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Possible origin of the proton conduction mechanism of CskPO, crystals at high temperatures
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The high-temperature transformation of G&¥, was studied by means of impedance spectroscopy, differ-
ential thermal analysis, and thermogravimetric methods. The dielectric constant showed a high-temperature
anomaly around ,=230 °C. The thermal transformation which appears aroy230 °C is endothermic in
addition to showing weight loss. Our results show evidence that the high-temperature transformation of
CsH,PQ, nearT, is not a structural phase transition, but an onset of thermal decomposition gPOgliito
Cs,H,P,03,.1 [probablyn>1, (CsPQ),] at reaction sites at the surface of the crystal. From complex ac
impedance spectra, we observed impedance consisting of two regions for measuring frequency: the low-
frequency region may be due to the formation and migration gD Hnolecules at the surface while the
conduction mechanism of the high-frequency region seems to be Cole-Cole type and may be due to the proton
migration in the bulk. Our results support that the phase of €} aboveT, is not a superionic conductor
phase caused by a structural transition (monoclingcibic) but rather a polymeric state caused by partial
thermal decomposition. The possible origin of proton conduction for,@€H4 is considered to be the partial
thermal decomposition of the crystal surface because the polymeric transition tends to increase breaking and
reforming of the hydrogen bond at the surface.
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I. INTRODUCTION (M=K,Rb,Cs,NH,TI)

The low-temperature ferroelectric transition &t in  and claimed that the term HTPT should be replaced by the
KH,PQ, (KDP) and RbHPO, (RDP) crystals has been in- onset of partial polymerization at reaction sites on the sur-
vestigated for a long time by many researcHersThe high-  face of the crystal. Here is the number of molecules par-
temperature behavior of KDP and RDP crystals on heatingicipating in thermal decomposition. The lettgror v en-
above room temperature has also been stutiigti struc-  closed in parentheses denotes that the corresponding
tural phase-transition-like phenomena, referred to as a higfzompound is in the solid or vapor state, respectively.
temperature phase transitioiiTPT), has been observed _ Recently, Parlet al. confirmed that phase | of KDP and
around Tp.4_12 These Crysta|s undergo Successive phaSBDP IS not the m0n0C||n|C phase, but related to a Chem|CaI
transitions: at the upper transition poifft{ from the mono- ~ ¢hange [KH,PO, (phase Il)-~K;H,P,0; (phase )  and
clinic (2,—C2 or P2,/m—C2, for KDP and 2—C2 or RbH,PQ, (phase Il}»mixture  consisting mainly  of
P2,/c—C2, for RDP) high-temperature phase | to the te- RPH:PO; and RBH,P,0; (phase J] such as thermal decom-

— 12 . . position; their report was based on dielectric constant, ther-
tragonal (42d—D3; for KDP and RDR intermediate- o1 anaivsis and thermomicroscopy dt® Using x-ray
temperature paraelectric phase Il, and at the lower transitio

! , i And thermal analysis Oritet al??~2*supported the idea that
point (T.) to the orthorhombic kdd2—C5, for KDP and

) the high-temperature phenomena in 20, and RbBPO,
RDP) low-temperature ferroelectric phase lll. Based uponge effects of thermal decomposition.

chemical analysis, many researchers have proposed that Par-csH,PO, (CDP) is a member of the KDP family of

tial thermal decomposition sets in ﬂguﬁgﬂ, corresponding  _honded crystals. This crystal has a transition sequence
to the following chemical reactiotr. similar to that in KDP and RDP though the crystal structures
are different. The CDP crystal undergoes the following three

NMH,PO,(s) =M H,P,03. 1(s) +(n—1)H,O(v) (1)  phase transition® 33

Ferroelectric Paraelectric Superionic
Phase Il 'e= % phase I " °C  phase |
Monoclinic — ~  monoclinic — Cubic ?
(P2,—C3) (P2,/m—C3) (mmm-=Dyy,)

Rapoport reported the transition temperatures on heating230°C, and 345°C for CDP. In their x-ray study,

with fast heating rates of 42—90 °C/min by differential ther- Bronowskaet al. reported that the lattice parameter changes
mal analysis(DTA) and differential scanning calorimetry deviate considerably from linearity on heating above 149 °C,
(DSO as follows?” T,=-120°C, T.=149°C, T,  but the space group of the crystal above 149 up to 230°C
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does not changeR2, /m—C3,).*° Rashkovichet al. found 10" g

transitions at 230°CT,) and 265°C T).”® Wadaet al. :g,o

showed that the transition @t,= 230 °C was confirmed, but 10°

the one afT,=149°C was not’ Baranovet al. reported a IRTON-

sudden ionic conductivity jump arourid,=230 °C through € w r

the measurement of the temperature dependence of the bulk 10°

conductivity in a CDP single crystal. They studied the prop- loj

erties of the HTPT and electrical conductivity, and claimed :g,

that the high-temperature cubic phase above 230°C in CDP e

was a superionic conduction phase. From their study of fast

D-H isotopic exchange, it was also suggested that CDP is a 10"

superprotonic conductdr:?® Bronowska recently performed o r

powder x-ray measurements of CDP in agCHsaturated at- 10°

mosphere and observed a phase transition at about 231 °C :g? 4

fom monoclinic CDP to cubic CDP  without gk

decompositiori* Otomoet al. proposed that a steep change o

in the conductivity of pressed powder of poly-H-bonded 10° |

crystals CDP due to a phase transition from a low conductive :gf o

phase to a high conductive phagsuperionic conduction 10°

phase¢ occurs reversibly at around 230°C under humid }81 A R S
conditions* Using Brillouin spectroscopy Luspiat al. re- 50 100 150 200 250
ported that on heating a CDP crystal above room tempera- o
ture, it undergoes two polymeric transitiotisthe first one Temperature ("C)

o, he 0o Fis. 1. Tompaatre dspennce(a o and ) 5 of

. complex dielectric constant of CsRQ, at various frequencies. The
of the different research groups seem to be caused by tr}%aﬂng rate is 0.2 °C/min.
difference in experimental humidity conditions. Thus, the
transition point afl ;=149 °C is still uncertain, and it is also
possible that the HTPT of CDP around,=230°C is not
related to a structural phase transition but to thermal deco
position such as in KDP, RDP, and KKsO, (KDA)

tion was heated to about 80 °C in order to remow®©Hand

induce incipient crystallization. The obtained polycrystals
Myvere dried and recrystallized. The acidity of the solutions

were controlled in order to obtain good morphology of the

6-24
crylitalsl. hvd bonds! bonds ol domi | CDP monoclinic crystals. Single crystals were grown by
owever, hydrogen bondst bonds play a dominant role evaporation at 35°C from the aqueous solution. Samples

in determining the properties of crystals such as acid phoq,—vere cut from the clear tips of the crystal, the one perpen-

phates and arsenates, an(_j many stud|er?éha_ve been maded‘i)éhlar to theb axis, and were polished first with No. 1000
the nature of the H bonds in these matertdlk.is generally and paper and then with velvet cloth. The electrodes were
found that the H bonds which are part .Of ath.ree'd'mens'or.]azrepared with conducting silver paint. The complex ac im-
network show enhanced e_ffects in dielectric, ferroelgctrlc edanceZ*) was determined in the frequency range from 1
thermal, and other properties when compared with simila 3x10P Hz using an impedance analyzé6I1260
effects in crystals con_taining isolated H bonds. The transpor, amples were kept in an electric furnace whose température

¢ ton defect ing th basi dels that hl Was controlled with a Pt-FRh) thermocouple. The rate of
of proton detects, using the same basic modeis that havig, temperature variation was 0.2 °C/min. Crystal fragments
been extensively used in studies on alkali halides and oth

o . ) flere used in DSC and thermogravimetGEGA) experi-
ionic crystals. Several conduction studies have been made Ments. The DSC and TGA studies were performed in the
H-bonded crystals of the type related to the structural phas mperature range from 30 to 550°C using a differential

transition at high temperature studied in Refs. 25, 26, 35-3 canning calorimetePerkin-Elmer, U.S.A., TGAY and

But Par!«_at ql. suggested that mechanisms .Of the electrica hermogravimete(Perkin-Elmer, U.S.A., Pyrisl The rate of
conduct!\{lty in H—bondeq crystals must consider t_hgrmal de’[he temperature variation was 5 °C/min.
composition as well as ionic transport because it is known
that many H-bonded crystals reveal surface instabilities such

as thermal decomposition at high temperaf§ré:?1:22 lll. RESULTS AND DISCUSSION

Therefore, we studied the high-temperature phenomena and Figures 1a) and 1b) show the real ) and imaginary

electrical cpnduct[on mechanisms of CDP by means of ther(sg) parts of the complex dielectric constant along the
mal analysis and impedance spectroscopy.

axis, in the temperature range between 30 and 270 °C at sev-
eral frequencies with measuring temperature interval 1.0
+0.2°C. Dispersion o}, begins at temperature 100 °C. On
Crystals of CDP were synthesized by the reaction CsOHaising the temperature;,, suddenly increases to nearly its
+H3P0O,— CsH,PO,+ H,O with pH=4. The resultant solu- high-temperature value at aboljy=230 °C. It has a discon-

II. EXPERIMENTAL
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s to indicate high-temperature phenomena caused by thermal
S decomposition processes such as Hg. For comparisons
< with TGA results and theory, the possible products are cal-
% culated and based on E@.,). The ratio of the changed prod-
3 ucts (polymerization and escaped products {8) are re-
g lated to chemical changes in the CDP for the various possible
K= n values as follows.
S The case oh=2, 2CsHP0,— Cs,H,P,0,+ H,0. Ratio
¢ of changed product:
M(CsH,P,07)
: ] ————————— X 100=96.08%.
;\? 100 H,0: 0.2%\ H,0: 0.4%\ _ M (2CsHPO,)
‘5 o8 | 3 Ratio of escaped product:
=) o ]
T %t E _ MO 1 00-3.92%
- F 1 . 0.
fn % H,0: 7.8% A ] M(2CsHPO,)
v : (b) ‘CsPO, ]
= 92t E The case n>1, nCsH,PO;—CsH,P,03,,1+ (N
90 Ervtiniin, L G Lo Lo d —1)H,0. Ratio of changed product:
100 200 300 400 500 M(CSH,P.0,) M(CSPQ)
0 PSSR0 _MIBSP)
Temperature (°C) M(nCshyP0,) 109 M(ncsrppo,) 190
FIG. 2. (a) DSC and(b) TGA curves for CsHPO, heated in air M(CsPQ)

to 550 °C at a heating rate of 5°C/min. X 100=92.16%.

~ M(CsH,PO,)

tinous large increase ned@f =250 °C after further heating. It Ratio of escaped product:
decreases again during further heating. The values, afre

shown to depend almost inversely on the measuring frequen- M[(n—1)Hx0] M(nH,0) 100

cies. This agrees with the well known fact thdtis related M(nCsH,PG,) M(nCsH,PQ,)

to the ionic conductivityr aseqwep, ,*° wherew is the fre-

guency of the applied field angl, the vacuum permittivity. = M X 100=7.84%
M(CsH,POy) ' '

ey increases gradually because the electrical conductivity in-

creases on heating above room temperature. The extremejyhereM is the atomic weight. One finds a semiplateau re-
high values ofey, at low frequency and high temperature gion, accompanied by about 0.2% weight loss between 235
evidence phase-shifted conductivity. and 245 °C. Weight loss begins around 250 °C, and the other
If the high-temperature phase transition of CDPTgtis  semiplateau region was found between 260 and 290 °C at
caused by thermal decomposition, decrease of weight angbout 0.4% weight loss. For any givenvalue, the weight
thermal change may appear in thermal analysis. The DS{psses at the semiplateau are not the same as the values cal-
and TGA experiments were performed with heating rates otulated for the intermediate products. The range of existence
5°C/min in an open atmosphere. As shown in Figa) 2nd  of Cs,H,P,0, in the case ofn=2 corresponds to 340—
2(b), the thermal transformation shows an endothermic peaB50 °C because for the intermediate products the calculated
at T,=230°C; the onset of weight loss a,=225°C for  and measured weight loss are the same. As shown in Figs.
CDP indicates the beginning of thermal decomposition.2(a) and 2b), this weight loss is indicative of the formation
These temperatures may correspond to the so-called higiaf various polymers, during the course of dehydration to the
temperature transition temperature. On heating further, beinal formation of CsP@. The final product corresponds to a
yond T,, the thermal transformations which occur ‘E\g change from CskPQ, to CsPQ (weight loss 7.8% above
=250 and 325°C in CDP give rise to several endothermic380 °C, because the calculated value and measured weight
peaks. Atmospheric pressure DSC studies of CDP on heatirigss are the same. But the temperature regi@38—245 °C
above room temperature revealed two transitions: a quasand 260—290 °f; over which the weight changes, are diffi-
irreversible transition at 149 °CT{) and a second reversible cult to explain, since the processes of polymerization depend
transition at 230°C'(p).27 Wadaet al. showed that the tran- on temperature and the intermediate product is unstable. If
sition at 230 °C was confirmed but the one at 149 °C wasve adopt the realistic phase relationships of @¢.the HTP
not?® We also could not detect a transition at 150 °C onslightly aboveT, is not a single phase of CsRQ,, but a
heating. The present result seems to agree with that of Wadaixture consisting mainly of CsjP0, and CsH,P,0,. The
et al. and disagree with those of Refs. 27, 30. temperature regions of weight loss in CDP could be related
The transformation temperatures corresponding to théo mixed phases. Generally, thermal decomposition phenom-
DSC signals indicating weight losses are commonly believeeéna tend to occur at surfaces where heat contact is direct and
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107 | 1 o FIG. 4. Temperature dependence of relaxation time in seconds
; i 2500(: 7, on 17T in CsH,PQ,. Solid lines fitted by Eq(3). The slope of
- 10° 3 s 260 C the straight lines corresponds to the activation energy.
S . * 270°C
=100 ¢ — Fitting 1/G
N E Data Z* ()= 1
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3 L
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102 il ol wcvamd 0aud 3l

where wp,; is the characteristic angular frequencies deter-
mined from relaxation times;. The solid lines in Fig. &)
Frequency (Hz) are theoretical curves obtained by using E2j. Only the
data relative to the imaginary part were used in the fitting.
The three parameters, r;, and G, were then introduced
into the real part of the formula to check whether the calcu-
chemical binding is weaker, rather than in the bulk of a crys{ated values are also in agreement with the measured value of
tal. Therefore, the results of our TGA indicated that the high-Z; . The agreement between experimental and calculated val-
temperature phenomena exhibited by CDP fgashould be  ues for both real and imaginary parts of the impedance con-
interpreted as indicating thenset of partial polymerization firms that the model proposed here is pertinent to the de-
at reaction sites on the surfacesuch as represented by scription of the high-temperature behavior of CDP. The
Eq. (2). parametersn take values over the entire rangesth<1 and

_One must consider the dc bulk effect to understand elecmay be functions of temperature. The fitting of E8) for
trical conduction in CDP because our TGA curve indicatéspe b-axis case always leads to a valuemfclose to about

that the high-temperature transformation is caused by partig|;t
thermal decomposition at the surface rather than a structural

phase transition. Figurega& and 3b) present the variation imaginary impedance data to E®) and the variation of

of the real €) and the |m<'_:1g|nary1b) parts Of. the_lmped- relaxation timesr; = 1/w,; as a function of reciprocal tem-
ance versus frequency using a double logarithmic scale fog{

101 10° 10! 10% 103 104 105 10¢ 107

FIG. 3. Impedance spectra ¢) Z{ and (b) Z in CsH,PO,.
The solid line represents a fit to E@).

The loss peak frequency,,; is obtained by fitting the

. erature is shown in Fig. 4r; can be described by an
several temperatures. It is observed that, above and belo rhenius behavior as given b
T, . Z}, decreases slowly up to a frequency of 16 1¢° Hz, 9 y
depending on the temperature and then continuously de- 7= 1o exp( ®/kgT) 3)
creases with increasing frequency approximately as The 1o B
relaxational peak frequency @f moves to higher frequency with the natural relaxation time, and activation energgp.
with increasing temperature. The absolute values of the highr; has a knee aroun@i,=230°C and a small jump around
frequency slopes are, in fact, very close to unity and seem td,=250°C. The activation energies estimated abg
be independent of the temperature. In the low-frequency re=0.46 eV belowT, and®,=0.42 eV aboveTl, for 7;.
gion, dispersion ofzZ; begins above 100°C and increases The dc bulk conductivity can be analyzed by means of
with increasing of temperature, and another relaxational peakomplex impedance formalism. Two methods can be used to
frequency of Zy appeared abovd,. That is, the low- obtain the dc bulk conductanceG(=Gg.p). The first
frequency slopes have values lower than unity and arénethod consists of extrapolating the circular arc to the real
strongly temperature dependent. These two different tender@xis at the low-frequency end a” vs Z', the complex
cies in the temperature dependence suggest that two dispémpedance plot. As seen in FiggaBand 3b), the complex
sion mechanisms are involved. Considering the existence dfmpedance obtained from experimental data satisfy ().
the dispersion mechanism in the high-frequency region anwvell (solid ling). So, a second method based on fitting by Eq.
the bulk conductance@;) of the material, an alternative (2) has been used to determiftg .*° Figure 5 shows3; of
model may be proposed and written as the Cole-ColéDP along théb axis.G; has a knee arounfi,=230 °C and
expressiorf? a small jump around”,;:250 °C. We can see a good linear-
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1000/T(K ™)

Pore
FIG. 5. Temperature dependence ®f of CsH,PO, crystals.
Solid lines are fitted by Eq(4). The slope of the straight lines Crack
corresponds to the activation energy.

Bulk
ity between InG;) and 1T as shown in Fig. 5. These results
can be described by the Arrhenius behavior
«:H
Gi~exp(—E/kgT). (4) e:0 — :Strong Bond
@:P - : Weak Bond

with the dc bulk activation energy and Boltzmann constant

kg. The dc bulk electrical conductandepen circleg ob- FIG. 6. Schematic illustration of the process of thermal decom-
tained from experimental impedance data satisfy the Arrhenposition at the surface for a CDP crystal. Microscofztomistio

ius relation well(solid line). The value of activation energies view of the high-temperature phenomena MA@, (s)
Ei,61=0.46 eV belowT, andE, g;=0.43 eV aboveT,, in —MyH,P, 0344 1(S) + (n—1)H,0O(g) by which water layers can be
CDP, are obtained from the slopes of theoretical fitting of arformed at the surface.

Arrhenius relation such as E@4). There are considerable

differences in the published reports and our work concerning—hey thermally formed in pairs by interbond jumping be-
the activation energy, but the valuested, are similar to our .\ ~an different G_H- --O bonds, but migrate individually.

results as shown in Fig. 4. Baraneval. reported that the gy, and Kal$3° have studied the dc electrical conduc-
activation energies are about 0'3 eV abdyeand 0.99 eV tion of KDP and KDA single crystals and have proposed a
below T,, and that the conduction occurs through proton ) .

p mechanism of synchronous rotation of the @, group.

migration. They claimed that the high-temperature phaserhey have concluded that the enthalpy for the experimental

above 230°C in CDP is a superionic conduction pHase. . )
Generally, the main difference Eetvveen superionic aﬁld ioniéeSUItS is related to the enthalpy for the rotation of the phos-
i hate group rather than to the enthalpy for the formation of

conductors concerns the activation energy of the ionid ey
conductivity.34 For the former, which are also called fast the defectqL, D). Proton dc conduction is thus expected to

ionic conductorsE, is lower than 0.40 eV and- is higher ~ P€ related to the presence Dfor L defects. o
than ~10"3 Q~*cm ! while values varying between 0.6 Most investigators studymg electrical conductivity seem
and 1 eV are usually observed for normal ionic conductorsto pass over the decomposition effect. However, from our
with conductivities lower than-10"3 Q~*cm™!. The state TGA results there is around 4% of weight loss n&gr and
of our CDP crystal in the temperature region from 230 towe calculate a result for which the curve of weight 108&).
250 °C is not superionic according to this definition, becaus@(b)] is based on Eq.1). Therefore, we consider the electri-
our E,=0.43 eV is higher than 0.40 eV. cal conductivity mechanism abovg, for the CDP crystal

At temperature ranges of room temperature or below anthat includes the partial break up of hydrogen bonds and the
T, or below, the dielectric and conductive behavior of theformation of HO molecules by thermal decomposition at the
KDP family is known as follows: Schmidt suggested thatcrystal surface, as illustrated in Fig. 6. Associated processes
proton intrabond transfer in-©-H---O bonds is the mecha- as formation of chains of-2O—P bonds, and liberation of
nism for dynamic behavior of rubidium/ammonium dihydro- H,O molecules from the surface. Two mechanisms of imped-
gen phosphate mixed cryst&l8ecause of the strong proton- ance relaxation in CDP at high temperature can involve crys-
proton interaction, such transfer is associated with thermallyal defects induced by water molecules caused by thermal
activated creation of PO, and HPQ intrinsic “Takagi”  decomposition and dehydration at the surface is reflected in
defects, their hindered diffusion in a random-step fractal pothe low frequency relaxation of the impedance. To summa-
tential, and their eventual annihilation. This “bond chargerize, the mechanism of the electrical conductivity may be
semiconductivity” mechanism does not contribute to dc con-partial break up of hydrogen bonds and the formation g®H
duction. The orientational defec (two hydrogens within molecules at or near the crystal surface as well as proton
the O--O bond or L (lack of hydrogeh are proposed®  migration in the bulk.
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IV. CONCLUSIONS structural phase transition, but an onset of thermal decompo-

In summary, the high-temperature transformation of cppition of CSHPO, into C§HPOsn. g [probably n>1,

. . . CsPQ),]. The possible origin of high-temperature anoma-
was studied by means of impedance spectroscopy, d|fferer|(1|es in the proton conduction in CDP is considered to be the

tial thermal analysis, and thermogravimetric methods. The artial thermal decomposition of the crystal surface because

dielectric constant showed a high-temperature anomal ; o ) .
_ N . . polymeric transition tends to increase breaking and reform-
aroundT,=230°C. The thermal transformation which ap- .
P ing of the hydrogen bond at the surface.

pears aroundT,=230°C is endothermic in addition to
showing weight loss. We separated bulk conductivity by
means of a complex impedance formalism. The bulk activa-
tion energies are obtaineE=0.46eV belowT, and E
=0.43 eV aboveT,. Our results show evidence that the This work was supported by the Korea Research Founda-
high-temperature transformation of CDP négy is not a  tion (Grant No. KRF-2002-070-C00042
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