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ABSTRACT 

The potentiodynamic electro-oxidation of glucose on bright Pt in different electrolytes has been investigated through 
the application of combined potential/time perturbation programs. The Eli response in the 0.6 - 1.0V range (vs. SCE) 
depends on the perturbation conditions, the electrolyte composition, and the presence of CO2. The glucose electroadsorp- 
tion process has been measured through potentiostatic current transients. The influence of anions in the electro-oxidation 
reaction has also been studied. The interaction between electroadsorbed species and H-adatoms, as well as the overall re- 
sponse of the electrochemical system suggests a reaction pattern that is more complex than those previously reported. 

Since the end of the 1960% several research works 
dealing with the electro-oxidation of glucose have 
been made (1-3). They were main ly  iocused in the 
development  of fuel ceils as power sources for cardiac 
pacemakers (4) or glucose sensors (5, 6). The reac- 
t ion was studied with different per turba t ion  techniques 
on either smooth (7, 8) or platmized p la t inum (9-12) 
electrodes in neut ra l  (1-14) or acid solutions (15). The 
reaction at pH 7.5 was investigated by using mass 
spectrometry techniques and pH measurements  to 
ident ify the reaction products, which are found in the 
--0.55-0.45V (SCE) potential  range. The only reaction 
product  found was glucono-5-1actone. However, recent  
results (10) indicate that  in the --0.2-0.2V (SCE) po- 
tent ial  range the reaction continues beyond the for- 
mat ion of gluconic acid, considering that the number  
of charges t ransferred per molecule is larger than 4. 

On the basis that  gluconic acid is the main  product of 
the reaction, different mechanisms (7, 8, 13, 15) have 
been proposed depending on the characteristics of the 
electrocatalytic surface in the different potentiM re-  
gions. In  the potential  region corresponding to the hy-  
drogen adatom formation, one of the mechanisms pro- 
posed considers the react ivi ty of the hemiacetalic 
group of the glucose molecule with p la t inum and ad- 
sorbed hydrogen yielding glucono-5-1actone, the lat ter  
undergoes a hydrolysis reaction to produce gluconic 
acid (7, 8). On the other hand, reduced CO2 or a simi- 
lar  product originated by a destructive adsorption was 
also postulated in the same potential  range (2, 14). At 
the end of the double layer region the oxidation re- 
action was explained through the heterogeneous split-  
t ing of the C1---H bond of glucose (8). 

Despite the various proposed mechanisms, which 
were derived from kinetic data obtained within  a 
rather limited range of experimental conditions, in- 
formation is still scarce about the influence of the 
solution composition, ionic strength, and buffer ca- 
pacity on the rate of the reaction. This work pays spe- 
cial attention to the influence of the solution comp.osi- 
tion on the electro-oxidation of glucose through 
changes that are produced in the corresponding po- 
tentiodynamic E/I profiles and it attempts to interpret 
the electro-oxidation of glucose on platinum through 
a complex reaction pattern that could be applied to 
biological as well as nonbiological systems. 

Experimental 
Exper iments  were carried out in a three-compar t -  

ment  Pyrex glass cell. A smooth p la t inum wire (poly- 
crystalline, specpure, Johnson, Matthey Chemical) of 0.16 
cm 2 apparent  area was used. The counterelectrode was 
also made of plat inum. A proper ly  shielded saturated 
calomel electrode was used as reference. The working 
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electrode was per turbated  with different potent ia l /  
time programs, including repeti t ive t r iangular  sweeps 
and combined potent ia l / t ime per turbat ion  functions us- 
ing a fast r isetime potentiostat  operated with a mul t i -  
ple signal generator  (Fig. 1). Each successive potential  
step has a part icular  funct ion (Fig. la ) .  The electroad- 
sorbed species is electro-oxidized at E1 and s imul tane-  
ously an oxygen-conta in ing  film is formed on the 
electrode. Any  molecular  oxygen produced at E1 is 
removed at the potential  E2. Then, at 'Ead the adsorption 
of glucose takes place. Usually the electrode is first 
activated by applying two potential  steps at E1 = 1.SV 
(tl = 10 sec) and at E2 = 0.8V (t2 ~ 180 see). Later, 
the electrode is stepped to Ead for the time tad and im-  
mediately afterwards the first potential  t r iangular  po- 
tent ial  sweep (TPS) is run  at v = 0.1 V/sec. The cur-  
rent  t ransient  during the potential  holding at Ead is 
also recorded. Occasionally the potential  per turbat ion 
program depicted in Fig. lb  was also employed. 

The compositions of the electrolyte solutions are 
given in Table I, where c stands for the molar con- 
centrat ion of the organic substance, I is the ionic 
strength,  and ~ is the buffer capacity of the electrolyte 
mixture.  Solutions were prepared from tr iply distilled 
water  and AR chemicals. Runs were made at 30~ 
Occasionally, experiments  were also made in the 30 ~ 
64 ~ C temperature  range. 

Results 
The potent iodynamic E / I  display r un  at 0.1 V/see 

between E3 ---- --0.6V and E4 ---- 0.8V in the positive po- 
tential  direction with solution 1 (Fig. 2) shows three 
anodic current  peaks (I, II, III)  related to the presence 
of glucose in good agreement  with previous results. 
Likewise, the reverse potential  scan exhibits a net  
anodic current  peak (V) preceded by a wide hump 
(IV) located at the positive potential  side of peak V. 
In the presence of glucose the regions of the vol tammo- 
grams related to the electroadsorption/electrodesorp- 
t ion of h:~drogen and oxygen adatoms are modified, the 
more drastic changes being associated with the former 

Table I. Characteristics of the electrolyte solution 

Solu-  I / M  
t i o n  K.oHPO~- I / M  I / M  
N ~ c / M  KH~Po~ ~ p H  KeSO4 T o t a l  

1 0.I0 0.20 9.5 7.0 0.80 1.00 
2 0.10 0.05 2.7 7.0 0.95 1.00 
3 0.10 0.20 9.5 6.1 0.80 1.00 
4 0.10 0.20 9.5 7.0 0 0.20 
5 0.10 0.6,5 2.7 7.0 0 0.05 
6 0.03 0 - -  9.5 0.30 0.30 
7 0.10 0 - -  7.0 0.30 0.30 
8 0.10 0 - -  2.6 0.30 0.30 
9 0.03 0.20 5.4 7.4 0.80 1.00 

10 0.03 0.05 1.8 7.4 0.95 1.09 
11 0.10 0.40 - -  7.0 0 0.40 
12 0.10 0.04 2.8 7.1 0 0.04 
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Fig. I. Potential/time perturbation programs. A = 10 sec, B = 

180 sac, C - -  triangular potential sweep (TPS). 

processes. Peak I is found in the potential range of the 
electroadsorption of hydrogen adatoms. The potential 
of peak II is closely located in the region where the 
Pt(OH)ad species are formed. Peak III is recorded in 
the potential range where the platinum surface is 
practically completely covered with a monolayer of 
oxygen-containing species, probably PtOad. On the 
other hand, peaks IV and V only occur after a par- 
tial electrodesorption of the oxygen-containing species 
covering the platinum surface. 

At the maximum adsorption potential (Ead ~ -  --0.4) 
(7) the largest contribution of peak I is obtained when 
tad is about 1 sec. The increase of tad produces a grad- 
ual inhibition of peak I, so that in the case of solu- 
tion 1 for tad -- 10 see the current recorded in the 
potential range of current peak I becomes smaller than 
that corresponding to the blank (Fig. 2). This inhibi- 
tion, which can, in principle, be attributed to some 
product formed in the initial electroadsorption reaction, 
is more remarkable as the temperature is increased. 

The current transients recorded at Ead after pre- 
polarizing the electrode show an initial abrupt cur- 
rent increase followed by a rapid decay approaching 
zero (Fig. 3 and 4). The transient currents obtained 
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Fig. :). Potentiodynamic Eli profiles run in solution 11 (0.}M 
glucose). Eact = --0.4V, tad = ( - - - - - - )  1 sac, ( ) 5 sac, 
( - - - - )  10 sac, ( . . . )  base electrolyte; T = 30~ 
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Fig. 3. (a) Current transient recorded at Earl = --0.2V (30~ 
solution I1 (0.1M glucose) ( - - e - - )  solution 12 (0.1M glucose) 
( - - A - - ) .  (b) Current transient recorded at Ead - -  --0.3V ()0~ 
solution 11 (0.1M glucose) ( - - e - - ) ,  solution 12 (0.01 glucose) 
(_A_) .  

with solution 11 are higher than those resulting from 
solution 12 (Fig. 3). With solutions containing gluconic 
acid the charge involved in the current transient is 
much smaller than that recorded with the solutions 
containing glucose (Fig. 4). 

The single TPS E/I  profiles run with solution 9 with 
Eaa = --0.4V (Fig. 5), show the following features as 
tad increases from 1 rain to 60 m/n: (i) a strong in- 
hibition for the electroadsorption and electrodesorp- 
tion of hydrogen adatoms; (ii) a net decrease of the 
current peaks II  and III and the shift of the corre- 
sponding peak potentials toward the positive potential 
side; (iii) a definite decrease of the anodic current 
contribution during the negative potential going scan; 
and (iv) no appreciable change in the oxygen-electro- 
deserption charge. The activation of the electrode, 
however, can be recovered after anodizing during a 
certain time at a potential greater than 0.8V but during 
the second TPS, when E4 is lower than the potential 
of current peak II, the inhibition of current peak I 
appears again. This effect is observed for all the elec- 
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Fig. 4. Current transient recorded at Ead ----- --0.4V (37~ 
solution 4 (0.03M glucose) ( ), base electrolyte ( - - - ) ,  
solution 9 (0.03M gluconic acid) ( . . . . .  ). 
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Fig. 5. Potentiodynamic Eli profiles run at 30~ with solution 9 
(O.03M glucose); E3 = End = --0.4V, tad = ( ) 1 min, 
( - - - )  I0  rain, ( - ~ - )  60 min. 

trolytes used in the present work, however, the position 
of the complex current peak V becomes more cathodic; 
the largest  shifts are observed for the concentrated 
buffered solutions. 

The shape of the potentiodynamic E/I profiles run 
with solution 2 between --0.6 and 1.0V is appreciably 
different from that obtained with solution 1. In the 
former case peak V is strongly inhibited while the 
heights of peaks II and III increase (Fig. 6). Other- 
wise, the height of peak V decreases when the solu- 
tion pH decreases. When the electrolyte is K2SO4-free 
(solutions 4 and 5) (Fig. 7) the E/I profiles depend on 
the phosphate concentration and buffer capacity as in 
the case of solutions 1 and 2 (Fig. 6). 

In the absence of phosphate anions (solution 6) the 
current hump IV turns into a current peak, while cur- 
rent peak V appears apparent ly suppressed (Fig. 8). 
Conversely, current peak III becomes considerably 
higher than the rest of the anodic peaks. Similar re- 
sults are obtained in neutral  and acid electrolytes 
(solutions 7 and 8). 

Runs made with solution 11 (Fig. 9) show the fol- 
lowing changes in the potentiodynamic Eli  profile as 
the temperature increases: (i) a remarkable  decrease 
of the charge related to the electrodesorption of the 
hydrogen adatoms; (ii) a strong increase in charge of 
current peaks II, III, and V; (iii) a relat ively great in- 
crease in the height of peak II as compared to those of 
peak III; (iv) a net overvoltage decrease related to the 
oxygen evolution reaction (16), probably assisted by 
the presence of either glucose or any of its electro-oxi- 
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Fig. 6. Potentiodynamlc Eli profiles run at 30~ (Ead = --O.J,V, 
) and with 
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solution 2 (0.1Mglucose) ( - - - ) .  
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Fig. 7. Potentiodynamic E/I profiles run at 30~ (Ead = --0.6V, 
tad - -  10 sec) with solution 4 (0.1M glucose) (--  ) and with 
solution 5 (O.1M glucose) ( - - - ) .  

dation products; (v) a shift of the potential of .the 
complex current peak V toward more positive values 
and, conversely, of the potentials of current peaks II 
and III  toward more negative values; and (vi) prac- 
tically no change in the oxygen electrodeposition 
charge. Voltammograms obtained in solution 11 satu- 
rated with carbon dioxide show that reduced carbon 
dioxide formed in the region of hydrogen adatoms are 
oxidized in the potential range of  current peak II. 

The TPS potentiodynamic E/I profiles run after 
keeping the electrode at --0.4V show a strong inhibi- 
tion for the electroadsorption and electrodesorption of 
hydrogen adatoms and a net increase of current peak 
II as tad increases. For solution 12 the pH value de- 
creases about one unit after carbon dioxide saturation. 
This probably causes a current increase in the potential 
region of the hydrogen adatoms as compared to the 
more concentrated buffered solution. 

When carbon dioxide and glucose are simultaneously 
present current peak II is slightly greater than in 
the absence of glucose, while that of current peak I is 
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Fig. 8. Potentiodynamic E/I profiles run at 30~ (Ead -~- --0.6V, 
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Fig. 9. Repetitive E/I profiles run with solution II (O.IM glucose) 

at 34~C ( ~ ' Z . ~ ) ,  44~ ( . . . . .  ), 54~ ( . . . .  ), and 64~ 
( . - - . ) .  

r e m a r k a b l y  smal le r  t han  the one observed  wi th  solu-  
tions conta in ing  glucose (Fig.  10). 

In  agreement  wi th  p rev ious ly  r epor t ed  resul ts  (13, 
14), runs made  af te r  the addi t ion  of glucono-8-1actone 
to the e lec t ro ly te  containing glucose show a s t rong in -  
h ib i t i on  of a l l  the processes re la ted  to the e lec t ro -ox i -  
dat ion of glucose, especia l ly  those corresponding to 
peaks  I and V. Glucono-~- lac tone  undergoes  hydrolys is  
in  the e lec t ro ly te  y ie ld ing  gluconic acid, the ra te  of 
this process being in the o rde r  of 10-z sec-~ at  pH 
7.5 and 20~ (17). 

Exper iments  made  wi th  solutions 9 and 10 with  
added  glucono-6-1actone exhib i t  two main  potent ia l  
ranges associated wi th  the e lec t ro-ox ida t ion  processes. 
The fo rmer  is located in the  0-0.3V range  and the sec-  
ond one stands beyond 0.4V (Fig. 11). The E/I pro -  
file changes g radua l ly  due to the  hydro lys i s  of g lu-  
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Fig. 10. Repetitive potentiodynarnie E/I profiles run at 30~ with 
(a) solution 11 (0.1M glucose) ( ,, ); (b) buffer electrolyte 
( . . . . .  ); (c) buffer electrolyte saturated with C02 (pH = 6) 
( ~ .  ~ ) ;  (d) solution 1! (0.1M glucose) saturated with C02 (oH 
= 6) ( - - - ) .  
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Fig. l l. Potentiodynamic E/I profiles corresponding to Tills run 
with solution 9 (O.03M glucose-~i-lactone) at 37~ and different 
hydrolysis times, th = 2 min ( - - - ) ;  5 min ( . ); i0  min 
( . . . . .  ); 16 min ( . . . .  ); 20 min ( - - ) ;  30 min ( . . . .  ); 50 
min ( . -  .). 

eono-8-1actone as seen from the increase  in he ight  of 
the electro-oxidation peak recorded in the 0-0.3V 
range, and simultaneously the decrease of the electro- 
oxidation current observed at high anodic potentials. 
When the cathodic potential limit E3 is increased the 
anodic current recorded in the former range decreases 
as it should be expected to if there  is an in terac t ion  be-  
tween  the e lec t ro -ox ida t ion  process and the processes 
involving hydrogen  adatoms.  These changes of the 
vo l t amperogram suggest  tha t  the  first anodic cur ren t  
peak  is re la ted  to the e lec t ro -ox ida t ion  of gluconic 
acid. The locat ion of the  cur ren t  peaks  depends on both 
the pH and the anions presen t  in solution. These ex-  
per iments  as well  as those depic ted  in Fig. 4 revea led  
s ignif icant  different  e lec t rochemical  behavior  of glucose 
and gluconic acid in the potent ia l  range of the e lect ro-  
adsorp t ion /e lec t rodesorp t ion  of hydrogen  adatoms.  

The vo l t ammograms  made  wi th  solutions conta in ing  
arabinose  and xylose (aldohexoses)  are  s imi lar  to 
those recorded  with  the solutions containing glucose. 
Otherwise,  when g lucose - l -phospha te  d ipotass ium salt  
was added  to the e lec t ro ly te  ve ry  low oxida t ion  cur-  
rents  were  obta ined (18). This indicates  tha t  the es ter i -  
fication of the hemiaceta l ic  group makes  a drast ic  
change  in the e lec t ro -ox ida t ion  process. 

When  fructose (ketohexose)  is present  in the elec-  
t ro ly te  the E/I profiles are  s imi lar  to those obta ined in 
the presence of gluconic acid. These resul ts  are  useful  
in unders tand ing  with  some deta i l  the p roper  e lect ro-  
oxidat ion  of glucose on p la t inum in the  different  e lec-  
t rolytes .  

Discuss ion  
According to var ious  authors  the e lec t ro -ox ida t ion  of 

glucose at  pH 7.4 on p l a t inum electrodes gives rise to 
gluconic acid as the main  product  (1, 7, 8). On the other  
hand~ the second oxida t ion  peak  (II)  was a t t r ibu ted  
to the  o x i d a t i o n  of a common species, which was iden-  
tified as " reduced CO2" ar is ing from both gluconic 
acid and glucose oxidat ion  (2, 9-11, 14). The present  
resul ts  show tha t  the e lec t rochemical  oxida t ion  of 
glucose on p l a t i num s t rongly  depends  on the na ture  
and concentra t ion of ions in solution. 

According to a previous  work  (2) the ra te  of fo rma-  
tion of the  oxida t ion  in te rmedia te  indicates  that  the 
e lec t ro -ox ida t ion  of glucose occurs via the open chain 
or  a ldehyde  form (2). However ,  the  present  results,  in 
agreement  wi th  ear l ie r  repor ted  da t a  (7, 8), show that  
only  those species wi th  a hemiaceta l ic  s t ruc ture  be -  
have  s imi la r ly  to glucose. The H a tom in the C-1 a tom 
is the  most labi le  of the molecule.  The decrease  in pK 
with increasing t empe ra tu r e  (19, 20) corresponds to 
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increas ing acidi ty,  tha t  is, to a less b inding energy 
be tween  the pro ton  and the glucose molecule.  In  a lka -  
l ine solut ions at  about  40~ the increase in spec t ro-  
photomet r ic  absorpt ion  in the case of xylose solutions 
was a t t r ibu ted  to the r ing opening and the format ion  
of a ldehyde  forms (20). 

I t  appears  that  the po ten t iodynamic  e lec t ro -ox ida -  
t ion of glucose as well  as the molecules involving a 
hemiaceta l ic  group such as xylose and arabinose imply  
two main  reac t ion  stages, the first one being the elec-  
t roadsorpt ion  of the molecule,  which occurs at  a r e l a -  
t ive ly  low potent ia l  (7, 8), and the second one to the 
e lec t ro -ox ida t ion  of the e lec t roadsorbed  species. The 
first stage is revea led  by  the cur ren t  t rans ient  r e -  
corded under  a constant  potent ia l  step and the second 
stage come out f rom the character is t ics  of the po ten-  
t iodynamic  runs.  

The charge  involved in the potent ios ta t ic  t ransients  
can be associated wi th  the format ion  of an adsorbed  
species at  the electrode,  according to an overa l l  reac-  
t ion such as 

G + P t ~  (Ri )P t  § xH + + x e -  [1] 

where  G and (Ri) denote  glucose and an adsorbed  
organic  radica l  on the electrode,  respect ively.  The 
e lec t roadsorp t ion  of glucose molecule  y ie ld ing  different  
e lec t roadsorbed species has been re la ted  to the high 
anodic cur ren t  recorded  in the 0.10-0.35V (RHE) 
range (7). React ion [1], however ,  corresponds to a 
complex process tha t  depends  on the hexose s t ructure ,  
on the solut ion composition, p robab ly  th rough  the in-  
fluence of  the compet i t ive  adsorpt ion  of anions, and on 
the accessibi l i ty  of  the p la t inum surface, that  is, on the 
hydrogen  adatoms coverage. Therefore,  the r eac tan t  
en te r ing  reac t ion  [1] should be s t rong ly  dependent  on 
the ionic composi t ion of the solution. 

The adsorpt ion  of glucose on p l a t inum in 0.5M H2SO4 
is m a x i m u m  at  0.2V (RHE),  it  diminishes when the 
potent ia l  moves in the  posi t ive direct ion due to ox i -  
dat ion of chemisorbed species and when the po ten-  
t ial  moves in the negat ive  d i rec t ion  due to compet i -  
t ion be tween  adsorbed  glucose and H adatoms (21). 
The na tu re  of the chemisorbed species is appa ren t ly  
the same both in acid and a lkal ine  electrolyte .  

The second overa l l  s tage involved in the e lec t ro-  
oxida t ion  process can be fo rmal ly  represen ted  by  the 
reac t ion  

(Ri )P t  -b H~O ~ Products  -~ yH + + y e -  [2] 

The e lec t ro -ox ida t ion  of the chemisorbed species would 
requi re  a number  of electron's pe r  adsorpt ion  site, 
which depends  on the solution composit ion (21). This 
means the react ion is complex and  the in te rp re ta t ion  
of its kinet ics  should s ta r t  f rom the s t ruc tura l  con- 
f iguration of the reactants .  

Glucose exhibi ts  var ious  possible s t ructures  in equi-  
l ib r ium 

-- G~-~ -- G ~<-~- ~ -- G [3] 

where the a and ~ species, which are more abundantly 
present in aqueous solutions, correspond to the cyclic 
hemiaeetal forms and the v-species denotes the free 
aldehyde form (22). Then, in principle, the anodic 
oxidation may start either from the ~ or the ~-glueose, 
yielding in this case glueono-5-1actone as the first 
intermediate product, or from the aldehyde, which is 
directly oxidized to glueonie acid (8). However, as re- 
ported in the literature, in the potential range be- 
tween 0.35 and 0.8V (RHE), either gluconie acid (8) 
or carbon dioxide (i0) is a reaction product resulting 
from the electro-oxidation of glucose. In this potential 
region the reaction occurs on partially covered elec- 
trode, the adsorbate being probably a ehemisorbed 
formed of!actone (8). 

The balance of charges taking part both in the elec- 
troadsorption of glucose and in the electro-oxidation 
of the adsorbed  species, i l lus t ra tes  the complex  

s to ich iomet ry  of the overa l l  e lec t ro-oxidat ion .  For  this 
purpose,  the charge involved in the O-e lec t rodesorp-  
tion process (0.5o3 mC/cm~) gives the ma x imum 
number  of adsorpt ion  sites on the p l a t inum electrode 
on the basis of 2 e lectrons per  site. The roughness 
factor  of the mechan ica l ly  pol ished polycrys taUine  
p l a t i num electrode is equal  to 1.31, then the charge of 
the  O-mono laye r  corresponds to 0.420 mC/cme and 
the actual  charge expected  for the H - m o n o l a y e r  should 
be 0.276 mC/cm~. In the g lucose-conta ining solutions 
the charge der ived  f rom the cur ren t  t ransients  under  a 
potent ia l  s tep depends  on both Ead and the composi t ion 
of the e lectrolyte .  The fact  tha t  in the  range of the 
m a x i m u m  adsorpt ion  potent ia l  the e lec t roadsorp t ion  
charge is l a rge r  than that  co r re spond ing  to the 
O-mono laye r  in the mixed  e lec t ro ly te  solutions, and  
the poss ibi l i ty  that  the e lec t roadsorpt ion  charge  m a y  
involve a number  of molecules  lower  than that  ex -  
pected for  a compact  monolayer  of a single e lec t road-  
sorbed species, indicates  that  the  number  of electrons 
pe r  glucose molecule  involved in the overa l l  e lec t ro-  
oxidat ion  process is g rea te r  than  2. Nevertheless ,  it  
should be taken  into account that  dur ing  the e lec t ro-  
adsorpt ion  stage some desorpt ion of products  m a y  also 
be produced.  When t empe ra tu r e  is increased under  a 
constant  adsorpt ion  time, the decrease  of peak  I shows 
the greates t  inhibi t ion by  adsorbed  in te rmedia tes  on 
the overa l l  e lec t ro -ox ida t ion  process. 

The fact  tha t  the  number  of electrons pe r  glucose 
molecule  in the e lec t roadsorpt ion  process is g rea te r  
than 2 does not  p rec lude  that  gluconic acid become 
the main  react ion in te rmedia te  which can be detected 
at different  potent ia ls  dur ing  the po ten t iodynamic  Eli  
disp lay  (7-9).  As a ma t t e r  of fact, th rough  the present  
resul ts  i t  is reasonable  to consider  react ion [1] as a 
complex react ion where  different  Ri species are  formed,  
the value of x in react ion [1] depending  then on the 
way  the react ion proceeds,  as wel l  as solut ion composi-  
t ion and tempera ture .  Fur the rmore ,  wi th in  the po-  
ten t ia l  range  of cur ren t  peak  I there  are  st i l l  addi t ional  
kinet ics  complications.  One of them concerns the  pos-  
s ible  chemical  react ion be tween  the Ri-species and the 
H-adatoms,  which are  s imul taneous ly  present  on the 
p la t inum surface. Such a reac t ion  accounts for the  de-  
crease of the peak  I cur ren t  value  corresponding to 
glucose e lec t roadsorp t ion  when tad increases at  a con- 
s tant  Ead (Fig. 2) and when the cathodic switching po-  
ten t ia l  of the  successive t r i angu la r  potent ia l  sweeps 
cover the hydrogen  ada tom potent ia l  range.  Ano the r  
complicat ion is r e la ted  to the possible presence of car -  
bon dioxide  appear ing  in solut ion as one of the reac t ion  
products .  Carbon dioxide  interacts  wi th  the H-ada toms  
y ie ld ing  the reduced  carbon d ioxide  species, which is 
e lec t ro-oxid ized  in the  potent ia l  range where  peak  I I  
is observed.  The resul ts  obta ined  with  solutions con- 
ta in ing carbon dioxide  (Fig. 10) confirm those re -  
cent ly  publ i shed  (10). On the o ther  hand,  gluconic 
acid is oxidized wi th in  the same potent ia l  range of 
glucose e lec t ro-oxidat ion .  

A fu r the r  complicat ion to the reaction,  pa r t i cu l a r ly  
in phospha te -conta in ing  solution, comes f rom the effect 
of anion adsorpt ion.  The adsorbab i l i ty  of phosphor ic  
acid ionic species on var ious  metals ,  inc luding p la t i -  
num, var ies  g rea t ly  wi th  the  solut ion pH, wi th  in-  
creasing tempera ture ,  and wi th  increas ing e lec t ro-  
chemical  polar izat ion.  The m a x i m u m  adsorpt ion  effect 
is obta ined  at pH 7.7, (23) a l though under  comparab le  
condit ions the  var ious  species involved in the po ly -  
basic phosuhoric  acid equi l ibr ia  may  exhib i t  different  
adsorbabi l i t ies .  The degree of dissolution of phosphor ic  
acid at 25~ is de te rmined  by  the fol lowing pH values  

2.03 7.19 
H3PO4 ~ H + + H2PO4- ~ H + -~- HPO42- 

12.03 
H + + PO4 ~-  [4] 
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The HPO42- ion is p robab ly  adsorbed  at  the me ta l /  
e lec t ro ly te  interface through the format ion  of an 
oxygen -me ta l  adsorpt ive  bond (24). The adsorpt ion 
min imum of phosphate  ion should correspond to the 
potent ia l  of zero charge of the  meta l  (24). Therefore,  
when considering the mechanism of e lec t rochemical  
oxidat ion  of glucose at  p la t inum a compet i t ive  adsorp-  
t ion be tween  glucose and anions for the adsorpt ion  
sites on the meta l  should be established.  

On the basis of this discussion, a genera l  e lec t ro-  
oxidat ion  mechanism of glucose on p la t inum can be 
presented,  which  in a pa r t i cu l a r  way  may  include those 
a l r eady  proposed by  He i tbaum and Ernst  and by  Giner  
et  al. (7, 8, 10). As the to ta l  number  of  electrons en-  
te r ing  the overa l l  react ion lies be tween  2 and 24, the 
fol lowing l imi t ing  total  react ions can be presented  

G ~ H20 -" GA 4. 2 e -  ~ 2H + [5a] 
and 

G + 6H20 --  6CO2 + 24H + + 24e-  [hb] 

where  G = glucose and GA = gluconic acid. 
The react ion p a t h w a y  consists of the fol lowing 

stages. 
S t a g e  I [ P t / P t ( H )  region].  (i) The e lec t roadsorp-  

t ion processes given by  the fol lowing steps 

(z + m ) P t ( X - )  4- ~ -- G ~<-~- r e X -  

-}- r a P t ( H )  ~- Pt~(Ri) ~ - m H  + 

+ r a P t ( X - )  + Pt~(Ri) + m e -  [6al 

(m + m ) P t ( X - )  + 7 --  G ~--. r e X -  

1[ 
+ m P t ( H )  + Pt~(Ri) ~--mH + 

4. r a P t ( X - )  + Ptx(Ri)  -b m e -  [6b] 

(x + m ) P t ( X - )  + ~ --  G <-~-. r e X -  

4. raPt  (H) -t- Pt~(Ri)  ~--- mH + 

and 

-b r a P t ( X - )  + Pt~(Ri) -b m e -  [6c1 

(x + m ) P t ( H a O )  

+ 
1L 

+ 

~ - -  G ~__ mH20 

Ptx(Ri)  -b r a P t ( H )  ~ mH + 

mPt(H~O)  W Ptx(Ri)  + m e -  [7a] 

(x -4- vn)Pt (H20) 4. v -- G ~=~ ~nH20 

+ Ptz(Ri)  4. r a P t ( H )  ~-----mH + 

+ m P t ( H 2 0 )  + Ptx(Ri)  + m e -  [Tb] 

(x -t- m ) P t ( H 2 0 )  -b ~ -- G ~__ mH20 

4. Pt~(Ri) 4. r a P t ( H )  ~e~-mH + 

m P t ( H 2 0 )  + Ptx(Ri)  -t- m e -  [7c] 

the parentheses  denote  adsorbed species, e i ther  anions 
( X - )  o r  radicals  (Ri).  In  concent ra ted  buffered solu- 
tions, ~ --  G and ~ -- G are  the main  react ive  forms. 
However ,  depending  on the e lec t ro ly te  composi t ion 
and tempera tures ,  -y --  G m a y  become the pr inc ipa l  
reactant .  The dehydrogena t ion  processes ( [6a ] - [6c ] )  
and ( [7a1-[7c])  m a y  be accompanied by  a bond 
b reak ing  in the organic molecule,  a fact  commonly ob-  
served in m a n y  e lec t ro -ox ida t ion  react ions wi th  or -  
ganic molecules.  

(ii) The possible chemical  react ions can be fo rmal ly  
wr i t t en  as follows 

H20 + Ptx(Ri)  ~e~--Ri + xPt  (H20) [8] 

This type  of react ion has been considered in the 
react ion scheme advanced by  Hei tbaum et  aL (7). 

Gluconolactone as a react ion in te rmedia te  may  be rep-  
resented by  the Ri-species  with n = 2. In  this case the 
adsorpt ion  equi l ib r ium of react ion (8),  given in terms 
of gluconolactone 

Pt~(GL)  -t- xH20 ~ GL -}- x P t  (H20) [Sa] 

would expla in  the  presence of the la t te r  in solution 
when e i ther  neu t ra l  or  acid e lect rolytes  are used. The 
Ri-species undergoes  hydro lys i s  y ie ld ing  the acid p rod-  
ucts 

Rl + H20 ~-- RI-1COOH [9] 

React ion [91 for gluconolactone (GL)  is 

GL + H20 ~ GA [10a] 

GA ~=~ gluconate  -}- H + [10b] 

However ,  in consider ing the possible chemical  reac-  
tions the fol lowing inhibi t ion react ion cannot be dis-  
r ega rded  

(x  --  1 )P t  -t- Rl  + P t ( H )  ~=~ Pt~(RiH) [11] 

where  the desorpt ion  step may,  under  cer ta in  condi-  
tions, become ra te  controll ing.  The desorpt ion  of Ri or 
Ri l l  could be p robab ly  acce lera ted  in the presence of 
phosphate  anions. The lat ter ,  however ,  can also in te r -  
fere wi th  the fo rmat ion  of the (R iH)P t  species. In 
this way,  the  ac t iva t ion  of the e lec t ro -ox ida t ion  reac-  
t ion by  phospha te  ions in the hydrogen  ada tom po-  
tent ia l  range  pa r t i cu l a r ly  when concent ra ted  buffered 
solut ions are  used can be expla ined  

S t a g e  I I  [ P t / P t ( O H )  region].  Elec t roadsorpt ion  and 
e lec t ro -ox ida t ion  processes. 

The final fate of any  Rl species is CO2, which is 
p roduced  according to 

Ptx(Ri)  + xH~O--> CO~ + nH + + h e -  + x P t ( H 2 0 )  

[12] 

where  m -}- n = 24 electrons pe r  glucose molecule.  
Nevertheless ,  the e lec t ro -ox ida t ion  of glucose is not a 
d i rec t  e lec t rochemical  process, but  it  should occur 
th rough  the format ion  of a va r i e t y  of in te rmedia te  
species. In  the  potent ia l  range  of react ion [12] at  least  
two steps should be d is t inguished on the free p la t inum 
surface, namely  the e lec t roformat ion  of (OH) species 

P t  -t- H20 ~(-~-Pt(OH) + H + + e -  [131 

and the e lec t ro -ox ida t ion  process, which  can be for-  
ma l ly  represen ted  as the overa l l  react ion 

H20 4. Ptx(Ri)  --> CO2 -b nH+ -t- h e -  T x P t ( O H )  [14] 

React ion [13] is a l r eady  wel l  known in the e lec t road-  
sorpt ion of oxygen species on p la t inum (25, 26) and 
reac t ion  [14] is a process  commonly  observed  in fuel  
cells using organic  substances.  The influence of anions 
in the threshold  po ten t ia l  for the oxygen e lec t ro-  
sorp t ion  is a l r eady  known and applies  to react ion [13] 
and the fol lowing stages y ie ld ing  P t ( O )  adsorbed 
species. 

The above-men t ioned  react ion pa thway  takes  into 
account the influence of the anion adsorpt ion  and the 
adsorpt ion  of in te rmedia tes  as wel t  as the  react ion 
products  der ived  f rom carbon dioxide  or any  other  
reduced  species wi th  the adsorbed  hydrogen  adatoms.  
I t  also means  tha t  the  ma in  reac tan t  m a y  change on 
the solut ion pH according to react ions  [6]-[14] and 
finally, that  under  po ten t iodynamic  condit ions the con- 
t r ibut ion  of each stage involved in the overa l l  reac-  
t ion pa t t e rn  should also depend  on the poten t ia l  
sweep r a t e  and switching potent ials .  This makes  ques-  
t ionable  the extension of any  pa r t i cu la r  react ion 
mechanism der ived  unde r  non's tat ionary condit ions to 
those s ta t ionary  runs  that  r ep resen t  the ac tual  useful  
condit ions of any  e lect rochemical  device opera t ing  on 
the glucose e lec t ro-ox ida t ion  reaction.  
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Lithium Closoborane Electrolytes 
III. Preparation and Characterization 

Jack W. Johnson and John F. Brody 
Exxon Research and Engineering, Corporate Research, Linden, New Jersey 07036 

ABSTRACT 

The lithium closoborane salts Li2B10Cl~o and Li~B~CI,~ were prepared from decaborane, purified, and dissolved in 
1,2-dimethoxyethane (DME)/1,3-dioxolane mixtures. The solubility behavior is complex, as the salts are insoluble in either 
solvent alone, and concentrated solutions separate into two liquid phases upon dilution. Electrolyte resistivity measure- 
ments as a function of temperature and concentration are reported. These electrolytes have resistivities of approximately 
150 ~ cm at room temperature and are quite stable, making them attractive candidates for applications in lithium cells. 

Nonaqueous lithium electrolytes are a crucial com- 
ponent in the development of high energy density sec- 
ondary batteries that operate at or near ambient tem- 
perature. In order for a battery system to be capable of 
extended cycle life, the electrolyte salt and the non- 
aqueous solvent employed must exhibit extraordinary 
chemical stability to both reduction by Li metal and 
oxidation by the cathode material, as well as sufficient 
conductivity to allow cell operation at the desired rates. 
An ideal electrolyte salt would be composed of Li 
cations and a large inert anion that could be approxi- 
mately viewed as a hard sphere. The anion should be 
large and have its negative charge delocalized in 
order to enhance solubility. Inertness to both electro- 
chemical and chemical side-reactions is another neces- 
sary requirement. We have investigated the Li closo- 
borane salts in DME/dioxolane solution as electrolytes 
in Li-TiS2 cells operated at ambient (1) and inter- 
mediate (2) temperatures. In this paper, we will de- 
scribe in detail the preparation, purification, and prop- 
erties of these electrolytes (3). 

Closoborane anions are a family of inorganic species 
that approximate the hard sphere model (4). These 

Key words: resistivity, solubility, synthesis, anion. 

anions, examples shown in Fig. I, are composed of a 
cluster of ten or twelve boron atoms, each bound to a 
terminal hydrogen or halogen atom. The resulting 
shape is roughly spherical and the dinegative charge is 
evenly distributed. Hence, lithium salts of such anions 
should exhibit good electrolyte properties, as the 
closoborane anions will have little affinity for the lith- 

Fig. I .  Structures of the closoborane enions 
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