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where K~ is the adsorption equil ibrium constant  for excess 
TEA on adsorbed Cu(II)-TEA. 

From Eq. [A-l] to [A-4], the fractional surface coverage of 
active Cu(II)-TEA is expressed as 

K1 �9 C~1 K3" Cc 1 
03 - [ 1 ]  

I + K I . C ~  I + K 3 . C c  I + K 2 . C x l  

When the differential coefficient of Eq. [1] is equal to 0, the 
maximum fractional surface coverage can be defined as 
03 ..... The differential equation of 03 by C~1 is 

d(03) K3 �9 C~ 

d(C~) 1 + K3" Cc 

K1 " (1 - KI" K~" 0~1) 
= 0 [A-5] 

(1 + K1. C~) 3. (1 + K2. Cxl) 2 

From Eq. [A-5] C~ at O3 . . . .  is 

1 [A-6] 
Cxl(0r,~) = KI �9 K2 

Therefore the max imum fractional surface coverage can 
be expressed as 

K3 " Cr 1 

03 . . . .  1 + K3" Cc (1 + V~2/K1) 2 [2] 

Since the deposition rate is proportional to the fractional 
surface coverage, the rate related to the concentration of 
excess TEA from Eq. [1] and [2] is expressed as 

- -  - ~ 1 + [ 3 ]  

e3,max rmax K l l ] "  1 + K1 - Cxl 1 + K2 �9 Cxl 

where rm~x is the deposition rate at 03 ..... and r is the depo- 
sition rate measured at 03. 
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The Effect of Chromium Particles on Nickel Electrodeposition 
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ABSTRACT 

In order to obtain an understanding of the mechanism of chromium particle occlusion in electrodeposited stainless- 
steel-type coatings, the U.S. Bureau of Mines has studied the effect of chromium particles on nickel electrodeposition. The 
chromium particles catalyzed nickel electrodeposition on a vitreous carbon surface. Chromium particle additions, when 
added to Watt's-type electrolytes, of 0.33M, 0.67M, and 1.00M NiSO4, shifted the nickel reduction wave to more positive po- 
tentials on a vitreous carbon surface. From rotating cylinder electrode studies it was concluded that nickel deposition 
with or without chromium particles is a kinetically limited rather than mass-transfer-limited process. Electrochemical im- 
pedance spectroscopy experiments with and without chromium particles verified the rate-determining step proposed by 
Epelboin, with the Ni+(ads) limiting the nickel electrodeposition. The chromium particles appear to enhance the forma- 
tion of this Ni(,d~ ) intermediate. 

Insoluble particles suspended in an electrolyte during 
plating can be occluded in an electrodeposited coating 
(1-3). The Bureau of Mines has been successful in produc- 
ing stainless steel coatings on low-alloy steel substrates by 
heat-treating an electrodeposited binary alloy of nickel 
and iron with occluded chromium particles (4-6). As a first 
step in unders tanding the mechanism of this particle oc- 
clusion, the effect of chromium particles on nickel electro- 
deposition has been studied. 

Previous studies by Bazzard and Boden (7) concluded 
that chromium particle occlusion occurs as a result of col- 
lisions of the particles with the cathode surface. The 
changes Bazzard and Boden observed in the polarization 
behavior and increased current at a fixed potential were at- 
tributed to the increased surface area due to the particles 
and an increased surface ion activity. The latter effect re- 
sulted from fresh solution brought to the surface by the 
stationary film of liquid on each particle. Bazzard and 
Boden also considered the effect of having conductive 
chromium particles within the electric field. Due to the 
small size of the particles, substantial polarization of them 
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did not occur. However, a local anode and cathode were 
set up on each particle in accordance with its position in 
the electric field. The conductive chromium particle af- 
fected the electric field gradient as it approached the cath- 
ode, resulting in a local rise of the current  of the cathode. 
This local rise in current ensured rapid incorporation of 
the chromium particle. However, no large-scale electro- 
phoretic or electrochemical effect was involved in the par- 
ticle occlusion process, according to Bazzard and Boden. 
This study sought to examine the effect of the chromium 
particles on the mechanism of nickel deposition from a 
sulfate electrolyte during the occlusion process. 

Experimental 
All research was conducted in a three=electrode, modi- 

fied Greene cell with a volume of 1000 ml. The experimen- 
tal cell resided in a temperature-controlled water bath reg- 
ulated at 70~ The experimental cell was purged with 
nitrogen gas prior to the experiments. A small rod of vitre- 
ous carbon embedded in glass with an exposed surface 
area of 0.08 cm 2 was used as the stationary working elec- 
trode (cathode) for the slow sweep studies, while a rotating 
cylinder electrode of vitreous carbon (0.665 cm 2 surface 
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area) was used for the rotating cylinder and electrochemi- 
cal impedance spectroscopy (EIS) studies. The reference 
electrode was a saturated calomel electrode (SCE) con- 
nected to the Greene cell by a Luggin probe assembly. An 
inert counterelectrode of graphite rod, generating H ~ as its 
product at the anode (the anodic reaction was the 
breakdown of H20 to form H § and O~), was used. There- 
fore, the potent iostat ic  scans were limited to a region 
(-0.45 to -0.85 V SCE) where the pH (approximately 4) did 
not change during experiments.  

Electrolytes were composed of nickel sulfate, enough so- 
dium sulfate to maintain the sulfate ion concentration con- 
stant at 1M, and 0.65M boric acid. Commercially available 
chromium powder (>99% Cr) was used in this study. The 
particles were of a spherical shape with a size distribution 
of 0.3 to 60 ~tm diam; the majority of the particles were 
1~2 ~m in diam as determined by image analysis on a scan- 
ning electron microscope. Slow-sweep polarization stud- 
ies of nickel electrolytes at three concentrations of NiSO4, 
0.33M, 0.67M, and 1.00M, with the addition of 0.1 and 4.2 
volume percent (v/o) chromium particles, were conducted. 
(When a tenfold increase from 0.1 v/o to 1 v/o did not show 
a clear trend in 0.33M NiSO4 electrolyte, a 40 to 50-fold in- 
crease was tried. A good suspension of the particles in the 
electrolyte was obtained at 4.2 v/o.) The electrolyte concen- 
tration of 0.67M NiSO4 with and without 4.2 v/o chromium 
particle additions was used for the rotating cylinder elec- 
trode and EIS studies. The rotating cylinder experiments 
were conducted at rotation rates of 500, 1000, 1500, and 
2000 rpm. Some EIS experiments were also conducted at 
room temperature. 

The slow potentiodynamic polarizations, sweep rates of  
1 mV/s, were performed with a PAR I Model 371 potentio- 
stat, PAR Model 175 universal programmer, Fluke multi- 
meter, HP computers,  and in-house software. Impedance 
spectra were acquired in the frequency range of 100 kHz 
to 5 mHz with a r m s  peak value of  i0 mV using a Solar- 
tron 1286 electrochemical interface, Solartron 1255 HF 
frequency response analyzer, a HP computer, and 
"ACDRIVE ''2 software. Impedance data were taken under 
potentiostatic control at -0.4, -0.6, -0.7, and -0.8 V SCE. 

Results and Discussion 
S lo w  sweep  c u r v e s . - - O n  the small vitreous carbon elec- 

trode the full forward scan beginning at 0 to -1.5 V SCE 
exhibited a limited current region (near -0.7 V SCE) fol- 
lowed by hydrogen reduction (Fig. 1). The addition of  
chromium particles affected the shape of the nickel reduc- 
tion wave (increasing the length of the limited current re- 
gion) for some of the concentrations of nickel electrolyte, 
and displaced the wave to more positive potentials for all 
of the concentrations. The positive displacement (depo- 
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Table I. Nickel reduction wave displacement with 
addition of Cr particles. 

Ni concentration Reduction wave 
M/1 displacement mV 

Volume percent Cr 

0.1 4.2 

0.33 50 100 
0.67 55 110 
1.00 70 150 

larization) was greater for 4.2 v/o chromium than that for 
0.1 v/o chromium. The greatest displacement occurred for 
1M NiSO4 containing a 4.2 Wo addition of chromium parti- 
cles, as Table I indicates. 

These trends also have been observed by M. Metzger and 
H. H. Tombrink (8) in their studies on the addition of SiC 
and colloidal graphite particles to a nickel sulfamate elec- 
trolyte. The shifts in reduction potentials were attributed 
to an increase in the active surface area by the adsorbed 
particles on the cathode. Metzger and Tombrink reported 
no change in the form of the reduction wave, only a poten- 
tial displacement. Figure 2 shows an example of the re- 
sults obtained during this study on the forward scans in 
the limited current region (-0.45 to 0.85 V SCE), which 
were in agreement  with Metzger and Tombrink. The major 
shifts in reduction potential were only observed during the 
nucleation of the nickel deposit  onto the foreign substrate 
(forward scan only). However, reverse scans, Fig. 3, exhibit  
no shift in the reduction potentials but do show increases 
in the current. Once a Ni deposit was formed and growing 
(reverse scan), the particles did not cause any further signifi- 
cant shifts in reduction potential. These results are consist- 
ent with the suggestion by Bazzard and Boden (7) that the 
concentration of nickel ions near the cathode is increased 
as the particles approach the cathode. Each collision of the 
particle with the cathode has the effect of momentarily in- 
creasing both the surface area of the cathode and the 
nickel activity at the surface. 

Rota t i ng  cy l inder  electrode s tud i e s . - - In  general, the 
presence of chromium particles increased the limiting cur- 
rent during nucleation at all rotation rates (r Direct com- 
parison to data with the stationary electrode was not possi- 
ble, since the poor reproducibili ty of the rotating electrode 
was believed to be caused by the heterogeneous nature of 
the reduction reaction. The observed limiting current plot- 
ted vs. r 213 did not produce a straight line, indicating that 
the limiting current was independent  of mass transport at 
rotation rates from 500 to 2000 rpm. These results are con- 
sistent with rotating ring-disk electrode studies of Andri- 
cacos et al. (9), who concluded that agitation does not af- 
fect the nickel deposition reaction. For the Andricacos 
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Fig, 1. Full forward and reverse scans of nickel electrodeposition 
without chromium particles from 0.67M NiS04 electrolyte. 
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Fig. 2. Limited forward scans of nickel electrodeposition with chro- 
mium particle additions from 1M NiS04 electrolyte. 
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Fig. 3. Limited reverse scans of nickel electrodeposition with chro- 
mium particle additions from 1M NiS04 electrolyte. 
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Fig. 5. Typical Bode plot of EIS displaying resistance and capaci- 
tance components. 

data a plot  of  log Ni cur ren t  dens i ty  vs.  e lec t rode  potent ia l  
for data  col lec ted  at 100 and 1600 r p m  coincided.  Within 
the  range  of  ro ta t ion rates for this B u r e a u  of  Mines study,  
it appears  that  the  l imi t ing  current  is re la ted to a k inet ic  
r a te -de te rmin ing  step dur ing  n ickel  nuc lea t ion  on the  vit- 
reous carbon  surface. 

E I S  s t u d i e s . - - T o  fur ther  e luc ida te  the  effect  of  t he  chro- 
m i u m  part ic les  on the  m e c h a n i s m  of  n ickel  nuc lea t ion  on 
a v i t reous  carbon  surface  and subsequen t  depos i t ion  of  
the  n ickel  coating,  E IS  was per formed,  The  shapes  of  all of  
our  B o d e  plots  are character is t ic  of  a capaci tor  and resis tor  
in paral lel  ra ther  than  in series. F r o m  our  EIS  studies we 
found nickel  e lec t rodepos i t ion  to be  a mult i -s tep react ion 
process  invo lv ing  first a charge  t ransfer  reaction,  a surface- 
adsorbed  in t e rmed ia t e  p r o d u c e d  by the  charge  t ransfer  re- 
action, and the  s u b s e q u e n t  r emova l  of  the  adsorbed  inter- 
med ia te  by  a second  or  poss ib ly  th i rd  reaction.  The  equiv-  
alent  c i rcui t  wh ich  descr ibes  the  electr ical  r esponse  of  an 
e lec t rochemica l  reac t ion  wi th  a s t rongly  adsorbed  inter- 
media te  is shown  in Fig. 4. In  this c i rcui t  R~ represents  the  
solut ion res is tance  ( including IR drop), Rc~ is the  charge  
t ransfer  res is tance,  and CADS and RADS are  componen t s  that  
conta in  the  con t r ibu t ion  of  surface coverage  of  the  ad- 
sorbed in t e rmed ia t e  and the  rate of  desorpt ion.  These  
electr ical  responses  for the  e lec t rochemica l  react ion can 
be ex t rac ted  f rom the  B o d e  plot. Beg inn ing  at the  low-fre- 
q u e n c y  end  of  the  B o d e  plot  (Fig. 5), the  res is tance of  the  
slow, ra te -de te rmin ing  step (RAD s) is fo l lowed by the  pseu- 
d o c a p a c i t a n c e s  (CADs), fast step, charge  t ransfer  res is tance 
(RcT), and last the  total  res is tance  of  the  solut ion inc lud ing  
IR  drop  (Rs)- 

A poss ible  m e c h a n i s m  for this mul t i -s tep  nickel  electro- 
depos i t ion  f rom a sulfate e lec t ro lyte  was first p roposed  by 
Epe lbo in  et al. (10), wi th  more  d i scuss ion  by Chassa ing 
et al. (11). In  our  case  at the  h igher  pH of 4, s teps [2]-[4] are 
the  mos t  l ikely react ions  to be  occurr ing.  Steps  [5]-[7] have  

been  p roposed  to occur  at low pH (pH of 1.5 to 3), where  
the  H&ds) is s t rongly  b o n d e d  to the  surface  and acts as an 
inhib i tor  for h y d r o g e n  evolut ion.  The  Epe lbo in  mechan-  
i sm gives a ve ry  s impl is t ic  descr ip t ion  of  this hyd rogen  
evo lu t ion  react ion on the  coa ted  Ni surface  (reactions [1] 
and [5]-[7]). A more  descr ip t ive  m e c h a n i s m  of  pro ton  dis- 
charge  fo l lowed by ra te -de te rmin ing  e lec t rodic  desorp t ion  
is g iven  by K o b o s e w  and Nekras sow (12). 

Epe lbo in  et  al. m e c h a n i s m  

2H § + 2e- ---> H2 [1] 

Ni +2 + e- --~ Ni(~d~ ) [2] 
.+ 

Nl(.d~ ) + e- ---* Ni ~ [3] 

Ni(~ds > + Ni +2 + 2e- ---> Ni ~ + Ni(~as ) [4] 

�9 + H + "+ , Nl(ads ) + + e -  ---> Nl(ads ) + H(ads ) [5] 

2H%d~) --~ H2 [6] 

"+ * ---> Ni + [7] Nl(ads ) + S(ads ) + e- S(included) 

The  "§ Nltad, ) species,  p robab ly  a h y d r o x i d e  or an oxy- 
hydroxide ,  plays a vi ta l  role  in t he  Epe lbo in  mechan i sm.  
Matulis  and Slizys (13) also repor t  that  nickel  deposi ts  
f rom a NiOH § ion species  in the  pH  range  of  4.0 to 4.2. The  
EIS  and s low sweep  data f rom this research  suppor t  the  
Epe lbo in  mechan i sm.  The Nyqu i s t  plots, wi th  and wi thou t  
c h r o m i u m  particles,  d isp layed the  two induc t ive  loops  
(shown in Fig. 6) m e n t i o n e d  by Epe lbo in  and Wiart (14). 
The  Nyqu i s t  plots  demons t r a t ed  that  two success ive  
e lec t ron  t ransfer  react ions  occur red  dur ing  n ickel  reduc-  
t ion regardless  of  the  p resence  of  the  c h r o m i u m  particles.  
Also, the  var ia t ion of  log of  cur ren t  wi th  log of  n ickel  con- 
cent ra t ion  for the  s low sweep  data  is first-order in n ickel  

13 i i 
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c~ 
RADS O 

Fig. 4. An equivalent circuit which describes the electrical response 
of the electrochemical reaction for nickel electrodeposition. 
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Table II. Pseudocapocitances. 

Pseudo- Pseudo- 
Potentiostated capacitance capacitance 

potential Temperature w/o Cr particles w/Cr particles 
(V SCE) (~ (~F/cm 2) (~F/cm 2) 

-0.4 70 486 186 
-0.6 70 377 126 
-0.7 70 83 100 
-0.8 70 83 84 
-0.7 31 313 NM 
-0.8 31 166 NM 
-0.4 24 NM 515 
-0.7 24 NM 676 

NM: Not measured. 

Table III. Double-layer capacitance. 

Double-layer Double-layer 
capacitance capacitance 
without Cr with Cr 

Potential, particles particles 
(V SCE) (~F/cm 2) (~F/cm 2) 

-0.4 4.4 2.1 
-0.6 4.2 2.3 
-0.7 3.6 2.1 
-0.8 3.7 2.5 

concentration, suggesting that the Ni § is reduced one 
electron at a time. 

The pseudocapacitance was interpreted as a measure of 
the adsorbed intermediate Ni~ads ). The pseudocapacitances 
calculated from the Bode plots are shown in Table II. The 
pseudocapacitance is determined by extending the slopes 
for the pseudocapacitance and slow step resistances until 
the slopes cross; the cutoff frequency and resistance are 
determined at this crossover point. The pseudocapaci- 
tance is the reciprocal of the product of cutoff frequency 
and resistance. The pseudocapacitance was also very tem- 
perature-dependent;  note the elevated values at the lower 
temperature. The temperature dependence of these ca- 
pacitance values clearly shows that these capacitances are 
pseudocapaeitances. Pseudocapaeitance is temperature- 
dependent,  whereas double-layer capacitance is not tem- 
perature-dependent. The double4ayer capacitance values 
at the lower temperatures were the same as the values at 
70~ 

Comparisons of the Bode plots  at the various potentials, 
both with and without chromium particles, indicated that 
at the same potential, viz., -0.4 V SCE, the pseudocapaci- 
tance appeared more pronounced when the chromium 
particles were not present. The pseudocapacitances of 
Table II support  this observation. The pseudocapacitance 
values are larger without chromium particles at potentials 
prior to the nickel electrodeposition at -0.7 V SCE. After 
the adsorbed intermediate is formed on the substrate to es- 
tablish the slow rate-determining step, the nickel deposi- 
tion can proceed. Thus, the pseudocapacitance values be- 
come equivalent for either case, with or without chromium 
particles, at approximately -0.7 V SCE. The role of the 
chromium particles therefore was to reduce the potential 
required for the establishment of the surface adsorbed 
species. 

No. 12, December 1991 �9 The Electrochemical Society, Inc. 

Whether the chromium particles were delivering more 
metallic ions or more adsorbed intermediate cannot be de- 
termined. However, if the corrosion proposed by Bazzard 
and Boden (7) occurred on the chromium particles, then 
there is a possibility of nickel reduction on the particle sur- 
faces in solution. Although no unambiguous evidence 
exists of nickel plating on the chromium particles in solu- 
tion, analyses of particles remaining in the electrolyte after 
extensive plating indicate the presence of nickel on the 
particles. 

Double-layer capac i tance . - -The  double-layer capaci- 
tance values tabulated in Table III were calculated from 
the slope of a plot of angular frequency vs. imaginary ad- 
mittance rather than from the Bode plots because of preci- 
sion. The order of magnitude for double-layer capacitance 
values was checked and confirmed by a Bode plot calcula- 
tion. These double-layer capacitance values are one order 
of magnitude smaller than values previously reported by 
o~ther researchers  (10-16). Volk and Fischer (15) reported a 
double-layer capacitance value of 50 ~F/cm 2 at 25~ using 
oscillographic measurement  of  the ohmic drop after 
switching the current on; Kruglikov et al. (16) derived a 
value of 60 txF/cm 2 at 30~ using a potential decay method; 
and Epelboin and Wiart (14) calculated a value of 
70 ~F/cm 2 by a least squares method from the elements of 
a representative circuit to fit impedance experimental  data 
measured at 30~ 

In order to investigate the apparent differences between 
our results and the above-mentioned literature values, 
Epelboin's  Nyquist  plots were digitized and analyzed with 
our "ACDRIVE" software. Our analyses indicate that 
Epelboin's  double-layer capacitance corresponds, both in 
frequency range and magnitude, to our pseudocapacitance 
region. We were not able to determine double-layer capaci- 
tance values from Epelboin's  data due to lack of high-fre- 
quency data. Perhaps the current technology of direct cal- 
culation of double-layer capacitance from impedance data 
gives a more precise value than transient techniques with 
many assumptions and the use of slower responding oscil- 
loscopes employed by the researchers in the 1960s. Re- 
gardless of the cause, we believe that previous results for 
double-layer capacitance values for nickel reduction via 
the adsorbed intermediate mechanism reflect the pseudo- 
capacitance associated with the adsorption of the interme- 
diate. 

There appears to be a weak potential dependence of the 
double-layer capacitance without chromium particles, 
whereas the double-layer values with Cr particles have no 
potential dependence. The double-layer capacitance is 
probably potential-independent in the presence of chro- 
mium particles because of the excess Ni § and/or Ni~ds ~ 
provided to the surface over the entire potential range 
studied. 

Time constants . - -The slope of a plot of the product of 
imaginary impedance x angular frequency vs. real imped- 
ance yields the t ime constants of a reaction step, and the y 
intercept is equivalent to the resistance for this reaction 
step. The time constant data with and without chromium 
particles are tabulated in Tables IV and V. The time con- 
stant analysis clearly indicated the positive potential shift 
in the reduction mechanism. The more defined time con- 
stants (time constant value does not change with potential) 

Table IV. Time constant data without Cr particles. 

Potentiostated 
potential constant 
(V SCE) (s) 

Step 
time 

Slower step 
time 

resistance constant resistance constant 
(~-cm 2) (s) (~-cm 2) (s) 

Slowest step 
time 

resistance 
(~-cm 2) 

-0.4 NA NA NA NA NA NA 
-0.6 7,6 x 10 -6 2.3 NA NA NA NA 
-0.7 9.3 • 10 -6 2.8 1.1 • 10 3 19.6 NA NA 
-0.8 9.8 x 10 6 2.6 1.6 • 10 6 6.2 NA NA 

NA: data are not obtainable from the graph. 
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Table V. Time constant data with Cr particles. 
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Step Slower step Slowest step 

Potentiostated time time 
potential constant resistance constant resistance 
(V SCE) (s) (~t-cm 2 ) (s) (~-cm 2) 

time 
constant resistance 

(s) (tl-em 2) 

-0.4 1.8 • 19 -4 11.5 NA NA 
-0.6 8.5 • 10 -6 3.5 1.6 • 10 -3 49.5 
-0.7 9.1 • 10 -6 3.4 1.7 • 10 -~ 12.4 
-0.8 8.7 • 10 -6 3.3 1.7 • 10 _3 7.5 

NA NA 
NA NA 
0.9 15 
0.7 7.3 

NA: data are not obtainable from the graph. 

sugges t  that  the  c h r o m i u m  part icles  were  catalyzing the  
n ickel  e lec t rodepos i t ion  by enhanc ing  the  format ion  of  the  
Ni~+ads~ in termedia te .  With Cr particles,  the  t ime  cons tan t  
va lue  for the  first (fastest) step was approx ima te ly  
9 • 10 -6 s, and 1.7 • 10 _3 s for the  s lower  step for all poten-  
t ios ta ted potent ia ls  of  -0.6,  -0.7,  and -0 .8  V SCE. On the  
o ther  hand,  w i thou t  Cr only the  first step was def ined at 
9.3 • 10 -8 to 9.8 • 10-6s for po ten t ios ta ted  potent ia ls  of  
-0.7 and -0 .8  V SCE; the  s lower  t ime  cons tan t  was not  in- 
d e p e n d e n t  of  potential .  These  resul ts  sugges t  that  the  
c h r o m i u m  part ic les  were  catalyzing these  s lower  steps. 
Pe rhaps  this  s lowest  step, only  def ined w h e n  c h r o m i u m  
part icles  were  present ,  at po ten t ios ta ted  potent ia ls  of  -0 .7  
and -0 .8  V SCE involves  a H~ads) species  as wel l  as Ni~ad~ ~ in 
react ions  such  as s teps  [5]-[7] in the  Epe lbo in  (10, 11, 14) 
m e c h a n i s m  or K o b o s e w  and Nekras sow (12) mechan i sm.  

Conclusions 
In  conclus ion,  wi th  or wi thou t  c h r o m i u m  particles,  

n ickel  e lec t rodepos i t ion  is k inet ica l ly  l imi ted  ra ther  than  
mass- t ransfer- l imited.  All resul ts  suppor t  the  m e c h a n i s m  
proposed  by Epe lbo in  et al. in wh ich  the  Ni § is r educed  
one  e lec t ron  at a t ime  and the  Ni~ds~ in te rmedia te  l imits  the  
n ickel  e lec t rodepos i t ion .  C h r o m i u m  part icles  catalyze 
n ickel  depos i t ion  onto a fore ign substrate.  C h r o m i u m  par- 
t icles appear  to enhance  the  format ion  of  a Ni(+~ds~ in terme-  
diate. The  c h r o m i u m  part ic les  could  be act ing as an addi- 
t ional  surface site for the  Ni~ads ~ in te rmedia te  to form, or 
p rov id ing  an increase  in the  Ni +2 concen t ra t ion  at the  sur- 
face, or de l iver ing  the  Ni(aa~ ~ in t e rmed ia t e  to the surface. 
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ABSTRACT 

Elec t ron  conduct iv i t i es  are repor ted  for dry  thin  films of  Pruss ian  b lue  and its comple te ly  ox id ized  and r educed  
forms,  Pruss ian  ye l low and Ever i t t ' s  salt. It  has been  d i scovered  that  des iccated  Pruss ian  b lue  films are non -ohmic  in the  
sense  tha t  s ignif icant  e lec t ron  conduc t ion  does not  occur  be low a threshold  vol tage of  ca. -+ 0.5 V. Pruss ian  ye l low and 
Ever i t t ' s  salt  are ohmic  and do not  have  a conduc t ion  threshold.  The  conduct ivi t ies ,  as de t e rmined  f rom the  s lopes of  the  
i-V curves,  are essent ia l ly  the  same  for Pruss ian  yel low, Ever i t t ' s  salt, and Pruss ian  b lue  above  the  vol tage  threshold ,  and 
are ca. 5 x 10 -7 (~ cm) -1. The  solid state v o l t a m m o g r a m  of a we t  film is also cons idered  in t e rms  of  the  pers i s tence  of  the  
th resho ld  and  the  onse t  of  e lec t rochemis t ry .  We propose  a qual i ta t ive  explana t ion  for the  th resho ld  vol tage  based on the  
a s sumpt ion  tha t  the  "va lence  band"  (ferric ferrocyanide)  is comple te ly  occupied  and that  the  appl ied  vol tage  injects  elec- 
t rons into the  " conduc t ion  band"  (ferrous ferricyanide).  

S ince  the  classic d i scuss ion  of  Rob in  and Day on m i x e d  
va lence  crystals,  P russ i an  b lue  has  been  regarded  as the  
p ro to type  e x a m p l e  of  a m ixed -va l ence  t ransi t ion meta l  
h e x a c y a n i d e  (1). Dur ing  the  pas t  decade,  fo l lowing  the  dis- 
covery  of  the  e l ec t rochemica l  act ivi ty  of  Pruss ian  b lue  and 

re la ted hexacyanides ,  there  has been  cons iderab le  in teres t  
in the  e lec t ronic  and ionic conduc t iv i ty  of  this class of  
compounds .  U n d e r  condi t ions  where  ionic t ranspor t  is fa- 
cil i tated, as wi th  th in  films of  P russ i an  b l u e  (ferric ferro- 
cyanide  or  PB) in aqueous  po ta s s ium ion  solutions,  it is 




