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Raman and structural studies on the high-temperature regime of the
KH,PO4-NH4H,PO, system
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*Departamento de Bica, Universidad del Valle, A.A. 25360, Cali, Colombia.
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We have studied the high-temperature phase transition (HTPT) of crystalline potassium and ammonium dehydrogen phosphates and
solutions of them with composition (#}KH2PO; + NH4H2POs (KADPX, for x =0.0, 0.1, 0.2, 0.3, 0.4, 0.6 and 1.0), by means of X-ray
diffraction analysis at room temperature and in situ Raman spectroscopy as function of temperature. Analysis of the Raman spectra me
possible to monitor the temperature dependence of vibrational bands associated to structural changes taking place during a proposed
dehydration reaction that starts to take place at a characteristic temperatame Tends to increase above it. This assignment is supported
using characteristic vibrational bands of phosphates and polyphosphates (produced as a consequence of the partial dehydration reac
the crystals above ). The presence of the polyphosphate vibrational bands assigned to the stretch vibration efsfseRi®s (at about
1120 cnt'for pure KDP) accompanied by a broad band assigned to P-O-P backbone vibrations (at about 78 pore KDP) [14]
become evident at temperature higher thgrd&pending on the composition of KADPXx.

Keywords: X-ray diffraction; ionic crystals; vibrational states in crystals.
PACS: 61.05.cp; 64.70.kp; 63.20.-e

1. Introduction transport models have been proposed [7]. However, other in-
vestigators have claimed that mechanism in H-bonded crys-
tals must considerer thermal decomposition as well as ionic
transport because it is known that many H-bonded crystals
reveal thermal dehydration at high temperatuse 1(50°C),
such as that proposed by Lee [8]:

Potassium dehydrogenate phosphate, sR8, (KDP)
and ammonium dehydrogenate phosphate, 4NHPO,
(ADP) are well known ferroelectric (Curie tempera-
ture, T. =-150°C) and antiferroelectric (8l temperature,
Twn = -125°C) crystals, respective_ly, belonging to the KDP—_ NKH.PO,(s) — KnHaPNnOy,i1(s) + (n — 1)H20(g) (1)
family compounds. They are widely used as electro-optic

modulator, Q-switch, and high power laser frequency converwheren is the number of molecules involved in the process,
sion material due to his magnificent performance as an activine letterss andg correspond to liquid and gaseous phases,
element in such devices: piezoelectric, ferroelectric, electrorespectively. Most investigators have considered the high-
optics and nonlinear optical responses [1,2]. At higher temtemperature phase transition, (HTPT) of KDP and ADP near
peratures, different experiments performed on these comit80 and 150C, respectively, as a structural phase transition
pounds indicate a high degree of structural disorder, the orifrom a tetragonal to a monoclinic phase [9-11]. Others have
gins of which are still controversial. However, they are con-claimed [12] that a dehydration process occurred gradually
sidered the most promising compounds for a membrane in aver the crystal surface at temperatures abové@%Md then
medium temperature fuel cells [3,4]. The properties of theon increasing temperature it occurs in the interior of the sam-
KDP salts at high temperatures are studied carefully nowaple. Using Raman scattering Choi [13,14] and more recently,
days and are modified and optimized for practical use adager, Prinsloo [15] and Daniet al., [16] at higher tempera-

a proton intermediate temperature membrane. Most of thaures, have monitored the dehydration of potassium, sodium
hydrogen-bonded materials undergo phase transition in théihydrogene phosphates and KDP doped with nickel respec-
high temperature region. In the high temperature phases, thively. Using characteristic vibrational bands of phosphates
materials exhibit high electric conductivities which have beerthey were able to monitor structural changes taking place dur-
considered to be due to the proton transfer [5]. Recentlying reaction. Raman spectroscopy is an excellent method for
these H-bonded oxyacid salts or solid acids have attractestudying PQ units in different environments as the number
much more attention not only in its fundamental aspects bubf positions of P-O bands in the spectra depend on crystal
also in the potential application to various conversion systemstructure and resultant bond strength. For the particular case
such as fuel cells, capacitors, sensors or electrochromic digf KDP, the relevant optical modes to considerer at room tem-
plays. See, for example Ref. [6]. The transport properties operature [17] are those associated with vibrations in the plane
protons in such compounds may be treated in terms of highef PO, bonds {» modes), the collective movements of the
proton mobility in open high-temperature solid phases, andd™ proton along the-axis which are very sensitive to the

in order to explain the electrical conductivity, various protonexistence of other bonds{ modes) and the P-O stretch vi-
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brations ¢4, modes). The/; modes correspond to antisym-
metric and not well-defined vibrations. For ADP, there areTagLE I. Variations of the lattice parameters and stress with con-
additional modes associated with N-H-O bonds. centration

In the present work, we have decided to study the binary S D 5
system (1-x)KHPO,+zNH,H,PO, (KADPx, for z=0.0, <ADPz  a(4) b (4) c(@ ™)
0.1,0.2, 0.3, 0.4, 0.6 and 1.0) by Raman spectroscopy to fol- x=0.0 7.4382-0.0051 7.4382:0.0051 6.9458-0.0313
low the evolution of the vibrational modes and to distinguish x=0.1 7.435%-0.0003 7.416%0.0051 6.7163:0.0285 11
between the phases at different temperatures. X-ray diffrac- y=0 2 7.4285-0.0003 7.40720.0017 6.85780.0107 9.1
tion at room temperature was done on the samples with the %=0.3 7.4208-0.0004 740040 0006 6.91220.0167 8.4
concentration prepared.

x=0.4 7.4356:0.0005 7.435€:0.0005 6.943%0.0383 8.0
x=0.6 7.43410.0004 7.43410.0004 6.97580.0650 7.6

2. Experimental Details

KDP and ADP powders commercially available (Panreacfrc.’rn 25 t.o .288C' The experimental temperature was main-
Quimica SAU) were used as starting materials. Crystals c)tamed within+0.5°C by the temperature-controlled micro-
(1-x)KH,PO,+zNH,H,PO, (KADPX, for 2=0.0, 0.1, 0.2, '/hace.

0.3, 0.4, 0.6 and 1.0) were grown from agueous solutions at

room temperature by low evaporation of the solvent. TransB Results and Discussion

parent crystals with pyramidal geometry, average crystallite™’

size of 3x2x2 mm? and preferential direction of growth 3.1. X-ray diffraction

along {100} were obtained. X-ray diffraction at room tem-

perature was performed with an Advance A8 Buker AXSThe dependence of the lattice parameters on partial cation
diffractrometer, with monochromatic radiation source GUK gy pstitution in the double salts KADPx (all of them with the
(1.5406A). Raman scattering measurements were carried oytpp tetragonal 42d structure) is shown in Fig. 1. The re-
with a LabRAM HR800 JobinYvon Horiba high-resolution gyits are consistent with literature reports [19]. The cell pa-
spectrometer, excited with the 473 nm line, exposure@f?  ameters of the double salts (Table I) are comparable to those
diameter, in the spectral range from 150 to 4000¢m 4 KDP, probably because the effective size of the substitut-
The crystalline sample was located in a home-made microng cations is comparable in the crystalline phase. This is so
furnace coupled to the micro-Raman instrument for in situpecayuse the effect of ammonium substitution by potassium
Raman spectroscopy measurements as a function of tempggns on changing tha andb parameters is negligible since
ature. The temperature was recorded with a type-K thermog,e crystals are primarily formed by phosphate units /PO
couple located very close to the sample, the Raman spectfgked together via strong hydrogen bonds. On other hand,
were recorded at various isotherms in the temperature rangge parametet is dependent on the radii of the both the con-
stituent anions and cations. Table | also gives the stress values
as calculated for the parameters for ADP according to the
expression [20]
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FIGURE 1. X-ray diffraction at room temperature of KADPx-
system for:z =0.0, 0.1, 0.2, 0.3, 0.4 and 0.6. Fer> 0, only
the most intense peak (200) are shown for data analysis (see textFIGURE 2. Raman spectra at room temperature of KDP and ADP
The inset shows the dependence of the peak position and strain witlerystalline compounds. The arrows indicate the location of the
concentration. The dashed line is a guide to the eye. modes in correspondence with Ref. [14] and [17].

Rev. Mex. Fis58 (2012) 411-416



RAMAN AND STRUCTURAL STUDIES ON THE HIGH-TEMPERATURE REGIME OF THE K#PO;-NH4H2PO, SYSTEM 413

899
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wherecey is the experimental value of the lattice parameter at

a given concentration angl,, the lattice parameter of ADP
without effort. When the bigger ammonium ions (12\,‘2
substitute the smaller potassium ions (1133 both the H-
bond length and strength around the central BRit are con-
sequently changed.

Intensity (a.u)
Il

3.2. Raman spectra

The room temperature Raman spectra of KDP and ADP crys-
tals with the laser beam incident on thEn0} face are shown - : 0 ‘ 0 ‘ o
in Fig. 2. In correspondence with the experimental geometric Raman Shift (cm™)

arrangement of the crystalisg, X(zz)y) and the Raman data,

the various observed active modes of KDP and ADP werd!GURE 4. Raman spectra of KDP crystal at different tempera-
assigned in accordance with Ref. [21]. Figure 3i showslures. The dashed circles mark the shifting of the bands with tem-
the perature, and are associated with possible changes in the vibrational

modes of the compound.

the room temperature Raman spectra of KADPx as the ADP
concentration increases. All spectra display one band at ap-
proximately 915 cm' (1) associated with the total symmet-
ric breathing vibration of PQ The cationic substitution of

K+ by NHJ is evident by following the evolution of a local-
ized mode at 1660 crt which is characteristic of the ADP
tetragonal phase, as well as the displacement of the peaks de-
noted as{ and k, respectively. The relative shift position of
the peaks,l and L, is consistent with earlier reports by Choi

et al [14,17]. From these two peaks intensity ratjd it

was estimated the KINH] substitution in the KADPx solid
solution (see Fig. 3ii).This behavior is consistent with X-ray
analysis (shown in the inset of Fig. 1). Figure 4 shows the

Intensity(a.u)

3(I)0 ' G(I)O ' 9(I)0 ' 1 2100 ' 1 5I00 ' 18IOO .
Raman Shift(cm™) Raman results when the KDP crystal is heated gradually from
i) room temperature up to 286 at atmospheric pressure, and

the Raman spectra are recorded in situ at different isotherms.

The spectra show clear changes in the vibrational modes of
360 k. the KDP crystal as a function of temperature, related to com-
b Feos A ER G S 412 . . .
— " ) plete disappearance or presence of various bands, the shifts tc
i c different wave numbers or broadening of others. In particular,
= 0] = we want to emphasize the following changes: (a) Comparing
< s 18 ? the spectrum recorded at 1%1 to that at 177C it is ob-
2 = served: (i) the almost complete extinction of the band located
2 el . = at 189 cnt? (i) a shift in the band from 474 to 518 cm
§ Y 14 and 915 to 901 cm! respectively, (iii) the presence of a new
o T band located at 1176 cm. (b) Comparing the spectra at
Y S S B R = 204 Cand 238Cit is evident: (i) the almost complete extinc-
o e T T o 10 tion of the bands 518 cmt and 1176 cm! (i), the presence

X% ADP of a new band at 713 cmt, and (iii) a shift of the band from

i) 901 to 926 cm!. This latest displacement is reversible, as
long as the crystal is cycled about 285for less than 10C
0.2,0.3,0.4,0.6 and 1.0, at room temperature. The arrows indicat(.gnd during less thar_1 5 minutes of temperature cycling. When
two selected peaks land |, of the ADP spectrum for analysis of the temperature IS mcrgased from 243 to AB3he spectra
the K*/NH substitution in KADPx (see text). (ii) Variation of ~Show: (i) The almost disappearance of the band located at
peak positions ofiland b and their intensities relationship/l, as 365 cnm !, (ii) the presence of the band located at 519 ¢m
a function of the content of ADP at room temperature. The dashed(ii) band shift to lower wave number from 926 to 900 thy
lines are guide for the eye. (iv) band broadening is evident at around 1120¢m

FIGURE 3. (i) Raman spectra of KADPx-crystals, fa=0.0, 0.1,

Rev. Mex. Fis58 (2012) 411-416



414 J.F. JURADO, C. VARGAS-HERKRNDEZ, AND R.A. VARGAS

1 PO, N-H--0 0-H--0
_ l l 1 258°C
— 162°C
] 153°C
?‘, 145°C| ::3
2 4 =
g 3 96°C §
1 73°C = |ha22'c
E 41°C
E 23°C
I S(IJO I 1 0|00 I 1 5|00 I 20|00 ‘ 25|00 I 30]00 I 35|00 ‘ 4000 : . : . | . : . : . :
Raman Shi&(cm’l) 300 600 900 1200 1500 1800
i) Raman Shift(cm™)
I — FIGURE 6. Raman spectra of the KADR crystal at different tem-
* l peratures. The arrows indicate the evolution of the selected modes
R a) with temperature. The modes are assigned in correspondence with
vood e R Ref. [14] and [17].
O b) g
7 e, located at 713 and 1120 cm, assigned to the stretch vibra-
S 002- k. tion of the PQ species and the P-O-P backbone vibration
= ° of the polyphosphate formed during the dehydration reaction
= suggested by Lee [8]. The gradual change observed in the Ra-
0.01 - man spectra of KDP crystal as the temperature is increased
from room temperature support the idea that the high tem-
TP P D - perature phenomena in this compound are effects of partial
——— T thermal decomposition set in around 18@s it is evident
20 4 & T8° 1°°°C 120 Mo e from other studies [22]. The results are consistent with a co-
emperaturs(°C) existence of phases above this temperature (KDP and partial
i) dimmers KH,P,O; or polymers K,HyP, 05,41 (n > 2,

FIGURE 5. i) Raman spectra of ADP-crystal at different tem- according to equation), whose mass ratio depends on temper-
peratures. The arrows indicate the modes associated with stretcAtUre and the th_ermal treatment an_d the V\_/ater vapor pressure
vibrations of PQ and N-H-O and O-H-O species, respectively. Of the surrounding atmosphere. Figure 5i shows the Raman
ii) Temperature dependence of FWHM for the peaks located at:'e€sults when the ADP crystal with the same size as the KDP
a) 922 cm!, b) 1660 cm! and c) 3157 cm'of the ADP crys-  is heated gradually from room temperature up to°I&# at-
tal. The arrow indicates the transition region that shows an abruptmospheric pressure, and the Raman spectra were recorded in
change of FWHM. The dashed lines are a guide to the eye. situ at different isotherms. Raman active modes are located
at: 183, 341, 475, 570, 922, 1122, 1303, 1436, 1660, 2370,
The shift to higher wave number, the broadening and finaR884, 3157 cm'. As the temperature is increased there is
disappearance of the 189 ciband as well as the overlap- no appreciable variation in the number and positions of the
ping the bands around 300 and 600 Cmshow that the KDP  bands. These results indicate that the vibrations associated
crystal continuously adopts a new structural configuration asvith the crystal structure and the molecular modes of vibra-
the temperature increases, that is to say that the hydrogeions of the ADP crystal, remains identical up to 183 Fig-
bonds or the P(OH)(in KDP, each PQtetrahedron is hydro- ure 5ii shows a qualitative analysis of the temperature de-
gen bonded to four others) adopting new configuration due tpendence of peak width (as measured by its FWHM) of the
their thermal softening. In other words, the thermal softeninghree main peaks (see Fig. 5i), located at 922(a), 1660(b) and
of the H-bonds leads to a variation in the number and posid157(c) cnt'which are assigned to the symmetric stretch-
tion of the P-O bands in the spectra, depending of the crystahg vibrations of PQ, N-H-O and O-H-O bonds, respec-
structure and resultant bond strength at a given temperaturéively. The results indicate that there is a distortional effect
The change environment of the POn increasing tempera- in the crystal with increasing temperature. The fiegtdnd
ture is also evident by the shift and broadening ofithband  second lf) peaks evolution indicates a decreasing distortion,
(located at 915 cm'at room temperature). The appearancewhile the third one®) shows instead an increasing distortion.
of a new phase at high temperatures is justified by the presFhese tendency are maintained up to abouf C4but above
ence at 285C of the v,(P-O-P) andv,(O—P-O-) modes, this temperature there is an abrupt downwards change. This

Rev. Mex. Fis58 (2012) 411-416
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173°C

Intensity(a.u)
Intensity(a.u)

560 ' 10|00 ' 15|00 ' 2000 I 560 ' 10'00 I 15'00 I 2000
RamanShift(cm™) Raman Shift(cm™)

FIGURE 8. Raman spectra of KADPx crystals with x=0.1, 0.2, 0.3,
0.4 and 0.6 above 17C. The isotherm chosen for each concentra-

FIGURE 7. Raman spectra of KADPX crystals with x=0.0, 0.1, 0.2, tjon depend on the onset temperature where the partial dehydration

0.3,0.4,0.6, and 1.0, at temperature of 161The compounds re-  reaction [8] starts to occur (see text).

tain the vibrational bands that are present in the low temperature

region. The Fig. 7 shows Raman scattering data of the KADPx

compounds for temperatures close to A6 1clearly indicat-

ing that each compound maintains the vibrational arrange-

that the vibrations associated with the N-H-O bond strengtﬁnent adopted in the low temperature region (see Fig. 3i).

are more sensible with increasing temperature than those ?_f '(Ij'hte Fig. ? ShOWT) the ?amgn datg_ for thethKADPx ata
the PQ and the O-H-O bonds. The steep variation of the xed temperafures above Il depending on the concen-

peak width assigned to the N-H-O stretch vibrations oplrationz and itis assoc_iated with acharacteristictempe.ratur.e
served above 14%is probably responsible for the high con- vvhere the corresponding spectrum pattern recorded is quite
ductivity that ADP shows above 15& [23]. _dlffergnt from tha_t qbserved at low temperatures. Compar-
ing this characteristic temperatures for each concentration
Figure 6 shows Raman spectra of the KADRx(.1)  We conclude that it decreases as the concentration increases

recorded in situ at different isotherms between room temperI'his temperature is 17& for z=0.6, close to that of pure
ature and 258C. The spectra show clear changes in the vi-ADP, while that for the concentratior=0.1 is about 20€C,
brational patterns of the crystal as a function of temperatureclose to that of pure KDP.

(a) The spectra recorded below T&5show no significant

changes and are similar to those observed in the KDP spectyf  Conclusions

in the same temperature range (Fig. 4). (b) In going from

the spectrum recorded at 185to that at 193C, is more ev-  The appearance of high proton conductivity in both KDP and
ident the presence of the bands at 522 ¢rand 665 cmi!,  ADP near 180C and 150C respectively, have been consid-
the appearance of a new band located at 713'¢rand a  ered by most of the investigators as a structural phase tran-
shift of the peak position from 915 cm to 910 cnt!. (c)  sition from a tetragonal to a monoclinic phase. On the ba-
From 206 to 243C, the spectra show the almost completesis of our study in KADPx double salts, using in situ Ra-
extinction of the band located at 183 tfh the overlap of man spectroscopy, we suggest that the high conductivity in
the bands at about 473 and 550 chand it is more evidenta the high temperature phase is a consequence chemical dehy-
shift position and broadening of the band at about 901 m dration process in the crystals. X-ray diffraction data anal-
(d) from 243 to 258C, the presence of new bands at aboutysis at room temperature verified the substitution of the K
966 and 1097 cm' are evident. From the KADPxr€0.1) by NHJ ions in the KADPx combinations for all concentra-
Raman results as a function of temperature, we can conclud®n x with a common crystallographic tetragonal phase. The
that the vibrational modes of KAQR are the same as those composition of the KADPx solid solution is also verified by
of the KDP crystal, such that the effects of this dilute substi-analysis of the Raman spectra. Contrary to those cases for
tution of K+ by NH; ions on the KDP characteristic bands dihydrophosphate salts in which the effective size of the in-
are not transcendental. The Raman data for concentrationsoduced cations is significant different, as for sodium, rubid-
x > 0.1 showed similar patterns with increasing temperaturéum and cesium [24] the substitution of ammonium by potas-
to those reported for=0.1, except that the temperatures atsium does not alter the cell parameters appreciably. However,
which vibrational bands change decrease as the concentrathen a KADPX crystal is heated stepwise in a continuous and
tion increases. progressive thermalization time of 10 min. in each isotherm,

This change is more pronounced for th® peak showing

Rev. Mex. Fis58 (2012) 411-416
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Raman data verified that the compound adopts new vibragested by Lee [8]. Thus, the results are consistent with a
tional patterns similar to those presented by KDP-crystalcoexistence of phases at temperatures aboved &mpera-
Bands changes such as complete disappearance or presetw®, a dominant low-temperature tetragonal phase and a par-
of various bands, the shifts to different wave numbers otial polyphosphate phase, whose mass ratio depends on tem-
broadening of others are observed at temperature higher tharerature and the thermal treatment time and the water vapor
about 180C, depending on the concentration. The thermal pressure of the surrounding atmosphere. In summary, our
softening of the H-bonds leads to a variation in the numbefindings support the view of those investigators that claim
and position of the P-O bands in the spectra, depending dhat the high conductivity shown by the KADPx double salts
the crystal structure and resultant bond strength at a giveabove 180C is a consequence of dehydration of the crystals
temperature. The change environment of thg B@increas- instead of being related to polymorphic transitions as sug-
ing temperature is also evident by the shift and broadeningested by others.

of thev; band (located at about 900 crhat room tempera-
ture for all concentration). The appearance of a new phase ?{
high temperatures is justified by the presence at higher tem-

peratures of new modes assigned to the stre.tch yibration 9fhe authors wish to acknowledge the support of DIMA (Di-
the PQ species and the P-O-P backbone vibration of th&eccibn de investigacin, Universidad Nacional de Colombia,
polyphosphate formed during the dehydration reaction sugggge Manizales) to research project.
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