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ABSTRACT 

Electroluminescence (EL) on ZnS was studied in aqueous solutions containing various redox species. For species able 
to generate strongly oxidizing intermediates, such as peroxydisulfate or hydrogen peroxide, bright blue luminescence was 
observed during cathodic polarization at potentials near to or negative of flatband potential (V ~B) of ZnS. For solutions con- 
taining supporting electrolyte alone at various p H's, no emission was detectable even at potentials 7V negative of VrR. This 
suggests that minority carrier (hole) injection is responsible for the initiation of EL. The peak energy of the EL spectrum was 
much smaller (by 1 eV) than the bandgap of ZnS, suggesting that the radiative recombination is through intermediate lumi- 
nescent centers. Under steady-state conditions, the EL intensity was proportional to the square of the current, suggesting 
that EL intensity is dominated by the recombination of electron hole pairs at luminescent centers. In the early part of a 
potential pulse (especially the first pulse), the growth behavior of EL intensity was strongly affected by the electron 
trapping of the empty upper luminescent  states. The location of the EL spectra depended on the current density and EL 
intensity; with increasing EL intensity, a significant blue shift of the emission peak was observed. These results suggest 
that the overall radiative recombination rate might be limited by electron transfer (through a tunnel ing mechanism) from 
the occ,upied upper luminescent  states to the empty lower lufninescent states. An EL efficiency of 0.2% can be achieved by 
operating at a current density of 25 mA/cm 2. 

The s tudy of interracial  charge t ransfer  processes 
at semiconductor electrodes is under  active invest iga-  
tion (1-5). Luminescence techniques have been em- 
ployed successfully as probes to s tudy surface re- 
combinat ion and excited state processes (6-9). Re- 
cently Ellis et al. (6) have carried out extensive 
studies on the electroluminescence and photolumi-  
nescence of cadmium chalcogenides, for example CdS 
and CdSe, and, by comparison with photogenerated 
charge t ransfer  obtained informat ion about the re- 
action processes at these electrodes. The efficiency 
of the room tempera ture  emission of these materials 
in the visible spectral  region is quite low, as is that 
of most other semiconductors (e.g. quan tum yields 
< 10-8). 

Wide bandgap I I -VI  compounds are potent ial ly 
useful electrode materials  for visible electrolumines-  
cence in solution; the zinc ehalcogenides are especially 
good candidates for such applications. Indeed, low 
voltage solid-state devices which produce electro- 
luminescence have been described; however, it is 
difficult to produce a good p -n  junct ion  necessary 
for efficient charge inject ion due to self-compensation 
by nat ive  .defects. Less complex Schottky junct ions 
have been atten~pted with some degree of success 
(10-12), There have been few reports of solution 
studies of electroluminescence of ZnS (13, 14). In  
an early let ter  (14), emission was reported for a 
ZnS electrode immersed in  fuming sulfuric aicd; this 
was a t t r ibuted  to the formation of an inversion 
layer  at ZnS surface. More recent ly a brief r epo r t  by 
Tyagai et al. (13) described the blue emission of a 
ZnS cathode in H202, which was at t r ibuted to hole 
inject ion from the reduct ion intermediate,  'OH, into 
the valence band of ZnS. However, details of the 
process, the mechanism of emission, and the depend-  
ence of the spectral  dis t r ibut ion on a variety of 
electrochemical parameters  were not explored. The 
authors  thought it of interest  to examine the electro:  
luminescence of ZnS as a probe of the energetics at 
the ZnS/elect rolyte  interface and for possible ap- 
plication to display devices. 

In  this paper, the authors examine the elects'o- 
chemical and electroluminescent  properties of single- 
crystal n - type  ZnS electrodes with various redox 
couples. They demonstrate  that the electrolumines-  
cence (EL) is init iated by hole inject ion from solution 
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redox couples and under  s teady-state  conditions, the 
EL intensi ty  is dominated by the recombinat ion of 
electron hole pairs at luminescent  centers. Neither 
electron t ransfer  to the upper  states nor  hole 
t ransfer  to the lower state controls the rate of emis- 
sion in the condition studied. The effect of t rapping 
on the growth of EL and the factors affecting the 
intensi ty  and spectral  d is t r ibut ion  of the EL are 
discussed. The EL efficiency at room temperature  is 
among one of the highest in the photoelectrochemical- 
type luminescent  cells or low voltage solid-state elec- 
t roluminescence devices (22). An EL efficiency of 
0.2% can be achieved by operating at a current  den-  
sity of 25 m A / c m  2. 

Experimental Section 
Materials.--Al-doped ZnS single crystals were gen- 

erously donated by J. O. McCaldin or were grown 
by ioame cnemmal vapor t ransport  (15). These crys- 
tals usual ly  had high resistivities ( ~  10 TM ~-cm) .  
The crystals were heated in a molten 90% Zn-10% A1 
mixture  at 900 C for 10-24 hr. This t rea tment  re-  
duced the resistivity of some crystals to 20-10 ~ 12- 
cm. The crystals with low resistivity were used in 
the EL experiments.  They were cut into slices along 
the (111) plane and were subsequent ly  polished by 
ca rborundum (1 #m grit size) and a lumina  (0.5 tim 
part icle size), Ohmic conta.ct was made according to 
the method given by Kaufman  and Dowber (16). The 
crystals were mounted  as electrodes as described pre-  
viously (17). Before a series of experiments,  the 
electrode was etched in a potassium dichromate-H2SO4 
cleaning solution at 70~ ior 5 rain. Reagent grade 
chemicals were used without  fur ther  purification. All 
solutions were prepared from tr iply distilled water  
and were deoxygenated, if not  otherwise mentioned, 
for at least 30 mm with purified ni trogen before each 
experiment.  These experiments  were carried out with 
the solution under  a ni t rogen atmosphere. 

Electrochemical measurements.--All electrochemi- 
cal measurements  were performed with the same 
electrochemical cells, apparatus, and procedures as 
reported previously (17). The impedance measure-  
ments  were carried out with an aqueous solution con- 
ta ining 1.0M NaC104. The pH of the solution was ad- 
justed with HC104 or concentrated NaOH (10M). The 
apparatus and procedures for impedance measure-  
ments  were based on those reported previously (18). 
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Two a-c frequencies (100 and 300 Hz) were em- 
ployed and no significant dispersion was found. 

Electroluminescence measurements . - -The EL spectra 
were main ly  obtained with a PAR Model 1215 OMA2 
optical mul t i channe l  analyzer  inc luding a silicon in-  
tensifier target vidicon detector with a vacuum u.v. 
scinti l lator to enhance the u.v. response. This detec- 
tion system has an essentially fiat response in the 
wavelength range of the ZnS E L spectrum, 350-550 
rim. To obtain the EL spectra, the electrode was 
pulsed between 0.0V vs. SCE and a given negative 
potential.  The EL signal was detected by synchroniz-  
ing the OMA detect, ion system with the potential  
pulses applied to the electrode. Another  detection 
system was constructed based on an  Oriel mono-  
chromator  equipped with gratings blazed at 500 or 
1000 nm. The monochromator  was interfaced to a 
highly red-sensi t ive photomult ipler  tube (PMT) 
(Hamamatsu  R928). Signals from the PMT were 
amplified by a lock-in amplifier and displayed on a 
Houston Model 2000 X-Y recorder. In  the t rans ient  
experiments,  the EL signal was detected by a PMT 
with attached neu t ra l  density filters and a 460 n m  
bandpass filter. Signals from the PMT were ampli -  
fied by a current - to-vol tage  converter  and displayed 
together with the chronoamperometr ic  curves on a 
Nicolet Model 1090A digital oscilloscope, and then re- 
corded on a Houston Model 2000 X-Y recorder. 

The integrated EL efficiency, C-EL, was determined 
by an in tegrat ing sphere photometric detection sys- 
tem as described by I taya and Bard (19) and by 
Bezman and Fau lkne r  (20). 

The total photometric apparatus consisted of an 
in tegrat ing sphere and an EG&G radiometer  at tached 
to the viewing port  of the sphere. The sensitivity, S, 
os the integrat ing sphere was calibrated with an 
He-Ne laser or by a light beam (10 nm bandwidth)  
obtained from a 450W Xe- lamp and an interference 
bandpass filter at 460 rim. The calibration factor, C, of 
the EG&G radiometer  was obtained by a s tandard 
actinometric procedure with a 0.1M ferrioxalate acti- 
nometer.  The sample cell for EL experiments  was in-  
serted into the sphere and was held in position by  a 
s tandard  taper  jo int  attached to the sphere. The elec- 
trode was pulsed and the total charge passed was mea-  
sured with a digital coulometer. The total photon 
energy emit ted was measured by the integrat ing 
sphere photometric apparatus. The integrated n u m b e r  
of photons can be calculated based on Eq. [1] given 
in Ref. (19) or approximate ly  

the total  n u m b e r  of photons (einsteins) 

--~ S • C • total photon energy (joules) measu red /F  

• photon energy~max [1] 

in which F is Faraday's  constant  and ~max is the 
wavelength at the peak of EL spectrum. In this 
equation, the average energy per  photon is taken as 
the photon energy at ~-max. This is only an approxi-  
mat ion  since the EL spectra are not  nar row enough 
to be treated as line spectra. However, they are 
quite symmetr ic  and the half -width  is na r row as 
compared with the photon energy at ~max. 

Results 
Electrochemical behavior.--Flatband potential (VFe). 

- -S tudies  of the capacitance of n -ZnS  electrodes were 
conducted in  deaerated aqueous solutions containing 
1M NaC104 at different pH's. As shown in Fig. 1, a 
Schottky depletion layer  was formed at the surface 
of ZnS, as indicated by the l inear  dependence of 
the reciprocal of the square of the capacitance on 
the potential  (Mott-Schottky plot) .  VFS of this ZnS 
electrode was --1.61V vs. SCE at pH 1.95 and shifted 
about  55 mV negat ively per pH uni t  increment.  The 
uncompensated ionized charge density, found from 
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Fig. i. Mott-Schottky plots of ZnS electrodes in IM NaCIO4 at 
different pH. A-C frequencies, 100 and 300 Hz. Z~, pH 1.95; [-7, 
pH 7; O ,pH 10. 

the slope of the Mott-Schot tky plots and the di- 
electric constant (e = 8.3) (21) was 9.1 • 101~ cm -3. 

Voltammetric behavior.wCyclic voltammetr ic  studies 
on n -ZnS  were conducted in deaerated 1M NaC1 
solution at different pH's. As shown in  Fig. 2, in the 
absence of peroxydisulfate at pH 11.4, no appreciable 
cathodic current  was obsevved at potentials positive 
of --2.0V vs. SCE (curve a). The in t roduct ion of 20 
mM K2S2Os into the solut ion caused an increase in  
the cathodic current  for potentials negative of --1.SV 
vs. SCE (curve b) .  This enhanced cathodic current  
is apparent ly  due to the reduction of S2Os 2- at the 
ZnS electrode. When the pH of the solution used in 
b was decreased to 2.2, a diffusion-controlled reduc-  
t ion wave with a peak current ,  ip, proport ional  to 

200 ~A 
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Fig. 2. Cyclic voltammograms on ZnS electrodes. Scan rate; 100 
mV/sec in (a) 1.0M NaCIO4, pH 11.4; (b) 1.0M NaCIO4, 20 mM 
K2S2Os, pH 11.4; (c) 1.0M NaCIO4, pH 2.3; (d) 1.0M NaCIO4, 20 
mM K2S208 at pH 2.2; (e) i.0M NaCIO4, 20 mM K2S2Os at pH 
2.0. Solution pH was adjusted with concentrated NaOH (10M) and 
HCIO4. 
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the square root of scan rate and a peak potential,  Ep, 
at  about  --1.85V vs. SCE appeared (curve d). This 
wave can ma in ly  be a t t r ibuted to proton reduction, 
because the peak height increases with the proton 
concentrat ion (cf. curve e with curve d) and the 
peak position was essentially the same as that cor- 
responding to proton reduction in  a solution not 
containing S2Os '~- (see curve c). However the dif- 
ferent  /p-values in curves d and c suggest part ial  con- 
t r ibut ion by the reduction of peroxydisulfate species. 
The reduction of S~Os 2- does not appear to be s t rongly 
pH dependent  over the pH range studied. Note that 
the peak position for S2Os 2- reduct ion of graphite 
electrodes is essentially pH independent  (see Fig. 3). 

InterJacial energy scheme. - -The  interracial  energy 
scheme at the (ZnS/electrolyte)  interface at pH 1 is 
summarized in  Fig. 4. The location of the bandedges 
of ZnS with respect to SCE were calculated based 
on the procedures reported previously (18) and on 
the following quantit ies:  the resistivity of the sample, 
p ~ 20 ~ -cm;  the effective mass of electron, me* ---~ 
0.34 mo (21) (mo is the mass of free e lectron);  the 
electron mobility, ~e ---- 160 cm2/Vsec (22); the band-  
gap, Eg = 3.66 eV (21, 22) and  the flatband poten-  
tial at pH 1, VFS ---- --1.54V vs. SCE. The conduction 
bandedge, Er was found to be --1.74V vs. SCE. This 
put the valence bandedge, Ev, at a potential  of 1.92V 
vs. SCE. The normal  potentials of the ( O H - .  OH) 
and SO42-/SO4 ~) couples have been estimated to 
be 2.7 and 3.2V vs. SCE, respectively (23). 

ElectroIuminescence (EL) . - -S tudies  of EL from n -  
ZnS electrodes were conducted in deaerated aqueous 

solutions containing various redox couples given in 
Fig. 4 or in  oxygen-satura ted solution containing no 
redox couples otrler than support ing electrolyte, 1M 
NaC104. In  the presence of peroxydisulfate or hydro-  
gen peroxide, a br ight  blue emission was observed 
start ing at potentials negative of VFB that was readily 
observable under  dayl ight  conditions (Fig. 5). No 
detectable EL was observed in solution containing 
only support ing electrolyte even at an applied po- 
tent ial  of --10V vs. SCE. In Ce (IV) solution, the blue 
emission was found at potentials far negative of VFB, 
such as --5V vs. SCE. EL with peroxydisulfate was 
studied most extensively, and details of the results 
in solutions containing 0.2-1M S2Os 2- at different 
pH's are given below. 

Steady-state current and EL-potent ial  p roper t i e s . -  
As shown in Fig. 6a, the current,  i, increases exponen-  
t ial ly with potential,  and some cathodic current  flows 
when the potential  is positive of Vfm This exponent ial  
dependence is consistent with the capacitance mea-  
surements  which indicate the formation of a Schottky 
depletion layer  at the surface of ZnS. When the po- 
tential  is-well negative of VFB, the i -SV  (where hV : 
V-YES ) characteristic obeys a power law relationship 
over a wide range of applied potential  of the form 
i o: ~V~ with n equal  to 2. This suggests that the cur- 
rent  in this potential  range is dominated by double 
injection (24). A current  doubling effect is expected 
with this system based on the interfacial  energy 
scheme shown in  Fig. 4. 

Different from the i - •  behavior,  significant EL 
intensi ty  is only detected at potentials near  to or 
negative of VFB (see Fig. 6b), where double inject ion 
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Fig. 3. Cyclic voltammograms on graphite electrode. Scan rate, 
100 mV/sec in (a) 1.0M NaCIO4, pH 11.4; (b) 1.0M NaCIO4, 20 
mM K2S2Os, pH 11.4; (c) 1.0M NaCIO4, 20 mM K2S~O8, pH 2.2. 
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Fig. 6. Current-(curve a) and EL intensity-(curve b) vs. potential 
at ZnS electrodes in 1.0M NaCIO4 and 0.2M (NH4)2S2Os at pH 
8.4. Scan rate, 20 mV/sec. 

takes  place. Moreover,  the EL in tens i ty  rises more  
steeply,  as compared  wi th  the current ,  wi th  increas ing 
negat ive  potent ia l .  As shown in Fig. 7, the EL in-  
tensi ty,  I, var ies  according to a re la t ionship  of the 
form I oc i n, wi th  n equal  to 2 over  the cur ren t  range  
studied.  

Spectral distribution.--EL spec t ra  were  obta ined  b y  
r epe t i t i ve ly  puls ing the e lec t rode  be tween  0.0V and 
a potent}al negat ive  of VFB. The br igh t  b lue  emission 
could be seen eas i ly  wi th  the naked  eye even under  
o rd ina ry  room l ight  conditions.  The EL spectra  were  
obta ined b y  synchroniz ing  the OMA detect ion sys-  
tem with the potent ia l  pulses appl ied  to the electrode.  

Since the in tens i ty  and the spec t ra l  d is t r ibut ion  of 
the  EL va ry  with  t ime dur ing  the first severa l  po-  
ten t ia l  pulses and reach  a s t eady-s t a t e  condit ion only  
af ter  some per iod of cycling, the EL spect ra  shown 

were  recorded under  s t e a d y - s t a t e  potent ia l  puls ing 
conditions,  if not  o therwise  ment ioned.  The EL growth  
behav ior  is descr ibed in the  fol lowing sections. 

The EL spectra,  shown in Fig. 8, are  character ized 
by  a s ingle  broad  band wi th  m a x i m u m  EL in tens i ty  
at  about  460 rim. The exact  peak  position, ~max, of the 
EL spec t rum depends  on severa l  pa rame te r s  which 
wil l  be discussed in the  fol lowing sections. Because 
the sens i t iv i ty  of the OMA detect ion sys tem was low 
at wavelengths  beyond 700 nm, a h igh ly  red-sens i t ive  
pho tomul t ip l i e r  tube  (Hamarnatsu  R928) was used 
to check the EL spec t rum in this region. No other  
bands were  observed out to 1000 nm. 

El~ects of potential on EL intensity and spectral dis- 
tribution.--As shown in Fig. 8, significant changes in 
the in tens i ty  and shifts in spec t ra l  d is t r ibut ion  of 
the EL were  found wi th  smal l  changes of the  nega t ive  
poten t ia l  l imit .  More negat ive  s tep potent ia ls  in-  
creased the EL in tens i ty  and produced  a b lue  shif t  
in the  EL spec t rum (by  about  35 nm in ~m~ wi th  a 
potent ia l  change of --1.95 to --2.25V vs. SCE).  The 
EL spec t rum also was b roadened  wi th  decreasing 
negat ive  l imits  (ha l f -wid th  of 92 nm at --1.95V vs. 84 
n m  at --2.25V vs. SCE).  Note tha t  the EL spec t rum 
with  the  h igher  emission in tens i ty  had  a sha rpe r  
high energy  edge than tha t  wi th  low emission in-  
tensi ty.  This is shown more  c l ea r ly  in Fig. 9 by  nor -  
mal iz ing curve e in Fig. 7 to the  same peak  height  
as curve a and then  t rans la t ing  this normal ized  curve 
b y  35 nm to shor te r  wavelengths  to match  the peak  
posi t ions of  the  two curves.  

Development o~ electroluminescence and current 
during sequential potential pulses.--The growth  and 
decay of the EL in tens i ty  and current  dur ing  a se- 
quence of potent ia l  pulses be tween  0 and --2.75V vs. 
SCE is shown in Fig. 10. In  the first pulse,  the cur ren t  
( the lower  curve)  reaches a peak  va lue  wi th in  5 ~sec, 
which is v e r y  close to the  rise t ime of the poten t ia l  
s tep genera ted  from the potent iostat .  Af te r  reaching 
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Fig. 7. EL intensity vs. current for ZnS electrodes in 1 .0M NaCl04  
and 0.2M (NH4)2S20s at pH 8.4. 

3 8 0  4 8 0  580 
Wavelength (~) , n m  

Fig. 8. Steady-state EL spectra at different step potentials on 
ZnS electrodes in 1.OM NaCI04 and 0.2M (HH4)2S20s at pH 8.9. 
The positive limit potential was OV vs. SCE. Negative l irnit poten- 
tials: (a) --2.25V, (b) --2,20V; (c) --2.15V; (d) --2.10V; (e) 
--2.05V vs. SC, E. 
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Fig. 9. EL spectra from curves a and e in Fig. 8 normalized curve 
e to the s~me peak height as curve a and then this normalized 
curve translated 35 nm to shorter wavelengths to motch the peak 
po~itions of these two curves. 

the max imum,  the cu r ren t  decays exponent ia l ly  to a 
s t eady-s t a t e  value.  In  the  subsequent  pulses, this 
cur ren t  overshoot  d i sappears  g radua l ly  and the cur-  
ren t  more  r ap id ly  ( , ,20 ~sec) a t ta ins  the  s t eady-s t a t e  
value.  In  the  reverse  (posi t ive)  potent ia l  step, the 
current  decays to zero wi th in  20 #sec and occasional ly  
shows an oscillation. The increase of EL in tens i ty  was 
s lower  than  the corresponding ra te  of cur ren t  in-  
crease  and no significant decay  occurred dur ing  the 
cathodic step, if the pulse width  was shor t  (--~5 msec) 
(Fig. 10). The EL in tens i ty  increased with  sequent ia l  
po ten t ia l  pulses and reached a s t eady- s t a t e  va lue  
af ter  about  10 pulses, if the cathodic s tep poten t ia l  
was negat ive  of --2.5V vs. SCE. The decay  t ime of 

/ f 
�9 rime 

5 ms ~ 

~ - O  I-~ 

Fig. 10. Bottom: Current time characteristics of ZnS electrodes 
in 1M NaCIO4 and 0.2M (NH4)2S2Os at pH 8.4. The potential was 
pulsed between 0 and --2.75V vs .  SCE at a frequency of 100 Hz. 
Top: corresponding EL intensity-tlme characteristics. 

EL (--~20 #sec) was much shor te r  than  its rise time. 
The rise t ime depended  on the h is tory  of pulsing and 
the s tep  potent ial .  Extens ive  potent ia l  pulsing a n d / o r  
a la rge  ampl i tude  potent ia l  step decreased the rise 
t ime of EL. /%. rise t ime of 200 ~sec can be achieved 
af te r  extensive puls ing of the ZnS electrode be tween  
0 and --3.5V vs. SCE. There  was a lways  a dead zone 
at  the beginning  of the first po ten t ia l  pulse  of  a se-  
quence where  significant cur ren t  was observed  wi th -  
out genera t ion  of a significant amount  of EL. 

Accompanying  the growth  of the  EL in tens i ty  du r -  
ing a sequence of pulses, a blue shif t  of the EL spec-  
t rum was observed.  As shown in Fig. 11, the in te-  
g ra ted  EL in tens i ty  du r ing  a single pulse  increased 
with  pulse  number .  This is consistent  wi th  the resul t  
shown in Fig. 10. The in tegra ted  EL in tens i ty  in the 
26th pulse was about  100 t imes h igher  than that  of 
the  first pulse. Moreover,  a p ronounced  b lue  shift  of 
about  20 n m  in ~-max was observed on the EL spec t rum 
of the  26th pulse compared  to that  of the  first. 

Effects of pH on EL intensi ty  and spectral distribu- 
t ion . - -S tudies  of pH effects on the EL were  conducted 
in deaera ted  solutions containing 0.2M (NH4)2S~O8 
and 1M NaCIO4. The pH of the solut ion was ad jus ted  
wi th  10M NaOH and HC104. The peak  in tens i ty  of the 
EL was a funct ion of pH (Fig. 12). When  the po ten-  
t ia l  of the  ZnS e lec t rode  was pulsed be tween  0 and 
- -3V vs. SCE with  a 5 msec pulse width,  the EL 
in tens i ty  reached a m a x i m u m  value at  pH 7-9 and 
decreased g radua l ly  at  lower  pH and more  s teep ly  at  
h igher  pH. An  increase in pH from 8.0 to 10.1 caused 
a la rge  decrease  in the EL in tens i ty  and a red  shift  of 
35 nm in the EL spectrum. Simi lar ly ,  a decrease of 
pH from 8.0 to 1.2 decreased the EL in tens i ty  and 
caused a red shif t  (,-~18 rim) of the  EL spect rum 
(Fig. 13). 

~, n m  

Fig. 11. Development of EL spectra for different potential pulses 
on ZnS electrodes in 1.0M NaCIO~ and 0.2M (NH4)2S20~ at pH 
8.9. Curve a--26th pulse; curve b ~ l l t h  pulse; curve d--first 
pulse; curve c--five times expansion of the El. scale in curve d. 
Potential of the electrode was pulsed between 0 and --2.25V vs .  

SCE at a frequency of 100 Hz. 



Vol. 130, No. 9 SEMICONDUCTOR ELECTRODES 1871 

=" 

c- 

o 

m 

,,m 

� 9 

o_o O  o~ \ 
Q 

0 \ 
�9 
\ 
�9 

I I I I I L 

2 4 6 8' 10 1 2 

pH 

Fig. 12. El. peak intensity vs. pH characteristics of ZnS electrodes 
in 1M NaCIO4 and 0.2M (NH4)2S2Os. The electrode was pulsed 
between 0 and --3V vs. SCE at a frequency of 100 Hz. 

Electroluminescence in  the first potential  p u l s e . -  
The growth of EL dur ing  the first pulse was usual ly  
very  different f rom that  observed under  s teady-state  
pulse conditions. The effect of the negat ive potent ial  
l imit  is shown in Fig. 14. At smaller  negative poten-  
tials (e.g., positive of --2V vs. SCE), the EL in tens i ty  
was very  low and increased l inear ly  with t ime (see 
curve 14a). As the l imit  was made more negative,  the 
EL intensi ty  increased l inear ly  with t ime at the very 
beginning  and exponent ia l ly  approached a sa turat ion 
value at longer  times (see curve 14c), indicat ing a 
faster growing- in  of EL as compared with that  at less 
negative potentials. A faster rate in EL growth could 
also be achieved at less negative potentials,  if the 
electrode was prebiased to a potent ia l  where no EL 
was generated bu t  a significant current  was observed 
(for example, a prebias at any  potential  be tween --1.4 
and -- 1.8V vs. SCE at pH 8.4). 

The effect of prebias on the growth behavior of EL 
at --2.25V vs. SCE is shown in Fig. 15. Without  pre-  
bias, the EL in tens i ty  was low and grew very  slowly 
(see curve b).  The corresponding chronoamperometr ic  
curve (curve d) showed a significant current  over-  
shoot and sharp decay to a s teady-state  value. Pre-  
bias of the electrode for 30 sec at --1.72V vs. SCE, 
where no EL but  a significant t ransient  current  was 
detected, not  only enhanced the EL in tens i ty  but  also 
accelerated the growth of EL (see curve a). The cur-  
rent  overshoot in curve d disappeared and the cur-  
rent  reaches the s teady-state  value wi th in  a few 
tens of #sec (see curve c) .  

E1~ficiency and stabil i ty  of  ZnS  e lec trode. - -The EL 
~fficiency was determined in a pulse exper iment  with 

�9 i 

380 480  5S() 
Wavelength, nm 

Fig. 13. El. spectra at different pH on ZnS electrodes in 1M 
NaCIO4 and 0.2M (NH4)2S~Os. The electrode was pulsed between 
0 and --2.25V vs. SCE at a frequency of 100 Hz. Curve a--pH 8.0; 
b--pH 7.4; c--pH 5.0; d--pH 2.7; e--pH 1.2; f--pH 10.1. 
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Fig. 14. Growth behavior of El. of ZnS electrodes during the first 
pulse. Solution contained 1.0M NaCIO4 and 0.2M (NHa)2S2Os at 
pH 4.0. The cathodic step potential: --2.0V vs. SCE (curve a); 
--3.0V (curve b); --3.5V (curve c). 

a step potent ial  to --2.5V vs. SCE where a s teady- 
state current  densi ty of 25 mA / c m 2 was obtained. A.n 
integrated EL efficiency, eEL, was calculated based on 
Eq. [2] 

total l ight emitted • F 
~EL : [2] 

total charge passed through the electrode 

in which F is Faraday 's  constant, the light emitted 
was in einsteins, and the charge in coulombs. The 
total light energy, in joules, was converted to einsteins 
at 460 nm. The broad (FWHM of ~80 nm) but  quite 
symmetr ic  feature of the EL spectrum makes this 
only an approximation.  The EL efficiency at a current  
density of 25 mA / c m 2 ranged from 0.2 to 0.35%, de- 
pending on the par t icular  electrode. Since the EL in-  
tensi ty depends in a non l inea r  way on the current  
density, as i l lustrated in Fig. 7, so does eEL. To in-  
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Fig. 15. Effect of prebias on the growth of E1 and current for 
the first potential pulse. Solution and electrode, same as in Fig. 14. 
Curves a (EL) and c (current)--electrode was prebiased at - - | .75V 
vs. SCE for 30 sec before step to --2.25V; curves b (El) and d 
(current)--without prebias. 

vestigate the s tabi l i ty  of the Zn8 electrodes m aque-  
ous solution containing peroxydisulfate,  the authors 
performed a long- te rm pulse experiment.  The elec- 
trode was immersed in a solution containing 0.2M 
(NH4)28208 and 1M (NH4)2HPO4 (pH ,~ 8) and was 
pulsed between 0 and --2.5V vs. SCE with a pulse 
width of 5 msec. The EL intensi ty  was monitored oc- 
casionally with a radiometer.  Since peroxydisulfate is 
reduced i r revers ibly on the ZnS electrode and is not 
regenerated at the counterelectrode, an addit ional  
amount  of peroxydisulfate was introduced daily into 
the solution. The pH of the solution was kept  at ~-8. 
The EL intensi ty  showed some shor t - term fluctuation 
but  the electrode glowed cont inuously for at least 11 
days, after which time the exper iment  was termi-  
nated. The surface of the electro.de after this test was 
darker  colored than originally but  the weight loss was 
<1%. At present, the authors are uncer ta in  as to the 
origin of the apparent  change of the electrode surface 
color. The darkening  of the electrode surface did not 
decrease the EL intensity,  and the surface film was 
difficult to remove by etching with dichromate clean- 
ing solution. 

Discussion 
Interracial energetics and mechanism of etec~ro- 

luminescence . - -The  fact that significant EL intensi ty  
near  VFB occurs only in solutions containing redox 
couples, such as H202 and $2082-, whose reduct ion 
produces intermediates  that are sufficiently oxidizing 
to inject  holes into the valence band of n -ZnS (see 
Fig. 4), supports the minor i ty  carrier inject ion mecha- 
nism of electroluminescence (6-8, 13). The lack of 
EL in support ing electrolyte alone and the observa- 
tion of l i t t le EL in solutions containing weakly oxidiz- 
ing species, such as Fe(CN)6 ~-, even at a potential  
far negative of VrB (for example --8.0V vs. SCE), 
rules out the possibility that the energetic holes re-  
quired for EL are generated by high electric field 

processes inside the semiconductor,  e.g., field-assisted 
electron tunne l ing  from valence band to conduction 
band. In  solutions containing redox couples with po- 
tentials located wi thin  the bandgap but  close to the 
valence bandedge of n-ZnS,  such as Ce ( IV) /Ce ( I I I )  
and T I ( I I ) / T I ( I ) ,  significant EL was observed only 
when the n - ZnS  electrode was biased at a potential  
at least 1V negative of ~YFB. The requ i rement  of this 
overpotential  is unders tandable  simply based on the 
energetics for interracial  hole transfer. Both Ce(IV) 
and T1 (II) are energetically insufficient to inject holes 
into the valence band  of n-ZnS.  However, efficient 
hole inject ion can occur, if a significant net  change 
in the potential  drop across the double layer is al- 
lowed or a s trong negat ive bias is applied to the elec- 
tro.de so that electron tunne l ing  from the valence band 
to the solution species can take place. This seems the 
case for Ce(TV) and TI ( I I ) .  

The mechanism proposed for the electrolumines-  
cence in $2082- or H202 is shown in Scheme I. This 
scheme has long been applied to explain the edge 
emission ~rom GaP, CdSe, etc. 

EC .,~ e- 

E D h ~  I ,  A 2 + e- + A" + A- (3) 

Ev ~ ~ § + (4) h + A. A- h + 

Scheme I 
The first stage (Eq. [3]) involves the reduction of 
82082- or  H202 by conduction band  electrons of the 

n -ZnS electrode. This produces SO4- or �9 OH; these are 
sufficiently oxidizing to capture electrons from the 
valence band in the second stage (Eq. [4]). The 
radiative recombinat ion of these injected holes with 
conduction band electrons does not produce edge 
emission (corresponding to Eg) in the .present experi-  
ment.  The peak energy (2.74 eV) of the EL spectrum 
is substant ia l ly  smaller  than the bandgap (3.66 eV) 
of ZnS. This subbandgap emission can only be ex- 
plained based on radiat ive recombinat ion through 
intermediate  levels, such as the donor impur i ty  level 
ED and/or  ~cceptor impur i ty  level F.A. 

The interracial  energetics can also be changed by 
varying the pH of the solution. Capacitance measure-  
ments clearly show the strong pH dependence of VF~ 
of n-ZnS electrodes. Increasing the pH, shifts VFB 
towards more negative values. This favors hole in-  
ject ion (Eq. [4] in Scheme I) but  makes electron 
t ransfer  from the conduction band of n -ZnS to solu- 
tion species (the first step or Eq. [3] in Scheme I) less 
favorable. Thus at a given potential, the current  
density and the corresponding EL intensi ty  decrease 
with an increase in pH. This is consistent with the re- 
sults shown in Fig. 12 when the pH is beyond 8. The 
decrease of EL intensi ty  with a decrease in pH at pH 
< 7 does not fit this argument .  The decrease of EL 
intensi ty  in this pH range might be caused by at 
least two factors. The first involves the competit ion 
between the reduction of proton and 82082- on the 
ZnS electrode. This is i l lustrated in Fig. 2. Proton 
reduction which produces no EL, would decrease the 
contr ibut ion of the reduct ion of $2082- to the total 
current  density and thus reduces the EL intensity.  
The second factor pertains to the instabi l i ty  of ZnS 
in acidic solution. Significant weight loss ( ~ 5%)  was 
observed after a ZnS crystal was immersed in an air-  
saturated solution containing 1M (NH~)28208 at pH 1 
for 2 months. 
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Spectral distribution and intensity of eIectrolumi- 
nescence.--That  EL spect ra  a re  more a symmet r i c  a t  
h igh emission in tens i ty  than  at  low in tens i ty  as shown 
in Fig. 9 might  be pa r t i a l l y  due to the effect of self-  
absorpt ion.  If  holes can be t r ans fe r red  f rom some 
dis tance into the ZnS, the  photons emi t ted  there  
(especia l ly  those wi th  shor te r  wave length)  could be 
r ecap tu red  to p romote  pho to - induced  e lec t ron  t r ans -  
fer  fro,m traps.  Exper iments  showing a pho to -en -  
hanced cathodic cur ren t  and photoquenching of EL, 
which wil l  be discussed in a s epa ra t e  paper ,  sup -  
por t  this argument .  The sharper  rise in in tens i ty  in 
the  high energy  edge is expected  f rom reabsorp t ion  of 
the luminescence by  the t rans i t ion  be tween  the band  
ta i l  (caused by  heav i ly  doping) and  filled in te rmedia te  
levels.  These resul ts  suggest  tha t  EL f rom ZnS is p ro -  
duced in a region ex tending  f rom the semiconduc tor /  
solut ion in ter face  into a cer ta in  dep th  of the  semi -  
conductor.  However ,  due to the much lower  (~16 
t imes)  hole mobi l i ty  compared  wi th  the e lect ron 
mobil i ty,  the emission zone could be qui te  thin. 

One of the in teres t ing  fea tures  of the  EL spec t rum 
on the ZnS elect rode is the blue shif t  of ~.max with in-  
creasing exci ta t ion ra te  (cur ren t  densi ty)  and thus 
EL intensi ty.  Severa l  exper iments  have been con- 
ducted to i l lus t ra te  this phenomenon.  These include 
(i) the  effect of cathodic step potent ia l  (see Fig. 8), 
(ii) the  t ime dependence  of EL spec t rum (see Fig. 
11), and (iii) the  pH effect (see Fig. 13). Such peak  
shifts might  be a t t r ibu ted  to a kinet ic  effect involving 
the ra te  of filling of holes in a band of acceptor  levels  
involved in the r ad ia t ive  process. Thus, at low cur-  
rents  only,  the  upper  acceptor  levels would be popu-  
lated,  resu l t ing  in lower  energy  t ransi t ion,  whi le  at  
high currents ,  lower  acceptor  levels would  be in-  
volved and  a h ighe r  energy  t rans i t ion  would  be ob-  
served.  I f  this mechanism applies,  one would  expect  
the  low energy  edge of the  EL spec t rum to reproduce  
a p p r o x i m a t e l y  the shape  of the acceptor  band at  the 
low energy  tail.  This seems consistent  wi th  the ex-  
per iment ,  if the impur i t y  band  has an exponent ia l  
d is t r ibut ion  of states at the  low energy edge. However ,  
the high energy  edge of the EL spect rum should be a 
r a the r  ab rup t  cutoff before the impur i ty  band is com- 
p le te ly  filled. The expe r imen t  does not show this be -  
hav ior  especia l ly  at low cur ren t  densi t ies  ( low EL in-  
tens i t ies) .  

One of the  accepted models  to expl~iin this phe -  
nomenon and most  of our resul ts  on luminescence  
( including photoluminescence  and photoquenching of 
EL which  are not repor ted  here)  at ZnS involves tun-  
nel ing be tween  spa t ia l ly  separa ted  uppe r  (or  donor)  
and lower  (or acceptor)  s ta tes  (see Scheme 1). This 
concept  was proposed  about  two decades ago by  
Wil l iams and co-workers  (2.5) to expla in  luminescence 
f rom Cu-doped  and Cu I n - d o p e d  ZnS. S imi la r  r e -  
combinat ion  processes by  e lect ron tunnel ing  have 
been identif ied for  donor  acceptor  pairs  in many  semi-  
conductors  (26-28) and in a lka l i  hal ides  (29). 

The energy  of the emi t ted  l ight  due to the t r ans i -  
t ion f rom the donor  level  to the acceptor  level  in a 
donor  acceptor  pa i r  separa ted  b y  a distance, r, is given 
by  Eq. [5] (21), if  the  phonon coupling is neglected 

E(r )  : Eg -- (EA + ED) -]- e~/or [5] 

in which Eg is the  bandgap,  EA and ED are  the  depth  
of the  donor and acceptor,  respect ively,  e is the  e le-  
m e n t a r y  charge, and  ,o is the s ta t ic  d ie lec t r ic  constant .  
The e lec t ron tunnel ing p robab i l i t y  be tween  two states  
can be wr i t t en  (30, 31) 

W ( r )  -- Wo exp ( - -2r/a)  [6] 

where  a is the  effective radius  for  over lap  of the donor 
wave  functions wi th  the  ,acceptor wave  funct ions and 
Wo is a p a r a m e t e r  independen t  of r. 

Based on the tunnel ing  model,  the ra te  de te rmin ing  
s tep  for  the  overa l l  r admt ive  recombina t ion  process is 
the e lec t ron t ransfe r  ( through a tunnel ing  mecha -  
n ism) be tween  the occupied uppe r  s ta tes  and the 
empty  lower  states. With  progress ive  exci ta t ion  by  a 
po ten t ia l  pulse  of la rge  ,amplitude, e lectrons are  ac-  
cumula ted  in the  upper  luminescent  levels  and  holes 
in the  lower  levels.  This increases  the~densi ty  of ex-  
cited luminescent  s tates  and  thus s ta t i s t ica l ly  shortens 
the  average  i n t e r impur i t y  distance. A b lue  shift  of the 
emission peak  (Eq. [5]) wi th  increas ing t rans i t ion  
p robab i l i t y  (Eq. [6]) should be observed.  However ,  
since the n u m b e r  of possible  pa i r ings  decreases as r 
decreases (25c, 26c), the emission in tens i ty  mus t  go 
th rough  ,a m a x i m u m  as the separa t ion  r is varied.  
Qual i ta t ively ,  this model  .explains the re la t ion be-  
tween the spec t ra l  d i s t r ibu t ion  and the EL in tens i ty  
quite sat isfactor i ly .  

Electroluminescence intensity-c~rrent relationship.-- 
The in tens i ty  ( / ) - c u r r e n t  (i) re la t ionship  of the  fo rm 
I c c  i2 suggests  that  the  r ad ia t ive  recombina t ion  of 
e lect ron hole pai rs  a t  the  luminescent  centers  is the 
ra te  de te rmin ing  step of the EL under  s t eady- s t a t e  
conditions. Ne i the r  e lec t ron t ransfe r  to the  upper  
s tates  nor  hole t r ans fe r  to the lower  s ta te  controls  
the ra te  of emission. This is consis tent  wi th  the tun-  
nel ing model  discussed above. 

At  s t eady  state,  the e lect ron dens i ty  of the upper  
occupied state,  nu, is p ropor t iona l  to exp [ e ( Q F L E ) /  
kT] and the densi ty  of free electrons,  n. The QFLE 
te rm represents  the quas i -Fe rmi  level  o f  electrons,  k 
is the Bol tzmann constant,  and T is the absolute  t em-  
pera ture .  Assuming tha t  the diffusive component  of 
th~ cur ren t  is negl ig ib ly  smal l  as compared  to the mi -  
gra t ion term, the cur ren t  dens i ty  is thus p ropor t iona l  
to N. Hence 

n~ r162 i [7] 

The hole dens i ty  of the lower  e m p t y  state,  Pb is p ro -  
por t ional  to exp [ e ( Q F L H ) / k T ) ]  and the dens i ty  of 
free holes, p. The QFLH te rm is the q u a s i - F e r m i  level  
of holes, p is p ropor t iona l  to the ra te  of hole in-  
jec t ion which contr ibutes  one-ha l f  of the to ta l  cur -  
rent.  The spl i t t ing  of QFLH and QFLE from the equi -  
l i b r ium Fermi  level  arises because electrons accumu-  
late  in the .donor levels and holes accumula te  in the  
lower  acceptor  states.  Thus 

p ~ i [8] 

Since the  emission ra te  is p ropor t iona l  to the  p r o d -  
uct  of nu and Pl, if the rad ia t ive  recombina t ion  process 
is the ra te  de te rmin ing  step, a square law for the in-  
t ens i ty -cu r r en t  re la t ionship  is predicted.  

E~ect of trapping on the growth of electrolumines- 
cence.--Several  expe r imen ta l  resul ts  demons t ra te  the  
existence of e lect ron t rapping,  which s t rong ly  affects 
the EL on ZnS: (i) there  is a potent ia l  region where  
no EL in tens i ty  is detected but  significant cur ren t  is 
observed (see Fig. 6); (ii) the cur ren t  overshoots  in 
the first potent ia l  pulse;  p reb ias ing  the  e lect rode or 
puls ing the e lect rode cont inuous ly  e l iminates  this cur -  
ren t  overshoot  (see Fig. 10 and 15) - - th i s  suggests tha t  
the  cur ren t  overshoot  at the  beginning  of the first po-  
ten t ia l  pulse  is not  control led  by  solut ion double  layer ;  
(iii) at  a low negat ive  s tep potent ia l ,  the  EL in tens i ty  
is ve ry  tow and increases l i nea r ly  wi th  t ime (see Fig. 
14). Progress ive ly  puls ing  the e lec t rode  accelerates  
the  g rowing- in  of EL and increases also the EL in-  
tens i ty  (see Fig. 10). The increase of cathodic l imi t  
po ten t ia l  has the same effect on the growth  of EL (see 
Fig. 14). 

A s imple  ra te  equat ion is adequa te  to i l lus t ra te  
qua l i t a t ive ly  these points  (see Scheme I I ) .  If  the  
uppe r  (donor)  s ta tes  are  sufficiently deep tha t  the  
de t r app ing  of e lectrons to the  conduct ion band  can 
be neglected,  the  ra te  of e lec t ron filling of the  in i t ia l ly  
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empty  upper  (donor)  states is given by  

dnu 
, : AI~(nD -- nu) --  A2nuPl -- A~nuPl [9] 

dt 

in which nu is the dens i ty  of occupied upper  (donor)  
states,  n the  dens i ty  of electrons in the  conduct ion 
band, nD the total  number  of upper  states ( empty  
and occupied)  p e r  uni t  volume, p, the  dens i ty  of 
empty  lower  (acceptor)  states, and A1 and A2 are  con- 
s tants  descr ibing the  ra te  of genera t ion  of nu, the 
rad ia t ive  recombina t ion  ra te  and the nonrad ia t ive  
recombina t ion  through nu and Pl, respect ively.  

The authors  assume tha t  before  most  of the upper  
states a re  filled, e lec t ron t r app ing  by  these states is 
the  p redominan t  process for  the consumption of elec-  
t rons in jec ted  f rom the bu lk  of semiconductor  into 
the  emission zone. Thus, in the  ea r ly  pa r t  of the  
pulse, n, p, and p~ are  smal l  and only s lowly  vary ing  
variables ,  i.e. 

dn 
- -  , ~  0 [10a] 
dt 

dp 
- -  ~ O [ 1 0 b ]  
dt 

dPl 
- -  ~ 0 [ I 0 c ]  
dt  

By in tegra t ion  of Eq. [9] wi th  n ,  ___ 0 at  t ---- 0 and 
the assumptions in Eq. [10a], [10b], and [10c] 

nu = nu ~ [1 -- exp ( ' -- t /~) ] [11] 
in which 

nu ~ : AlnnD/(Sln -5 A2pl -5 A3Pl) [12] 
and 

: 1 / (Aln  -5 A~pl + A~pl) [13] 

The EL in tens i ty  is given b y  

I : A~n,pl : A2Plnu ~ [1 -- exp ( - - t / T ) ]  [14] 

This exponent ia l  growth  of EL was observed at 
high s tep  potent ia ls  and in the t ime domain  away  from 
the beginning  of a po ten t ia l  step (Fig. 14). 

When  t/T--> 0, Eq. [14] reduces  to 

I : A2Pinu ~t/T [15] 

This l inear  growth  behavior  of EL is observed at the 
beginning  of any  potent ia l  step or  throughout  the 
whole width  of potent ia l  pulse, when its ampl i tude  
is smal l  (see curve a of Fig. 14). 

The conservat ion of charges gives 

dnu dn d dpl 
{- - -  i d  [ 1 6 J  

dt dt dt d t  
with 

id : iT -- (/f.e -5 if.h) [17] 

i d in these equations should represen t  the cu r r en t  
overshoot  in the chronoamperograms  in the first po-  
ten t ia l  pulses.  Combinat ion  of Eq. [10a], [10b], [10c], 
[12], and [16] y ie lds  

id -- (nu~l~) exp ( - - t / z )  [18] 

This cur ren t  t rans ien t  is c lear ly  shown in the first 
potent ia l  pulse in Fig. 10. The t ime constant  for  the 
increase of EL is ve ry  s imilar  to that  for the cur ren t  
decay, as expected f rom Eq. [14] and [18] 

The actual  mechanism is ce r t a in ly  more  com- 
pl icated than  tha t  g iven above and involves rad ia t ion-  
less recombinat ions  be tween  n and p, p robab ly  via  
t rapp ing  levels.  These radia t ionless  processes are wha t  
contr ibute  to the modest  efficiency of the observed 
EL. Addi t iona l  surface quenching processes by  solu- 
t ion species also occur. Such processes a re  cu r ren t ly  
under  invest igat ion.  

Conclusions 
Bright  blue EL resul ts  f rom the e lect rochemical  

reduct ion  of peroxydisu l fa te  at  an n -ZnS  electrode.  
This luminescence arises f rom recombina t ion  of an 
e lec t ron with  a hole in jec ted  by  an in te rmedia te  

(SO4 ' ) in the  reduct ion.  
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Note 

Electrochemical Reduction of Calcium Chromate 

F. M. Delnick* 
Sandia National Laboratories, Exploratory Batteries Division 2523, Albuquerque, New Mexico 87185 

D. K. McCarthy 
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A sa tu ra t ed  solut ion of CaCrO4 in LiC1-KC1 eutectic 
is used as the ca thode in  Ca /CaCrO4/Fe  t h e r m a l l y  ac-  
t iva ted  bat ter ies .  Upon act ivat ion to the mol ten  state, 
CrO4 -2 i.s reduced  'at the  Fe Cathode current  col lector  
and Ca is oxidized v ia  a Ca-Li  a l loy in te rmedia te  at 
the  anode (1-4).  Since the CrO4 -2 solut ion is in in t i -  
mate  contact  wi th  the anode, the  CrO4 -2 is also re-  
duced at  the  anode  in  a side react ion para l l e l  to Ca 
oxidat ion.  These CrO4 -2 reduct ions at both the cathode 
and anode p roduce  insoluble  p roduc t  l ayers  which 
pa r t i a l l y  control  the  d ischarge  behavior  of the Ca/  
CaCrO4/Fe the rmal  ba t t e ry  (4, 5). 

The insoluble  chromate  reduct ion product  at  the 
anode has been identif ied by  Nissen (4) as p r imar i l y  
Ca2CrO4C1. In p a r t i a l l y  d ischarged bat ter ies ,  Hlava  and 
Head ley  (6) have identified both Cas(CrOD3C1 and 
Ca2CrO4C1. 

La i t inen  and co-workers  (7-14) have s tudied ex ten-  
s ively the  e lec t rochemical  reduct ion  of d i lu te  solut ions 
of CrO4 -2 in LiC1-KC1 eutect ic  and have  observed 
ne i ther  of the above  two Cr (V) compounds.  

By control led  potent ia l  coulometry ,  Ferguson  (15) 
and Bhat ia  (16) observed  that  three  Fa radays  of 
charge were  requi red  to reduce  one mol of CrO4 -2 
in a s ingle reduct ion  wave.  Using chronopoten t iomet ry  
in the  presence and absence of 0 -2, Lai t inen  and B a n k -  
ert  (7) concluded that  this th ree -e lec t ron  s ingle-s tep  
reduct ion  resul ted  in the  format ion  of the in te rmedia te  
CrO4 -~ which subsequen t ly  decomposed to CrO~ -3 and 
0 -2. P r o p p  and La i t inen  (8) examined  the reduct ion  
of KeCrO4 in the presence  of Mg +2. A nonstoichiometr ic  
C r ( I I I )  compound was obta ined:  LixMgyCrO4, (x -4- 2y 
= 5). Hanck  and Lai t inen  (10) ob ta ined  LiZn2CrO4 in 
the presence  of  Zn +2 and e i the r  C02CRO4 or  LiCo2CrO~ 
(depending  on specific condi t ions)  in the presence of 
Co +2. Nezu and La i t inen  (11), however ,  were  not  
able to ident i fy  the  reduct ion  produc t  of  CrO~ -2 in the 
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temperature. 

presence of Ca +2. Uchida and Lai t inen  (12) concluded 
that  Ca +2 has no effect on the reduct ion of CrO4 -2, and 
that  wa te r  associated wi th  hygroscopic CaC12 'does in-  
fluence the reduct ion mechanism and a.ccounts for the 
i r reproduc ib le  resul ts  of Nezu and Lai t inen  (11). 

By evalua t ion  of the diffusion ,coefficients and shifts  
in chronopotent iometr ic  q u a r t e r - w a v e  potent ia l s  of the 
CrO4 -2 reduct ion react ion in the  presence of d iva len t  
meta l  cations M ( I I )  = Zn +2, Mg +2, and  Ni +2, Hanck  
and Lai t inen  (10) concluded that  CrO4 -2 reduct ion 
does not  proceed in a s ingle-s tep  th ree -e lec t ron  r e -  
duction react ion to an oxy-an ion  such as CrO4 -5 
[Lai t inen and Banke r t  (7)]  but  tha t  it  must  proceed 
via an in te rmedia te  ox ida t ion  s tate  of chromium. 

The discovery  of Niki  and Lai t inen  (13) tha t  chemi-  
cal ly synthesized Li~CrO4 is s table  in LiC1-KC1 eu-  
tectic has led Niki,  Uehida, and Lai t inen  (14) to p ro -  
pose that  the Cr (V)  compound Li~CrO4 is a possible 
in te rmedia te  in the e lec t rochemical  reduct ion of 
CrO4 -2 in LiC1-KCI according to the equat ion 

CrO4 -2 -[- 3Li + ~- e -  ~ Li3CrO4 (solid) [1] 

These authors,  however ,  did not  r epor t  the synthesis  
of Li~CrO4 by  the e lec t rochemical  reduct ion of CrO4 -2. 
The subsequent  d i spropor t iona t ion  according to Eq. 
[2] or fur ther  reduct ion according to Eq. [3] of LisCrO4 
leads to LiCrO2, the final p roduc t  in the overa l l  reduc-  
tion of CrO4 -2 in LiCI-KC1 eutectic (13, 14) 

3Li~CrO4 ~ 2Li2CrO~ -[- LiCrO2 -~ 2Li20 [2] 

Li3CrO4 ~- 2 e -  ~ LiCrO2 (solid) + 2 0  -2 -t- 2Li + [3] 

In this report ,  Li3CrO~ has been  e lec t rochemica l ly  
synthesized by  reducing CrOi -2 in LiC1-KC1 eutectic,  
thus ,confirming the hypothesis  of Niki,  Uchida, and 
Lai t inen  (14). The  authors  have .also synthesized 
Cas(CrO4)~C1 and Ca2CrO4C1 b y  e lect rochemical  r e -  
duction of  CrO4 -2 in the presence of Ca +2. Li3CrO4, 
Ca2CrO4C1, and  Ca~(CrO4)3C1 have each been fu r the r  




