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ABSTRACT 

The effects on electrochemical performance of the nitrogen content of disordered carbons derived 
from polymethacryonitrile (€'MAN)-divinylbenzene (DVB) copolymers were examined in 
galvanostatic cycling tests between 2 V and 0.01 V vs. LXi' in 1M LiPFJethylene carbonate 
(EC)-dimethyl carbonate (DMC). The first-cycle reversible capacities and coulombic efficiencies 
increased with increase in the level of nitrogen for samples prepared at 700°C. However, the 
degree of fade also increased. Similar tests were performed on materials that were additionally 
heated at 1,000" and 1,300"C for five hours. Loss of nitrogen, oxygen, and hydrogen occurred 
under these conditions, with none remaining at the highest temperature in all cases but one. The 
pyrolysis temperature dominated the electrochemical performance for these samples, with lower 
reversible and irreversible capacities for the first intercalation cycle as the pyrolysis temperature 
was increased. Fade was reduced and coulombic efficiencies also improved with increase in 
temperate. The large irreversible capacities and high fade of these materials makes them 
unsuitable for use in Li-ion cells. 

INTRODUCTION 

A large research effort has been underway in recent years in developing suitable carbon and 
graphite materials for use as Li-ion anodes in ambient temperature cells using liquid organic 
electrolytes, as well as polymer electrolytes. The "soft", ordered graphites typically have low 
first-cycle capacity losses associated with solvent/salt reduction processes [ 11. These materials 
have capacities limited by the composition LiC6, or 372 mAh/g of C. The "hard" disordered or 
turbostratic carbons, on the other hand, have shown to have capacities well in excess of 372 
mAh/g-sometimes increased by a factor of 1.5 or more [2]. The composition of disordered 
carbons has an impact on its electrochemical performance. The WC atomic ratio, for example, 
was found to correlate to the reversible capacity for some specific materials [3]. Incorporation of 
Si into the carbon lattice has also been reported to enhance the reversible capacity for select 
precursor materials [4]. Doping with nitrogen, however, resulted in degradation of performance, 
due to an increase in the irreversible capacity [ 5 ] .  

We have previously reported on the performance of disordered carbons derived from 
PMANDVB copolymers [6-91. In that work, a PMANDVB molar ratio of 1.6:l was used. In 
this paper, we present the results of electrochemical characterization of carbons derived from 
similar precursors, but where the PMANDVB ratio was varied from 0 to 3: 1, to produce carbons 
with a wide range of nitrogen content. These materials were then galvanostatically cycled 
between 2 V and 0.01 V (at 0.5 mA/cm2) to characterize their electrochemical performance. 
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EXPERIMENTAL . 
Synthesis 

Our standard carbon precursor is synthesized as an inverse emulsion containing 
methacrylonitrile (MAN) and DVB monomers in a molar ratio of 1.6: I .  For this work, additional 
ratios of 0:1, 1:3, and 3:l  were used to prepare zero-N, low-N, and high-N materials? 
respectively. A mixture of styrene and DVB (1:3 d m )  was used as precursor to prepare a 
second N-free material. The polymerization was carried out using a persulfate catalyst and a 
65°C cure for 16 h. The resulting low-density foam was air dried, removing the water pore 
former, and attritted to a -400 mesh powder. The precursor powder was oxidatively stabilized in 
air at 240°C for six hours [9]. Pyrolysis took place in a 6”-dia. tube hrnace under high-purity 
argon flowing at 2 L/min. The samples were heated to 700°C at 2”C/min and were held at this 
temperature for five hours. The low pyrolysis temperature was chosen because it offered the 
potential for improved performance of PMAN carbons. The net yield was 105 - 170 g of carbon. 

Additional heating tests were conducted with the 700°C-prepared material at temperatures of 
1,000” and 1,300”C in a graphite-heated fbrnace under high-purity argon. The samples were 
heated to the desired temperature over three hours and were then held for five hours at 
temperature before cooling to ambient over one hour. The samples were analyzed at Galbraith 
Laboratories for 0, N, H, and C (by difference). 

Electrochemical Characterization 

Three-electrode cells made of perfluoroalkoxy were used for testing the carbons. The 
electrodes were prepared by “doctor blading” a paste onto copper-foil substrates. The paste 
consisted of a mixture of 80%’ carbon, 5% Super ‘S’ carbon black (as a conductive additive), and 
15% polyvinylidene difluoride (PVDF). Discs 1.27 cm (0.5” in) in diameter were then punched 
from the vacuum-dried, pasted copper sheets for use in the cells. The mass of carbon in each 
electrode ranged from 5 to 10 mg. 

The cells were assembled in a dry room (RH<3%) and used a Li counter and reference 
electrodes and two O.OOl”-thick Celgard 2500 separator discs. The cells were transported into a 
glovebox (<lo ppm each H,O and 0,) where they were evacuated and backfilled with 1M 
LiPF&C-DMC (1 : 1 v/v). The electrolyte typically contained <40 ppm of H20 as determined by 
Karl-Fischer titration. The cells were allowed to stand overnight before being placed on test. 

The cells were tested galvanostatically for 20 cycles between voltage limits of 2 V and 0.01 V 
vs. Li/Li+ on an Arbin Corp. Battery Test System at the same charge and discharge rate of 0.5 
mA/cm’. The samples were allowed to rest at open circuit for 600s at each voltage limit before 
the next cycle. Two cells were run for each of the test conditions and the data were averaged. 
The fade for these tests was defined as the loss in reversible capacity between cycles 11 and 20 
divided by 10 (in mAh/g-cycle). Thus, a more negative number signifies higher fade. 

RESULTS AND DISCUSSION 

The chemical composition of the various carbons studied are summarized in Table I, along 
with the measured weight losses for the samples heated at 1,000” and 1,300”C. The results of the 
electrochemical characterization tests are summarized in Table 11, along with data for a 

Unless otherwise noted, all compositions are in weight percent. 1 
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Table I. Composition of Carbons Used in This Study. 

Pryolysis Temp., C, N, 0, H, WC, NIC, Wt. Loss 
deg. C WIO WIO WIO W I O  ala ala on Heating, O/O 

700 
1000 
1300 

700 
1000 
1300 

# 208 (No N; styrene-DVB) 
95.6 < O S  3.39 
90.7 < O S  5.61 
99.4 < O S  < O S  

1.24 
< O S  
< O S  

#2 10 (No N; DVB only) 
94.9 < O S  3.68 1.26 
96.4 <0.5 2.9 1 <0.5 
99.3 < O S  < O S  < O S  

#196 (Low N; 1:3 MAN:DVB) 
700 93.4 1.72 3.08 1.32 
1000 92.7 1.39 3.12 < O S  
1300 99.1 < O S  0.56 < O S  

700 

700 
1000 
1300 

1.08E-03 
<0.46E-3 
<0.42E-3 

1.11E-03 
<O, 43 E-3 
<0.42E-3 

1.18E-03 
<0.45 E-3 
<0.42E-3 

<3E-05 
<3E-05 
<3E-05 

0.11E-03 
0.08 9E-03 
<3E-05 

#158A (Std. PMAN; 1.6:l MAN:DVB) 
86.6 3.61 6.12 1.04 1.00E-03 0.25E-03 

#205 (HI& N; 3: 1 MAN:DVB) 
86.2 5.94 7.88 1.33 
87.8 2.02 5.42 <0.5 
98.9 <0.5 < O S  <0.5 

1.28E-03 
<0.47E-3 
<0.42E-3 

0.41E-03 
0.14E-03 
<3E-05 

---- 
2.23 
5.10 

---- 
4.07 
6.91 

---- 
9.15 
22.8 

commercial graphite, Lonza KS-6, for comparison purposes. (“Load” means intercalation of Li+, 
while “Unload” refers to deintercalation.) The reversible and irreversible capacities and the 
corresponding coulombic efficiencies are plotted as a fbnction of N content (in d o )  in Figure 1 for 
the 700°C samples. The reversible capacity increased while the irreversible losses gradually 
decreased with increase in N content, resulting in an overall improvement in coulombic efficiency. 

These results are in marked contrast to those reported by D a h  et al. for precursors based on 
pyridine, acetonitrile, and benzene [SI. In that work, the N contents ranged fi-om <O. 1% for the 
benzene precursor to 4.06% for the pyridine precursor and 8.37% for the acetonitrile precursor. 
The samples were pyrolyzed at 900°C and showed similar first-cycle reversible capacities but 
increased irreversible losses with increase in N content. The difference in behavior relative to the 
PMAN/DVM carbons is attributed to a much higher pyrolysis temperature, the different 
precursors, and the method of preparation (vapor-phase pyrolysis) that were used. 

The fade for the 700°C PMAN samples is shown in Figure 2 as a fimction of N content (in 
do).  As the N level increased, the fade increased (i.e., became more negative) almost 
monotonically. Thus, having a high reversible capacity is inadequate if it cannot be sustained for 
many cycles. 

When the 700°C samples were heated further, a weight loss of 2.2% to 9.2% occurred at 
1,000”C after five hours in argon. Weight losses of between 3.1% and 22.8% were observed 
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Figure 1. First-Cycle Reversible and Irreversible Capacities and 
Coulombic Efficiencies as a Function of N Content for 700°C PMAN 
Samples. 
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Figure 2. Fade of 700°C PMAN/DvB Carbons as a Function of N 
Content. 

for samples that were 
heated at 1,300"C for the 
same time. All of the N 
was removed by heat 
treatment at 1,3 OO'C, with 
significant reduction in the 
0 content, as well, most 
likely through evolution of 
CO and cyano species. 
After the 1,300"C heat 
treatment, 0 and H were 
also reduced to below the 
detection level in all cases 
but one. 

The performance data 
for samples heated at 
1 ,OOO"C, where some 
residual nitrogen remained, 
showed an increase in the 
first-cycle reversible 
capacities with N content, 
but now with a concomitant 
increase in the irreversible 
capacities, as reported for 
samples studied by D a h  
and coworkers [ 5 ] .  

At 1,3OO0C, where no 
N remained, the first-cycle 
reversible capacities were % 

similar for all carbons 
except the one containing 
styrene as a copolymer 
(#208). This material had a 
much lower first-cycle 
capacity, relative to the 
other carbons. The 
irreversible capacities, 
however, did not converge 
to a single value, but 
ranged from 74.3 to 205.1 
mAw3. 

When the reversible and irreversible capacities are plotted vs. N content (in d o )  for all of the 
carbons (regardless of pyrolysis temperature), a slight increase with increase in N level is 
observed, but with considerable scatter in the data. In addition to change in composition, the 
auxiliary heating also changes the microstructure of the carbons. This results in some localized 
ordering of the graphene sheets along with a reduction in surface area. This changes the 
electrochemical properties-especially with regards to irreversible losses. Part of these first-cycle 
losses are due to passive-film (i. e., SEI layer) formation (from solvent/electrolyte reduction) and 
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part results from trapping of Li in bulk sites. The KS-6 graphite is notable in that it showed a 
much lower first-cycle irreversible losses and much higher coulombic efficiencies under the same 
discharge/charge conditions, relative to the disordered carbons examine in this work. It also 
exhibited the least fade. This is a reflection of its well ordered structure, relative to the hard 
carbons. 

The effects of temperature on the first-cycle reversible capacities for all the carbons studied 
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are summarized in Figure 3 .  
These data indicate that the 
pyrolysis temperature 
dominates over the actual 
composition of PMAN/ 
DVB-based carbons. The 
capacity decreased almost 
monotonically with increase 
in pyrolysis temperature. 
The same trend was evident 
with the irreversible 
capacities for these 
materials. In general, the 
coulombic efficiencies 
increased with a 
corresponding reduction in 
fade as the pyrolysis 
temperature was increased. 

Thus, with such 
disordered carbons, it does 
not appear possible to 

attain high reversible capacities without also generating correspondingly high irreversible 
capacities. They appear to be mutually exclusive. Because of this loss and a high fade, such 
materials would not be suitable for use in Li-ion cells. After 20 cycles, for example, the KS-6 
graphite had the highest reversible capacity (because of its low fade) as well as the highest 
coulombic efficiency. The 700°C high-N carbon had the next highest reversible capacity but it 
also showed the highest fade and a lower coulombic efficiency relative to the graphite. This 
indicates that the passive film may not be as protective for the disordered carbons or that the 
higher fade may be a result of structural changes in these materials, relative to ordered graphite. 

CONCLUSIONS 

The nitrogen content of disordered carbons derived from PMANDW copolymers strongly 
influences its electrochemical behavior under conditions expected when used as anodes in Li-ion 
cells. The first-cycle reversible capacities increase and the irreversible capacities decrease as the 
nitrogen level increases for materials prepared at 700°C, which results in improved coulombic 
efficiencies. A first-cycle reversible capacity of 444 mAh/g is realized at 5.9% N. Unfortunately, 
the tendency to fade while cycling also increases with increase in nitrogen content. This is 
counter to work reported by others with N-containing carbons prepared at 900°C with benzene, 
pyridine, and acetonitrile precursors. In that work, severe capacity losses were associated with 
high-N levels with little effect of the reversible capacities. Differences in composition and form of 
the precursors and a higher pyrolysis temperature may be responsible. 
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Heating the 700°C carbon samples at higher temperatures of 1,OOO"C for five hours results in 
loss of 0, N, and H. Heating at 1,300"C removes all the nitrogen and hydrogen, along with 
considerable oxygen (most likely as CO and CN-containing species). The electrochemical 
behavior of these materials differs from that of the 700°C carbons, in that both the first-cycle 
reversible and irreversible capacities decrease almost monotonically with increase in temperature. 
The corresponding coulombic efficiencies and fade also improve with higher temperature. The 
heating results in a localized increase in order of the graphene sheets, which has more impact on 
the electrochemistry than the final composition for these materials. The commercial Lonza KS-6 
graphite outperforms the disordered carbons after 20 cycles, with higher reversible capacity and 
coulombic efficiency. It also has the lowest fade of all the materials studied, most likely because 
of a more-protective passive film or a more-ordered structure. Because of their high irreversible 
first-cycle losses, these disordered carbons are not suitable for use as anodes in Li-ion cells. 
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