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Liquid Phase Electrochemistry at Ultralow Temperatures 

Stanton Ching, 1 John T. McDevitt, 2 Stephen R. Peck, and Royce W. Murray* 

Kenan Laboratories of Chemistry, University of North Carolina, Chapel Hill, North Carolina 27599-3290 

ABSTRACT 

Fluid electrolyte solutions based on mixtures of butyronitrile (PrCN) and ethyl chloride (EtC1) with Bu4NPF6 or 
Bu4NC104 as electrolyte freeze below -180~ and provide excellent media for cryogenic electrochemical experiments.  A 
1:2 mixture  of PrCN and EtC1 exhibits the best combination of freezing point and ionic conductivity for ultralow tempera- 
ture electrochemistry. Diffusion coefficients for bis(pentamethylcyclopentadienyl) iron (Cp*Fe) are measurable by poten- 
tial step chronoamperometry down to - 160~ using a conventionally sized electrode, but the resistivity of the solvent mix- 
ture is such that potential sweep vol tammetry benefits from the use of microdisk (10 and 25 ~m diam Pt) or microband 
(0.2 ~m wide Au) electrodes. Voltammetry at a chemically modified electrode down to -170~ is presented for the case of 
thin films of poly-[Os(bpy)2(vpy)2] [PF612. 

Interest  in low-temperature electrochemistry (1-6) is tra- 
ditionally tied to investigations of the kinetics of heteroge- 
neous electron transfer reactions (7-11) and electrochemi- 
cally induced homogeneous processes (2-6, 12-19) that 
otherwise, at ambient  temperature, occur too rapidly. 
Such research is dependent  upon fluid electrolyte systems 
with suitable low-temperature limits. Numerous organic 
solvents are available for electrochemistry down to, and 
slightly below, the temperature of a dry ice/acetone bath, 
-78~ Butyronitri le (PrCN) is an excellent low-tempera- 
ture medium; vol tammetry in it to -135~ has been re- 
ported (14). Low-temperature electrochemistry has also 
been performed in frozen glass solids (20-25), and with the 
solid (20, 24) eutectic HC104 �9 5H20. 

We recently (26) described a new cryogenic medium that 
extends the lower temperature limit of electrochemical 
vol tammetry in liquids. Our interest in this subject stems 
from a desire to investigate the electron transfer properties 
and double-layer capacitance behavior of high-tempera- 
ture superconductor  electrodes in their superconducting 
state. Tremendous advances in the synthesis of high-tem- 
perature superconductors have pushed superconducting 
critical temperatures (To) above that of liquid nitrogen 
(-196~ (27, 28). There are no reports on electrochemistry 
at these new materials in fluid electrolytes at temperatures 
below their Tc values, but  interesting electrochemical ef- 
fects have been observed at Tc in experiments using solid 
electrolytes (29-31). Use of a suitably low temperature fluid 
electrolyte would improve contact to the superconducting 
electrode interface (as compared to solid-solid contacts) 
and could potentially provide access to a greater range of 
electrochemical reactions and experimental  techniques to 
study the electrochemistry of superconductor electrodes 
such as YBa2Cu~O7 (T~ = -180~ Bi2Sr2Ca2Cu3010 (Tc = 
-163~ and T12Ba2Ca2Cu3010 (To = -148 ~ in their super- 
conducting states. These materials may have electronic 
properties as electrodes unlike any previously investi- 
gated. We have already reported some of our work, so far 
carried out above Tc (32-34), with electrodes fabricated 
from the superconductor  ceramic materials. 

Experimental 
Chemicals.--Butyronitrile and propionitrile (Aldrich) 

were distilled from Call2, and acetonitrile (Burdick and 
Jackson UV Spectra quality) was stored over 4 A molecu- 
lar sieves. Ethyl chloride (EtC1, Linde) was condensed 
from a gas cylinder into a Schlenk-type storage tube over 
4 A molecular sieves and kept at room temperature (vapor 
pressure ca. 1.5 atm). The electrolyte salts Bu4NPF~ and 
Bu4NC104 (Fluka), bis(pentamethylcyclopentadienyl)iron, 
Cp~Fe, Strem), and 7,7,8,8-tetracyanoquinodimethane 
(TCNQ, Aldrich) were used as received. 
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Low-temperature apparatus.--The low-temperature 
electrochemical cell consists of an outer, evacuated jacket  
and an inner jacket  with feed-throughs for the coolant, 
which was a regulated flow of cold, dry nitrogen gas 
passed through coils of copper tubing immersed in liquid 
nitrogen. Temperatures were measured with calibrated K 
and T-type (Omega) thermocouples that were mounted as 
close as possible to the working electrode. 

Solidification temperature determinations.--Solidifica- 
tion temperatures were determined, in the absence of 
added electrolyte, from changes in solution viscosity as de- 
tected by agitation of a wire thermocouple mounted on a 
glass rod. This method was checked using solvents of 
known freezing points and deemed reliable to within +_ 3 ~ 
Solidification temperatures of electrolyte-containing sol- 
vent systems were also determined by cyclic voltammetry. 
Background charging currents at a 0.5 mm diam Pt disk 
electrode resulting from _+0.3 V (vs. Ag wire) potential 
sweeps at 100 mV/s were monitored as the solution was 
slowly cooled. The solidification temperature was re- 
corded as that for which the charging current suddenly de- 
cayed to near zero. Some precipitation of electrolyte was 
often observed at low temperatures,  but this did not ap- 
pear to adversely affect the charging measurements  since 
the viscosity and voltammetric data were in good agree- 
ment. 

Ethyl chloride (bp = +12~ was handled at -78~ (dry 
ice/acetone bath). Mixtures of PrCN and EtC1 with sup- 
porting electrolyte were prepared by dissolving the elec- 
trolyte in a measured volume of PrCN at room tempera- 
ture, cooling the solution to approximately 0~ and 
adding the desired amount  of ethyl chloride precooled at 
-78~ using a calibrated pipette. 

Resistivity measurements.--Solution resistivities were  
measured using an Industrial Instruments ac conductivity 
bridge (Cedar Grove, N J) in the double-jacketed electro- 
chemical cell described above, with two parallel (ca. 1 mm, 
spacing), platinized 1 cm 2 Pt sheets. The conductivity cell 
constant was calibrated with 0.100M aqueous KC1 at 25~ 
(35). A bridge frequency of 103 Hz was used when the solu- 
tion resistance was less than 104 ~ and 10 Hz when this 
value was exceeded. In selected cases, low-temperature 
solution resistivity was also measured (with satisfactory 
agreement) by ac impedance using a Solartron 1255 Fre- 
quency Analyzer and a 1286 Electrochemical  Interface. 

Electrochemistry.--Potential step chronoamperometry 
was carried out with a PAR 173 Potentiostat/Galvanostat 
and cyclic vot tammetry with a potentiostat and waveform 
generator of local construction. A conventional, three-elec- 
trode configuration was used with Pt  disk or microdisk (Pt 
microwire sealed in glass) or Au microband (see below) 
working electrode, Pt  wire auxiliary electrode, and Ag 
wire quasi reference electrode. No iRuncomp feedback com- 
pensation was employed. 

At the 0.5 mm diam "macroelectrode," diffusion coeffi- 
cients (D) of redox solutes were evaluated by potential step 
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ch ronoamperome t r i c ,  i vs .  t -1~2 plots  accord ing  to the  Cot- 
t rel l  equa t i on  

n F A D l l 2 C  * 
i - [1] 

(~rt) '/2 

where  A = e lec t rode  area and  C* = r edox  solute  concentra-  
t ion (mol/cm3). At  mic rod i sk  e lect rodes ,  D was calcula ted 
f rom the  p la teau  s teady-s ta te  cur ren ts  of  v o l t a m m o g r a m s  
f rom (36, 37) 

i = 4 n F r D C *  [2] 

in w h i c h  r is the  mic rod i sk  radius.  
Go ld  m i c r o b a n d s  were  fabr ica ted  f rom 0.2 ~m films, on 

0.025 in. po l i shed  A1203 wafers  (Materials Resea rch  Corpo- 
ration, Orangeburg ,  NY), m a d e  by unde rcoa t ing  wi th  
0.02 ~m Cr fo l lowed by  Au  vapo r  depos i t ion  onto all  sides 
and edges .  The  wafers  were  cu t  into ca.  2.5 x 0.6 cm rectan-  
gles, po l i shed  to r e m o v e  Au  f rom the  edges,  and sand- 
w i c h e d  b e t w e e n  two  glass sl ides wi th  e i ther  Torrseal  (Var- 
ian) or  E p o n  828 E p o x y  (Shell,  m e t a p h e n y l e n e d i a m i n e  
cur ing  agent ,  13% by  weight)  sealant.  The  E p o n  epoxy  was 
p rone  to de lamina t ion  u p o n  p ro longed  exposu re  to halo- 
ca rbon  solvents .  One  end  of  t he  wafe r  was left  exposed  to 
a l low electr ical  con tac t s  to the  two  Au films; after pol- 
i shing the  o ther  end  wi th  600 gri t  sandpaper ,  two  0.2 ~m 
Au m i c r o b a n d s  were  exposed  as i l lustrated in Fig. la.  

Microbands ,  un l ike  microdisks ,  do not  yield t rue  steady- 
state cur ren t  plateaus,  bu t  at suff icient ly smal l  potent ia l  
scan rates a pseudo-s t eady  state is approached  as illus- 
t ra ted  in the  e x a m p l e  ( room tempera tu re )  v o l t a m m o g r a m  
in Fig. lb .  The  m i c r o b a n d  rela t ion (37-39) used  is 

~ n F L D C *  
i - [3] 

In ( 8 D R T / n F v W )  

in wh ich  L and W are l eng th  ( typical ly 0.4-0.8 cm) and 
wid th  (2.0 • 10 -s cm) of  the  mic roband ,  respect ively ,  and 
e x p e r i m e n t  t ime  has  b e e n  rep laced  wi th  R T / n F v  where  v is 
potent ia l  scan rate  (V/s). For  the  v o l t a m m o g r a m  in Fig. lb ,  
the  m i c r o b a n d  equa t ion  predic ts  (using a microdisk-meas-  
u red  DTCNQ = 1.53 • 10 -5 cm2/s and  the  nomina l  0.6 cm 
leng th  and 0.2 ~m width)  a pseudo-p la teau  cur ren t  of  
417 nA wh ich  is in (typical) pair  a g r e e m e n t  wi th  the  ob- 
se rved  360 nA. (We obse rved  tha t  pseudo-s teady-s ta te  cur- 
rents  at f reshly  fabr ica ted  mic robands  are somet imes ,  ini- 

(a) 
Am 203 

/ 

la s g s ::: :!~ / i::- 
slides -~ ~.::,::.:.:1 T �9 I : : ~  
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epoxy 
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(b)  

100 nA 

1 0 0  mV/s 

Fig..1. (a) A schematic end-on view of a 0.2 I~m Au microband elec- 
trode. The Au film/glass slide junction is sealed with epoxy and the Au 
film/AI203 wafer junction is anchored with a thin layer (0.025 t~m) of 
Cr. (b) A sample cyclic voltammogram of the TCNQ ~ couple (1 raM) 
in CH3CN with 0.1M Bu4NPF6. The band dimensions are L = 0.6 cm 
and w = 0.2 I~m. 

Table I. Physical properties of nitrile and halogenated solvents (41). 

mp ~ (T, ~ 
Solvent (~ e (T, ~ (Centipoise) Comments 

Acetonitrile -46 37.5 (20)  0.375 (15) 
(MeCN) 

Propionitrile -92 27.2 (20)  0.454 (15) 
(EtCN) 

Butyronitrile -112 20.3 (21)  0.624 (15) 
(PrCN) 

EtC1 - 138 9.45 (20) 0.279 (10) bp = + 12~ 
EtBr -119 9.39 (20) 0.418 (15) 
2-Chlorobutane -131 7.09 (30) 0.439 ( 1 5 )  Racemic 
CHC1F2 -160 6.11 (24) 0.23 (25) bp = -41~ 
CHC12F -135 5.34 (28) 0.34 (25) bp = +9~ 
NFa -207 - -  - -  bp = - 129~ 
CH2C12 -97 9.08 (20) 0.45 (15) 

tially, m o r e  than  10-fold larger  than  ant ic ipated,  but  wi th in  
a day  or  so after fabricat ion,  the  cur ren t  set t les to a va lue  
near  t he  theore t ica l  predic t ion .  S u c h  behav io r  m a y  be  due  
to a mechan ica l  re laxa t ion  of  gaps b e t w e e n  the  e p o x y  seal- 
ant  and the  Au film crea ted  dur ing  polishing.)  

The  P t  d isk  macroe lec t rodes  were  chemica l ly  modi f ied  
wi th  e l ec t ropo lymer ized  films of  poly-[Os(bpy)2(vpy)2] 
[PF~]2 (bpy = 2,2 ' -bipyridine;  v p y  = 4-vinylpyridine)  as de- 
scr ibed  p rev ious ly  (40). F i l m  coverages  in moYcm ~ were  
de t e rmined  f rom the  e l ec t rochemica l  charge  unde r  the  
Os(II/III) vo l t ammet r i c  wave.  An  average  mono laye r  cov- 
erage  is t aken  as 1.3 • 10 -l~ mo l / cm 2. 

Results and Discussion 
L o w - t e m p e r a t u r e  s o l v e n t  s y s t e m s . - - V i t a l  character is t ics  

of  an e l ec t rochemica l ly  useful  l ow- t empera tu re  so lvent  
sys tem inc lude  low freezing or  sol idif icat ion t empera tu re ,  
l ow- t empera tu re  d issolu t ion  of  e lec t ro ly te  and r edox  sol- 
utes,  and a d e q u a t e  e lec t ro ly te  d issocia t ion  and  ion mobi l -  
~ty as ref lected in the  solut ion ionic conduct iv i ty .  We se- 
lec ted  a s t ra tegy of  e x a m i n i n g  combina t ions  of  low- 
me l t ing  l iqu ids  (or condensab l e  gases) wi th  re la t ively h igh  
dielectr ic  cons tan ts  and low-viscosi t ies  that  m igh t  gener-  
ate low-freezing eu tec t ic  m ix tu re s  (41) or  glasses. Butyro-  
ni tr i le  (PrCN) was  an  a t t rac t ive  componen t ,  hav ing  an un-  
usual ly  large die lect r ic  cons tan t  and a re la t ively low 
mel t ing  point.  Smal l  ha logena ted  hydroca rbons  have  low 
me l t i ng  poin ts  and lower  bu t  still  s ignif icant  dielectr ic  
constants .  Table  I gives  k n o w n  phys ica l  proper t ies  of  
some  such  materials .  

C o m b i n i n g  P r C N  wi th  ha loca rbons  genera l ly  p roduces  
so lvent  sys tems  which  d isso lve  t e t r a b u t y l a m m o n i u m  salts 
to some  ex ten t  and solidify b e t w e e n  -160~ and -180~ 
Mix ing  di f ferent  ha locarbons  was less successful ,  g iv ing 
solut ions  wi th  poor  d isso lv ing  powers .  A d m i x t u r e s  wi th  
m o r e  than  two c o m p o n e n t s  typica l ly  led to only  minor  im- 
p rovements .  N i t rogen  t r i f luoride has an a t t ract ively  low 
mel t ing  point,  bu t  we  were  unab le  to find d issoluble  elec- 
t rolytes  and its - 129~ boi l ing poin t  makes  NF3 inconven-  
ient  to handle .  

Mix tures  of  P r C N  and EtC1 were  found  to have  super ior  
l ow- t empera tu re  fluid e lec t ro ly te  character is t ics ,  shown  in 
the  sol idif icat ion t e m p e r a t u r e  d iagrams  in Fig. 2. Wi thout  
d i sso lved  e lec t ro ly te  (C)), a broad  solidif icat ion m i n i m u m  
at ca.  1:1 PrCN:EtC1 was obse rved  near  -180~ A d d i n g  
(A) 0.1-0.2M Bu4NPF6 e lec t ro ly te  (or BugNC104) caused  two 
major  changes:  P r C N  and  EtC1 indiv idual ly  d isp lay  sub- 
stantial  sol idif icat ion t e m p e r a t u r e  depress ions  and the  
curve  m i n i m u m  remains  close to -180~ bu t  b roadens  
cons iderab ly  (1:1-1:2 PrCN:EtC1) and seems to shift  to- 
ward  greater~percentages of  EtCI. The  fo rmer  effect  can be 
reasonab ly  a t t r ibu ted  to changes  in col l igat ive proper t ies  
b rough t  on by the  d i s so lved  e lec t ro ly te  salt. We no te  tha t  
w h e t h e r  the  sol idif icat ion de tec ted  in the  mix tu res  is 
caused  by  t rue  f reezing or by so lvent  glassing is unknown,  
so the  cause  of  the  Fig. 2 b roaden ing  is s imilar ly  obscure  at 
this t ime.  

Ano the r  impor t an t  feature  of  a l ow- t empera tu re  electro-  
chemica l  f luid is its ionic  conduct iv i ty .  Specif ic  solut ion 
res is tances  (p) of  several  e lec t ro ly te  solut ions are repor ted  
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Fig. 2. Compositional phase diagrams for the PrCN:EtCI solvent sys- 
tem. Circles represent solidification temperatures obtained for solu- 
tions without supporting electrolyte and triangles represent data for 
0.2M Bu4NPF 6 solutions. 

T ( ~  

- 1 0 0  - 1 5 0  - 1 8 0  

~, o 
Z~AA 

- 9  

In( 1 / p  ) 

- 1 3  

4- 

4- 

+ 
A 
o A § 

A 4. 
+ 

o 
4. 

4. 

4. 

§ 

§ o 

- 1 7  ' ' 
3 6 9 1 2  

1 0 0 0 / T  

in Table II as are activation energies for ion transport (42) 
obtained from Arrhenius plots ln(1/p) vs.  1/T, see Fig. 3. 3 
Some of the distortions observed in Fig. 3 are obviously as- 
sociated with electrolyte precipitation, such as the sharp 
decline in the EtC1 conductivity data below 0~ Some 
electrolyte precipitation is typical at low temperatures and 
is more noticeable in solutions with larger portions of 
EtC1. The amount  of precipitation was judged, relative to 
the dissolved total, to be most  substantial in the pure alkyl 
halide solvents and a less serious problem in the nitrile, 
mixed PrCN:EtBr  and PrCN:EtC1 solvents. The E~ values 
in Table II are high-temperature limits, being based on 
data at temperatures above those at which any significant 
precipitation was noticed. 

The resistivity results in Table II and Fig. 3 reflect the 
combined degree of electrolyte dissociation, ion mobil- 
ities, and losses in concentration due to precipitation. 
Electrolyte dissociation is promoted by large solvent di- 
electric constant and ion mobility (through Stokes'  law) by 
low solvent viscosity. Thus, at all temperatures, electro- 
lyte solution resistances in nitriles (alone) increase in the 
order p(MeCN) < p(EtCN) < p(PrCN), which is in the same 
order as increasing viscosity and decreasing dielectric con- 
stant (Table I). The dielectric constants for EtBr and EtC1 
are nearly the same, but  p(EtBr) > p(EtC1), which shows 
more directly the importance of viscosity since n(EtBr) > 
~(EtC1). Other publications have also stressed the role of 
viscosity in low-temperature solution resistance (1, 42). 

The effects of solvent viscosity are also apparent in the 
solvent mixtures, where electrolyte precipitation is also 
less severe. For example, p(l:l PrCN:EtC1) < p(l:l 
PrCN:EtBr) at -160~ and p(PrCN:EtC1) decreases with 
greater proportions of EtC1. This trend is not as expected 
from dielectric constant but  follows that for viscosity. 4 The 
E a for ion transport in PrCN:EtC1 mixtures also falls with 
increasing proportion of EtC1 consistent with lowering of 
viscosity. Another  important  point evident  in Table II and 
Fig. 3 is that the solution resistance of the solvent mixture 
at the lower temperatures is significantly less than that of 
either individual solvent component,  reflecting the impor- 
tance of considering the dielectric constant and solvent 
viscosity. The higher dielectric component  (PrCN) pro- 
motes electrolyte dissociation and the lower viscosity 
component  (EtC1) facilitates ionic mobility to enhance 
product  of charge carrier population and mobility. 

Figure 3 also shows, for the 1:2 PrCN:EtC1 mixture, that 
the solution conductivity falls much more rapidly with de- 

s Modeling ion conduction in solution as an activated ion- 
hopping process leads to an Arrhenius-type expression ki = zeoFL2/ 
6h exp -EA/RT where the pre-exponential terms comprise the lim- 
iting ionic conductance, z and eo are the ionic and electronic 
charges, and E A is the barrier height to hops of length L. 

4 We assume that both the dielectric constant and viscosity of the 
mixtures decrease at -160~ with increasing proportion of EtC1. 

Fig. 3. Arrhenius plots for the ionic conductivity of 0.2M Bu4NPF6 
liquid/electrolyte solutions neglecting the effects of electrolyte precipi- 
tation for: PrCN (�9 EtCI (A), and 1:2 PrCN:EtCI (+).  

creasing temperature below - 170~ This change in behav- 
ior is observed to some extent  in all the PrCN:EtC1 mix- 
tures and is exacerbated at higher fractions of EtC1. The 
phenomenon in part may reflect electrolyte precipitation 
but is probably also related to the onset of solvent solidifi- 
cation or glassing; the details are unknown at this point. 

We examined several other te t rabutylammonium elec- 
trolytes but  none proved preferable to Bu4NPF 6 and 
Bu4NC104, although Hx4NC104 is not very different. The 
resistivities of a lkylammonium salt solutions has been re- 
ported (44) as being less for short alkyl chains. However, 
Table II shows a much large r resistivity for Et4NC104 in 1:1 
PrCN:EtC1, probably because it is more prone to precipi- 
tation. 

E l e c t r o c h e m i s t r y  i n  1:2 P r C N : E t C I . - - T h e  low-tempera- 
ture potential window in 0.2M Bu4NPF 6 1:2 PrCN:EtC1 sol- 
vent  mixture  is quite large at a 25 ~m diam Pt microdisk 
electrode (Fig. 4), expanding from ca.  +2.0 to - 1 . 8 V  at 
-78~ to ca.  -+3.0 V at -160~ This change is consistent 
~with slow kinetic rates for background discharge of sol- 
vent  (or electrolyte), generating larger reaction overpoten- 
tials at lowered temperature.  Similar effects have been ob- 
served by Evans and co-workers (43). 

Table II makes it clear that while 0.2M Bu4NPF6 1:2 
PrCN:EtC1 is a low-temperature electrolyte solution, it is, 
nonetheless, a very resistive solvent and thus demands 
care in exper iment  design. Solvent resistance effects can 
severely distort potential scan vol tammograms at macro- 
sized working electrodes, whereas microelectrodes are 
more tolerant (45) of resistive media, because of the small 
currents that flow. For example, vol tammograms of Cp*Fe 
at electrodes with diameters greater than 50 ~m exhibit  se- 
vere uncompensated resistance distortion below ca. 
-100~ but with 10 and 25 ~m diam microdisks could be 
recorded down to -150~ as illustrated in Fig. 5. At the 
lowest temperatures,  the exper iment  is degraded by a 
combination of very small currents and a marginal ratio of 
current for Cp~Fe oxidation to double-layer charging (elec- 
trode capacitance) as the potential is scanned. Figure 5 re- 
veals that decreases in the diffusion coefficient of Cp~Fe at 
the lowered temperatures are greater than any that occur 
in the double-layer capacitance. The potential scan rate 
can of course be lowered to improve the ratio of faradaic/ 
charging current. Values for Dcp~f e a t  low temperatures can 
be evaluated (Eq. [2]) from the radial diffusion-limited pla- 
teau currents at 10 ~m diam microdisks, and as seen in 
Table III, they change by 400-fold between -20  and 

- 150oc. 
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Table II. Resistivity measurements for low-temperature solvent systems. 

2311 

Solvent system T b p fp~ E~ 
(Electrolytep (~ (K, ~cm) (~ (kcal/mol) Precipitation 

MeCN 0 0.12 -55--60 1.8(3) -45 
(0.2M Bu4NPF6) -40 0.21 

EtCN 0 0.17 - 105-- 110 2.1(4) -90 
(0.2M Bu4NPF6) -40 0.32 

-80 0.93 
PrCN 0 0.30 -150 2.7(7) -100 

(0.2M Bu4NPF6) -40 0.64 
-80 2.6 

-120 49 
EtC1 0 1.1 -160 - -  0 

(0.2M Bu4NPF6) -40 8.9 
-80 25 

- 1 2 0  54 
EtBr 0 1.7 - 130 2.3(1) -20 

(0.2M Bu4NPF6) -40 20 
-80 195 

-120 815 
PrCN:EtBr 1:1 0 0.40 -175 2.1(2) -70 
(0.2M Bu4NPF6) -40 0.78 

-80 2.3 
-120 18 
-160 768 

PrCN:EtC1 1:1 0 0.41 -178 1.7(1) -50 
(0.2M Bu4NPF6) -40 0.68 

-80 1.8 
-120 11 
-160 459 

PrCN:EtC1 1:2 0 0.64 -182 1.4(1) -50 
(O.2M Bu4NPF6 -40 0.97 

-80 2.2 
-120 10 
- 160 253 

PrCN:EtC1 1:1 0 0.59 -178 1.8(5) -80 
(0.2M Bu4NC104) -40 0.98 

-80 2.5 
-120 16 
-160 618 

PrCN:EtC1 1:2 0 0.65 -182 1.5(6) -60 
(0.2M Bu4NC104) -40 1.0 

-80 2.4 
-120 11 
-160 314 

PrCN:EtC1 1:1 0 4.4 -161 - -  Significant 
(0.2M Et4NC104) -40 12.2 at 0. 

-80 46 
- 120 309 
-160 18,300 

PrCN:EtC1 1:1 0 0.58 - 175 1.85(3) - 60 
(0.2M Hx4NC100 -40 1.0 

-80 2.6 
-120 15 
-160 600 

a Values represent concentrations calculated for room temperature. The volume of PrCN is measured at room temperature and the vol- 
ume of EtC1 is measured at -78~ 

b Representative data are shown. Measurements were taken every 10 ~ from room temperature to the solidification point or from 0 ~ to the 
solidification point if EtC1 was used. 

c Temperatures at which the last resistance measurement  was recorded before the values fell off scale. 
d Data were used only if no precipitate was observed, so the results represent higher temperature data. 

V o l t a m m o g r a m s  at  t h e  25 ~ m  d i a m  m i c r o d i s k  (Fig. 5) 
s h o w  a c h a n g e  s u g g e s t i v e  o f  l inea r  d i f f u s i o n  a t  -140~  a n d  
lower ,  w h i c h  is  q u a n t i t a t i v e l y  e x p e c t e d  s i nce  radia l  diffu-  
s ion  is  l e s s  q u i c k l y  a t t a i n e d  a t  t h e  l a rge r  e lec t rode .  T h e  
0.2 V p e a k  sp l i t t i ng  in  t h e  -150~  v o l t a m m o g r a m  is a b o u t  
100-fold l a rge r  t h a n  t h a t  a n t i c i p a t e d  for an  iR~o,~p effec t  
u s i n g  t h e  m e a s u r e d  Dcp~Fe (Table  III  c h r o n o a m p e r o m e t r y  
data)  a n d  s o l v e n t  p (Fig. 3) v a l u e s  in  t h e  r e l a t ion  

1.5 • 106n312rvmDll2c*p 
iR . . . . .  p - [4] 

TI~2 

which can be derived by combining the linear diffusion 
Randles-Sevcik equation (46) with the relationship for re- 
sistance at a hemisphere, R = p/4r. The peak splitting may 
reflect some ferricenium salt precipitation (45) or slow 
charge transfer for the Cp~Fe ~ redox couple at low tem- 
peratures; this has not been studied further. 

The voltammetry in Fig. 5 illustrates that while well- 
defined cyclic voltammograms are obtained in the resis- 
tive 0.2M Bu4NPF6 1:2 PrCN:EtCI solvent mixture, the cur- 
rents become distressingly small at the lowest tempera- 
tures. Such measurements are aided by the use of 

m i c r o b a n d  e lec t rodes ,  w h i c h  are  e x t r e m e l y  t h i n  in  o ne  di- 
m e n s i o n  b u t  a re  re la t ive ly  l o n g  in  a s e c o n d  d i rec t ion ,  t h u s  
p r o v i d i n g  a n  e l ec t rode  w h o s e  overa l l  s u r f a c e  a rea  is con-  
s i d e r a b l y  g r e a t e r  t h a n  t h a t  o f  a m i c r o d i s k  e l ec t rode  (36). 
T h e  a d v a n t a g e  of  t h i s  g e o m e t r y  is t h a t  fair ly la rge  (bo th  ra- 
dial  a n d  l inear)  v o l t a m m e t r i c  c u r r e n t s  a re  g e n e r a t e d  wh i l e  
f avo rab l e  iRuncomp c h a r a c t e r i s t i c s  a re  re ta ined .  At  s low po- 
t en t i a i  s c a n  ra tes ,  m i c r o b a n d  e l e c t r o d e s  p r o d u c e  s i g mo id -  
al, p s e u d o - s t e a d y - s t a t e  v o l t a m m o g r a m s  b y  e s t a b l i s h i n g  
h e m i c y l i n d r i c a l  rad ia l  d i f f u s i o n  prof i les  ove r  t h e  l e n g t h  o f  
t h e  b a n d .  M i c r o b a n d s  f a b r i c a t e d  f r o m  c o m m e r c i a l l y  avail- 
ab le  t h i n  (0.2 ~m)  A u  f i lms  c o a t e d  o n  A120 ~ s u b s t r a t e s  g ive  
l a rge r  c u r r e n t s  in  t h e  l o w - t e m p e r a t u r e  v o l t a m m e t r y  o f  
Cp~Fe  (Fig. 6), as  e x p e c t e d .  R e c o g n i z a b l e  w a v e s  c an  be  
d i s t i n g u i s h e d  to -160~  u s i n g  t h e  m i c r o b a n d .  D i s t o r t i o n s  
in  t h e  w a v e s  at  t h e  l o w e s t  t e m p e r a t u r e s  m a y  be  d u e  to 
f i lming  or s low c h a r g e  t r a n s f e r  as  n o t e d  above .  T h e s e  mi-  
c r o b a n d s  are  5-fold w i d e r  t h a n  t h o s e  e m p l o y e d  in  o u r  pre-  
v i o u s  r e p o r t  in  w h i c h  a n  e v e n  l o w e r  t e m p e r a t u r e  l imi t  w a s  
a c h i e v e d  (26). 

L o w - t e m p e r a t u r e  e l e c t r o c h e m i s t r y  w a s  also a ccom-  
p l i s h e d  w i t h  a 0.5 m m  d i a m  P t  d isk ,  in  th i s  case  u s i n g  po- 
t en t i a l  s t ep  c h r o n o a m p e r o m e t r y  to m e a s u r e  d i f f u s i o n  
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Table III. Diffusion coefficients of Cp2Fe at variable temperatures. 

D x 108 (cm2/s) 
T (~ Chronoamperometry a Microdisk b Microband c 

0 723 
-20 482 438 
-40 317 283 
-60 244 170 
-80 180 95 

-100 95 40 
-110 52 22 
-120 36 11 
-130 22 4.6 
-140 10 1.2 
-150 5.0 0.2 
-160 3.1 

103 
72 
44 
26 
16 
5.9 
3.0 

- 1 6 0  ~ 

F 

I 0 . 5  n A  

J 

I 

+3.0 

I I 
0.0 

..I I 
- 3 . 0  V 

E vs. Ag  w i r e  

Fig. 4. Background cyclic voltammograms defining the potential lim- 
its of 0.2M Bu4NPF6 1:2 PrCN:EtCI at various temperatures. The vol- 
tammograms were recorded with a 25 I~m diam Pt disk electrode at a 
scan rate of 100 mV/s. 

coeff icients  of  Cp~Fe in 1:2 PrCN:EtC1 so lvent  mix ture .  A 
large potent ia l  s tep (-0.5-+1.5 V v s .  Ag wire) was appl ied  
to o v e r c o m e  iRuncomp effects;  this  p rocedure  genera ted  lin- 
ear  i v s .  t -112 (Eq. [1]) plots  for cur rents  m e a s u r e d  3-4 s after 
app ly ing  the  potent ia l  step. 

Dif fus ion  coeff ic ients  for Cp*Fe f rom potent ia l  s tep 
c h r o n o a m p e r o m e t r y ,  mic roe lec t rode  vo l t ammet ry ,  and 
m i c r o b a n d  v o l t a m m e t r y  are summar i zed  in Table  I I I  and 
g iven  as Ar rhen ius  plots  in Fig. 7. D va lues  at P t  macro-  

l O - i I m  disk 2 5 - p r o  disk 

126O p 

- 1 4 0 ~  ~ 

-~ .15o ~ 

�9 016 ol.o -01 . . . .  16 o.ol . . . . .  

a 0.5 mm diam Pt disk; Eq. [1]. 
b 10 ~m diam Pt disk; Eq. [2]. 
c 0.2 ~m x 0.6 cm Au band; Eq. [3] via iterations using iobsd from 

cyclic voltammograms and beginning the calculations with D 
values from chronoamperometry. 

disks,  microdisks ,  and Au mic robands  were  de t e rmined  
f rom Eq.  [1]-[3], respect ive ly .  F igu re  7 shows  that  D va lues  
for Cp2Fe f rom m a c r o d m k  c h r o n o a m p e r o m e t r y  and m]- 
c roband  v o l t a m m e t r y  at low t empera tu re s  are qui te  com- 
parable,  as are apparen t  di f fus ional  ac t iva t ion  energies  (2.1 
and 2.3 kcal /mol,  respect ively) .  In  contrast ,  lower  resul ts  
are ob ta ined  wi th  mic rod i sk  expe r imen t s ,  no tab ly  be low 
ca .  -100~ This  mic rod i sk  d i f ference  is in the  wrong  di- 
rec t ion  for error  due  to no t  a t ta ining pure ly  radial  diffu- 
s ion condi t ions ,  wh ich  should  mani fes t  i tself  in a posi t ive  
In (D) v s .  1 / T  devia t ion  (for radial  diffusion,  D a i; for l inear  
diffusion,  D ~ i2). The  quan t i t a t ive  incons i s tency  of  the  mi~ 
c rod i sk  resul ts  is due  to s o m e  e x p e r i m e n t a l  flaw wh ich  we 
could  no t  identify.  In  any case, Table  I I I  shows  tha t  micro-  
band  v o l t a m m e t r y  and potent ia l  step c h r o n o a m p e r o m e t r y  
are sui table  t e chn iques  for low- tempera tu re  e lec t rochem-  
istry. Mic robands  ou tpe r fo rm mic rod i sks  wi th  respec t  to 
p roduc ing  larger  cur rents  whi le  s imilar ly  control l ing 
iR~comp dis tor t ions;  potent ia l  s tep c h r o n o a m p e r o m e t r y  is 
re l iable  p rov ided  a suff icient  potent ia l  range  is avai lable 
for the  large potent ia l  step n e e d e d  to avoid  i R  . . . . .  p diffi- 
culties.  

Chemica l ly  modi f ied  e lec t rodes  (47) hold  p romise  for 
e l ec t rochemica l  inves t iga t ions  at u l t ra low t empera tu re s  
because  of  the i r  special  t ranspor t  character is t ics .  Currents  
due  to surface-conf ined e lec t roac t ive  c o m p o u n d s  are no t  
cont ro l led  by  dif fus ion th rough  the  bu lk  solvent ,  so in 
pr inciple ,  bo th  the  abso lu te  va lue  and the  ratio of  the  
faradaic cur ren t  to capac i tance  currents  shou ld  be  inde- 
p e n d e n t  of  t empera tu re .  Fur the rmore ,  solubi l i ty  of  the  
e lec t roac t ive  species  wi th  increas ing  t empera tu re s  is no 

I-+ I.- 
- 1 6 0 "  

- 1 4 0  ~ 

- 1 7 0  ~ 

I I 011 i, I I 
<'0.4 " . V ( '0.4 -0,1 V 

E vs. AO wire  

Fig. 5. Variable-temperature cyclic voltammegrams (50 mV/s) re- 
corded at 10 (left panel) and 25 I~m (right panel) Pt microelectrodes 
for 2 mM Cp~Fe in 0.2/91 Bu4NPF 6 1:2 PrCN:EtCI. 

E v e ,  A g  w i r e  

Fig. 6. Variable-temperature cyclic voltammograms for 2 mM Cp~Fe 
recorded at 20 mV/s at a Au microband electrode (w = 2 • 10 -s cm; 
L = 0.6 cm) in 0.2M Bu4NPF 6 1:2 PrCN:EtCI. 
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Fig. 7. Arrhenius plots of diffusion coefficient of Cp~Fe (2 mM) in 
! '2 0.2M Bu4NPF 6 PrCN:EtCI. Diffusion coefficients were determined 
from chronoamperometry (+)  at a 0.5 mm Pt disk, radial steady-state 
current measurements (A)  at a 10 I~m Pt microdisk, and pseudo-steady- 
state current measurements (�9 at a 0.2 t~m • 0.6 cm microband. 

longer an issue and, if  the quanti ty of surface-confined ma- 
terial, and thus the faradaic currents, is minimized, serious 
iRu . . . .  p effects can be avoided. A potential difficulty with 
many surface-confined materials, however, concerns rate- 
l imiting diffusion (of electrons and counterions) within the 
film itself (48). This transport problem can be minimized 
by using very thin films. Indeed at low temperatures it can 
be more desirable to employ chemically modified macro- 
sized electrodes, in contrast to the theme of using micro- 
electrodes for low-temperature vol tammetry of redox sol- 
utes, described above. 

These features are illustrated with the Os(II/III) voltam- 
metry from films of electrochemically polymerized poly- 
[Os(bpy)=(vpy)2][PF6]2, (bpy = 2,2'-bipyridine; vpy = 4-vinyl- 
pyridine), which has been well studied as to its redox char- 
acteristics (49-53). 

J 

[ Os (bpy) 2 (vpy) 2 ] 2+ 

(al (b) 

__,. A i . . . .  ~ i+o~, 

- 6 0 "  

. 1 4 0  o [ 10 .A 

. l e o  o 

- I o  �9 

" l r ~  o 

I 6o nA _1750 
- lOO"  

1A 0.9 04  v 12 o~  v 

E vs .  AU w i r e  

Fig. 8. Variable-temperature cyclic voltammograms (100 mV/s) of 
poly-[Os(bpy)2(vpy)2][PFj films on 0.5 mm diam Pt disks in 0.2M 
Bu4NPF+ !:2 PrCN:EtCI: (a) for lO-monolayer film coverage, (b) for 
1.4-monolayer coverage. 

It has been demonstrated that both counterion and elec- 
tron-hopping diffusion are substantially attenuated in this 
polymer system at low temperatures (52) and that lower 
temperatures have a greater influence on counterion mo- 
tion. For this reason, films containing low (average 10 and 
1) numbers  of monolayers were deposited. 

Variable-temperature vol tammetry  of two poly- 
[Os(bpy)~(vpy)2] 2§ films on 0.5 mm Pt disks, nominally 1.4 
and 10 monolayers thick, is shown in Fig. 8. The two films 
exhibit  nearly ideal peak separation (hEp ~ 0) at higher 
temperatures.  However, for the 10-monolayer thick film 
(Fig. 8a) hEp values increase significantly at temperatures 
below -60~ At -100~ the faradaic component  of the 
vol tammetr ic  wave is barely recognizable. By contrast, the 
thinner poly-[Os(bpy)2(vpy)2] 2§ film (Fro = 1.8 • 10 -1~ moY 
cm 2) is quite well behaved down to -160~ and is distorted 
but discernible at -170~ Fig. 8b. 

The 1.4 monolayer thick film probably does not coat the 
electrode in a uniform fashion. Instead, the film is likely to 
be made up of small clusters of oligomers scattered on the 
surface. Nonetheless,  the charge-compensating coun- 
terions that are required to retain charge neutrality during 
the electron transfer to and from the Os complexes in 
these clusters need not penetrate into a thick polymer ma- 
trix to reach all the electroactive sites. Such will not be the 
case for the thicker film. Permeabil i ty measurements  (53) 
on films 20 monolayers or thicker have shown that  the 
electrode is more or less completely covered with polymer. 
Thus, counterion permeation through a large number  of 
layers of electroactive sites is required in electrode reac- 
tions involving relatively thick films. This barrier to ion 
diffusion is likely to be accentuated as the amorphous 
polymer matrix becomes increasingly rigid at lower tem- 
peratures. 

We interpret  the qualitative features of the voltammo- 
grams in Fig. 8a then as reflecting a large iRuncomp within 
the polymer matrix due to slow counterion transport in the 
thicker film. These experiments  reveal that access to ultra- 
low-temperature vol tammetry with surface-confined ma- 
terials is possible and convenient,  even with large elec- 
trodes, provided transport problems within the film itself 
can be resolved. There are numerous monolayer-attach- 
ment  schemes in the chemically modified electrode litera- 
ture that can potentially be exploited. 

Finally, an example  of slow charge transfer kinetics is 
found in low-temperature oxidative stripping of thin Ag 
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Fig. 9. Variable-temperature stripping voltammograms (100 mV/s) of 
Ag films which had been deposited on a 0.5 mm diam lit electrode at 
room temperature from 0.1M Bu4NPF 6 PrCN:EtCI solution saturated 
with silver acetate. Deposition times of l0  s were employed for films 
that were stripped at temperatures down to -80~ and 30 s for films 
stripped below this temperature. 

metal films. Figure 9 shows the stripping of similar quanti- 
ties of thin Ag metal films that were first electrochemically 
deposited on the Pt electrode from dilute Ag § solutions at 
room temperature, then cooled to lower temperatures at 
which the metal film was electrochemically oxidized. Each 
stripping curve represents a separate room temperature 
deposition cycle. The increasing shifts in the oxidation 
peak potential at lowered temperature represent larger 
and larger overpotentials for the oxidation reaction as the 
temperature is lowered. The shifts are much larger than ac- 
countable either from reference electrode variability or 
from iR . . . . .  p effects. 

Summary 
We have discovered a new fluid electrolyte system, 1:2 

PrCN:EtC1 with Bu4NPF6 or Bu4NC104 supporting electro- 
lyte, which is well suited for low-temperature electro- 
chemistry. The application of this solvent system in 
chronoamperometry and cyclic voltammetric experiments 
with microelectrodes and chemically modified electrodes 
has produced results at temperatures lower than any pre- 
viously reported in liquid media. A practical working limit 
in the range of -160--170~ opens the possibility of con- 
ducting electrochemical experiments with some of the Bl- 
and Tl-based high-temperature superconductors, which is 
the ultimate goal of this research. 
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On the Kinetics and Mechanism of Oxygen Reduction at Oxide 
Film-Covered Pt Electrodes in Acid Solutions 

II. Electron Transfer Through the Oxide Film and Mechanism of the Reduction 

A. Damjanovic 

Allied Signal, Incorporated, Corporate Technology Center, Morristown, New Jersey 07960 

ABSTRACT 

The kinetics and mechanism of oxygen reduction at oxide film-covered Pt  electrodes in acid solution is analyzed. Two 
linear E-log i regions are observed when it is ensured that the thickness of the oxide film for each E-log i point  is the same. 
The kinetics in the high current  density (cd) region is characterized by the Tafel slope of - 120 mV. In  the low cd region, 
the slope is -60  mV. The reaction order with respect to H30 + is 1/2 and i in the high- and the low-cd region, respectively. 
Because of the observed fractional reaction order in the high-cd region, the kinetics in either cd region cannot be ex- 
plained in terms of any classical, commonly used procedure in mechanistic analysis with a simple model of electrified in- 
terfaces. Currents at a constant potential in the cd region with the -120 mV slopes decrease exponentially with the thick- 
ness of the oxide film. In  contrast, currents in the region with the -60 mV slope are invariant with thickness. Three models 
are used in mechanism analysis to account for the observed pH dependencies. The model of splitting the interfacial poten- 
tial difference into two components,  and the acid-base equilibria model can explain the observed pH dependencies. How- 
ever, they do not account for the observed kinetic behavior with respect to the thickness of the oxide film. The model of 
the distr ibution of the unoccupied electron energy levels in solution and electron tunnel ing through the oxide film ac- 
counts both for the observed pH dependencies and for the dependence of the rates on oxide film thickness. With this 
model it is shown that the electron energy level in the ground state of the reacting complex increases 60 meV as pH in- 
creases one unit. This dependence of the electron energy levels on pH provides physical significance for the observed pH 
dependence and fractional reaction order with respect to H30 § 

It has been reported in This Journal that the kinetics of 
oxygen reduction (OR) at oxide film-covered Pt  electrodes 
in acid solutions shows unusua l  behavior with respect to 
pH and the thickness of surface oxide films anodically 
formed prior to the measurements of the 02 reduction 
rates (1). For a constant  thickness of the film, two linear 
E-log i regions are seen (Fig. 1). At the low-cd end, they are 
close to -60 mV, i.e., to -2.3 RT/F, whereas at the high-cd 
end, they are close to -120 mV, i.r to -2.3 (2RT/F). At any 
constant cd and thickness of the oxide film, electrode po- 
tential against a pH-independent  reference electrode de- 
creases, in both cd regions, ca. 60 mV as pH values in- 
crease one unit,  i.e. 

i,d r 

While this pH dependence is compatible with the (dE/d 
log i)pH ~ -2.3RT/F in the low-cd region, it cannot be rec- 
onciled on the basis of any simple model of electrode ki- 
netics with the observed dE/d log i dependence of -2.3 
(2RTIF) in the high-ed region. 

Another feature of the kinetics is that the positions of the 
N-log i relations in the high-cd region with the -120 mV 
Tafel slopes depend strongly on the thickness of the oxide 
film. The rates of the OR at a given electrode potential de- 
crease exponentially with film thickness (1). In contrast, 
the positions of the E-log i relations in the low region with 
the -60 mV Tafel slopes are essentially insensitive to the 

thickness of the oxide film. This is illustrated in Fig. 1 for 
an electrode which was for each point first reduced and 
then preanodized with 2 x 10 -3 A cm -2 for either 102 or 
104 s. With the previously published data (2, 3), the oxide 
film thickness for these two times of preanodization at this 
current density should approximately equal 7 and 8.5 A, 
respectively. 

In  this paper, the pH dependencies in both cd regions 
are analyzed and an explanation is given for the depend- 
ence of the rates for OR on oxide film thickness in the 
high-cd region with the - 120 mV Tafel slope, as well as for 
the independence of the rates on film thickness in the 
low-cd region with the -60 mV Tafel slope. A reaction 
path with its mechanisms is suggested that accounts for 
the observed kinetic parameters in both cd regions. 

Kinetic Data 
The kinetics of the OR in the high-cd region is described 

by Eq. [1] 

ih = kh [H30§ 1/2 exp [-~d] exp [ - ~ F E ]  [2] 
L RT J 

where subscript h denotes the high-cd region. The pre- 
exponential  term kh depends on the choice of a pH inde- 
pendent  reference electrode against which E is given. It 
contains the factor for the dependence of the rates on oxy- 
gen partial pressure, which is first order, as well as other 
factors commonly encountered in an electrochemical rate 
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