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A two-step coulometric titration procedure originally published for the determination of the average
valences of both copper and bismuth in the bismuth based cuprate superconductors was modified in
order to avoid the efTects of an observed harmful side reaction. Furthermore, the improved method
was found to be applicable to the analyses of lead containing materials as well. The first titration
experinient, which consists of Lthe reactions of Cu(lll), Bi(V), and Pb{IV) with Cu(I) lollowed by an
anodic oxidation of the excess Cu(l), reveals the oxygen content of the sample. En the second experiment
the valences of bismuth and lead are distinguished from the Cu-valence by taking advantage of the
reaction with Fe(ll). The selectivities of the proposed wet chemical processes were studied using
YBa;Cu;0.. BiNa0;, PbO,, and Pb;0, as reference materiats for Cu(lll), Bi(V), and Pb(1V), respec-
tively. Additionally. the oxygen content and the average metal valences were determined in a single

phase superconducting sample of (Bi,Pb);Sr,CaCu,0..

Introduction

Owing to the crucial importance of the
mixed valence state of copper on high T,
superconductivity  scveral methods  of
chemical analysis, including iodowetrie G-
trations (/) and thermogravimetric reduc-
tions (2), have becn adapted to establish the
average Cu-valence in YBa,Cu,0;_,. How-
ever, when multivalent metals of various
kinds are simultaneously present, the Cu-
valence and the valences of the other
multivalent metals cannot be distinguished
by these ordinary methods. Recently, Ku-
rusu ef al. (3) reported that the Cu- and Bi-
valences wcre successfully scparated and
analyzed in Bi,Sr,CaCu O, , by a coulomet-
ric technigue involving two steps of titra-
tion. In the firsi experiment both Cu{lil) and
Bi(V) react with Cu(I), while in the second

* Permanent address: Laboratory of Inorganic and
Analytical Chemistry, Helsinki University of Technol-
opy, Kemistintie 1, SF-02150, Espoo, Finland.

0022-4596/93 $5.00
Copytight £ 1993 by Academic Press, Inc.
All rights of reproduction in any form reserved.

276

© 1993 Academic Press. Inc.

experiment the reaction scheme consists ol
a sclective reduction of Bi(V) by Mn(l1) and
a subsequent determination of the produced
permanganate by Fe(ll}).

In the experimental conditions of the
above coulometric method, various chemi-
cal processes are thermodynamically possi-
ble. In the present study the different reac-
tions occurring are demonstrated and the
effects of an observed harmful side reaction
are discussed. In order to improve the quan-
titativity and accuracy of the determina-
tions, a modified analysis route, based on
the selective reduction capability of Fe(ll)
instead of Mn(ll) in the second titration ex-
periment, is proposed. The oxidation power
of Pb(lV) appears to be strong enough to
oxidize botb Cu(l) and Fe(ll), thus sug-
gesting that the proposed method could be
applicable to analyses of lead-containing
materials as well., The selectivities of the
desired reactions are confirmed using simple
reference materials for Cu(lll), Bi(V), and
Pb(1V), and finally, the oxygen content and
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the average metal valences are studied
in a superconducting (Bi,Pb),Sr,CaCu,0,
sample.

Experimental

In order to study the chemical reactivity
of Cu(IID), Bi(V), and Pb(IV), YBa,Cu,O_,
BiNaO; (Wako Pure Chemical Industries,
Ltd., 80.0%), PbO, (Wako Pure Chemical
Industries, Ltd., 95%), and Pb,O, (High Pu-
rity Chemicals, 99.99%) powders were se-
lected for reference materials. The super-
conducting YBa,Cu,O, reference was
prepared in air by a conventional solid state
reaction method and the oxygen content
was established by iodometric titrations per-
formed under nitrogen atmosphere in 5 M
HC! solution. The Na,3,0, titrant (0.01 M)
was standardized against known CuQ
samples.

The single phase superconducting (T, =
83K) Bi, 3Pb, »5r,CaCu,0, sample was syn-
thesized by a solid state reaction starting
from a stoichiometric mixture of Bi,0,,
PbO, S8rCO,, CaCO;, and Cu. The starting
material mixture was first calcined twice in
air at 760°C for 10 hr, and then sintered in
a nitrogen atmosphere at 810°C for 30 hr.

The equipment used in the coulometric
measurements was essentially similar to
that described in Ref. (3). The titrations
were carried out at room temperature under
flowing nitrogen atmosphere. The 1 M HCI
cell solution was freed from dissolved oxy-
gen by bubbling nitrogen gas through it for
30 min, and the initial redox power of the
cell was standardized by performing preti-
trations each time with small amounts of the
corresponding reducing agents: CuCl {(High
Purity Chemicals, 99.99%) and FeCl, - 4H,0
(High Purity Chemicals, 99.99%). Before the
actual analyses, blank titrations were car-
ried out to check the Cu(l} and Fe(II} con-
tents of these reductants. Other chemicals
used in the experiments were MnCl, - 4H,0
{High Purity Chemicals, 99.9%), CuO (High
Purity Chemicals, 99.9%), Bi;0; (High Pu-
rity Chemicals, 99.99%), and PbO (High Pu-
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rity Chemicals, 99.9%). The coulometric ti-
tration of Cu(l) was performed at a constant
current of 5 mA until the potential of the
Ag/AgCl indicator electrode reached 950
mV. The corresponding values in the case
of the anodic oxidation of Fe(lI) were 3 mA
and 810 mV,

Results

The oxygen contents and distinct metal
valences in bismuth and lead cuprates can
be determined by two redox experiments
where coulometric back-titrations of the re-
ducing agents are applied as final analysis
steps. The sum of the extra oxidation states
above +1I for copper, +1II for bismuth, and
+11I for lead and thus the total oxygen con-
tent of the sample is obtained in the first
experiment by reducing all the high valent
metal ions by Cu(l). For the separation of
the Cu-valence from the valences of bismuth
and lead the direct reduction of Bi(V) and
Pb(IV) by Fe(1I) instead of the two step re-
action scheme proposed by Kurusu et al.
(3) was found to give more reliable results.
Namely, if Bi(V) and Pb(IV) are first re-
duced in HCI solution by Mn(IT) followed
by the determination of the produced
MnOj-ions with Fe(II), some permanganate
is consumed in a slow but yet noticeable
reaction between MnOj- and Cl -ions be-
fore the Fe(Il)-compound is added to the
cell. The effect of this harmful side reaction
on the observed Bi- and Pb-valences de-
pends on the disselution time allowed be-
tween the additions of the sample and
Fe(II)-reductant (Fig. 1). Although the ten-
dency of permanganate to oxidize chloride
is known to be minimized in the presence
of Mn’*-ions, the results obtained for the
BiNaQO; reference material (sample size
20-50 mg) by the sequent Mn(I1l)/Fe(ll)-
reduction method (0.2 M Mn** and 1 M HCl)
revealed that a dissolution time of 15 min
was enough to decrease the detected Bi(V)
amount by ca. 50%. In the case of supercon-
ducting samples the effect of the reaction
between MnO;- and Cl -ions may, how-
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F1G. 1. The effect of the dissolution time between
the addition of the sample and of the Fe(Il)-reductant
on the observed Bi-valence value in BiNaO, when ana-
lyzed by the sequent Mn(I[)/Fe(II)-reduction method
(3Yin 1 M HCI (#) and 1 M H,SO, (C) electrolytes.

ever, be less detrimental since the Bi(V)
contents and thus the produced permanga-
nate concentrations are usually lower. From
the results presented in Fig. 1 it can be fur-
ther seen that sulfuric acid would in princi-
ple be a suitable ¢ell solution for the Mn(II)/
Fe(Il) reduction, as it has no action upon
permanganate in dilute solution. However,
H,S0, is not an optimal solvent for high T
superconductors.

In the following two sections the pro-
posed novel modification of the original cou-
lometric titration method is described along
with the experimental results on the YBa,
Cu,0,, BiNaO,, PbO,, and Pb;0, references
demonstrating the selectivities of the de-
sired chemical reactions. All the results of
the different titration experiments for the
reference materials are also summarized in
Table I. The reported results are average
values of several repeated titrations. An er-
ror limit of =0.01 for the valence values was
observed between parallel experiments.
The results obtained for the Bi, (Pb, ,5r,Ca
Cu,0, sample are presented in the third
section.

Determination of the Total Oxidation
Power

In the first titration experiment the sum
of Cu(IIl), Bi(V) and Pb(IV), and thus the

KARPPINEN, YAMAUCHI, AND TANAKA

oxygen content of the sample, is determined
according to Egs. (1), (2),and (3) by dissolv-
ing the sample (50-150 mg) in 1 M HCI ¢con-
taining ca. 0.002 M CuCl. The excess of
Cu(I) is then back-titrated by an anodic oxi-
dation as indicated in Eq. (4):

Cu*t + Cut— 2 Cu?" (D

BiO;y +2Cu* +4H"—
BiO* +2Cu* +2H,0 (2)

Pb*" +2Cu"—=Pb2* +2Cu** (3
Cu* (excess) — Cu?t + e~ coulometry  (4)

According to thermodynamics, Cu(IIl),
Bi(V), and Pb(IV) all can react with water
or Cu(l). From the titration data given in
Table I, it is, however, clearly seen that
Cu(l) is oxidized selectively at least by triva-
lent copper and tetravalent lead, as the re-
sults obtained for the YBa,Cu,0, reference
material by the iodometric (z = 6.87) and
coulometric (z = 6.86) methods are in rea-
sonably good agreement and the observed
Pb-valences in the reference lead oxides
(+4.01 for PbO, and +2.68 for Pb,0,) are
equal to the theoretical values within the
estimated error limits. In the case of bismuth
the obtained low valence value (+4.82)
compared to the theoretically expected Bi-
valence value of +5.00 in pure BiNaQ, does
not either necessarily mean that the reaction
between Bi(V) and Cu(l} is unquantitative,
since alkali bismuthates are commonly im-
pure and poorly characterized.

Determination of the Bi- and Pb-Valences

In the second experiment the sample is
dissolved in ! M HCI containing FeCl, -
4H,0 (ca. 0.00I M) resulting in reactions
(6) and (7) between Fe(Il) and Bi(V) or
Pb(IV). The average valences of bismuth
and lead can then be determined by a coulo-
metric titration of the excess of Fe(ll)
(Eq. 8):

4Cu*" +2H,0—-4Cu*" + O, +4HY (5)

BiO; +2Fe’ +4H' —
BiO* + 2Fe** + 2H,0 (6)
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TABLE I
TITRATION RESULTS FOR THE REFERENCE MATERIALS

Reference Titration method

material

{sequence of addied reactants)

Cu-
Valence

Bi-
Valence

Pb-
Valence

YBa)CuyO, Iodometric

(Kl + YBa,Cu,0, + Na,5,0,)
Experiment |

(CuCl + YBa,Cu,0,)

Experiment 2

+2.247

+2.242

+2.000

(Bi,O, + PbO + FeCly + YBa,Cu,0,)

Reverse Experiment 1
(YBa,;Cu;0, + CuCl)
Experiment 1

(CuCl + BiNa0,)
Experiment 2

{CuQ + FeCl, + BiNa0,)
Experiment |

(CuCl + Pb0O;)
Experiment 2

(CuO + FeCl, + Pb0;)
Experiment 1

(CuCl + Pby0,)
Experiment 2

{FeCl, + Pb;0O,)

BiNaO,

PbO,

Pb,0,

+2.004

+4.824

+4.810

+4.005

+3.994

+2.684

+2.667

Pb** + 2 Fe?* - Pb** + 2Fe’t  (7)

Fel* (excess)— Fe** + ¢~ coulometry (8)

Tetravalent lead of PbO, and Pb;0O, re-
acted quantitatively with Fe?*-ions (Table
I}, while for Cu(III) the reaction with water
(Eq. (5)) is obviously preferable; since no
Fe(Il) was consumed when YBa,Cu,0, was
analyzed {observed Cu-valence +2.00) it is
evident that neither the evolved oxygen re-
acts with Fe?*-ions. The fast and complete
reaction between Cu(I11} and H,O was also
verified with a reverse titration experiment
1 by dissolving the Cu(lIl) reference mate-
rial in the cell before CuCl. No Cu(lll) was
observed in that case either. Pentavalent
bismuth was also found to react with water
very fast as long as no Fe’*- or Cu'-ions
were present. On the other hand, the rate
of the reaction between Pb(IV) and H,O
could not be studied as the lead oxides used
dissolve very slowly. The Bi-valence value
of +4.81 observed for BiNaQ; in the second
experiment is essentially equal to the resuit

of the first titration experiment, thus
strongly suggesting that the real Bi(V) con-
centration in the used BiNaO, powder is
only about 90% of the theoretical content,
and furthermore, that Bi{V) reacts quantita-
tively with both Cu(I) and Fe(ll). Finally, as
the studied YBa,Cu,0,, BiNaQ;, and PbO,
solutions also contained Bi**-, Pb’*-, and
Cu’*-ions, respectively (Table 1), the ob-
tained results confirm further than in the
experimental conditions concerned Cu(IIl)
does not oxidize Bi(III) or Pb(II) and Cu{lI)
is not oxidized by Bi(V) or Pb{IV).

Studies on the (Bi, Pb),Sr,CaCu,Q,
Sample

The analytical results of the first experi-
ment for the Bi, ¢Pb,,Sr,CaCu,0, sample
establish that the oxygen content z is 8.10 =
0.01. According to the results of the second
experiment the Cu-valence was calculated
to be +2.10, but for bismuth and lead only
an average valence value of +3.00 could be
determined. However, it is noticeable that
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this observed (Bi,Pb)-valence value cannot
be achieved without mixed valent state of
at least one of these two metals.

Discussion

The first experiment in the coulometric
titration technique of Kurusu ef al. (3) was
found to be applicable, besides bismuth su-
perconductors, also to the oxygen content
analyses of lead and yttrium cuprates. In
the case of YBa,Cu;0, the agreement of the
results obtained from the coulometric and
iodometric titrations was confirmed. The
quantitativeness of the reaction between
Pb(IV) and Cu(l) was verified using PbO,
and Pb;(), as reference materials for tetrava-
lent lead.

Due to the observed harmful side reaction
between MnQy; - and Cl™-ions in experiment
2 the direct reduction of Bi{V) and Pb(IV)
by Fe(Il) instead of the two step Mn(I1)/
Fe(II} reduction proposed earlier (3) was
considered to give more reliable valence val-
ues for the metals. Although the reaction
between Cu(IIl) and Fe(ll) is occasionally
adapted to analyze oxygen contents in high
T. superconductors (4, 5), the Fe?*-concen-
trations used have generally been high and
the oxygen content values obtained thereof
quite low, The results of the present study
for the YBa,Cu;0, reference material con-
firm that the Fe’*-concentration in the pro-
posed coulometric technique is too low to
compete successfully with the O,-evolution.

The observed Bi(V) content in BiNaO;
was found to be ca. 10% lower than the
theoretical value. The facts that (i) the man-
ufacturer confirms only 80% purity for the
used powder and (ii) equal valence values
were obtained in both experiments, how-
ever, strongly suggest that the determina-
tions are quantitative also for Bi{V). Even
if the analyses tend to give too small valence
values for bismuth, the equally large sys-
tematic errors in both experiments would
be counteracted when the most important
Cu-valences are calculated.

When the studied sample contains both
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bismuth and lead the distinct Bi- and Pb-
valences cannot be detected by the pro-
posed method, but as a result of experiment
2 the average (Bi,Pb)-valence is observed.
In fact, according to the strong evidence
given by Scheurell et af. (6), Bi(V) oxidizes
Pb{Il} to Pb(IV) during acidic dissolution
and no chemical method which involves the
dissolution of the sample can distinguish the
individual Bi- and Pb-valences.

A critical question, common for all solu-
tion based valence studies, is how well the
solid state properties, ¢.g., the metal va-
lences, are maintained upon dissolving the
material. At least the results of the studies
on the (Bi,Pb),Sr,CaCu,0, sample confirm
that by the proposed method noninteger va-
lence values can be obtained for more than
one metal in the same sample. For the fur-
ther proof the importance of various com-
parative characterization methods as well
as studies on sample series with gradually
changing properties is emphasized.

Summary

The oxygen contents in the bismuth and
lead cuprates as well as in the yttrium based
superconductors can be determined with
high reliability and precision by a simple wet
chemical redox experiment using CuCl as
a reducing agent and applying coulometric
titration of the excess Cu(I} as a final analy-
sis step. This was demonstrated in the case
of YBa,Cu,0, by the reproducibility of at
least 0,01 in z and by the reasonably good
agreement between the results obtained
from the coulometric and iodometric titra-
tions. Furthermore, as far as the solid state
properties are considered (o be maintained
during dissolution, the crucial Cu-valences
can be distinguished from the Bi- and Pb-
valences by taking advantage of the selec-
tive oxidation capability of Fe(II).
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