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Abstract A study concerned to thermogravimetric analy-

sis is performed in cesium dihydrogen phosphate (CsH2PO4)

that was synthesized, using cetyltrimethylammonium-bro-

mide (CTAB), polyoxyethylene-polyoxypropylene (F-68)

and mixture of (F-68:CTAB) with two mole ratio 0.06 and

0.12 as surfactant. The dehydration behavior of particles was

studied using thermal gravimetric analysis and differential

scanning calorimetric. Subsequently, the experimental

results indicated that the first dehydration temperature in the

range of 237–239 �C upon heating, the second peaks occur at

temperature range 290–295 �C and overlapping in the ther-

mogravimetric events is observed. The mass loss values are

obtained in the range of 6.62–6.97 wt% that is less than

reported theoretical value 7.8 wt%. These values show well

compatibility of reaction CsH2PO4 to Cs2H2P2O7 with

3.92 wt% whereas mass loss value of CsH2PO4 to CsPO3 is

less than theoretical value 7.8 wt%. The activation energy of

two steps dehydration are calculated using Kissinger equa-

tion for the samples synthesized via CTAB and (F-68) with

minimum value mass loss 6.62% and maximum value mass

loss 6.97%, respectively. The calculation results reveal that

the reaction rate in the first step (CsH2PO4 ? Cs2H2P2O7) is

faster than the second step (CsH2PO4 ? CsPO3). The

weight loss values of the samples demonstrate that existence

of CTAB can be considered as effective factor which pre-

vents more weight loss during the dehydration process.

Keywords CsH2PO4 � Dehydration � Nanoparticle �
Surfactants

Introduction

Solid acids follow chemical composition such as MaHb

(XO4)c, where (M = K, Rb, Cs, NH4; X = S, Se, P) and a,

b, c are their respective stoichiometric coefficients [1].

Cesium dihydrogen phosphate (CsH2PO4) is a member of

the solid acid family that is built from the discrete PO4

tetrahedral connection of O–H���O hydrogen bonds and

through the electrostatic interaction of the cesium cation.

Moreover, solid acids show high proton conductivity in the

superprotonic phase 230 �C along with the breakage of

hydrogen bonds and the rotational motion of the XO4 tet-

rahedrons. CsH2PO4 (CDP) crystal undergoes three phase

transitions that the first phase is ferroelectric starting at

Tc = 153 K (monoclinic), upon to increase temperature,

the second is paraelectric at room temperature [2, 3]. This

phase is recognizable by a monoclinic structure with the

space group P21/m and two formula units per cell (Z = 2),

which are characterized by the disorder of the acid proton

on the hydrogen bond network, that link the tetrahedral

group PO4 [4]. The third phase, the superprotonic phase

transition, is distinguishable by rapid proton transfer and

the liberation of oxy-anion at 504 K [5–7].

Ferroelectric! Paraelectric! Superprotonic

ðmonoclinicÞ ! ðmonoclinicÞ ! Cubic

The superprotonic transition of CsH2PO4 at temperature

230 �C with cubic symmetry taking into account experi-

mental results by DSC [7–11] and thermal expansion [12]

in which proton conductivity increases sharply in order of

10-3 to 10-2 S cm-1. Metcalfe et al. reported CsH2PO4
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undergoes two transitions at 149 �C and 230 �C in which

the lower one is quasi-irreversible with enthalpy of

4.284 kJ mol-1 and another at 230 �C is fully reversible

with enthalpy of 1.071 kJ mol-1 and mass loss of 1.5% [8].

Wada et al. studied high-temperature properties of

CsH2PO4 single crystals that confirmed only one the tran-

sition at 230 �C without any peak at 149 �C [13]. Gupta

et al. investigated thermal behaviour of CsH2PO4 as a

reversible polymorphic phase transition at 235 �C with

mass loss have been continued at 415 �C [14]. Baranov

et al. show a phase transition at 230 �C that conductivity of

proton increases two to three orders of magnitude, reaching

values as high as 10-2 X-1 cm-1 [15]. Boysen et al.

resulted an enthalpy 49 ± 2.5 J g-1 at 228 ± 2 �C just

prior to thermal decomposition that highly depend on

sample surface area whereas the structural transformation

(superprotonic) was not depend on to surface area [6]. The

high proton conductivity, at temperature 230 �C can be

utilized as an anhydrous membrane in intermediate tem-

peratures fuel cell (150–260 �C). The aim of this work is

the investigation of CsH2PO4 thermal behavior that syn-

thesized using surfactants such as CTAB, F-68, (F-68:

CTAB)0.06 and (F-68: CTAB)0.12 with different

morphology.

Experimental

CsH2PO4 was prepared using surfactants such as CTAB, F-

68, (F-68:CTAB)0.06 and (F-68:CTAB)0.012. Stoichiom-

etric amounts of high purity starting reagents Cs2CO3,

H3PO4 and deionized water were mixed thoroughly with

surfactant solutions such as (CTAB ? ethanol), (F-

68 ? ethanol) and (F-68:CTAB ? ethanol) separately for

8 h as shown in Fig. 1. The resultant solution was washed

several times with acetone to remove the remaining sur-

factants. The white precipitate is separated by a vacuum

pump from the slurry solution. The powder was dried at

130 �C overnight in order to evaporate any water. The

calcinations of powders follow heating at constant tem-

perature 220 �C for 8 h, under N2 gas. Powder X-ray dif-

fraction analysis was performed using a diffractometer

(D&Advance) with the following conditions CuKa1 in the

2O– range, from 2.3� to 60�. Surface morphologies and

particles size were studied using a Scanning Electron

Microscope (LEO 1450VP, 20KV) and Transition Electron

Microscopy (Philips CM-12, 100KV). Thermogravimetric

analyses were performed using thermal gravimetric anal-

ysis (SDTA851 METTLER TOLEDO) and differential

scanning calorimetric (SDTA822) between 30 �C and

600 �C at heating rate 5 �C min-1 under a stream of

nitrogen. The samples were heated in alumina pan, at

certain heating rate and amount (*20 mg).

Results and discussion

The XRD pattern of the four samples were acquired in

range 2.3–60� and all of the diffraction peaks can be

readily indexed from the standard powder diffraction file of

the monoclinic phase CsH2PO4 (JCPDS code No. 084-

0122). It can be seen that the samples reveal similar lattice

parameters and well coincidence with parameters a =

7.912, b = 6.386, c = 4.88 and b = 107.73. The particles

size distribution was determined from transmission elec-

tron microscope (TEM) images that are based on an

automated image analysis. The normal size distribution of

the particles are calculated by mathematical equations or

Excel functions, comprising of various parameters such as

mean (AVRAGE), standard deviation (STDEV) and nor-

mal distribution (NORMDIST) that average size for four

samples is listed in Table 1. The surface morphology of

samples using SEM show the samples CDPF-68, CDPCTAB,

CDP(F-68:CTAB)0.06 and CDP(F-68:CTAB)0.12 exhibit spherical,

rod-like, cubic and irregular shape, respectively. The dif-

ferent morphologies may be arisen from the different

templates that the surfactants solution made during syn-

thesis such as reveres micelle, cylinders etc. that is depend

on to critical micelle concentration (CMC) of surfactants.

The thermal properties of samples were studied by the dif-

ferential scanning calorimetry (DSC) and thermogravimetric

Fig. 1 Scheme of the CDP synthesizes process using CTAB or F-68
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analysis (TG) simultaneously. Differential Scanning Cal-

orimetry (DSC) measurements, using a heating rate of

5 �C min-1, are performed on four samples of CsH2PO4 as

shown in Fig. 2. The peaks are observable in the DSC

measurements that are consistent to the TG results (%mass

loss), as shown in Fig. 3. Figure 2 shows the DSC spectra

measured during heating rate of 5 �C min-1 for CDPF-68,

CDPCTAB, CDP(F-68:CTAB)0.06 and CDP(F-68:CTAB)0.12 sam-

ples with noticed peaks more than two step. The peaks at

range 233–350 �C can be observed during heating corre-

sponding to mass loss steps in TG analysis. In Fig. 2, the

endothermic peak below 250 �C was accompanied by a

mass loss around 3 wt%, indicating the dehydration of the

crystallized water. This implies that the crystallized water

had been lost or possibly displaced by organic molecules

that are more thermally stable (CsH2PO4). The second

endothermic peak shows the transformation of dehydration

product to stable product around 300 �C. The endothermic

peak of the DSC curve around 380 �C is considered to be

the melting process of CsH2PO4 in cases CDPCTAB, CDP(F-

68:CTAB)0.06 unlike to the other samples. According to the

TG curve, the decomposition process took place mainly in

the temperature range of 260–350 �C.

The overall dehydration process might consist of two

simple processes: the breaking of hydrogen bonding and

the rapid escape of water from hydrate. The former is more

related with IR spectral change, while the latter is easily

obtained by TG. The measured enthalpies and mass loss

values are listed in Table 2. The dehydration reaction

according to this pathway is described as [16]:

CsH2PO4 ! Cs2H2P2O7 ! CsPO3

The dehydration of CsH2PO4 occurs by two steps, in which

the material first forms CsH2P2O7 that subsequently

dehydrate to CsPO3. The final product CsPO3 is the

thermodynamically stable phase even at temperature just

above Tdey as measured from the conductivity experiments

[16], however, CsH2P2O7 is a intermediate product that

produce under isothermal and constant heating conditions.

Uda et al. suggested the reaction rate of the first step

(CsH2PO4 to CsH2P2O7) is faster than the second step

(CsH2PO4 to CsPO3) that arisen of the structural different

between three components including PO4
-, P2O7

- and

CsPO3 [17]. The dehydration reactions, followed by

thermal processes are suggested as follows [16]:

nCsH2PO4 ! CsnH2PnO3nþ1 þ n� 1ð ÞH2O

The two final products are examined by the dehydration

reactions of the different values of n in the above reaction.

The theoretical calculations of the mass losses are based on

the remaining products (Cs2H2P2O7, CsPO3) and the

evaporated products (H2O), as following:

CsH2PO4 ! Cs2H2P2O7 þ H2O n ¼ 2ð Þ

Table 1 Surface morphology and size particles of four samples CDP

using surfactants

Sample Average size (nm)/morphology

CDPF-68 2.66 (spherical)

CDPCTAB 3.7 (rod-like)

CDP(F-68:CTAB)0.06 3.5 (cubic)

CDP(F-68:CTAB)0.12 4.89 (irregular shape)
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Fig. 2 DSC curves (dehydration peaks) of four samples CsH2PO4
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Fig. 3 TG curves (mass loss) of four samples CsH2PO4

Table 2 Weight loss, enthalpy values of four samples of CDP

Sample Weight loss (wt%) Enthalpy (J g-1)

CDP(F-68) 6.97 51.23 ± 0.6

CDP(CTAB) 6.62 49.07 ± 0.5

CDP(F-68:CTAB)0.06 6.71 37.3 ± 0.5

CDP(F-68:CTAB)0.12 6.63 48.06 ± 0.5
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Cs2H2P2O7

2CsH2PO4

� 100 ¼ 96:08%;

H2O

2CsH2PO4

� 100 ¼ 3:92%

CsH2PO4 ! CsPO3 þ H2O n� 1ð Þ
CsPO3

CsH2PO4

� 100 ¼ 92:16%;
H2O

2CsH2PO4

� 100 ¼ 3:92%

The reaction of Cs2H2P2O7 to CsPO3 is follows:

Cs2H2P2O7 ! 2CsPO3 þ H2O

2CsPO3

Cs2H2P2O7

� 100 ¼ 95:92%;

H2O

Cs2H2P2O7

� 100 ¼ 4:072%

According to these reactions, the first product resulted via

reaction CsH2PO4 to Cs2H2P2O7 that has value 3.92% mass

loss whereas upon to the increase temperature during

process the product change to CsPO3 with 7.8% mass loss.

The dehydration process is endothermic during process and

it can be analyzed as usual by the onset (Tonset), peak (Tdey),

and endset (Tendset), temperatures and heat flow by the area

under the peak. In the Fig. 2, the DSC curves of the

dehydration show the complete separation of both dehy-

dration processes is not possible. The endset temperature

(the temperature at which the event can be considered as

finished) for the first dehydration and the onset temperature

(the temperature at which the event has begun) for the

second dehydration are overlapped. It seems that the

apparent activation energies are very close (within the

limits of experimental errors) for both steps that can be

calculated using Kissinger’s method [18].

In the Table 3, different thermogravimetric values are

summarized that the onset/endset temperature values for

the first dehydration and the endset temperature value for

the second dehydration. The dehydration process occurs in

multiple steps as shown in Table 3 that all steps reveal in

Fig. 2. The samples CDPCTAB, CDP(F-68:CTAB)0.06 and

CDP(F-68:CTAB)0.12 are observed only in two step of dehy-

dration, whereas the sample CDPF-68 occurred in one step

more (third step) at temperature 350 �C. Quit significantly,

regardless of samples (using different surfactant or alco-

hols), in all cases a phase transition independent of

decomposition is evident at 230 ± 1 �C that is determined

by conductivity measurement [17].

The enthalpy of dehydration process was calculated by

integral of heat flow during process with heating rate

5 �C min-1. The enthalpy values of samples CDPF-68,

CDPCTAB, CDP(F-68:CTAB)0.06 and CDP(F-68:CTAB)0.12 are

calculated as 51.23 ± 0.6, 49.07 ± 0.5, 37.3 ± 0.5 and

48.064 ± 0.5, respectively. These values has coincidence

with Boysen’s value 49.0 ± 2.5 J g-1 that obtained from a

single crystal with heating rate of 5 �C min-1, whereas

sample CDP(F-68:CTAB)0.06 has a value less than the other

samples and Boysen’s value. The mass loss values and the

thermal behaviors of four samples is shown in Fig. 3. The

minimum and maximum mass loss values are reported in

Table 3 Three steps of

dehydration temperatures of

four samples CDP

Sample First Second (�C) Third (�C)

TOnset (�C) Tdey (�C) TEndset (�C)

CDP(F-68) 233 237 245 290 347

CDP(CTAB) 233 238 244 292

CDP(F-68:CTAB)0.06 234 237 244 290

CDP(F-68:CTAB)0.12 233 239 244 293
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Fig. 4 XRD pattern of resultant

dehydration process
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range (6.62–6.97) wt% for CDPCTAB and CDP(F-68),

respectively. In three case, CDP(CTAB), CDP(F-68:CTAB)0.06

and CDP(F-68:CTAB)0.12 obtained the values 3.31, 3.08 and

3.92% for the first step of dehydration that show approxi-

mately the same theoretical value as mentioned (3.92%) for

the first reaction of dehydration whereas CDP(F-68)exhib-

ited a value 1.504% for this step that is not compatible with

(3.92%). This difference show existence strong bonds

between H
2
O and CDP(F-68) on outer surface in compare to

other samples in which more mass loss occur in second

stage around 5.48 wt%. The XRD result shows existence

CsH2PO4 and Cs2H2P2O7 as remaining products in dehy-

dration reaction in JCPDS File Card as shown in Fig. 4

[19]. Haile et al. report that the mass loss of the CDP

powder reaches the value of 1.9% (consist of CsH2PO4 and

Cs2H2P2O7) and 6% (consist to Cs2H2P2O7 and CsPO3) [6].

The results show well agreement with Haile’s result.

The activation energy of each dehydration steps was

determined using Kissinger’s method in which is known as

the Kissinger–Akahira–Sunose (KAS) method [20]. The

Kissinger equation is given as follows:

Ln /=T2
m

� �
¼ constant� Ea

RTm

Where the heating rate, / (�C min-1) and the temperature at

peak maximum, Tm (K) are plotted due to obtain activation

energy in Kissinger’s equation. This equation is derived

with the assumption that the rate of reaction is maximal at

the temperature which the endothermic peak reaches a

maximum value.

The activation energy can be determined from experi-

ments at various heating rates. Plotting ln(/Tm
2 ) versus 1/Tm

can be calculate Ea for prediction in any step during

dehydration. The slope of this equation gives activation

energy, regardless of the reaction order of the system. The

samples CDPCTAB and CDP(F-68) are conducted in four

heating value 1, 5,10 and 15 �C min-1 in order to inves-

tigation of activation energy at different steps. The selec-

tion of these samples was based on minimum and

maximum mass loss values 6.62% and 6.97% with almost

the same particles size. The activation energy of two

dehydration steps is calculated by Kissinger equation as

seen in Table 4. The results show the low values of the

activation energy obtained for the first step that is com-

patible with Uda et al. [17]. The low value in the first step

can be considered that dehydration CsH2PO4 to Cs2H2P2O7

is faster than formation CsPO3. Generally, the activation

energy of dehydration will be affected by both particle size

and sample mass. With a larger sample mass and smaller

particles due to the increased surface area will promote

dehydration and therefore reduce Ea. This could result from

the enhanced dehydration due to the greater ratio of surface

area/volume of the smaller particles. The particles size of

two samples is almost close to together, thus, the surface

morphology and the CTAB amount can be affected in

dehydration process.

Conclusion

The synthesis of the CsH2PO4 nanoparticles is achievable

by adding the limpid solutions as CTAB, F-68 and the

mixture (F-68:CTAB) to aqueous solution (Cs2CO3,

H3PO4). The particles size measurement show average

particles size less than 7 nm with the different surface

morphology. According to the results of the experiment,

the dehydration temperature of all samples is started at

233 �C with two dehydration steps except CDP(F-68) has

three stage because the smallest particles size more surface

area. The activation energy calculation using Kissinger

method show the first step of dehydration (CsH2PO4 to

Cs2H2P2O7) is faster than the second step (CsH2PO4 to

CsPO3). The maximum value 6.92% and minimum value

6.62% of mass losses are obtained for samples with the

average particles size are almost 3.5 nm, thus the surfac-

tants can be effective in process. The comparison of four

samples reveal that CTAB can be accounted as preventable

factor on more mass loss during the thermal behaviors.
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