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Dependence of the specific electrical conductivity value of the solid solution with
composition Co,_7Zn,(H,PO,),-2H,0 (0 < x < 1.0) and products of its partial or complete
dehydration from temperature and duration of heat treatment has been investigated. It has
been established that they have considerable proton conductivity (from 1.01.1072 —
1.181072 Ohm lem™! to 7.51.1078 — 9.57-1073 Ohm™lem™) in a wide temperature range
(80—-270°C). The main contribution to their proton conductivity has made mobile protons
of the phosphate anion P-OH groups and free phosphoric acid protons, which have
produced in the intermediate thermolysis products according to PMR and 3P NMR
spectrum analysis of Co(ll)-Zn dihydrophosphates heat treatment products. Contribution of
crystal water protons is minimal.
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Hsyuyena saBMCHMOCTb BEJIMYWHBI YAEIbHOI 9JIEKTPONPOBOLHOCTH TBEPAOr0 DPAacTBODA
Co,_Zn,(Hy,POL)»2H,0 (0 < x < 1.0) u IPOAYKTOB €ro YacTHYHOIO M IOJHOTO 06e3sBOKHBA-
HUSA OT TEeMIIEPATYPhl U IPOMOJIIKUTE]LHOCTI TePMOOOpaboTKMU. ¥YCTAHOBJIEHO, UTO OHU 06Ja-
IAIOT SHAUYMTENBHON NPOTOHHOM mnposogmmocThio (or 1.01-1072 - 1.181072 Om lem ! o
7.51:1073 — 9.57.1072 Om lem™!) B mmpoxoit Temmepatypuoii obmactu (80-270°C). Amanus
cexrpos IIMP u SIMP 31P mpopyxros tepmoobpatorkn Co(ll)-Zn guruapodocdaros moka-
3aJ1, UYTO OCHOBHOM BKJIAJ B X MPOTOHHYIO TPOBOLUMOCTEH BHOCHT TOABUIKHBIE TPOTOHEI IPYII
P—-OH @ocdarsoro anmona m mpoToHBI ¢BOGOIHON (GOCPOPHON KHCIOTHI, oOpasymomuecsa B
IPOMEIKYTOUYHBIX IIPOLYKTAX TepMoJiusa. BKJIAL MPOTOHOB KPUCTALIOIUIPATHON BOLBI MUHU-
MAaJIbHBIH.

Enexrpouporignicts tBepmoro posumny Co(ll)-Zn pgurigporendocdarie i mpoaykris
fioro Tepmoaizy. H. M. Anmpanuesa, H.B.Conod, B.A.Ilosuwyk.

HocaimxeHo 3aleKHICTh BeJIUYWHM THUTOMOI €JeKTPONPOBiTHOCTI TBEPAOTO POZUNHY
Co,_,2Zn,(H,PQO,),-2H,0 (0 < x < 1.0) i mpoayKTiB Horo 4acTKOBOrO i MOBHOrO 3HEBOTHEHHA
Big Temieparypu i TpuBasiocTi TepMooOpOOKM. BeraHOoBIIEHO, 1110 BOHM BOJIOAIIOTH SHAYHOKIO IIPO-
ToHHOM0 nposixuicrio (Bix 1.01:1072 — 1.18:1072 Om lem ! go 7.51-1078 — 9.57-108 O lem ) y
MIUPOKOMY TeMIepaTypHoMy imTepBani (80-270°C). Amanis cmextpis IIMP u SAMP S81p
npoaykTie Tepmoobpodku Co(ll)-Zn murigporendrocdarie mokasas, IO OCHOBHMI BKJAg B IX
NIPOTOHHY NPOBigHiCTE BHOCATE pyxausi nporornu rpyn P-OH docharroro amiona i mporonm
BinmbHOI QochaTHOl KMCIOTH, IO YTBOPIOIOTHCA y IPOMIKHNIX IPOAYKTAX TepMoJisy. Briarn
HPOTOHIB KpucrajorigzpaTHol Bogu MiHiMaJabHUIA.
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1. Introduction

Solids having low values of resistivity
and having unipolar conductivity (solid
electrolytes) are widely used in electro-
chemical systems of various purposes: infor-
mation converters, gas analyzers, chemical
power sources and others [1, 2].

The most prospective conducting proton
electrolytes are phosphates containing a P-OH
group, protons of which make the main con-
tribution to the conductivity of solid elec-
trolytes. According to [3, 4], protonated
phosphates can be considered as proton con-
ductors. Free protons — carriers of electric
current appear inside crystal lattices of pro-
tonated by heating above a certain tempera-
ture.

From this perspective, practical interest
care solid solutions of dihydrophosphates of
divalent metals, in the products of thermal
treatment of which formations of free phos-
phoric acid are found [5, 6]. As for electri-
cal conductivity of solid solution of co-
balt(II)-zinc dihydrophosphates, information
in the literature is absent.

The purpose of this work is to study de-
pendence of electrical conductivity of solid
solution of composition of dihydrophosphate
Co_Zn(HoPO,)22H,O (0 < x < 1.0) and
products of its thermolysis on temperature
and duration of heat treatment.

2. Experimental

The solid solution of dihydrophosphates
of a general formula Co,_,Zn,(H,PO,),-2H,0
(0 < x <1.0) was obtained due to reaction
of mechanically homogenized mixture of
zine and cobalt(II) hydroxocarbonates, taken
in predetermined molar ratio with H3PO,
(64.1 % P,0g), as it was described in [7].
Dihydrophosphate of composition
Cog 5Zng 5(HoP0,4)2-2H,0 was used as a basic
object of study.

Conductivity measurements were per-
formed using AC-bridge of P-568 at fre-
quency of 10 kHz. Using the distribution
terminal (50 % of the original sample, 50 % of
fine silver), the sample was pressed into tablet
with parameters I =0.1 cm, S = 0.816 cm?.
The tablet was placed in a pressure cell
type made out of alloys resistant to acidic
corrosion, and it was heated at 1.0 de-
grees/min. The measurements and calcula-
tions were performed as it as described in
[1, 4].
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Fig. 1. Polytherms of electrical conductivity
of Co,_Zn,(H,PO,),-2H,0 (I) and its dehy-
dration products obtained at 20°C over P,O4
(2) and 300°C (3, 4) (3 — dehydrated sample
was stored in a dry atmosphere, 4 — in a
humid atmosphere).

3. Results and discussion

According to polytherm of conductivity
of air-dried C005Zn05(H2PO4)22H20 (Flg. 1),
the initial electrical conductivity by heating
up 80°C change slighly and doesn’t exceed
the value characteristic of the ionic crystal.

Further increase in temperature leads to
fast increase OQof electrical conductivity.
The most significant its changes are fixed
under heating up to 85-90°C (Table 1). Con-
ductivity of C005Zn05(H2PO4)22H20 heated
up to 140°C reaches its maximum value
(2.01.1072 Ohm~lem™1), then at the tem-
perature of 150-200°C it significantly re-
duces (up to 1.50-1072 Ohm~lem™1) and in-
creases again at 260°C (2.11:1072 Ohm lem™1).
In the sample heated above 300°C, the con-
ductivity value is reduced substantially to
value recorded for the initial dihydrophos-
phate. This temperature changes of conduc-
tivity of CoggZng 5(H,PO,4)2-2H,0 show on
the complex physical and chemical processes
under the heat treatment and correlate well
with the results of its study of thermolysis,
described in [6].

Interpretation of the data performed in
regard to [6] and the structural features of
Cog 5Zng 5(HoPO,)2-2H,0 [8] indicates that
increase of the electrical conductivity at
85-90°C is associated with breaking of hy-
drogen bonds that OH-groups of water mole-
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cules and protonated anion are closely con-
nected to the structure of the original dihy-
drophosphate. Further heating (up to
140°C) leads to destruction of
Cog 5Zng 5(H,PO,)2-2H,0 structure and for-
mation of amorphous intermediates prod-
ucts of the heat treatment of free phospho-
ric acid that is a carrier of mobile protons,
that are responsible for appearance of the
electric current in the sample. Some de-
crease in the values of o, marked at 200°C,
corresponds to the transition from the in-
side structural disorder to the ordering of
the new generated crystalline phase. Move-
ment of protons here is limited. Further-
more, the amount of phosphoric acid and, as
a result, the mobile protons in the products
of dihydrophosphate heating treatment
above 200°C is reduced and it is completely
absent in dehydrated phosphate [6]. Such a
state of the sample corresponds to decrease
in the electrical conductivity at temperature
above 300°C.

To determine the contribution of free
phosphoric acid in proton mobility there
were analyzed PMR spectrums of heat treat-
ment products of Co(ll)-Zn dihydrophos-
phates of different composition. The results
showed that at the room temperature, when
the protons are localized, location and shape
of the broad lines of the PMR spectrum of
CO1_XZnX(H2PO4)2'2H20 with x = 0.33, 0.5,
0.67 are caused mainly by magnitude of the
interproton distance and paramagnetic ion
presence. During the heat treatment of the
sample in the range of 90-150°C the line
narrowing of protons of phosphate anion is
observed in the spectrums. Minimum value
of its width (AH = 0.6-1074 T) is fixed at
140°C. Analysis of the temperature changes
of the width of this line showed that at the
temperature of 120-200°C protons are in
the state of rapid diffusional mobility. This
temperature (shown previously in [6]) corre-
sponds to formation of the products of the
heat treatment of Co,;_.Zn,(HoPO4)-2H,0 of
the maximum amount of free phosphoric acid.

To elucidate the nature of the narrow com-
ponent appearing in the samples PMR spectra
by heating, and validation of assignment it to
formation in dihydrophosphates structure
free phosphoric acid which protons have high
mobility, there were studied NMR 31P spec-
trums of Cog5Zng 5(HoPO,4)2>-2H,0 and prod-
ucts of its heat treatment. Based on the
received data it has been established the
relationship between the line width of the
NMR 31P spectrum and the intensity of the
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Table 1. Polytherms of electrical conduc-
tivity of Cog5Zng 5(H,PO,4)»-2H,0 and prod-
ucts of its thermolysis (heating rate
1.0 degrees/min)

The heating R, Ohm | g, Ohm lem™
temperature, °C
25 2.7-10° 4.531077
35 2.2:10° 4.531077
45 1.7-10° 5.57-1077
50 2.6-10° 7.20-1077
60 3.3-10° 4.71-1077
70 3.0-10° 4.081077
80 3.9-10% 3.14-.1076
85 43.0 3.61.1073
90 29.0 4.22.10738
100 18.0 6.80.1073
110 12.0 1.02:1072
120 11.6 1.06-1072
130 6.2 1.97-1072
140 6.1 2.01-1072
150 7.1 1.72:1072
160 7.5 1.63-.1072
180 8.0 1.53.1072
200 7.22 1.50-1072
220 6.5 1.88-1072
240 6.3 1.94.1072
260 5.8 2.11-1072

narrow component lines in the PMR spectra
of the same thermolysis products (Fig. 2).
Results of the comparative analysis showed
that the appearance of the narrow line in
the PMR spectra (the sample heated up to
120°C) correlates with decrease in width
and the second point in the line in the NMR
31p gpectra. In the NMR spectrum the nar-
row band of intense is observed, broadens as
the fall of the intensity of the narrow com-
ponent in the PMR spectrum when heated
C005Zn05(H2PO4)22H20 up to 25000 and
300°C. Narrowing of the components in the
NMR spectrum can be characterized as for-
mation of the new phase comprising mov-
able phosphorus and presence of the mobile
protons.

In addition to the temperature ranges of
the high proton conductivity of
C0052n05(H2PO4)22H20 it was established
the dependence of electrical conductivity of
its partial dehydration products on the
given temperature treatment duration. This
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Fig. 2. Correlation of research results of heat
treatment products of Co,_.Zn,(H,PO,),-2H,0
by PMR and 3P NMR methods (I — width
and 2 — the second point in the NMR spec-
trums, and 3 — the intensity of the narrow
component in the PMR spectrums).

made it possible analyzes the temporary op-

erating mode of the solid electrolyte. For

this purpose the sample of dihydrophos-

phate was heated up to 140°C, this tempera-

ture corresponds to the maximum value of o;
it was maintained for 5 h, regularly fixing

the electrical conductivity value. The data

obtained (Table 2) showed that at 140°C the

sample keeps the high proton conductivity

for 5 h.

To determine the contribution of protons
of the crystalline hydrated water molecules
into the changes of proton conductivity it
has been studied the temperature depend-
ence of the electrical conductivity of dehy-
drated dihydrophosphate of composition
Cog 5Zng 5(H,PO,),, dried over P,Og to remove
two water molecules. According to received
polytherms of the conductivity (Fig. 1), main
character varying of ¢ of the sample during
heating and order of magnitude of o are
similar to those for the air-dried dihydrate
C005Zn05(H2PO4)22H20. Slgnlflcant in-
crease in the conductivity of
Cog 5Zng 5(HoPOy), is fixed in the temperature
range of 70-90°C (to 38.1-1073 Ohm lem™1).
Some differences of the temperature depend-
ence that were set during further temperature
increases up to 180°C (1.77-1072 Ohm lem™1)
are caused by some differences of processes
occurring in the sample. In the temperature
range from 180 to 270°C the conductivity
value is stabilized and takes relatively high
values (1.47-1072 — 1.96-1072 Ohm~lem™1).
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Table 2. Dependence of electrical conduc-
tivity of Cop 5Zng 5(H,PO,4),-2H,0 on the
duration of heat treatment at 140°C

The duration R, Ohm o, Ohmlem™!
of heating, min

5 15.10 8.11-1073
20 10.74 1.14-1072
50 10.54 1.16-1072
75 10.30 1.19-1072
920 10.25 1.19-1072
120 10.87 1.18-102
180 12.57 9.74.1073
240 23.20 5.28-1078
300 47.20 2.59-1073

Analysis of the data together with the
results of the research of products of
Cog 5Zng 5(HoPO,4)2-2H,0  thermolysis  [6]
suggests that those responsible for the ap-
pearance of electric current, when heated
dihydrophosphate, are protons of P-OH
phosphate groups. However, the presence of
hydrogen bonds in the structure of
Cog 5Zng 5(HoPO,)o- 2H,0 does not exclude
the partial change in the overall mobility of
the protons by moving them along the line
H-bond, as it is observed while heating hy-
drated COOSZnOS(H2P04)22H20 up to 85-90°C.

Polytherms of the sample conductivity
that were obtained by heating of
C005Zn05(H2PO4)2 2H20 up to 300°C (ac-
cording to [6], it appears to be cyclotetra-
phosphate — condensed phosphate with cy-
clic structure of anion) and leaved after
cooling for 24 h in dry (over P,0g) and in
humid atmosphere (relative humidity 80 %,
20°C), showed the sharply different tempera-
ture dependence of conductivity (Fig. 1).
Thus, the relatively low maximum values of
conductivity of cyclotetraphosphate sus-
tained in the dry atmosphere (1.04.1073 —
1.52.103 Ohm lem™1) are recorded in the
temperature range of 140-240°C. For cy-
clotetraphosphate sustained in the humid at-
mosphere the maximum value of ¢ is much
higher, at 1.01.1072 — 1.18.10°2 Ohm lem™1
at 70—-100°C. With increasing of the heating
temperature up to 260°C the value of o is
almost stabilized at the level of 7.51.1073 —
9.57-1073 Ohm~lem™!. The enhanced con-
ductivity of cyclotetraphosphate sustained
in the humid atmosphere promotes it partial
hydrolysis with formation of the polyphos-
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phates linear structure containing the P—OH
groups. Protons of these groups cause appear-
ance of the electric current in the dehydrated
products of heat treatment of the solid solu-
tion of dihydrophosphates of general formula
Co,_,Zn,(Hy,PO,4)»-2H,0 (0 < x < 1.0).

The relatively high wvalues of electrical
conductivity of the solid solution of Co(ll)-Zn
dihydrophosphates and products of their
thermolysis provided the basis to test them
as sensing elements in the gas analytical
instruments developed by Vernadsky Insti-
tute of General and Inorganic Chemistry of
the National Academy of Sciences of
Ukraine. According to our data, the great-
est efficiency showed products of the ther-
mal treatment of Co,_,Zn,(H,PO,),-2H,0
(0 < x <1.0), obtained at 130—260°C.

4. Conclusions

The solid solution of Co(ll)-Zn dihydrophos-
phates of composition Co,_.Zn,(Ho,PO,4)s-2H,0
(0 < x <1.0) and products of their partial
or complete dehydration have considerable
proton conductivity (from 1.01.1072 -
1.18102 Ohm lem™! wup to 7.51.1073 -
9.57.1078 Ohm lem™1) in a wide tempera-
ture range (80—270°C).

Analyzing the PMR and NMR 31P spec-
tra of heat treatment products of Co(ll)-Zn
dihydrophosphates, we have found that the
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main contribution to the proton conductiv-
ity make the mobile protons of P—-OH
groups of the phosphate anion and the pro-
tons of free phosphoric acid produced as the
intermediate products of thermolysis. The
contribution of the protons of the crystal-
line hydrate water is minimal.

The possibility of using of the solid solu-
tion of Co(ll)-Zn dihydrophosphates and
products of their thermolysis as sensing ele-
ments in gas analytical instruments devel-
oped by Vernadsky Institute of General and
Inorganic Chemistry of the National Acad-
emy of Sciences of Ukraine is established.
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