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Summary 

Polybenzene (poly-p-phenylene, PPP) was chemically synthesized by _ -_ _ 
the KovaciC method and electrodes fabricated with mixtures of 92.5 wt.% 
PPP and 7.5 wt.% carbon black by compression. The cyclic behavlour of 
these electrodes m 14 M H2S04 under galvanostatic conditions (J ” 1 mA 
cm-‘) has been mvestigated. From thm layer experiments, a maximum 
degree of msertion, ymax = 0.17, can be derived with reference to the 
aromatic unit -C6H4-, correspondmg to an electrochemical charge density 
of about 50 A h kg-‘. The average discharge voltage is about 0.9 V uersus 
SHE and the rate of self-discharge is as low as 1 PA cmv2. Capacity loss 
upon cycling was due to shedding of active material and overoxidation of 
the host lattice. A comparison is made with graphite and other synthetic 
metals m aqueous and non-aqueous electrolytes 

Zusammenfassung 

Polybenzol (Poly-p-phenylen, PPP) wurde chemisch nach der Kovacic- 
Methode synthetmert. Aus Mischungen von 92.5 Gew.% PPP mit 7.5 
Gew.% Leitruss wurden Elektroden gepresst. Das zyklische Verhalten dieser 
Elektroden unter galvanostatischen Bedmgungen 0 I 1 mA cmm2) wurde 
untersucht. Aus Diinnschichtversuchen kann em maximaler Insertionsgrad 

von ymax = 0.17 (in bezug auf die Aromatenemheit -CaH,-) abgeleitet 
werden, was emem elektrochemischen Equivalent von etwa 50 A h kg-’ 
entspncht. Das durchschmtthche Entladepotential betr&t etwa 0.9 V 
gegen SHE. Die Selbstentladungsgeschwindigkeit Ist mit 1 PA cmT2 sehr 
medng. Kapazitatsverluste beim Zykhsieren werden durch Ablosen der 
aktiven Masse und durch fjberoxidation des Wnts@tters verursacht. Ver- 
gleiche zum Graphit und zu anderen synthetischen Metallen m wgssrigen 
und mchtwiissrigen Elektrolyten werden durchgefiihrt. 
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1. Introduction 

The successful development of new batteries is predommantly a matter 
of material science. The “active masses” for electrochemical energy storage 
must optimally meet the “five Es”, namely competitive economy, high 
energy densities, good electric as well as thermal energy efficiencies, no 
environmental hazards and last, but not least, reversible electrochemical 
behaviour, to realize high power densities and long cycle life. A new chal- 
lenge arose at the end of the 1970s with the conducting polymers, based 
initially on polyacetylene [ 1 - 31. Structural alternatives such as poly-p- 
phenylene PPP (“polybenzene”) [4, 51, polypyrrole [6] and polythiophene 
[7] became mterestmg owing to their unproved stability. Upon cycling, 
these polymers, with ConJugated double bonds, act as host lattices for anions 
or cations which are electrochemically inserted or removed They can be 
regarded as ideal battery electrodes. In the case of polybenzene, the overall 
reaction for an msertlon compound of the acceptor type can be expressed as 

(-C&H,-), + xyA- + vxyHA s [(-C&4-)Y+.yA-.~yHA]x +xye- (1) 

where x is the degree of polymerization, y the degree of insertion of anion 
A-, and v the stoichiometnc number for solvate acid HA. 

Broad experience with other insertion electrodes, eg. inorganic com- 
pounds such as MnOz [ 81, V601s [9] or TiSz [lo], and graphite [ 111, is of 
some benefit While m the former case the stoichiometric degree of insertion 
1s high (typically y = 100%) and reversibility is limited, the situation m the 
case of graphite intercalation compounds is quite the opposite low y (2% - 
4%) IS linked with extremely good cychc behaviour, according to FUJ~‘S 
[12,13] and our own [14 - 171 mvestigations. These earlier fmdmgs serve as 
landmarks for new developments, and it is hoped to combme the high y of 
morgamc systems and the high stability of graphite with the intrinsic low 
equivalent weights of the new systems. 

In most cases, the new polymers have been used m aprotic electrolytes, 
allowing the application of lithium negatives. However, the behaviour of this 
metal electrode is poor on cyclmg m these electrolytes. More recently, 
aqueous electrolytes have been shown to be applicable for polyacetylene 
[18 - 201 and for polybenzene [21 - 231. Only for polybenzene (and poly- 
thiophene), however, but not for polyacetylene (and polypyrrole), is the 
potential sufficiently positive for practical use. We have extended our former 
voltammetnc investigations of PPP [ 22,231, synthesized chemically by the 
Kovaci?! method [24,25], to galvanostatic cycling expenments with single 
electrodes m aqueous sulphunc acid, includmg thm layer electrodes, m order 
to sunulate battery conditions 

2. Experimental 

The chemical oxidation of benzene under mild conditions (CuC12 as an 
oxidant, AlCl, as a Fnedel-Crafts catalyst, reaction temperature 0 - 80 “C) 
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yields poly-p-phenylene (PPP) as a light, brown powder, msoluble m 
all solvents and infusable [24,25]. We apphed KovaciE polymerzzcztzon 
under standard conditions, as described before [ 221. Elementary analysis 
revealed a lower concentration of H, -5% to -7% below the theoretical 
composition (C,H&, m agreement with KovaciE and Kynakis [24]. Lmkage 
m the p-position dominates absolutely, unlike products with FeCls 
[22,24], or the anodically deposited layers on Pt from aqueous HzFz 
[21,26]. 

The dry PPP powder was mixed with 7.5 wt.% soot (carbon black) 
Corax L@ from the Degussa Company. Pellets were fabricated from this 
mixture m a mould of steel at 570 MPa. They were 17 mm m diameter, 1 - 2 
mm thick and had a resistmity of 300 J2 cm [22]. Analogous mixtures with 
10% Ketlenblack EC? have a resistivlty of 200 52 cm as a pellet. The so- 
called pellet electrodes were made by mountmg these discs - after gently 
roughening both sides with fine Carborundum paper - in an electrode holder 
described m ref. 22. The free area exposed to the electrolyte was reduced to 
1.3 cm2 In the course of the electrochemical experiments, only a surface 
layer of about 0.1 mm thick participated m the electrochemical conversion. 

In order to achieve total conversion of the PPP material, thm layer 
electrodes were made by the following procedures 

Pressed thzn layer (PTL) electrodes were made by application of the 
above-mentioned mixtures, PPP/carbon black, onto base electrodes of Pt 
mesh (400 cme2), p = 50 MPa, 20 “C. The fmal thickness was about 100 pm. 
Etched tuzu-uum expanded sheet, 12 holes/cm2, was also suitable. A stand 
at open-circuit voltage, however, led to activation of the Ti urlthm a few 
mmutes. Nevertheless, under cycling conditions, the Ti can be regarded as 
virtually inert. 

Dipped thzn layer (DTL) electrodes were started from a typical disper- 
sion of 750 mg PPP and 250 mg KetJenblack EC@ m 10 ml tetrahydrofuran, 
contammg 100 mg of PVC (Vmoflex S 6815, BASF Co.). After three dips of 
the sheet electrode, made of 0.1 mm smooth Pt, with mtermedlate drying 
and a final drymg stage at 80 “C, a black layer of reasonable adherence and a 
thickness of a few ,um was formed. 

Counter-electrodes were made from CPP (80 wt.% purified natural 
graphite and 20 wt.% polypropylene). The reference electrode was always 
Hg/Hg-I-sulphate m 1 M H2S0+ Potentials are denoted as lJ, and are U, + 
674 mV uersus SHE. 

The electrolyte was 14 M H,SO,, made from 97% H2S04 p.a from 
Merck and distilled water, as a compromise between the poor electrochemr- 
cal behaviour of PPP m more diluted (< 10 M) acid [22] and the chemical 
attack of metals (as possible candidates for negative electrodes) in concen- 
trated (18.3 M) H2S04 All measurements were performed m unstirred 
electrolyte at 20 “C 

The PPP electrodes were galvanostatically cycled using voltage limits. 
The charge and rest times [27] could be preset between 10m2 and lo5 s and 
the charge/discharge curves were plotted on an x/t recorder. 
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3. Results and discussion 

3.1. Typrcal galvanostatx potentialhme behavaour 
A typical cycling curve with a PTL electrode is represented m Fig. 1. 

The average chargmg potential is U, I 0.3 V, m agreement with the potential 
at which a steep rise of the anodic current/voltage curve occurs m 14 M 
HzS04 [ 221. Discharge potentials are shifted to more negative values as is also 
mdicated m the current/voltage curves. The first chargmg curve (up to the 
preset end-potential of U, = 0.45 V) is much longer than all the following 
ones. We presumed that this could be due to anodlc oxidation of low molec- 
ular weight impurities present m the polymer. Control experiments wrth 
PPP, purified m two steps ((1) boiling with dilute HCl, (2) 24 h boiling with 
toluene), however, did not change this general behavlour at all. It therefore 
seems that some formation process of the compressed PPP/carbon black 
mixture is responsible. Carbon black alone has no electrochemical activity 
m this potential region [22]. The capacity of the electrode decreases during 
the following cycles, while the current efficiency tends to become vu-tually 
constant (see 83.3). After some formation, the occurrence of steps m the 
chargmg curve become obvious 

16 18 20 22 

Fig 1 Cychc galvanostatlc charge/discharge curves of a PTL electrode on Pt mesh 92 5 
wt % PPP, 7 5 wt.% Corax L@, m = 49 mg, z = 3 mA, area A - 1 6 cm2 (smgle side) 
Chargmg up to US = 0 46 V, deep discharge down to US = -0 2 V, electrolyte = 14 M 

H2S04 

The overall behaviour does not change with the DTL electrodes, as 
demonstrated by the example m Frg. 2. The appreciably smaller capacity B 
compensated experimentally by the lower current density. Ketlenblack EC@‘, 
which was used in this case as carbon black, showed some increase of basic 
current in comparison to Corax Le. 

3.2. Evaluation of ymax 
In our previous work [22,23], we used pellet electrodes of 1 - 2 mm 

thickness exclusively. After some voltammetric formation cycles, a surface 
layer of about 0.1 mm took part m the electrochemical conversion. The 
maximum degree of insertion, ymax, could only be determined arbitrarily. 
With our thin layer electrodes, we are now able to derive more reliable 
values. 
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Fig 2 Cychc galvanostatlc charge/discharge curves of a DTL electrode on Pt sheet m = 
2 4 mg (68 wt.% PPP, 23 wt % Ketjenblack EC @, 9 wt % PVC from THF solution), 1 = 
0 2 mA, total area A - 4 cm2 Charging up to U, = 0 61 V, deep discharge down to U, = 
-0 2 V, electrolyte = 14 M H2SO4 

Fig 3 Evaluation of discharge capacity QE us mass m of PPP (as a 92 5 wt % mixture with 
7 5 wt % Corax L@) with a PTL electrode for ymax Results after two and five cycles for 
three different end-potentials of chargmg, US,E Us,disd = -0 2 V, electrolyte = 14 M 
H2S04 

Figure 3 represents a plot of discharge capacity Qz against mass of 
92.5 wt.% PPP m PTL electrodes cycled accordmg to Frg. 1. The end-poten- 
tial of charging, Us, z, was the experimental parameter which was changed. 
Theoretical lines for three degrees of msertion y are drawn in addition. y 
refers to one benzene rmg and is defined as 

QE&,H, 

y = Fm(PPP, 100%) 
(2) 

It can be seen from Fig 3 that ymax is about 0.15, obtainable at hrgher levels 

Of h,E. 
These fmdmgs are confirmed v&h the even thinner DTL electrodes 

(see Fig. 4). The average value of ymax corresponds roughly to ymax Y l/6, 
which means that every sixth benzene ring is oxidized to the radical 
cation. 
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Fig 4 Evaluatron of drscharge capacrty QE us mass of PPP contamed m varrous DTL 
electrodes A, B, C for ymax Results after two and five cycles for the followmg systems 
A, drspersron of 750 mg PPP and 250 mg Ket]enblack m 10 ml drchloroethane wrth 60 
mg epoxy resm and 60 mg hardener dissolved m it, composltlon of solid layer 68 wt 96 
PPP/23 wt % Ketlenblack/S wt % binder B, dlspersron of 750 mg PPP and 250 mg Ket- 
Jenblack m 10 ml THF with 100 mg PVC dissolved m it, cornpositron of sohd layer 68 
wt % PPP/23 wt % KetJenblack/S wt % PVC C, dlspersron of 1 0 g of a dry mixture con- 
taunng 90 wt % PPP and 10 wt % Ketjenblack m 10 ml THF with 100 mg PVC drssolved 
m it, composltron of solid layer 82 wt % PPP/S wt % KetJenblack/S wt % PVC End- 
potential of chargmg US,~ = 0 51 V, U *,dish = -0 2 V, electrolyte = 14 M HzS04 

3.3. Forma tton and extended cycimg behavlour 
The degree of msertion y evaluated from the discharge capacity Qs, and 

the current efficiency (Y calculated accordmg to 

o = QE/Qch (3) 

as a function of cycle number 2 are shown m Frg. 5 for two characterrstrc 
galvanostatlc cychng experrments. Run No. 1 (wrth Pt as the base electrode) 
exhibits a continuous slow loss of discharge capacity upon cycling. Thus can 
be ascrrbed to overoxidation of the host lattice According to our very slow 
cychc voltammetrlc measurements [28], this process starts as US N 0.4 V and 
leads to the mtroduction of carboxylic groups accompamed by cleavage of 
C-C bonds. Experiment No. 2 was performed under more severe condltlons 
(end-potentral of chargmg Us,, = 0.60 V), and the mrtlal loss of capacity rs 
even more pronounced. Presumably, a loss of ohmic contact of active mass 

Fig 6 Formation behavrour for two galvanostatlc cycling experrments with PTL elec- 
trodes (92 6 wt % PPP/7.6 wt.% Corax L@) under deep discharge No 1 used Pt as the 
base electrode (cf Frg l), No 2 was performed with TI as the base metal Us,aisd = 
-0 2 V m both cases, electrolyte = 14 M HzS04 
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is also mvolved m this case. After about ten formatron cycles a quasi steady 
state is reached m both cases, and an (Y of 99% or even higher allows cycle 
numbers of 100 or more. We have previously [27] found an analogous 
increase of a! m the course of galvanostatic cyclmg with polypropylene- 
bound graphite. An improvement of the electrode m terms of a compressed 
sandwich with porous separators to prevent active mass shedding seems 
possible. 

We fabricated thm (0.06 mm) sheets of 30% - 40% PPP, 7% - 12% car- 
bon black and 63% - 48% polyethylene or PVC (mixed m a plastic kneader 
then hot pressed at 27 MPa and 150 “C between Al foils). These sheets could 
not be operated as free-standmg foil electrodes as poor conduction and 
formation behaviour lead to poor y values. The reslstivlty was much higher 
than with layers which had been homogenized and pressed at room tempera- 
ture, with or without a bmder (~10~ 52 cm compared wrth r103 a cm). In 
this case, it was necessary to raise the carbon black concentration to 20 wt.% 
to achieve a resistivity of lo3 S2 cm. 

3.4. Parka1 cyclmg 
A cycling experiment was mitiated with a PTL electrode m rough 

analogy to that represented m Fig 1. After two complete cycles and a third 
charge, the discharge was stopped after the removal of about 10% of the last 
discharge capacity, and the same charge was introduced agam into the 
system. Accordmg to Fig. 6, these partial discharge cycles could be repeated 
57 times before the lowest discharge potential reached the ongmal low level 
of complete discharge Assuming that the hmitation of the partial cycling 
process to 2 cycles ls due to an unbalanced chargmg process, a partial charge 
ocp AQ 1s introduced mstead of AQ with each partial charge, but A& is 
removed The total inventory Q0 is exhausted after 2’ cycles, and o”p can be 
calculated accordmg to [29] 

oc,=l-QQo/AQZ’ (4) 

I-0 2 u,uuurruuuuuuuuu!vuvvrl 
12 16 16 18 

Fig 6 Galvanostatlc partial cyclmg experiment with a PTL electrode on Pt mesh 92 6 
wt % PPP and 7 5 wt % Corax L@, m = 94 mg, I = 5 mA, US.E = 0 45 V, Qm = 14 6 C 
(second cycle), AQ = 1 5 C (part&al cyclmg) The broken line mdlcates the last discharge 
curve, expanded to the time of the partial cyclmg experiment, electrolyte = 14 M HzS04 
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With the data of the experiment shown m Fig. 6, cw, = 0.83, which is lower 
than (Y = 0.93 followmg from the deep discharge cycles represented in Fig 1. 

3.5. Self-discharge 
Self-discharge of a charged electrode standing at open-crrcult potential 

(ocp) has been mvestigated as it 1s an important battery electrode parameter. 
Figure 7 shows the ocp/time curve. After an initial decrease, due to flat- 
tenmg of the concentration profiles, a quasi steady state potential was 
maintained at U, Y 0.2 V for a long time. Discharge of the residual charge 
after 7 = 1079 (2663) hours for run No. 1 (2) revealed the presence of p = 
55% (9%) of the mitral charge (m terms of Qx of the last deep discharge). 
From these data, the average corrosion current density lcorr can be calculated 
from 

I co* = QE(~ - P)/T (5) 

The results are 1.4 (1.1) PA cm -2, demonstrating a rather low rate of self- 
discharge m 14 M H2S04. For these experiments, the pellet electrode was 
used so as to exclude any localized cell action with the base electrode mate- 
rial. 

kfl 

:“. - - 
l O 

Fig 7 Potential (open-cncult)/tlme curves of two parallel runs for evaluation of the rate 
of self-discharge Pellet electrode, 92 5 wt % PPP/7 5 wt % Corax L@‘. Current density J 

for seven complete cycles of formatlon = 0 6 mA cmW2 Qm of last deep dscharge = 
12 2 C Residual discharge fl for run 1 after 1079 h = 55%, for run 2 after 2663 h = 9% 
Electrolyte = 14 M H2S04 

Confirmation of these fmdmgs was obtained by systematic variation of 
the rest time (stand at open-circuit voltage) 7. Increasing 7 decreased the 
residual discharge capacity Qrel. Figure 8 shows two plots of current effi- 
ciency or,,, agamst 7 for two drfferent electrolytes. cu,,, is defined as 

or,, = Qrei/Qci, (6) 

where Qch 1s the last charge capacity. From the slope of this curve, the corro- 
sion current density can be obtained [ 27 ] accordmg to 

lcorr = A%,,Q,hlAT (7) 
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1 

(4 (b) 
Frg 8 Residual discharge capacrty evaluatron of a pellet electrode (92 5 wt.% PPP, 7 5 
wt % Gorax L@) m electrolyte (a) 14 M HzS04 and (b) 6 M HzS04 after an open-cucmt 
potentral stand of time r Discharge current den&y = 1 5 mA cmm2 Formatron (ten 
cycles) and last charge are both m 14 M H2S04 at 1 5 mA cm-? (U~,E = 0 51 V) The 
ordmate a;, is defined m the text 

The mltlal slope rs greater than the steady state slope. This 1s due to a high 
mltial surface concentration of msertlon compound. In 14 M (6 M) HzS04, 
an mitral lcorr of 35 (350) PA cm-* 1s calculated wlthm the first 100 (5) 
hours. The quasi steady state value rs 0.6 (4.3) JLA cm-*. The values calcu- 
lated from eqn. (5) are an average of both regimes. 

3.6. Formation of the pellet electrode 
Galvanostatlc cyclmg experiments were performed to gain further 

mslght mto the complex processes occurrmg m the compressed PPP/carbon 
black mrxtures under current dram. Accordmg to Frg 9, Qx mcreases 
lmearly wrth tune due to a formation process, which reflects successive 
penetrations of the active zone into the pellet to a depth of 1 - 2 mm. This 
formation effect was much less pronounced in our previous cycling experi- 
ments wrth pellet electrodes under slow cycle-voltammetrrc condltlons 
[22,23]. Thus can be readily explained in terms of higher current den&es 
at more positive potentials for much longer penods m the case of galvano- 
static cyclmg. cy remams at a relatively low level (60%) as that part of each 
new cycle is run under “nntlal condltlons” (see Fig. 5). After 25 cycles, Qx rs 

Fig 9 Galvanostatlc cycling of a pellet electrode, 92 5 wt % PPP/7 5 wt % Corax L@ 
jch =~n I 1 mA cmm2, US,~ = 0 51 V, deep discharge to Us = -0 2 V Plot of drscharge 
capacrty Qx (x, +) and current effrclency (Y (0, 0) us cycle number 2 for two independent 
runs Electrolyte = 14 M HsSO4 
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about 10 C, correspondmg to a depth of penetration d of about 0.3 mm, 
assuming total conversion up to ymax Penetration values observed at the end 
of the expenment were even higher by a factor of 2 - 3. 

4. Conclusions 

Our results obtained with thm layer PPP electrodes allow reliable calcu- 
lation of the maxrmum degree of msertion ymax. From Figs. 3 and 4, ymax IS 
slightly above 15%. We conclude from thus that every srxth benzene ring can 
be oxldlzed to a radical cation site. The macro radical cation is vutually 
stable, even m aqueous electrolytes, as shown by the cycling experiments. 
The positive charge 1s compensated by the insertion of anions. From our 
previous findings 122, 231, a co-msertron of two molecules of solvate acid 
per amon 1s derrved. The PPP host lattice contams stacked chams of PPP 
molecules. The above-mentioned storchlometry leads, quahtatnely, to a 
distribution of anions and solvate molecules, as outlined in Frg. 10. Thus is 
srmrlar to the structure of graphite hydrogen sulfate, shown for comparrson. 
The most important drfference 1s the dvectlon of the mam electronic con- 
ductwlty: along the c-axis m PPP (through the stack perpendicular to the 
chains), but perpendicular to the c-axis m graphite (along the planes). ymax 1s 
rmportant for battery apphcatlons, as it governs the maxnnum eZectrochemr- 
cal equwalent 

Y F max 

me = MB + YmaxM~ 
(8) 

where MB and MA are the molecular weights of the host lattice unit and the 
anion, respectively. Thus equation does not consider co-msertron of solvate 
acid or solvent molecules. 

solvote orld 

Fig 10 SchematIc representation of the structure of a graphite mtercalatlon compound 
and the poly-p-phenylene msertlon compound of acceptor type 
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TABLE 1 

Battery positives from graphite and conductmg polymers m aqueous (a) and non-aqueous 
(na) electrolytes [22] 

Polymer 
host lattwe 

Electrolyte Cl umt M (g) ymax 
(Cl umt) (Cl unit) zh kg-‘) 

&I (V) 

Graphite a C 12 0 021 39 9 17 
na C 12 0 042 69 1 20 

PPP a (330.67 12 7 0 028 48 4 13 
na 151 CHo 61 12 7 0 08 103 6 16 

Polyacetylene a [gOI CH 13 0 046 68.9 06 
na CH 13 01 116 6 07 

Polypyn-ole na CHO 75N0.25 16 3 0 09 96 3 03 

Polythlophene na CHo 5oSo 25 18 6 0 13 110 6 10 

Table 1 compares graphite and various polymer materials for aqueous 
and non-aqueous electrolytes. To Improve comparabrhty, all values refer to 
a C1 umt. MA 1s assumed to be 100. 

Table 1 shows that the specrfrc capacrty m, of PPP is shghtly superror 
to that of graphite, but other conducting polymers show appreciably hrgher 
values of Ymax On the other hand, the potentzd level is most positive for 
PPP, as shown in the last column. 

The addition of about 10 wt.% carbon bkzck proved to be suitable to 
attam an appropnate conductmlty. The same effect has been reported previ- 
ously for polyacetylene [ 301. 

Galvanostatlc cycling was applied m the regron of 1 mA cmW2 The 
formatzon of the electrodes was stronger than m our former slow cyclo- 
voltammetnc expenments [22,23]. The loss of capaczty 1s due to shedding 
of active mass in the mitral stages. Overoxldatlon of the PPP host lattrce 
plays an addltlonal role. The stabzlzty 1s supenor to that of polyacetylene, 
but less than that of graphite. The cost of PPP matenal 1s higher than for 
natural graphite, but synthetic polymers have the great advantage that 
they can be fabricated on an mdustnal scale, startmg from well-defined 
monomers. 
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List of symbols 

Faraday constant 
Current density 
Corrosion current density 
Mass 
Molecular mass 
Charge capacity 
Discharge capacity 
Residual capacity 
Initial capacity 
Partial capacity 
Voltage 
Potential uersus SHE 
Potential versus Hg/Hg,SO,+/l M H2S04 reference electrode 
Degree of polymerization 
Degree of insertion 
Maximum degree of insertion 
Cycle number, number of cycles 

Current efficiency (A h efficiency) 
Current efficiency for partial cycles 
Stoichiometric number for solvate acid HA 
Time constant, rest time 
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