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Porous carbon is indispensable in modern technology applications.  It is used for 

energy storage, gas separation, water purification, catalyst support, and 

chromatography.  The diversity of its applications stems from its unique properties, 

including high specific surface area, tunable pore volume, and chemical stability.  

Specifically, the large surface area provides high capacitance for the electric double 

layer capacitor, and catalytic sites for the chemical reaction and binding substrate for 

other catalysts in the metal air battery, fuel cell, and water splitting.  Tunable pore size 

holds the same importance as the high surface area.  Micropores are always 

prerequisite for the high surface area, and dramatically affect the solvated ions in the 

capacitive behavior.  Mesopores and macropores are necessary for the mass transfer, 

which is the most dominant process in drug delivery, gas separation, and ions diffusion 

in the capacitor and fuel cell.  The carbon crystal structure always determines 

chemical stability.  Always, the more graphitic or the more graphenic is, the more 

chemically stable the carbon is.  On the contrary, the structure of amorphous carbon is 



 
 

 

apt to be damaged under high potentials or in the harsh chemical environments, such as 

strong acid or base.   

 

Porous carbon can be synthesized by inorganic template filling, polymer carbonization 

or catalytic activation; however, these methods are constrained by high cost, tedious 

preparation process and low yield, which further limit their practical application.  In 

this thesis, I will introduce a porous graphene preparation by CO2 activation and 

magnesiothermic reduction of CO2.  On one side, porous carbon preparation by 

physical activation, such as H2O and CO2, and chemical activation, such as ZnCl2, 

H3PO4, and KOH, has been used industrially for decades, and plenty studies have been 

devoted to revealing the pore size or surface area changes during the activation, such as 

volume of micropores increased by H3PO4, lower activation temperature and higher 

yield by ZnCl2 and increased surface area and graphitic feature by KOH.  However, 

detailed study of the carbon structure evolution during the activation remains unknown.  

The reaction mechanism of carbon activated by CO2 is the simplest due to the single 

product formation of CO, and the simplicity of this reaction makes possible the 

elucidation of structural evolution of carbon during CO2 activation.  After analyzing 

the structural evolution revealed by neutron total scattering, TEM, and other 

characterizations, we have come to the conclusion that the defective graphenic domains 

are removed, and turbostratic domains are thinned after the nanoporosity is generated 

in the initial activation.  Furthermore, the tailor-designed porous carbon is synthesized 

in a short activation time with a high surface area with the guide of the mechanistic 

insights into the structural evolution of carbon.  



 
 

 

 

The synthesis of porous carbon by magnesiothermic reduction of CO2 holds a very 

similar design principle as the widely used inorganic template methods.  However, the 

magnesiothermic reduction of CO2 has the following advantages: (1) the template 

MgO forms simultaneously with porous carbon, and thus no template preparation is 

required; (2) MgO template can be easily removed by HCl without using highly 

corrosive and dangerous HF; (3) carbon source CO2 is almost free compared to the 

expensive and tedious polymer synthesis in the inorganic template process.  Moreover, 

some further study widens this novel synthesis method: Zn is added to increase the 

surface area from ~800 m
2
/g to 1900 m

2
/g, Cu is added to increase the graphitic and 

graphenic features, N2 is added to realize the N-doping.   

In this thesis, the application of porous carbon includes electric double layer capacitor, 

Li-O2 battery, microbial fuel cell, and potassium ion batteries.  For the electric double 

layer capacitor, porous carbon with surface area high up to 1900 m
2
/g showed a high 

capacitance of 190 F/g even at the high current density of 10 A/g or high sweep rate of 

2000 mV/s.  The N-doped porous carbon not only increased the capacity if Li-O2 

battery from 5300 mAh/g to 9600 mAh/g, but also lowered the overpotential in the 

charging process which led to a more stable cycle life.  The increased degree of local 

crystallinity in porous carbon enabled an improved electrochemical performance in the 

microbial fuel cell, which has the guiding significance on the catalyst design for the 

microbial fuel cell.  The local curvature of the porous carbon provided the epitaxial 

template for the growth of polynanocrystalline graphite, which showed an improved 

cycling life for potassium ion battery compared with graphite.  
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CHAPTER 1  

INTRODUCTION 

1.1 History of carbon 

Carbon, as a non-mental element, was first discovered in the forms of carbon black and coal in 

prehistoric time.
1
  Carbon was well known in the ancient China about 2500 BC.

2
  In 1722, René 

Antoine Ferchault de Réaumur proved that iron can become steel by absorbing particular 

substance, which was determined to be carbon later on.  In 1772, Antoine-Laurent de Lavoisier 

proved that diamond is one the forms of carbon.
3
  In 1786, Claude Louis Berthollet，Gaspard 

Monge and C. A. Vandermonde confirmed that graphite is made of carbon.
4
  Then carbon was 

listed in the periodic table in the 1789.
5
  

1.2 Different allotropes of carbon 

1.2.1 Nine common allotropes 

Carbon is one of the most abundant elements on the earth, and also one of the most essential 

elements in living organisms.
6
  Carbon exists in the atmosphere and earth crust in various forms, 

such as CO2, organic compound, carbonate and elemental carbon.
7
  For the elemental carbon, 

various allotropes exist with different structures and physical properties, including graphite, 

diamond, fullerene, lonsdaleite, graphene, carbon nanotube, amorphous carbon, graphdiyne and so 

on.
8
  The structure of the different carbon allotropes is shown in Figure 1.1.  
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Figure 1.1 The structures of eight allotropes of carbon: (a) Diamond, (b) Graphite, (c) Lonsdaleite, 

(d) Graphene, (e) Carbon nanotube, (f) C60 Fullerene, (g) Graphyne, (h) Carbyne, (i) Amorphous 

carbon.
9
 

Diamond is the hardest carbon structure.
10

  Each carbon atom is surrounded by four other carbon 

atoms with tetrahedral connections, forming a spatial network.  The conversion from the 

diamond to graphite is thermodynamically favorable while kinetically unfavorable.  Diamond has 

the highest hardness and thermal conductivity, along with a high melting point up to 3500 ºC, 

which close to the surface temperature of the star.  However, the conductivity of diamond is 

extremely low, which is due to the lack of free electrons since all the valence electrons have been 

used to form the sp
3
 bonds.

11
  The natural diamond is formed at least 150 km beneath the earth 



3 
 

 
 

crust in an environment of high pressure and high temperature.  Synthetic diamond can be 

obtained by the similar condition of high pressure and high temperature at industry scale, and by 

chemical vapor deposition though only at lab scale.
12

  

Different from diamond, graphite is a layered structure with layers stacking in an ABAB sequence, 

with each layer consisted of sp
2
-bonded carbon.  The one free electron of each carbon atom in the 

same layer will conjugate into a large π system, which is very similar to the free electron system in 

metals.  This is the reason why graphite is a good thermal the electric conductor.  The single 

layer of graphite belongs to the atom crystal while different layers of graphite belong to the 

molecular crystal, thus we consider graphite as a mixture crystal.
13

  Natural Graphite can be 

classified into amorphous graphite and crystalline graphite based on their crystal size.  The 

amorphous graphite usually has the crystal size below 1mm, while the latter one has the crystal 

size above 1mm.
14

   

Lonsdaleite has the same bond type as diamond.  However, the atoms are aligned in the shape of 

a hexagon, and thus Lonsdaleite is also called hexagonal diamond.  Lonsdaleite is formed from 

graphite under high temperature and pressure when a meteor hit the earth.  The hardness of 

lonsdaleite is almost 1.5 times as that of the diamond.
15

  

Graphene is the single layer of graphite.  Before the discovery of graphene in 2004, the whole 

world held the notion that any two-dimensional crystal cannot exist at the temperature above 0K.
16

  

However, the discovery of graphene totally changed this notion.
17

  The velocity of the electron in 

graphene can be up to 1/300 of light speed, the properties of which is similar to that of the 

neutrino in relativity theory.
18

  Another interesting property of graphene is that it is both the 
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thinnest and most durable material.
19

  Graphene is also the densest material, and hence cannot be 

penetrated the hydrogen atom.
20

  Thus graphene is named as black gold.  The synthesis methods 

of graphene include mechanical exfoliation, oxidation-reduction, epitaxial growth on the SiC and 

chemical vapor deposition.
21

  The mechanical exfoliation is simple but inefficient, but can only 

be achieved on a small scale.  The oxidation-reduction method has the advantage of easy 

processing and high yield, but the disadvantage is the low quality of the graphene product.  

Epitaxial growth on the SiC can produce graphene with high quality while the strict requirement 

of equipment limits its further application.  Chemical vapor deposition can produce graphene 

with high quality and large area; the only problem is the high cost of production which needs to be 

fixed in the future.  

A carbon nanotube is a cylindrically shaped graphene, which can be made with a 

length-to-diameter ratio of up to 132,000,000.  Different from graphene, carbon nanotube 

possesses some sp
3
 carbon besides sp

2
 carbon, and there is always some functional group attached 

to the surface of carbon nanotube, less for single wall carbon nanotube while more for the 

multiwall carbon nanotube.  The defects and reactivity of carbon nanotube depend on the layer 

numbers and location.  Single wall carbon nanotube and the inner tubes of the multiwall carbon 

nanotube tend to more intact and inert.  Theoretically, carbon nanotubes should be composed by 

hexagons.  However, pentagons will show up at the end to seal the carbon nanotube and 

heptagons will change the spiral structure of the carbon nanotube.  Synthesis methods of carbon 

nanotube include laser etching, arc discharge, polymerization reaction and chemical vapor 

deposition.
22
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A representative example of fullerene is C60 with 20 hexagons and 12 pentagons.  Fullerene is a 

molecular crystal with low boiling and melting point.  The synthesis methods for fullerene are 

very similar to that of the carbon nanotube.
23

  And the application of fullerene includes 

superconductor, lubricant, catalyst, anticancer agent, solar cell, non-linear optics device, 

photoconductor etc.
24

  

Graphyne has single layer structure composing by sp and sp
2
 bonded carbon atoms, which can be 

considered as benzene rings linked by acetylene bonds.
25

  

Linear acetylenic carbon also referred as carbyne and linear carbon, which is entirely composed of 

sp type carbon.  In this structure, single/triple carbon-carbon bonds connected to each other 

alternatively.  As estimated, the young's modulus of linear acetylenic carbon is 40 times as that of 

the diamond.
26

  

Amorphous carbon cannot be defined as a pure phase carbon, but as in the transition state between 

sp
2
 and sp

3
 type of carbon.  For amorphous carbon, the weak crystal structures with terminating 

end of dangling bonds or hydrogen atoms result in a broad peak in the XRD pattern.  It is easy to 

detect the irregular two-dimensional or three-dimensional graphite microcrystals in the amorphous 

carbon.
27

     

1.2.2 Comparison between soft carbon and hard carbon 

For amorphous carbon structure, it is very important to differentiate between hard carbon and soft 

carbon, the classification of which is based on whether the porous carbon can be converted into 

graphite under high-temperature annealings, such as above 2000 ºC. 
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Figure 1.2. Representative transmission electron microscopy images: A. Soft carbon B. Hard 

carbon 

Graphite has carbon atoms connected in a honeycomb lattice that extends in a plane, and these 

planes stack in an ABAB sequence.  Different from graphite, soft carbon, and hard carbon does 

not have long-range order along c-axis to achieve an ABAB stacking form, which means soft 

carbon and hard carbon are not graphitic in Figure 1.2.  The difference between hard carbon and 

soft carbon lies in the graphenic feature, which is referred to as in-plane honeycomb lattice, of 

which soft carbon has a higher order than hard carbon.  Another way of saying soft carbon is 

graphitizable carbon, where domain size of the graphene sheet is smaller than graphite, but still 

flat, providing the possibility to fuse an intact graphene sheet forming graphite under high 

temperature.  Compared with soft carbon, the atomic structure of hard carbon has a classic name, 

card-house defined by Franklin.  The domain size of ab plane is small and curved, and the 

randomly oriented nanosheets tend to form voids.  All the features above increase the difficulty 
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in forming graphite under high temperature, and this is the reason why it is called hard carbon.  

In other words, soft carbon is nongraphitic but graphenic while hard carbon is nongraphitic and 

nongraphenic. 

1.3 Structures of Carbon 

1.3.1 Basic Carbon structures 

To reveal the crystal structure of carbon, we have to go back to the basic carbon electron 

configuration.  Based on that, we can then understand the sp, sp
2
 and sp

3
 types of carbon, the 

single bond, double bond and triple bond, and diamond, graphite, and carbine.  All the other 

complex carbon structures are based on these three elementary carbon structures as shown in 

Figure 1.3. 

 

Figure 1.3 Ternary phase diagram of carbon allotropes.
9
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There are six electrons in the carbon atom with 1s
2
2s

2
2p

2
 configuration, among which the two 

electrons in the 1s orbitals, belonging to inner shell electrons, never take part in chemical bonding 

formation and chemical reaction.  The 2s orbital is completely filled and 2p orbitals are partially 

filled.  Conventionally, the electrons in the 2p orbitals are called valence electrons, so the carbon 

should be divalent.  However, stable divalent carbon seldom exists.  On the contrary, the widely 

existing form is tetravalent carbon.  The answer to this puzzle lies in the orbitals hybridization, 

based on which carbon atoms can form various types of bonds and infinite structures.  

In the concept of hybridized orbitals, the 2s and 2p orbitals of carbon are hybridized into the 

orbitals with equal energy, specifically, including sp
1
 hybridization, sp

2
 hybridization, and sp

3
 

hybridization.  Then the hybridized orbitals are used to connect with other carbon atoms.  The 

directional properties of carbon hybridized orbitals lead to the different shapes of bonds, such as 

the triple bond from sp
1
 carbon hybridization with linear configuration, a double bond from sp

2
 

carbon hybridization with planar configuration and single bond sp3 carbon hybridization with 

tetrahedral configuration.    

A basic carbon structure with only sp
1
 hybridization, carbyne has a linear shape with a single bond 

angle of 180º.  The other two unhybridized p orbitals are perpendicular to the sp
1
 hybridized 

orbitals.  The electron on the sp
1
 hybridized orbital will form σ bond with the electron on another 

carbon atom, while the two electrons on the unhybridized p orbitals will form two π bonds with 

the electrons of the same type of another carbon atom.  This is how the triple bond forms in the 

carbyne.  Typically, a single bond and triple bond appear alternatively in the linear carbyne 

structure.  
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Both graphene and graphite are only made up of sp
2
 hybridized carbon atoms with a bond angle of 

120 º.  There are three sp
2
 hybridized orbitals and one unhybridized p orbital for each carbon 

atom.  The electrons on the three sp
2
 hybridized orbitals will connect to the electrons on the same 

type of orbitals from another carbon atom forming σ bonds, while the electrons on the 

unhybridized p orbital will form one π bond.  Similar to carbyne, a single bond, and double bond 

shows up alternatively in the planar graphene/graphite structure.  

Diamond, as a typical example, only contains sp
3
 carbon with a bond angle of 109.5º.  The 2s 

orbital and three 2p orbitals are hybridized to make four sp
3
 hybridized orbitals.  All the carbon 

atoms of sp
3
 type are connected via σ bonds.  Since no σ bond is parallel to each other, and there 

is no π bond in the diamond structure.  The diamond structure is composed of numerous 

tetrahedral unit cells.   

Due to the unstable carbon triple bond, carbyne structure seldom appears in the more complex 

carbon structure.  Generally, more complex carbon structures are only composed of sp
2
 carbon 

and sp
3
 carbon.  Thus, combinations of diamond nanodomains and/or graphite/graphene 

nanodomains with different ratios and spatial connection make up almost all the stable complex 

carbon structures.  For example, amorphous carbon is formed of graphite/graphene nanodomains 

and diamond nanodomains.  Fullerene and carbon nanotube is just two more morphologies of 

graphene by curving and folding.  Thus it is necessary to be clear on the basic crystal structure of 

graphite/graphene and diamond, based on which we can understand the other complex carbon 

structures well.  

1.3.2 Crystal structure information revealed by XRD 
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Graphite, belonging to the hexagonal system, has a typical layered structure.  In each layer, the 

carbon atoms are connected with equal distance of 0.142 nm to form hexagons.  And then, 

different layers will stack in the ABAB sequence with an interlayer distance of 0.335 nm.  As 

reported by Mookerji et al., reciprocal lattice structure of graphite is generated based on the 

coordinates of the four atoms A, B, A’, and B’ in one unit cell and the corresponding primitive 

lattice vectors.
28

  Since carbon atoms are the only element in the graphite structure, when 

calculating the structure factor and x-ray intensity, the atomic form factors can be ignored.  

According to following, equation: 

𝐼[ℎ𝑘𝑙](𝜃) = 𝑝 |𝑀𝑎(𝐾𝑚)|2 (
1+𝑐𝑜𝑠2 2𝜃

𝑠𝑖𝑛2 𝜃 𝑐𝑜𝑠 𝜃
) (1) 

where [hkl] is Miller index describing crystal lattice planes, p is multiplicity factor referring to the 

number of different planes having the same spacing through the unit cell, 𝑀𝑎(𝐾𝑚) is the structure 

factor, and θ is the scattering angles of x-ray beam, the intensity of x-ray diffraction for graphite is 

shown in the Figure 1.4a after calculation.  

 

Figure 1.4 (a) Standard XRD pattern of graphite.  (b) Illustration of La/Lb of graphite and AB 

stacking of graphite.
29
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As reported by Li et al., the variation of graphite structure may result in following changes in the 

XRD patterns.
29

  With decreasing crystal size of graphite, the diffraction angle of (002) line will 

shift to a lower degree and a half maximum intensity (FWHM) of (002) line will increase.  When 

the rotation of graphene layers happens, the three-dimensional line will vanish while the (00l) line 

will be retained due to the intact coherence along c-axis.  The (00l) line will shift to a lower angle 

when the d spacing increases.  The intensity of (00l) line will be strongly affected if the carbon 

atoms fluctuate along with the ab planes.  Here, it should be noted that using the diffraction angle 

and FWHM to calculate the latticing parameter and domain size leads to only qualitative results 

due to the distortion factors.  

The domain size of La and Lc is illustrated in Figure 1.4b.  Scherrer equation is always used to 

calculate the domain size of the sample, resulting from the broadening of diffraction lines. 

𝐿 =
𝐾𝜆

𝐵𝑐𝑜𝑠𝜃
  

Where L is the coherence length of a crystal domain size, λ is the wavelength of X-ray; B is full 

width at the FWHM measured at diffraction angle θ.  For carbon materials, K is 0.9 for the 

domain along c axis while 1.84 for the domain along ab plane. 
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Figure 1.5 Standard XRD pattern of the diamond. 

The structure information of diamond shown in Figure 1.5 is always obtained by thermal 

parameter B, based on which the root-mean-square atomic displacement and Debye characteristic 

temperature ΘD can be calculated.  The following equation shows the determination of thermal 

parameter B.  

ln (
𝐼𝑜𝑏𝑠

𝐼𝑐𝑎𝑙
) = −2𝐵 (

sin 𝜃

𝜆
)

2

+ 𝐶  

Iobs and Ical are the observed integrated intensity and theoretically calculated intensity, respectively.  

λ is the wavelength, and θ is the Bragg angle.  

Then Debye characteristic temperature ΘD can be obtained from the following equation: 

B =
6h2T

MkBΘD
(φ(x) +

x

4
)  

Here, φ(x) equals ΘD/T, and h, T, M, kB are plank constant, temperature, atomic mass, and 

Boltzmann constant, respectively.  
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Then root-mean-square atomic displacement <u
2
x>

1/2
 can be obtained from the following 

equations: 

𝐵 = 8𝜋2〈𝑢𝑥
2〉 (4) 

Finally, the structure information of mean grain size D and microstrain <e
2
>

1/2
 is obtained from 

the following equation: 

𝛽2

tan2 𝜃
=

𝜆𝛽

𝐷 tan 𝜃 sin 𝜃
+ 16〈𝑒2〉1/2 (5) 

where Β is the integrated width of the physical broadening.  

1.3.3 Local structure information revealed by Raman 

Raman spectroscopy is a powerful tool, due to its high sensitivity to structure changes and 

non-destructive measurement, to characterize various carbon forms, including disordered carbon, 

amorphous carbon, graphene, graphite, diamond, and fullerene.  The atomic structure and 

electronic properties can be further obtained from peak intensity, peak position, and FWHM.  

The Raman spectrum of graphite was obtained more than 40 years ago, and in 2006 the Raman 

spectrum of graphene was reported by Ferrari et al..
30

  It is imperative to understand the origin of 

Raman spectra for graphite and graphene, based on which we can further understand structural 

information for other carbon material. 

1.3.3.1 Selection rules 

The stacking of graphene into graphite not only introduces interactions between different layers 

but also changes the selection rule significantly.
31

  It is better here to derive a simple model of 

graphene, and then it is much easier to understand graphite.  Both graphite and graphene have the 
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D6h point group.  When phonon vector is zero, the six normal modes of graphene at Γ point can 

be simplified as following: 

Γ𝑣𝑖𝑏,2𝐷 = 𝐴2𝑢 ⊕ 𝐵2𝑔 ⊕ 𝐸1𝑢 ⊕ 𝐸2𝑔 

Among the four modes, two modes doubly degenerate. 

As shown in Figure 1.5, E1u representation indicates the plane translation along ab planes, while 

A2u representation indicates the plane translation along the c axis.  The B2g mode represents 

carbon atoms vibrating perpendicularly to the ab planes with half motion up and half motion down.  

The E2g mode is very similar to B2g mode; the only difference lies in that carbon atoms in B2g 

mode vibrate along the ab planes.  For graphene, the only E2g mode is Raman active.  
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Figure 1.6 phonon displacement patterns of Γ-point for graphene and graphite.
30
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With graphene stacking into graphite, the normal modes of graphene, either in phase or out of 

phase, combine to generate new modes for graphite.  As shown in Figure 1.6, there are eight 

modes for graphite, the phonon symmetries of graphite can be listed as follows: 

Γ𝑣𝑖𝑏,3𝐷 = 2𝐴2𝑢 ⊕ 2𝐵2𝑔 ⊕ 2𝐸1𝑢 ⊕ 2𝐸2𝑔 

Among these eight modes, only the E2g mode with a higher frequency from the combination of out 

of phase E2g modes of graphene, and the E2g mode with lower frequency from the combination of 

in phase E1u modes of graphene are Raman active.  

1.3.3.2 Explain of D, G, 2D and C bands 

 

Figure 1.7 The Raman spectrum of graphite without defects (a) and with defects (b).  The two 

curves indicate that the spots are from different sites.
31

  

The Figure 1.7a shows typical Raman spectra for graphite without defects, the G band around 

1580 cm
-1

 corresponds to the E2g vibration mode with higher frequency in the first order spectrum.  

In Figure 1.7b, there is an additional band around 1340 cm
-1

 named D band for the defective 

graphite in the first order spectrum.  The appearance of D band comes from the breathing mode 
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A1g shown in Figure 1.8, the activation of which requires a defect.  And later on, D band was 

proved to be independent of disorder types by the recording of boron-doped graphite and 

electrochemically oxidized graphite.  Here, it should be noted that G band and D band are from 

Raman-active and double-resonant scattering mode, respectively.  Specifically, the in-plane 

optical E2g mode corresponds to the Γ point when the phonon wave vector equals 0 while the 

transverse optical A1g mode corresponds to the K point when the phonon wave vector is between 

0.8 and 1.  Furthermore, D band dispersion is sensitive to the laser energy while G band not.   

 

Figure 1.8 phonon displacement patterns of A1g mode.  

As we have mentioned above, there should be two bands corresponding to the two E2g vibration 

modes: one is G band, and the other one is named C band with lower frequency.  C band is 

located at 42 cm
-1

 and is always absent on the Raman spectrum due to the notch and edge filter 

cut-off of the spectrometer.  The number of graphene layers primarily influences the Raman shift 

of C band; however, using C band to prove the existence of single layer graphene is still under 

debate.
32

  

In the second order Raman spectrum, G* band is an overtone of G band and D* band is the 

overtone of D band.  The actual frequency of G* band is larger than the theoretical value, which 

is due to the nonequilibrium state of longitudinal optical branches, off the Γ-point of graphite.  
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Different from D band, D* band does not rely on the existence of defects because two phonons 

with opposite wave vector always satisfy the momentum conservation.  

1.3.3.3 Deconvolution of D and G band  

 

Figure 1.9 Fitted Raman data and its deconvolution into TPA, D, A and G bands for hard carbon.  

Raman spectrum will become blurry when more defects are introduced to the ab planes or the 

stacking sequence along the c axis, especially for amorphous carbon.  The dispersion of G band 

and D band will be greatly enhanced, which is entirely different from graphene and graphite.  

Thus, there will be a strong need to deconvolute the D band and G band to offer more detailed 

information.  Here, hard carbon is used illustrate the Raman spectrum deconvolution.  As shown 

in Figure 1.9, the experimental Raman spectra are fitted by using TPA, D, A and G bands based 

on the previous study.
33

  The position of these four bands for hard carbon and its derivative 
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activated carbon after different activation time is presented in Figure 1.10.  The TPA band is 

always located at the left of D band while A band is always located at the position between D band 

and G band.  The TPA band is the proof of the existence of a transpolyacetylene-like structure, 

and the conservation of TPA band during the whole activation process indicates that 

transpolyacetylene-like structure is resistant to the CO2 activation, similar to the behavior in the 

high-temperature annealing process.  The blue shift of TPA band from 1173 to 1183 cm
-1

 may 

come from the change of grain boundaries of poor quality diamond nanocrystals; however, the 

further and detailed study still should be conducted to give solid confirmation.  D band is 

attributed to the A1g vibration mode of finite-sized graphenic domains caused by defects, the shift 

of D band for HC and its derivative activated carbon seems unique in this study, considering D 

band only varies with the laser excitation energy with its dispersive nature.  Different from D 

band, A band is non-dispersive, so the redshift of A band from 1548 to 1502 cm
-1

 can be only 

from the structural changes.  As reported before, A band is responsible for the sp
3
 interstitial site 

attached to sp
2
 network or sp

2
 based point-like defects.  So the shift of A band may have 

something to do with the sp
2
 or sp

3
 content, which will discuss in the following part.  The G band 

is assigned to the E2g vibration mode from the sp
2
 carbon.  Based on the previous study, the red 

shift of G band always relates to the decrease of sp
3
 contents, though there is also some study 

indicating the red shift of G band results from increased graphitization degree. 
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Figure 1.10 The position of TPA, D, A and G band of HC and its derivative activated carbon after 

different time.  . 

1.3.3.4 Estimation of domain size La  

Besides the position of Raman bands, the ratio of the band intensity is also a powerful tool to 

study the local carbon structure.  ID/IG ratio is always used to reveal the structure information 

along the ab plane.  Based on the study by Pimenta et al., domain size La is calculated by the 

following equation: 

𝐿𝑎(𝑛𝑚) = (2.4 ⋅ 10−10) ⋅ 𝜆𝑛𝑚
4 (

𝐼𝐺

𝐼𝐷
) (6) 

The excitation laser wavelength λnm is 514 nm.
34

  

1.3.4 Atomic structure information revealed by neutron total scattering 
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Generally speaking, XRD pattern and Raman spectrum are capable of providing the carbon 

structure information on the long range order, but both of these two characterizations lack the 

ability to offer the details on the middle range or short range order.  Also, XRD pattern is based 

on the interaction between the X-ray and electrons, which renders XRD incapable of revealing 

information of light elements, such as hydrogen and carbon.  However, neutron scattering is 

based on the interaction between nucleus and neutrons with a wavelength around 1 Å from a 

nuclear reactor.  Thus compared with XRD, neutron scattering is more capable of identifying the 

spatial relationship between different carbon atoms, especially for amorphous carbon 

materials.
35,36

    

Based on following equation: 

λ =
ℎ

𝑚𝑣
=

ℎ

𝑚

𝑇𝑂𝐹

𝐿
 (7) 

d =
λ

2 sin 𝜃
 (8) 

Q =
2π

d
 (9) 

We can get: 

Q =
4𝜋 sin 𝜃𝑚𝐿

ℎ 𝑇𝑂𝐹
 (10) 

Among them, λ is the wavelength of the neutron beam, h is Planck constant, m is the neutron mass, 

L is a whole flight path, TOF is the flight time, d is the spacing distance, 𝜃 is Bragg angle and Q 

is wave vector.
37

  

Furthermore, based on the Fourier transform of the total scattering structure function S(Q), G(r) 

can be obtained from the following equation:  

𝐺(𝑟) =
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1]

∞

0
sin(𝑄𝑟) 𝑑𝑄 (11) 
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Here, Q is the wave vector and S(Q) is total intensity of Bragg and diffuse scattering.
38

  A pair 

distribution function (PDF) is a plot of G(r) as a function of r shown in Figure 1.11a, where G(r) 

is the possibility of finding a pair of randomly-selected atom of real distance of r.  The first three 

peaks at 1.41 Å, 2.43 Å, and 2.82 Å corresponds to the distance of three closest atoms to central 

atom shown in Figure 1.11b.   

Figure 1.11 (a) PDF results for total scattering results of HC and its derivative activated carbons.  

Inset: a magnified region within 5 Å. (b) Schematic of graphene local structure.  (c) Simulation 

of PDF results for different degrees of local atomic density. 

The simulation is looked at a pristine graphene sheet in a unit cell of differing volume, which is 
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meant to test the effect of atomic density on the PDF plots (Figure 1.11c).  When varying the 

atomic density, expressed as atoms/Å
3
, it first appears that the intensity decreases for simulations 

with a higher atomic density.  However, upon closer examinations of the plot, we see that 

simulations with a higher atomic density have a lower baseline, due to a more significant density 

correction in the G(r) equation.  It is logical: the measured structures for PDF are identical, the 

only difference is the density—thus aside from the different baseline, the plots are essentially the 

same.  

1.3.5 sp
2
/sp

3
 contents determined by XANES 

Understanding the carbon structure on the atomic scale, including judging sp
2
/sp

3
 typed carbon 

and determining their corresponding content, requires measurements beyond the capabilities of 

XRD, Raman, and neutron total scattering.  Here, X-ray absorption spectrum (XAS) shows up as 

a powerful tool to reveal the atomic coordination environment based on the backscattering of the 

surrounding atoms to the emission photoelectrons.  
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Figure 1.12 C K-edge XANES spectra of amorphous carbon 

As shown in Figure 1.12, We can find two peaks located at 283.5 eV and 286.4 eV, which is 

attributed to sp
2
-bonded carbon with 1s→π* transition and oxygen signal chemisorbed on carbon, 

respectively.  Besides this, a broad band starting from 289.6 eV is assigned to sp
3
-bonded carbon 

with 1s→σ* transition.  Based on the following equation,  

 

%sp
2
HC≈

(𝜋∗/𝜎∗)𝐻𝐶

(𝜋∗/𝜎∗)𝐻𝑂𝑃𝐺
; (12) 

%sp
3
HC=100%−%sp

2
HC; (13) 

 

Here, π* and σ* are calculated based on the numerical integration on energy ranges of 282-287 eV 

and 293-302 eV, respectively.
39

 

1.4 Porous carbon structure 
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1.4.1 Historic study of porous carbon 

As stated by Paul Emmett in 1948, pore structure in carbon comes from the slit-like void between 

the approximated aligned graphene flakes.
40

  Even though this model is still widely used in the 

theoretical studies of adsorption and permeability; few experimental results suggested the 

existence of these slit-like pores.  Later on, in 1951 Franklin presented another different model 

for hard carbon and soft carbon in Figure 1.13, among which cross-links connect small graphitic 

domains.
41

  For hard carbon, the graphitic domains oriented towards different directions, while 

more parallel for soft carbon.  This model well explains why soft carbon is more liable to 

transformation into graphite while hard carbon is not.  Here, the nature of the cross-link is not 

specified, even though some researchers suggested it is sp
3
 bonded carbon atoms.  However, the 

unstable sp
3
 carbon atom cannot bear high temperature up to 1700 ºC, which should not be the 

reason for the difficulty in graphitizing hard carbon.
42,43

  Furthermore, there is no evidence from 

diffraction studies that sp
3
 carbon exists in the hard carbon back then.   

 

 

Figure 1.13 Franklin’s representations of (a) hard carbon and (b) soft carbons
44
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In 1970s, the appearance of TEM enabled the new model for porous carbon structure to be 

established.
45

  Curved graphene sheets were found to enclose voids within a ribbon-like structure 

for hard carbon after heat treatment.  But the fact that the flexible graphene sheets would fold 

more closely to decrease the surface energy at high temperature made this model very weak.  

This controversial model should come from the electron beam parallel to the (002) fringes.  In 

this case, the 3D structure of hard carbon is more ribbon-like rather than cage-like.  

 

Figure 1.14 Micrograph showing closed structure in PVDC-derived carbon heated at 2600 ºC
44

 

With the discovery of fullerene and carbon nanotube, the carbon pentagon rings and other 

non-six-membered rings are suggested to be stable structures,  whch enables researchers to 

introduce new concepts into the porous structure.  The first study of taking fullerene structure 

into consideration for porous carbon was reported in 1997.
46,47

  Later on, HRTEM further drove a 

detailed study.  As shown in Figure 1.14, hexagonal or pentagonal shaped domains are faceted.  

Furthermore, a new model based on fullerene structure was proposed by Harris et al in Figure 

1.15.
44

  The pentagons and heptagons are dispersed into the discrete and curved carbon sheet, 

which is majorly made of hexagons.  
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Figure 1.15 Schematic illustration of a model for the structure of non-graphitizing carbons based 

on fullerene-like elements.
44

  

In 2008, more advanced HRTEM with a resolution of 0.05 nm, which is much better than 

conventional HRTEM with 0.18 nm resolution, enables researchers to look at carbon in a clearer 

way.
48,49

  As shown in Figure 1.16a, a clear evidence of pentagon is presented under 

aberration-corrected HRTEM, and five bright carbon atoms are connected together, which is 

further confirmed in Figure 1.16c.  The simulated structure by a standard multi-slice process in 

Figure 1.16 further confirms that structure.  Some other pentagons faced in a different 

orientation and corresponding simulated structures are also shown in Figure 1.16e and Figure 

1.16g.  As reported recently, pentagons and heptagons in the hexagon carbon systems will induce 
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localized rippling of the graphene sheet, further affecting graphitic stacking and introducing 

nanopores.
50

  

 

Figure 1.16 (a) Aberration-corrected micrograph of activated carbon heated to 2000 ºC.  (b) 

Enlarged region showing the pentagonal arrangement of spots.  (c) Simulated image of the 
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structure shown in (d).  (e) The second region showing pentagonal arrangement.  (f) Simulated 

image of structure shown in (g).
44

 

Here it should be noted that using pentagons or heptagons in the fullerene to explain the porous 

carbon structure represents the state-of-art.  Till now, the results from electron energy loss 

spectroscopy (EELS) and Raman have provided the evidence of fullerene-like structure.  

However, its accuracy and applicability still need to be confirmed by further experimental and 

theoretical studies.
51-53

   

1.4.2 Classification of porous carbon 

Specifically, the pores in the porous carbon can be classified into three types: micropores (smaller 

than 2nm), mesopores (between 2nm and 50 nm) and macropores (larger than 50nm).  

Brunauer-Emmett-Teller (BET) is widely adopted to measure the surface area, pores size 

distribution and pore volume, which are three keys features of porous carbon.  There are six 

different types of adsorption-desorption isotherms in Figure 1.17.
54

  For the type I isotherm 

curve, the gas is adsorbed at the low-pressure area, which corresponds to the filling of microspores.  

The type I isotherm curve always exists for activated carbon.  Type II isotherm curve always 

corresponds to the non-porous or macroporous carbon.  The point B is an indicator for the end of 

single layer adsorption.  The type III isotherm curve is also for the non-porous or macroporous 

carbon when the weak interaction between gas and carbon happens.  It should be noted this curve 

is rare.  The type IV isotherm curve is representative for the mesoporous carbon with 

characteristic hysteresis between adsorption and desorption curve.  Type V isotherm curve is 
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very rare and for the weak interaction between the gas and microporous or mesoporous carbon.  

Type VI isotherm curve is for the multilayer adsorption on the nonpore surface of the carbon.  

 

Figure 1.17 Different types of isotherms.
55

  

1.5 Porous carbon synthesis 

Porous carbon synthesis has been well established till now, and various methods have been 

developed to synthesize different types of porous carbon.  As suggested by Hyeon et al, 

traditional methods have been classified into following categories: (1) Chemical activation and 

physical activation process; (2) Using metal salts or organometallic compound with catalytic 

function to activate carbon precursor; (3) Carbonization of polymer blends of carbonizable part 

and pyrolyzable part or carbonization of supercritical dried polymer aerogel; (4) Using inorganic 

template to synthesize porous carbon with well-controlled structure.
56

 

1.5.1 Physical activation and chemical activation 
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Chemical activation includes using KOH, H3PO4, and ZnCl2 to react with carbon, then porosity is 

changed diversely based on different activation agent used.
57-63

  Specifically, H3PO4 has been 

proved to increase the volumes of micro and mesopores of the carbon, ZnCl2 can lower the 

reaction temperature and increase carbon yield during the carbon activation, and KOH has shown 

the ability to increase the surface area of graphene oxide to 3100 m
2
/g.  Physical activation is 

referred to as using H2O or CO2 to activate the carbon to generate H2 or CO as the byproduct.
64-67

  

Activation process uses the activation agent to carve the starting carbon materials.  Some 

structures are preferentially removed, leaving enlarged pore size or increased surface area.  Even 

though these activation methods have been used for a long time, they are still mainly based on a 

trial-and-error approach, and their fundamental mechanisms have not been well understood.  One 

critical aspect of the mechanisms is the correlation between the atomic structures of carbons and 

the resulting nanoporosity after activation.  For example, there are long-standing knowledge gaps 

regarding what carbon atomic structures, i.e., sp
2
 or sp

3
, ordered or disordered, hard or soft, are 

more desirable for achieving the aimed porosity.  An in-depth understanding of this issue will 

provide great insights into the choice of carbon precursors for physical activation as well as the 

choice for organic precursors for chemical activation given that it is well known that which types 

of carbon structure can be derived from what organic precursors.  To fill up the aforementioned 

knowledge gaps and guide activation in obtaining tailor-designed porous carbons, in the following 

chapter I will discuss my study on activation by CO2 of different types of bulk carbon structures, 

including graphite, soft carbon, and hard carbon.  Different from other activation methods, CO2 

activation has the simplest reaction mechanism by forming just one by-product—gaseous CO in 

the Boudouard reaction described below 
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𝐶(𝑠) + 𝐶𝑂2(𝑔)
Δ
→ 2𝐶𝑂(𝑔) 

Thus, I focus on CO2 activation to reveal the basic empirical relationship between the carbon 

atomic structures and the resulting porosity features. 

1.5.2 Catalytic activation 

Applying organometallic compound with catalytic function, such as (CH3COCHCOCH3)2Co, 

Y(C5H5)3 and Yb(C5H5)3, to activate the carbon is an extension of chemical activation, which is 

not widely used.
68,69

  Compared with KOH, H3PO4, and ZnCl2, organometallic compound may 

possess ability to form special carbon product, including high content of mesopores. However, the 

price of this activation agents should be considered in the case of practical application, and more 

research and further study should be performed to understand the unique activation role by 

organometallic compound.  

1.5.3 Polymer carbonization 

Carbonization of polymer blends or supercritically dried polymer aerogel greatly relies on the 

polymer synthesis, which renders a high cost for the final carbon product.
70

  What is worse, the 

yield for final carbon product from polymer blend is very low, which further limits its application.  

It is the reason why porous carbon is barely produced from a polymer on an industrial scale.  

1.5.4 Template Synthesis  
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Figure 1.18 (a) Schematic representation showing the concept of template synthesis. (b) 

Microporous, (c) mesoporous, and (d) macroporous carbon materials, and e) carbon nanotubes 

were synthesized using zeolite, mesoporous silica, a synthetic silica opal, and an AAO membrane 

as templates, respectively.
56

 

Uniform porous carbon based on rigid and designed inorganic template was firstly developed by 

Knox and his co-workers in 1986.
71

  Since then, various inorganic templates have been used to 

produce different types of carbon as shown in Figure 1.18.  Usually, this method includes the 
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steps as follows.  Carbon precursor and template are prepared in the first place; the carbonization 

takes place and finally the template has to be removed by HF or KOH.  This method is divided 

into two categories: porous carbon with isolated pores which are from templates embedded into 

the carbon structure and porous carbon with interconnected pores which originates from carbon 

precursor filling into the template pores.  Even though using the inorganic template to synthesize 

porous has shown great success in the practical applications, such as gas separation, water 

purification catalyst support, and energy storage, however, the purification process using highly 

corrosive reagents and the precursor/template synthesis process involving labor-intensive input 

encourage researchers to develop more facile and scalable methods.  In the following chapter, I 

will introduce converting atmospheric CO2 into nanoporous graphene via simple metallothermic 

reactions.   

Conversion of CO2 into useful chemicals and materials is highly promising, considering the 

associated ecological and economic benefits.  Surprisingly, converting CO2 into functional 

carbon materials has been rarely studied as feedstock gas, which may be because breaking down 

strong carbon-oxygen double bonds requires an immense amount of energy.  Magnesiothermic 

reactions are well known for their capability in dissociating robust chemical bonds, including the 

Ti-O bond in TiO2 in the industrial production of Ti metal and the Si-O bond in SiO2 in forming 

porous silicon materials.  Utilizing molten Mg and Mg-Zn physical mixture reduces and deposits 

nanoporous graphene with various degrees of graphitization and specific surface areas from ~800 

m
2
/g to 1900 m

2
/g.  The new methodology produces scalable and controllable graphitic porous 

carbon from the mixture of melted magnesium powder with zinc and wasteful carbon dioxide.  

This method is also cost-effective, indicating a high potential for large-scale application, as well as 
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fulfilling the requirements of “green” chemistry (the use of non-toxic chemicals and recyclable 

materials).  This proposed reaction between magnesium powder and carbon dioxide to form 

porous graphitic carbon illustrates an example of how to use environmentally-friendly methods to 

capture carbon dioxide while making progress towards energy production.  Other “green” 

methods may include the utilization of alkali metals, alkaline-earth metals, and transition metals.  

This new method provides incentive for others to explore these “green” methods by demonstrating 

that the most efficient and cost-effective method can also be an environmentally-friendly one.
72,73

 

1.6 Porous carbon application 

The application of porous carbon includes adsorption, energy storage, and catalyst support/catalyst, 

owing to its high surface area and suitable pore size.  

1.6.1 Adsorption 

Based on the molar mass, size, geometry, solubility, polarity and the functional group of different 

materials, porous carbon, with the high specific surface area, suitable pore volume, chemical 

inertness and superior mechanical stability, has gained great success as absorbents due to its 

simple, effective and time-saving characters.
74

  As shown in Figure 1.19, porous carbon has been 

used as absorbents to remove the pollutants from natural environment, such as heavy metals, 

phenols, dyes and oils, or to separate different gas with different molar mass, including H2, CO2 

and CH4, or to transport different chemicals, including amino acid and drugs.   
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Figure 1.19 Schematic of porous carbon as adsorbents
74

 

1.6.2 Energy storage 

Due to its high conductivity to facilitate the electron transfer, high surface area, and 

hierarchical/uniform pore size distribution to speed the ion diffusion, porous carbon is widely used 

as electrodes for supercapacitor and battery.   

Even though a lot of effort has been devoted to studying the application of porous carbon into 

Li-ion batteries or sodium-ion batteries, it should be pointed out that the low coulombic efficiency 

resulting from the high surface area of porous carbon makes the real applications into battery 

implausible.  The porous carbon with the low surface area may still work in the battery 

application; however, the story has to be told from the other side.  In the following chapter, I will 

discuss the porous carbon with the low surface area used as the anode for potassium ion battery.  

The low surface area of polynanocrystalline graphite offers a decent coulombic efficiency.  What 

is important, the carbon is composed of nanodomains being highly graphitic along c-axis and very 

graphenic along ab plane directions, while the nanodomains are randomly packed to form 
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micron-sized particles.  This novel structure with the disorder at nanometric scales but strict 

order at atomic scales enables substantially superior long-term cycling life for K-ion storage as an 

anode.  

On the contrary, porous carbon with high surface area has gained tremendous success in the 

capacitor.
75

  To be specific, electric double layer capacitor (EDLC), as a promising high-power 

energy storage device, does well in supplying a large pulsed current.  For example, the consumer 

electronics and memory back-up system require capacitor with excellent power/energy 

performance.  Also, the emergency doors on the airplanes and the temporary energy collecting 

parts during the car braking process further stress the importance of the EDLC.  

1.6.3 Catalyst support/catalyst 

Porous carbon acting as catalyst or catalyst support has been widely used in oxygen reduction 

reaction (ORR), oxygen evolution reaction (OER), hydrogen evolution reaction (HER) and 

hydrogen oxidation reaction (HOR).  Especially, metal air batteries, such as Li-air battery and 

Zn-air battery, requires porous carbon with high surface area, chemical stability, high conductivity 

and efficient catalytic ability.  Here, high surface area contributes to more catalytic sites 

potentially and faster mass transfer during the reaction.
76

  Chemical stability is particularly 

important for OER reaction, as corrosion of carbon at high potentials will cause the catalytic 

activity degradation.  Recently, graphitic carbons, such as graphene and carbon nanotube, attract 

people’s attention due to their more tightly packed sp
2
 carbon bonds.

21,77
  High conductivity 

cannot be ignored in the catalytic reaction, because the electron needs to be transferred out to 

match up with the mass transfer.  Efficient catalytic ability comes from defective site, especially 
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by the introduction of heteroatoms.  As reported by Yan et al using first-principle theory, 

N-doping makes the O2 adsorption on the graphene surface most stable so that O2 dissociation can 

be directly catalyzed.
78

  This is further confirmed by Li et al that more defects and functional 

group are introduced after N-doping, which makes the adjacent carbon atoms possess higher 

charge density, thus enhancing adsorption of O2.
79,80

 

In the following chapter, I will introduce preparation of nitrogen (N)-doped nanoporous graphenic 

carbon by using N2 gas as the N-doping agent in metallothermic reduction of gaseous CO2.
72

  

The resulting nitrogen-doped porous carbon exhibits a high surface area of 1874 m
2
/g, and high 

conductivity of 1115 S/cm.  We further discover that the N-doped carbon as a conducting support 

can effectively reduce the overpotentials of the O2 cathode of Li-O2 batteries during initial cycles. 
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CHAPTER 2 

Metallothermic Reduction Reaction and Its Application 

2.1Abstract 

Metallothermic reduction reaction (MRR) is the reaction that uses reactive metal to mass-produce 

metal, alloy, nonmetal elementary substance and composite for the further applications, such as, 

energy storage, gas adsorption, catalyst and so on.  The simple reaction mechanism, controllable 

reaction parameter, and negligible cost of MRR have enabled a human to produce metal and alloy 

on an industrial scale for centuries.  In recent years, nonmetal materials, especially silicon and 

carbon, obtained using MRR starts to call people’s attention.  However, the mechanism and the 

control for the morphology is still unclear, and more endeavors are needed putting in this new 

field.  In this review paper, we are going to introduce production method of metal, alloy, and 

nonmetal by MRR, along with their potential applications.  We hope this review paper can be a 

vital basis for researchers to explore this new frontier in the future.  

2.2Histrory of metallothermic reduction reaction 

Using reactive metal as reducing agent to obtain high-quality product can date back to 1808 when 

Humphry Davy discovered and isolated alkali metals.
1
  In 1826, Hans Christian Ørsted produced 

element aluminum from AlCl3 with potassium amalgam, which was further perfected by Friedrich 

Wöhler in 1827.
2,3

  And during the period from 1827 to 1845, the discovery of yttrium from YCl3 

and beryllium from BeCl2 achieved through potassiothermic reduction suggests that reactive 

metals may be used to attain inert metal elements from their corresponding compounds.
4
  And 

the concept of metallothermic reduction reaction (MRR), which is very similar to cementation in 

http://en.wikipedia.org/wiki/Yttrium
http://en.wikipedia.org/wiki/Beryllium
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the aqueous solution generally used by alchemists in the ancient China, came into being.
5
  

Henri Sainte-Claire is the first one to establish an industrial scale application of MRR in 1854 to 

produce metallic aluminum, replacing the electrolysis method with the reason that the cost of zinc 

used for the anodes in the Bunsen cells was so high that Napoléon III cannot afford to equip his 

army.
6
  Based on the reaction of AlCl3 + 3Na → Al + 3NaCl, it was enough to meet the 

requirement of the army.  Before the discovery of the electrolytic process to produce aluminum 

in 1888 by Charles Martin Hall and Paul Louis Toussaint Héroult, Henri Sainte-Claire’s method 

held a dominant place in aluminum production for decades.
7-9 

2.3 Mechanism study of metallothermic reduction reaction 

MRR can be defined as using reactive metal, such as lithium, sodium, magnesium, aluminum, 

potassium, calcium and iron, or intermetallics such as ferrosilicon and Mg-Si, to reduce oxide and 

halide into metal, alloy, or nonmetal.
10-13

  Thus the mechanism of metallothermic reduction 

reaction has always been considered as a simple chemical reaction limited by mass transfer 
14,15

.  

However, the study using sodium to reduce K2TaF7 by Sadoway et al. showed this commonly held 

view as incomplete.
16,17

  As shown in Figure 2.1a, the reaction proceeds through direct physical 

contact between feed and reductant in the conventional view of MRR.  However, in the system 

devised by Sadoway et al. shown in Figure 2.1b the MRR of tantalum proceed not only through 

mass transfer but also but also through electron transport from sodium to tantalum.  There are 

two major kinetic pathways involving electron transfer: the MRR, and the electronically mediated 

reaction (EMR) process, which resembles the reaction mechanism within a primary battery, with 

sodium being the anode or source of electrons, the diluent the electrolyte, and the metal product 
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the cathode or electron sink.  The metallic container functions as the “load” in such a battery 

circuit and offers a path for the electrons.  Furthermore, the author concluded that there are two 

types of electron transfer process including short range and long range.  Short range EMR is 

almost identical to the conventional model of MRR, in which electron directly transfers between 

physically contacted feed and reductant or sometimes through molten salt, while in long range 

EMR electron transfer through electronically conductive medium, such as reactor wall, stirrer, 

even the tantalum deposit itself.  

 

 

Figure 2.1 Schematic of two reaction pathways for metallothermic reduction: (a) metallothermic 

reduction (MR): mixing of reactants-direct physical contact; (b) electronically mediated reaction 

(EMR): electronic mediation—no contact between reactants.
16

  

The introduction of molten salt into MRR, especially for Kroll or Hunter process, is a significant 

improvement.
18

 The new method not only generates favorable product such as fine powder 

through a homogeneous reaction that occurs in molten salt but also makes the continuous solution 

reaction of Kroll or Hunter process possible.
19

  In a typical titanium synthesis from TiCl4, the 
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addition of NaCl slows down the reaction by diluting the reactants, allowing a better control of the 

particle size.  The titanium particles fall to the bottom and get removed when it is too large to 

suspend on the surface of the molten salt.  The molten salt is not suitable for all the metals: 

magnesium does not dissolve in the chloride salt; its float on the top of MgCl2 generates 

two-phase process, which is not beneficial for a homogeneous reaction.  On the contrary, sodium 

dissolves in NaCl, which leads to a single phase reaction. 

2.4 Metal produced by metallothermic reduction reaction 

If we look back into the history of technology, it is not difficult to see the contributions of MRR to 

the discoveries of many most important metals: as already mentioned above, aluminum from 

AlCl3, yttrium from YCl3 and beryllium from BeCl2; zirconium in 1824, titanium in 1825, thorium 

in 1828, and vanadium in 1927
7-9,20-24

.
7-9,20-24

  till today, MRR is still widely used in the 

metallurgy due to the superior physical and chemical properties and high purity of its products. 

2.4.1 Titanium 

The Kroll process, invented by William J. Kroll in Luxembourg in 1940, involves using liquid 

magnesium to reduce titanium tetrachloride into titanium between 800 °C and 850 °C.
25

  After 

about fifty years, with various improvements to the process, titanium metal production at 

industrial scale came into being.
26

  However, basic principle did not change significantly with the 

improvements of Kroll process, and the advantage of Kroll process is obvious: high purity of 

titanium with low content of oxygen.  Nevertheless, the low productivity resulted from the 

batch-type process, which requires massive labor, cannot fulfill the increasing global demand.
27

  

Takeda et al. came up with a high-speed, semicontinuous titanium production, which consisting of 

http://en.wikipedia.org/wiki/Yttrium
http://en.wikipedia.org/wiki/Beryllium
http://en.wikipedia.org/wiki/William_J._Kroll
http://en.wikipedia.org/wiki/Luxembourg
http://en.wikipedia.org/wiki/Titanium_tetrachloride
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reductions of titanium subchlorides, titanium dichloride (TiCl2), and titanium trichloride (TiCl3) by 

magnesium, called a subhalide reduction process, as shown in Figure 2.2.
28

 

 

 

Figure 2.2 Flowchart of the new titanium production process based on the subhalide reduction 

process.
28 

2.4.2 Tantalum 

Tantalum is widely used in portable capacitors, nuclear reactors, and medical implants, due to its 

high capacitance and volumetric efficiency, outstanding corrosion resistance, and excellent 
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biocompatibility.
29-31

  Tantalum powder commonly used for the capacitors is mainly produced 

from potassium heptafluorotantalate K2TaF7, which is charged into a large amount diluent made 

by a molten halide salt and then reduced by liquid sodium at around 800 °C, shown in Figure 

2.3a.
32,33

  However, final Tantalum powder separation from this process requires a considerable 

amount of high purity water and time-consuming work.  Moreover, the potential harm to the 

environment from the byproduct, including fluorides and chlorides, and difficult to scale up from 

batch-type process also prevent its widespread application in industry.  Even though the 

researchers at H.C. Starck Inc. utilized magnesium vapor reducing Ta2O5 shown in Figure 2.3b to 

obtain finer tantalum powder, this method cannot control the particle size and morphology of the 

product, and still lacks the possibility to scale up with homogenous reactions.
34

  Thus scalability 

and minimum pollution should be taken into consideration when designing new reaction processes 

in the future.  Preform reduction process (PRP) by Okabe et al. in Figure 2.3c offers one solution 

to the problem of scalability by treating multiple pieces of preform in a single reduction chamber, 

which entails much less CaCl2 usage than above mentioned processes.  And furthermore, the 

morphology and particle size of the product can be easily controlled by the addition of flux into 

the preform.
35
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Figure 2.3 Schematic illustration of various processes for Ta powder production: sodiothermic 

reduction of tantalum fluoride salt in molten salt (Hunter process); (b) magnesiothermic reduction 

of oxide by Mg vapor; (c) new preform reduction process (PRP) using Mg–Ag alloy reductant 
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based on magnesiothermic reduction of oxide by Mg vapor with reduced vapor pressure.
35

  

2.4.3 Niobium 

Similar to tantalum, niobium with high surface area is also widely used in capacitors in the form 

of porous anode pellet, whose particle size and morphology directly influence the final 

performance of the device.
36

  Apart from energy storage, the characteristics of Niobium powder 

also play vital roles in strengthening steel and superalloys employed in aircraft turbine engines.
37

  

Niobium powder can be obtained in following ways: carbon thermic reduction, hydrogen 

reduction, molten salt electrolysis and MRR.
38,39

  For carbon thermic reduction, a temperature 

higher than 1450 °C is often required, which demands harsh requirement for equipment and 

energy supply.  On the other hand, carbon and oxygen impurity is inevitable for the final product.  

Hydrogen reduction has not been commercialized, yet because the highly corrosive byproduct HCl, 

the hygroscopic property of chloride, and the coarse product bigger than 40 mesh render this 

method impractical on a large scale.  Molten salt electrolysis is still not applicable due to the high 

cost of the anode.  Superior to all methods above is MRR, in which the impurities can be reduced 

by controlling the amount of reactant and reaction speed, and whose reaction temperature of 

800 °C for industrial application should be moderate.  Yet most importantly, the addition of KF 

and KCl as diluents contributes greatly to the fine grain size within a very narrow range.
40 

2.4.4 Vanadium 

Vanadium plays an important role as an additive in special steel production to increase tensile 

strength and heat resistance.
41

  In addition, vanadium determines the performance of hydrogen 

battery as the active material in the electrode with high hydrogen storage capacity.
42

  Initially, 
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Vanadium metal is derived from V2O5 by aluminothermic reduction.  However, the tendency of 

the final product to form high impurity up to 20% aluminum content V-Al alloy calls for electron 

beam melting process to reduce the aluminum content, which makes this process inaccessible to 

industrial and commercial application.
43

  By the use of diluent CaCl2 based on calciothermic 

reduction, Marden and Rich improved the Vanadium metal purity up to 99%.
24

  Later on, the 

introduction of CaI2 to calciothermic reduction production process by McKechenie and Seybolt 

contribute further to vanadium production.
44

  Oxygen contamination had always been a big issue 

for vanadium production, especially when V2O5 is used as the starting material.  Chloride 

metallurgy by Campbell et al. and Van Arkel-de Boer process by Carlson et al. both cut down 

oxygen content effectively.
45,46

  Recently, Perform Reduction Process shown in Figure 2.4 for 

vanadium production adding MgO or CaO to form complex oxides to increase melting point up to 

1000 °C and using magnesium as reductant by Okabe et al. successfully improves vanadium 

purity to 99% at an industrial production scale.
47
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Figure 2.4 Flowchart of the production of Vanadium metal by PRP.
47 

2.4.5 Rare earth metals 

Rare earth metals are often dubbed as the vitamin of metallurgy industry, which indicates its 

pivotal and indispensable role.
48

  For example, La is used in the superconducting and hydrogen 

storage alloys, Nd in high-quality permanent magnet, Gd in magnetic refrigeration materials, Ce in 

the automotive three-way catalyst.
49-51

  Since 1987 by Sharma rare earth metal can directly be 

obtained from MRR with the aid of phase transfer agent like CaCl2, and usually magnesium, zinc 

or iron acts as the reducing agent.
52

  In some other cases, magnesium, zinc or iron is replaced 

with sodium or calcium for the purpose of alloying besides reducing function.  After some 

pioneer works done in Oak Ridge National Laboratory to ameliorate preparation losses in batches 

from milligram to multigram quantities, two more developments are made: the 
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reduction/distillation technique by using thorium and lanthanum as the reducing agent, and the 

hydrofluorination of the rare-earth oxide followed by calciothermic reduction to increase metal 

purity.
53,54

   

2.4.6 Other metals 

Limited by the length of the review paper, some other metals produced by MRR are not included 

here, such as manganese, tungsten, calcium, strontium, barium, zirconium, molybdenum, 

neodymium and germanium.
55-61

  Some improvement is still required to make the final product 

metal with a higher purity at a lower price. 

2.5 Alloy produced by metallothermic reduction reaction 

An alloy is defined as a combination of two or more metals, or nonmetals.  From the view of 

composition, an alloy can be considered as a solid solution with single phase, a mixture of metallic 

phases or an intermetallic compound with no distinct boundary between the phases.
62

  Usually, 

the properties of alloys are superior to the pure component elements, examples of which is very 

easy to name: steel, brass, bronze and so on.  Before MRR introduction, alloy is always 

synthesized by pure metal/metal or metal/nonmetal with high price.  In this part, we will 

introduce the alloy synthesized by MRR and their corresponding advantages.
63-67 

2.5.1 U/Mo 

In terms of research and test reactors, uranium alloy and its intermetallic compound are always 

dispersed in the aluminum based matrix.
68

  Atomization, grinding, and hydriding–dehydriding 

are the common ways to synthesize uranium alloy.
69,70

  However, all of them suffer from phase 
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stability and incomplete melting-solidification step.  A solid state magnesiothermic 

reduction-agglomeration based on the Kroll’s process proposed by Tougait et al successfully helps 

stabilize phase by a homogeneous distribution of molybdenum into the uranium.
71

  The process is 

achieved by magnesiothermic reduction of uranium dioxide in the presence of Mo in a sealed Mo 

crucible between 750 and 1100 °C.  The agglomerates size is in the range of 10–200mm with an 

irregular shape shown in Figure 2.5. 

 

Figure 2.5 SEM of morphological characteristics of γ-U(Mo) powders produced by 

magnesiothermic reaction at (a) 1000 ºC for 24 h, and (b) 1100 ºC for 24 h.
71

 

2.5.2 V/Ti/Fe  

Ternary V-based solid solutions, such as Ti-V-Ni, Ti-V-Fe, Ti-V-Cr, Ti-V-Mn and quaternary 

alloys, such as Ti-V-C-Fe and T-V-Cr-Mn, show high hydrogen storage capacity of 3.8%, which 

are always synthesized by melting pure vanadium metal in an induction furnace or electric arc 

furnace.
72,73

  Nevertheless, some improvement should be made by replacing costly vanadium and 

titanium metal with other precursors.  He et al. used V2O5 and TiO2 by magnesiothermic 

reactions to synthesize V-Ti-Fe master alloys and reduced the cost by a large margin.
74
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2.5.3 Ni/Ti  

Shape-memory alloys, such as NiTi, usually possess excellent mechanical properties and high 

corrosion resistance while lacking ductility and machinability.
75

  Traditional synthesis route 

involves vacuum induction melting or vacuum arc remelting, which, however, results in 

machining difficulties, thus limiting its application, though numerous alternative near-net-shape 

processing investigations have been made.  Bertheville et al. used a calcium vapor phase 

reduction process to attain highly homogeneous NiTi with low oxygen impurity, and 

simultaneously avoiding the formation of undesired intermetallic, such as Ti2Ni, Ni4Ti3 and 

Ni3Ti.
76

  Figure 2.6 is the typical tensile strain versus temperature curves for different applied 

stresses, in which the complete reversible transformation austenite (B2) ↔ martensite (B19) cycle 

is defined by thermal hysteresis curve.  In addition, the author also explained the reason why 

calcium rather than magnesium is chosen lies in the fact that the lower oxygen affinity of 

magnesium than that of calcium may increase oxygen impurities for the final sample. 
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Figure 2.6 Tensile strain vs. temperature of as-sintered NiTi compact under different constant 

applied stresses.
76 

2.5.4 Si/Ge  

Stucky et al. first synthesized Si80Ge20 alloy below the alloy’s melting point through a 

magnesiothermic reduction, which showed a high thermoelectric power factor of 20μW cm
−1

 K
−2

 

at 800 °C.
77

  Compared with the SiGe alloy from ball mill method, MRR offers a low-cost 

alternative with much less stringent purity demands from the source materials of silicon and 

germanium, and more moderate reaction condition at 650 °C in magnesiothermic reduction as 

oppose to 2000 °C in the carbothermal reduction.  Figure 2.7 clearly shows the presence of 
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germania particles about ∼3 nm diameter embedded in the silica nanoparticle matrix.  Later on, 

further study has been done in our group by using NaCl as a heat scavenger to consume a large 

amount of heat from magnesiothermic reduction that would otherwise collapse the nanoporosity of 

the products and agglomerates silicon domains into large crystals.
78

  

 

Figure 2.7 (a) SEM image and (b) STEM image of the calcined (SiO2)90(GeO2)10 composite.
34 

2.5.5 Si/C  

Silicon carbide plays important roles in the photonic devices, catalyst supports, high power 

electronics and quantum computing with its excellent thermal, chemical and mechanical 

stability.
79-82

  Pyrolysis of carbon containing siloxane polymers at high temperatures, annealing 

of C60 loaded porous Si, and ion implantation is the major traditional method to produce SiC.
83-85

  

However, the high processing temperatures, costly infrastructure, difficulties in structure and 

morphology control and the tendency of pseudospherical nanostructures formation limit the actual 

application of the material.  Some improvements use metal as the catalyst to overcome the 

drawbacks mentioned above, but the incorporation of metal into final SiC fails to meet the 

requirement of the electronics industry.
86

  Shi et al. is the first one to apply MRR to SiC 
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synthesis, yet, the conclusion that silicon reduced from silica by magnesium reacts with carbon to 

form silicon carbide is not convincing.
87

  Of late, Veinot et al. prepared a series of SiC with 

particles, rods, fibers morphologies and performed a detailed mechanistic investigation to show 

the possibility of SiC synthesis by metathesis rather than catalyzed reaction proposed previously.  

The Figure 2.8 shows the synthesis of SiC with nanostructure.
88

 

While Shi et al holds the opinion that Si + C → SiC reaction is catalyzed by Mg-containing 

species, Veinot did not find the formation of SiC in the control experiment in which silicon 

reacting with carbon with Mg or MgO as the catalyst.  After the XRD analysis, Veinot proposed 

that Mg reacts with C to form Mg2C3 below 500 °C and subsequently undergoes a metathesis 

reaction with SiO2 to form SiC and MgO, which is confirmed by the formation of SiC in 

stoichiometric quantities with MgC2 and SiO2 at 500 °C. 

 

Figure 2.8 Synthesis of SiC nanostructures from SiO2.
88 

2.5.6 Ti/C  

Titanium carbide is of paramount importance in the field of wear-resistance tool and aerospace 

materials, for which many methods, such as carbothermal reduction, self-heat sintering, and 

sol-gel process, have been developed.
89-91

  However, the aggregated particles due to the high 
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reaction temperature between 1800-2200 °C, the formation of TiCOX from its easy-oxidation 

nature, the nonstoichiometric composition of TiC0.7-0.9 with a high quantity of carbon element 

impurity, and the necessity of high purity starting titanium powder limit further applications.  To 

solve these problems, MRR is introduced to produce nanosized TiC by TiO2- 2Mg- C reaction 

with advantageous simplicity and relatively low energy requirement.
92

  Later on, MRR is further 

improved by magnesiothermic reduction of TiCl4-CCl4 to produce ultrafine particles with 50 nm 

size.
93,94

  

2.5.7 Other alloys  

As for other alloys, due to the limits of review, we will give a simple introduction in the following 

part.  Huang et al reported that hierarchical nanotubular TiN was prepared by magnesiothermic 

reduction.
95

  Chromium silicide with particle sizes of 20-60 nm was synthesized by sodium 

reduction of silicon and chromium-zinc melt.
96

  Production of aluminum-titanium-boron master 

alloy by a aluminothermic process is proposed by Sahin et al.
97

  Boron carbide obtained by the 

magnesiothermic reaction from boron oxide and different carbons derived from ZSM-5 zeolite, 

mesoporous SBA-15 silicate and mesoporous MCM-48 with different structure are systematically 

studied by Mackenzie et al. 
98

 

2.6 Nonmetal produced by metallothermic reduction reaction 

2.6.1.1 Graphene produced from GO 

Graphene, the one-atom-thick two-dimensional carbon system, has attracted tremendous attention 

due to its extraordinary physical, mechanical and chemical properties.
99

  Until now, physical 
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exfoliation, epitaxial growth, solvothermal synthesis, chemical vapor deposition, and unzipping 

multiwalled carbon nanotubes have been widely used to synthesize graphene, but low yield, 

expensive equipment and raw materials make it far away from actual applications.
100

  MRR, 

which is widely used in industry to produce metal and alloys as we mentioned before, provides a 

possibility to produce graphene on a large scale and in a cheap way.  In summary, three 

precursors are generally used to produce graphene in MRR, namely, graphene oxide (GO), carbon 

oxide and biomass. 

Ways to synthesize graphene from GO have been investigated extensively, including thermal 

reduction and chemical reduction by hydrazine or metal hydride.
101-103

  However, the low 

conductivity and poor surface area resulting from the low C/O ratio and agglomerated 

hydrophobic graphene sheets render the as-prepared graphene barely useful in some devices, such 

as battery and supercapacitor.  Some groups applied MRR, a common method in industrial metal 

and alloy production, to reduce GO to graphene.
104

  Our group used magnesiothermic reaction 

obtain the graphene exhibits a surface area of 249.9 m
2
/g and C/O ratio up to 165.

105
  

Nevertheless, the surface area of 249.9 m
2
/g is still not sufficient for functional applications.  

Also, the yield of this method was only around 30% due to a large ‘burn-off’ during the 

microwave irradiation, which makes real application of graphene from GO by MRR an impossible 

dream.  So we had to return to the starting point without relying on the microwave irradiation and 

achieved high yield and satisfying surface area simultaneously.  In our follow-up experiment, 

calcium carbonate was used as a gasification agent which increases the surface area and the yield 

to around 604 m
2
/g and 70% respectively.  The increased surface area is achieved by the CO2 

released from thermal decomposition of CaCO3 that prevents the as-formed graphene from 
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restacking and the high yields may be explained by the reactive nature of magnesium vapor which 

grabs the oxygen atoms from GO and quenches the disproportionation reaction of GO forming CO 

and/or CO2, and by the better contact between Mg vapor and GO phase in the CaCO3–GO 

composite.  The flower-like structure in Figure 2.9a and 2.9b indicates that CO2 released from 

CaCO3 causes the distortion of graphene sheets and opens up the structure, which significantly 

increases the BET surface area.
106

 

 

Figure 2.9 (a) and (b) SEM of GC-E at different magnifications  (c) and (d) TEM of GC-E at 

different magnifications, (d) is an enlarged area marked by a red box in (c).
106

 

2.6.1.2 Graphene produced from CO2 

Great progress has been made in synthesizing graphene from graphene oxide by MRR.  However, 

high corrosive agents used in the preparation steps and labor-intensive purification process in 
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MRR limits its scalable production.  Therefore, it is highly desirable to come up with new 

methodologies to prepare high-quality nanoporous graphene in a cost-effective and scalable 

manner.  Increasing emission of CO2 within the past century has significantly impacted the 

global environment, yet the ever accumulating CO2 concentration in the atmosphere also promises 

the abundance and potential of such greenhouse gas as a natural resource.  Hosmane et al. first 

observed that few-layered graphene forms when burning magnesium in dry ice.
107

  Ma et al. 

using burn-quench method investigated the magnesiothermic reduction of CO2 at different 

temperatures.
108

  And recently Pumera et al. investigated the process of lithium metal reducing 

CO2 into graphene.
109

 

However, the graphene with highest surface area obtained from methods mentioned is only up to 

800 m
2
/g, which is not suitable for capacitor application.  In our previous work, not only has the 

high surface area of 1900 m
2
/g been obtained, but also some interesting phenomenon occurred, 

which deserve further fundamental research.
110

  First, we did some systematic study of the 

influence of reaction temperature, reaction time and gas flow rate on the graphitization and surface 

area of the final porous graphene from CO2 flow direct reacting with magnesium powder.  

Though it has very good rate performance, the capacitance of supercapacitor is 60 F/g, which is 

far below the threshold of practical application.  The introduction of zinc into the reaction has a 

huge effect on the surface area, which increases from 800 m
2
/g and gradually reaches a plateau at 

1900 m
2
/g as the Zn/Mg ratio approaches 3.  And another striking change arises from the pore 

size that ranges from 2 nm to 7 nm after zinc is added.  It is reasonable to believe that removal of 

MgO generates large nanopores while the ZnO is responsible for the small nanopores.  The fact 

we should aware is that both Wurtzite ZnO and graphite exhibit the hexagonal type of crystals 
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structures while crystalline MgO is cubic, implying ZnO as the more efficient epitaxial substrate, 

thus covered by graphene more rapidly, and prevented graphene from further growth.  

We further investigated the possibility of using Mg/Zn reaction to produce doped carbon, by 

varying the feedstock gas.
111

  N2 and CO2 mixture feedstock gas with a volume ratio of 7/6 were 

used to produce N-doped carbon.  In addition to doping, the introduction of nitrogen into the 

feedstock also has an effect on the nanocrystallinity of the carbon structure, due to reduced partial 

pressure of CO2 that leads to less CO2 activation of carbon and slower kinetics of carbon 

deposition.  This novel material was further employed in the lithium-air battery as a cathode.  

Detailed analysis is presented in the following chapter. 

2.6.1.3 Graphene produced from biomass 

Regarding source abundance, biomass is another practical and sustainable source besides carbon 

dioxide.  Bao et al. reported that egg shell could be the raw material in magnesiothermic reaction 

to synthesize porous graphene, which is shown in Figure 2.10.
112

  Per its lithium ion battery 

performance, a reversible capacity of 678.4 mA h/g has been obtained at a specific current density 

of 100 mA/g, and also a specific power density of 32.6 kW/kg is accompanied by a specific 

energy density of 253.9 Wh/kg. 



68 
 

 
 

 

Figure 2.10 A process to synthesize graphene from the bio-calcite precursors such as eggshell and 

crab shell. (a) Optical image of the eggshell, (b) flow chart of the process and (c) optical image of 

the graphene product.
112

 

2.6.2 Silicon produced by metallothermic reduction reaction 

Sandhage et al first introduce the synthesis of silicon by MRR. in 2007 that used magnesium to 

reduce silica diatom.
113

  Before the introduction of MRR, carbothermal reduction of silicon 

required the reaction temperature above 2000 °C with low thermal energy efficiency 
114

.  Later on, 

direct preparation from silica under 850 °C via the electrochemical reduction in molten salts was 

proposed by Yasuda et al.
115

  However, the morphology of the final product cannot be retained 

from the starting materials.  The advantages of MRR to reduce silica are obvious: prevention of 

structure collapse, and low reaction temperature, which is clearly demonstrated in Figure 2.11: 

Aulacoseira diatom frustule containing a circular hole with a protruding outer rim in (a) remains 

the same as MgO/Si in (b), Si with trace SiO in (c), and pure SIO2 after HF in d.  This study is 

the pioneering work of obtaining Si by MRR, based on which a lot of other research has been 

performed.
116-159
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Figure 2.11 (a) Secondary electron image of an Aulacoseira diatom frustule. (b) Secondary 

electron image of a MgO/Si composite replica after reaction of an Aulacoseira frustule with Mg(g) 

at 650 °C for 2.5 h. (c) Secondary electron image of a silicon-bearing replica produced by 

selective dissolution of magnesia from a MgO/Si replica in an HCl solution. (d) Secondary 

electron image of a silicon replica after the HCl treatment and an additional treatment in an HF 

solution.
113 

2.6.2.1 Silicon nanotube 

Kang et al. synthesize silicon nanotube through the magnesiothermic reaction using surface 

sol-gel on electrospun organic nanowires.
160

  The Schematic illustration of the synthesis of 

carbon-coated Si nanotubes is showed in Figure 2.12.  The fabricated silicon nanotube showed 
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superior capacity even at the extended cycles in lithium ion battery with coulombic efficiency 

nearly 100% upon cycling as a result of the hollows within the nanotubes that can easily 

accommodate volume changes.   

 

Figure 2.12 Schematic illustration of the synthesis of carbon-coated Si nanotubes.
160

 

2.6.2.2 Silicon nanosheet 

The synthesis of silicon nanosheet with graphene oxide used as sacrificial templates is reported by 

Yan et al. Silica-coated by graphene oxide via sol-gel method is reduced into ultrathin nanosheet 

after graphene oxide is etched off in the air.
161

  The size of the Si nanosheets can be controlled by 

the size of graphene oxide.  The well-crystallized silicon nanosheet demonstrates possible 

application in a lithium battery.  However, the fast fading performance limits its actual 

application, which should be improved by alleviating the volume changes. 

2.6.2.3 Silicon nanofibers 

Park et al. has prepared mesoporous silicon nanofibers using magnesium to reduce electrospun 
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PAA/SiO2 nanofiber, in which clusters of the primary Si nanoparticles interconnect to form a 

secondary three-dimensional mesoporous structure in Figure 2.13.
162

  Compared with primary 

silicon nanoparticles, secondary nanofiber structure enjoys a homogeneous distribution of the 

nanoparticles, that results in impressive electrochemical characteristics: high reversible capacity of 

2846.7 mAh/g at a current density of 0.1 A/g, a stable capacity retention of 89.4% at a 2 A/g rate 

for 100 cycles, and a rate capability of 1214 mAh/g.  

 

Figure 2.13 Schematic illustration showing the synthesis of mesoporous silicon nanofibers 

(m-SiNFs).
162

 

2.6.2.4 Silicon spheres 

You et al. reported in 2011 the synthesis of nanostructured silicon hollow spheres with a thin shell 

were by magnesium reduction of silica spheres.
163

  The high surface area of 928 m
2 
/g makes it 

suitable for the supercapacitor with a satisfying capacity of 193 F/g in neutral Na2SO4 aqueous 

solution.  Figure 2.14 shows the spherical, well-dispersed silica precursors with a diameter of ca. 

400 nm.  After the magnesiothermic reaction, the spheres became lumpy and coated with small 

MgO particles.  Figure 2.14c and d show the SEM and TEM of after MgO and inner unreacted 

SiO2 are etched off by HCl and HF respectively, which clearly reveal the hollow sphere structure.  
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Figure 2.14 SEM images of (a) silica precursors, (b) untreated silicon products, and (c) silicon 

spheres after treatments with HCl and HF; (d) TEM image of treated silicon spheres.
163 

2.6.2.5 Mesoporous silicon 

Later on, various mesoporous silicons produced by MRR out of SBA-15 in Figure 2.15, KIT-6 

and MCM-41 as the precursor has been synthesized by different groups.
133,164,165

  After the 

modification by the carbon coating, all of them showed decent electrochemical performance. 

 

Figure 2.15 Schematic illustration of the preparation process of the 3D mesoporous silicon anode 
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material.
164

 

2.6.2.6 Hollow silicon 

Based on various techniques to synthesize novel-structured silicon such as nanotubes, nanosheets, 

nanofibers, hollow nanospheres, and mesoporous silicon, some further modification on the silicon 

has been proposed to improve the performance of silicon in the electrochemical devices.  Chen et 

al. reported a simple approach to the fabrication of hollow silicon spheres by MRR.
166

  The 

illustration of the preparation process is showed in the Figure 2.16.  The improved reversible 

capacity, rate capability, and long-term cycling stability can be attributed to polypyrrole 

modification. 

 

Figure 2.16 A schematic illustration of the preparation of PPy@PHSi nanocomposite.
133

 

Lee et al. reported that monodisperse hollow porous Si can be fabricated by magnesiothermic 

reduction of hollow porous SiO2.
167

  The TEM image in the Figure 2.17 clearly show the 

monodisperse nanoparticle with an average size of 150 nm and hollow structure that corresponds 
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to the contrast between darker peripheral and lighter central.  

 

Figure 2.17 TEM (scale bar 200nm) and high-magnification TEM image (inset, scale bar 100nm) 

of HPSiO2 nanoparticles.
167 

2.7 Conclusion 

In this review paper, the history of MRR and some theoretical study are introduced in the first part, 

Metal, alloy and nonmetal production by MRR are systematically reviewed and their applications 

in energy storage, gas adsorption, catalyst, hydrogen storage were also reported.  

Since the first discovery of MRR two hundred years ago, MRR application in metal and alloy 

production has been well studied and grown to maturation to some extent.  However, the 

nonmetal synthesis just started to attract the attention of researchers, such as silicon in 2007 and 

carbon in 2011.  This relatively new field offers to researchers plenty of opportunities to 

investigate the possibilities of MRR with nonmetal, and some new theoretical studies deserve 

increasingly more focus in order to guide future progress in this new field.  Silicon and carbon 
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prepared from MRR may show some different properties compared with some other methods, 

which means MRR may show some unique and indispensable application in certain fields.  

2.8 References 

1 Bowyer, W. & Nichols, J. On some new Phenomena of Chemical Changes produced by 

Electricity, particularly the Decomposition of the fixed Alkalies, and the Exhibition of the new 

Substances, which constitute their Bases. Philosophical Transactions of the Royal Society of 

London 98, 1–45 (1808). 

2 Stauffer, R. C. Speculation and Experiment in the Background of Oersted's Discovery of 

Electromagnetism. Isis, 33-50 (1957). 

3 Kauffman, G. B. & Chooljian, S. H. Friedrich Wöhler (1800–1882), on the bicentennial of his 

birth. The Chemical Educator 6, 121-133 (2001). 

4 Wöhler, F. Ueber das Beryllium und Yttrium. Annalen der Physik 89, 577-582 (1828). 

5 Lung, T. The history of copper cementation on iron—The world's first hydrometallurgical 

process from medieval China. Hydrometallurgy 17, 113-129 (1986). 

6 Smith, G. D. From Monopoly to Competition.  (Cambridge, 2003). 

7 Trescott, M. M. Julia B. Hall and aluminum. J. Chem. Educ 54, 24 (1977). 

8 Hasan, H. Aluminum.  (The Rosen Publishing Group, 2006). 

9 Wisniak, J. Henri Étienne Sainte-Claire Deville: A physician turned metallurgist. Journal of 

materials engineering and performance 13, 117-128 (2004). 

10 Pal, U. B., Woolley, D. E. & Kenney, G. B. Emerging SOM technology for the green synthesis 

of metals from oxides. JOM 53, 32-35 (2001). 



76 
 

 
 

11 Brooks, G., Cooksey, M., Wellwood, G. & Goodes, C. Challenges in light metals production. 

Mineral Processing and Extractive Metallurgy (2013). 

12 Bogacz, A., Rycerz, L., Rumianowski, S., Szymanski, W. & Szklarski, W. Technology of light 

lanthanide metals production. HIGH TEMPERATURE MATERIAL PROCESSES 3, 461-474 

(1999). 

13 Yasuda, K., Saegusa, K. & Okabe, T. H. Aluminum subhalide as a reductant for 

metallothermic reduction. High Temperature Materials and Processes 30, 411-423 (2011). 

14 Kryzhanov, M., Orlov, V. & Sukhorukov, V. Thermodynamic modeling of magnesiothermic 

reduction of niobium and tantalum from pentoxides. Russian Journal of Applied Chemistry 83, 

379-383 (2010). 

15 Cho, B. K. & Dunning, J. S. Reactor modeling and scale-up of a multiphase 

reaction—extraction system: metallothermic reduction of rare earth oxides. Chemical 

engineering science 49, 5439-5452 (1994). 

16 Okabe, T. H. & Sadoway, D. R. Metallothermic reduction as an electronically mediated 

reaction. Journal of materials research 13, 3372-3377 (1998). 

17 Qiu, G. et al. Roles of cationic and elemental calcium in the electro-reduction of solid metal 

oxides in molten calcium chloride. Zeitschrift für Naturforschung A 62, 292-302 (2007). 

18 Sehra, J. & Vijay, P. Refractory metals extraction by fused salt electrolysis, the present status 

and the future prospects. Mineral Procesing and Extractive Metallurgy Review 19, 523-556 

(1998). 

19 Yuzan, B. & Okabe, T. H. Niobium powder production by reducing electrochemically 

dissolved niobium ions in molten salt. J Alloy Compd 454, 185-193, doi:DOI 



77 
 

 
 

10.1016/j.jallcom.2006.12.121 (2008). 

20 Krebs, R. E. The history and use of our earth's chemical elements: a reference guide.  

(Greenwood Publishing Group, 2006). 

21 Kaim, W., Schwederski, B. & Klein, A. Bioinorganic Chemistry--Inorganic Elements in the 

Chemistry of Life: An Introduction and Guide.  (John Wiley & Sons, 2013). 

22 Wiberg, E., Wiberg, N. & Holleman, A. F. Inorganic Chemistry. 2001. Academic Press 13, 14. 

23 Weeks, M. E. The discovery of the elements. XI. Some elements isolated with the aid of 

potassium and sodium: Zirconium, titanium, cerium, and thorium. J. Chem. Educ 9, 1231 

(1932). 

24 Marden, J. & Rich, M. Vanadium1. Industrial & Engineering Chemistry 19, 786-788 (1927). 

25 Kroll, W. The production of ductile titanium. Transactions of the Electrochemical Society 78, 

35-47 (1940). 

26 Van Vuuren, D. in Key Engineering Materials.  101-110 (Trans Tech Publ). 

27 Van Vuuren, D., Oosthuizen, S. & Heydenrych, M. D. Titanium production via metallothermic 

reduction of TiCl4in molten salt: Problems and products. Journal of the Southern African 

Institute of Mining and Metallurgy 111, 141-147 (2011). 

28 Takeda, O. & Okabe, T. H. Fundamental study on magnesiothermic reduction of titanium 

dichloride. Metallurgical and Materials transactions B 37, 823-830 (2006). 

29 Won, H., Nersisyan, H. & Won, C. Combustion synthesis-derived tantalum powder for 

solid-electrolyte capacitors. J Alloy Compd 478, 716-720 (2009). 

30 Yang, H., Li, J., Zhou, Z. & Ruan, J. Structural preparation and biocompatibility evaluation of 

highly porous tantalum scaffolds. Materials Letters 100, 152-155 (2013). 



78 
 

 
 

31 Chen, K. et al. Template confined synthetic strategy for three-dimensional free-standing 

hierarchical porous nanocrystalline tantalum. Materials Letters 116, 31-34 (2014). 

32 Hunter, M. Early history of titanium. J. Metals 5, 130-132 (1953). 

33 Yuan, B. & Okabe, T. H. Production of fine tantalum powder by preform reduction process 

using Mg–Ag alloy reductant. J Alloy Compd 443, 71-80 (2007). 

34 Shekhter, L. N., Tripp, T. B. & Lanin, L. L.     (Google Patents, 2001). 

35 Yuan, B. & Okabe, T. H. Niobium powder production by reducing electrochemically dissolved 

niobium ions in molten salt. J Alloy Compd 454, 185-193 (2008). 

36 Pozdeev-Freeman, Y. L.     (Google Patents, 2002). 

37 Perepezko, J. H. The hotter the engine, the better. Science 326, 1068-1069 (2009). 

38 Lyudkovski, G., Rastogi, P. & Bala, M. Extraction and refining of the rare metals. J Met 18, 

72-79 (1986). 

39 Kontantinov, V., Sklyarenko, S. & Kholesbes, E. Poroskovaya: Met. Acad. Nank SSRI 4, 47-53 

(1961). 

40 Yoon, J.-s. et al. Characteristics of Niobium Powder Used Capacitors Produced by 

Metallothermic Reduction in Molten Salt. Current Nanoscience 10, 131-134 (2014). 

41 Oil, J. Gas and Metals National Corporation. Mineral Resources Material Flow: Rare Earths 

(2007). 

42 Tsukahara, M., Takahashi, K., Mishima, T., Isomura, A. & Sakai, T. Heat-treatment effects of 

V-based solid solution alloy with TiNi-based network structure on hydrogen storage and 

electrode properties. J Alloy Compd 243, 133-138 (1996). 

43 Mukherjee, T. & Gupta, C. Open aluminothermic reduction of vanadium oxides. Journal of 



79 
 

 
 

the Less Common Metals 27, 251-254 (1972). 

44 McKechnie, R. & Seybolt, A. U. Preparation of ductile vanadium by calcium reduction. J 

Electrochem Soc 97, 311-313 (1950). 

45 Nash, J. W. Closure to “Discussion of ‘Preparation and Properties of Iodide Vanadium’[Julian 

W. Nash, HR Ogden, Richard E. Durtschi, and IE Campell (pp. 272–275)]”. J Electrochem 

Soc 100, 593-593 (1953). 

46 Carlson, O. & Owen, C. Preparation of High‐Purity Vanadium Metal by the Iodide Refining 

Process. J Electrochem Soc 108, 88-93 (1961). 

47 Miyauchi, A. & Okabe, T. H. Production of Metallic Vanadium by Preform Reduction Process. 

Materials transactions 51, 1102-1108 (2010). 

48 Beaudry, B. & Gschneidner, K. Preparation and basic properties of the rare earth metals. 

Handbook on the physics and chemistry of rare earths 1, 173-232 (1978). 

49 Croat, J. J., Herbst, J. F., Lee, R. W. & Pinkerton, F. E. High‐energy product Nd‐Fe‐B 

permanent magnets. Appl Phys Lett 44, 148-149 (1984). 

50 Flores, A., Martinez, C., Escobedo, J., Toscano, J. & Puente, A. A Kinetic Study of 

Demagging of Molten Aluminum By the Use of SiO~ 2 Submerged Powder Injection. LIGHT 

METALS-WARRENDALE-, 711-720 (1999). 

51 Fuentes, A., Torres, J., Ortiz, J. & Orozco, P. Cerium extraction by metallothermic reduction 

using cerium oxide powder injection. Journal of Rare Earths 29, 74-76 (2011). 

52 Sharma, R. A. & Seefurth, R. N. Metallothermic Reduction of Nd2 O 3 with Ca in CaCl2‐

NaCl Melts. J Electrochem Soc 135, 66-71 (1988). 

53 Kobisk, E. H. & Adair, H. Conversion of isotope compounds to metals by 



80 
 

 
 

reduction-distillation methods. Nuclear Instruments and Methods 167, 153-160 (1979). 

54 Brashear, D. & Zevenbergen, L. Preparation of enriched rare-earth metals by 

hydrofluorination and reduction. Nuclear Instruments and Methods in Physics Research 

Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 438, 23-29 

(1999). 

55 Evers, J. et al. Preparation and characterization of high purity calcium, strontium and barium. 

Journal of the Less Common Metals 81, 15-31 (1981). 

56 Park, K.-T., Nersisyan, H. H., Chun, B.-S. & Lee, J.-H. Preparation of porous zirconium 

microspheres by magnesiothermic reduction and their microstructural characteristics. Journal 

of Materials Research 26, 2117-2122 (2011). 

57 Yücel, O. & Özçelebi, M. A. Reduction smelting of bursa‐uludağ tungsten concentrates by 

the aluminothermic process. Scandinavian journal of metallurgy 29, 108-113 (2000). 

58 Jia, H. et al. Reversible storage of lithium in three-dimensional macroporous germanium. 

Chem Mater 26, 5683-5688 (2014). 

59 Cheng, J., Wang, J., Li, W., Liu, X. & Yu, Y. Highly reversible lithium storage in a 3D 

macroporous Ge@ C composite. RSC Advances 4, 37746-37751 (2014). 

60 Gao, Y., Jiang, Y. & Huang, S. Reduction of molybdenum oxide from steelmaking slags by 

pure liquid iron. Journal of Mining and Metallurgy B: Metallurgy 48, 25-36 (2012). 

61 Monteiro, M. R., Swinbourne, D. & Rankin, W. Metallothermic reduction of 

manganese-bearing slags.  (Royal Melbourne Institute of Technology, 1997). 

62 Borie, B. & Sparks, C. The interpretation of intensity distributions from disordered binary 

alloys. Acta Crystallographica Section A: Crystal Physics, Diffraction, Theoretical and 



81 
 

 
 

General Crystallography 27, 198-201 (1971). 

63 Deguchi, M., Yasuda, N., Zhu, C., Okinaka, N. & Akiyama, T. Combustion synthesis of TiFe 

by utilizing magnesiothermic reduction. J Alloy Compd 622, 102-107 (2015). 

64 Henriques, V. A. R., Campos, P. P. d., Cairo, C. A. A. & Bressiani, J. C. Production of titanium 

alloys for advanced aerospace systems by powder metallurgy. Materials Research 8, 443-446 

(2005). 

65 Withers, J., Laughlin, J., Elkadi, Y., DeSilva, J. & Loutfy, R. O. in Key Engineering Materials.  

35-39 (Trans Tech Publ). 

66 Jamshidi, K., Abdizadeh, H., Ebrahimi, S. S. & Hanai, K. Metallothermic reduction of MoO 3 

through making Ni–Mo alloys by the ESR method. International Journal of Refractory Metals 

and Hard Materials 22, 243-245 (2004). 

67 Molina, C. M. et al. Modification of Al–Si alloys by metallothermic reduction using 

submerged SrO powders injection. Materials Letters 63, 815-818 (2009). 

68 Iracane, D., Chaix, P. & Alamo, A. Jules Horowitz Reactor: a high performance material 

testing reactor. Comptes Rendus Physique 9, 445-456 (2008). 

69 Xiong, Y.-F., Chen, M., Jing, W.-Y. & Chen, C.-A. Manufacturing of U–10wt% Mo powder by 

hydride–dehydride processing. Fusion Engineering and Design 85, 1492-1495 (2010). 

70 Kim, K. H., Lee, D. B., Kim, C. K., Hofman, G. E. & Paik, K. W. Characterization of U-2 wt% 

Mo and U-10 wt% Mo alloy powders prepared by centrifugal atomization. Journal of Nuclear 

Materials 245, 179-184 (1997). 

71 Champion, G. et al. Magnesiothermic reduction process applied to the powder production of 

U (Mo) fissile particles. Advanced Engineering Materials 15, 257-261 (2013). 



82 
 

 
 

72 ZHAO, G., LIU, S.-p., ZHOU, S.-q., LI, R. & REN, Q. Principle of vanadium-hydrogen 

reaction and development of vanadium base solid solution hydrogen alloy [J]. Iron Steel 

Vanadium Titanium 2, 009 (2003). 

73 Lototsky, M., Yartys, V. & Zavaliy, I. Y. Vanadium-based BCC alloys: phase-structural 

characteristics and hydrogen sorption properties. J Alloy Compd 404, 421-426 (2005). 

74 Bin, W., LIU, K.-r., CHEN, J.-s., GAO, T.-y. & HE, J.-l. Preparation of V–Ti–Fe master alloys 

by metallothermic reduction method. Transactions of Nonferrous Metals Society of China 22, 

1507-1512 (2012). 

75 Russell, S. M. SMST-2000: Proceedings of the International Conference on Shape Memory 

and Superelastic Technologies.  (ASM International, 2001). 

76 Bertheville, B. & Bidaux, J.-E. Enhanced powder sintering of near-equiatomic NiTi 

shape-memory alloys using Ca reductant vapor. J Alloy Compd 387, 211-216 (2005). 

77 Snedaker, M. L. et al. Silicon-Based Thermoelectrics Made from a Boron-Doped Silicon 

Dioxide Nanocomposite. Chem Mater 25, 4867-4873 (2013). 

78 Luo, W. et al. Efficient fabrication of nanoporous Si and Si/Ge enabled by a heat scavenger in 

magnesiothermic reactions. Sci Rep-Uk 3 (2013). 

79 Koehl, W. F., Buckley, B. B., Heremans, F. J., Calusine, G. & Awschalom, D. D. Room 

temperature coherent control of defect spin qubits in silicon carbide. Nature 479, 84-87 

(2011). 

80 Brown, D. M. et al. Silicon carbide UV photodiodes. IEEE Transactions on Electron Devices 

40, 325-333 (1993). 

81 Eddy, C. & Gaskill, D. Silicon carbide as a platform for power electronics. Science 324, 



83 
 

 
 

1398-1400 (2009). 

82 Wright, N. G., Horsfall, A. B. & Vassilevski, K. Prospects for SiC electronics and sensors. 

Materials today 11, 16-21 (2008). 

83 Henderson, E. J. & Veinot, J. G. From phenylsiloxane polymer composition to size-controlled 

silicon carbide nanocrystals. J Am Chem Soc 131, 809-815 (2008). 

84 Wua, X. et al. Blue-emitting ß-SiC fabricated by annealing C60 coupled on porous silicon. 

Appl Phys Lett 77 (2000). 

85 Weishart, H. et al. Ion beam synthesis of diamond-SiC-heterostructures. Diamond and related 

materials 12, 1241-1245 (2003). 

86 Yang, W., Miao, H., Xie, Z., Zhang, L. & An, L. Synthesis of silicon carbide nanorods by 

catalyst-assisted pyrolysis of polymeric precursor. Chem Phys Lett 383, 441-444 (2004). 

87 Shi, Y. et al. Low-temperature pseudomorphic transformation of ordered hierarchical 

macro-mesoporous SiO2/C nanocomposite to SiC via magnesiothermic reduction. J Am Chem 

Soc 132, 5552-5553 (2010). 

88 Dasog, M., Smith, L. F., Purkait, T. K. & Veinot, J. G. Low temperature synthesis of silicon 

carbide nanomaterials using a solid-state method. Chem Commun 49, 7004-7006 (2013). 

89 Durlu, N. Titanium carbide based composites for high temperature applications. J Eur Ceram 

Soc 19, 2415-2419, doi:Doi 10.1016/S0955-2219(99)00101-6 (1999). 

90 Lee, J.-H. & Thadhani, N. N. Reaction synthesis mechanism in dynamically densified Ti+ C 

powder compacts. Scripta materialia 37, 1979-1985 (1997). 

91 Preiss, H., Berger, L.-M. & Schultze, D. Studies on the carbothermal preparation of titanium 

carbide from different gel precursors. J Eur Ceram Soc 19, 195-206 (1999). 



84 
 

 
 

92 Hadadzadeh, H., Shafiee Afarani, M. & Ekrami, M. Synthesis of Titanium Carbide by the 

Combustion of TiO2-2Mg-C and 3TiO2-4Al-3C Systems in a Tubular Furnace. Iranian 

Journal of Chemistry and Chemical Engineering (IJCCE) 28, 71-76 (2009). 

93 Lee, D., Alexandrovskii, S., Tolochko, O., Kim, D. & Kim, B. Synthesis and Kinetics for 

Nanocrystalline Titanium Carbide upon Metallothermic Reduction of Liquid Chlorides. Glass 

Physics and Chemistry 31, 549-553 (2005). 

94 Lee, D. W., Baek, Y. K., Seo, I. S., Kim, J. N. & Wang, J. P. in Journal of nano research.  1-6 

(Trans Tech Publ). 

95 Liu, X., Zhang, Y., Wu, T. & Huang, J. Hierarchical nanotubular titanium nitride derived from 

natural cellulose substance and its electrochemical properties. Chem Commun 48, 9992-9994 

(2012). 

96 Molotovska, L., Shakhnin, D. & Malyshev, V. Metallothermic Reduction and Direct Synthesis 

Techniques in Production of Chromium Disilicide. Powder Metallurgy and Metal Ceramics 53, 

386-391 (2014). 

97 Yücel, O. & Şahin, F. Ç. Production of aluminum-titanium-boron master alloy by 

aluminothermic process. High Temperature Materials And Processes 20, 137-142 (2001). 

98 Asgarian, P., Nourbakhsh, A., Amin, P., Ebrahimi-Kahrizsangi, R. & MacKenzie, K. J. The 

effect of different sources of porous carbon on the synthesis of nanostructured boron carbide 

by magnesiothermic reduction. Ceramics International 40, 16399-16408 (2014). 

99 Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 

666-669 (2004). 

100 Allen, M. J., Tung, V. C. & Kaner, R. B. Honeycomb carbon: a review of graphene. Chem Rev 



85 
 

 
 

110, 132-145 (2009). 

101 Schniepp, H. C. et al. Functionalized single graphene sheets derived from splitting graphite 

oxide. The Journal of Physical Chemistry B 110, 8535-8539 (2006). 

102 Pei, S. & Cheng, H.-M. The reduction of graphene oxide. Carbon 50, 3210-3228 (2012). 

103 Ren, P.-G., Yan, D.-X., Ji, X., Chen, T. & Li, Z.-M. Temperature dependence of graphene 

oxide reduced by hydrazine hydrate. Nanotechnology 22, 055705 (2010). 

104 Abdelkader, A. M., Vallés, C., Cooper, A. J., Kinloch, I. A. & Dryfe, R. A. Alkali reduction of 

graphene oxide in molten halide salts: production of corrugated graphene derivatives for 

high-performance supercapacitors. Acs Nano 8, 11225-11233 (2014). 

105 Luo, W., Wang, B., Wang, X., Stickle, W. F. & Ji, X. Production of graphene by reduction 

using a magnesiothermic reaction. Chem Commun 49, 10676-10678 (2013). 

106 Xing, Z. et al. Direct fabrication of nanoporous graphene from graphene oxide by adding a 

gasification agent to a magnesiothermic reaction. Chem Commun 51, 1969-1971 (2015). 

107 Chakrabarti, A. et al. Conversion of carbon dioxide to few-layer graphene. J Mater Chem 21, 

9491-9493 (2011). 

108 Zhang, H., Zhang, X., Sun, X. & Ma, Y. Shape-controlled synthesis of nanocarbons through 

direct conversion of carbon dioxide. Sci Rep-Uk 3, 3534 (2013). 

109 Poh, H. L., Sofer, Z., Luxa, J. & Pumera, M. Transition Metal‐Depleted Graphenes for 

Electrochemical Applications via Reduction of CO2 by Lithium. Small 10, 1529-1535 (2014). 

110 Xing, Z. et al. Reducing CO 2 to dense nanoporous graphene by Mg/Zn for high power 

electrochemical capacitors. Nano Energy 11, 600-610 (2015). 

111 Xing, Z. et al. Nitrogen‐Doped Nanoporous Graphenic Carbon: An Efficient Conducting 



86 
 

 
 

Support for O2 Cathode. ChemNanoMat (2016). 

112 Tang, H., Gao, P., Liu, X., Zhu, H. & Bao, Z. Bio-derived calcite as a sustainable source for 

graphene as high-performance electrode material for energy storage. Journal of Materials 

Chemistry A 2, 15734-15739 (2014). 

113 Bao, Z. et al. Chemical reduction of three-dimensional silica micro-assemblies into 

microporous silicon replicas. Nature 446, 172-175 (2007). 

114 Nagamori, M., Malinsky, I. & Claveau, A. Thermodynamics of the Si-CO system for the 

production of silicon carbide and metallic silicon. Metallurgical Transactions B 17, 503-514 

(1986). 

115 Nohira, T., Yasuda, K. & Ito, Y. Pinpoint and bulk electrochemical reduction of insulating 

silicon dioxide to silicon. Nat Mater 2, 397-401 (2003). 

116 Yoo, J. K. et al. Extremely High Yield Conversion from Low‐Cost Sand to High‐Capacity 

Si Electrodes for Li‐Ion Batteries. Adv Energy Mater 4 (2014). 

117 Xie, J. et al. Hollow nano silicon prepared by a controlled template direction and 

magnesiothermic reduction reaction as anode for lithium ion batteries. New J Chem 38, 

4177-4181 (2014). 

118 Bok, T., Choi, S., Lee, J. & Park, S. Effective strategies for improving the electrochemical 

properties of highly porous Si foam anodes in lithium-ion batteries. Journal of Materials 

Chemistry A 2, 14195-14200 (2014). 

119 Xie, J. et al. Nanostructured silicon spheres prepared by a controllable magnesiothermic 

reduction as anode for lithium ion batteries. Electrochim Acta 135, 94-100 (2014). 

120 Wong, D. P. et al. Binder-free rice husk-based silicon–graphene composite as energy efficient 



87 
 

 
 

Li-ion battery anodes. Journal of Materials Chemistry A 2, 13437-13441 (2014). 

121 Adpakpang, K., Park, J.-e., Oh, S. M., Kim, S.-J. & Hwang, S.-J. A magnesiothermic route to 

multicomponent nanocomposites of FeSi 2@ Si@ graphene and FeSi 2@ Si with promising 

anode performance. Electrochim Acta 136, 483-492 (2014). 

122 Tao, H.-C., Yang, X.-L., Zhang, L.-L. & Ni, S.-B. Chemically activated graphene/porous Si@ 

SiO x composite as anode for lithium ion batteries. Materials Chemistry and Physics 147, 

528-534 (2014). 

123 Xu, D. et al. Rigid bolaform surfactant templated mesoporous silicon nanofibers as anode 

materials for lithium-ion batteries. Journal of Materials Chemistry A 2, 19855-19860 (2014). 

124 Liu, Y. et al. Highly-active direct Z-scheme Si/TiO 2 photocatalyst for boosted CO 2 reduction 

into value-added methanol. RSC Advances 4, 56961-56969 (2014). 

125 Kim, Y. M. et al. Titanium silicide coated porous silicon nanospheres as anode materials for 

lithium ion batteries. Electrochim Acta 151, 256-262 (2015). 

126 Chen, Y., Du, N., Zhang, H. & Yang, D. Facile synthesis of uniform MWCNT@ Si 

nanocomposites as high-performance anode materials for lithium-ion batteries. J Alloy Compd 

622, 966-972 (2015). 

127 Wang, M.-S., Fan, L.-Z., Huang, M., Li, J. & Qu, X. Conversion of diatomite to porous Si/C 

composites as promising anode materials for lithium-ion batteries. J Power Sources 219, 

29-35 (2012). 

128 Shen, X. et al. Si/mesoporous carbon composite as an anode material for lithium ion batteries. 

J Alloy Compd 552, 60-64 (2013). 

129 Zhu, S. et al. Controlled fabrication of Si nanoparticles on graphene sheets for Li-ion batteries.  



88 
 

 
 

(2013). 

130 Xing, A., Tian, S., Tang, H., Losic, D. & Bao, Z. Mesoporous silicon engineered by the 

reduction of biosilica from rice husk as a high-performance anode for lithium-ion batteries. 

RSC Advances 3, 10145-10149 (2013). 

131 Xing, A. et al. A magnesiothermic reaction process for the scalable production of mesoporous 

silicon for rechargeable lithium batteries. Chem Commun 49, 6743-6745 (2013). 

132 Chen, J. et al. Facile fabrication of Si mesoporous nanowires for high-capacity and long-life 

lithium storage. Nanoscale 5, 10623-10628 (2013). 

133 Du, F.-H. et al. A graphene-wrapped silver–porous silicon composite with enhanced 

electrochemical performance for lithium-ion batteries. Journal of Materials Chemistry A 1, 

13648-13654 (2013). 

134 Ru, Y., Evans, D. G., Zhu, H. & Yang, W. Facile fabrication of yolk–shell structured porous 

Si–C microspheres as effective anode materials for Li-ion batteries. RSC Advances 4, 71-75 

(2014). 

135 Wen, Z. et al. Rational design of carbon network cross-linked Si–SiC hollow nanosphere as 

anode of lithium-ion batteries. Nanoscale 6, 342-351 (2014). 

136 Wu, P., Wang, H., Tang, Y., Zhou, Y. & Lu, T. Three-dimensional interconnected network of 

graphene-wrapped porous silicon spheres: in situ magnesiothermic-reduction synthesis and 

enhanced lithium-storage capabilities. ACS applied materials & interfaces 6, 3546-3552 

(2014). 

137 Ma, X. et al. Novel mesoporous Si@ C microspheres as anodes for lithium-ion batteries. 

Physical Chemistry Chemical Physics 16, 4135-4142 (2014). 



89 
 

 
 

138 Zhang, X., Zhang, M.-L., Liub, H. & Liu, L.-M. Materials Chemistry A.  (2014). 

139 Kim, W.-S. et al. Scalable synthesis of silicon nanosheets from sand as an anode for Li-ion 

batteries. Nanoscale 6, 4297-4302 (2014). 

140 Fang, S. et al. Rational design of void-involved Si@ TiO2 nanospheres as high-performance 

anode material for lithium-ion batteries. ACS applied materials & interfaces 6, 6497-6503 

(2014). 

141 Zhou, Y. et al. Novel mesoporous silicon nanorod as an anode material for lithium ion 

batteries. Electrochim Acta 127, 252-258 (2014). 

142 Wang, H. et al. Porous Si spheres encapsulated in carbon shells with enhanced anodic 

performance in lithium-ion batteries. Materials Research Bulletin 55, 71-77 (2014). 

143 Liang, J. et al. Low temperature chemical reduction of fusional sodium metasilicate 

nonahydrate into a honeycomb porous silicon nanostructure. Chem Commun 50, 6856-6859 

(2014). 

144 Popovich, A., Nikiforov, P., Onishchenko, D., Tsvetnikov, A. & Kuryavyi, V. Preparation of 

nanodispersed silicon powder for implementing anodic composite matrices based on C-Si 

systems. Theoretical Foundations of Chemical Engineering 42, 603-605 (2008). 

145 Zhu, X., Xia, B., Guo, M., Zhang, Q. & Li, J. Synthesis of carbon nanotube composites with 

size-controlled silicon nanoparticles. Carbon 48, 3296-3299 (2010). 

146 Barati, M., Sarder, S., McLean, A. & Roy, R. Recovery of silicon from silica fume. Journal of 

Non-Crystalline Solids 357, 18-23 (2011). 

147 Zhang, Y. & Huang, J. Hierarchical nanofibrous silicon as replica of natural cellulose 

substance. J Mater Chem 21, 7161-7165 (2011). 



90 
 

 
 

148 Chen, W., Fan, Z., Dhanabalan, A., Chen, C. & Wang, C. Mesoporous silicon anodes prepared 

by magnesiothermic reduction for lithium ion batteries. J Electrochem Soc 158, A1055-A1059 

(2011). 

149 Wong, D. P., Lien, H.-T., Chen, Y.-T., Chen, K.-H. & Chen, L.-C. Patterned growth of 

nanocrystalline silicon thin films through magnesiothermic reduction of soda lime glass. 

Green Chem 14, 896-900 (2012). 

150 Tao, H.-C., Fan, L.-Z. & Qu, X. Facile synthesis of ordered porous Si@ C nanorods as anode 

materials for Li-ion batteries. Electrochim Acta 71, 194-200 (2012). 

151 Chen, K. et al. Freestanding monolithic silicon aerogels. J Mater Chem 22, 16196-16200 

(2012). 

152 Chen, J., Liu, M., Sun, J. & Xu, F. Templated magnesiothermic synthesis of silicon nanotube 

bundles and their electrochemical performances in lithium ion batteries. RSC Advances 4, 

40951-40957 (2014). 

153 Qiu, D., Bu, G., Zhao, B. & Lin, Z. Mesoporous silicon microspheres fabricated via in situ 

magnesiothermic reduction of silicon oxide as a high-performance anode material for lithium–

ion batteries. J Solid State Electr 19, 935-939 (2015). 

154 Choi, S. et al. Revisit of metallothermic reduction for macroporous Si: compromise between 

capacity and volume expansion for practical Li-ion battery. Nano Energy 12, 161-168 (2015). 

155 Larbi, K., Barati, M., McLean, A. & Roy, R. Synthesis of Solar‐Grade Silicon from Rice 

Husk Ash–An Integrated Process. Materials Challenges in Alternative and Renewable Energy: 

Ceramic Transactions, Volume 224, 231-240 (2011). 

156 Chen, K. et al. Synthesis of resorcinol–formaldehyde/silica composite aerogels and their 



91 
 

 
 

low-temperature conversion to mesoporous silicon carbide. Microporous and Mesoporous 

Materials 149, 16-24 (2012). 

157 Tao, H.-C., Huang, M., Fan, L.-Z. & Qu, X. Interweaved Si@ SiO x/C nanoporous spheres as 

anode materials for Li-ion batteries. Solid State Ionics 220, 1-6 (2012). 

158 Pallavidino, L. et al. Synthesis of amorphous silicon/magnesia based direct opals with tunable 

optical properties. Optical Materials 33, 563-569 (2011). 

159 Guo, M. et al. Fabrication of high surface area mesoporous silicon via magnesiothermic 

reduction for drug delivery. Microporous and Mesoporous Materials 142, 194-201 (2011). 

160 Yoo, J. K., Kim, J., Jung, Y. S. & Kang, K. Scalable fabrication of silicon nanotubes and their 

application to energy storage. Adv Mater 24, 5452-5456 (2012). 

161 Lu, Z. et al. Synthesis of ultrathin silicon nanosheets by using graphene oxide as template. 

Chem Mater 23, 5293-5295 (2011). 

162 Lee, D. J. et al. Electrospun three-dimensional mesoporous silicon nanofibers as an anode 

material for high-performance lithium secondary batteries. ACS applied materials & 

interfaces 5, 12005-12010 (2013). 

163 Liu, M.-P., Li, C.-H., Du, H.-B. & You, X.-Z. Facile preparation of silicon hollow spheres and 

their use in electrochemical capacitive energy storage. Chem Commun 48, 4950-4952 (2012). 

164 Jia, H. et al. Novel Three‐Dimensional Mesoporous Silicon for High Power Lithium‐Ion 

Battery Anode Material. Adv Energy Mater 1, 1036-1039 (2011). 

165 Gao, P. et al. Three-dimensional porous silicon–MWNT heterostructure with superior lithium 

storage performance. Physical Chemistry Chemical Physics 13, 20108-20111 (2011). 

166 Du, F. H. et al. Surface Binding of Polypyrrole on Porous Silicon Hollow Nanospheres for 



92 
 

 
 

Li‐Ion Battery Anodes with High Structure Stability. Adv Mater 26, 6145-6150 (2014). 

167 Chen, D. et al. Reversible Lithium‐Ion Storage in Silver‐Treated Nanoscale Hollow Porous 

Silicon Particles. Angewandte Chemie International Edition 51, 2409-2413 (2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



93 
 

 
 

CHAPTER 3  

Characterization Techniques 

3.1 Powder X-ray diffraction (PXRD) 

In 1895, X-ray was discovered by Germen scientist Wilhelm Röntgen.
1
  X-ray with a wavelength 

between 0.001-50 nm is usually divided into soft x-ray (lower energy with wavelength above 0.1 

nm) and hard X-ray (higher energy with a wavelength under 0.1 nm).
2
  The interaction between 

X-ray and materials includes absorption, diffraction, and fluorescence.  

 

 

Figure 3.1 X-ray diffracted from the lattice.
3
 

The X-ray diffraction happens when electric vector of X-ray interacts with the electrons around 

the atom nucleus.  The higher atomic number is, the stronger diffraction ability for the X-ray is. 

The X-ray diffraction process belongs to elastic scattering since the energy of X-ray photons keep 
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the same before and after the interaction.  Interference can happen when X-ray with certain angle 

hit the crystal surface possessing similar order magnitude of the x-ray wavelength as d-spacing.  

Specifically, the Interference between X-ray and crystal includes constructive interference and 

destructive interference.  As shown in Figure 3.1, the parallel X-rays diffracted on the parallel 

atomic planes with a spacing distance of d, the pathway X-ray going through is 2dsinθ longer than 

that of X-ray 1.  If 2dsinθ equals a multiple X-ray wavelength (nλ), we call these two beams 

constructive interference.  This is where the Bragg law comes from as follows: 

𝑛𝜆 =2dsinθ       (1) 

Furthermore, the XRD pattern is obtained by collecting the characteristic diffractions of 

constructive interference where crystal planes orientated with a certain Bragg angle θ.
4
   

Based on the Bragg law, we can speculate the crystal structure by calculating the d spacing from 

the Brag angle θ if the X-ray with known wavelength is used to hit the samples.  For carbon 

materials, (002) peak around 26º corresponds to the graphitic feature, which is the ordering along 

the c axis, while (100) peak around 43º corresponds to the graphenic feature, which is the ordering 

along ab plane.  

In this thesis, all the XRD tests are obtained by a Rigaku Ultima IV Diffractometer using Cu Kα 

radiation (λ=1.5406 Å).  

3.2 Raman spectroscopy 

Besides Rayleigh scattering with the same frequency as the incident light, there will also be 

inelastic scattering, which means that the frequency of scattering light is different from that of 

incident light.  As shown in Figure 3.2, the frequency of Rayleigh scattering is the same as the 
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original one, however, the frequency of Stokes scattering is smaller than the original one while the 

frequency of anti-Stokes scattering is larger than the original one.  The intensity of Stokes 

scattering is always larger than that of anti-Stokes, so Raman spectroscopy only records the Stokes 

scattering signal.
5,6

  

 

Figure 3.2 Forming of Rayleigh and Raman scattering.  

Raman is widely used to detect the local structure of carbon materials.  G band at 1580 cm
-1

 is 

attributed to E2g vibration of sp
2
 carbon while D band 1340 cm

-1
 is attributed to A1g vibration of 

finite-sized graphenic domains.  The specific vibration of E2g and A1g is shown in Figure 3.3.  

The ratio between the integrated intensities of the G and D Raman bands (IG/ID) along with the 

excitation laser wavelength are used to calculate the graphenic domain size, La, namely the 

coherence size along ab planes
7
. 

𝐿𝑎(𝑛𝑚) = (2.4 ⋅ 10−10) ⋅ 𝜆𝑛𝑚
4 (

𝐼𝐺

𝐼𝐷
) (2) 

In this thesis, all the Raman tests are obtained by WITec confocal Raman spectrometer with a 514 
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nm laser source.  

 

Figure 3.3 Carbon motions in the (a) G and (b) D modes.
8
 

3.3 X-ray photoelectron spectroscopy (XPS) 

After absorption, the energy of X-ray, the electron in the atom become free electron, i.e. X-ray 

photoelectron.  During the interaction between X-ray and sample, partial energy of X-ray is used 

to overcome the electron binding energy 𝐸𝑏
′ , making it become free X-ray photoelectron; partial 

energy is transferred to X-ray photoelectron as the kinetic energy 𝐸𝑘
′ , and minor partial energy is 

transferred to the atom as the recoil energy 𝐸𝑟.  We have following equation: 

ℎ𝜈 = 𝐸𝑘
′ + 𝐸𝑏

′ + 𝐸𝑟 

If the Fermi Energy and the wave function of spectrometer are considered, the equation can be 
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changed into； 

𝐸𝑏 = ℎ𝜈 − 𝐸𝑘 − 𝜓𝑠𝑝 

𝜓𝑠𝑝 is the wave function of spectrometer, ℎ𝜈 is the energy of X-ray, 𝐸𝑘  is the kinetic energy of 

X-ray photoelectron, 𝐸𝑏 is the bind energy of the electrons in the inner shell.  Each element has 

its own characteristic fingerprint peak, based on which we can know the type of the element.  

However, XPS can not be used to detect hydrogen and helium, because there is no electron in the 

outer shell to fill in after the electrons in the inner shell have been removed by X- ray.  Besides 

the type of element, XPS can also be used to detect valence state with the reason that the change 

of electrons in the outer shell influences the shielding effect, thus influencing the binding energy 

of electrons in the inner shell.
9
  

XPS is a surface detection technique with a depth about 3-5 nm carried out under high-vacuum 

conditions.  Some important values are listed here: C-1s (284.6 eV), O-1s (532.03 eV), pyrrolic 

N (400.7 eV), pyridinic-N (398.7 eV).  

In this thesis, all the XPS tests are performed in a Physical Electrons Quantera Scanning ESCA 

Microprobe with a focused monochromatic Al Kα X-ray (1486.6 eV) source for excitation. The 

X-ray beam used was a 25 W, 100 μm X-ray beam spot at the sample.  The binding energy (BE) 

scale was calibrated using the Cu 2p3/2 feature at 932.62 ± 0.05 eV and Au 4f at 83.96 ± 0.05 eV. 

The ion gun used in this system was a standard Quantera ion gun, and the sputter depth profiles 

were acquired using a 1 KeV argon-ion beam rastered over a 3 mm x 3 mm area.  To minimize 

charging artifacts, the XPS data were collected with 1 eV, 20 μA electrons, and low-energy Ar+ 

ions. 
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3.4 Surface area and pore size distribution measurements 

BET is widely used to measure the specific area and pore size distribution of porous materials. 

The theory referred to multilayer adsorption, is based on using non-corrosive gasses (Ar, N2, and 

CO2) to determine the surface area data.  Absorption includes chemical adsorption and physical 

adsorption.  Chemical adsorption involves the single layer adsorption process of bonding 

between the surface of solid and special gasses, such as H2, CO2, and O2.  However, the physical 

adsorption is the condensation process of the gas at the surface or in the pore of solids based on 

van der Waals' force.  Physical adsorption is nonselective adsorption includes single layer 

adsorption and multilayer adsorption.  Always, N2 is used as the adsorption gas.  To make the 

N2 condensed, liquid N2 has to be used to reach 77.35 K.
10

  

An important concept should be mentioned is the hysteresis behavior, which is formed by the 

mismatching of adsorption/desorption isotherms due to the different shape and size of pores.  

Specifically, N2 starts to capillary condensation on the ring-like pore walls in the adsorption, while 

evaporation first from the falcate liquid surface of the pore opening in the desorption.  This 

different mechanism results in the formation of the hysteresis loop.
11

   

In this thesis, all the BET tests are performed in Micromeritics TriStar II 3020 analyzer.  All the 

samples are degassed at 250 ºC for 5 hours before the test.  

3.5 Scanning electron microscope (SEM) and energy-dispersed analysis of x-rays 

(EDAX) 

When the electron beams with energy high up to 40 keV hit the surface of the sample, various 
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species will be generated, including second electrons, back scattered electrons, Auger electrons, 

characteristic X-ray and photons as shown in Figure 3.4.  SEM is based on collecting emitted 

second electrons by the special detector to display the topography of sample surface.  EDAX is 

based on the emitted characteristic X-ray from the process of the ejected electrons on the outer 

shell jumping into the partially empty inner shell.  Because each element has its unique set of 

X-ray emission peaks, EDAX is widely used for the elemental analysis.  However, EDAX can 

only provide the chemical information of the sample surface, thus belonging to a 

quasi-quantitative analysis.  Different from EDAX, the energy used to produce x-ray can also 

eject the electron out of the atom, which is called Auger electrons.
12,13

  

 

Figure 3.4 The principle of scanning electron microscope.  
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In this thesis, all the SEM and EDAX tests are performed under a field emission scanning electron 

microscopy (FESEM) using an FEI NOVA 230 high-resolution SEM with an energy-dispersive 

X-ray (EDX) attachment.  

3.6 Transmission electron microscopy (TEM) and selected area electron 

diffraction (SAED) 

 

Figure 3.5 The principle of TEM 

TEM is based on using an accelerated and focusing electron beam with an energy usually high up 

to 200 keV to transmit an ultrathin sample.  Here it is very important to distinguish between the 

bright field (BF) and annular dark field (ADF).  For the BF, the detector collects transmitted 

electrons shown in Figure 3.5.  So the thicker the sample is, the more the scattering is, and the 

fewer electrons are transmitted.  However, the detector collects the scattered electrons from an 

annulus around the beam.  So the thinner the sample is, the fewer electrons are scattered.  
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Specifically, high-angle annular dark-field imaging (HAADF) only formed at a very high angle is 

very good at distinguishing elements with a different atomic number.
14,15

  

Due to the wave–particle duality, an electron beam with high energy can also have the diffraction 

phenomenon, which is very similar to the X-ray diffraction.  Moreover, the electron beam can be 

focused on a very small area, so selected area electron diffraction is always used to detect the local 

crystal structure.  

In this thesis, all the TEM and SAED tests are performed under FEI Titan 80-200 and related 

SAED attachment.  

3.7 Electrochemical measurement 

Galvanostatic charge/discharge is based on applying a constant current while recording the 

potential.  The sign of the current is changed when the cell reaches the cut-off potentials.  

Galvanostatic charge/discharge is widely used to study the capacity, rate ability and cycling 

stability.
16

 

Cyclic Voltammetry (CV) is based on applying a potential changing linearly with time while 

recording the current.  The peaks in the CV curves always correspond to the oxidation/reduction 

reactions.
17

  

Electrochemical impedance spectroscopy (EIS) is based on applying a range of frequency while 

recording the impedance, which is further deconvoluted into resistance and capacitance by an 

equivalent circuit model.  The resistance for the battery always includes two parts: charge 

transfer resistance and ohmic resistance.  The former one comes from the interface between 
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electrode and electrolyte, while the latter one comes from the diffusion of ions.  The capacitance 

for the batteries results from the electric double layer between the electrode surface and 

electrolyte.
18

   

Imaginary impedance vs. real impedance is presented in the Nyquist plot, which is further 

interpreted by the equivalent circuit model.  Randles cell is one of the most important equivalent 

circuits to simulate the kinetic and diffusion mix process shown in Figure 3.6.  Rs is ohmic 

resistance, Rct is charge transfer resistance, Cdl is electric double layer capacitance and W is 

Warburg diffusional impedance.  

 

Figure 3.6 Equivalent circuit of Randles Cell 

3.8 X-ray absorption near edge spectrum (XANES)  
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Figure 3.7 A typical XAS spectrum
19

 

XANES and EXAFS (extended X-ray absorption fine structure) both belong to XAS (X-ray 

absorption spectrum), which is based on the X-ray absorption by atoms at or above the core-level 

binding energies.  If we take a look at the typical XANES in Figure 3.7, we find that the 

absorption coefficient decreases with increased x-ray energy; however, it takes a sudden increase 

at a certain point.  And such repeatable phenomenon occurs in the following energy regions.  

These certain points correspond to the binding energy of electrons at K, L, M …… shells.  In the 

XAS spectrum, the atom absorption in XANES and EXAFS is affected by the X-ray diffraction by 

its surrounding atoms, which tells us its coordination environment.  The difference between 

XANES and EXAFS is that XANES is located 15-50 eV to the near edge while EXAFS is 

50-1000 eV to the near edge.  The widely used x-ray source for XAS is from synchrotron 

radiation, possessing the advantages of high intensity, high resolution, and wide range.  

In this thesis, all the K-edge X-ray absorption near edge spectra were collected on powder samples 
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using beamline 8 - 2 at the Stanford Synchrotron Radiation Laboratory.  Data were acquired 

under ultrahigh vacuum (10-9 Torr) in a single load at room temperature using total electron yield 

(TEY) via the drain current.  

3.9 Total neutron scattering and pair distribution function (PDF) analysis 

The neutron scattering is very similar to XRD, which are both based on the Bragg diffraction. The 

only differences between neutron scattering and XRD lie in that (1) the interaction in XRD is 

between X-ray and electrons while that in neutron scattering is between neutron beam and nucleus； 

(2) the x-ray is from a metal hit by accelerated electrons while neutron beam is from a nuclear 

reactor；(3) XRD is not sensitive enough for analyzing light elements while neutron scattering can 

be used to analyze light elements and even isotopes.  For the amorphous carbon structure study, 

neutron scattering can provide more information than XRD.  

XRD is always applicable for materials with long-range order, but it lacks the ability to reveal the 

structure information for materials possessing only medium range or short range order.  Here, 

neutron total scattering is very important for the amorphous materials, because the Bragg 

reflection cannot deal with the thermal displacement from the dynamic thermal vibration, which 

can only be treated as a random deviation.  But this displace cannot be ignored because the 

atomic arrangement is affected.   

PDF is obtained by Bragg diffraction and diffuse scattering, which endows PDF with the ability to 

tell the difference between short range order and random atom displacement.  There are always 

two types of PDF results: S(Q) vs Q and G(r) vs r.  Q is the reciprocal of d spacing, r is 

interatomic distance, S(Q) is the measured intensity after taking away background, multiple 
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scattering and other factors, G(r) is the probability of finding an atom at a certain interatomic 

distance.
20
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CHAPTER 4  

Reducing CO2 to dense nanoporous graphene by Mg/Zn for 

high power electrochemical capacitors 

4.1 Abstract 

Converting CO2 to valuable materials is attractive. Herein, we report using simple metallothermic 

reactions to reduce atmospheric CO2 to dense nanoporous graphene.  By using a Zn/Mg mixture 

as a reductant, the resulted nanoporous graphene exhibits highly desirable properties: high specific 

surface area of 1900 m
2
/g, a great conductivity of 1050 S/m and a tap density of 0.63 g/cm

3
, 

comparable to activated carbon.  The nanoporous graphene contains a fine mesoporous structure 

constructed by curved few-layer graphene nanosheets.  The unique property ensemble enables 

one of the best high-rate performances reported for electrochemical capacitors: a specific 

capacitance of 170 F/g obtained at 2000 mV/s and 40 F/g at a frequency of 120 Hz.  This simple 

fabricating strategy conceptually provides opportunities for materials scientists to design and 

prepare novel carbon materials with metallothermic reactions. 

4.2 Introduction 

4.2.1 Utilization of CO2 

Fossil fuel combustion still represents the primary energy source for electricity generation around 

the globe.  This process generates a tremendous amount of CO2 that is considered as a primary 

contributor to the global climate change.  It is highly desirable to utilize the abundant and 

wasteful CO2 as a feedstock gas to synthesize valuable chemicals.  Photocatalysis and 
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hydrogenation have been shown effective to turn CO2 into small organic molecules, such as 

HCOOH and CH3OH.
1-3

  However, few studies have focused on reducing CO2 into functional 

carbonaceous materials.  Herein, we aim to convert CO2 into a dense nanoporous graphene as an 

electrode in high power electrochemical capacitors (ECs). 

4.2.2 General introduction of EDLC 

ECs directly store electric energy via electrostatic attraction between the electrons or electron 

deficiencies on the electrode surface and the solvated ions in a liquid electrolyte, thus forming an 

electrical double layer on each electrode of ECs.
4-8

  One of ECs' challenges is the low energy 

density, much less than the state-of-the-art batteries.
5
  Currently, much attention is focused on 

improving ECs' energy density to a battery level without compromising power and cycle life.
4  

Extensive efforts have been devoted to increasing capacitance of carbon materials that is governed 

by many factors, including surface area, conductivity, edge effect and porous structure.
9-11

 

Simultaneous optimization of all these factors has been very challenging.  Another approach is to 

utilize non-diffusion-controlled redox reactions of nanosized metal oxides.
12-19

  ECs are attractive 

mostly due to its much higher power density than batteries.
20-22

 ECs can be fully charged in 

minutes or even seconds; however, this timeframe is still orders of magnitude longer than the time 

needed to charge conventional electrolytic capacitors.
23

  At an AC frequency of 120 Hz, ECs 

behave almost like a pure resistor rather than a capacitor.  The low conductivity of activated 

carbons (ACs), from 10 S/m to 100 S/m, as electrodes in commercial ECs, is partially responsible 

for the poor high-frequency performance.  Note that ACs can certainly exhibit high capacitance 

at intermediate current rates.
24-26  

In order to further push the power of ECs to a higher level, more 

conductive electrode materials are highly demanded. 
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Figure 4.1 Theoretical Models of EDLC: (a) the Helmholtz model, (b) the Gouy–Chapman model, 

and (c) the Stern model.
27

 

Compared with traditional capacitors with the limited geometric area and the space between two 

metal plates, EDLC possesses huge surface area and the charge separation distance at the atomic 

scale, the requirement of which can be fully fulfilled by porous carbon.  To further understand 

the mechanism of charge storage on the porous carbon in EDLC, a general review of the 

theoretical model on EDLC is needed.  The Helmholtz model in Figure 4.1a is first proposed 

based on atomic separation of two layers with opposite charges at electrode/electrolyte interface.  

Later on, the Gouy–Chapman model in Figure 4.1b introduced the diffusion layer, which is made 

up by a successive distribution of ions.  However, the EDLC capacitance in this model is 

overestimated when the ions are near the surface of the electrode.  The combination of the 

Helmholtz model and the Gouy–Chapman model gives the Stern model in Figure 4.1c.  The 

Stern model is composed of two parts: Stern layer and diffusion layer.  The description of the 
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diffusion layer is very close to the Gouy–Chapman model, while the Stern layer consists of 

specifically absorbed ions and non-specifically absorbed ions.
27

  

 

Figure 4.2 Illustration of EDLC based on porous carbon.
27

  

The capacitance of EDLC follows the equation below: 

C =
𝜀0𝜀𝑟

𝑑
A  

Among the equation, εr and ε0 are the electrolyte dielectric constant and vacuum permittivity, 

respectively, A is the accessible surface area to the electrolyte ions and d is the distance of electric 

double layer.  Based on this equation, it is very easy to understand why the large surface area and 

suitable pore size are very important to increase the specific capacitance for EDLC as shown in 
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Figure 4.2.  As will be discussed in the following chapter, after adding Zn powder into Mg 

powder, the surface area of derived porous graphene increased from 829 m
2
/g to 1900 m

2/
g, and 

the corresponding capacitance also increased from 60 F/g to 170 F/g at a sweeping rate of 2000 

mV/s.
27

   

 

Figure 4.3 Schematic representations of EDCC model (a) and EWCC model (b).
27

  

Besides surface area, pore volume distribution may play an even more important role.  Results 

challenged the conventional view that microspores contribute little to the overall capacitance due 

to the inaccessibility for the solvated ions that partially desolvated protons increased the 

capacitance.
28

  Furthermore, Gogotsi et al reported that the capacitance reached a maximum 

when the pore size is close to the naked ion size.  This new finding seem to be challenging the 

EDLC theoretical model; there will be no room for the compact layer and diffuse layer in such a 

squeezed pore.  This contradiction was defused by Huang et al with an electric double cylinder 

capacitor model (EDCC) and an electric wire-in-cylinder capacitor model (EWCC) in Figure 

4.3.
29

  Both of EDCC and EWCC take pore curvature into consideration, while EDCC is 

applicable for mesoporous carbon structure and EWCC is applicable for microporous carbon 



113 
 

 
 

structure. 

C =
𝜀0𝜀𝑟

𝑏𝑙𝑛[𝑏/(𝑏−𝑑)]
A (15) 

C =
𝜀0𝜀𝑟

𝑏𝑙𝑛(𝑏/𝑎0)
A (16) 

Equation (15) and Equation (16) are the mathematical descriptions for the EDCC and EWCC 

model, respectively.  Among the two equations, b is the pore radius and d is the space between 

ions and carbon surface.  Based on these two models, the capacitance will increase when pore 

size decreases below 1nm and when pore size increases above 2nm.  Here, it should be noted that 

this preliminary conclusion does not rely on specified carbon materials and electrolyte.
61

  

4.2.3 The synthesis of graphene materials 

Recently, graphene materials attract intense attention for their applications as electrodes in ECs 

due to their high theoretical surface area of 2630 m
2
/g and high theoretical conductivity.

30,31
  In 

particular, graphene electrodes formed by chemical vapor deposition (CVD) demonstrated an 

excellent high-frequency performance for voltage filtering purposes.  However, the volumetric 

capacitance of this type of graphene is low, which may prevent it from being used for energy 

storage applications.
32,33  

Therefore, it is highly desirable to synthesize a nanoporous graphene 

with a large surface area and a great conductivity while exhibiting a high density.  Currently, the 

primary synthetic strategy of nanoporous graphene is via the Hummer's method that first exfoliates 

graphite into graphene oxide via an intense oxidation process.
34,35  

Different reduction approaches 

for graphene oxide have been reported,  including chemical reduction,
36

 KOH activation,
37

 

solvation,
38

 solvothermal reductions,
39,40 

thermal reduction,
41,42 

microwave heating,
43

 light 

irradiation
44-46 

and graphene crumping
47

.  Excellent energy and power densities of ECs have been 

reported;
48-50 

However, the syntheses based on the Hummer's method have to use highly corrosive 
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oxidizing reagents, i.e., concentrated H2SO4 and KMnO4, and labor-intensive purification 

procedures, which raises the cost and limits the scalability of the graphene production.
51

  

Therefore, it is highly desirable to investigate fundamentally new methodologies to prepare 

high-quality nanoporous graphene in a cost-effective and scalable manner.  Herein, we convert 

atmospheric CO2 into nanoporous graphene via simple metallothermic reactions.  In particular, 

magnesiothermic reactions are well known for their capability in dissociating robust chemical 

bonds, including the Si–O bond in SiO2 in forming nanoporous silicon and the C–O bond in 

reducing graphene oxides.
52  

Xu and Lu et al. first observed few-layered graphene formed in the 

magnesium combustion reaction with dry ice.
53  

Most recently, Pumera et al. reported that 

reducing CO2 by lithium metal forms graphene materials as well.
54  

Huczko et al. reduced CO2 by 

a few different metals into carbon materials.
55  

Ma et al. investigated a burn-quench method to 

reduce CO2 by Mg as well as studied the magnesiothermic reduction of CO2 at different 

temperatures.
56,57 

 

With Mg or Mg/Zn mixture as the reductant, we reduced atmospheric CO2 to nanoporous 

graphene with various graphitization degrees and specific surface areas.  The Mg/Zn reduced 

graphene demonstrates a specific capacitance of 170 F/g even at a sweeping rate of 2000 mV/s  

in cyclic voltammetry (CV) measurements and a capacitance of 40 F/g at an AC frequency of 120 

Hz extrapolated from the electrochemical impedance spectroscopy (EIS) results. 

4.3 Experimental 

4.3.1 Preparation of nanoporous graphene  

In a typical experiment, 1.5 g of Mg powder or Mg powder well mixed with different amounts of 
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Zn powder was placed in an Al2O3 boat and heated in a tube furnace at 680 ºC under a CO2 flow at 

70 cm
3
/min (CCM) for 60 min.  After the reaction, the black product was collected and stirred in 

2.0 M HCl solution at room temperature for 10 h to remove the MgO (and ZnO).  The mixture 

was then filtered and washed with deionized water several times until the filtrate exhibits a pH 

value, around 6.  Finally, ethanol was used to rinse the isolated solid carbon product before 

drying at room temperature overnight. 

4.3.2 Characterization methods  

X-Ray diffraction (XRD) patterns were recorded by using a Rigaku Ultima IV Diffractometer with 

Cu Kα irradiation (λ = 1.5406 Å).  A WITec confocal Raman spectrometer with a 514 nm laser 

source was employed to collect the Raman spectra.  The morphology was studied by field 

emission scanning electron microscopy (FESEM) using an FEI NOVA 230 high-resolution SEM 

with an energy-dispersive X-ray (EDX) attachment.  Transmission electron microscopy (TEM) 

images were recorded by FEI Titan 80-200 TEM.  High-angle annular dark field scanning TEM 

(HAADF-STEM) measurements were carried out on an FEI Titan 80-200 microscope coupled 

with an HAADF detector and an EDX spectrometer.  Nitrogen sorption measurements were 

performed on Micromeritics TriStar II 3020 analyzer 

4.3.3 Electrode preparation of ECs 

Electrodes were composed of 80 wt % C–M or C–M/Z, 10 wt% carbon additive (Super P) and 10 

wt % poly(vinylidene fluoride) (PVDF) binder.  The electrode mixture was brushed from a 

cyclopentanone slurry onto a stainless steel current collector (stainless steel gauze, 80 mesh) 

before the electrodes were (stainless steel gauze, 80 mesh) before the electrodes were dried at 120 
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ºC under vacuum for 12 h. Typical active mass loading is 1.6 mg/cm
2
. 

4.3.4 Electrochemical measurements 

A two-electrode cell configuration was employed to measure the electrochemical performance. 

Two identical electrodes (by weight and size) were assembled in coin-type cells that use a filter 

paper (Whatman
®
) as the separator and a 6.0 M KOH aqueous solution as the electrolyte. A 

VMP-3 multi-channel workstation was used for CV measurements, galvanostatic CD cycling, and 

EIS tests.  Specific capacitance was estimated from galvanostatic cycling by using the formula: 

C = 4 I • ∆t / (m • ∆V) 

Where I is the applied current, ∆t refers to the discharge time, and m is the total mass for both 

electrodes, and ∆V represents the voltage drop of the discharging curve.  The EIS tests were 

carried out at room temperature at the frequency range of 200 kHz to 10 mHz. 

Effective series resistance (ESR) was estimated with the following equation:  

RESR =Vdrop /(2I) 

Where, Vdrop is the voltage drop at the beginning of the discharge curve at certain constant current, 

I. 

The specific power was calculated by the following formula:  

P = (Vmax – Vdrop)
2
/(4m·RESR) 

Where Vmax is the voltage at the beginning of the discharge and Vdrop is the initial vertical drop of 

the voltage. 

Based on the EIS results, the capacitance was also calculated using the following equation: 
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C =  
−1

  2𝜋𝑓·𝑧"
 

Where f is the frequency (Hz) and Z” is the imaginary part of the impedance. 

4.4 Results and discussion 

4.4.1 Magnesiothermic reaction mechanism with CO2 analysis 

In a typical experiment, Mg powder was placed in a ceramic boat and heated in a tube furnace at 

680 ºC under a CO
2
 flow rate of 70 CCM for 60 min.  The carbon formation reaction can be 

described by the following equation: 

CO2(g) + 2Mg (l) → C (s) + 2MgO (s) 

Much heat should be emitted from the above reaction as the Gibbs free energy of the above 

reaction is calculated to be 608 KJ/mol at 680 ºC.  We expect that the reaction temperature is 

much higher than the set temperature for the furnace.  To estimate the ‘real’ reaction temperature, 

we mixed different metal carbonates with Mg powder in the reaction, namely SrCO3 or BaCO3 

that decomposes at 1100 ºC and 1450 ºC, respectively.  After the reaction, SrO phase was 

identified in the product, indicating that the reaction temperature is higher than 1100 ºC.  We did 

not observe BaO in the product; therefore, the reaction temperature is no higher than 1450 ºC 

(Figure 4.4). 
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Figure 4.4 XRD patterns of the products after CO2 reduction by Mg as a reductant mixed with 

different metal carbonates. (a) A mixture of Mg and SrCO3. Patterns show that both SrCO3 and 

SrO coexist, indicating that the reaction temperature is above 1100 °C, the decomposition 

temperature of SrCO3 (b) A mixture of Mg and BaCO3. BaO is not detectable in the XRD Pattern 

after the reaction, suggesting that the reaction temperature is below 1450 °C, the decomposition 
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temperature of BaCO3. 

Another fundamental question of the reaction is whether Mg vapors or molten Mg acts as the 

reducing phase for CO2.  To answer this question, we heated a MgO pellet atop a Mg pellet under 

CO2.  After the reaction, the Mg pellet turned black with its pellet shape well retained while the 

MgO pellet remained white (Figure 4.5).  The lack of carbon formed on the surface of the MgO 

pellet suggests that Mg cannot be evaporated under CO2 due to the rapid Mg/CO2 reactions.  It is 

also reasonable to assume that CO2 molecules cannot diffuse into the molten Mg droplets either.   

 

Figure 4.5 Digital images of a pellet of Mg or Mg/MgO after annealing under CO2, indicating that 

Mg cannot be evaporated under CO2 reduction.  (a) A Mg pellet after the reaction at 680 ºC and 

70 CCM CO2 flow rate in one hour.  (b) A MgO pellet stacked on a Mg pellet after a reaction at 

the same conditions as above.  The MgO pellet is flipped upright to show its side that touched the 

Mg pellet during the reaction 

Therefore, we postulate that it is the molten Mg surface where CO2 is reduced to solid carbon.  

During the reaction, a MgO/C nanocomposite is formed at the expense of Mg phase, as 

schematically proposed in Figure 4.6. 
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Figure 4.6 Schematic diagram illustrates the carbon deposition at the surface of the molten Mg 

droplet at the expense of Mg phase along the reaction. 

4.4.2 Porous graphite produced by Mg and CO2 

Based on the above-proposed mechanism, we hope to control the properties of the as-formed 

carbon by varying experimental conditions.  We focused our attention on graphitization degrees 

and specific surface area, the two properties that are most relevant to the performance in ECs.  

We refer to reaction products here as C-Ms.  The intensive peaks in X-ray diffraction (XRD) 

patterns indicate that nearly all C-Ms comprise well-crystalized graphite domains except for the 

product formed at 650 ºC (Figure 4.7a, 4.7d, and 4.7g).  We evaluate the graphitization degrees 

by the ratios between D and G bands (ID/IG) at 1340 cm
-1

 and 1570 cm
-1

, respectively, in Raman 

spectra of the products.
58  

The D and G band correspond to the defective sp
2
 structure and the 

graphene in-plane vibrations in carbon materials, respectively.  Additionally, if 2D-band at 2645 

cm
-1

 shows up, it also indicates a high graphitization degree of the product.  By comparing 

spectra in Figure 4.7b, 4.7e, and 4.7h, we notice that the graphitization degree of products 

increases from 650 to 680 ºC but decreases at 710 ºC.  The reaction duration also affects the 

graphitization degree.  The highest graphitization degree is achieved after the reaction for one 
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hour.  A similar trend is observed with the CO2 flow rate as well.  The graphitization degree 

rises upon increasing the CO2 flow rate from 25.5 CCM to 70 CCM but decreases at 229 CCM. 

 

Figure 4.7 XRD patterns and Raman spectra of the C-Ms demonstrate different degrees of 

graphitization and specific surface areas of various reaction conditions. (a), (b) At different 

temperatures but a fixed a CO2 flow rate of 70 CCM after a fixed reaction duration of one hour (d), 

(e) After different reaction durations at a fixed CO2 flow rate of 70 CCM and at a fixed 

temperature of 680°C (g), (h) At different CO2 flow rates at a fixed temperature of 680°C after a 

fixed reaction duration of one hour (c), (f), (i) Specific surface areas and ID/dG ratios of the C-Ms 

in Raman spectra as a function of different reaction temperatures, reaction durations and flow rates, 

respectively.  The optimal graphitization and highest surface area are achieved simultaneously at 

680 °C and a CO2 flow rate of 70 CCM after one hour of reaction.  
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4.4.3 Porous graphene produced by Mg/Zn and CO2 

The above results reflect CO2's dual-role in the reaction regarding carbon formation and activation 

(gasification).  Note that CO2 can etch the as-formed carbon in the following reaction: 

CO2 (g) + C (s) → 2CO (g) 

Energetics for the reaction between CO2 + Zn, and found out that the mixture of graphite and ZnO 

are thermodynamically unstable at a temperature above 904 ºC as they will react to produce CO 

(gas) and Zn (gas).  We hypothesize that Zn vapor generated at this temperature during the 

magnesiothermic reactions may enhance the nanoporosity of the graphene products.  The carbons 

reduced by Zn/Mg mixtures are referred to as C-MZ-n, where n indicates the molar ratio of Zn and 

Mg in the reductant mixture. 

 

Figure 4.8 XRD patterns and Raman spectra of the C-MZ-n revealing less crystalline graphitic 

structures (a) XRD patterns and (b) Raman spectra of C-MZ-n formed by different Zn/Mg molar 

ratios (c) Surface area of C-MZ-n as a function of Zn/Mg molar ratio. 

The specific surface area of C-MZ-n was, indeed, dramatically increased, compared to C-Ms, 

reaching a plateau of 1900 m
2
/g when the Zn/Mg ratio is three or above (Figure 4.8c).  

Furthermore, all C-MZs exhibit much-diminished graphite crystalline features, compared to C-Ms, 
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as evident by the much less resolved XRD peaks and higher ID/IG ratios in Raman spectra (Figure 

4.8a and 4.8b). 

 

Figure 4.9 TEM images of C-M and C-MZ-3, revealing their different nanoporosity.  (a), (c) 

Low and high magnification images of C-M, and the inset in (c) is an enlarged image of the area 
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marked by a red box.  (b), (d)Low and high magnification images of C-MZ.  (e) SAED of 

C-MZ-3.  (f) A representative ZnO nanoparticle in C-MZ-3, showing ZnO lattice fringes and 

graphene lattice grew on the surface of ZnO with increasing graphitic (002) d-spacing radiating 

away from ZnO surface. 

We examined the nanoporosity of C-M and a representative C-MZ-n, C-MZ-3, by transmission 

electron microscopy (TEM).  As Figure 4.9a implies, C-M exhibits a porous structure.  Under a 

higher magnification, it is evident that the voids in C-M are in between crystalline graphite 

nanodomains with (002) lattice fringes displayed (Figure 4.9c).  In sharp contrast, C-MZ-3 

comprises highly populated smaller nanopores with a uniform pore size distribution (PSD), as 

shown in Figure 4.9b.  As shown in the zoomed-in image (Figure 4.9d), it is evident that curved 

few-layer graphene-nanosheets construct C-MZ-3's highly nanoporous structure.  There are less 

than 10 layers spanning in the nanowalls; therefore, we choose to refer to this carbon as 

nanoporous graphene.
59

  This represents a rarely observed scenario that high specific surface area 

and highly graphitic nanostructure are integrated into one carbon material.  The structural 

contrast between a typical amorphous nanoporous carbon and C- MZ-3 is demonstrated in Figure 

4.10 C-MZ-3 exhibits a slightly lower conductivity of 1050 S/cm than C-M, 1180 S/cm, but this 

conductivity is still ten times higher than that of conventional activated carbons, which indicates 

the fact that fine nanoporosity may not interrupt the effective electronic percolation.  
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Figure 4.10 TEM images (a) A representative image for amorphous nanoporous carbon. (b) A 

TEM image of C-MZ-3, demonstrating the sharp structural contrast between amorphous 

nanoporous carbon and few-layered graphene constructed nanoporous graphene.   

We collected N2 isotherms and Density Functional Theory (DFT) PSD for all the CO2-derived 

nanoporous graphene materials.  N2 isotherms of C-Ms contain a hysteresis over a wide pressure 

range, particularly at high relative pressures, indicating a large range of nanopore sizes and a good 

population of big nanopores, 4–12 nm in size. Interestingly, all C-Ms exhibit a bimodal PSD with 

pore sizes centered near 7 and 9 nm, respectively.  On the other hand, the isotherms of C-MZ-n 

also display a hysteresis; however, different from C-Ms, C-MZ-n adsorbs a large volume of N2 at 

very low relative pressures.  Note that the best graphitization degree and highest Brunauer–

Emmett–Teller (BET) specific surface area of 829 m
2
/g were achieved simultaneously at 680 °C 

and a CO2 flow rate of 70 CCM after one hour.  We also studied the CO2 reduction with pure Zn 

as a reductant but found that no black carbon was formed after the reaction simply by visual 

inspection, although Zn was oxidized to ZnO, as revealed by the XRD pattern of the solid product 

(Figure 4.11).  We calculated the obvious when the Zn/Mg atomic ratio is equal or higher than 3.  
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The high adsorption at low pressures suggests the existence of a large population of small 

nanopores, i.e., micropores (2 nm).  The PSD curves of C-MZ-n reveal that the majority of the 

nanopores in C-MZ-n are less than 4 nm.  Most C-MZ-n's structures are multi-modal with spikes 

in PSD below 2 nm.  The clear variance in PSD between C-Ms and C-MZ-n can only be 

attributed to the addition of Zn into the reductant. 

 

Figure 4.11 XRD pattern of the product after the reaction between Zinc and CO2 at 710 °C The 

product is lightly yellowish. No black carbon appears to be formed during the reaction. 

4.4.4 HRTEM and SAED to analysis the changed porosity 

We attempted to elucidate the porosity formation mechanism in C-Ms and C-MZ-n.  For C-Ms, it 

is reasonable to believe that MgO removal results in the formation of large nanopores.  A high 

angle annular dark field (HAADF) scanning TEM image and the corresponding EDX elemental 

mapping reveal that Mg element homogeneously occupies space in the product obtained after CO2 

reduction by Mg (Figure 4.12).   
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Figure 4.12 TEM images of the product of CO2 reduction by pure Mg before HCl etching 

demonstrating the homogeneous distribution of MgO in G-M and supporting that porosity in C-M 

is generated by removal of MgO (a) HAADF Scanning TEM of C-M before HCl etching. (b), (c), 

(d) Energy dispersive X-ray elemental mappings of C, Mg and O, respectively. 

Similarly, both Mg and Zn elements uniformly exist in the product with Mg/Zn as the reductant 

(Figure 4.13).  For C-MZ-n, we postulate that Mg in the Mg/Zn mixture is responsible for the 

large nanopores, while Zn is responsible for the micropores.  Under TEM, we observed some 

metal oxide nanoparticles in C-MZ-3 that survived the vigorous HCl acid treatment.  These 

nanoparticles identify themselves as Wurtzite ZnO by selected area electron diffraction patterns 
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(SAED) (Figure 4.9e).  We pay close attention to the boundary region between ZnO 

nanoparticles and the nearby phases.  As shown in Figure 4.9f, on a ZnO nanoparticle that 

displays (100) lattice fringes, epitaxial growth of graphitic lattices is evident,  where the (002) 

d-spacing increases from 3.1 Å to 3.3 Å, radiating away from the ZnO nanoparticle.  Note that 

both Wurtzite ZnO and graphite exhibit the hexagonal type of crystal structures while crystalline 

MgO is cubic, which implies that ZnO may act as a more efficient epitaxial substrate for graphene 

growth than MgO.  ZnO nanoparticles get covered by graphene more rapidly, thus preventing 

metal oxide particles from further growth. 

 

Figure 4.13 TEM images of product of CO2 reduction by a mixture of Zn/Mg with an atomic ratio 

of 3 before HCl etching, demonstrating homogeneous distribution of MgO and ZnO in G-MZ and 
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supporting that porosity in C-MZ is generated by removal of MgO and ZnO (a) HAADF Scanning 

TEM of C-MZ before HCl etching. (b), (c), (d) Energy dispersive X-ray elemental mappings of C, 

Mg and Zn, respectively. 

4.4.5 Electrochemical measurement of porous graphene in EDLC 

We investigated, in two-electrode symmetric cells, the electrochemical power performance of the 

CO2-derived nanoporous carbons in ECs.  Both C-M and C-MZ-3 can retain their capacitance 

upon dramatic increasing the potentiostatic sweeping rates or the galvanostatic current rates.  As 

Figure 4.14a and Figure 4.15a show, both C-M and C-MZ-3 demonstrate capacitor characteristic 

cyclic voltammetry (CV) curves even at a sweeping rate of 2000 mV/s, with the only slightly 

decreased area enclosed in the nearly rectangular CV curves, demonstrating one of the best 

high-rate performances ever reported for carbon materials in ECs.  In between C-M and C-MZ-3, 

C-MZ-3 exhibits a specific capacitance of 170 F/g at 2000 mV/s, much higher than 60 F/g of C-M 

obtained at the same rate, mainly due to the higher surface area. 
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Figure 4.14 Electrochemical characterizations of C-M formed by the reduction of CO2 by Mg at 

680 °C for one hour under a CO2 flow rate of 70 CCM (a) CV curves at different sweeping rates.  

The well-maintained rectangular-shape CV at very high sweeping rates demonstrates the high rate 

capability (b) CD curves at 5 A/g and 10 A/g (c) EIS results and equivalent circuit simulation 

(inset), (d) Specific capacitance as a function of AC frequency. A capacitance of 3 F/g is 

maintained at a high AC frequency of 120 Hz. 

Galvanostatic charge/discharge (CD) measurements also confirm the fast charge ability of C-MZ-3 

and C-M, as Figure 4.15b and Figure 4.14b show, respectively.  At a current rate of 10 A/g, 

C-MZ-3 delivers a high specific capacitance of 190 F/g and very symmetrical triangular 

charge/discharge curves.  The tiny voltage drop at the beginning of the discharge curve indicates 

a very low equivalent series resistance (ESR) of the cell due to the high conductivity of the 

graphene electrodes.  The specific peak power density is calculated to be 197 KW/kg based on 
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the ESR and the mass only from the carbon electrodes, which is comparable to the power density 

exhibited by KOH-activated nanoporous graphene reduced from graphene oxide.  Note that the 

electrodes only hold a part of the mass in practical supercapacitors as there are an electrolyte, 

separator as well as current collectors that contribute to the total mass of the cells.     

 

Figure 4.15 Electrochemical characterizations of C-MZ-3 (a)CV curves at different sweeping 

rates The well-maintained rectangular CV curves at very high sweeping rates demonstrates the 

high rate capability (b) Galvanostatic charge/discharge curves recorded at current densities of 

5A/g and 10A/g (c) Complex-plane Nyquist plot with the imaginary part as a function of the real 

part of impedance Inset shows the expansion of the high frequency region and the equivalent 

circuit simulation (d) Specific capacitance as a function of ACcurrent frequency, revealing a 
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specific capacitance of 40F/g retained at a high AC frequency of 120Hz marked. 

The electrochemical impedance spectra (EIS) corroborate the excellent electrical double layer 

behavior of C-MZ-3 and C-M, as revealed by CV and CD tests (Figure 4.15c and 4.15d and 

Figure 4.14c and 4.14d).  The complex-plane Nyquist plot of C-MZ-3 displays a nearly vertical 

line with a semicircle in the high-frequency region.  The high-frequency region is fit and 

simulated by an equivalent circuit, as shown in Figure 4.15c inset, where two RC circuits, an ESR 

and a restricted diffusion impedance element (M) are in series.  The restricted diffusion 

impedance element indicates that the ion diffusion in the electrolyte is much slower than the 

charge carrier mobility in the electrodes.  Similar Nyquist plots were also observed on other 

graphene-based electrodes in ECs.
  

Furthermore, we plotted the specific capacitance as a function 

of AC frequency based on the EIS results.  C-MZ-3 exhibits an impressive specific capacitance 

of 40 F/g even at 120 Hz, which corresponds to a discharge/charge cycle in 8.3 milliseconds, 

while it is only 3 F/g for best material among C-Ms.  This high-rate performance of C-MZ-3 is 

comparable to the porous graphene prepared by KOH activation, reported by Ruoff et al and by 

laser irradiation, reported by Kaner et al.
  

The Bode plots with the phase angle as a function of 

frequency for both Mg and Mg/Zn samples at a frequency of 1 Hz corresponding to 

charge/discharge cycle completed in 1 s, the phase angle for C-MZ is 60° slightly higher than 55° 

for C-M.  Furthermore, C-MZ-3 also exhibits a very stable cycling life with more than 98% of 

the initial capacitance retained after 10,000 cycles in Figure 4.16. 
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Figure 4.16  Galvanostatic charge/discharge cycling performance and the corresponding 

coulombic efficiency of the two-electrode cell with C-MZ as the electrode at a current rate of 10 

A/g.  

We pay close attention to the estimation of the volumetric capacitance of C-MZ-3 that will heavily 

affect the dimensions of ECs.  Under a pressure of three ton per square inch, a pellet of C-MZ-3 

exhibits a density 0.63 g/cm
3
, comparable to that of commercial activated carbons.  This 

nanoporous graphene may be one of the densest graphene materials reported.  As shown in the 

SEM images in Figure 4.17, the bulk-sized morphology of C-M and C-MZ-3 also indicates their 

relatively high density.  Based on the density of the nanoporous graphene and the estimated 

porosity of typical thin-film electrodes (30 v%), C- MZ-3-based electrodes could potentially 

exhibit a volumetric capacitance of 70 F/cm
3
 at 2000 mV/s and 17 F/cm

3
 at 120 Hz, which is 

certainly superior to electrodes employing carbon nanotubes or most low-density graphene 

materials, and higher than activated carbons in commercial ECs when cycled at high current 
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rates.
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Figure 4.17 SEM images of as-formed porous graphenes demonstrate the bulk morphology (a) 

C-M prepared at 680 °C and a CO2 flow of 70 CCM in 60 mins. (b) C-MZ3. 

We also revealed the potential of scalability for this new preparation strategy.  We increased the 

usage of Mg in the reaction from 1.5 g to 15 g,  and the 10 times scaled-up reaction gives rise to 

the same product yield of slightly more than 40% of the same properties retained in the specific 

surface area and conductivity.  A very similar yield was observed for the syntheses of C-MZs.  

The 100% yield would be obtained if we assume that Mg consumption in the reaction only results 

in carbon formation.  Furthermore, the potential practical application of this CO2-derived 

nanoporous graphene in supercapacitors relies on its affordability.  Mg and Zn metals are 

relatively cost-effective.  In fact, Mg and Zn metal can be recycled after the reaction, which may 

lower the cost.  Moreover, the reaction is exothermic where the heat energy could be collected 

for electricity generation, which may further decrease the cost.  The preparation method is 

promising to be very competitive regarding its high quality/ cost values. 

4.5 Conclusion 
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In summary, we have demonstrated that reducing abundant and wasteful atmospheric CO2 by 

controlled metallothermic reactions is a viable strategy to synthesize superior nanoporous 

graphene as electrodes for high power electrochemical capacitors.  The new synthetic strategy 

utilizes the inexpensive Mg and Zn as the reductant, which renders great affordability and 

scalability.  The addition of Zn into the metal reductant has a significant impact on the properties 

of the obtained nanoporous graphene where the nanostructure is constructed by well-resolved 

few-layer graphene nanosheets.  The new strategy, for the first time, realizes, in one material, the 

three most needed properties for superior electrodes in supercapacitors: high specific surface area, 

high conductivity, and relatively high density.  The unique property ensemble enables one of the 

best high rate performances ever reported.  We expect that both the preparation methodology and 

the obtained nanoporous graphene materials will generate a strong impact on the fields of carbon 

science and high power energy storage devices. 
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CHAPTER 5  

Nanoporous Graphite: A New Cathode Catalyst for 

Microbial Fuel Cells 

5.1 Abstract 

We have synthesized a porous graphite with a high degree of local crystallinity by adding copper 

powder as a catalyst for the magnesiothermic reduction of CO2.  Furthermore, we revealed that 

the enhanced crystallinity of the carbon cathode catalyst promotes the electrochemical 

performance of microbial fuel cells under neutral pH conditions. 

5.2 Introduction 

5.2.1 Microbial fuel cells catalyst development 

Microbial fuel cells (MFCs) represent an emerging technology that can directly extract 

energy from organic materials to generate electricity through microbial activities.
1,2

 

Exoelectrogenic bacteria oxidize organic compounds and donate electrons to the anode, 

while the electrons are transferred through the external circuit and consumed by the 

reduction reactions on the cathode.
3,4

  Chemicals, such as Fe(CN)6
3-

 and permanganate 

have been used as terminal electron acceptors.  However, these chemicals need to be 

either regenerated or replaced.
5,6

  O2 is a ubiquitous electron acceptor, and air-cathode is 

the most commonly used cathode.
7,8

  Therefore, improving the performance of oxygen 

reduction reaction (ORR) has been the main focus in MFC cathode development, where the 

cathode catalyst is the most critical component in determining ORR performance.  

Metal-based catalysts, such as Pt/C, FePc, and CoTMPP, have demonstrated good 
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performance in MFCs, but their high cost may prevent them from being used for certain 

practical applications, such as wastewater treatment and remediation.
9-11

  Recently, 

carbon-based materials such as activated carbon, graphite granules, and graphene, have 

been demonstrated as promising cathode catalysts because of their comparable 

performance to metallic catalysts and potentially much lower cost.
12-16

 

5.2.2 The demanding properties of carbon catalyst for microbial fuel cell 

There are the following desirable properties for excellent carbon catalysts: high specific surface 

area, suitable surface functional groups, high electronic conductivity and good stability.
16-23

  

However, high specific surface area and superior conductivity typically are not possessed 

simultaneously by the same carbon structure.  Namely, graphite is highly conductive but has very 

limited surface area; activated carbon could exhibit surface area up to 3000 m
2
/g but is hardly a 

good conductor due to its defective structure and high concentrations of sp
3
-bonding kinks.

24
  

Theoretically, a single layer of graphene will be an ideal candidate considering its high surface 

area of 2630 m
2
/g and its intrinsically high lateral conductivity; however, it is extremely 

challenging to utilize well-separated layers of graphene as a catalyst material due to its tendency 

of self-stacking back to graphite.
25,26

  Alternatively, most studies in energy storage and 

conversion sectors have employed reduced graphene oxides (RGO) as active masses, which 

comprise “wrinkled-paper” like morphology.
27-37

  Recently, such RGO materials, sometimes 

doped by other elements, have been investigated as MFC catalysts in neutral buffer electrolyte.
16, 

38, 39
  However, RGO’s structures are highly defective like activated carbons, inherited from its 

intense and corrosive processing by the Hummer’s method, thus limiting its conductivity—a key 

property for an excellent catalyst in MFCs.
40
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In this contribution, we prepare a porous graphite where both high surface area and highly 

graphitic structure are realized in a single material, where we reveal that the increased graphitic 

crystallinity enhances the carbon’s catalytic performance in MFCs.  It is well known that highly 

graphitic structures are typically only obtainable by annealing graphitizable precursors under a 

high temperature above 2000 °C.  Recently, we reported that magnesiothermic reduction reaction 

can convert gaseous CO2 into nanoporous graphite with a high surface area in a controllable 

manner by flowing CO2 over hot Mg or Mg/Zn mixture.
41

  Reduction by Mg/Zn gives rise to a 

highly nanoporous graphenic carbon with a surface area above 1900 m
2
/g and uniform pore size 

distribution, which exhibits high-rate electrochemical properties in supercapacitors.  With Mg 

alone as the reductant, the resulting carbon exhibits a good degree of long-range order along the 

c-axis and ab planes, thus being fairly graphitic and graphenic, and exhibits a surface area of 829 

m
2
/g.  A further challenge on this reaction is to further enhance the crystallinity of such 

CO2-reduced carbons without compromising its specific surface area.   

We are inspired by graphene sheet preparation by conducting chemical vapor deposition (CVD) of 

small organic molecules onto transition metal substrates, such as Ni, Pt, Ru, Ir, and Cu.
42-46

  

Transition metal substrates play a critical role in nucleating high-quality graphene sheets from the 

saturated solution with carbon dissolved in metal surface regions.  Herein, we utilize one of the 

most widely employed graphene-forming substrates—copper mixed with Mg powder in the 

magnesiothermic reaction, attempting to increase the crystallinity of the resulting porous 

graphite.
46

  In a typical experiment, the mixture of Mg and Cu powder with an equal molar ratio 

is used to reduce gaseous CO2 under 680 ºC for 1 hr.  After removing MgO by diluted HCl 

solution (1 M) and then Cu by concentrated NH3•H2O, the obtained carbon product is referred to 
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as C-Mg/Cu.  As a comparison, the carbon product by employing Mg alone is named as C-Mg. 

5.3 Experimental 

5.3.1 Preparation of porous graphite 

In a typical experiment, 1.5 g of Mg powder well mixed with 4 g Cu powder (mole ratio 1:1) was 

placed in an Al2O3 boat and heated in a tube furnace at 680 ºC under a CO2 flow at 60 CCM for 60 

minutes.  After the reaction, the black product was collected and stirred in 1.0 M HCl solution 

and 25% NH3•H2O solution at room temperature for 10 hours to remove MgO and Cu, 

respectively.  The mixture was then filtered and washed with deionized water several times.  

Finally, the product is dried at room temperature overnight. 

5.3.2 Characterization methods 

X-ray diffraction (XRD) patterns were recorded by using a Rigaku Ultima IV Diffractometer with 

Cu Kα irradiation (λ= 1.5406 Å).  A 514 nm laser source was employed to collect the Raman 

spectra.  The morphology was studied by field emission scanning electron microscopy (FESEM) 

using an FEI NOVA 230 high-resolution SEM with an energy-dispersive X-ray (EDX) attachment.  

Transmission electron microscopy (TEM) images were recorded by FEI Titan 80-200 TEM.  

High-angle annular dark field scanning TEM (HAADF-STEM) measurements were carried out on 

an FEI Titan 80-200 microscope coupled with an HAADF detector and an EDX spectrometer.  

Nitrogen sorption measurements were performed on Micromeritics TriStar II 3020 analyzer. 

5.3.3 Electrode preparation 

Porous graphite air cathodes for MFCs were fabricated by mixing 40% porous graphite and 60% 

carbon black with poly(tetrafluoroethylene) (PTFE).  The total carbon loading is 8.75 mg/cm
2
.  
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PTFE loading is 0.2 mL/g carbon. The carbon/PTFE mixture was stirred and heated (80 ℃) to 

form a slurry and applied on the carbon cloth substrate with cured PTFE coatings on the air-facing 

side. 

5.3.4 Electrochemical measurements 

A two-electrode cell configuration was employed to measure the electrochemical performance.  

Two nearly identical electrodes (by weight and size) were assembled in coin-type cells that use a 

filter paper (Whatman
®
) as the separator and a 6.0 M KOH aqueous solution as the electrolyte.  A 

VMP-3 multi-channel workstation was used for CV measurements, galvanostatic CD cycling, and 

EIS tests.  

Linear sweep voltammetry (LSV) and electrochemical impedance spectra (EIS) tests were 

conducted in three-electrode cell configuration, using Pt plates (6.5 cm
2
) as the counter electrode, 

the two types of porous graphite cathodes (0.7 cm
2
) as working electrode, and Ag/AgCl (for LSV) 

or Pt wire (for EIS) as the reference electrodes. The scan rate of LSV is 0.1 mV/s with voltage 

window ranged from 0.3 to -0.2 V (vs. Ag/AgCl).  

Microbial fuel cells were assembled following previous studies with 7 cm
2
 (working area) carbon 

cloth anode and 14 mL empty bed volume, except for using a small cathode (0.7 cm
2
 working area) 

to ensure the cathode limiting condition.
1
  The MFCs were fed with growth medium, which 

contains KCl, NH4Cl, 50 mM PBS (pH=7), minerals and vitamins solution, and 20 mM NaAc as a 

carbon source. Fully grown anodes had been operated with repeatable power output for two 

months before being assembled with small cathodes in this study.  

MFC polarization curves and electrode potential curves were collected by reducing external 
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resistance with an order of 600, 500, 400, 300, 250, 200 Ω at 30 min intervals. The stabilized 

voltage output and electrode potentials were measured using Ag/AgCl reference electrode. The 

curves were collected at first batches after switching to a new cathode. 

5.4 Results and discussion 

5.4.1 Crystal structural information revealed by XRD, Raman, and HRTEM 

We first characterized the crystalline structures of the resulting carbons by x-ray diffraction (XRD), 

where the degrees of order along c-axis and ab planes are revealed.  By comparing the XRD 

patterns of C-Mg and C-Mg/Cu, it is evident that the addition of copper greatly increased the 

structural crystallinity along both directions.  As for C-Mg, there exists a broad shoulder to the 

left of the (002) XRD peak, which is attributed to its non-graphitic substructures, whereas this 

shoulder is nearly eliminated in the XRD pattern of C-Mg/Cu (Figure 5.1a).  In the pattern of 

C-Mg/Cu, the (002) peak slightly shifts to a larger angle, revealing a smaller d-spacing of 3.41 Å 

in comparison to 3.43 Å for C-Mg, thus being closer to 3.35 Å of ideal graphite.  Graphitic 

domain size along the c-axis also increases from 6.66 nm in C-Mg to 12.51 nm in C-Mg/Cu, as 

estimated by the Scherrer equation.  The highly graphitic structure of C-Mg/Cu is corroborated 

by the images of high-resolution transmission electron microscopy (HRTEM), where ordered 

stacking of graphene layers exists for tens of nanometers in C-Mg/Cu compared to less than 20 nm 

for C-Mg  (Figure 5.2c and 5.2d).  However, it is important to note that the resulting structure 

is not completely homogenous as there are fewer crystalline areas under TEM with smaller 

particle sizes.  The existence of less dense portions would explain the large surface area of 

C-Mg/Cu, which will be discussed later on.  Furthermore, the graphitic degree can also be 
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empirically characterized by a ratio of the (002) peak intensity and the background at the same 

diffraction angle, which is referred to as an R-value, first defined by Dahn et al.
47

  A higher 

R-value suggests a higher degree of order, where the R-value increases to 8.31 for C-Mg/Cu from 

5.75 for C-Mg. 

 

Figure 5.1. (a) XRD patterns of C-Mg and C-Mg/Cu, (b) Raman shift of C-Mg and C-Mg/Cu. 

Fitted Raman data and deconvolution into TPA (green), D (black), A (pink), G (red) and D' (blue) 

bands for C-Mg (c) and C-Mg/Cu (d). 

From Raman results (Figure 5.1b), it is evident that addition of Cu also renders the resulting 

carbon more graphenic.  We fitted the experimental Raman spectra by using TPA, D, A, G and D' 

bands (Figure 5.1c,d).
48

  C-Mg/Cu only possesses D band and G band, whereas C-Mg has all the 

above bands, where TPA band indicates the existence of a transpolyacetylene-like structure, A 

band indicates the presence of point defects to sp
2
 graphenic planes, and D' band indicates a 
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defect-induced feature from the intra-valley double resonance scattering process.
49

  The lack of 

the presence of TPA, A and D' bands together demonstrates that C-Mg/Cu comprises a more 

ordered local structure along ab planes than C-Mg.  Additionally, the intensity of the 2D band of 

C-Mg/Cu is much higher than that of C-Mg, which confirms a highly crystalline structure of 

C-Mg/Cu.  As for the well-known D (1340 cm
-1

) and G band (1580 cm
-1

), D is attributed to 

photons’ inelastic scattering with A1g breathing vibration mode of C6 rings in graphenic layers, 

where defects must be present to activate the D band; G band is assigned to the E2g vibration of 

pairs of sp
2
-bonded carbon atoms.  The intensity ratio between D band (ID) and G band (IG) has 

much to say about the graphenic degree of the carbons.  Particularly, IG/ID can be employed to 

estimate the lateral size, La, based on the following equation
50

: 

𝐿𝑎(𝑛𝑚) = (2.4 ⋅ 10−10) ⋅ 𝜆𝑛𝑚
4 (

𝐼𝐺

𝐼𝐷
)   (1) 

where λ is 514 nm of the laser.  As the G/D ratio increases from 2.14 to 9.90, La rises from 35.8 

nm for C-Mg to 165.8 nm for C-Mg/Cu.   

The XRD (101) peaks can also indicate the lateral domain size of La, where by the Scherrer 

equation, it is calculated that La increases to 10.75 nm from 7.68 nm in the presence of copper 

(Figure 5.1a).  The discrepancy of La values between Raman and XRD is well known, where the 

Raman results typically overestimate.
51

  From both the XRD and Raman results, it is evident that 

La significantly increases with Cu mixed in the reductant, which, indeed, results in a more 

graphenic carbon material. 
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Figure 5.2. HRTEM image (a), (c) for C-Mg and (b), (d) for C-Mg/Cu. 
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5.4.2 Surface area and pore size distribution 

We further characterized the porosity properties of C-Mg and C-Mg/Cu.  C-Mg and C-Mg/Cu 

exhibit Brunauer-Emmett-Teller (BET) specific surface area of 829 m
2
/g and 706 m

2
/g, 

respectively, where N2 sorption isotherms of both C-Mg and C-Mg/Cu show large hysteresis in the 

medium and high relative pressure ranges, indicative of a combined mesoporous and macroporous 

structure, as shown in Figure 5.3a.  As shown in Figure 5.3b for the pore size distribution (PSD) 

results calculated by the Barrett-Joyner-Halenda (BJH) method, most pores in C-Mg are sized 

between 4 and 20 nm, whereas C-Mg/Cu contains pores with more narrow PSD between 2 and 8 

nm.  

 

Figure 5.3. (a) Nitrogen sorption isotherms of C-Mg and C-Mg/Cu. (b) Corresponding PSD of 

C-Mg and C-Mg/Cu. 

5.4.3 The analysis of Cu role  

We attempted to understand the function of Cu in enhancing the crystallinity in the 

graphitic/graphenic carbon during the magnesiothermic reaction.  Note that copper is 

thermodynamically stable under pure CO2 at temperatures below 1100 °C, which is confirmed by 

the resolved Cu peaks in the XRD pattern of the as-prepared product from the reaction between 
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CO2 and magnesium and copper (Figure 5.4).  Because the only controlling factor that 

differentiates the preparation of C-Mg/Cu and C-Mg is with or without copper, respectively, the 

much higher degrees of order along the c axis and ab planes in C-Mg/Cu can only be attributed to 

the presence of copper in the reductant mixture.  Considering its lack of being consumed, copper 

may play a catalytic role in the CVD process of carbon formation. 

 

Figure 5.4 XRD pattern of the C-Mg/Cu before NH3·H2O and HCl solution etching 

It is well known that carbon atoms can be dissolved into the surface phase of copper, it is very 

likely the graphene sheets are formed by “desolvating” from copper surface despite the fact that 

CO2 is the carbon precursor in this study instead of small organic molecules, e.g., CH4.
52

  We 

collected high angle annular dark field (HAADF) elemental mappings for the as-obtained sample 

after the magnesiothermic reaction (Figure 5.5).  Interestingly, all the elements of C, Mg, O, and 

Cu share almost identical shapes of distribution.  It is worth pointing out that the shape of C 

distribution is a little different from that of Mg, O, and Cu, which may be due to the influence of 
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the carbon film on the TEM grid.  The insights from the HAADF results are two folded.  First, 

the results confirm that the acting reductant is not pure Mg phase but a Mg-Cu molten phase as the 

real local reaction temperature is above 1100 °C, which is high enough to melt either intermetallic 

phases of Mg2Cu and MgCu2.
53

  Second, the results provide unequivocal evidence that carbon is 

formed on the surface of Mg-Cu alloys, where the reduced carbon atoms would dissolve into the 

molten metal alloys and nucleate into graphene layers upon saturation inside the molten metal, 

which then stacks into graphitic domains. 

 

Figure 5.5 HAADF Scanning TEM of C-Mg/Cu before HCl and NH3·H2O etching.  

5.4.4 Electrochemical test in microbial fuel cell 
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We compared the electrochemical properties of C-Mg and C-Mg/Cu as cathode catalysts in MFCs.  

Linear sweep voltammetry (LSV) results (Figure 5.6a) show that C-Mg/Cu exhibits a higher 

current density as much as 279% of that by C-Mg (2.84 vs. 1.02 A/m
2
 at 0 V vs. Ag/AgCl) over a 

typical MFC cathode operation potential window from -0.05 V to 0.1 V (v.s. Ag/AgCl).  Note 

that the LSV test was conducted in abiotic cells and the test focused only on the cathode 

performance; the MFC performance can be affected by many other factors, such as anode 

bioactivity, and mass transfer, etc.  The comparative studies between C-Mg and C-Mg/Cu were 

also performed in MFCs, where the two types of cathode were put in MFC reactors fed with 

growth medium, and assessed by a polarization curve (Figure 5.6b to 5.6d).  In general, the 

anode potentials of the two MFCs are similar under the same current densities in Figure 5.6b, but 

the C-Mg/Cu cathode exhibited higher operation potentials across the tested current density range, 

and an overall increase in cell voltage is also obtained in Figure 5.6c.  These results indicate that 

the increased cell voltages are caused by improved cathode performance, not by the varying anode 

performances.  The C-Mg/Cu cathode also achieved greater power density than the C-Mg 

cathode under the same tested current densities, and 6.2% enhancement in the max power output 

(Figure 5.6d), which indicates that the C-Mg/Cu cathode has an enhanced ability to generate 

electrical power in an MFC than the C-Mg cathode.  
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Figure 5.6 (a) LSV curves of C-Mg and C-Mg/Cu. (b) Individual electrode polarization curves as 

a function of operating current density for C-Mg and C-Mg/Cu cathodes with identical anodes. (c) 

Full-cell polarization curve with C-Mg and C-Mg/Cu as cathodes. (d) Power density curves of 

C-Mg and C-Mg/Cu.  

The two types of cathodes were also evaluated in MFCs for a month to examine the stability of 

their performance (Figure 5.7a).  Although both MFCs showed a decrease of max power density 

initially, their performance tended to be stabilized after the first three batches.  The C-Mg/Cu 

cathode generated more significant power than the C-Mg cathode during the testing period and is 

21% higher by the end of 30 days’ operation.  This clearly demonstrates that both types of 

cathodes can generate stable power output in MFCs and C-Mg/Cu showed preferable properties 

from the power generation perspective. 
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Figure 5.7 (a) Max power density in each batch of MFC equipped with C-Mg/Cu and C-Mg (b) 

Nyquist plots of C-Mg and C-Mg/Cu. (c) The equivalent circuit of EIS analysis. 

Electrochemical impedance spectroscopy (EIS) analysis of the two types of cathode materials was 

conducted to evaluate the resistance distribution.  The high-frequency region was interpreted 

with an equivalent circuit, as previously described
54

 (Figure 5.7c), which includes ohmic 

resistance (R0), diffusion resistance (Rd), charge transfer resistance (Rct), Warburg impedance (W), 

double layer capacitance (CPEdf), and pore adsorption capacitance (CPEad).  The Nyquist plots 

for the measured and fitted curves and parameter values are shown in Figure5.7b, and Table 5.1.  

The R0 of C-Mg/Cu is smaller than that of C-Mg, which is attributed to the larger conductivity of 

C-Mg/Cu because the whole cell set-up is the same except for the carbon electrodes.  The higher 

conductivity of C-Mg/Cu well agrees with the larger domain size, as estimated from XRD and 

Raman results.  All n values are in the range of 0.5~1, indicating the cathodes are rough 

electrodes with capacitor patterns.  A higher charge transfer resistance (Rct) and a reduced CPEad 
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of C-Mg/Cu cathode could be attributed to the lower specific surface area of the C-Mg/Cu than 

that of C-Mg.  A significantly lower diffusion resistance indicates an enhanced surface 

conductivity of the C-Mg/Cu cathode, and this could be the reason of increased cathode 

performance.  Warburg impedance of C-Mg/Cu cathode also dropped by more than an order of 

magnitude compared to that of C-Mg cathode. 

Table 5.1. Fitting results based on equivalent circuit. 

 

R0 

CPEdf 

Rd W 

CPEad 

Rct 

Q1 n1 Q2 n2 

C-Mg 98.21 0.07411 0.5189 165.6 107.6 99.08e-6 0.7654 14.88 

C-Mg/Cuu 88.06 0.05447 0.6399 7.262 11.34 67.52e-6 0.7684 26.61 

5.5 Conclusion 

In summary, we have synthesized porous graphite with high crystallinity by adding copper into the 

magnesiothermic reaction.  The analyses based on the XRD, Raman and HRTEM reveal that 

copper in the magnesiothermic reaction may have a similar role as it does in the CVD process in 

forming graphene sheets.  Our work advances the capability of magnesiothermic reactions in 

forming various carbon materials.  Furthermore, we revealed that a more crystalline carbon with 

a high surface area as a cathode promotes the electrochemical activity regarding the power density 

of MFCs under neutral pH conditions.  This study may provide critical insights into the practical 

applications of MFCs. 
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CHAPTER 6  

Nitrogen-Doped Nanoporous Graphenic Carbon: An 

Efficient Conducting Support for O2 Cathode 

6.1 Abstract 

We synthesize a nanoporous N-doped graphenic carbon with high surface area and a higher 

graphenization/graphitic degree by further developing the metallothermic reduction of gaseous 

CO2 by adding N2 into the gas flow.  The N-doped nanoporous carbon is composed of both a 

highly porous graphenic and nongraphitic matrix and homogeneously dispersed ordered graphitic 

nanodomains, which constitute a unique composite carbon structure.  The resulting N-doped 

graphenic carbon exhibits much more favorable reactivity as a carbon conducting support in the 

O2 cathode of Li-O2 batteries, increasing the specific capacity of the GC electrode from 5300 to 

9600 mAhg
-1

.  The N-doped carbon also exhibits lower overpotentials during initial cycling for 

the charging process as well as an enhanced cycling performance compared to the undoped carbon.  

These results demonstrate that N-doping has a strong correlation with the enhanced performance 

of O2 cathode of Li-O2 batteries. 

6.2 Introduction 

6.2.1 A general introduction for Li-O2 battery 

It is critical to identify alternative power sources to replace fossil fuels for transportation 

propulsion.
1,2

  To date, most automakers choose to install lithium-ion batteries (LIBs) for plug-in 

and pure electric vehicles (EVs).
3,4

  Despite the remarkable advances made, range anxiety still 

limits the current EVs.
5
  Recently, attention has been paid to Li-metal batteries, including Li-S 
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and Li-O2 systems.
6-11

  For Li-O2 batteries, during discharge, three species, gaseous O2, electrons 

and Li-ions must convene on the same conducting surface to form Li2O2.  During charge, Li2O2 

dissociates into gaseous O2 and solvated Li-ions while two electrons migrate away from the 

cathode via conducting support to facilitate lithium metal plating on the anode.  Thus, the 

performance of Li-O2 batteries heavily relies on the properties of the support in the O2 

cathode—high surface area and enhanced graphenic/graphitic degree carbon.
12-14

  Along this line, 

the conductivity and catalytic functionality of carbon support are instrumental for the desirable 

performance of the O2 cathode.   

6.2.2 Desirable properties of carbon catalyst for Li O2 battery 

During the past decade, the field has investigated various carbon supports for Li-O2 batteries, 

including carbon foam,
15

 carbon black,
16,17

 nanotubes,
18

 and graphene nanosheets.
19,20

  Ideally, 

the carbon supports should have large surface area, great electronic conductivity, and high tap 

density.  Commercial activated carbons exhibit very high surface area as well as relatively high 

tap density but low electronic conductivity.  It had been a challenge to prepare highly porous 

carbon to be a great electronic conductor.  Recent progress on metallothermic reactions has 

begun to address this issue.  Lu et al. first reported that burning Mg in solid CO2 (dry ice) forms 

graphene nanocubes.
21

  Later, Xing et al. further developed the preparation methodology by 

reducing gaseous CO2 with a mixture of Mg and Zn metals, which results in a highly conductive 

nanoporous graphenic carbon (GC) with a uniform pore size distribution (PSD) and high surface 

area of 1900 m
2
/g, much higher than that of 800 m

2
/g from pure Mg metal.

22
  This carbon is 

about 10 times more conductive than activated carbons of the similar surface area, and exhibits a 

fairly compact porous structure with a tap density of ~ 0.6 g/cc.  Here, it is worth pointing out 
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that the conductivity of the porous carbon depends more on graphenization instead of 

graphitization.  It has been a dilemma that porous carbon cannot exhibit a high degree of 

graphitization due to the very small thickness of carbon walls. 

6.2.3 Synthesis of N-doped carbon and its application in Li-O2 battery 

N-doped carbon is known for its catalytic behavior in oxygen reduction reactions (ORR) in fuel 

cells.  Moreover, it has been reported that N-doping in carbon can cause a catalytic effect and 

better adsorption of O2 in the reactions of Li-O2 batteries.
18,23-28

  In this paper, we hope to 

introduce N-doping into GC, forming N-GC, with the same metallothermic reaction, resulting in 

very similar physical properties, so that one can reveal ambiguously the correlation of N-doping 

on the performance of carbon conducting support in O2 cathode of Li-O2 batteries.  

Synthetic strategies for nitrogen doping in carbon structures have been studied extensively.
29,30

 

Treatments of carbon by nitrogen-containing reagents, such as urea, nitric acid or ammonia, can 

result in N-modified carbons.
31-34

  Carbon functionalization by wet chemical routes followed by 

hydrothermal and calcination is also widely used to prepare N-doped carbon, especially for carbon 

nanofibers and carbon nanotubes.
35  

Besides the post treatments, in situ synthetic methods, 

including chemical vapor deposition (CVD), hydrothermal carbonization and pyrolysis of 

N-containing precursors are also studied.
36-43

  

Herein, we introduce a new method to form N-doped nanoporous carbon.  We use metallothermic 

reduction with the mixture of Mg and Zn as the reductant to synthesize N-doped nanoporous 

graphenic carbon by introducing N2 into the feedstock gas of CO2 with an N2/CO2 volume ratio of 

7/6.  After removing metal oxides (MgO and ZnO) in an acid bath, the carbon product is obtained.  
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Compared to other N-doping reagents, N2 is essentially free, which renders such a reaction route 

competitive in cost.  As well known, N2 gas is normally employed as an inert atmosphere for 

annealing treatments except for certain high-temperature CVD processes where N2 is, indeed, 

employed as an N-doping agent.
44 

6.3 Experimental 

6.3.1Prepatation of nitrogen-doped nanoporous graphenic carbon 

In a typical experiment, 1.5 g of Mg powder mixed with 12g of Zn powder was placed in an 

alumina boat and heated in a tube furnace at 680 ºC under a CO2 flow at 70 CCM for 60 minutes.  

After the reaction, the product was collected and stirred in 2.0 M HCl solution at room 

temperature for 10 hours to remove the MgO.  The mixture was then filtered and washed with 

deionized water and ethanol several times.  Finally, the product is dried at 80 ºC overnight.  The 

N-GC is prepared under the same process except for mixture gas flow of CO2 at 70 CCM and N2 

at 60 CCM. 

6.3.2 Characterization methods 

X-ray diffraction (XRD) patterns were recorded by using a Rigaku Ultima IV Diffractometer with 

Cu Kα irradiation (λ= 1.5406 Å).  High-energy synchrotron XRD (HE-XRD; λ= 0.11165 Å) was 

carried out at the 11-ID-C beamline of the Advanced Photon Source (APS), Argonne National 

Laboratory.  The HE-XRD patterns were collected in the transmission mode using a Perkin 

Elmer large area detector. The collected two-dimensional patterns were then integrated into 

conventional one-dimensional patterns for final data analysis using the Fit2d software.  Raman 

with a 514 nm laser source was employed to collect the Raman spectra.  The morphology was 
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studied by field emission scanning electron microscopy (FESEM) using a Hitachi S5500 

high-resolution SEM at 0.5 kV.  Transmission electron microscopy (TEM) images were recorded 

by FEI Titan 80-200 TEM.  Nitrogen sorption measurements were performed on Micromeritics 

TriStar II 3020 analyzer.  EDX mapping was obtained by an FEI Titan 80-300 (S) TEM with an 

EDX attachment.  X-ray Photoelectron Spectroscopy (XPS) measurements were performed in a 

Physical Electrons Quantera Scanning ESCA Microprobe with a focused monochromatic Al Kα 

X-ray (1486.6 eV) source for excitation. The X-ray beam used was a 25 W, 100 μm X-ray beam 

spot at the sample.  The binding energy (BE) scale was calibrated using the Cu 2p3/2 feature at 

932.62 ±0.05 eV and Au 4f at 83.96 ± 0.05 eV.  The ion gun used in this system was a standard 

Quantera ion gun, and the sputter depth profiles were acquired using a 1 K eV argon-ion beam 

rastered over a 3 mm x 3 mm area.  To minimize charging artifacts, the XPS data were collected 

with 1 eV, 20 μA electrons, and low-energy Ar
+
 ions. 

6.3.3 Electrochemical tests 

The electrocatalytic performance of these porous graphene carbons was studied in Swagelok-type 

Li-O2 cells with an MACCOR cycler.  The cells are composed of a Li-metal anode, an 

as-prepared carbon cathode, and an electrolyte of 1M LiCF3SO3 in tetraethylene glycol dimethyl 

ether (TEGDME). The cathode was formed by mixing the as-prepared cathode material and PVDF 

binder in a molar ratio of 80:20. The cells are sealed in 1 atm high-purity O2 atmosphere, to avoid 

any negative effects of humidity and CO2. The electrochemical measurements were carried out 

using an MACCOR cycler, under a constant current density of 100 mA/g. The observed capacity 

was normalized by the weight of the cathode material. In this study, both GC and N-GC were 

evaluated under the same cell configuration for comparison. 
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6.4 Results and discussion 

6.4.1 XPS analysis and mechanism of N-doping 

X-ray photoelectron spectroscopy (XPS) results show that N-GC comprises nitrogen content after 

the reaction, where the atomic percentages of C, O and N are 94.1%, 4.8%, and 1.1%, respectively.  

As shown in Figure 6.1, the N 1s core electron signal peak can be deconvoluted into two 

components at 400.7 and 398.7 eV, ascribed to be pyrrolic (71%) and pyridinic (29%), respectively.  

The lack of N-oxide signal indicates that there is negligible bonding between N and O.
45

  It is 

well known that the N-doping level is typically low at high annealing temperatures.  Note that the 

reaction temperature of magnesiothermic reactions is well above 1100 °C despite the low reaction 

initiation temperature of 700 °C.  However, it is still intriguing that N-doping, indeed, occurs due 

to the presence of N2 in the metallothermic reaction.  We postulate that the highly reducing 

magnesium is responsible for breaking down the strong triple bonds, thus atomizing the N2 and 

facilitating the N-doping. 
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Figure 6.1. N 1s core electron XPS spectrum of N-GC, showing a majority (71%) of doped N 

being pyrrolic and the remaining doped N being pyridinic.  

6.4.2 Morphology and crystal structure  
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Figure 6.2 SEM images of (a) GC and (b) N-GC. (c) XRD patterns and (d) Raman shift of 

pristine GC and N-GC. 

We characterize the microstructure of the resulting N-GC, as compared to GC that is formed by 

reducing pure gaseous CO2 as a feedstock gas.  As shown in the scanning electron microscopy 

(SEM) images (Figure 6.2a and 6.2b), most particles of N-GC are of hollow spherical 

morphology with diameters of several microns, whereas GC exhibits more irregular morphology 

with a wider particle size distribution. The carbon morphology change should be ascribed into the 

following reasons: Firstly, the partial pressure of CO2 is greatly decreased when we add N2 into 

the gas flow, so both the rate of carbon nucleation and activation will be changed.  Secondly, the 

addition of N2 will also affect the formation and morphology of MgO and ZnO, which is the 

template where carbon will grow. 

We investigate the nanocrystalline structures of N-GC.  N-doping slightly increases the 
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graphitization degree of the resulting porous carbon.  In the XRD patterns of both GC and N-GC, 

sharp tips emerge from the broad (002) peak near 26º, indicating that both GC and N-GC are 

nanocomposites of nongraphitic regions as well as nanosized graphitic regions (Figure 6.2c).  

Graphitization degree of carbon is defined by the long-range order along the crystallographic 

c-axis.  After N-doping, the tip of (002) peak is reinforced to be sharper.  The degree of 

graphitic order along c axis can also be described by an empirical R value defined by Dahn et al., 

where R is the ratio of (002) peak intensity over the background at the same diffraction angle.
46  

To be specific, a higher R-value means a higher graphitization degree, where it is 2.25 for N-GC 

and 1.86 for GC.  The enhanced graphitic structure can be explained by the fact that a lower 

partial pressure of CO2 will lead to less activation effect, thus resulting in bigger carbon crystal 

size.  
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Figure 6.3 (a) Bright field TEM image of N-GC. (b) High angle annular dark field Scanning TEM 

image of a magnified area. (c) The enlarged image marked in the red box of (b). Inset in (c) is an 

enlarged image of the area marked by a yellow box. (d) EDX mapping showing the distribution of 

carbon (green) and nitrogen (blue). 

Furthermore, we use transmission electron microscopy (TEM) to reveal the detailed carbon 

structure at the nanometric scale.  As Figure 6.3a implies, N-GC comprises a highly nanoporous 

structure as the matrix and graphitic nanodomains well dispersed in the matrix, corresponding to 

the gray “background” area and darkened areas, respectively.  Note that the gray “background” 

area is not carbon film of the TEM grid, and the contrast of pixels is, indeed, due to the porosity of 
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the structure.  As is shown in Figure 6.4, N-GC possesses more densely packed graphitic 

nanodomains than GC, where the latter contain thinner and shorter graphitic domains sparsely.  

The TEM studies corroborate the XRD results well.  We confirm the darkened zones to be 

graphitic domains as we zoom in and reveal the characteristic lattice fringes with a d-spacing of 

about 3.5 Å for the (002) planes, as shown in Figure 6.3b and Figure 6.3c as well as its inset.  

Another interesting question is how uniformly the doped nitrogen is dispersed in the structure.  

To address this question, we collect the energy dispersive x-ray spectra (EDX) for carbon and 

nitrogen elemental mapping.  It is evident that despite carbon being concentrated in the graphitic 

nanodomains, doped nitrogen is rather not concentrated there (Figure 6.3d).    

 

Figure 6.4 Bright field TEM images of N-GC (a) and GC (b) at a low magnification, where the 

darkened areas are characterized to be graphitic nanodomains. 

Interestingly, the presence of N2 in the metallothermic reaction not only introduces N-doping, 

influences the morphology but also enhances the average degree of graphenization of the structure, 

the crystallographic order across the ab planes of carbon structure, which is revealed by Raman 

spectra (Figure 6.2d).  As well known, G band at 1580 cm
-1

 and D band at 1340 cm
-1

 are 
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attributed to the E2g vibration of sp
2
 carbon and the A1g vibration of finite-sized graphenic domains, 

respectively.  Namely, a smaller graphenic domain size should cause a more pronounced 

presence of D band.  It has been proposed that the intensity ratio of G/D bands well correlates 

with the graphenic domain size, La, by following equation:
47

 

𝐿𝑎(𝑛𝑚) = (2.4 ⋅ 10−10) ⋅ 𝜆𝑛𝑚
4 (

𝐼𝐺

𝐼𝐷
) 

After N-doping, the G/D band ratio, IG/ID, is significantly increased from 0.87 to 1.08, where the 

average La is increased from 14.6 to 18.1 nm. 

The improved graphitic and graphenic order may have to do with a lower concentration of CO2 

diluted by the introduction of N2.  CO2 plays a dual role during the reaction by serving as both 

the feedstock gas for carbon formation as well as an activation agent of the as-formed carbon by 

the Boudouard reaction:  

C (s) + CO2 (g)  2CO (g) 

In this case, a lower concentration of CO2 may favor carbon formation rather than carbon 

activation.  To prove the dilution role of N2, we use an Ar/CO2 mixture with the same ratio as 

N2/CO2.  As shown by Raman spectra in Figure 6.5a, the IG/ID for the resulting nanoporous 

carbon from Ar/CO2 is about 0.93, which is still higher than that of GC (0.87) obtained from pure 

CO2.  Yet, a value of 0.93 is still lower than N-GC, which is 1.08 as aforementioned.  Therefore, 

besides the dilution effect that increases IG/ID for the nanoporous carbon, N2 must play a unique 

role in enhancing the graphenization degree.  Figure 6.5b shows the Raman results of various 

N-GC samples formed with different N2/CO2 ratios, where we fix the CO2 flow rate at 60 CCM, 

while the N2 flow rate varies from 0, 25, 60 to 125 CCM.  The IG/ID of the obtained N-GC 
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samples is 0.87, 1.03, 1.08 and 1.10, respectively.  The results further confirm the role of N2 in 

enhancing graphenization degree.  Interestingly, our results are different from other cases of 

N-doping.  In a CVD process, the IG/ID ratio remains the same even when the nitrogen content is 

increased from 0 to 20%.  In another CVD process by using acetonitrile and toluene as precursors, 

IG/ID is decreased upon increasing the content of acetonitrile.
48  

The difference is attributed to the 

different reaction routes, which demands further mechanistic studies.  

 

Figure 6.5 Raman shift of various nanoporous carbons. (a) Under different gasses, GC is made 

under pure CO2, while N-GC is prepared under CO2-N2.  (b) Under different CO2/N2 ratios, the 

CO2 flow rate is fixed at 70 CCM, and the flow rates of N2 vary from 0, 25, 60 to 125 CCM.  GC 

is for the one under 0 CCM of N2, N-GC is for the one under 60 CCM of N2. 

6.4.3 Surface area and pore size distribution 
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Figure 6.6 (a) Nitrogen sorption isotherms of GC and N-GC.  (b) Corresponding pore size 

distribution of GC and N-GC. 

We further studied the nanostructure of the resulting N-doped carbon.  From the isotherms of GC 

and N-GC, we can see that both carbons contain portions of microporosity, mesoporosity, and 

macroporosity (Figure 6.6a).  The Brunauer-Emmett-Teller (BET) specific surface area of N-GC 

is comparable to that of GC, with 1874 m
2
/g vs 1900 m

2
/g.  Interestingly, the pore width is also 

increased, as shown in Figure 6.6b, from 1.97 nm for GC to 2.22 nm for N-GC.  The increased 

pore width should be from the carbon epitaxial growth on the bigger MgO facilitated by “slower” 

reaction rate under the dilution of CO2 by N2 gas. 

6.4.4 Charge/discharge, cycling and fading analysis for Li O2 battery 
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Figure 6.7 Charge/discharge potential profiles and SEM images of the GC and N-GC cathodes 

discharged to 2.3 V. 

Figure 6.7 shows the voltage profiles of the first discharge from open circuit voltage (OCV) to 2.3 

V at a current rate of 100 mA/g for both samples, where the inset SEM images show the 

discharged O2 cathodes.  During the discharge, above 2.75 V, both cells exhibit a specific 

capacity of ~5300 mAh/g.  Thereafter, the voltage of GC rapidly drops to 2.3 V in 10 hrs, leading 

to another 1000 mAh/g in capacity, while the N-GC cathode lasts for another 4300 mAh/g, 

resulting in its total capacity of 9600 mAh/g.  Nitrogen doping causes an impact on the 

morphology of the discharged products, as shown in the SEM images (Figure 6.7, inset).  On the 

GC cathode, discharge products of flake-like shape are deposited, while on the N-GC cathode, the 

carbon microparticles are evenly covered by sub-micron discharge products.  It is most likely that 

such favorable morphology is associated with the doped nitrogen in porous carbon, which 

enhances the affinity of the carbon support to O2 and its reduced intermediates.  Similar results 

have been observed for graphene nanosheets and carbon nanotube, which is attributed to the effect 
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of N-doping leading to a better dispersion of discharged products, boosting the discharge capacity.   

 

Figure 6.8 Synchrotron XRD patterns of the GC and N-GC cathodes after discharge to 2.3 V and 

after capacity-controlled cycling. 

The discharge product in Li-O2 cells is further identified as Li2O2 by synchrotron XRD (Figure 

6.8; λ = 0.11165 Å).  According to previous articles,
 
a hexagonal structure Li2O2 is recognized by 

the peaks corresponding to the (100), (101), (102), (105) and (110) planes.
49-51

  There are some 

peaks belonging to LiOH, which may be formed by the reactions between Li2O2 and moisture.  

The moisture can come from the electrodes or electrolyte or surrounding environment during the 

XRD measurements. 

The carbon electrodes’ performance is further investigated under a capacity-controlled mode, 

where, the discharge capacity is limited to 500 mAh/g, and the charge capacity is set to match that 

of the discharge.  The cutoff voltages—2.2 V for discharge and 4.5 V for the charge are applied.  

Figure 6.9 shows the voltage profiles and cycle life of the cells using GC and N-GC cathodes.  

Both cathodes have the similar discharge profiles (Figure 6.9a and 6.9b).  The voltage plateau 
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dropped from 2.84 V to 2.77 V in the first 20 cycles, which is, however, still a higher discharge 

voltage than most of the previous results.
52-57  

The slope in the voltage range of 4.0-2.8 V 

probably indicates the diffusion processes of anions and Li
+
 out of and into porous carbon cathode, 

respectively; and the doped nitrogen minimizes these processes before achieving the stable 

two-phase reaction, shown as the ORR plateau in Figure 6.9b.  

 

Figure 6.9 (a, b) Charge/discharge potential profiles of GC and N-GC. (c, d) Cycling life of GC 

and N-GC cathodes under capacity-controlled cycling. 

During the 1
st
 charge (Figure 6.9a and 6.9b), N-GC exhibits a slightly higher potential of 3.8 V 

than GC of 3.7 V.  However, during the charge of the following 10 cycles, N-GC presents a much 

reduced charge potential, during which there is no plateau.  Such a charge slope may indicate a 

completely different oxygen evolution reaction (OER) pathway for Li-O2 battery.  Although the 

doped nitrogen did not enhance the cycle life of the cell, it avoids a “sudden death” of Li-O2 cell 

(Figure 6.9c and 6.9d).  The cycling performance of a Li-O2 battery is not only determined by 

the cathode material, but also by the stability of electrolyte and Li-metal anode.  In most of our 

previous studies, the cathode materials kept the porosity after the cell fading, while the lithium 
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metal anode turned to LiOH due to the oxygen crossover effect.  Therefore, it can be concluded 

that the stability of Li metal anode is a more critical limiting factor than the cathode materials in 

the recent research stage of the Li-O2 battery system.  Much the same thing was found in this 

study.  As shown in the Figure 6.10, both Li metal anodes turned to translucent LiOH disks after 

cell fading.  However, GC cathode is fully clogged by the toroid-shaped discharge products that 

are uncompleted decomposed during the previous charging (OER), while the N-GC cathode kept 

its porosity although there are still some leftover products.  Thus the earlier fading of N-GC cell 

is more likely due to the degradation of Li-metal anode, but not the clogging or decomposition on 

the cathode material.  Moreover, clogging is a major reason of the “sudden death” in Li-O2 

battery, which is found in the GC cell.  Based on the above reasons, we say N-GC cell exhibits 

better performance than GC cell even though there is an earlier fading. 

 

Figure 6.10 SEM images of cathode and anode after long cycling for GC and N-GC. 

6.5 Conclusion 

In summary, we synthesize a nanoporous N-doped graphenic carbon with high surface area and a 

higher graphenization/graphitic degree by further developing the metallothermic reduction of 

gaseous CO2 by adding N2 into the gas flow.  The advantage of this preparation methodology lies 
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in that not only the greenhouse gas CO2 can be removed though not at a high scale, but also the N2 

as N-doping agent can make it even more cost-effective.  The overall features, including 

conversion yield of the reaction, the N-doping ratio, and the conductivity, porosity present this 

synthetic method unique compared to with literature results.  The N-doped nanoporous carbon is 

composed of both a highly porous graphenic and non-graphitic matrix and homogeneously 

dispersed ordered graphitic nanodomains, which constitute a very unique composite carbon 

structure.  We reveal that the N-doping is primarily in the graphenic matrix instead of being in 

the graphitic nanodomains.  The resulting N-doped graphenic carbon exhibits much more 

favorable reactivity as a carbon conducting support in the O2 cathode of Li-O2 batteries, increasing 

the specific capacity of the GC electrode from 5300 to 9600 mAh/g.  The N-doped carbon also 

exhibits lower overpotentials during initial cycling for the charging process as well as an enhanced 

cycling performance compared to the undoped carbon.  These results, by comparing the two very 

similar carbons originated from the same type of reactions, demonstrate that N-doping has a strong 

correlation with the enhanced performance of O2 cathode of Li-O2 batteries. 

6.6 References 

1 Kauffman, G. B. Beyond oil and gas: the methanol economy, 2nd updated and enlarged 

edition. Found Chem 15, 239-240, doi:DOI 10.1007/s10698-011-9141-x (2013). 

2 Xing, H. et al. Ambient lithium–SO2 batteries with ionic liquids as electrolytes. Angewandte 

Chemie 126, 2131-2135 (2014). 

3 Lu, L. G., Han, X. B., Li, J. Q., Hua, J. F. & Ouyang, M. G. A review on the key issues for 

lithium-ion battery management in electric vehicles. J Power Sources 226, 272-288, doi:DOI 



184 
 

 
 

10.1016/j.jpowsour.2012.10.060 (2013). 

4 Yuan, L.-X. et al. Development and challenges of LiFePO 4 cathode material for lithium-ion 

batteries. Energ Environ Sci 4, 269-284 (2011). 

5 Scrosati, B. Recent advances in lithium ion battery materials. Electrochim Acta 45, 2461-2466, 

doi:Doi 10.1016/S0013-4686(00)00333-9 (2000). 

6 Ji, X. L., Lee, K. T. & Nazar, L. F. A highly ordered nanostructured carbon-sulphur cathode for 

lithium-sulphur batteries. Nat Mater 8, 500-506, doi:Doi 10.1038/Nmat2460 (2009). 

7 Li, L., Chai, S.-H., Dai, S. & Manthiram, A. Advanced hybrid Li–air batteries with 

high-performance mesoporous nanocatalysts. Energ Environ Sci 7, 2630-2636 (2014). 

8 Li, Q., Cao, R., Cho, J. & Wu, G. Nanostructured carbon-based cathode catalysts for 

nonaqueous lithium–oxygen batteries. Physical Chemistry Chemical Physics 16, 13568-13582 

(2014). 

9 Peng, Z. Q., Freunberger, S. A., Chen, Y. H. & Bruce, P. G. A Reversible and Higher-Rate 

Li-O-2 Battery. Science 337, 563-566, doi:DOI 10.1126/science.1223985 (2012). 

10 Wang, C. et al. Dual core–shell structured sulfur cathode composite synthesized by a one-pot 

route for lithium sulfur batteries. Journal of Materials Chemistry A 1, 1716-1723 (2013). 

11 Wu, G. et al. Carbon Nanocomposite Catalysts for Oxygen Reduction and Evolution 

Reactions: From Nitrogen Doping to Transition-Metal Addition. Nano Energy (2016). 

12 Itkis, D. M. et al. Reactivity of carbon in lithium–oxygen battery positive electrodes. Nano 

Lett 13, 4697-4701 (2013). 

13 Lim, H.-D. et al. A new catalyst-embedded hierarchical air electrode for high-performance Li–

O 2 batteries. Energ Environ Sci 6, 3570-3575 (2013). 



185 
 

 
 

14 Xiao, J. et al. Hierarchically Porous Graphene as a Lithium-Air Battery Electrode. Nano Lett 

11, 5071-5078, doi:Doi 10.1021/Nl203332e (2011). 

15 Yang, X.-h., He, P. & Xia, Y.-y. Preparation of mesocellular carbon foam and its application 

for lithium/oxygen battery. Electrochem Commun 11, 1127-1130 (2009). 

16 Cao, R., Lee, J. S., Liu, M. & Cho, J. Recent progress in non‐precious catalysts for metal‐

air batteries. Adv Energy Mater 2, 816-829 (2012). 

17 Girishkumar, G., McCloskey, B., Luntz, A., Swanson, S. & Wilcke, W. Lithium− air battery: 

promise and challenges. The Journal of Physical Chemistry Letters 1, 2193-2203 (2010). 

18 Li, Y. et al. Nitrogen-doped carbon nanotubes as cathode for lithium–air batteries. 

Electrochem Commun 13, 668-672 (2011). 

19 Sun, B. et al. Graphene nanosheets as cathode catalysts for lithium-air batteries with an 

enhanced electrochemical performance. Carbon 50, 727-733, doi:DOI 

10.1016/j.carbon.2011.09.040 (2012). 

20 Yoo, E. & Zhou, H. S. Li-Air Rechargeable Battery Based on Metal-free Graphene Nanosheet 

Catalysts. Acs Nano 5, 3020-3026, doi:Doi 10.1021/Nn200084u (2011). 

21 Chakrabarti, A. et al. Conversion of carbon dioxide to few-layer graphene. J Mater Chem 21, 

9491-9493, doi:10.1039/c1jm11227a (2011). 

22 Mi, R. et al. Effects of nitrogen-doped carbon nanotubes on the discharge performance of 

Li-air batteries. Carbon 67, 744-752 (2014). 

23 Kichambare, P., Kumar, J., Rodrigues, S. & Kumar, B. Electrochemical performance of highly 

mesoporous nitrogen doped carbon cathode in lithium–oxygen batteries. J Power Sources 196, 

3310-3316 (2011). 



186 
 

 
 

24 Maiti, U. N. et al. 25th Anniversary Article: Chemically Modified/Doped Carbon Nanotubes 

& Graphene for Optimized Nanostructures & Nanodevices. Adv Mater 26, 40-67, doi:DOI 

10.1002/adma.201303265 (2014). 

25 Shui, J., Du, F., Xue, C., Li, Q. & Dai, L. Vertically Aligned N-Doped Coral-like Carbon Fiber 

Arrays as Efficient Air Electrodes for High-Performance Nonaqueous Li–O2 Batteries. Acs 

Nano 8, 3015-3022 (2014). 

26 Wu, G. et al. Nitrogen-doped graphene-rich catalysts derived from heteroatom polymers for 

oxygen reduction in nonaqueous lithium–O2 battery cathodes. Acs Nano 6, 9764-9776 (2012). 

27 Yan, H., Xu, B., Shi, S. & Ouyang, C. First-principles study of the oxygen adsorption and 

dissociation on graphene and nitrogen doped graphene for Li-air batteries. Journal of Applied 

Physics 112, 104316 (2012). 

28 Yoo, E., Nakamura, J. & Zhou, H. S. N-Doped graphene nanosheets for Li-air fuel cells under 

acidic conditions. Energ Environ Sci 5, 6928-6932, doi:Doi 10.1039/C2ee02830a (2012). 

29 Deng, Y., Xie, Y., Zou, K. & Ji, X. Review on recent advances in nitrogen-doped carbons: 

preparations and applications in supercapacitors. Journal of Materials Chemistry A 4, 

1144-1173, doi:10.1039/C5TA08620E (2016). 

30 Tian, Z., Dai, S. & Jiang, D.-e. Stability and Core-Level Signature of Nitrogen Dopants in 

Carbonaceous Materials. Chem Mater 27, 5775-5781 (2015). 

31 Luo, W. et al. Pyrolysis of Cellulose under Ammonia Leads to Nitrogen-Doped Nanoporous 

Carbon Generated through Methane Formation. Nano Lett 14, 2225-2229, doi:Doi 

10.1021/Nl500859p (2014). 

32 Pietrzak, R., Wachowska, H. & Nowicki, P. Preparation of nitrogen-enriched activated carbons 



187 
 

 
 

from brown coal. Energ Fuel 20, 1275-1280, doi:Doi 10.1021/Ef0504164 (2006). 

33 Sidik, R. A., Anderson, A. B., Subramanian, N. P., Kumaraguru, S. P. & Popov, B. N. O-2 

reduction on graphite and nitrogen-doped graphite: Experiment and theory. J Phys Chem B 

110, 1787-1793, doi:Doi 10.1021/Jp055150g (2006). 

34 Wang, H., Cote, R., Faubert, G., Guay, D. & Dodelet, J. P. Effect of the pre-treatment of 

carbon black supports on the activity of Fe-based electrocatalysts for the reduction of oxygen. 

J Phys Chem B 103, 2042-2049, doi:Doi 10.1021/Jp9821735 (1999). 

35 Li, W. et al. Simple and Green Synthesis of Nitrogen ‐ Doped Photoluminescent 

Carbonaceous Nanospheres for Bioimaging. Angewandte Chemie International Edition 52, 

8151-8155 (2013). 

36 Hao, L., Li, X. & Zhi, L. Carbonaceous electrode materials for supercapacitors. Adv Mater 25, 

3899-3904 (2013). 

37 Kuhn, P., Forget, A., Su, D. S., Thomas, A. & Antonietti, M. From Microporous Regular 

Frameworks to Mesoporous Materials with Ultrahigh surface Area: Dynamic Reorganization 

of Porous Polymer Networks. J Am Chem Soc 130, 13333-13337, doi:Doi 10.1021/Ja803708s 

(2008). 

38 Qie, L. et al. Nitrogen‐Doped Porous Carbon Nanofiber Webs as Anodes for Lithium Ion 

Batteries with a Superhigh Capacity and Rate Capability. Adv Mater 24, 2047-2050 (2012). 

39 Sakaushi, K. et al. An Energy Storage Principle using Bipolar Porous Polymeric Frameworks. 

Angewandte Chemie-International Edition 51, 7850-7854, doi:DOI 10.1002/anie.201202476 

(2012). 

40 Tang, J. et al. Synthesis of Nitrogen‐Doped Mesoporous Carbon Spheres with Extra‐Large 



188 
 

 
 

Pores through Assembly of Diblock Copolymer Micelles. Angewandte Chemie International 

Edition 54, 588-593 (2015). 

41 Titirici, M. M. & Antonietti, M. Chemistry and materials options of sustainable carbon 

materials made by hydrothermal carbonization. Chem Soc Rev 39, 103-116, doi:Doi 

10.1039/B819318p (2010). 

42 Wei, J. et al. A Controllable Synthesis of Rich Nitrogen‐Doped Ordered Mesoporous Carbon 

for CO2 Capture and Supercapacitors. Adv Funct Mater 23, 2322-2328 (2013). 

43 Wu, Y. P., Fang, S. B. & Jiang, Y. Y. Carbon anode materials based on melamine resin. J Mater 

Chem 8, 2223-2227, doi:Doi 10.1039/A805080e (1998). 

44 Kaufman, J., Metin, S. & Saperstein, D. Symmetry breaking in nitrogen-doped amorphous 

carbon: Infrared observation of the Raman-active G and D bands. Physical Review B 39, 

13053 (1989). 

45 Wu, G. & Zelenay, P. Nanostructured nonprecious metal catalysts for oxygen reduction 

reaction. Accounts Chem Res 46, 1878-1889 (2013). 

46 Liu, Y. H., Xue, J. S., Zheng, T. & Dahn, J. R. Mechanism of lithium insertion in hard carbons 

prepared by pyrolysis of epoxy resins. Carbon 34, 193-200, doi:Doi 

10.1016/0008-6223(96)00177-7 (1996). 

47 Cancado, L. G. et al. General equation for the determination of the crystallite size L-a of 

nanographite by Raman spectroscopy. Appl Phys Lett 88, doi:Artn 163106 

10.1063/1.2196057 (2006). 

48 Bulusheva, L. et al. Effect of nitrogen doping on Raman spectra of multi‐walled carbon 

nanotubes. physica status solidi (b) 245, 1971-1974 (2008). 



189 
 

 
 

49 Lu, J. et al. A lithium–oxygen battery based on lithium superoxide. Nature (2016). 

50 Lu, J. et al. Synthesis and characterization of uniformly dispersed Fe 3 O 4/Fe nanocomposite 

on porous carbon: application for rechargeable Li–O 2 batteries. RSC Advances 3, 8276-8285 

(2013). 

51 Luo, X. et al. Pd nanoparticles on ZnO-passivated porous carbon by atomic layer deposition: 

an effective electrochemical catalyst for Li-O2 battery. Nanotechnology 26, 164003 (2015). 

52 Black, R., Adams, B. & Nazar, L. Non‐Aqueous and Hybrid Li‐O2 Batteries. Adv Energy 

Mater 2, 801-815 (2012). 

53 Jeong, Y. S. et al. Study on the Catalytic Activity of Noble Metal Nanoparticles on Reduced 

Graphene Oxide for Oxygen Evolution Reactions in Lithium–Air Batteries. Nano Lett 15, 

4261-4268 (2015). 

54 Lu, J. et al. Effect of the size-selective silver clusters on lithium peroxide morphology in 

lithium–oxygen batteries. Nat Commun 5 (2014). 

55 Lu, J. et al. A nanostructured cathode architecture for low charge overpotential in 

lithium-oxygen batteries. Nat Commun 4 (2013). 

56 Lu, J. et al. Aprotic and aqueous Li–O2 batteries. Chem Rev 114, 5611-5640 (2014). 

57 Qin, Y. et al. In situ fabrication of porous-carbon-supported α-MnO 2 nanorods at room 

temperature: application for rechargeable Li–O 2 batteries. Energ Environ Sci 6, 519-531 

(2013). 

 

 

 



190 
 

 
 

CHAPTER 7  

Design Principles of Nanoporous Carbon by CO2 Activation 

7.1 Abstract 

Activated carbon plays an indispensable role in modern technological infrastructure.  Though 

activated carbons are widely employed, the impact of activated methods, such as chemical and 

physical activation, on the substructure of the treated carbon has not been well understood.  

Herein, we investigated the structural evolution of carbon during CO2 activation, the simplest 

activation method, by taking “snapshots” of the carbon structure at different activation stages.  

From the evolution of the carbon structure, we were able to deduce: during CO2 activation, 1) 

initial activation attacks edges of the graphenic domains, generating a certain degree of 

nanoporosity; 2) the following activation attacks local defects, thus removing defective graphenic 

domains and thinning the turbostratic domains.  Furthermore, we provided an example of 

applying the new mechanistic insights to achieve high extent of activation (1672 m
2
/g) at fast 

activation rate (3h), demonstrating the possibility of designing tailor-designed nanoporous carbon 

by simple CO2 activation. 

7.2 Introduction 

Activated carbon is nearly ubiquitous in our everyday life from separation to energy storage.
1-13

  

There have been two primary carbon activation methods: chemical activation and physical 

activation.  The former method involves mixing activation agent, such as H3PO4, ZnCl2, and 

KOH with biomasses, where the carbonization and nanoporosity generation take place 
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simultaneously.
14-20

  Physical activation involves reacting pyrolytic carbon with gaseous etchants, 

such as CO2 and H2O.
21-24

  The nature of physical activation is the preferential removal of certain 

carbon substructures, which in turn leads to porosity generation within the carbon framework.  

Thus mechanistic studies of physical activation of carbon lead to one important question: what 

carbon substructures are preferentially removed during the physical activation.  The answer to 

this question can potentially enable syntheses of tailor-designed nanoporous carbon simply by 

physical activation, a cost-effective method.  Early studies of physical activation of carbon 

materials focused on carbon oxidation in O2 or air, where modest surface area, i.e., <600 m
2
/g was 

created.
25-31

  Due to the lack of strong activation effect, such reactions are not good model 

platforms to study the structure-reactivity correlation toward preferential carbon removal.   

In this contribution, we hope to answer the above question by focusing on CO2 activation, the 

simplest carbon activation reaction, wherein only one by-product—gaseous CO is formed in the 

Boudouard reaction: 

𝐶(𝑠) + 𝐶𝑂2(𝑔)
Δ
→ 2𝐶𝑂(𝑔) 

Our technical approach is to take “snapshots” of the evolving carbon structures during activation, 

and we try to identify what substructures diminish upon activation.  In the literature, it is not 

clear what types of carbon are activatable; thus, to address this question first, we investigated CO2 

activation on graphite, soft carbon (graphitizable carbon) and hard carbon (non-graphitizable 

carbon).  Hard carbon (HC) and soft carbon (SC) are prepared by pyrolyzing sucrose and 

perylene tetracarboxylic dianhydride (PTCDA), respectively, following the previous 

procedures.
32,33
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7.3 Experimental 

7.3.1 Preparation of hard carbon, soft carbon, and CO2 activation 

Graphite was purchased from Sigma-Aldrich (282863-25G).  HC was obtained by dehydrating 

sucrose at 180 ºC in air for 24 h, then pyrolyzing the dehydration product at 1100 ºC under Ar flow 

for 6 h, with a heating rate of 5 ºC/min.  SC was obtained by pyrolyzing PTCDA molecular solid 

at 900 ºC under Ar flow for 5 h, with a heating rate of 5 ºC/min.  For HC-SC composite carbon 

synthesis, sucrose and PTCDA, with a mass ratio of 5 to 2, was first dissolved in ammonium 

hydroxide aqueous solution (28% – 30% NH3).  Due to the solubility limitation of PTCDA in 

ammonium hydroxide, for 1 gram of PTCDA, 700 ml of ammonium hydroxide was used.  The 

sucrose-PTCDA solution was then stirred at 600 rpm for 3h in ambient condition before 

transferred to a convective oven for drying at 90 ºC.  The dried mixture was then dehydrated at 

180 ºC in air for 24 h before pyrolyzed at 1100 ºC under Ar flow for 6h, with a heating rate of 5 

ºC/min. 

For all CO2 activation, the above-mentioned pyrolysis products, without further processing, were 

subjected to heat treatment at 900 ºC under a CO2 flow of 60 CCM for different durations. 

7.3.2 Characterization methods 

X-ray diffraction (XRD) patterns were recorded by using a Rigaku Ultima IV Diffractometer with 

Cu Kα irradiation (λ= 1.5406 Å).  Raman spectra were obtained from WITec confocal Raman 

spectrometer with a 514 nm laser source and the fitting was done by Origin 8.5.  Transmission 

electron microscopy (TEM) images were recorded by FEI Titan 80-200 TEM.  Nitrogen sorption 

measurements were performed on Micromeritics TriStar II 3020 analyzer.  Neutron total 
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scattering data were collected at the Nanoscale-Ordered Materials Diffractometer (NOMAD), 

Spallation Neutron Source, at Oak Ridge National Laboratory. Samples were loaded into quartz 

capillaries for analysis. 

7.4 Results and discussion 

7.4.1Yield and porosity change with different activation time 

 

Figure 7.1 Specific surface area and burn-off as a function of different activation durations，

surface area, and burn-off increased with longer activation time (a) graphite, (b) SC, and (c) HC. 

All activation was conducted at 900 ºC under CO2 flow (60 CCM) for different durations.  

Figure 7.1 shows surface areas and mass burn-offs as a function of activation durations of 

different carbons, and the N2 sorption isotherms and pore size distributions of the corresponding 
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carbons are shown in Figure 7.2.  The results reveal that only HC can be activated to generate a 

large surface area, whereas the surface area of SC and graphite does not increase much despite 

significant burn-off.  At a burn-off of 34.9%, the Brunauer-Emmett-Teller (BET) surface area of 

graphite only increased from 1 to 15 m
2
/g after 15 hours’ activation.  Similarly, at a burn-off of 

87%, the surface area of SC only reaches 166 m
2
/g from 12 m

2
/g.  In sharp contrast, at burn-off 

of 72%, the surface area of activated HC is tremendously expanded to 2530 m
2
/g.  It is evident 

that preferential gasification massively takes place with HC but not for graphite or SC.  It is 

evident that graphite is not activatable under CO2 oxidation.  Interestingly, SC loses the most 

amount of mass during a short activation duration, which, however, does not lead to much surface 

area increase.  Such stark disparity can only be attributed to the structural differences of the three 

carbon types.   
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Figure 7.2 BET isotherms and corresponding pore size distributions for different carbons and the 

derived activated carbons (a), (c), (e) Nitrogen sorption isotherm of graphite, soft carbon, hard 

carbon and their derivative activated carbon after different time.  (b), (d), (f) Corresponding pore 

size distribution of graphite, soft carbon, hard carbon and their derivative activated carbon after 

different time 

The lack of preferential oxidation with graphite and soft carbon is evident in N2 isotherms and 
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pore size distribution (PSD) (Figure 7.2a and 7.2b).  Graphite and activated graphite exhibit type 

III isotherms, indicating a non-pore or macroporous structure.  Isotherms of activated soft carbon 

show a mixture of type I and III, while pure soft carbon only exhibits a type III isotherm (Figure 

7.2c).  Type I isotherm indicates the existence of micropores, which is also confirmed by the pore 

size distribution in Figure 7.2d.  For activated hard carbon, only type I isotherm is observed, 

where the sorption occurs at very low relative pressures with most generated pores being 

microporous and of a very narrow pore size distribution (Figure 7.2e and 7.2f). 

7.4.2 Domain size changes with different activation time 
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Figure 7.3 Representative HRTEM images for SC, HC and activated HC carbon structures and the 

corresponding XRD patterns (a) SC, (b) HC, (c) HC-10h, (d) HC-20h and (e) XRD patterns of HC 

and its activated carbons after different durations. 

HC exhibited a remarkable extent of activation, which may have to do with its great structural 

heterogeneity.  Graphite contains only sp
2
-bonded carbon atoms, forming graphene layers that 

stack in an ABAB sequence.  Albeit both SC and HC are nongraphitic carbons, which means 
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their structures do not have any range of order along the c axis, these two carbons exhibit 

distinctly different structures, as shown in the high-resolution transmission electron microscopy 

(HRTEM) images (Figure 7.3).  Derived from large aromatic molecules, SC exhibits a 

turbostratic structure, in which graphenic layers are relatively well aligned.  In contrast, in HC, 

whose structure is probably best described by the combination of Franklin’s card-house model and 

Harris’ Fullerene-Fragment model, the graphenic layers are much shorter and more curved, and 

thus enclose more porosity.
1,2

  Herein, we employ HC as our model carbon structure to study the 

impact of local carbon substructure during activation.  

We first studied how the very modest graphitic order of HC responses to activation after 10 hours 

(HC-10h) and 20 hours (HC-20h) by x-ray diffraction (XRD) and HRTEM.  As shown in Figure 

7.3e, the (002) peak turned broader with increasing full width at half maximum (FWHM) upon 

activation, which indicates that Lc, the coherence length along the c-axis decreases, which was 

further confirmed by HRTEM results (Figure 7.3b, 7.3c, and 7.3d), where the turbostratic 

stacking was significantly reduced to nearly single-layer graphenic layers after 20 hours’ 

activation.  
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Figure 7.4 Raman spectra and their deconvolution into TPA (green), D (red), A (orange), and G 

(blue) bands (a), (b), (c) Raman spectra of HC and its activated carbon after different reaction 

durations (d) Variation of ID/IG and IA/IG values of HC and its activated carbon at different 

activation time. 

To provide a full picture of the structural evolution throughout the activation process, we also 

characterized the changes of the ab planes within the HC structure.  Raman spectra were 

collected on samples of HC, HC-10h, and HC-20h, and the spectra were deconvolved into four 

bands: TPA (transpolyacetylene), D, A, and G bands.
3
  The TPA band located at the left of D 

band is attributed to the transpolyacetylene-like structure, while the A band between D band and G 

band is assigned to point defects.  The better-known D band around 1350 cm
-1

 and G band 
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around 1580 cm
-1

 are attributed to the A1g breathing-mode phonon of C6 rings infinite graphenic 

domains, and E2g vibration of sp
2
-bonded carbon pairs, respectively (Figure 7.4a-c).  Among 

these bands, A and D bands represent curvature or defects along ab planes, whereas G band 

indicates the degree of graphenic order.  Thus, the intensity ratios between A and G bands and D 

and G bands provide information about the local structural order.  Note that activation gradually 

decreased IA/IG and ID/IG values in Figure 7.4d, which indicates the removal of defects by 

activation.  Particularly, ID/IG ratio is quantitatively correlated to the size of graphenic layers—La 

according to the following equation:
4
 

𝐿𝑎(𝑛𝑚) = (2.4 ⋅ 10−10) ⋅ 𝜆𝑛𝑚
4 (

𝐼𝐺

𝐼𝐷
)          (1) 

Where λ is the laser wavelength of 514 nm.  Upon activation, ID/IG decreased from 3.63 for the 

pristine HC to 2.74 and 2.32 for HC-10h and HC-20h, respectively.  Thus, the corresponding La 

values increased from 4.61 nm for the pristine HC to 6.11 and 7.22 nm for the HC-10h and 

HC-20h, respectively.  The results suggest that activation increases the average range of order 

along ab planes by removing defects.  

7.4.3 Local structure and sp
2
 content changes with different activation time 
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Figure 7.5 PDF experiment /simulation results for total neutron scattering and XANES spectra of 
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HC and SC to reveal the local carbon structure changes (a) PDF results for total scattering results 

of HC and its derivative activated carbons.  Inset: magnified region within 5 Å (b) Schematic of 

graphene local structure (c) and (d) Simulation of PDF results for different degrees of edge defects 

and in-plane defects (e) C K-edge XANES spectra of HC and their derivative activated carbon 

after different time (f) PDF results for total scattering results of HC and SC.  Inset: a magnified 

region within 5 Å. 

To study the local structure of HC, neutron total scattering, and associated pair distribution 

function (PDF) studies are invaluable tools.  Recently, much attention has been attracted to 

employing PDF studies to reveal the local structures of short-range ordered nanomaterials and 

amorphous carbons.
1-3

  In the previous studies, researchers investigated the impact of 

high-temperature annealing and POx-doping on the local structures of HC by PDF, showing that 

the local structure of HC is tunable.
4,5

   G(r) can be calculated by the Fourier transform of the 

total scattering structure function S(Q) with the following equation:  

     𝐺(𝑟) =
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1]

∞

0
sin(𝑄𝑟) 𝑑𝑄               (2) 

where Q is the wavevector, and S(Q) contains both the Bragg and the diffuse scattering intensity.
6
  

A PDF plot of G(r) as a function of distance r is a radial distance map and a probability histogram, 

in which the peak amplitudes suggest the probability of finding a pair of randomly-selected atoms 

separated by the real distance of r.  As schematically shown in the local graphene map (Figure 

7.5b), the intra-ring distances in C6 give rise to the first three peaks, where the first peak is simply 

the C-C bond length.   

The PDF results for the pristine HC and the HC-10h and HC-20h are shown in Figure 7.5a.  
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First, the depth of the valleys between peaks in the PDF curves is related to the local number 

atomic density, where a deeper valley is suggestive of a higher local density.  Thus, the PDF 

results reveal the expected trend that the HC exhibits the highest density, whereas the HC-20h has 

the lowest, which agrees well with the XRD and TEM results (Figure 7.3d and 7.3e).  Second, 

the peak amplitude stayed nearly the same from pristine HC to the HC-10h despite a burn-off of 

34.9%; however, it experienced a dramatic increase after another 10 hours’ activation.  As the 

peak amplitude is proportional to the coordination number for a certain correlation, the results 

suggest that the first 10 hours’ activation did not change the concentration of local defects in HC 

but the following 10 hours’ activation effectively removed defective sections in the local structure.  

In order to explain this, we hypothesize that the activation can be phased into two stages: the 

initial activation and the deep activation, where in the first stage, without much porosity in the 

samples, CO2 molecules mostly access surface sites of the HC by attacking edge carbon atoms, but 

in the second stage, with the rich porosity from the first stage, CO2 molecules are able to diffuse 

into the internal structure of the HC and attack more “vulnerable” defective sites. 

To evaluate our hypothesis, simulated PDF plots of graphene sheets were produced by varying two 

different parameters: edge carbon/in-plane carbon ratio and vacancy concentration.  Carbon 

atoms at the edge of a graphene (C2) sheet possess two nearest neighbors instead of three, whereas, 

in-plane carbon atoms (C3) have three nearest neighbors.  As such, an increasing C2/C3 ratio is 

expected to decrease the overall intensity of the PDF plot, as the probability of finding carbon 

atoms radially distributed from an edge carbon atom falls off drastically compared to an in-plane 

carbon.  It is confirmed in Figure 7.5c, where it is seen that an increasing C2/C3 ratio 

progressively lowered the intensity of the simulated plot.  However, the drops in intensity were 
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very subtle, unless a very high C2/C3 ratio was used.  And such a high ratio only comes from a 

narrow and elongated graphene strip (Figure 7.6), which is very unlikely to exist in the actual 

activated carbon structure.  Considering the mass burn-off of 34.9%, we postulate that during the 

first 10 hours’ activation, the structural change might be an increase in the number of edge atoms 

by shrinking graphentic domains.  

 

Figure 7.6 The simulated structure of graphene with C2/C3 (a) C2/C3: 0.16 (b) C2/C3: 0.22 (c) 

C2/C3: 0.42 (d) C2/C3: 0.53 (e) C2/C3: 0.66. 

The second simulation explored the effect of in-plane defects on the PDF plot (Figure 7.5d).  For 

such in-plane defects, carbon atoms were randomly deleted from the graphene structure, resulting 

in a porous graphene sheet, from which the PDF was then obtained.  Unlike the first PDF 

simulation, the intensity of the PDF dropped off drastically even when a small number of defects 
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were inserted.  Thus, conversely, the steep increase in PDF intensity in actual carbon structure 

after 20 hours’ activiton is likely to be the result of the removal of in-plane defects.  

A combination of the simulations lends itself to be the best comparison with the actual PDFs of the 

activated carbons: it appears that activation has the effect of removing in-plane defects while 

lowering the overall atomic density of the activated carbon.  As such, we see an increase in peak 

intensity, as well as an upward shift in the baseline between the HC and the HC-20h activated 

carbon (Figure 7.5a). 

The actual and simulation PDF results suggest the nearly 40% mass loss during the first ten hours’ 

activation can be attributed to the removal of graphenic edge atoms.  To confirm this, we 

collected x-ray absorption near edge spectra (XANES) of pristine HC and activated HC samples, 

as shown in Figure 7.5e.  XANES results reflect the global change of sp
2
 carbon concentration 

without being affected by the surface properties of these samples.  The two peaks at 283.5 eV 

and 286.4 eV can be attributed to sp
2
-bonded carbon with the 1s→π* transition and the signal of 

oxygen chemisorbed on carbon, respectively, and a broad band starting from 289.6 eV is assigned 

to sp
3
-bonded carbon with the 1s→σ* transition.  The percentage of sp

2
-bonded carbon can be 

calculated by the following equation.
7
  

%sp
2
HC≈

(𝜋∗/𝜎∗)𝐻𝐶

(𝜋∗/𝜎∗)𝐻𝑂𝑃𝐺
                 (3) 

Here, π* and σ* are calculated based on the numerical integration on energy ranges of 282-287 eV 

and 293-302 eV, respectively and, HOPG refers to highly oriented pyrolytic graphite.  To only 

reveal the trend of the evolving concentration of sp
2
 carbon atoms without being affected by the 

choice of HOPG, we name (π*/σ*)HOPG as a constant m, where the sp
2
 content is 0.655/m for 
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pristine HC, and it decreased to 0.371/m after the first 10 hours’ activation.  Interestingly, the 

value stabilized at 0.408/m after another 10 hours’ activation.  It is evident that during the first 10 

hours, it was the sp
2
 carbons that were preferentially removed, and by collectively considering the 

nearly unchanged PDF peak amplitude from HC to HC-10h and our simulation results, it is 

convincing to postulate that it is the edge sp
2
 carbon atoms that were selectively removed during 

the initial activation.   

In the following 10 hours’ activation, the sp
2
 content stayed nearly constant, which indicates that 

both the sp
2
 carbons and the sp

3
 carbons were removed at similar rates.  It indicates that during 

the second 10 hours’ activation building blocks of the initially activated carbon were removed unit 

by unit.  This conclusion is corroborated by the results of TEM imaging, where the stacking of 

turbostratic nanodomains is reduced to nearly single graphenic layer after 20 hours’ activation.  

Upon integrating the PDF results into the whole picture, it is evident that such activation in the 

fashion of layer-by-layer removal of graphenic sheets favors graphenic layers that contain more 

defects.  In other words, during the second 10 hours, more defective graphenic layers are 

preferentially oxidized by CO2.  The question is why it is the second 10 hours’ activation when 

the attack on more defective layers in the HC takes place.  To answer this, we should not only 

consider the local structural change of HC but also the nanoporosity generated during activation.  

After the first 10 hours’ activation, the specific surface area of the activated carbon has reached 

above 1000 m
2
/g, which will provide abundant pathways and sufficient penetration depth for CO2 

molecules to access the basal defective sites.  With basal defective sites exposed, CO2 activation 

thus switched from attacking the edge sp
2
 atoms to basal atoms around the vacancies.    
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By above characterization, simulation, and critical analyses, we provide the following 

fundamental insights into the structural evolution of HC: CO2 activation of HC can be generally 

separated into two sequential phases.  During the first phase, CO2 oxidation selectively removes 

sp
2
 edge atoms, rendering the structure hollow, which allows CO2 molecules to access more basal 

graphenic planes.  In the second phase, CO2 reaches the defects and the vacancies at the basal 

planes in the graphenic layers and these more defective layers are preferentially removed, creating 

a high-surface area ensemble of graphene nanosheets.   

Such a mechanistic understanding, in fact, can provide critical guidance for synthesizing 

tailor-designed nanoporous carbon simply by activation—a highly scalable preparation 

method—without employing any template.  Now, we know more defective sp
2
 carbon 

substructure can be removed much faste, which can be linked back to the fact that our SC 

experiences a mass loss of nearly 90% burn-off in just three hours, whereas it would take more 

than 20 hours to achieve just 80% burn-off in HC.  While the disordered structure of HC can 

produce a remarkably high degree of activation; however, the random and isotropic nanostructure 

of HC cannot provide effective activation pathways for CO2 molecules, and thus results in an 

extremely low activation rate.  To further explain this intriguing activation disparity between 

these two non-graphitic carbons, we conducted neutron total scattering of SC and compared its 

associated PDF profile with that of HC in Figure 7.5f.  By the lower amplitude of the SC, indeed, 

SC is more defective. 

7.4.4 Using CO2 activation principle to design novel porous carbon structure 

Therefore, the more reactive SC can be employed as a sacrificial “template” to be removed during 
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activation, and if we can facilitate homogeneous dispersion of SC domains in a matrix of HC, the 

size of the SC domains and its total loading will determine the pore size of the resulting activated 

carbon as well as the total specific pore volume, respectively.   

 

Figure 7.7 BET isotherms and corresponding pore size distributions indicate the higher surface 

area within shorter activation time of HC-SC composite (a) Specific surface area and burn-off as a 

function of different activation durations for HC-SC and derived activated carbon after different 

time.  (b) Nitrogen sorption isotherm of HC-SC and derived activated carbon after different time.  

(c) Corresponding PSD of HC-SC and derived activated carbon after different time.  (d) The 

surface area from micropores and mesopores between 4.6 and 30.1 nm with the activation time for 

HC-SC and derived activated carbon after different time. 

We at this moment provide an example of using the above design principles to prepare tailored 



209 
 

 
 

nanoporous carbon simply by CO2 activation, where fine control over activation and porosity 

generation are enabled.  We prepared a fused HC and SC composite as the carbon precursor for 

activation.  The composite has SC as the fast etching template for initial porosity generation that 

can provide pathways for CO2 molecules to access the inner structural edges and defects, and HC 

as the high surface area framework to produce nanoporous carbon of high surface area.  In a 

typical experiment, we use a solution of ammonia to dissolve PTCDA and sugar together.  The 

solution was dried at 90 ºC overnight, dehydrated at 180 ºC for 24 h, and then pyrolyzed at 1100 

ºC in a tube furnace under argon, and the resultant carbon composite precursor is referred to as 

HC-SC.  Then, we conducted the activation experiment at the same conditions where HC, SC, 

and graphite are activated.  As shown in Figure 7.7a, the burn-off and surface area almost 

increased linearly with activation time for HC-SC, which is very similar to the activation of HC.  

However, it only took 3 h to create a surface area of 1672 m
2
/g for HC-SC, while it took 15 h to 

reach the similar surface area for HC.  Interestingly, both the HC-SC and its derived carbons 

possess mesoporous features, whose isotherms show a mixture of type I and IV in Figure 7.7b.  

The formation of mesopores for HC-SC is currently under further investigation and is tentatively 

attributed to the etching of PTCDA/SC domains by the volatile molecules released by sucrose 

pyrolysis.  After activation of HC-SC, the resulting nanoporous carbons exhibit a bimodal 

porosity, whose pore size distribution (PSD) curves reveal the existence of micropores under 4.6 

nm and mesopores with the peak PSD ranges from 12 to 14 nm.  The volumes of micropores and 

mesopores both increase with longer activation time (Figure 7.7c), and the trends of increase in 

micropores and mesopores are better seen in Figure 7.7d.   
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Figure 7.8 HRTEM images reveal the structure changes during the activation for HC-SC 

composite (a) Representative HRTEM images of HC-SC (b) The enlarged image marked in the 

yellow box of A (c) HRTEM images of HC-SC-3h (d) HRTEM images of HC-SC-3h with higher 

resolution. 

The results of XRD and Raman for HC-SC show a similar trend as HC in Figure 7.9a and 7.9b.  

The more interesting feature of mesopores is presented by HRTEM in Figure 7.8a, where the 

mesopores dispersed uniformly over the carbon framework.  The enlarged image (Figure 7.8b) 

indicates that the walls of mesopores are composed of a mixture of HC and SC structures.  

Figure 7.8c presents the HRTEM image of HC-SC after 3 hours’ activation, showing the more 

disordered local structure that agrees well with the XRD results in Figure 7.9a, and the enlarged 
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mesopores showed in Figure 7.8d also reflects the pore size distribution in Figure 7.7d. 

 

Figure 7.9 Crystal structure changes of HC-SC composite (a) XRD patterns of HC-SC composite 

and their activated carbons after different durations (b) Raman spectra of HC-SC composite and 

their activated carbons after different durations. 

7.5 Conclusion 

In summary, we postulate a fundamental mechanism of CO2 activation of HC: initial activation 

attacks edges of the graphenic domains, generating a certain degree of nanoporosity and the 

following activation attacks local defects, thus removing defective graphenic domains and 

thinning the turbostratic domains.  The end product of CO2 activation of HC is of the features of 

graphenic carbon of thin walls and rich nanoporosity.  Furthermore, mechanistic insights were 

employed in designing specific precursor carbon to obtain activated carbon with the higher surface 

area in shorter activation duration.  We hope that the CO2 activation mechanism herein can be 

tested by future experimental and theoretical studies and that this mechanistic understanding can 

help guide future studies in preparing tailor-designed activated carbon for various applications. 
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CHAPTER 8  

Polynanocrystalline Graphite: A New Carbon Anode with 

Superior Cycling Performance for K-ion Batteries 

8.1 Abstract 

We synthesized a new type of carbon—polynanocrystalline graphite—by chemical vapor 

deposition on a nanoporous graphenic carbon as an epitaxial template.  This carbon is composed 

of nanodomains being highly graphitic along c-axis and very graphenic along ab plane directions, 

where the nanodomains are randomly packed to form micron-sized particles, thus forming a 

polynanocrystalline structure.  The polynanocrystalline graphite is unique, structurally different 

from low-dimensional nanocrystalline carbon materials, e.g. fullerenes, carbon nanotubes and 

graphene, nanoporous carbon, amorphous carbon and graphite, where it has a relatively low 

specific surface area of 91 m
2
/g as well as a low Archimedes density of 0.92 g/cc.  The structure 

is essentially hollow to a certain extent with randomly arranged nanosized graphite building 

blocks.  This novel structure with the disorder at nanometric scales but strict order at atomic 

scales enables substantially superior long-term cycling life for K-ion storage as an anode, where it 

exhibits 50% capacity retention over 240 cycles, whereas, for graphite, it is only 6% retention over 

140 cycles.   

8.2 Introduction 

8.2.1 KIBs as new type of battery 

Li-ion batteries (LIBs) have gained great successes as the power source in portable electronics and 
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electric vehicles due to their high energy density.
1-8

  However, the scarcity and uneven global 

distribution of lithium reserve raise the concern of long-term sustainability for LIBs.
9,10

  

Furthermore, there exists a tremendous demand for inexpensive alternative energy storage 

technologies that can enable widespread deployment of intermittent renewable energy sources, 

such as solar and the wind.  Hence, it is critical that battery systems based om Earth-abundant 

elements be explored and investigated.  To date, several battery technologies based on 

Earth-abundant elements have been under intense investigation, such as Na-ion batteries 

(NIBs),
11-35

 Mg-ion batteries (MIBs),
36-38

 Al-ion batteries (AIBs),
39,40

 and K-ion batteries 

(KIBs).
41-50

  Potassium is the 7
th
 most abundant element in Earth’s crust, nearly 900 times richer 

than lithium.  The abundance potentially renders the production cost of such batteries much 

lower compared to Li-batteries.  Recently, our group and others reported that graphite can 

reversibly store K-ions electrochemically, which opens up the possibility of equipping KIBs with 

insertion-type carbon anodes.
51-53

  Additionally, our group further reported K-ion storage 

properties of non-graphitic carbons, including soft carbon and hard carbon.
54

  Among these bulk 

carbon materials, at the same specific conditions, graphite suffers the fastest capacity fading, 

where it loses 50% of its capacity after 50 cycles at C/2 (1C-rate is defined as 279 mA/g), while 

the capacity retentions for soft carbon and hard carbon are 81% after 50 cycles at 2C and 83% 

after 100 cycles at C/10, respectively.   

8.2.2 Possible carbon structure for stable KIBs cycling life 

Here, we hypothesize that the superior cycling stability of hard carbon and soft carbon to graphite 

in KIBs is due to the disordered arrangement of turbostratic nanodomains in these carbons.  We 
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postulate that it is the volume expansion (61%) of the compact graphite structure with ABAB 

registry that is responsible for the fast capacity fading.  To test such a hypothesis, herein, we 

design a new type of carbon material for K-ion storage, which resembles the non-graphitic carbon 

structures at long-range scales but maintains a highly ordered graphitic registry locally for a few 

nanometers along the c-axis.  Namely, ordered graphitic nanodomains instead of turbostratic 

nanodomains are randomly oriented in bulk-sized carbon particles.  Such a carbon would be, 

indeed, short-range ordered but long-range disordered polynanocrystalline graphite.  The closest 

analog to our proposed carbon structure that exists would be some special hard carbons if they are 

annealed up to a very high temperature, i.e., > 2000 ºC.  However, such hard carbon, or often 

referred to as “glassy carbon”, is not locally graphitic as it still does not have the short-range order 

along the c-axis 
55

.  

In this contribution, we report a facile synthesis of polynanocrystalline graphite by chemical vapor 

deposition (CVD) using ethanol vapor as a precursor onto the surface of nanoporous graphenic 

carbon (NG) as an epitaxial template.  NG was synthesized by our previously reported method, 

where a spontaneous metallothermic reduction of gaseous CO2 takes place on a Mg/Zn mixture as 

the reductant at high temperatures.
56

  We select NG as the template because CVD carbon 

deposition may occur toward different directions at nanometric scales on NG’s highly curved 

graphenic surface in the nanopores, thus generating a polynanocrystalline graphite.  The resulting 

polynanocrystalline graphite we prepared, hereafter referred to as PG, shows very stable cycling 

life as an anode in KIBs with 50% of capacity retention over 240 cycles, in contrast to 6% over 

only 140 cycles by the commercial graphite.  The improved cycling stability of PG is attributed 

to the random arrangements of graphitic nanodomains, which better accommodates the strain 
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caused by K-ion insertion during cycling.  

8.3 Experiment section 

8.3.1 Preparation of PG and NG 

NG is prepared following the method we reported before.  To prepare PG by CVD of carbon on 

NG, we place NG powder in an Al2O3 boat that is heated in a tube furnace at 1100 ºC for 20 h 

under ethanol vapor carried by Argon gas at a flow rate of 90 CCM.  

8.3.2 Characterization Methods: 

X-ray diffraction (XRD) patterns were recorded using a Rigaku Ultima IV Diffractometer with Cu 

Kα irradiation (λ= 1.5406 Å).  WITec confocal Raman spectrometer with a 514 nm laser source 

was used to record the Raman spectra.  The morphology was studied by field emission scanning 

electron microscopy (FESEM) using a Hitachi S5500 at 0.5 kV.  Transmission electron 

microscopy (TEM) images were collected by FEI Titan 80-200.  Nitrogen sorption measurements 

were performed on Micromeritics TriStar II 3020 analyzer.   

8.3.3 Electrochemical Measurements:  

All the electrodes consist of 80 wt% carbon active mass, 10 wt% carbon black (C45) and 10 wt% 

sodium carboxymethyl cellulose (CMC) as the binder.  The slurry was cast onto Cu foil and dried 

at 80 °C under vacuum for 12 h.  Coin cells were assembled in an argon-filled glove box, with 

the as-prepared carbon electrode as the working electrode, potassium metal as the 

counter/reference electrode and glass fiber membrane as a separator.  The electrolyte was 
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prepared by dissolving 0.8 M KPF6 into a mixture of ethylene carbonate (EC) and diethyl 

carbonate (DEC) (volume ratio: 1/1).  The active mass loading was around 2 mg/cm
2
.  The 

electrochemical measurements were performed on an Arbin BT2000 system at room temperature, 

where the voltage range was from 0.01 to 2 V versus K
+
/K. 

8.4 Results and discussion 

8.4.1 Porosity and morphology analysis 

A polynanocrystalline material should exhibit a relatively low surface area and large particle sizes, 

which differentiates such a material from nanoporous materials or nanocrystalline materials.  

Despite the low surface area and large particle sizes, its density should be much lower than the 

bulk single crystalline or polycrystalline analogs.  After the CVD treatment of NG to form PG, 

the Brunauer-Emmett-Teller (BET) surface area dramatically decreases from 1900 to 91 m
2
/g.  A 

comparison of the isotherms of NG (Type II) and PG (Type III) in Figure 8.1a and c shows that 

micropores and mesopores of NG observed at low and intermediate relative pressures, respectively, 

are nearly filled up after CVD.  By considering the scales of absorbed volumes (y-axis), after 

CVD PG only maintains a small portion of macropores observed at high relative pressures (Figure 

8.1b,d).   
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Figure 8.1.  Nitrogen sorption isotherms of NG (a) and PG (c).  Corresponding pore size 

distribution of NG (b) and PG (d). 

SEM images illustrate the macroscopic morphology change from NG to PG, where NG exhibits an 

irregular hollow semi-spherical morphology with the very smooth surface (Figure 8.2a,b), 

whereas PG particles are of very solid texture with the much rougher surface after CVD (Figure 

8.2c,d).  Furthermore, we measured the Archimedes density of NG and the seemingly 

“non-porous” PG, where the density of PG is only 0.95 g/cm
3
, compared with 0.54 g/cm

3
 for NG.  

Considering that graphite’s density is above 2 g/cm
3
, one can gain from the above results two 

important insights: (1) the CVD carbon deposition seals the nanoporosity of NG effectively, 

resulting in a low surface area of PG; (2) PG contains a hollow structure, but the internal structure 

is clearly not accessible to N2 molecules during sorption measurements.   
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Figure 8.2 SEM images of NG (a) and PG (c).  (b) and (d) are the enlarged sections marked in 

the yellow boxes in (a) and (c).  

8.4.2 Crystal structure revealed by XRD, Raman, and HRTEM 

To characterize the structures of NG and PG, we conducted x-ray diffraction (XRD), transmission 

electron microscopy (TEM) as well as Raman spectroscopy measurements.  The goal is to 

determine whether PG exhibits a high degree of local order but much disorder in nanometric or 

longer scales.  As shown in the XRD patterns (Figure 8.3a), PG exhibits a much sharper (002) 

peak with a smaller value of full width at half maximum (FWHM) and a more pronounced (100) 

peak, compared to NG.  The broad bump to the left of (002) peak of NG completely vanishes in 

PG.  The d(002) of PG is calculated to be 0.345 nm, which is fairly close to that of graphite—0.335 
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nm.  Based on the Scherrer equation, the coherence lengths: Lc along the c axis and La along ab 

planes are calculated to be 1.70 nm and 6.86 nm, respectively, for NG, and 3.71 nm and 8.42 nm, 

respectively, for PG.  The XRD results showing a longer range of order along c-axis and ab 

planes indicate that PG comprises more graphitic and more graphenic domains than NG.  

However, the coherence range is still less than 10 nm, where the graphitic/graphenic domains in 

PG are, in fact, nanocrystalline; when considering the bulk particle size and low surface area of 

PG, PG is essentially polynanocrystalline.  

 

Figure 8.3 (a,b) XRD patterns and Raman spectra of NG, PG and graphite (G).  Fitted Raman 

data and their deconvolution into TPA (red), D (blue), A (green) and G (pink) bands for NG (c) 

and PG (d). 

As shown in Figure 8.3b, graphite, PG and NG all give rise to both G band and D band, where the 

G-band corresponds to the sp
2
 carbon with E2g vibration, and the D-band is attributed to the A1g 
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vibration of finite-sized graphenic domains.  To further analyze the Raman results, we fit the 

experimental spectra of PG and NG by using TPA (transpolyacetylene) band, D band, A band, and 

G band, shown in Figure 8.3c and 8.3d.
57

 The TPA band can be observed as the shoulder to the 

left of the D band, and the A band contributes to the intensity beyween G band and D band.
58-61

  

The peak positions of G band for NG and PG are 1596 cm
-1

 and 1590 cm
-1

, respectively.  Here, 

the redshift of G band is attributed to the increased graphenic degree, as revealed in the XRD 

results, which agrees with the trend reported before.
62,63

  The presence of A band is commonly 

observed from disordered or non-graphitic carbon, where this band is attributed to point defects 

and graphene curvature.
64,65

  Interestingly, the fairly pronounced A band in NG completely 

disappears in PG, clearly demonstrating the transition from a locally defective carbon to a much 

more graphenic carbon.  The TPA band that is often attributed to the transpolyacetylene-like 

structure also diminishes from NG to PG, also showing a better degree of order.
66

  The 2D band, 

the overtone of D band, whose existence requires vibration from defect-free graphene domains, 

become much more pronounced from NG to PG, where the 2D band of PG shares the same 

wavenumber as graphite, further confirming the good extent of order along ab planes 
67

.  The 

ratio between the integrated intensities of the G and D Raman bands (IG/ID) along with the excitation 

laser wavelength are used to calculate the graphenic domain size, La, namely the coherence size 

along ab planes.  The general equation correlating these parameters was introduced by Cancado et 

al.,
68

 as shown below: 

 

𝐿𝑎(𝑛𝑚) = (2.4 ⋅ 10−10) ⋅ 𝜆𝑛𝑚
4 (

𝐼𝐺

𝐼𝐷
) 

where the excitation laser wavelength (nm) is 514 nm. 
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The IG/ID value is 0.25 for NG and 0.81 for PG, corresponding to La values of 4.18 nm and 13.56 

nm for NG and PG, respectively.  The calculated La values from Raman spectra further confirm 

the enhanced local order of PG compared to NG.  

 

Figure 8.4 HRTEM images of NG (a) and PG (b).  Inset of (b) is the SAED pattern of PG. 

High-resolution TEM studies provide unequivocal evidence for the polynanocrystalline structure 

of PG, which is short-range ordered but long-range disordered.  As shown in Figure 8.4b, PG 

possesses vividly displayed lattice fringes of graphitic nanodomains, where these domains are 

packed along random orientations, vastly different from the long-range ordered structure of 
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graphite and completely disordered structure of amorphous carbon, i.e., hard carbon, indicating a 

unique polynanocrytalline structure.  Between these nanodomains, there are tiny voids, which 

explain the low density of this material.  To provide a complete landscape for the unique 

structure of this polynanocrystalline graphite, additional TEM images are shown in Figure 8.5.   

 

Figure 8.5 Additional TEM image of PG.   

All the four TEM images capture the same characteristics of the polynanocrystalline structure of PG 

represented by Figure 8.4b: short-range ordered and long-range disordered.  Each of images in 

Figure 8.5 displays PG at a nanometric scale; the ordered stacking in graphitic domains is clearly 

outlined by distinct parallel lattice fringes.  However, in all the four TEM images, graphitic 

nanodomains do not orient themselves in an ordered fashion; instead, as can be seen in all the four 

images, these graphitic nanodomains are randomly oriented, thus forming complex web-like 
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features.  This lack of order among graphitic nanodomains themselves prevents PG from exhibiting 

long-range crystallinity as seen in graphite. 

The formation of PG’s structure is attributed to the porosity and local atomic arrangement of NG 

as a CVD template, which exhibits a highly tortuous porous structure with graphenic walls 

(Figure 8.4a) and successfully serves as an epitaxial substrate for the growth of PG’s structure.  

The polynanocrystalline structure of PG is further confirmed by selected area electron diffraction 

(SAED), where the resolved diffraction rings indicate the isotropic nature in nanometric scales, 

very different from the typical SAED patterns of graphite with preferential crystalline orientation 

(Figure 8.6) and amorphous carbon that exhibits poorly resolved diffraction rings.  

 

Figure 8.6 SAED pattern of graphite. 

8.4.3 Battery performance and long cycling analysis  
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Figure 8.7. (a) The first galvanostatic potassiation/depotassiation potential profiles of PG and 

Graphite in the potential range of 0.1–2 V vs. K
+
/K at a current rate of 20 mA/g.  (b) Rate 

performance for PG and Graphite at current densities from 20, 50, 100, 200, 500 to 1000 mA/g.  

CV curves of the first three cycles for PG (c) and Graphite (d).  

For the electrodes with a potentially large volume change during cycling, such as silicon anode in 

LIBs, suitable binders can provide a structural buffer or a high adhesion force to retain the 

electrode’s integrity during cycling.  Sodium carboxymethyl cellulose (CMC), also known as 

CMC, is a linear cellulose derivative, which is widely used in LIBs for silicon anodes.  In this 

study, we use CMC as the binder for all carbon anodes, where their K-ion storage performance is 

studied.  As shown in Figure 8.7a, PG exhibits more sloping potassiation/depotassiation 

potential profiles compared to those of graphite.  The average potassiation potential of PG is 
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clearly higher than that of graphite.  The difference that PG presents a sloping profile while 

graphite shows a plateau shape is more evident during depotassiation.  The plateau profiles of 

graphite are attributed to the evolving stages of K-graphite intercalation compounds (K-GICs), 

whereas potassiation and depotassiation of PG occur in a manner more like a solid-solution 

process due to the polynanocrystalline structure.   

If the stage-one K-graphite intercalation compound (GIC), KC8, is formed, the theoretical capacity 

of graphite and polynanocrystalline graphite is 279 mAh/g.  In the first cycle, PG delivers a 

potassiation capacity of 414 mAh/g and a depotassiation capacity of 224 mAh/g with a coulombic 

efficiency of 54.1 % lower than 78.0 % of graphite, where PG exhibits a high level of reversibility 

in the following cycles (Figure 8.8).  It is worth pointing out that the higher surface area of PG, 

91 m
2
/g, may play a role in the disparity of coulombic efficiency between PG and graphite (BET 

surface area: 1.2 m
2
/g).  We also compared the rate capability between PG and graphite, as 

shown in Figure 8.7b, where PG delivers a reversible capacity of 221, 189, 142, 99, 43.2 and 13.6 

mAh/g at current rates of 20, 50, 100, 200, 500 and 1000 mA/g, respectively, slightly lower than 

graphite at the same rates.  We hypothesize that the tortuosity inside PG may slow down the ionic 

transport, which in turn lowers the rate performance. 
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Figure 8.8 The 2
nd

 to 4
th
 cycles of galvanostatic potassiation/depotassiation potential profiles of 

PG (a), G (b). 

It should be pointed out that the capacities of PG and graphite mentioned above have excluded the 

contribution from carbon black (C45).  We tested C45/K half-cells separately by having C45 as 

the sole active mass with CMC as the binder (mass ratio: 90/10).  The first two galvanostatic 

potassiation/depotassiation potential profiles of C45 in the potential range of 0.1–2 V vs. K
+
/K at a 

current rate of 20 mA/g are shown in Figure 8.9.  The capacity values of potassiation and 

depotassiation in the first cycle are 1707 mAh/g and 276 mAh/g, respectively.  The coulombic 

efficiency of the first cycle is only 16.2%, which may partially explain the low coulombic 

efficiency of the graphite (78.0%) and PG (54.1%) electrodes we tested because C45 was added.  

C45’s more stabilized capacity values of potassiation and depotassiation in the second cycle are 

387 and 227 mAh/g, respectively.  Here, we have factored the capacity value of C45 in the 2
nd

 

depotassiation sweep out of the observed capacity values of the mixtures of PG/C45 and 

Graphite/C45 to calculate our results.  The calculated depotassiation capacity of PG is 224 

mAh/g, which is lower than the observed 252 mAh/g when not considering that C45 contributes to 

the total capacity. 
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Figure 8.9. The first and second galvanostatic potassiation/depotassiation potential profiles of C45 

in the potential range of 0.1–2 V vs. K
+
/K at a current rate of 20 mA/g. 

To further understand the electrochemical behavior of PG, we also performed cyclic voltammetry 

(CV) at a scan rate of 0.1 mV/s in the potential range of 0.01-2 V.  Surprisingly, there is no 

cathodic peak until 0.1 V vs. K
+
/K (Figure 8.7c).  During the anodic scan for depotassiation, a 

single broad current peak centers at 0.5 V, which is in contrast to the multiple anodic peaks for 

graphite accounting for sequential transitions between staged K-GIC phases (Figure 8.7d).  The 

lack of phase transformation for PG electrode may lead to minimal volume change during 

charge/discharge.   

We notice that there is a large irreversible capacity during the first galvanostatic cycle, whereas 

there is a lack of massive cathodic current corresponding to the SEI formation in the first CV curves, 

which seems contradictory.  If SEI were formed, there should be an obvious slope/plateau at 
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relatively high potentials, i.e., > 0.2 V vs K
+
/K in the potassiation/depotassiation profiles.  

However, such a behavior was not observed, which is further confirmed by the CV results.  It is 

thus worth emphasizing that the lack of SEI formation on carbon anodes in KIBs could be a 

significant advantage for potential KIBs.  Then, the question is whether the irreversible capacity in 

galvanostatic cycling is reflected by CV curves.  If we integrate the areas for the cathodic and 

anodic current over time in the CV curves for the PG electrode and graphite electrode, we find the 

ratios are 42.8% and 54.0% for PG and graphite, respectively.  These values, representing the 

degrees of the irreversible cathodic reactions, are very close to the coulombic efficiency values 

obtained from the 1
st
 galvanostatic potassiation/depotassiation potential profiles.  That being said, 

the exact cause that leads to the irreversibility is currently under investigation.  It is most likely due 

to the trapping mechanism, where some trapped K-ions cannot be extracted during depotassiation.   

 

Figure 8.10 (a) The 1
st
-4

th
 galvanostatic potassiation/depotassiation potential profiles of NG in the 
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potential range of 0.1–2 V vs. K
+
/K at a current rate of 20 mA/g. (b) Rate performance for NG at 

current densities from 20, 50, 100, 200, 500 to 1000 mA/g. (c) CV curves of the first five cycles for 

NG. (d) Long-term cycling performance of NG at a current density of 100 mA/g. 

It is also worth pointing out that high surface area of electrode materials typically induces the 

more pronounced formation of solid electrolyte interphase (SEI).  NG with a surface area of 1900 

m
2
/g exhibits the first-cycle coulombic efficiency of only 10.9% (Figure 8.10a), which is 

confirmed by the massive irreversible cathodic current of the first CV curve (Figure 8.10c).  

Also, its coulombic efficiency remains below 90% in the first 20 cycles (Figure 8.10b, d).  

Furthermore, NG presents linear galvanostatic charge/discharge potential profiles and rectangular 

CV curves, which is typical capacitive charge storage behavior (Figure 8.10a, c).  Since the 

faster capacitive mechanism plays a more dominant role than the intercalation mechanism, NG 

exhibits relatively good rate performance (Figure 8.10b), and fairly stable cycling performance 

especially after the SEI has been formed (Figure 8.10d).   



235 
 

 
 

 

 

Figure 8.11. (a,b) Ex situ XRD patterns and ex situ Raman spectra of graphite and PG collected 

after 100 cycles. (c) Long-term cycling performance of graphite and PG at a current density of 100 

mA/g. 

PG exhibits much improved long-term cycling performance than graphite, where the cycling 

results from three PG/K cells, PG-1, PG-2, and PG-3 are shown in Figure 8.11c.  Graphite 

retains ca. 6% of its original capacity after 140 cycles (from two cells, G-1 and G-2), whereas PG 

retained ca. 50% of its original capacity after 240 cycles.  The capacity fading for PG is a linear 

curve, while graphite’s capacity remained stable for the first 50 cycles or so and then went through 

an abrupt degradation afterward.  Figure 8.12 shows the 1
st
, 100

th
, 200

th
 and 300

th
 galvanostatic 

potassiation/depotassiation potential profiles of PG.  Besides the capacity fading, the polarization 
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increases upon cycling, which may be related to the varying surface properties of the carbon 

electrode and the possible degradation of the electrolyte, considering that potassium counter 

electrode can be very reactive toward organic electrolyte.  

   

Figure 8.12. The 1
st
, 100

th
, 200

th
 and 300

th
 galvanostatic potassiation/depotassiation potential 

profiles of PG in the potential range of 0.1–2 V vs. K
+
/K at a current rate of 100 mA/g. 

To understand the fading mechanism, we conducted ex situ XRD to investigate the structural 

change of PG and graphite after 100 cycles, as shown in Figure 8.11a.  The sharp (002) peak for 

pristine graphite evolves into a compounded peak, which is composed of the pure graphite peak in 

the middle, a disordered carbon shoulder on the left and the other shoulder on the right that may be 

attributed to a high-stage GIC phase.
69

  In fact, the shoulder on the right shows up even after the 

first cycle.
52

  The long-term capacity fading of graphite may be attributed to the newly generated 

amorphous substructures that shut down the access of K-ions into the internal galleries of the large 

graphite crystals with rigid structures.  In contrast, interestingly, the originally ordered local 



237 
 

 
 

structure of PG along c-axis becomes completely amorphous after 100 cycles based on the XRD 

results (Figure 8.11a).  The (002) peak of PG shifted from 25.8º to 17.4º after 100 cycles, where 

the d-spacing increases from 0.345 to 0.510 nm and the much-broadened peak with a large value 

of FWHM suggests effective exfoliation of graphitic nanodomains possibly into single or double 

layers of graphenes with no coherence along c-axis.   

Considering the disparity of cycling performance of graphite and PG as well as the ex situ 

post-cycling XRD results, it appears that the cycled graphite containing amorphous and crystalline 

portions does not provide efficient accessibility for K-ions any longer; however, the exfoliation of 

graphitic nanodomains taking place inside PG, albeit turning PG completely non-graphitic, 

enables much better long-term cyclability.  This confirms our hypothesis that the disordered 

arrangement of graphene layers inside non-graphitic carbons leads to superior cycling 

performance, which has been observed in hard carbon and soft carbon in our prior reports.  

Interestingly, there is barely any change of the Raman spectra for both G and PG before and after 

cycling in Figure 8.11b, indicating that the ordered atomic structure along the ab planes remain 

unaffected during the long cycling in KIBs.   

8.5 Conclusion 

In summary, we synthesized polynanocrystalline graphite by chemical vapor deposition on a 

nanoporous graphenic carbon.  This new type of carbon is composed of randomly oriented 

graphitic nanodomains, facilitating a unique structure with a low density of 0.92 g/cc and a 

relatively low surface area of 91 m
2
/g.  The polynanocrystalline graphite is structurally unique, 

compared to low-dimensional nanocrystalline carbon materials, nanoporous carbon, amorphous 
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carbon and graphite.  This polynanocrystalline graphite shows much improved long-term cycling 

life in KIBs, where it exhibits 50% capacity retention over 240 cycles in contrast to 6% over 140 

cycles for graphite.  The improved cycling performance is attributed to the polynanocrystalline 

nature of PG with disorder at nanometric scales, which allows for exfoliation of graphitic 

nanodomains inside the bulk particle of PG, thus still retaining the electrode structural integrity.  

Our results provide new insights on carbon design by differentiating structures at nanometric 

scales and atomic scales, while maintaining relatively low surface area.  This new type of carbon 

may well find applications beyond KIBs.  
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CHAPTER 9  

A Perylene Anhydride Crystal as a Reversible Electrode for 

K-Ion Batteries 

9.1 Abstract 

We demonstrate that PTCDA is a promising cathode for K-ion batteries with a high capacity of 

about 122 mAh/g at 20 mA/g, moderate rate and cycling performance.  Upon potassiation, 

PTCDA crystals experience a high level of amorphization, while upon depotassiation, the crystal 

structure is partially restored, revealed by ex-situ XRD and IR. 

 

9.2 Introduction 

9.2.1 KIBs appearing as novel type of battery 

There is an ever-increasing demand for electrochemical power sources for electronics, electric 

vehicles, and stationary storage, where currently Li-ion batteries (LIBs) dominate the market.
1-7

  

However, the scarcity of lithium minerals causes a serious concern on LIBs’ sustainability in the 

decades to come, which motivates researchers to look for alternative technologies.
8-10

  To date, 

several Earth-abundant metal-ion batteries are under intense scrutiny, including Na-ion batteries 

(NIBs),
11-25

 Mg-ion batteries (MIBs)
26-28

 and Al-ion batteries (AIBs),
29

 where these technologies 

may provide sustainable solutions.  However, exceedingly little attention has been paid to K-ion 

batteries (KIBs) despite the fact that potassium is nearly 1000 times more abundant than lithium in 

Earth crust.  For KIBs, besides low cost, another advantage is its excellent adaptability to the 

existing carbon industry already developed for Li-ion batteries.  Recently, we discovered that 
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both graphite and soft carbon can be used as anodes for KIBs with remarkable properties, where 

such materials exhibit very poor performance in NIBs.  This is a significant advantage for KIBs 

over NIBs, which makes it very much urgent for the KIB field to develop more suitable cathode 

materials for a practical full cell, where PTCDA is highly promising in filling up this gap. Since 

PTCDA does not contain free ion charges, in a full cell, the anode has to contain ion charges.  In 

our recent publications, we have revealed that graphite, soft carbon, and hard carbon all can be 

employed as anode materials for K-ion batteries.
30,31

  Different from LIBs and NIBs, it is fairly 

easy to prepare K-inserted carbon materials by heating the mixture of carbon and potassium metal.  

Thus, for a full cell, it can comprise PTCDA as the cathode and a pre-potassiated carbon for the 

anode.  We need to point out that there can be a long way for K-ion batteries to be practical as 

there are many knowledge gaps to fill for both anode and cathode sides.  However, considering 

the cost, such effort can be very well worthwhile.   

9.2.2 Organic crystal as possible anode for KIBs 

Belonging to the same group as lithium and sodium in the Periodic Table, potassium possesses 

very similar electrochemical behavior in a single electron transfer process with a low reduction 

potential of -2.93 V vs. standard hydrogen electrode, only 0.11 V higher than lithium.  However, 

the large size of K
+
, 1.4 Å in contrast to Li

+
 (0.76 Å) and Na

+
 (1.0 Å) seems present a formidable 

challenge for intercalation chemistry of potassium in conventional electrodes in LIBs.
32-34

  Initial 

effort has been devoted to materials with naturally large interstitial sites.  For example, 

encouraging performance of potassium topotactic (de)insertion has been reported on Prussian blue 

and its analogs.
35-37

  Among electrodes investigated in metal-ion batteries,
38,39

 we hypothesize 

that organic crystals are particularly promising for intercalating large metal ions.
16,40-42

  The 
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primary interlayer spacings in organic crystals are typically larger than those in metal oxides and 

polyanionic compounds because organic crystals are assembled by van der Waals force instead of 

ionic or covalent bonding.
43,44

  On the other hand, organic crystals formed by π-π aromatic 

stacking exhibit low solubility in non-aqueous electrolytes.
45-49

  Recently, a new storage 

mechanism in organic carbonyl electrodes has been reported by Wu et al.  Na-ion transport 

pathway and storage site are offered by Na-O inorganic layer, while the electron transport pathway 

and redox center are provided by benzene organic layer.  Although K ions are larger, we agree 

that K-ions should follow the similar storage mechanism as Na-ions in layered organic 

electrodes.
50

  Among these aromatic solids, we pay attention to the ones that can potentially serve 

as a cathode with high reduction potentials.
51

  In order to exhibit a high potential, it is desirable 

that these organic molecules contain strong electron-withdrawing groups on the edges of fused 

aromatic rings, which causes much electron deficiency of the rings, thus lowering the energy level 

of LUMO of molecules.
26,52,53

  

 

9.3 Experimental Section 

9.3.1 Materials  

PTCDA (Tokyo Chemical Industry Co. Ltd) was investigated without further modification.  

XRD analysis was carried out on a Rigaku Ultima IV Diffractometer with Cu K irradiation (= 

1.5406 Å).  IR spectra were recorded on a Nicolet 6700 spectrometer (Thermo Electron).  The 

morphology of PTCDA was shown in our previous study on revealing its sodium storage 

properties.   
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9.3.2. Electrochemical Measurements 

The PTCDA electrodes consist of 70 wt.% PTCDA, 20 wt.% carbon black (Super-P) and 10 wt.% 

polyvinylidene fluoride (PVDF).  The electrode mass mixture was ground with 

N-methyl-2-pyrrolidinone (NMP) solvent for 30 min before being cast onto an Al foil current 

collector by a doctor blade method. The electrodes were dried at 80 °C under vacuum for 12 hrs.  

A typical loading of active mass is 2.3-2.6 mg/cm
2
.  PTCDA electrodes are tested in coin cells 

with potassium foil as the counter/reference electrode and glass fiber membrane as the separator.  

The electrolyte consists of 0.8 M KPF6 in ethylene carbonate (EC) / diethyl carbonate (DEC) with 

1:1 ratio by volume.  Galvanostatic cycling was conducted on an Arbin BT2000 system at room 

temperature.  Cyclic voltammetry (CV) were recorded on a VMP-3 multi-channel workstation at 

a scanning rate of 0.1 mV/s.  Galvanostatic intermittent titration technique (GITT) was tested on 

Landt Instruments CT2001A at a current rate of 10 mA/g with for 0.5 hr and rest intervals for 2 

hrs. 

 

9.4 Results and discussion 

9.4.1 Charge/discharge curve of PTCDA in KIBs 

In this contribution, we report that an example of aromatic crystals, a red pigment, 

3,4,9,10-perylene-tetracarboxylicacid-dianhydride (PTCDA) with a monoclinic structure (Space 

group: P21/c), the diagram of the chemical structure of PTCDA is shown in Figure 9.9d, exhibits 

encouraging potassium storage properties.  We conducted galvanostatic 

potassiation/depotassiation of PTCDA at a current rate of 20 mA/g between 1.2 to 3.2 V vs. K
+
/K.  

In the 1
st
 cycle, PTCDA exhibits capacities of 129 mAh/g and 122 mAh/g in potassiation and 
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depotassiation, respectively, with an impressive Coulombic efficiency of 94.6%, as shown in 

Figure 9.1a (black curves).  The capacity approaches the theoretical value of 136 mAh/g when 

assuming that two K ions are integrated per PTCDA molecule.  In the first potassiation, there are 

two distinct plateaus at ~2.4 and ~2.2 V with a nearly equal capacity contribution, which suggests 

sequential phase transitions from PTCDA to K-PTCDA and from K-PTCDA to K2-PTCDA, 

respectively. The equation of electrochemical reactions between PTCDA and K is shown as 

follows: PTCDA+K
+
+e

-
 ⇄ K-PTCDA; K-PTCDA+K

+
+e

-
 ⇄ K2-PTCDA.  In the depotassiation 

process, two sloping regions centered at 2.6 and 2.8 V are observed.  It appears reasonable to 

tentatively assign these sloping regions to the extraction of two K ions from PTCDA in a 

sequential manner. 

Figure 9.1 (a) The 1
st
 to the 4

th
 galvanostatic potassiation/depotassiation potential profiles of 

PTCDA in the potential range of 1.2–3.2 V vs. K
+
/K at a current rate of 20 mA/g. (b) 

Corresponding dQ/dV plots for the first and second cycle. 

 

The depotassiation processes are highly reversible with almost identical potential profiles from the 

1
st
 to the 4

th
 cycle.  However, the situation for potassiation is more complex.  The 1

st
 cycle 

potassiation potential profile looks very different from the profiles in the following cycles.  What 
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happens is that the low-potential plateau at 2.2 V in the first potassiation is completely absent 

while a new sloping region from 3 to 2.4 V appears in the following cycles.  This change is clear 

in the dQ/dV plots of the first and second cycle, as shown in Figure 9.1b.  Clearly, this is a 

favorable change as it increases the average operation potential, thus increasing the energy 

density.  

Another interesting phenomenon is the existence of a potential dip near 40 mAh/g in potassiation 

after the first cycle.  This dip might result from the over-potential to trigger the nucleation of 

K2-PTCDA phase out of K-PTCDA.  Namely, the electrode is polarized with electrons adding up, 

causing the potential to drop, while K2-PTCDA phase is not readily formed (58).  Such a dip 

occurs to PTCDA electrode in KIBs but not in NIBs.
54  

Figure 9.2 (a) The 1
st
 galvanostatic potassiation/depotassiation potential profiles of the PTCDA 

electrodes in the potential range of 1.2–3.2 V at a current rate of 20 mA/g. (b) Ex situ XRD 

patterns collected at the marked points in (a). 

9.4.2 Crystal evolution during the charge/discharge process 
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To understand the unique potassium storage properties of PTCDA electrode, we first investigated 

its structural evolution during cycling.  We collected ex-situ X-ray diffraction (XRD) patterns 

(Figure 9.2b) at the selected state of charge (SOC) in the first cycle (Figure 9.2a).  The peak at 

9.2º of pristine PTCDA, indexed to (001) plane, vanishes upon initial potassiation (point 2) and 

never gets restored.  A new peak at 6º appears and remains its presence until point 6, which 

might be due to the irreversible interlayer expansion of plane (001).  Upon potassiation, the peak 

at 12.4º assigned to (021) plane is weakened at point 2 and disappears at point 3.  This peak is 

partially restored during depotassiation at point 6 but vanishes again at point 7.  For the peaks at 

24.8º (042) and 27.6° (102), they shift to a lower angle at point 2, vanish at point 3 and get 

restored at point 6 but being shifted.(61)  Based on these XRD patterns, we have three 

observations. (1) Upon potassiation, PTCDA goes through a high degree of amorphization.  This 

is in sharp contrast to sodiation in PTCDA, where a great degree of long-range order of PTCDA is 

still maintained even until the 10
th
 cycle.

55
  (2) Upon depotassiation, ordered structures are 

partially restored at 2.8 V (point 6) although d-spacings remain expanded.  This phenomenon 

indicates that the amorphization is partially reversible.  (3) Here is the intriguing part that from 6 

to 7 the restored structure turns amorphous again.  By considering the structural evolution of 

PTCDA in NIBs reported in our prior study, PTCDA experiences more dramatic and irreversible 

structural changes in KIBs, where it goes through fast amorphization in the first potassiation 

process, which is suggested by the loss of resolved XRD peaks.  In contrast, the sodiated PTCDA 

exhibits well resolved XRD patterns all through the first cycle, where structural reversibility is 

observed.  
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Now, going back to consider the potassiation/depotassiation curves together with XRD patterns, 

we hypothesize that it is the dramatic structure change, i.e., amorphization of PTCDA over the 

first potassiation, which causes the unique sloping depotassiation regions as well as the variation 

between the first and the following potassiation potential profiles.  Interestingly, such dramatic 

structure change does not decrease the Coulombic efficiency.  Another puzzle is why 

amorphization occurs again from point 6 to point 7, which is from 2.8 to 3.2 V vs. K
+
/K.  The 

question is whether PTCDA is reduced, maintained neutral or oxidized at 3.2 V.  Considering that 

the open circuit voltage (OCV) of PTCDA/K cell is only 2.4 V, PTCDA is certainly positively 

polarized/oxidized at 3.2 V.  In order to maintain the neutrality, perhaps PF6
-
 is inserted into 

PTCDA structure at 3.2 V, which may cause the amorphization from point 6 to point 7. 

To better understand K-ion storage mechanism in PTCDA, we compared the galvanostatic 

charge-discharge potential profiles of PTCDA between KIBs and NIBs for the first and the second 

cycle (Figure 9.3).  The Greater polarization between the discharge and charge profiles of 

PTCDA is observed in KIB than in NIB, which may be attributed to larger strain when 

intercalating of K ions into PTCDA and the associated slower diffusion of K ions as we will 

discuss in a later section.  
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Figure 9.3 The comparison of galvanostatic charge-discharge potential profiles of the PTCDA 

electrode in KIBs and NIBs, (a) the first cycle and (b) the second cycle. 

 

Another interesting observation is that there are two clear dQ/dV peaks in the first potassiation but 

only one peak was observed after the first cycle.  We believe it is the amorphization of the 

electrode revealed by the XRD results that are most likely responsible for this transition from two 

peaks to one peak.  In the as-formed amorphous structure, the insertion of potassium ions into the 

homogenized interstitial sites result in the single reduction peak in the post-first-cycle cycling. 

 

To further reveal the potassium storage mechanism, we collected ex-situ infrared (IR) spectra of 

the PTCDA electrodes at selected SOC to probe the variation of chemical bonding over cycling 

(Figure 9.4).  The peak at ~1788 cm
–1 

shifted to 1773 cm
–1 

at the end of potassiation, indicating 

that the C=O bonds on reduced PTCDA molecule are weakened.  Furthermore, a new peak 

around 1824 cm
–1

 appeared upon potassiation, which is assigned to potassium enolate groups.
56

  

Similar to carbonyl groups, enolate groups are shifted from 1824 cm
–1

 to 1802 cm
–1

 at the end of 

potassiation due to the electron injection.  In the depotassiation process, both of carbonyl group 

and enolate group recovered to some extent but not in a totally reversible manner, which is in 

accordance with the XRD results.  However, caution should be taken when interpreting the redox 

behavior of organic materials as an electrode in batteries.  Indeed, it requires further study to 

more precisely describe the distribution of the injected electron to PTCDA by molecular orbital 

approach or doping/dedoping approach on the delocalised nature of the injected electrons. 
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Figure 9.4  IR spectra taken at selected SOC. 

9.4.3 Diffusion ability revealed by GITT 
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Figure 9.5 (a) Potassiation/depotassiation curves of PTCDA tested at current rates from 20 to 200 

mA/g.  (b) GITT profiles of PTCDA in the second charge/discharge cycle. (c) K
+
 chemical 

diffusion coefficients of PTCDA in the second charge/discharge processes. 

As shown in Figure 9.5a, PTCDA exhibits a moderate rate capability in KIBs.  The capacity 

decreases and the extent of polarization increase upon using higher current rates, which is 

attributed to the slow diffusion of large K ions and the relatively low electronic conductivity of 

PTCDA.  We are aware that nickel hexacyanoferrate demonstrates great rate capability in KIBs 

with an aqueous electrolyte, as Cui et al. reported.
37

  To further understand the diffusion kinetics 

of potassium ions in PTCDA, we conducted measurements of galvanostatic intermittent titration 

technique (GITT) with a current pulse at 10 mA/g for 0.5 hr and rest intervals for 2 hrs (Figure 

9.5b).  With GITT, we calculated the diffusion coefficient of potassium (DK+) in the PTCDA 

electrode.  As the potential vs. τ
1/2

 (τ is pulse duration) exhibits a linear relationship, as shown in 

the Figure 9.6a, Fick’s second law of diffusion can be simplified as follows: 

 

Figure 9.6 (a) Linear behavior of the potential vs. τ
1/2 

relationship at 2.63 V vs. K
+
/K of second 

depotassiation process. (b) Current step diagram of PTCDA at 2.63 V vs. K
+
/K of second 

depotassiation process. 
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𝐷𝐾+ =
4

𝜋τ
(

𝑚𝐵𝑉𝑀

𝑀𝐵𝑆
)

2
(

𝛥𝐸𝑆

𝛥𝐸τ
)

2
                       (1) 

Where mB and MB are the active mass and molecular mass of PTCDA, respectively, VM is the 

molar volume and S is the Brunauer-Emmett-Teller (BET) surface area of the electrode.  MB/VM 

can be referred as density, which is about 1.6 g/cm
3
.  The calculation of ΔES andΔEτ is shown in 

the current step diagram at 2.64 V in Figure 9.6b. 

As Figure 9.5c shows, overall, the diffusion coefficient of potassium (DK+) is low at the order of 

10
-15

 cm
2
/s.  During the potassiation process, DK+ values drop at 2.36 V and 2.42 V, which are 

generally linked to the slope and plateau of galvanostatic potassiation curve, indicating that 

diffusion of potassium ions are more difficult during phase transitions.  Similarly, DK+ decreases 

at 2.65 V and 2.83 V in the depotassiation curve, but the values are much higher than those in the 

potassiation process, where the results show that depotassiation is kinetically more favorable than 

potassiation in PTCDA.  

9.4.4 Long cycling performance 
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Figure 9.7 Potassiation/depotassiation curves of PTCDA tested at current rates: 10, 20，100, 200, 

500, 200, 100, 20 mA/g (the 1st to the 55th cycle) and 10 mA/g (56th to 300th cycle) 

We studied the long-term cycling behavior of the PTCDA KIB electrode.  During the first 55 

cycles, PTCDA was tested at various current rates, as shown in Figure 9.7, and after 55 cycles, 

the cell was tested at 10 mA/g.  The coulombic efficiency remains near to 100% over cycling.  

During initial cycling, the capacity does fade quite rapidly; however, from the 56
th

 to the 300
th
 

cycle, the capacity only fades from 87 to 63 mA/g with 0.13% per cycle, which is quite 

remarkable. 

 

Figure 9.8 SEM images for the PTCDA electrode (a) before cycling, (b) after 1
st
 cycle, and (c) 

after 50
th
 cycles. (d) A diagram of chemical structure of PTCDA 
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To understand the mechanism of the capacity fading during the initial cycling, we examined the 

morphology change of the PTCDA electrode with ex-situ scanning electron microscopy (SEM) 

studies, as shown in Figure 9.8.  Pristine PTCDA is rods, 1-1.5 μm long and 200-400 nm wide 

(Figure 9.8a).  After the first cycle, the rods shattered into particles sized ca. 200 nm, as Figure 

9.8b shows.  Furthermore, after 50 cycles, the electrode exhibits a network-like morphology, 

which should be a result of dramatic morphology change or a certain extent of dissolution of 

PTCDA into the electrolyte.  It is evident that the fast initial capacity fading of PTCDA is closely 

associated with the morphology change. 

To further understand the electrochemical behavior of PTCDA as a potential cathode in KIBs, we 

conducted galvanostatic potassiation/depotassiation of PTCDA from 0.2 to 3.2 V vs. K
+
/K.  

During the first potassiation, as shown in Figure 9.9a, K2-PTCDA formed at 1.2 V is further 

reduced, which results in a long sloping region with an additional capacity of 420 mAh/g.  The 

total capacity of 560 mAh/g corresponds to the formation of K8-PTCDA.  However, the 

following depotassiation only exhibits a capacity of 60 mAh/g while the capacity drops to only 10 

mAh/g in further cycles.  Such high extent of irreversibility is similar to the situation of deep 

sodiation in PTCDA.  CV from 0.2 V to 3.2 V, as shown in Figure 9.9b, also reveals the 

irreversibility.  From the 2
nd

 cycle, PTCDA electrode shows a capacitive behavior with a 

rectangular shape of CV curves, which may be attributed to the carbon additive.  Clearly, after 

the deep potassiation in the first cycle, PTCDA is completely deactivated.   
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Figure 9.9 (a) Galvanostatic potassiation/depotassiation profiles of the PTCDA electrodes in the 

potential range of 0.2–3.2 V at a current rate of 20 mA/g. (b) Cyclic voltammetry of PTCDA 

electrodes in the potential range of 0.2–3.2 V at a scanning rate of 0.1 mV/s of first five cycles. 

9.5 Conclusion 

In summary, we have demonstrated that PTCDA exhibits encouraging performance as an 

electrode in KIBs, with a high capacity of about 122 mAh/g at 20 mA/g, very high 1
st
 cycle 

coulombic efficiency, moderate rate capability and cycling life.  Upon potassiation, PTCDA 

crystals experience complete amorphization, while upon depotassiation, the crystal structure is 

partially restored, revealed ex situ XRD.   The diffusion coefficient was estimated as a function 

of the state of charge, revealed by GITT, which is linked to relatively poor rate behavior.  In 

addition, the deep potassiation of PTCDA to 0.2 V is completely irreversible.  We hope to 

present our results to bring attention to organic crystals that have intrinsic large interstitial sites for 

applications in Earth-abundant KIBs.  The very different results of PTCDA in KIBs from in 

NIBs bring insights as well as questions that may attract further attention on this topic. 
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