JOURNAL OF APPLIED ELECTROCHEMISTRY 14 (1984) 721-729

Electrochemical reactivity of aromatic compounds for
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The electrochemical reactivity of aromatic compounds coupled with Li in LiClO4—propylene carbonate
was studied. Simple aromatic compounds, triphenylmethane compounds and quinone imine dyes were
used. Discharge results for aromatic cathode-Li cells indicated that the relation between discharge
voltage measured and reduction potential reported was approximately linear, which suggested that the
discharge products were ion complexes. Also, the discharge voltage increased with an increase of their
electron accepting groups and with a decrease of the electron donating strength of alkyl groups in their
amino end groups. Among these compounds, rosaniline derivatives, bromo-substituted phenol red and
thiazine dyes showed higher discharge voltages than 2.5 V. Methylene blue (MB) showed the largest
energy density of 363 Whkg™!. Details of MB charge—discharge behavior were examined. The dynamic
charge-discharge tests and cyclic voltammetry results suggested that the MB-Li cell could be cycled
up to 2e per mol of MB depth. Direct reaction between the Li anode and dissolved MB seemed to be
small as indicated by the Li* ion conductive film formation on the Li anode.

1. Introduction As a typical example for aromatic compounds,
charge—discharge tests for methylene blue (MB)
Many cathode active materials for high energy Li were carried out. MB was soluble in the electro-

batteries have been studied. TiS,, NbSe;, V4043 lyte. Some experiments were conducted to

{11 and conductive polymers, such as polyacety- examine the possibility of protective film for-
lene [2] are typical reversible cathode active mation on the Li, which avoided the self-discharge
materials, based on topochemical or electro- of the MB-Li cell system.

chemical doping reactions. However, few studies

on aromatic cathode active materials have been 2. Experimental details

reported. Quinones [3], pyrometallic dianhydride
[4] and phthalocyanines [5] are rare cases of such  Reagent grade aromatic compounds (Tokyo Kasei

studies. Co.) as the cathode active materials were used
This work reports the possible use of aromatic after drying at 60° C in vacuo for several days.
cathode active materials in Li cells. Simple aro- A laboratory type cell [5], shown in Fig. 2, was
matic compounds, triphenylmethane compounds used to examine the cathode active material
and quinone imine dyes were used. Fig. 1 and properties. A Li disc anode (3.14 cm?) was pre-
Table 1 show chemical structures for these com- pared by pressing a Li wire (¢. 3 mm ¢). Current
pounds. Discharge tests on these compounds density was calculated by using this anode surface
coupled with Li were carried out in 1M LiClO,4~ area. The cathode mixtures were prepared by
propylene carbonate. The relation between mixing appropriate amounts of cathode active
discharge voltages measured and reduction material and acetylene black (AB, Denki Kagaku
potentials reported were examined. The discharge ~ Co.). A carbon felt sheet (Nippon Carbon Co.)
voltage dependence on chemical structure was was used to prevent direct reaction between
also investigated. the cathode active material and the Li metal.

0021-891X/84 $03.00 + .12 © 1984 Chapman and Hall Ltd. 721



722 SHIN-ICHI TOBISHIMA, JUN-ICHI YAMAKI, AKIHIKO YAMAIJI

Qw R

2 N
Q > C P
R,
C 2 ¢ ﬁ

B)
?\K/ Ry N
) ®¢/R1R ﬁ@\@
C

i (D)

3
G)

Fig. 1. Chemical structures of aromatic compounds used.
(A) Triphenyimethane acid-base indicators, (B) and (C)
triphenylmethane dyes, (D) quinone imine dyes.

A porous polypropylene sheet (Polyplastic Co.)
was used as a separator. The electrolyte was 1M
LiC104~distilled propylene carbonate (PC, Tokyo
Kasei Co.) solution. Water content was less than
200 ppm.

The cell shown in Fig. 3 was used to examine
Li-MB reactions under galvanostatic charge—
discharge operation with a visual spectrometer

Table 1. Structure of aromatic compounds

Ni wire
PTFE

Li-anode
Separator

Carbon-felt

N
-2
§ 3

W

Cathode
Ni- plated brass

Fig. 2. Cell configuration for discharge tests of aromatic
compound~Li couples. PTFE is polytetrafluoroethylene.

(Shimazu Co. Model UV-365). This cell is U-
shaped to prevent mixing of the reaction pro-
ducts between the two electrodes. It hasa Li
sheet electrode and a Ni net electrode.
Capacitance and resistance of the Li electrode
in LiClO-PC-MB solution were measured by the
coulostatic method [6] to evaluate the MB
solubility influence (Fig. 4). In the coulostatic
technique, 0.1 uC was injected into the Li elec-
trode from a small capacitor (0.01 uF). The result-
ant change of potential was converted to log V'
using an electrometer and digital recorder. The
sampling interval was 2 usec. The charge divided
by the change of potential (extrapolated to zero
time) then gave the electrode capacitance. The

Structural group Compound R, R, R, R, X

in Fig. 1.
phenol red H H H SO;Na

A bromothymol blue CH(CHy), Br CH, SO,Na
bromocresol green Br Br CH, SO;Na
bromophenol blue Br Br H SO;Na -
cresol red CH, H H SO,;Na
o-cresolphthalein CH, H H CO,Na

B rosaniline H H H H
crystal violet CH, CH, CH, CH, -
acid brilliant blue R C,H; C,H,SO;Na C,H, C,H,

C brilliant green C,H; C,H; C.H; - -
erio green B CH, CH, C,oH,8,0,

D methylene blue H CH, CH, S
neutral red CH, H CH, NH
Capri blue CH, C,H, CH, 0]
thionine H H H - S
toluidine blue CH, H CH, S
nile blue CHF H C,Hy o
methylene greenT H CH, CH, S

* Condensed benzene rings; 1 also have — NO in p-position in a ring. The structure of aurin has = O and two — OHs
instead of rosanilines’ three — NH groups, Groups B, C and D have CI” counter anion.
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Fig. 3. Cell configuration to examine the MB~Li reaction.
Lielectrode (150 X 10 X 0.5 mm), Ni electrode (150 X
10 X 0.5 mm).

slope of the 7~In V plot divided by the electrode
capacitance gave the electrode resistance,

Cyclic voltammetry for MB in 1M LiClO4—
PC was carried out by using a cell similar to that
of Rauh ez al. [7] with a Li disc anode (1 cm?),
a Li reference electrode and a Pt working (0.32
cm?) electrode.

All the cells were constructed and tested in an
argon filled dry box.

3. Results and discussion

3.1. Discharge characteristics of aromatic
compounds coupled with Li

Discharge tests for Li—aromatic compound cells
were carried out at a constant current of 1 mA
(0.32 mA cm™?). Most of the discharge curves
showed one flat part, which was followed by a
gradually decreasing part. The potential for the

Table 2. Discharge characteristics for simple aromatic compound-Li cells at I mA (0.32mA cm™?)

G

F

Fig. 4. Cell configuration for resistance and capacitance
measurements in LiClO,~PC added MB(4 X 1072 M).

A — Ni wire, B — Ti wire, C ~ glass tube, D ~ Li counter
electrode (150 X 10 X 0.5 mm), E - Li reference elec-
trode, F - Li working electrode (20mm¢ X 0.5 mm), G -
PTFE holder, H - Pyrex case, [ - MB-LiC10,-PC
solution.

PC-Li reaction on a graphite electrode was
reported to be 0.6V vs Li [8]. So we can not deny
the possibility that the second part may corre-
spond to a PC~Li reaction. Therefore, the voltage,
capacity and energy density obtained from the
first plateau was used to evaluate the cell
characteristics. In the case of simple aromatic
compounds consisting of only hydrogen and
carbon atoms, initial discharge voltages were
1.1-1.5V, as shown in Table 2. However, higher
discharge voltage is required for a Li battery.
Therefore, triphenylmethane compounds and
quinone imine dyes with electron accepting
groups and/or high reduction potentials were
examined.

*

Cathode active Molecular Dischargef Energyt Discharge Utilization

material weight capacity density voltage (%)
(Ahkg™) (Whig™) (V)

anthracene 178.23 80 104 1.30 27

pyrene 202.26 74 86 1.16 28

phenanthrene 178.23 60 74 1.23 20

perylene 252.31 69 97 1.40 33

naphthalene 128.21 48 62 1.28 12

naphthacene 228.29 26 36 140 11

acetylene black (AB) - 128 168 - -

Cathode Composition: 0.05g AB + 0.05g cathode active material
* Values for the first plateau of the discharge curves; T values based on only cathode active material weight; ¥ values

based on 2e transfer; § values based on AB weight only.
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Fig. 5. Discharge curves for triphenylmethane compound-
Li cells with 1M LiCI0,~PC at 1 mA: (a) crystal violet,

(b) rosaniline, (¢) aurin, Cathode composition, 0.05g
acetylene black and 0.05g cathode active material.

3.1.1. Triphenylmethane compounds. Triphenyl-
methane compounds (TPM) used in this work
were separated into two groups according to their
properties, i.¢. triphenylmethane acid-base indi-
cators shown in Fig. 1A and triphenylmethane
dyes shown in Fig, 1B and C. Fig. 5 shows some
typical discharge curves for triphenylmethane
dye—Li cells. The initial discharge voltages for
TPM cells were 0.5~1.0 V higher than those for
the non-substituted aromatic compound cells.
Table 3 summarizes the discharge cathode charac-
teristics for the TPM cells.

In the case of triphenylmethane acid-base
indicators, the initial discharge voltages increased
with increasing electron accepting groups and also

decreasing electron donating groups, as shown in
Table 4. As the cell voltages, open circuit voltages
(OCVs), were not used, The OCV is reported not
to reflect the effective voltage for the cathode
active material because OCV varied with adsorbed
impurities, such as oxygen, on the cathode [9].
The dependence of the discharge voltages for
triphenylmethane dyes on {— x) was briefly
examined: (— x)}is a parameter in the Hiickel
approximate equation for the lowest unoccupied
molecular orbital (LUMOQ) energy level (£),
E =a+ fx [10]. The relation between (—x)and
reduction potential is known to be linear if the
solvation energy is the same [10]. Reported and
calculated (— x) values and initial discharge
voltages are shown in Table 5. Parameter (—x)
decreased in the order N(C,Hs) > N(CH;} >
NH; for amino end groups. The decrease in
(— x) means an increase in cell voltage. So,
rosaniline with NH; end groups showed a higher
voltage value(2.75V) than that for crystal violet
with N(CHs; ) end groups. The calculated (—x)
value for brilliant green was low. This lower
{— x) value for brilliant green than for rosaniline
could not explain the lower voltage for brilliant
green. This may be caused by the rough pertur-
bation method, In this method, the effects of
Aa;s and ABjs other than Aey are assumed to be
negligible (Aq; = the difference in the coulomb
integral of the ith atom caused by the perturba-
tion. Aay = Ag; of nitrogen atom, AS;; = the

Tuble 3. Discharge characteristics for triphenylmethane compound-Li cells at 1 mA {0.32mA cm™ }*'

Cathode active Molecular Discharget En ergy"?“ Discharge Utilizationt
material weight capacity density voltage /%)
(Al kg™) (Whig™) (v)
crystal violet 407.99 100 214 2.14 76
aurin 290.32 59 163 2.75 32
erio green B 560.61 40 92 2.30 42
brifliant blue R 825.99 56 152 270 87
rosaniline 325.67 79 217 2.75 48
brilliant green 482.64 20 46 230 18
phenol red 354.38 121 260 215 80
bromothymol blue 624.38 60 147 245 70
o<resolphthalein 346 .38 60 113 1.90 39
bromophenol blue 669.96 50 136 2.75 62
bromocresol green 698.01 38 104 2,72 30
cresol red 38243 24 43 1.80 17

Cathode Composition: 0.05g AB + 0.05g cathode active material.
* Values for the first plateau of the discharge curves; T values based on only cathode active material weight, ¥ values

based on 2e transfer.
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Table 4. Relation between initial discharge voltage and functional groups in triphenylmethane acid-base indicators

Functional groups

Electron donating Electron accepting

Cathode active Initial discharge
material voltage (V)
bromophenol blue 2.75
bromocresol green 272
bromothymol blue 2.45

phenol red 2.15
o-cresolphthalein 1.90

cresol red 1.80

- —BrX2
— CH, —Brx2
— CH,,~ CH(CH,), -— Br

— CH, -

— CH, _

difference in the resonance integral of the ith
atom and fth atom caused by perturbation).

Rosaniline type compounds in Fig. 1B showed
relatively larger energy density. For example,
crystal violet showed 214Wh kg™* . Otherwise,
triphenylmethane acid—base indicators showed
relatively smaller energy density, which may be
due to the Na* and H influence in their com-
position.

3.1.2. Quinone imine Dyes. Fig. 6 shows discharge
curves for quinone imine dye (QID)-Li cells. The
initial discharge voltages for QID cells were
relatively higher. For example, methylene blue
(MB) showed approximately 1.2 V higher a voltage
than that for the perylene cell, which showed
the highest voltage among the simple aromatic
compounds, This voltage difference between
MB and perylene was about the same as the
reported reduction potential difference in
dimethylformamide [12], Table 6 summarizes
the discharge cathode characteristics for QID
cells.

Fig. 7 shows the relation between the initial
discharge voltages measured and redox potentials

Table 5. Relation between LUMO energy and discharge
voltage of some triphenylmethane compounds

Compound Initial voltage {— 0
(v}

Dgbner’s violet - 0.3207

brilliant green 2.30 0.408%

rosaniline 2.75 04141

crystal violet 2.14 0.494%

* {(— x) means LUMO energy level parameter by Hiickel
approximated equation for LUMO energy level (F),

E =+ 8x [10]; T reported values [11]; ¥ (— x) values
were calculated by perturbation theory based on (— x)
reported for Ddbner’s violet and rosaniline [11].

reported for QID [13]. The relation was linear.
Compared with MB and thionine, the voltages
increased with decreasing the electron donating
strength of the alkyl groups in their amino end
groups, as in the case of triphenylmethane com-
pounds. For the hetero atom effects in the centre
of the QID rings, cell voltages decreased in the
order of thiazine with N and S atoms > oxisazine
with N and O atoms > azines with N and N
atoms. These tendencies were also predicted by
the Linear Combination of Atomic Orbital (LCAQ)
Molecular Orbital (MO) theory (see Appendix).

MB showed a discharge capacity of 141 Ah
kg™, corresponding to the plateau of the dis-
charge curve. This capacity was equal to 1.7e
transfer per mol of MB, based on the Faraday
constant and MB molecular weight. As a typical
example for aromatic compounds, charge-
discharge characteristics and reaction mechanism
for MB were examined.

3.2. Charge-discharge characteristics of MB

A charge~discharge test for the MB-Li cell was

&

5

4

u

&
0 1 { Fl
0 100 200
DISCHARGE ~ CAPACITY (Ah /kg}

Fig. 6. Discharge curves for quinone imine dye~Li cells
at 1 mA: (a) methylene blue, (b) neutral red, (¢) Capri
blue.
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Table 6. Discharge characteristics for quinone imine dye~Li cells at 1 mA (0.32mA cm™?) *

Cathode active Molecular DischargeT EnergyT Discharge Utilization®
material weight capacity density voltage (%)
(Ahkg™) (Whikg™) (v}

methylene blue 319.85 141 363 2.58 84

neutral red 288.78 121 282 2.34 65

Capri blue 345.87 120 263 2.20 77

thionine 263.74 100 263 2.63 49
methylene green 364.85 104 265 2.54 71

toluidine blue 305.82 117 302 2.57 67

Niie blue 353.85 100 245 2.45 66

>(klathode Composition: 0.05g AB + 0.05g cathode active material.
Values for the first plateau of the discharge curves; T values on only cathode active material weight; ¥ values based

on 2e transfer.

carried out galvanostatically at 1 mA under a
constant charge—discharge capacity of 100 Ah
kg™ (1.2e per mol of MB). Fig. 8 shows charge—
discharge curves for an MB-Li cell. Numbers in
Fig. 8 are charge—discharge cycle numbers. The
MB-Li cell was found to be rechargeable for about
20 times.

3.3. Reaction mechanism of MB

The change of MB with charge—discharge opera-
tion was examined by visual spectrometry. The
results are shown in Fig. 9. As shown in Curves
aand b in Fig. 9, MB absorbance (A, = 630 nm;
blue) at an Ni net cathode decreased with dis-
charge and the solution turned slightly yellow.
This Aax Was considered to be in the UV region.
With the following charge, this colourless solution
turned blue again, as shown in Curve ¢ in Fig. 9.

30 ———r——T T

(Vi

25 ]

CELL VOLTAGE

) R ——
-0.50 0

REDOX POTENTIAL (V)

Tig. 7. Relation between initial discharge voltages and

redox potential [13] for QID: 1. neutral red, 2. Nile blue,

3. Methylene blue, 4. toluidine blue, 5. thionine.

MB absorbance at the Li electrode did not
change during the process. These results indicate
that the MB-Li electrochemical reaction is
reversible. MB was chemically reacted with n-
C4HgLi in the presence of PC. The products were
slightly yellow species. By H,O addition to this
solution, it turned blue again. This result also
suggests that the MB-Li reaction is reverisble. In
addition, cyclic voltammetry for MB was carried
out. As shown in Fig. 10, the results indicate a
two-step reversible redox reaction for MB. The
redox potentials were 2.85 and 2.6 V, respectively
(these values were lower than those reported
in aqueous solution [12]). The species formed
by the first reduction of MB seems to be unstable
because corresponding peaks are smaller than
others. For this reason, the discharge voltage did
not show the two-step profile up to 1.7e¢ mol of
MB depth. The initial discharge voltage was 2.6V,
which value showed good agreement with the

. DISCHARGE | REST _  CHARGE | REST
| I =T =T =T =1
5.0
B 40
wl
o
E 3.0
=]
>
2.0
o]
1o T ]
1 | ! 1 |
o] 50 100 0 50 100
DISCHARGE CAPACITY CHARGE CAPACITY
(Ah /kg) (Ah/kg)

Fig. 8. Charge~discharge curves for MB-Li cell at 100 Ah
kg! capacity.Cathode composition: 0.01 g acetylene
black and 0.01g MB. Rest time 30 min.
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Fig. 9. Visual spectrum for MB coupled with Li under
charge~discharge operation in 1M LiClO,-PC (MB in
8 X 107* M): (a) 0.38 mA h discharge, (b) 6.0mA h
discharge, (¢) 0.25 mA h charge.

i

|
400

second reduction potential measured by cyclic
voltammetry. We believe MB could be cycled up
to a 2e transfer per mol of MB depth. Further-
more, the H-MB reaction is reported [12, 14]
to be a 2e reversible reaction. If we can assume
the similarity of the reactivity between H and
Li, the MB-Li reaction is also a 2e transfer
reversible reaction.

T . r
200 -
100~ .

=3 L

R | B

—100[ —
200 1
i : ! . i
20 30 4.0
E(V] vs Li

Fig. 10. Cyclic voltammogram for MB coupled with Li
in the Li~Pt cell with 1M LiCl0,~PC (MB in 8 X 107*
M); scan speed 10mV s™!,

3.4. MB solubility influence on cathode
characteristics

Although MB is soluble at ¢. 5 x 107 mol 1™

in PC, MB can be discharged and can even be
charged. To explain these phenomena, the
capacitance (C) and resistance (R) on Liin
LiC10,~PC-MB were measured. The results are
shown in Figs. 11-13, corresponding to R and
C of Lifor simple standing after discharge and
after charge, respectively. The data shown are
average values for five repeated measurements
and the points combined with the broken lines
correspond to before and after the charge or the
discharge. In the MB added solution, for example,
R initially decreased and gradually increased by
simple standing, R was almost constant with
discharge. Otherwise, in LiCl04—PC alone, R
changes differed, i.e. R increased with simple

N

R {ohm-cm?)
[

0
0.1 1 10
STANDING TIME (h}

t
~
J10 &
08
10 &
g
1 e
1 2
-
Fig. 11. Resistance and capacitance for
togls Li anode by Li standing. (a) and (b)
in 1M LiCIO,~PC added MB (4 X 10™°

M), (¢} and {d} in 1M LiClO,~PC alone.
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Fig. 12. Resistance and capacitance for
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standing and R decreased with discharge. These
results suggest that an Li* ion conductive film

is formed on the Li in MB added solution. Such a
protective film is reported in the cases of SOCI,
[15] and SO, [16]. A similar interpretation for

a Li surface was reported using a similar method
in the cases of SOCl, [15] and SO, [16]. Further-
more, this film was broken by charge, as shown in
Fig. 13. Although this Li* ion conductive film
composition is not clear, LiCl [17] or MB-Li
may be possible. The self-discharge for this cell
system may be so small because of the protective
film formation on the Li surface.

4. Conclusion

The electrochemical reactivity of aromatic com-

1.0 Li by discharging, (a) and (b) in 1M
100 LiClO,~PC added MB (4 X 1072 M),
(c) and (d) in 1M LiClO,~PC alone.

pounds coupled with Li and the possibility of the
use of aromatic cathode active materials for
nonaqueous Li batteries were examined. By the
discharge tests, the discharge voltages were found
to depend on the ease of reduction, which was
expected from chemical structure, functional
groups, reduction potential and LUMQO energy
levels. The relation between reduction potential
and discharge voltage was linear, which suggested
that discharge products were ion complexes.
Rosaniline derivatives, bromo-substituted phenol
red and thiazine compounds showed relatively
higher voltages than 2.5 V. For the energy density,
MB showed the highest value of 363 Whkg™!.
Cycle life for the MB-Li cell was about 20 times
at 100 Ah kg™ (1.2 e per mol of MB) depth.

We believe MB reacts with Li reversibly up to 2e

150 — T T T 15
o
1
\
1
\
— 100 110
NE 1 :
s | s
£ i (b =l
2 ll -
o= ! . ? N
501 o .
\E : ,-__i,uﬁ
N —
i {a)
. . I l . . .
0 _{b.i 5 o5 1 10 100 Fig. 13. Resistance and capacitance for

STANDING TIME (h)

Li by charging in 1M LiClO,~PC added
MB (4 X 1073 M).
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per MB depth from the results of cyclic where the coulomb integral was defined by a, =
voltammetry. Though MB was soluble in the ao + 6,80

electrolyte, MB could be discharged and could

even be cycled. This was found to be due to a References
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