vmax is the voltage 

at the beginning of discharge after the IR drop and Vmin is the voltage at the end of 

discharge.  

The performance of the NIC device is shown in Figure 3-20. Results in Figure 

3-20(A-E) show devices tested at 1.5 - 4.2 V. Figure 3-20E and Figure 3-20F also 

shows devices tested in a narrower voltage window of 1.5 - 3.5 V. Figure 3-21C 

shows a device tested in a voltage window of 2.2 - 3.8 V, which is the identical range 

specified for an advanced hybrid Li ion capacitor that is commercially available.
96

  

Figure 3-20A and Figure 3-21A provide the galvanostatic charge and discharge 

profiles of the hybrid NIC devices at intermediate/high and at low current densities, 

respectively. The profiles display the desirable symmetric characteristics with low IR 

drops. At a current density (normalized by mass of anode) of 3.2, 6.4 and 12.8 A g
-1

, 

the discharge capacity normalized by that active mass is 83, 57 and 36 mAh g
-1

. This 
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equals 41.5, 28.5 and 18 mAh g
-1

 (i.e. 60 Fg
-1

×2.5V/3.6, 44.3 Fg
-1

×2.32 V/3.6, and 30 

Fg
-1

×2.15 V/3.6) when normalized by the active mass in the device. 

Figure 3-21B shows the Nyquist plots of PSNC-3-800//PSOC-A and 

CAC//PSOC-A devices. The spectra were fitted by an electric equivalent circuit 

model shown in Figure 3-22. The lower equivalent series resistance (Res) for 

PSNC-3-800//PSOC-A (7.47 Ω) vs. CAC//PSOC-A (15.85 Ω) is attributed to a 

combination of superior electrical conductivity and reduced ion diffusion losses. The 

PSNC-3-800//PSOC-A device also demonstrated a lower charge transfer resistance 

(Rct =12.01 Ω vs. 21.44 Ω), which may also be attributed to a less tortuous pore 

network. 

 

Figure 3-22: Equivalent electronic circuits used to simulate the EIS data. Res is the 

sum of resistances of electrical connections in the experiment setup including ionic 

diffusion resistance in the electrolyte. Rct reflects the charge transfer resistance and Zw 

(Warburg-type element) represents Na diffusion impedance within carbon materials. 

 

Figure 3-20B displays the Ragone plot of PSNC-3-800//PSOC-A NIC at different 

temperatures, tested at 1.5-4.2V. The gravimetric energy and power density is based 

on the total active mass in both electrodes. The volumetric energy and power is also 

plotted, being estimated from a rule of mixtures of the experimentally measured 

volume of the active cathode and anode. The device worked well at a wide 

temperature range (i.e. 0-65°C), yielding very promising energy and power 

combinations. At 65°C, a superb gravimetric energy density of 60 Wh kg
-1 

is obtained 

at a power density as high as 34,000 W kg
-1

. At the same temperature a volumetric 

energy density of 52 Wh L
-1

 is achieved at a power density of 30,000 W L
-1

. A factor 
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of 1/5 could be used to extrapolate the volumetric performance of a device with 

realistic mass loading from the performance based on the active materials alone.
97,98

 

This conversion qualitatively (different device size, packaging, etc.) places our button 

cells in the range of commercial LIC devices.
99

 A volumetric (active electrode or 

device) based comparison with scientific LIC and NIC literature is difficult as 

energy/power data is presented normalized by mass only.
38,39,43,44,45,47,48,51,52

 

Figure 3-20C displays the Ragone plot of PSNC-3-800//PSOC-A NIC at room 

temperature, with the specific energy/power density being based on the total mass of 

the active materials. The figure also shows a NIC based on CAC//PSOC-A, as well as 

symmetric EDLC devices based on CAC//CAC and PSNC-3-800//PSNC-3-800. Here 

the voltage window was 1.5 - 4.2 V, except for the symmetric EDLC devices which 

were tested within a voltage of 0 - 3V, i.e. actually a wider window than for the 

hybrids. However the EDLC systems are markedly inferior to the 

PSNC-3-800//PSOC-A configuration. In fact, the PSNC-3-800//PSOC-A system is 

superior at both low and high power, sacrificing nothing to the EDLC configurations, 

which are supposed to be superior at high rates. This is a direct testament of the 

exquisite high-rate intercalation kinetics of the PSOC anode, since solid-state 

diffusion is normally considered the rate-limiting step for Na battery electrodes. Even 

at the very power of 16,500 Wkg
-1

 the PSNC-3-800//PSOC-A device delivers a 

respectable 50 Whkg
-1

 of energy.  

It is instructive to compare the energy - power characteristics of our device to the 

state-of-the-art reported in literature. This is shown in Figure 3-20D. The figure 

actually plots four types of systems: NICs, LICs, classical asymmetric aqueous 

electrolyte based supercapacitors, and ionic liquid electrolyte based supercapacitors 

that store charge by EDLC. A key distinction between NICs/LICs versus asymmetric 

aqueous electrolyte based supercapacitors (often also termed "hybrids"), is that for the 

latter electrical charge is primarily stored by a combination of EDLC and surface 

pseudocapacitance. Unlike for NICs and LICs, there is negligible ion insertion into 
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the bulk of the anode. While pure EDLC systems may cycle for up to 1,000,000 

cycles (albeit at a lower energy), optimized asymmetric aqueous electrolyte based 

supercapacitors typically last 10,000 cycles and may fail by dissolution and/or 

coarsening of the oxide
100,101,102,103

.  

The Li/Na ion capacitors listed include various systems coupling a battery anode 

and a capacitor cathode, such as, AC//graphite (Li
+
),

51
 AC//hard carbon (Li

+
),

52
 

AC//Li4Ti5O12 (Li
+
),

47,48
 AC//TiO2-RGO (Li

+
),

42
 3D-porous 

graphene-sucrose//Li4Ti5O12/G (Li
+
),

104
 AC//3D-TiO2/CNT (Li

+
),

46
 

3D-Graphene//Fe3O4-graphene (Li
+
),

39
 AC//V2O5-CNT (Na

+
),

38
 AC//NaxH2-xTi3O7 

(Na
+
),

43
 AC//NiCo2O4 (Na

+
),

45
 AC//AC/MnO (Li

+
)
44

. The supercapacitors mentioned 

include asymmetric aqueous systems like 

activated-graphene//MnO2/activated-graphene,
105

 Ni(OH)2-graphene//porous 

graphene,
106 

graphene//2D-MnO2,
107

 and symmetric liquid ion systems.
74,108

 As may 

be seen form this master comparison plot, the system developed in the current study is 

overall quite promising.  

The cycling stability of the PSNC-3-800//PSOC-A NIC was firstly investigated at a 

current density of 6.4 Ag
-1

. As shown in Figure 3-20E, using a maximum voltage of 

4.2 V the device will retain 79% of its initial capacity after 1,000 cycles, 69% after 

5,000 cycles, and 66% after 10,000 cycles. When we employed a smaller cut-off 

voltage of 3.5 V, the capacity retention increases to 81% at cycle 5,000 and 72% at 

cycle 10,000. We hypothesize that this improvement corresponds to reduced rates of 

degradation in the PSNC oxygen functionalities at the lower potential window. At 

both voltage windows the hybrid capacitors displayed excellent coulombic 

efficiencies, being near 100% during cycling. As a comparison, NIC device reported 

in previous in literature displayed 27, 22 or 37% capacity decay after a limited 

number of cycles (~1,000, or 2,000) at lower voltage region (below 3V).
38,43,45

 As 

Table 3-3 demonstrates, our cyclability is actually comparable to the previously 

published LIC devices.
39,40,44,47,51,52,109

 For reasons ascribed to the higher levels of 
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volume expansion for a comparable capacity associated with Na vs. Li insertion, 

achieving an on par cyclability with a NIC is indeed a notable feat. 

 

Table 3-3: Capacity retention comparison with literature reported hybrid devices. 

Hybrid system 
Voltage 

Window 

Current 

density 

Energy 

density 

(Whkg-1) 

Power 

density 

(Wkg-1) 

Cycled 

number 

Capacity 

retention 
Ref. 

PSNC-3-800//PSOC-

A (Na+) 
1.5-4.2V 6.4Ag-1 50-75 ~8000 

1000/5000/

10000 

79%/69%/6

6% 

This 

work 

PSNC-3-800//PSOC-

A (Na+) 
1.5-3.5V 6.4Ag-1 30-38 ~7000 

1000/5000/

10000 

92%/78%/7

2% 

This 

work 

PSNC-3-800//PSOC-

A (Na+)-65°C 
1.5-3.5V 51.2Ag-1 ~20 ~55000 100000 78% 

This 

work 

PSNC-3-800//PSOC-

A (Na+) 
1.5-3.5V 51.2Ag-1 ~8 ~50000 100000 88% 

This 

work 

AC//NaxH2-xTi3O7 

(Na+) 
0-3V 0.25Ag-1 20-30 ~200 1000 73% 43 

AC//V2O5/CNT (Na+) 0-2.8V 60C 16-20 ~1700 900 78% 38 

AC//NiCo2O4(Na+) 0-3V 0.15Ag-1 11-18 ~200 2000 62.5% 45 

AC//V2O5/CNT (Li+) 0.1-2.7V 30C 24-30 ~850 10000 80% 106 

CNS//MnO/CNS (Li+) 0-4V 5Ag-1 50-70 ~6000 5000 82% 44 

3DGraphene//Fe3O4/G

raphene (Li+) 
1-4V 2Ag-1 60-90 2500 1000 68% 39 

AC//Li4Ti5O12 (Li+) 1-3V 1.5Ag-1 22-28 ~3000 2000 80% 47 

AC//Soft carbon (Li+) 0-4.4V 0.74Ag-1 50-80 ~2000 10000 65% 40 

AC//graphite (Li+) 1.5-5.0V 0.65Ag-1 60-90 ~1056 10000 63% 51 

AC//hard carbon (Li+) 1.5-3.9V 10C 60-75 ~750 10000 82% 52 
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 Finally, we also followed the cycling test parameters similar to those employed 

by a commercial LIC device manufacturer (Ultimo 
TM

), which are listed on their 

website
96

. As shown in Figure 3-21C, the devices were tested for 100,000 cycles 

between 1.5-3.5 V (51.2 Ag
-1

), both at 25°C and at 65°C. Our NICs achieved 

energy/power densities of 8-20 Wh kg
-1 

at ~50000 Wkg
-1

 (active material normalized), 

retaining 88% and 78% of their capacity after 100,000 cycles at 25 and 65°C. Figure 

3-21C shows the cycling stability of PSNC-3-800//PSOC-A NIC at a current density 

of 100Ag
-1

 and a voltage window of 2.2-3.8V, which are the current density and 

voltage window quoted in ref. 96. After 100,000 cycles our NICs capacity degraded 

by only 1.2%. These values are fully competitive with Ultimo LICs according to the 

information provided on the manufacturer website. Once again this highlights the 

attractiveness of our approach considering that our electrode materials are fabricated 

from waste peanut shells and hence to use the expression "cost peanuts", run on Na 

rather than on Li, and should be further improvable with industrial-style engineering 

optimization (electrode fabrication process, electrolyte component adjustment, etc.). 

3.4 Conclusion 

To summarize, we created a high performance hybrid sodium ion capacitor (NIC) 

with the active materials in both electrodes being approximately balanced in their 

capacity and derived entirely from a single precursor of biomass waste peanut shells. 

The device offers some of the most promising energy-power-cycling stability 

combinations reported in literature for either Na or Li ion hybrid systems. 
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4                                      

Sodiation vs. Lithiation Phase Transformations 

in a High Rate - High Stability SnO2 in Carbon 

Nanocomposite

   

4.1 Introduction 

Electrical energy storage systems are critical technologies to address the global 

energy shortage and emerging environmental issues. As one of the most important 

EES systems, lithium ion batteries (LIBs), have been widely applied in electric 

vehicles, portable devices and grid storages.
1,2,3

 Due to the increasing concern about 

lithium’s cost and continued availability, sodium ion batteries (NIBs) are currently 

under extensive investigation as an alternative to LIBs.
4,5,6,7,8,9,10,11

 There have been 

good recent successes in developing NIB cathodes
12,13,14,15

. Moreover, highly ordered 

but non-graphitic carbons,
16 , 17 , 18 , 19

 titanium oxides/compounds
20 , 21 , 22 , 23

 and 

alloys
24,25,26,27,28,29

 are emerging promising NIB anode materials. Candidates for alloy 

- dealloying anodes include Sn,
30,31,32

 Si,
33,34,35

 Ge,
36

 Sb,
37,38

 SnOx,
39,40,41,42,43,44,45,46

 

Sb2O3
47,48

 etc. 

 Tin dioxide (SnO2) is a promising LIB anode material, which has recently been 

applied to the Na system.
41,49,50,51,52,53,54,55,56

 In a LIB application, based on systematic 

in-situ TEM,
57

 atomic scale HRTEM characterization
58

 and ex-situ XPS, TEM 

analysis
52

, it is commonly proposed that the charge storage mechanism of SnO2 is 

based on a reversible conversion reaction (SnO2 + 4Li + 4e
-
 ↔ Sn + Li2O) combined 

                                                 

 Material in this chapter has been published in:  

Jia Ding, Huanlei Wang, Zhi Li, Kai Cui, Dimitre Karpuzov, Xuehai Tan, Alireza 

Kohandehghan, David Mitlin., Journal of Materials Chemistry A, 2015, 3(13), 

7100-7111. 
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with an alloying reaction (Sn + 4.4Li
+ 

+ 4.4e
-
 ↔ Li22Sn5),

58
 resulting to a theoretical 

capacity of 1494 mAhg
-1

 for the combined reactions. In the recent studies applying 

SnO2 as LIBs anode, the practical capacities obtained have generally been in that 

range.
51,52,59

 With Na the capacity should be only somewhat lower (1378 mAhg
-1

,
 

assuming that SnO2 follows a parallel conversion (SnO2 + 4Na
+
 + 4e

-
 ↔ Sn + Na2O, 

711 mAhg
-1

), and then an alloying reaction (Sn + 3.75Na
+ 

+ 3.75e
-
 ↔ Na15Sn4, 667 

mAhg
-1

 normalized to the mass of SnO2).
60

 By contrast for the case of Na, the 

experimentally measured capacity of SnO2 based materials are generally much lower 

than the theoretical value.
54,55,61,62,63,64

 To date this discrepancy remains unresolved, 

and it would be desirable to test and analyze the same material against Na and against 

Li to ascertain the key mechanistic differences in the charging - discharging behavior.  

A key issue for broad range of NIB anode materials is that they appear to undergo 

significant capacity fading during cycling, on a scale that is substantially worse than 

for comparable LIB anodes. While there may be numerous reasons for this 

degradation, the commonly observed factors in both LIBs and NIBs are material 

pulverization (loss of electrical contact) and/or agglomeration of nanoparticulates 

(worsening of kinetics due to loss of nano-scale diffusion distances).
65

 For the oxides 

(e.g. SnO2) especially, material agglomeration will also impede the reversibility of the 

conversion reaction.
51,52

 In order to minimize this problem, researchers introduce 

secondary carbon phases (e.g. CNT,
66 , 67

 graphene,
40,51, 68 , 69

 carbon fibers,
70 , 71

 

disordered carbon,
72 ,73

 etc.) that both accommodate the volume expansion and 

prevent the aggregation of the active materials. Substantial success has been achieved 

applying this strategy for LIBs, with this approach becoming applied for NIBs as 

well.
27,61,74 

However NIB anodes undergo a larger volumetric expansion than their 

LIB counterparts (due to the larger diameter of the former ion: 1.06 Å Na vs. 0.76 

Å).
75

 This raises a bigger challenge in buffering the stress during sodiation and in 

preventing the capacity decay due to the materials pulverization/agglomeration issues.  

 In this work, we prepared a unique nanostructured SnO2 - carbon composite 

through a self-assembly process under hydrothermal conditions. The C-SnO2 
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electrode exhibited quite promising electrochemical performance as anodes for both 

NIBs and LIBs. We systemically investigated the phase transformations associated 

with SnO2 reacting with Na, providing a systematic and broadly applicable picture of 

the origin of the capacity difference of this material for NIB vs. for LIB applications. 

4.2 Experimental procedure 

4.2.1 Materials preparation 

C-SnO2 materials were prepared by a modified hydrothermal synthesis method 

followed by a carbonization process. In a typical synthesis, 

hexadecyltrimethylammonium bromide (CTAB, (C16H33)N(CH3)3Br, 0.5g) was firstly 

dispersed in 15mL MQ-water. After stirring for 2h, 1.2g glucose was dissolved 

afterwards. Finally, 0.35g sodium stannate (Na2SnO3) trihydrate was dissolved in the 

former solution under vigorously stirring for 0.5h. Then the final aqueous solution 

was placed in a 50 mL stainless steel autoclave. The autoclave was sealed, soaked at 

160°C for 1h and at 180°C for another 1.5h before it was allowed to cool to room 

temperature. The reaction mechanism of stannate hydrolysis under the modified 

hydrothermal condition will be further discussed in the Results and Discussion section. 

The resulting brown product was thoroughly washed by both ethanol and MQ-water, 

then collected by filtration and dried at 80°C overnight. The further carbonization is 

carried out in a horizontal tube furnace at 510°C for 3h under argon flow. SnO2 

nanoparticle baseline was prepared by the same procedure but without glucose and 

CTAB. The pure carbon reference was prepared without CTAB and stannate salt. 

4.2.2 Material characterization 

For the morphologies of the material, a Hitachi S-4800 SEM equipped with field 

emission gun is used. TEM analysis is performed using a JEOL JEM-2010 TEM, with 

an accelerating voltage of 200 kV. XRD analysis was performed using a Bruker AXS 

D8 Discover diffractometer with the Cu Kɑ radiation. XPS spectra were obtained on 
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an Axis Ultra spectrometer. Nitrogen adsorption-desorption analysis was performed 

using Quantachrome Instruments (U.S.A) Autosorb-1 at 77 K. Thermogravimetric 

analysis (TGA, Perkin-Elmer TGA 4000) was measured with a heating rate of 5°C 

min
-1

 under 200 mL min
-1

 of flowing air. 

4.2.3 Electrochemical measurements 

Electrochemical tests were carried out using coin cell CR2032. Typically, a slurry 

of 80% active materials, 10% carbon black (Super-P), and 10% 

poly(vinlylidenedifluoride) in N-methylpyrrolidone was coated onto a stainless steel 

disk and then dried at 110°C overnight in a vacuum oven. The mass loading of the 

electrodes was 1.5 mg cm
-2

. For Na half cells, Na metal was used as counter electrode 

and separated from the working electrode with polyethene separator. 1 M NaClO4 

dissolved in a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) with a 

volume ratio of 1:1 was utilized as the electrolyte. For Li half cells, Li metal as used 

as counter electrode, 1M LiPF6 solvated in EC-DEC-DMC (dimethyl carbonate), 

1:1:1 volumetric ratio was used as electrolyte. All the cyclic voltammetry 

measurements were conducted on a Solartron 1470 Multistat system. The 

galvanostatic charge-discharge tests were performed using an Arbin BT2000 

Potentiostat. Before the CV, galvanostatic cycling and rate performance tests, the 

assembled batteries were first stored at ambient for 8 hours. All electrochemical tests 

were conducted at room temperature. 

4.3 Result and discussion 

4.3.1 As-synthesized microstructure 

The nanocomposite was prepared through one-pot hydrothermal synthesis, 

followed by annealing in Ar. Sodium stannate is a commonly employed precursor for 

SnO2 materials synthesis.
76,77,78,79

 Firstly, after being dissolved in aqueous solution 

the Na2SnO3 is dissociated into ions of Na
+
 and SnO3

2-
. The hydrothermal treatment 
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of glucose would create a mild acidic condition in the reaction system.
80

 In this 

environment, SnO3
2-

 would react with H2O (i.e. hydrolysis) forming precipitate 

particles
81

, which would be amorphous tin oxides or tin hydrates. The reaction routes 

have been described as SnO3
2-

 + 3H2O → Sn(OH)4 + 2OH
-
, or SnO3

2-
 + H2O → SnO2 

+ 2OH
-76,81

, with the hydrates transforming into oxides during the subsequent 

annealing process.
81

 Based on the ultimate morphology of the resultant SnO2 crystals, 

the pristine hydrolysis products should be sub-5nm in size. Precipitation of 

carbon-rich polysaccharide took place following stannate hydrolysis, resulting in a 

self-assembled hierarchical nanostructure of the two phases. The Ar annealing at the 

relatively low temperature (510°C) further carbonized the polysaccharide but without 

reducing the oxide. The obtained material consisted of SnO2 nanoparticle assemblies 

embedded in a continuous matrix of amorphous carbon and is termed "C-SnO2". For a 

baseline we synthesized carbon-free SnO2 nanoparticle specimens, naming them 

"SnO2". 

 

Figure 4-1: As-synthesized microstructures. (A) Indexed XRD pattern of C-SnO2 and 

SnO2 specimens, showing SnO2 being present as the rutile phase. (B) Nitrogen 

adsorption-desorption isotherms of C-SnO2 and SnO2, and pore size distribution of 

both specimens (insert).  

 

The crystalline structure of both C-SnO2 and SnO2 was characterized by X-ray 

diffraction (XRD). As shown in Figure 4-1A, the patterns of both specimens are 

indexed as rutile SnO2,
82

 with no other Sn oxide phases being detected (e.g. SnO, 

orthorhombic SnO2). The broad hump centered at ~22° for C-SnO2 is due to the 

carbon. As the carbon phase in C-SnO2 is highly structurally disordered, it does not 
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possess a graphitic structure and has few intact graphene planes. However, there is 

short-range order between nearest – neighbor C atoms, with their relative positions 

being described by a radial distribution of distances.
 
Because there is a frequency 

maximum in the radial distribution of first and second nearest neighbors, the XRD 

pattern contains two broad humps (rather than sharp Bragg peaks), with first one 

being much more intense.
83

 In amorphous carbons the first hump occurs at roughly 

22°, and may be extrapolated to yield the mean C nearest neighbor position in the 

disordered array similarly to the way Bragg’s law may be employed for long-range 

ordered phases.  

 
Figure 4-2: (A) Thermogravimetric curves of C-SnO2 and SnO2 specimens. (B) XPS 

survey spectrum of C-SnO2 and high resolution spectrum of Sn 3d level (insert). 

 

The weight percent of SnO2 in C-SnO2 is 60wt%, as evaluated by 

thermogravimetric analysis (TGA) performed in air and shown in Figure 4-2A. 

Combustion of the carbon occurs in the range of 310 - 500°C, with no additional 

changes in weight at higher temperatures. Figure 4-1B shows the nitrogen 

adsorption-desorption isotherms of C-SnO2 and SnO2 specimens. The corresponding 

pore size distribution results (obtained by density functional theory (DFT)) are shown 

in the figure insert. C-SnO2 displays type I isotherm, with a high specific BET surface 

area of 338 m
2
g

-1
 and total pore volume of 0.48 cm

3
g

-1
. Most of the porosity is located 

in the micro and sub-3nm mesopore regime. Conversely, the SnO2 specimen 

possesses a surface area of 48 m
2
g

-1
 and inter-particle voids larger than 10 nm. The 
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near-surface structure of C-SnO2 was characterized by X-ray photoelectron 

spectroscopy (XPS). Figure 4-2B displays its survey spectrum, while the insert shows 

the high resolution spectrum of the Sn 3d double peaks. The peaks at 487 eV and 

495.5 eV are ascribed to Sn 3d5/2 and Sn 3d3/2 respectively. These peak positions are 

characteristic of the Sn
4+

 chemical state, further confirming the oxidation state of Sn 

as SnO2. 

 

Figure 4-3: (A) SEM micrograph revealing the continuous macroscopic morphology 

of the nanocomposite. (B) Conventional bright field TEM micrograph and indexed 

SAD further highlighting the highly interconnected architecture with rutile SnO2 

phase embedded in the carbon. (C) HRTEM micrograph of one such cluster of SnO2 

nanocrystallites within the carbon. (D) HAADF TEM micrograph and EELS 

elemental maps of Sn, O and C. 
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Figure 4-3A is a SEM micrograph showing a low magnification image of C-SnO2. 

On a macroscopic scale the material displays a highly interconnected morphology, 

reminiscent of a dense coral reef. Figure 4-3B shows a conventional bright field TEM 

micrograph and the corresponding indexed selected area diffraction pattern (SAD). 

The image further highlights the highly interconnected architecture of C-SnO2, which 

contains dense assemblies sub-5 nm rutile SnO2 nanocrystals encapsulated by carbon. 

Figure 4-3C shows a HRTEM micrograph of one such assembly containing 

numerous nanocrystallites. As illustrated by the HAADF TEM micrographs and 

EELS elemental maps shown in Figure 4-3D, the assemblies are 50 – 70 nm in scale, 

with more carbon between them. 

 

Figure 4-4: (A) Conventional TEM micrograph of the baseline SnO2 specimen. (B) 

HRTEM micrograph of two overlapping SnO2 particles. 

 

As shown in Figure 4-4, baseline SnO2 consists of nearly spherical particles in the 

size range of around 25 nm, without any additional features. 

4.3.2 Electrochemical performance and phase 

transformations vs. Li 

C-SnO2 and SnO2 were tested as half-cells against Li and Na in the range of 0.01 

to 3 V and at 0.01 to 1.5 V vs. Li/Li
+
 or vs. Na/Na

+
. The mass loading of the 

electrodes was 1.5 mg cm
-2

. As most published literature data on SnO2 is based on 
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approximately the 0.01 to 3 V range, those results are used for the performance 

comparisons. For each literature comparison we will list the actual voltage window 

employed in that study. Since testing is being done of half-cells rather than of full 

batteries, lithiation (sodiation) is defined as "discharge", while delithiation 

(desodiation) is defined as "charge". For C-SnO2 the specific capacity is always 

calculated based on the weight of both the SnO2 and the carbon. A reversible capacity 

is defined as the capacity at delithiation/desodiation. 

 

Figure 4-5: Electrochemical performance of C-SnO2 versus Li, tested between 0.01 

and 3V. (A) Cyclic voltammograms (CVs) at 0.1 mVs
-1

 for the first 10 cycles, also 

showing the 2
nd

 CV of the baseline pure carbon. (B) Galvanostatic discharge/charge 

profiles at 0.5 Ag
-1

 for cycles 1 – 400. 

 

The lithiation results are presented first. Figure 4-5A shows the cyclic 

voltammograms (CVs) of C-SnO2 electrode for the initial 10 cycles, at a scan rate of 

0.1 mVs
-1

. Also shown is the 2
nd

 CV of the pure carbon phase, employed as a baseline 

to help identify the Sn and SnO2 - specific redox peaks. As supported by XRD 

analysis shown later, the lithiation peak at 1.1V and the delithiation peak at 1.25V 

correspond to the reversible conversation reaction of tin oxide when it is truly 

nanostructured: SnO2 + 4Li
+ 

+ 4e
- 

↔ Sn + 2Li2O. The position and the relative 

intensity of the conversion reaction peaks is almost constant between cycle 2-10, 

indicating excellent reversibility. Good reversibility of the conversion reaction is only 
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observed among the ultra-fine SnO2 materials. More coarse scale SnO2 does not 

reverse fully at normal charging rates. The redox peak pair at 0.2V (lithiation) and 

0.6V (delithiation) are caused by the reversible alloying process leading to a terminal 

intermetallic Li22Sn5 phase: Sn + 4.4Li
+ 

+ 4.4e
- 
↔ Li22Sn5. In the first discharging 

branch of the CV, an exaggerated broad peak at 0-1 V can be observed. This is due to 

the formation of the solid electrolyte interface (SEI) layer.  

 

Figure 4-6: Electrochemical performance of SnO2 vs. Li. (A) CVs of SnO2, tested at 

0.1 mVs
-1

. (B) Galvanostatic discharge/charge profiles of SnO2, tested at 0.5Ag
-1

. 

 

 
Figure 4-7: Derivate curves dQ/dV vs. V for C-SnO2 electrode against Li. 

 

Figure 4-6 shows the electrochemical performance of the beseline SnO2 vs. Li, 

with Figure 4-6A being the CVs and Figure 4-6B being the galvanostatic profiles. 

Two key differences are observed with this coarser structure. First there is 
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substantially more capacity fade during cycling. Second, the conversion peaks are 

much less pronounced, supporting previous findings regarding the kinetic difficulty of 

the reaction for larger crystallite sizes.
52

  

Figure 4-5B shows the galvanostatic discharge/charge profiles at 0.5Ag
-1

 for 

cycles 1 – 400. Figure 4-7 shows the derivative curves (dQ/dV vs. V) of those results. 

The intensity of the anodic 0.6 V peak decreased slightly during the initial 50 cycles 

and remains constant thereafter, supporting the high reversibility of alloy/dealloy 

reaction upon extended cycling. According to Figure 4-5B, a reversible capacity of 

1023 mAhg
-1

 is obtained in the second cycle.  

 
Figure 4-8: Electrochemical performance of pure carbon in a half-cell vs. Na, Li. (A) 

CVs of pure carbon electrode for the cycle 1 – 10 vs. Na, tested at 0.1 mVs
-1

. (C) 

Galvanostatic discharge/charge profiles of pure carbon electrode, tested at 0.08 Ag
-1

. 

(B) CVs of pure carbon electrode for the cycle 1 – 10 vs. Li, tested at 0.1 mVs
-1

. (D) 

Galvanostatic discharge/charge profiles of pure carbon electrode, tested at 0.5 Ag
-1 

vs. 

Li. 
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Figure 4-9: (A) Rate performance of the baseline pure amorphous carbon electrodes 

vs. Na and vs. Li, tested 0.01-3V. (B) Cycling performance of pure carbon electrodes, 

tested 0.01-3V. (C) Rate performance of the baseline pure amorphous carbon 

electrodes vs. Na and vs. Li, tested 0.01-1.5V. (D) Cycling performance of pure 

carbon electrodes, tested 0.01-1.5V. 

 

The galvanostatic data for the identically synthesized pure hydrothermal carbon, 

tested against Li and against Na, is presented in Figure 4-8 and Figure 4-9. At 0.5 

A/g the capacity of the carbon is ~ 450 mAhg
-1

. Thus a reversible capacity of 1023 

mAhg
-1

 is close (95%) to the expected value by rule of mixtures of the two Li active 

materials (1494 mAhg
-1

 × 0.6 + 450 mAhg
-1 

× 0.4). This ratio proves the full 

utilization of SnO2 for both the reversible alloying and conversion reactions.
51

  

Beyond cycle 90 the capacity progressively increases, hitting 1367 mAhg
-1

 at 

cycle 400. A likely explanation for the extra capacity is the formation of a reversible 

polymer gel on the nanostructured conversion electrode’s surface during lithiation, 

with its consequent dissolution upon delithiation to potentials roughly above 1.5 V.  

Such a faradic process has been compared to the redox reactions in polymer-based 

electrochemical capacitors, being highly reversible and imparting a negligible 

coulombic efficiency penalty.
84,85,86
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have been reported for a range of conversion oxide electrodes when tested against Li, 

including SnO2
51,91

 MnO
87

 and MoO2
88

. Since our electrochemical instrument will 

measure CE with ≥ 1% accuracy, we will refer to computer generated CE values of 

100% as being >99%. From cycle 8 onward the CE of C-SnO2 is > 99%. 

 
Figure 4-10: Cycling performance of C-SnO2 and SnO2 (0.5 Ag

-1
), with 

corresponding coulombic efficiency (CE) displayed on the right axis.  

 

Figure 4-10 shows the cycling results of C-SnO2 electrodes, with SnO2 being 

presented as a baseline. For C-SnO2 a reversible capacity of 1367 mAhg
-1

 was 

obtained after 400 cycles at current density of 0.5Ag
-1

. At first cycle the coulombic 

efficiency is 65%, agreeing with previously reported values for SnO2 tested against 

Li
52,73

. By the second cycle CE is over 95%, and stabilizes to > 99% from the 8
th

 cycle 

onward. Conversely the baseline SnO2 electrode exhibits only 29% capacity retention 

after 400 cycles, with CE being never going above 99% through cycling. 

0 100 200 300 400
0

400

800

1200

1600

  C-SnO2

  SnO2

C
a

p
a

c
it
y
 /

 m
A

h
g

-1

Cycle Number

60

70

80

90

100

CE

 

 

ChargeDischarge

C
o

u
lo

m
b

ic
 E

ff
ic

ie
n

c
y
 /
 %

 



137 
 

 

Figure 4-11: Rate performance of C-SnO2 and SnO2. 

 

The rate performance of C-SnO2 and SnO2 is shown in Figure 4-11. At current 

densities of 1.28, 2.56, 5.12, 10.24, 20.48 Ag
-1

, the C-SnO2 electrode maintained a 

capacity of 663, 608, 527, 422 and 255 mAhg
-1

,
 
respectively.  

 

Figure 4-12: Rate capability comparison of C-SnO2 with state-of-the-art SnO2(◧), Sn 

(◑) based LIBs anodes from literature. All plotted literature capacities were obtained 

from tests also performed with a 0.01-3V voltage window. 

 

Figure 4-12 shows a rate capability comparison of C-SnO2 with state-of-the-art 

previously published electrodes based on both SnO2(◧) and on Sn (◑). Overall our 
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system is quite promising, being on par with some of the best architectures that have 

been created. Specifically C-SnO2 is competitive with potentially more expensive 

systems based on graphene oxide
89,90

, N-doped graphene
51

 supports. C-SnO2 also 

shows favorable performance in comparison with amorphous carbon - Sn(SnO2) 

composites.
31,59,91,92

 It is important to point out that for this broad comparison we 

plotted literature results obtained from a comparable 0.01 V to 3V testing range. We 

did not include any results for a lower terminal anodic voltage (such as 1.5V) where 

less reversible capacity is expected. 

 
Figure 4-13: Electrochemical performance of C-SnO2 versus Li, tested between 0.01 

and 1.5 V. (A) Cycling performance of C-SnO2 (0.5 Ag
-1

), with corresponding 

coulombic efficiency (CE) displayed on the right axis. (B) Rate performance of 

C-SnO2.  
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Figure 4-14: The raw galvanostatic discharge/charge profiles 

 

We investigated the electrochemical performance of C-SnO2 against Li at a 

window of 0.01-1.5V, which may be more (depending on the cathode material) 

representative of a voltage excursion of an anode in a full battery cell. As will be 

demonstrated by the XRD and XPS analysis, with a cut-off voltage of 1.5V, Li storage 

is based on a fully reversible alloying/dealloying reaction and a partially reversible 

conversion reaction. According to Figure 4-13A, the initial reversible capacity of the 

electrode is 633 mAhg
-1

 (at 0.5Ag
-1

), retaining 85% of this value after 400 cycles. The 

1
st
 cycle coulombic efficiency is 42%, lower than the 65% when charged up to 3V. 

However, the coulombic efficiency during cycling is good, stabilizing in the > 99% 

range by cycle 23. At all currents the specific capacity is lower than when the 

electrodes were charged to 3V, agreeing with findings by ref.
 52

. This is due to the 

incompleteness of the oxide conversion reaction at 1.5V. 
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Figure 4-15: XRD pattern for the plastic tape on the stainless steel current collector. 

 

We performed XRD characterization to track the phase transformations in C-SnO2 

vs. Li at various cut - off voltages. The electrodes were discharged/charged 

galvanostatically at ~1/20C (0.05 Ag
-1

) to the cut-off voltage, and held there until the 

float current decreased to below 5% of the galvanostatic current. A special sample 

preparation procedure was employed in order to minimize exposure of the materials to 

air, oxygen or water vapor. After disassembly in the glove box, the electrodes were 

firstly washed by DEC to remove remaining salts and EC/DMC, dried in vacuum for 

10 minutes and then sealed in plastic tape. Figure 4-15 shows the XRD pattern for the 

plastic tape on the stainless steel current collector, without the electrode material, 

displaying a plastic tape hump at ~22° and the characteristic sharp Bragg peaks for the 

fcc steel. 

10 20 30 40 50 60 70

SS

 

 

2 Theta / °

In
te

n
s
it
y
 /

 a
. 

u
. 

Plastic Tape

SS



141 
 

 

Figure 4-16: XRD patterns of C-SnO2 at various cut-off voltages: first lithiation to 

0.5V, first lithiation to 0.01 V, first delithiation to 1V, first delithiation to 1.5V, first 

delithiation to 3V. 

 

The resultant patterns are shown in Figure 4-16. When the pristine electrode is 

first lithiated to 0.5 V Li/Li
+
, the reduction reaction of SnO2 (SnO2 + 4Li

+
 + 4e

-
 → Sn 

+ Li2O) is effectively complete since no SnO2 signal is detected in the "Lit-0.5V" 

spectrum. When the electrode is further lithiated down to 0.01 V, Bragg peaks of β-Sn 

are no longer detectable. Instead, broad peaks ascribed to the Li22Sn5 intermetallic 

phase are present, with the (640), (731), (822), (12 00) and (11 51) reflections being 

discernable. The β-Sn peaks re-appear after the electrode is charged back to 1V, 

indicating full reversibility of the alloying reaction. When charged to 1.5V the β-Sn 

peaks disappear, while a weak (110) SnO2 signal becomes visible, being 

superimposed on a broad XRD hump associated with the plastic tape. Overall, 

however, the majority of the material is amorphous at 1.5V. When charged to 3V, the 

characteristic SnO2 (110), (101) and (211) peaks are detectable but not well 

pronounced. This is likely caused by a combination of peak broadening due to the 

SnO2 nanocrystalline size and/or a substantial portion of it remaining amorphous. 
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Figure 4-17: XPS spectra for Sn 3d levels of C-SnO2 at open circuit voltage (prior to 

testing, used as a baseline), first lithiation to 0.01V, first delithiation to 1V, first 

delithiation to 1.5V, first delithiation to 3V. 

 

We performed XPS analysis to track the chemical state of Sn in the C-SnO2 

specimens as a function of voltage. Samples that were lithiated down to 0.01 V were 

first etched by Ar plasma as to blast off most of the surface SEI which otherwise 

obscured the analysis. The results for those experiments are presented in Figure 4-17, 

which shows the oxidation state of Sn as a function of voltage. Also shown in the 

figure are the baseline results for the as-synthesized specimen left at open circuit 

voltage (OCV). The associated O 1s and C 1s XPS data are shown Figure 4-18. At 

0.01 V, the Sn 3d peaks were present at 493.4 and 485.04 eV, indicating Sn
0
 state 

associated with the Li22Sn5 intermetallic (and/or Li-Sn alloys). Analogously at 1V the 

Sn 3d peaks also showed primarily the Sn
0
 state. After delithiated to 1.5V, the Sn 3d 

peaks could be deconvoluted into a majority Sn
4+

 and minority Sn
0
, indicating that the 

conversion reaction has proceeded but not entirely to completion. Since no Sn signal 

with intermediate chemical state was detected, it could be concluded that LiO2 is 

reduced directly to SnO2 and Li. At 3V, the Sn
0
 peaks are no longer detectable, 
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indicating full reversibility of the LiO2 to SnO2 conversion reaction between 0.01 and 

3 V. 

 

Figure 4-18: XPS spectra for C 1s (left) and O 1s (right) of C-SnO2 electrodes at the 

same cut-off voltages. 
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4.3.3 Electrochemical performance and phase 

transformations vs. Na 

Figure 4-19A shows the CVs of C-SnO2 during the first 10 cycles, as well as the 

2
nd

 cycle CV of the pure carbon baseline. It may be seen that compared to the CV data 

for Li, the redox peaks for the Na conversion and alloying reactions are much broader 

and washed out. The peaks’ overall intensity is also lower for Na than for Li, which 

will be shown to agree well with a substantially lower capacity. In the cathodic 

portion of the scan, a broad peak initiates near 1.7V vs. Na/Na
+
, with its intensity 

increasing all the way down to full discharge. As will be demonstrated through XRD 

analysis, this peak corresponds primarily to the oxide conversion reaction, with the 

Sn-Na alloying reaction not running to completion. As may be seen from Figure 4-8, 

Na
 
insertion into the carbon phase contributes to the broad "background" of the CV 

curve, but does not add any sharp redox peaks. In the first cycle, the formation of SEI 

also contributes to the total CV current, producing the small hump at around 0.4V.
27,55

  

 
Figure 4-19: Electrochemical performance of C-SnO2 and SnO2 vs. Na, tested 

between 0.01 and 3V. (A) CVs of C-SnO2 for the cycle 1 - 10, tested at 0.1 mVs
-1

. (B) 

CVs of electrode at various scan rates from 0.1 to 5 mVs
-1

. The shift of the 

conversion/dealloying peaks as function of scan rate (inset). 

 

In the anodic portion of the CV, the first small peak appears at ~ 0.1 V and is 

ascribed to the Na extraction from the carbon phase.
16

 The small sharp peaks at ~ 0.23 
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and ~ 0.56 V have been ascribed to the progressive dealloying reactions from Na15Sn4 

(crystalline) to Na9Sn4 (amorphous) and then to NaSn (amorphous) and to NaSn5 

(amorphous).
27,74

 Judging from the alloying peaks’ small relative intensity, it is 

unlikely that all of the Sn in the electrode transforms accordingly. XRD analysis will 

demonstrate that at 0.01V a notable fraction of the material remains as -Sn, while 

complementary HRTEM will highlight a co-presence of small and isolated Na15Sn4 

intermetallics. In the anodic portion of the CV, the expected position of the final 

dealloying peak (i.e. formation of -Sn) overlaps with two other broad anodic peaks. 

These will be shown to be associated with the Na2O to SnO2 conversion reaction that 

proceeds through an intermediate SnO phase.  

 

Figure 4-20: Electrochemical performance of SnO2 versus Na. (A) Cyclic 

voltammograms (CVs) of SnO2 electrode. (B) Galvanostatic discharge/charge profiles 

of SnO2 electrode at current density of 0.08Ag
-1

. 

 

The CV curve of the baseline SnO2 (Figure 4-20) shows very poorly defined 

redox peaks. As the XRD results will demonstrate, in the coarser baseline SnO2 both 

conversion and alloying are kinetically difficult. In that system the total current 

quickly degrades with cycle number. 

We further analyzed the sodiation kinetics of C-SnO2 by performing CV tests at 

various scan rates, 0.1 – 5 mVs
-1

. Those results are shown in Figure 4-19B. It can be 

observed from the anodic portion of the graph that both the dealloying and the 

conversion reaction peaks shift to higher voltages with increasing scan rate, but that 

the alloying peak shows a larger shift than the conversion peak. The magnitude of the 
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shift (i.e. the overpotential) for a given reaction is indicative of its kinetic feasibility, 

and demonstrates that Na-Sn alloying is more difficult than the conversion. 

 
Figure 4-21: Galvanostatic discharge/charge profiles of C-SnO2, tested at 80 mAg

-1
. 

 

Figure 4-21 shows the galvanostatic charge/discharge profiles of C-SnO2 

electrode at current density of 0.08 Ahg
-1

. A capacity of 946 mAhg
-1

 was obtained in 

the first sodiation. A reversible capacity of 459 mAhg
-1

 is obtained at cycle 1, 

resulting in a CE of 48.5%. As may be observed from Figure 4-9, the sodiation 

capacity of baseline amorphous carbon is lower than for lithiation. For Na at cycle 1 

the reversible capacity of the baseline carbon is 195 mAhg
-1

, while at cycle 500 it is 

95 mAhg
-1

. Conversely with Li these values are 450 mAhg
-1

 and 250 mAhg
-1

. These 

results show that the exact same SnO2 based material and the exact same carbon 

tested against Na will display less than half the reversible capacity as when tested 

against Li. 

Figure 4-22A shows the cycling capacity retention performance of C-SnO2 and of 

the baseline SnO2. The electrodes were tested in the voltage at current density of 0.08 

Ag
-1

. The C-SnO2 electrode displayed excellent cyclability; a specific capacity of 372 

mAhg
-1 

was obtained after 200 full charge/discharge cycles, which is 81% of the 

initial charge value. By contrast, the reversible capacity of baseline SnO2 rapidly 
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decays, going from 147 to 49 mAhg
-1 

after 50 cycles. Figure 4-22A also shows the 

cycling CE for both materials. In C-SnO2 the CE grows to over 90% by the 3
rd

 cycle, 

and stabilized to 98% to >99% from cycle 20 onward. The cycling CE of SnO2 is 

much lower, never going above 90%. 

 

Figure 4-22: (A) Cycling performance of C-SnO2 and SnO2 (0.08 Ag
-1

), with 

corresponding CE displayed on the right axis. (B) Cycling capacity retention 

comparison of C-SnO2 with state-of-the-art SnO2 based NIBs anodes from literature. 

 

Figure 4-22B shows a comparison of the cycling performance of C-SnO2 to the 

state-of-the-art nanomaterials based on SnO2.
53,54,55,56,61,62,74

 In the figure, the data 

legend lists the exact testing voltage window along with the associated citation. The 

anodic upper limit varied from study to study, being in the 2 – 3 V range. Examining 

previously published results one concludes that there does not appear to be a 

correlation in the capacity versus cycle number values with the upper anodic limit, as 

0 50 100 150 200
0

200

400

600

800

ChargeDischarge
      C-SnO2

       SnO2

C
a
p
a
ci

ty
 /

 m
A

h
g

-1

Cycle Number

0

20

40

60

80

100
A

C
o
u

lo
m

b
ic

 E
ff

ic
ie

n
cy

 /
 %

0 50 100 150 200
200

300

400

500

600
 this work

 Ref 61 (0.01-2V)

 Ref 56 (0.01-3V)

 Ref 55 (0.01-2.5V)

 Ref 74 (0.01-3V)

 Ref 62 (0.01-3V)

 Ref 53 (0.01-2.5V)  

 

C
a
p
a
ci

ty
 /

 m
A

h
g

-1

Cycle Number

B



148 
 

long as it is at or above 2V. Rather, performance seems to be dictated by the 

microstructure of the electrode. We did not include any metallic Sn results from 

literature, as this would not be an appropriate comparison. Since sodiation/lithiation 

of metallic Sn do not involve conversion reactions (apart from the native surface 

oxide), one would be essentially comparing “apples to oranges” in terms of both 

phase transformations and the performance measures. 

As may be observed, C-SnO2 is among the most favorable both in terms of the 

total reversible capacity and the cycling capacity retention. It is important to note that 

the cyclability performance in this work was achieved using normal PVDF binder and 

practical organic electrolyte (i.e. 1 mol NaClO4 in EC/DEC mixture). We did not 

employ any SEI stabilizing additive (e.g. fluoroethylene carbonate, FEC), which 

would be expected to further boost the cycling performance.
32,55,93,94

  

 

Figure 4-23: (A-C) TEM micrographs of C-SnO2 with corresponding histograms for 

the size of the active SnO2 nanocrystal assemblies (not individual crystallites). (A) 

Open circuit potential. (B) Sodiated to 0.01V. (C) Desodiated to 3V. 

 

A straightforward explanation for the superior cycling performance of C-SnO2 lies 

in its monocoque microstructure that is distinct from the usual nanocomposites 

consisting of particulate assemblies. During cycling the carbon frame carries the 

sodiation/lithiation stresses while preventing cycling-induced agglomeration of the 

individual crystals. Figure 4-23 show TEM micrographs of C-SnO2 showing the 
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microstructure at open circuit potential (prior to cycling), sodiated once to 0.01V and 

desodiated once to 3V. The figure also shows corresponding histograms for the size of 

the active SnO2 nanocrystal assemblies (not individual crystallites) at each condition. 

The histograms were obtained using Gwddion software from ~80 assemblies on 5 

separate micrographs. According the measured size distribution the initial SnO2 

crystallite assembly mean diameter is 29 nm. The cluster diameter is 32 nm at full 

sodiation, and is the same after full desodiation. This demonstrates that while the 

expansion of the active SnO2 phases is upwards of several hundred percent (exact 

value will depend on the degree of completion of the alloying and conversion 

reactions), the surrounding carbon matrix acts as a buffer to minimize the 

macroscopic strain on the electrode and prevents its decrepitation. As may be seen 

from the HRTEM image in Figure 4-3C the carbon engulfs the individual SnO2 

nanocrystallites, which is expected to minimize their agglomeration during cycling. 
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Figure 4-24: (A) Rate performance of C-SnO2 and SnO2 electrodes. (B) Rate 

capability comparison of C-SnO2 with state-of-the-art SnO2 based NIBs anodes from 

literature. 

 

Figure 4-24A shows the capacity of C-SnO2 and of SnO2 at various current 

densities. Overall the C-SnO2 electrode exhibits outstanding rate performance, far 

superior to SnO2 that has effectively negligible capacity at higher rates. The C-SnO2 

possesses the dual advantage of the carbon frame and the sub 5 nm - scale of the 

individual SnO2 crystallites. The Na active carbon frame imparts excellent electrical 

conductivity to the electrode and allows for rapid diffusion of Na and Li ions. The 

fine scale of the crystallites shortens the diffusion distance, reducing the time needed 

for both the alloying and the conversion reactions. Since the diffusion time is 

proportional to the diffusion length squared, the sub 5 nm crystallites in C-SnO2 will 

have a tremendous kinetic advantage over the 50 nm crystallites in baseline SnO2. For 

C-SnO2, capacities of 187, 136 and 80 mAhg
-1

 are obtained at current densities of 

2.56, 5.12 and 10.28 Ag
-1

. A comparison of our materials rate capability with the best 

SnO2 materials from literature is shown in Figure 4-24B. In the range of 2 – 3 V, 

there does not appear to be a correlation in the capacity versus current density values 

with the upper anodic limit. Previously published architectures include 

SnO2@graphene nanocomposites,
54,55

 SnO2 anchored CNT,
61

 octahedral SnO2 

nanocrystals.
62

 It may be observed that overall the C-SnO2 electrode looks quite 

favorable. 
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Figure 4-25: Electrochemical performance of C-SnO2 versus Na, tested between 0.01 

and 1.5 V. (A) Cycling performance (0.08 Ag
-1

), with corresponding CE displayed on 

the right axis. (B) Rate performance.  

 

Figure 4-25 shows the cycling and the rate performance of C-SnO2 electrodes 

against Na, tested between 0.01-1.5V. As shown in Figure 4-25A, although C-SnO2 

exhibits a lower total reversible capacity than when it is charged to 3V, the cyclability 

is actually improved. At cycle 1 the reversible capacity is 314 mAh/g, while at cycle 

200 it is 270 mAh/g, i.e. only a 86 % degradation. We attribute enhanced cycling to a 

greater structural stability of the SEI with the lower voltage window. This explanation 

makes the most sense if the SEI is considered to be a dynamically evolving product, 

which partially dissolves and/or changes in composition/structure during anodic 

polarization. The superior cycling up to 1.5V also gives great hope for the 

performance of a full sodium ion battery cell, where the anodic swing on the negative 

electrode will be closer to that range. The coulombic efficiency of the electrode 

increased to 90% by the 3
rd

 cycle, to over 98% by the 12
th

 cycle, and > 99 % from the  

21
th

 cycle onwards. As shown in Figure 4-25B, capacities of 150, 125 and 80 mAhg
-1

 

were obtained at current densities of 1.2, 2.5 and 5 Ag
-1

. 
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Figure 4-26: (A) XRD patterns of C-SnO2 at various cut-off voltages: first sodiation 

to 0.5V, first sodiation to 0.01 V, first desodiation to 1.5V, first desodiation to 3V. 

 

 

Figure 4-27: (A) XRD patterns of SnO2 electrodes at various cut-off voltages: first 

sodiation to 0.5V, first sodiation to 0.01 V, first desodiation to 1.5V, first desodiation 

to 3V. 
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We performed XRD characterization to track the phase transformations in C-SnO2 

vs. Na at various cut - off voltages, with the resultant patterns being shown in Figure 

4-26. Upon first sodiation to 0.5 V new peaks ascribed to β-Sn appeared besides the 

original SnO2 peaks. This change indicates the occurrence of conversion reaction 

SnO2 + 4Na
+
 + 4e

-
 → Sn + Na2O. The Na2O phase had been reported to be 

amorphous, which explains the lack of associated Bragg peaks. As the electrode was 

further discharged down to 0.01 V the SnO2 phase completely disappeared, while 

peaks associated with the Na15Sn4 intermetallic arose. However at 0.01 V the 

crystalline Sn peaks remained intense, indicating that the alloying reaction Sn + 3.75 

Na
+
 + 3.75 e

- 
→ Na15Sn4 is not fully completed. The fact that crystalline Sn is present 

means that some portion of the material has not even sodiated to one of the 

intermediate amorphous Na-Sn compositions
60,75

. 

We attribute the unreacted Sn to be the root cause of the much lower capacity of 

C-SnO2 with Na than with Li: A substantial portion of the initial SnO2 phase that is 

reduced to metallic Sn by the Na does not further participate in the sodiation reaction. 

This is most likely due to the lower diffusivity of Na in Sn, as well as perhaps due to 

sluggish interfacial reaction kinetics. Another contributing factor to the incomplete 

reaction may include poor diffusion of Na through the Na2O shell that surrounds the 

metallic Sn after the conversion reaction, as compared to diffusion of Li through the 

Li2O shell. A thicker and structurally different SEI will also block or reduce the rates 

of sodiation versus lithiation in the same material. It is important to point out that we 

did not employ the most stable electrolyte available (one containing FEC). Thus the 

contribution of the SEI layer on both the C-SnO2 electrode and on the Na counter 

electrode may be significant enough to overshadow the intrinsic diffusivity 

differences. 

The same XRD characterization was performed on baseline SnO2 electrodes. The 

resultant patterns are shown in Figure 4-27. The β-Sn peaks with high intensity in 

Sod-0.01V spectrum indicate the large amount of unalloyed Sn phase after the first 

sodiation process. When the electrode was desodiated to 1.5 V the Na15Sn4 peaks 
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disappeared, to be replaced by an intermediate orthorhombic SnO phase. This is a 

distinct difference from the case for C-SnO2 with Li, where the conversion reaction 

proceeds from LiO2 to SnO2 with no intermediates. Relatively weak crystalline -Sn 

peaks were also present at 1.5 V. When desodiated to 3 V the -Sn peaks completely 

disappeared, indicating that the material is back to being oxidized. At 3 V there is 

some evidence of rutile SnO2, although just like the case for SnO2 with Li, much of 

the reformed oxide is nanocrystalline and/or amorphous. 

 

Figure 4-28: XPS spectra for Sn 3d levels of C-SnO2 at open circuit voltage, first 

sodiation to 0.01 V, first desodiation to 1.5V, first desodiation to 3V. 

 

Figure 4-29: XPS spectra for C 1s (left panel) and O 1s (right panel) levels of C-SnO2 
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electrodes at various cut-off voltages (open circuit voltage, first sodiated to 0.01 V, 

first desodiated to 1.5V, first desodiated to 3V vs. Na/Na
+
. 

 

Figure 4-30: XPS depth profiling for Sn 3d levels of C-SnO2 upon sodiation to 0.01V 

with Ar etching rate of 5 nm/min.  

 

XPS tests were performed to track the chemical state of Sn in C-SnO2 electrode 

during sodiation/desodiation. The results for those experiments are presented in 

Figure 4-28 and in Figure 4-29 for O 1s and C 1s. After discharging to 0.01V from 

OCV, the Sn 3d peaks shifted to 485 and 493.2 eV, indicating the complete reduction 

of Sn
4+

 to Sn
0
 in the first sodiation process. At 1.5V the Sn 3d peaks are deconvoluted 

into two components. According to the binding energies, there are both Sn
0
 and Sn

2+
 

states detected at this voltage, agreeing with the XRD results. After further 

desodiation to 3V, the Sn 3d peaks shifted to the Sn
4+

 position, characterizing the 

reformation of SnO2. 

Figure 4-30 shows the XPS depth profiling for Sn 3d levels of C-SnO2 upon 

sodiation to 0.01V. The sample was etched by Ar sputtering at a rate of 5nm/min. As 

shown in the spectra, the binding energy of Sn 3d did not shift as the depth increased, 

which indicated the homogeneity of the ex-situ samples.  
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Figure 4-31: HRTEM micrographs of C-SnO2 electrodes with corresponding indexed 

FFT patterns corresponding to regions in white squares. (A) first sodiation to 0.5 V. 

(B,C,D) first sodiation to 0.01 V. The regions indicated by double arrows in (B) (C) 

are the same region with different magnification. (E) first desodiation to 1.5V, (F) first 

desodiation to 3V. 

 

Figure 4-31 shows HRTEM micrographs of C-SnO2 electrodes with 

corresponding indexed FFT patterns. For these specimens the electrodes were 

discharged/charged galvanostatically (0.025 Ag
-1

) to the cut-off voltages, and held 

there until the float current decreased to below 5% of the galvanostatic current. 

Results are shown after the first sodiation to 0.5 V, after the first sodiation to 0.01 V, 

after the first desodiation to 1.5V and after the first desodiation to 3V. When sodiated 

to 0.5 V we observe both crystalline -Sn and SnO2 interspersed in an amorphous 

matrix. At 0.01 V, unreacted -Sn is still present. Here it is surrounded by a shell of 

amorphous high atomic mass material (distinct from amorphous carbon) that is likely 

some intermediate NaxSn alloy. Small and isolated Na15Sn4 crystallites are observed, 

although they by no means constitute the majority of the Sn in the material. For 

instance, one such intermetallic is marked in Figure 4-31B (indicated by double 

arrows), with a higher magnification image of the marked area being shown in Figure 
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4-31C. The lattice fringes of this crystallite correspond to (211) Na15Sn4. Another 

isolated Na15Sn4 crystallite is shown in Figure 4-31D. The electrode desodiated to 1.5 

V shows a distribution sub-10 nm SnO crystallites as well as an amorphous matrix. 

When desodiated to 3 V the crystalline phase returns to SnO2. 

4.4 Conclusion 

To summarize, we used a hydrothermal self-assembly method to create a 

nanocomposite based on sub- 5nm SnO2 nanocrystallites in carbon that had excellent 

bifunctionality as a lithium and a sodium ion battery anode. Especially when tested 

against Na, the material displayed capacity, cyclability and high-rate capability that 

are promising relative to published results. Additionally we provide a systematic 

comparison examination of the sodiation versus the lithiation related phase 

transformations in nanostructured SnO2, and establish the fundamental 

microstructural causes for the much lower capacity observed with Na as compared to 

Li. 
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5                                

Concluding remarks 

This thesis was devoted to developing promising electrode materials for Na ion 

based energy storage devices including sodium ion batteries and sodium ion 

capacitors. In addition to the materials design and preparation, we also completed 

systemic investigations on the fundamental Na storage mechanisms of the related 

electrode materials, which could contribute significantly to the whole field.  

The first work (chapter 2) focused on exploring carbon materials as sodium ion 

battery anodes. In this study, we utilized a ubiquitously found biomass named peat 

moss as the precursor, and for the first time synthesized carbons combining all the 

desired features for Na storage, including dilated graphene interlayer spacing, short 

bulk Na ion diffusion length and facile Na ion transport pathway. The resultant carbon 

anode displayed superb electrochemical performances in terms of high overall 

capacity, good cycling stability, excellent rate capability and negligible 

charge/discharge voltage hysteresis. Based on the systemic investigation of the 

synthesis-structure-performance relationship of the peat moss derived carbons, we for 

the first time discovered that the highly ordered pseudographtic domains in carbons 

(i.e. domains with larger interlayer spacing than that of equilibrium graphite) can 

provide energy homogeneous intercalation sites for Na ions, which create a flat 

plateau on the voltage profile. Moreover, we also discovered the positive correlation 

between the degree of carbon’s graphitic order and the plateau capacity of the 

corresponding anode. These findings have already guided the carbon anode 

developments in the following studies.  

The second work (chapter 3) developed carbon materials utilized for hybrid Na 
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ion capacitor (NIC) devices. We have for the first time built a totally carbon-based 

NIC device with state-of-the-art performance in terms of energy, power and 

cyclability. In order to achieve this target, both the electrode materials and working 

style of the full device were optimized. Firstly, we try to push the envelope of the 

electrode performances. In order to increase the overall specific capability of the 

cathode, we introduced extra pseudo-capacitance by surface redox reaction between 

Na
+
 and oxygen functional groups, in addition to the normal EDLC capacitance by 

electrostatic surface adsorption. Secondly, by purposely restraining the intercalation 

capacity of the anode within a narrow voltage window at the low voltage region, we 

successfully balanced the mass and capacity between the cathode and anode as a ratio 

of 1:1, which has maximized the voltage window and energy/power densities of the 

full device. It should also be noted that all the electrode carbons were prepared from a 

totally valueless peanut shell biowaste, which is globally generated at over 6 million 

tons per year but with little application. The exceptional performance, combining with 

the green and low cost synthesis method, should make the peanut shell derived 

carbons highly practical for NICs. 

Motivated by the increasing demand for high volumetric capacity electrodes, the 

third study (chapter 4) was devoted to exploring SnO2 based anode materials for both 

NIBs and LIBs. Firstly, based on a systematic investigation of the phase 

transformation of nanostructured SnO2 during sodiation and lithiation processes, we 

have provided a clear picture of the charge storage mechanisms of SnO2 based anodes 

in LIBs and NIBs. Secondly, we discovered the fundamental causes of the much 

lower experimental capacity of SnO2 based anode against Na than that of against Li, 

which is due to the kinetic difficulty for the full completeness of the Na-Sn alloying 

reaction. Based on the side-by-side comparison between our SnO2-C nanocomposite 

and normal SnO2 nanoparticles, we also discovered that the special nanostructure 

could help improve both the kinetics of the alloying reaction and the reversibility of 

the conversion reaction. In more detail, the SnO2-C nanocomposite consists of a 

unique continuous carbon frame with internally imbedded sub-5nm SnO2 crystallites. 
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The frame imparts excellent electrical conductivity to the active material, allows for 

rapid diffusion of Na ions. It can also effectively buffer the sodiation/desodiation 

stresses and prevent cycling-induced agglomeration of the active crystals. Benefiting 

from this unique nanostructure, the SnO2-C anodes exhibited very outstanding 

cyclability and rate performances in both LIBs and NIBs.  

For future research, the main targets we can focus on will be to obtain better 

electrode materials and higher energy/power density devices. Firstly, due to the 

complexity of carbon properties, the charge storage mechanism of carbons, especially 

for the heavily heteroatom-doped ones, still remains largely unknown. More works 

could be done developing better carbon electrodes for Na storage. Secondly, more 

researches are highly desired preparing high volumetric capacity Sn-based anodes. 

Compounds such as tin sulfide (SnS, SnS2) and tin phosphide (Sn3P4) could also be 

very promising anodes for NIBs. Finally, in place of the traditional intercalation 

cathode typically limited by low reversible capacity, sulfur and selenium based 

materials could be next generation cathode candidates due to their much higher 

reversible capacities for Na storage.  
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