
This article was downloaded by: [University of Haifa Library]
On: 16 August 2012, At: 12:25
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and
Liquid Crystals Science
and Technology. Section A.
Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Effect of Heteroatoms on
Lithium Insertion into Carbons
Elzbieta Frackowiak a & Helena Wachowska b
a Poznan University of Technology, ul. Piotrowo 3,
60-965, Poznan, Poland
b Adam Mickiewicz University, ul. Grunwaldzka 6,
60-780, Poznan, Poland

Version of record first published: 24 Sep 2006

To cite this article: Elzbieta Frackowiak & Helena Wachowska (2000): Effect of
Heteroatoms on Lithium Insertion into Carbons, Molecular Crystals and Liquid Crystals
Science and Technology. Section A. Molecular Crystals and Liquid Crystals, 340:1,
511-516

To link to this article:  http://dx.doi.org/10.1080/10587250008025517

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587250008025517
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
2:

25
 1

6 
A

ug
us

t 2
01

2 



Mol Crysf. and Liy. Crysr., 2000, Vol. 340, pp. 5 I 1-5 I6 
Reprints ivailahle directly from the publisher 
Photocopying permitted by license only 

0 2000 OPA (Overseas Publishers Association) N.V. 
Published by license under the 

Gordon and Breach Science Publishers imprint. 
Printed in Malaysia 

Effect of Heteroatoms on Lithium Insertion 
into Carbons 

ELZBIETA FRACKOWIAK" and HELENA WACHOWSKAb 

"Poznan University of Technology, ul. Piotrowo 3, 60-965 Poznun, Poland 
und bAdain Mickiewicz University, ul. Grunwaldzka 6, 60-780 Pozqun, Poland 

Electrochemical insertion of lithium into low temperature (below 1000°C) carbons such as 
cokes from various precursors and nanotubes has been correlated with their elemental com- 
position, surface functionality and microtexture. The amount of heteroatoms (0, H, N) in the 
investigated carbons and especially the way of their bonding with the carbon matrix affects 
the reversible capacity of lithium storage which varies from 200 to 460 mAh/g. It has been 
found that heteroatoms, mainly oxygen, play more important role inbuilt in the carbon net- 
work as crosslinking element than present in the acidic surface functional groups. Essentially, 
the microtextural orientation of the pseudographitic layers and the kind of porosity at the nan- 
ometric scale determine the degree of reversible lithium insertion. The role of mesopores on 
irreversible capacity was also indicated. 

Keywords: lithium insertion; heteroatoms; microtexture; surface functionality; hard carbon 

lNTRODUCTION 

Much work has already been devoted for testing many carbons as possible 
anode materials in lithium-ion batteries. For perylene-based disordered cokes 
[I], nanotubes [2] and chars from nanocomposites [3-4], a high reversible 
specific capacity for lithium storage was found up to 900 mAh/g, however, 
simultaneously the deinsertion process was connected with a significant 
polarization. Apart from hysteresis, a high irreversible capacity during the first 
cycle and a subsequent loss of charge with cycling discriminate some materials 
from practical application even if the values of total capacity seem to be 
attractive. Hence, a full elucidation of the origin for divergence between 
lithium insertion and deinsertion. and seeking the optimal conditions for the 
preparation of cheap carbons is still very actual. 

The objective of our study is to correlate the electrochemical storage of 
lithium in various carbons with their microtextural properties, the heteroatoms 
(0, H, N) content and the kind of their bonding with the network. 

EXPERIMENTAL 

The carbon samples investigated in this work were multi-walled nanotubes 
(MWNT) and cokes from lignite, anthracene, saccharose and polymeric 
precursor. The microtexture of the materials was characterized by nitrogen 
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512 ELLBIETA FRACKOWIAK and HELENA WACHOWSKA 

adsorption at 77K (Micromeritics, ASAP 2010) on samples carefully out- 
gassed at 350°C under secondary vacuum. The proportion of heteroatoms was 
determined by elemental analysis. Back titration according to Boehm method 
allowed to estimate the nature and the amount of surface groups [ 5 ] .  

Specific capacity of lithium storage into the different types of carbons 
was evaluated from chargeidischarge characteristics of lithium/carbon cells. 
Carbon pellets (ca. 10-20 mg) were prepared by pressing a mixture of carbon 
(85 wt%), acetylene black (10 wt%) and polyvinylidene fluoride binder - 
Kynar flex 2801, Atochem (5 wtyo). After careful drying, they were mounted 
in two electrode cells under inert atmosphere in the glove box. A lithium disk 
played the role of counter as well as reference electrode. IM LiPF6 dissolved 
in a mixture of ethylene carbonate (EC) and diethylcarbonate (DEC) in 1:l 
volume ratio (Merck) was the electrolytic solution. The electrochemical 
insertion of lithium was investigated between 3.0 V and -0.02 V vs Li using a 
multichannel potentiostaffgalvanostat (Mac-Pile, Biologic). The current load in 
the galvanostatic mode was 20 mA/g, and the scan rate of potential for cyclic 
voltammetry ranged from 0.2 to 2 mV/s. For some samples, galvanostatic 
intermittent titration technique (GITT) was used where current pulses were 
followed by a relaxation period of 24 hours. Such a method allowed to 
perform insertion and removal of lithium close to equilibrium conditions and 
to distinguish the process controlled kinetically by diffusion of lithium ions 
from others, e.g. thermodynamics, ohmic polarization. 

RESULTS AND DISCUSSION 

The elemental composition of the carbons used for lithium storage is presented 
in Table I. The values for lignite cokes are ash-free due to demineralization 
prior to pyrolysis. The anthracene coke contained a negligible amount of 
oxygen. On the other hand, carbon nanotubes, lignite and saccharose cokes 
were rich in oxygen. It is remarkable that in the case of lignite cokes the 
amount of heteroatoms is only slightly affected by the thermal treatment. 

TABLE I Elemental analyses (wt%) of the various carbon samples used for 
lithium insertion 

Sample C% H% N% 0% 
Anthracene coke 1000°C 99.3 0.3 0.3 
Saccharose coke 1000°C 85.8 1.3 9.8 
Polymer coke 1000°C 93.5 0.6 1.4 
MWNT 900°C 88.5 0.8 4.6 
Lignite coke 700°C 89.8 2.3 0.8 7.1 
Lignite coke 9 0 0 T  90.9 1.6 0.5 6.9 
Lignite coke IO00"C 91.1 1.4 0.9 6.4 

Taking into account the acidbase titrations of these cokes, it seems that 
the total number of acidic surface groups (over 2.5 meq/g) does not change 
significantly with temperature. 
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LITHIUM INSERTION INTO CARBONS 513 

However, an increase of carboxylic groups from 0.8 to 1.8 meqlg for lignite 
cokes 700°C and 1 OOO"C, respectively, indicates a mutual transformation 
between groups. It is also noteworthy that all the lignite cokes have a high 
amount of basic groups (over 1 .5 meq/g) and in the case of the sample treated 
at 700°C (very remarkable hysteresis between lithium insertion and 
deinsertion), the amount of basic groups is extremely high (more than 2 
meqlg). Nitrogen present in these cokes can partially contribute to the basic 
character together with oxygenated groups such as ether, pyrone and 
chromene. 

3 5  

-0.5 8 ' 1 ' )  3 I 3 ' 3  I " ' ' ' ' ~  " ' 3  4 . 8  

0 100 2M1 300 4M) 503 

Capacity (mAh/g) 
Figure I .  Galvanostatic charge/discharge characteristics for lithium insertion 

into lignite coke obtained at 1000°C. Current load 20 mAh/g. 
As for many carbonaceous materials, it was proved that the irreversible 

specific capacity and hysteresis between lithium insertion and extraction for 
lignite cokes decrease with increasing heat-treatment temperature. Quite 
striking is the fact that even if lignite coke iO00"C has a rich surface 
functionality, the specific reversible capacity reaches 300 mAh/g without a 
harmful hysteresis (Figure 1). It looks that the total amount of hereoatoms 
does not play an important role but rather the way of their bonding with the 
carbon matrix. Cross-linking heteroatoms can strongly affect the microtexture 
of the material. Therefore, it is interesting to compare the nitrogen adsorption 
data of the carbons with the electrochemical characteristics for lithium 
insertion/deinsertion (Table 11). 

TABLE I1 Specific surface area (SBET), irreversible capacity (C,,,) and 
reversible capacity (Crev) for lithium storage of the various carbons 

Sample SBET (m2/g) Clm ( a w g )  Crev (mAh/g) 
Anthracene coke 1000°C 0.5 60 280 
Saccharose coke 1000°C 25 240 210 
Polymer coke 1000°C 256 130 300 
MWNT 900°C 396 860 460 
Lignite coke 1000°C 173 170 300 
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5 I4 ELZBIETA FRACKOWIAK and HELENA WACHOWSKA 

Except MWNT, all the other materials selected for this study presented 
a type I nitrogen adsorption isotherm, that is typical of a microporow 
character. Even if representative of two extreme categories of microtexture, 
oriented and highly misoriented, anthracene coke and saccharose coke gave 
comparable value of reversible capacity, with almost a lack of hysteresis. The 
main difference was in the value of irreversible capacity, due to the difference 
of specific surface area between the two cokes. These particular characteristics 
of saccharose coke, which contains a high amount of oxygen, can be explained 
by a closed porosity created for example by C-0-C bridges between 
polyaromatic units. This is supported by the fact that under mild oxidation, 
BET specific surface area of saccharose coke grew to 950 m2/g. As a 
consequence, irreversible capacity reached 900 mAh/g and the hysteresis was 
very important. 

Surprisingly, good characteristics for lithium insertioddeinsertion have 
been found, even if hard carbons had a quite developed specific surface area. 
For example, polymer hard coke and lignite coke obtained at 1000°C gave 
comparable specific reversible capacity, with almost lack of hysteresis and 
limited irreversible capacity. It appears that the value of irreversible capacity is 
strictly connected with the kind of porosity but not with the total BET surface 
area. The part of surface area originated from mesopores for polymer and 
lignite cokes 1000°C was 0.2 m2/g and 6.7 m2/g, respectively. Due to the 
relatively important basic character detected for lignite coke IOOOT, one may 
suppose that C-0-C ether bridges between polyaromatic units of this hard 
carbon could be responsible for the development of some mesopores. 

This interpretation was confirmed from the experiments performed on 
carbon MWNT 900'C. They presented a type IV nitrogen adsorption isotherm 
characterizing a marked mesoporosity. On the other hand, the absence of a 
saturation plateau at P/Po 1 is indicative of a network of mesopores which 
swells during adsorption of nitrogen [6] .  MWNT 900°C provided an attractive 
value of reversible capacity, but imversible capacity (Table II) and hysteresis 
were unfortunately very large. It is clear that the mesopores play an important 
role in the formation of the passivation layer during the first cycle of lithium 
insertion. Hence, the penetration of solvated Li ions with the following 
reductive decomposition of solvent takes place due to the great accessibility of 
the pores. The same characteristics, i.e. a great hysteresis and a large loss of 
lithium in the first cycle with simultaneously a high reversible capacity have 
been found also in the mesoporous carbon formed by template carbonisation in 
a lamellar nanocomposite [3]. It can be generalized that the mesoporous 
character of a carbon material is the cause for a hysteresis during lithium 
storage and precludes such materials from practical application as anode in 
lithium ion batteries. 

The effect of different microtextures in the process of lithium insertion 
is well illustrated by the galvanostatic relaxation curves. In the case of 
microporous materials such as polymer hard coke or lignite coke IOOO"C, the 
jumps of potential connected with returning of the electrode to the equilibrium 
state at I = 0 are very limited, of the order of 50 mV. For the electrode from 
MWNT (mesoporous), the oscillations are much more marked (Figure 2). 
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LITHIUM INSERTION INTO CARBONS 51s 

Comparing MWNT 900°C and lignite coke lOOO"C, the amount of 
heteroatoms does not differ significantly. Therefore, the great difference for 
the GITT characteristics is determined by the microtexture of the materials and 
especially the mesoporous character of MWNT. For explanation these 
important oscillations during lithium deinsertion the both polarization ohmic 
and diffusion should be considered (Figure 2). 

3.5 

800 900 1000 1100 1200 1300 1400 

C (mAh/g) 
FIGURE 2 Relaxation galvanostatic chargeldischarge characteristics (GITT) 

of carbon MWNT 900°C 

Cyclic voltammetry was performed on lignite cokes formed at 700"C, 
900°C and 1000°C at different scan rates ofpotential (from 0.2 to 2 mVls). An 
example of experiment at 0.2 mV/s for lignite coke obtained at 900°C is 
presented in Figure 3. It looks that for such a low scan rate of potential the 
process of deinsertion is only slightly controlled by diffusion. The well 
developed anodic peak is remarked at 0.4 V vs Li what means that the lithium 
deinsertion involves only limited overvoltage. 

1.5 

1 

0.5 

-1 

-1.5 

-2 
-0.5 0 0.5 1 1.5 2 2.5 3 

E (V vs Li) 
FIGURE 3 Voltammetry experiments at a scan rate of 0.2 mV/s on the lignite 

coke obtained at 9OOOC 
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516 ELZBIETA FRACKOWIAK and HELENA WACHOWSKA 

CONCLUSION 

Among the samples analyzed in this work, the great advantage of lignite 
precursor is the low cost of this natural coal and its high carbon content due to 
the condensed aromatic structure. 

From the analysis of various carbons, only the microporous materials 
gave promising results. The amount of surface functional groups of acidic 
character below 2 meq/g does not seem to be harmful, however, a great 
amount of basic groups together with a mesoporous texture always gives a 
high divergence of potentials between insertion and extraction (hysteresis). 
Oxygen involved in crosslinking C-0-C ether bridges may be responsible for 
the development of mesopores in hard carbons. The mesoporous character of 
a carbon material facilitates the decomposition of electrolyte (great irreversible 
capacity, and in turn, ohmic polarization) and enables the charging of an 
electrical double layer. 

Finally, it looks that the content of heteroatoms does not affect the 
charge/discharge characteristics but rather the microtexture and the kind of 
porosity play the most important role. 
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