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After pretreatment with hydrogen at elevated temperatures, some transition metal orthosilicates 
are electrocatalytically active with respect to the oxygen evolution reaction in alkaline solution. 
Current-voltage data are given for the Co and Fe orthosilicates. The former appear to be stable at 
anodic potentials. However, the Fe&O., corrodes, which appears to restrict its usefulness as a 
catalytically active material for this reaction. The compounds showed no significant activity for 
other electrochemical reactions, for example, hydrogen evolution or oxygen reduction. 

There is an urgent and continuing drive 
to discover new electrocatalysts, for a wide 
variety of possible applications. This stems 
partly from purely economic factors, and 
partly because the catalytic activity of 
metals and alloys for most electrochemical 
reactions is either already known or pre- 
dictable. In the last few years, most such 
novel electrocatalysts have been of the type 
M,O, * MzO, where 44, and M2 are usually 
transition metals, and x and y can be frac- 
tional. Outside this category, however, 
there are very few examples of nonmetallic 
electrocatalysts, and even fewer still which 
are active or useful in the more anodic po- 
tential regions. 

For these reasons, the discovery of elec- 
trocatalytic activity in any other class of 
nonmetallic compound is of some consider- 
able interest. When such a compound is 
one known also to be a useful gas-phase 
catalyst, the fact assumes still further inter- 
est in view of the ongoing search for simi- 
larities and dissimilarities between the two 
fields of heterogeneous and electrochemical 
catalysis. 

It has long been known that metal-silicon 
alloys are effective electrocatalysts (I, 2) 
though in the light of reports (3-6) that, 
under a wide range of oxidizing conditions, 
a thin layer of silica is formed at their sur- 
face, this compound generally being con- 

sidered to be an insulator, the manner in 
which they functioned was never ex- 
plained. 

Using X-ray diffraction methods, it was 
shown (7) that in addition to SiO?, species 
such as Co2Si04 were present in these sur- 
face layers and knowing (see below) that 
this species was a semiconductor, a “cer- 
met” model electrocatalyst was postulated 
in which the silica film was rendered both 
conductive and electrocatalytically active 
as a result of the Co2Si04 particles. It was 
decided to test this hypothesis by preparing 
Co2Si04 and fabricating an electrode incor- 
porating this material, extending the work 
also to the analogous iron and nickel ortho- 
silicates. The results presented here are in- 
tended to show, without constituting an ex- 
haustive study, that the transition metal 
orthosilicates studied do indeed constitute 
a novel category of nonmetallic electrocata- 
lyst, although a fuller investigation of their 
properties awaits a more detailed investiga- 
tion. 

Cobalt orthosilicate is a blue-violet crys- 
talline solid with an olivine structure, and is 
a semiconductor. It is paramagnetic (8) at 
room temperature, and is usually prepared 
by solid-state sintering of silica with cobalt 
oxide (8-Z@, though other methods have 
also been reported (I Z-23). It is worth not- 
ing that the ASTM index reports two com- 
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pounds with this formula and name (Card 
15-865 and 15-497) and m addition, there 
are a range of cobalt slhcate hydroxides 
such as CO$~O~~(OH)~ (U-387), Co3 
(OH)2(S~20S)2 (21-871), and Co3(OH)&05) 
(21-872) 

Nickel orthoslhcate 1s a green crystalline 
solid, again with the ohvme structure at am- 
blent condltlons (8, 14, 25), although at 
higher temperatures and pressures It con- 
verts to the spmel form (26, 17) At room 
temperature, it IS paramagnetlc (8) and 1s a 
semlconductor (9) Its preparation follows 
that of the cobalt compound Fmally, u-on 
silicate 1s described (8) as a brown-green 
crystalline solid, paramagnetlc at room 
temperature (8) and a semlconductor (28) 
It 1s prepared as the other slhcates de- 
scribed below (19) 

EXPERIMENTAL 

(i) Preparatzon In this work, three meth- 
ods were tried for preparation of the trana- 
tlon metal slhcates, viz (1) Sohd-state sm- 
termg, (u) preclpltatlon from a sodium 
silicate solution, and (m) gelling from the 
tetraethyl orthoslhcate (12) 

However, only the first of these methods 
was found to give good results and all sub- 
sequent studies were based on this route 
Nickel nitrate, cobalt mtrate, or iron oxa- 
late (BDH “AnalaR” grade), respectively, 
were mtlmately mixed with the stolchlomet- 
nc amount of slhca and ground m a pestle 
and mortar The mixture was transferred to 
an evaporatmg basin and gently heated, to 
allow the salts to dissolve m their own wa- 
ter of crystalhzatlon They were then vlgor- 
ously heated m a crucible to a dull red heat 
for 30 mm, to dry the mixture and decom- 
pose the salts to their oxides The resultmg 
mass was reground and heated for 24 h at 
1000°C Finally, the mass was ground once 
more and washed with 5 M KOH, then 
HN03 (cone) to remove unreacted slhca or 
metal oxldes, respectively After washing 
with dlstllled water, It was dried, ground 
once more, and sealed up for charactenza- 
tlon or catalyst fabncatlon 

(zz) Charucterzzutzon All samples were 
characterized by X-ray analysis, powder 
reslstlvlty and smgle point BET surface 
area measurements 

X-Ray data were obtained usmg a MO 
target and the results were compared with 
the ASTM data cards Co2S104 (15-387, 15- 
497, 15-865, 21-871, 21-872), NI~SIO~ (3- 
780), and Fe&O4 (9-307, 9-484, 1 l-262, 12- 
284) 

Electrical conductlvlty was studied usmg 
a p t f e conductlvlty cell with brass end 
caps The cell was held m a vice and rests- 
tance measured usmg a high impedance 
voltmeter As prepared, samples showed d 
relatively low conductlvlty, of the order of 
2 x lop6 ohm-’ cm-’ or less, which would 
have rendered them useless as electrocata- 
lysts In order to improve their conductlv- 
lty they were heated, mltlally m argon 
(without effect) and subsequently m H2 at 
800°C for 2 h which led to an increase m 
conductlvlty (for the cobalt species) to 6 x 

lop2 ohm-’ cm- 1 The BET surface area of 
all samples was of the order of 20 m2/g X- 
Ray data showed that such treatment did 
not cause reduction of the silicate to any 
significant extent However, mindful of the 
hterature on the subJect (20, 21), It was 
clear that extension of this treatment could 
lead to reduction The same treatment ap- 
plied to the other two slhcates resulted m 
complete reduction of the NI slhcate to the 
metal and silica, and a partial reduction of 
u-on s&ate m the same way The posslbd- 
ity of using less extreme condltlons to avoid 
this remains for future mvestlgatlons of 
these compounds 

(zzi) Electrode prepurutzon Electrodes 
were fabricated by apphcatlon of a mixture 
of the catalyst, p t f e dispersion (I C I G51 
Dispersion) and water, previously mlxed m 
an ultrasonic bath, onto a l-cm square wu-e 
mesh Nl meshes were used for tnals m al- 
kaline media, Pt m acid media After apph- 
catlon, with a paintbrush, the solvent was 
evaporated off usmg a hot-air blower, and 
the electrodes were cured for 1 h at 300°C 
The mltlal p t f e catalyst ratio of 10 3 
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proved too hydrophobic and was replaced 
by one of 10 1 ratio 

(w) Electrochemrcal testmg The cata- 
lysts were tested under potentlostatlc con- 
ditions m a standard three-compartment 
cell, using a Chemical Electronics 40-3A 
potentlostat A large Pt screen counterelec- 
trode was used The reference electrode 
was a dynamic hydrogen type except m 
NaCl where a saturated calomel type was 
used For gas evolution studies, the elec- 
trode was immersed close to the Luggm 
capillary For oxygen reduction studies, a 
floating electrode (I e , posltloned honzon- 
tally at the electrolyte-gas interface) mode 
was used In this way, steady-state cur- 
rent-voltage data were obtamed for the dlf- 
ferent catalysts, for oxygen evolution and 
reduction, as well as hydrogen and chlorine 
evolution In cases where results seemed 
promlsmg, long-term tests were carried out 
at a fixed potential, to test the stability of 
the catalyst 

Currents shown are “gross,” that 1s to 
say including an element from the support- 
mg metal screen However, the magnitude 
of this contrlbutlon has been determined m 
previous work (22) and this knowledge al- 
lowed an assessment of that contrlbutlon to 
be made 

RESULTS 

Before conslderatlon of the results m de- 
ta& the followmg pomts must be made In 
the first place, the electrocatalysts were 
prepared on a very small scale, and to this 
extent, mmor vanatlons from batch to 
batch of catalyst morphology, or catalyst 
loading on the supportmg screens, were un- 
avoidable Second, It must be recognized 
that these electrodes, as made, are complex 
structures which undergo a number of 
changes, both physical and chemical, m the 
mltlal penod of their hfe Thus the mltlal 
application of anodlc potential caused 
changes m the wettablhty of the various re- 
glans of the catalyst surface, and some ma- 
terial was lost which could cause both m- 

crease and decrease of true surface area 
These are some of the factors underlymg 
the complex behavior shown m the long 
term tests to be described below For the 
same reason, quite apart from potentlal- 
time “hfe tests,” electrodes were only sub- 
Jetted to measurements after an 1I’Iltld 

‘ ‘preanodlzatlon” period at a potential 
(2 000 V vs DHE) much higher than that 
encountered during the actual tests re- 
ported here 

The corrosion of the catalysts 1s also con- 
sidered below and it 1s emphasized that this 
1s defined here m terms of detectable metal 
ions m solution (more than 2 ppm) What 
was not systematically studied (although 
the phenomenon was observed) was the 
loss, probably associated with alkahne dls- 
solution of siliceous matenals, of particu- 
late matter, most probably Co304, which 
does not dissolve m alkali and would thus 
not be detected usmg atomic absorption 

(I) Cobalt Sdlcate 

Steady-state oxygen evolution data m 5 
M KOH at several temperatures are shown 
m Fig 1 The data are lR-corrected, using an 
interrupter technique (23) 

Preanodlzatlon appeared to make the 
electrode surface more hydrophlhc, and to 
accelerate the achievement of the quasi 
steady state Because the rates for O2 evo- 
lution on Co2S104 appeared as good as 
other similar catalysts, long-term tests were 
run, at 40°C and 1 A cmm2 These tests were 
suspended over weekends and at mghts as 
the cell required continual topping up with 
water to replace losses due to spray and 
evaporation The results of one such test 
(again lR-corrected) are shown m Fig 2 

Other experiments with cobalt slhcate 
are summanzed m Table 1 

(u) Iron S&ate 

Oxygen evolution runs on this catalyst 
were accompanied by formation of a pmk- 
Ish tinge m the solution around it and 
atomic absorption analysis of the solution 
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Fro 1 Polanzabon plots for C&WI4 at three temperatures, 5 M KOH Plots are corrected fur 
ohmx drop Data for N1C0204 shown for comparison (from Ref (22)) Data obtamed after quawsteady 
state reached foIlowmg preanoduatlon 

revealed traces of Iron present As Iron m the expected species However, on stand- 
catlomc form would normally form the fer- mg, the pmk color faded and Iron hydroxjde 
IX hydroxide m 5 M KOH, this was as- was preclpltated That this release of iron 

sumed to be amomc (such as FeOz2-), and was due to anodlc attack on the orthoslh- 
the Pourbalx diagram (24) shows this to be cate and not Just to traces of free Iron m the 

DAYS 

FIG 2 Potent& tune plot for Co&C& electrode (21 mgkm’loadmg) held at 1 A cm 2 m 5 A4 KON at 
40°C 
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TABLE 1 

Compound Test Reactlon Result 

N1&0q No tests run 

Fe2S104 O2 evolution 5 M KOH 
cog3lo~ H2 evol 5 M KOH 75-100 mA cm-’ at -300 mV vs DHE 

co*s104 O2 red 5 M KOH 3 mA cm-* at +SlXl mV vs DHE 

cqslo~ Cl2 evol 5 M NaCl 100 mA cme2 at 800 mV vs SCE 
CO~SIO~ O2 evol 5 M H2S04 5 mA cm-* 1800 mV vs DHE 

catalyst, was confirmed by carrying out 
weight loss expenments After 168 h at 1 A 
cme2 the catalyst was found to have lost 6 
mg of its orlgmal 12 mg loading The cur- 
rent-voltage data before and after this run 
are shown m Fig 3 

DISCUSSION 

From our data, It can be seen that the 
transltlon metal skates can be added to 
the modest list of classes of compounds 
showing electrocatalytlc actlvlty, even 
though only the cobalt species showed the 
degree freedom from corrosion which use- 
ful catalysts must possess Furthermore, 

Comments 

Adequate electrical conductlvlty 
not achieved 

See Fg 3, Corrosion observed 
Actlvlty lmpks major contnbutlon 

from screen 
Actlvlty ImplIes major contnbutlon 

from screen 
Vlslble corrosion 
Atomvz absorption mdlcated 

COrrOSLOn 

the good actlvlty shown by the cobalt sdl- 
cate for oxygen evolution (another catalyst 
IS shown m Fig 1 for comparison) appears 
to be very speck, being restricted to this 
one reactlon, its activity for other reactions 
bemg very poor, as shown m Table 1 The 
u-on skate IS slmllarly hmlted m its cata- 
lytlc activity, and this activity IS accompa- 
med by corrosion, which appears to render 
the catalyst of no practical use 

The finding that the slhcates can show 
electrocatalytlc activity focusses attention 
on the metal-s&con alloys widely used as 
anodes The presence of Co&O4 m the sur- 
face layers formed on Co-S1 alloys (7) 

2000 - 
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z 
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I I I 
1550 I600 1650 1700 1750 

MV YS OHE 

FIG 3 Polanzatlon plot for Fe#IO, KOH (5 M) 25°C Corrected for ohmic drop Upper curve, 
mltlal data Lower curve, after 168 h polanzatlon 



14 BRAMMALL, KUHN, AND TSEUNG 

prompted the present mvestlgatlon Since 
that time, however, we have sought with- 
out success (25) to detect the analogous Fe2 
SIO~ 1n the surface layers formed on Fe-S1 
alloys Its absence seems to offer one of 
two conclusions Either (as suggested by 
observations 1n this work) 1t 1s present un- 
der anodlc conditions but IS reduced by the 
time the surface layers are submitted to X- 
ray analysis Alternatively, 1t 1s not 
present, and the catalytic activity of the 
Fe-S1 anodes 1s due to an alternatIve pro- 
cess A clue to the nature of this 1s provided 
1n a recent paper by Madou and Frese (26) 
who show that doping of s111ca renders 1t 
catalytlcally active for electrochemical re- 
dox reactions For cathodic reactions, the 
catalytic activity 1s “permanent ” For an- 
od1c reactions, the activity decays over a 
short penod of time, as the dopant cation 
migrates out of the SIO~ under the potential 
gradlent However, when the S102 1s 
formed above an Fe-S1 substrate, which by 
anod1c dlssolutlon 1s releasing Fe*+ cations, 
a contmuous source of these dopant cations 
IS thereby provided The question which 
therefore remains at the end of this work 
(and not Just 1n respect of cobalt and u-on) IS 
the extent to which one or both of these 
catalysis mechanisms are important Pt, 
Pd, N1, and MO are only some of the metals 
(I, 27) whose s111con alloys have been 
shown to display catalytic activity and fur- 
ther work 1s clearly called for to discover 
the basis of such activity 

The corrosion (anodlc dlssolutlon) of the 
slllcates was not a pnme target 1n the 
present study, and yet, as can be seen, 1ts 
occurrence constitutes a barrier to their use 
as catalysts Here 1t 1s interesting to note 
that the cobalt compound 1s more corrosion 
resistant than its iron analog, thus following 
the normal rule for alloys of these metals, 
where, for example, the Co-Cr alloy 1s 
more corrosion resistant than the corre- 
sponding (atomic percentage) N1-Cr alloy 
(28) 

Those engaged 1n the study of electroca- 
talys1s should always be mindful of analo- 

gous gas-phase studies What relevant find- 
ings have been reported 1n the present 
case? 

First, 1t IS known that the transitIon metal 
s111cates are active gas-phase catalysts Ref- 
erence may be made to the work of Kon- 
drashava (29) on Co2S104 as a catalyst 
Morlkawa (30) has studied the N1 silicate 
and, most lnterestlngly, reports that It pos- 
sesses little activity unt11 heated for 1 h m 
H2 at 500°C One asks whether, 1n some 
way, Monkawa managed to obtain h1s com- 
pound 1n a more conductive form, since as 
many authors, such as Wolkensteln (31) 
and more recently KreJa (32) have shown 
(the latter m respect of the catalytic activity 
of cobalt oxide) that a parallelism exists be- 
tween electrical conductlvlty and catalytic 
activity 

The nature of the conductlvlty of this 
class of compound has formed the subject 
of some debate KreJa (32) suggests that a 
transition from p-type to n-type occurs as 
the temperature increases Bykovsk11 (33), 
studying the beryllium orthosdlcate, sug- 
gests that both electronic and ionic con- 
ducting processes occur, but once again the 
temperature and doping history influence 
these Gottschalck (34) has studied the con- 
duction process 1n Co2S104 to reach a s1m1- 
lar conclusion Thus one opines that the 
nickel silicate might be made conductive, 
though there are no reasons to believe 1ts 
catalytic activity would be superior to that 
of the cobalt compound, while Its corrosion 
resistance (drawing on the model for these 
alloys referred to earlier) would be ex- 
pected to 11e between Co and Fe 

Whether the catalyttc activity, both gas 
phase and electrochemical, of the cobalt s1L 
1cate can be related to the finding (3.5) 1n 
which glass fibers, fused with cobalt oxides, 
show catalytic actlvlty, or what relatlon- 
ship there is, 1f any, between the work of 
Pope and Walker (36) on s111ca-supported 
cobalt oxide catalysts, must remain specu- 
lat1ve However, when comparisons have 
been made between gas-phase and electro- 
chemical catalysis (37), the many slmllan- 
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ties between the two fields have hitherto 
been marred by the total absence of slhca or 
Its denvatlves from the electrochemical 
field Here, for the first time, we have 
shown that this compound, too, has com- 
mon importance m both electrochemical 
and gas-phase catalysis We have no doubt 
that further studies m the field will reinforce 
such slmllarltles 
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