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Abstract 

 

In this report, we combine thermogravimetric analysis, X-ray diffraction and infrared spectroscopy to 

investigate the chemical and structural evolution when exposed to ambient atmosphere of alkali 

titanates Rb2Ti2O5, K2Ti2O5, and mixed compound Rb2-2xK2xTi2O5, with 0 ≤ x ≤ 1. We show that a 

complete solid solution exists between the potassium and rubidium end-members and that mixed 

compounds exhibit an intermediate behavior. When exposed to the ambient atmosphere, all 

compounds degrade, with the progressive formation of first hydrates and then bicarbonates and a 

much quicker degradation of the rubidium titanate as compared to the potassium one. Reversely, we 

show that when hydrated in the absence of CO2, the crystal structure of K2Ti2O5 is more quickly 

impacted than that of Rb2Ti2O5. These observations should be useful to understand the evolution of 

the functional properties of M2Ti2O5 alkali titanates upon ageing in ambient atmosphere, as well as for 

the optimization of their hydration-dependent properties. 
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Introduction 

 

Alkali titanates M2O.nTiO2 (M = alkali element) with layered or tunnel structures have been studied for 

a wide variety of potential applications depending on the value of the integer n. For example, K2Ti6O13 

and  K2Ti8O17 (M = K and n = 6 and 8) are used industrially as reinforcement materials. Among these 

materials, M2Ti2O5 compounds with n = 2 have been less studied due to stability issues. They crystallize 

in a monoclinic structure, with alternate layers of Ti-O and M atoms stacked along the c-axis. Ti atoms 

present an unusual 5-fold coordination which is a square based pyramid.  These TiO5 polyedra share 

edges to form square-based pyramids double chains, with pyramid apexes pointing alternatively 

upwards and downwards. These chains share corners to form Ti-O layers in between which the alkali 

ions sit and is eightfold coordinated (Figure 1a)1–3. They have been studied with M = K for various 

functional properties and applications, including humidity sensors4, NOx storage and reduction5, anode 

materials for potassium-ion-batteries6, electrode for capacitive deionization of ammonium7, CO2 

capture at high temperature8 or catalytic oxidation of carbon black9, among other. Recently, M2Ti2O5 

with M = K or Rb have been suggested as promising supercapacitor electrolytes due to their colossal 

equivalent dielectric constant10,11 and the formation of an unusual “virtual cathode” upon 

polarization12. It was further shown that these dielectric properties are strongly influenced by the 

exposure of the samples to the ambient atmosphere, which was attributed to the incorporation of 

water in the structure13, although the study of the interactions between the compounds and the 

surrounding atmosphere remained preliminary. This sensitivity to water was independently confirmed 

by Chen et al. who evidenced a decrease of impedance at 10 kHz by a factor of circa 70 000 when 

increasing the humidity rate in the atmosphere surrounding K2Ti2O5 from 11% to 94% using in-situ 

electrochemical impedance spectroscopy measurements14. However, these authors did not quantify 

the actual amount of water adsorbed on (or incorporated in) the materials, although they report that 

the impedance at a given humidity rate did not change after 9 days, which at a first glance seems to 

evidence that ageing did not influence the properties and that the samples did not degrade14. 

To date, although their knowledge would be of great importance to optimize the properties of M2Ti2O5 

for applications, understand their ageing, or even simply assess their real potential for long term 

applications, the studies of the reactions occurring when they are exposed to the ambient atmosphere 

remain non-existent. The only exception is a very preliminary study by Bamberger et al. who showed 

that the peaks of crystalline K2Ti2O5 remained present in the Raman spectrum after exposure to 

ambient air during several days beside unidentified supplementary small peaks15. In this work, we use 

a combination of thermogravimetric analysis, infrared spectroscopy and X-ray diffraction to shed more 

light on the nature and the kinetic of the reactions that occur between M2Ti2O5 (M = K, Rb) powder 

and the atmosphere, as well as the behavior of the Rb2-2xK2xTi2O5 that is reported here for the first time. 

 

Experimental section 

      M2Ti2O5 (M=K, Rb) compounds were prepared through a standard solid-state synthesis route. 

Starting powders, titanium dioxide (TiO2, Alfa 99.8%), and carbonates containing the alkali element 

(K2CO3, ThermoScientific, 99.997% and Rb2CO3, ThermoScientific, 99.98%), kept in glovebox to avoid 

hydration, were mixed in stoichiometric proportions. Then, the mixtures were compacted into 

rectangular bars (12mm× 3mm× 6mm) under a pressure of 300 MPa at room temperature. These bars 

were then annealed in an alumina crucible for 24 hours in ambient air at a specific temperature as 
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detailed in Table 1. The resulting samples were taken out of the furnace at 300°C and immediately 

transferred into the glovebox to minimize any possible interaction with the ambient atmosphere. Then 

the bars were grounded with an agate pestle and mortar in the glovebox and stored in powder form. 

All the samples used here to study the degradation of M2Ti2O2 compounds are powders with similar 

particles size, in the range of few micrometers. Therefore, although the microstructure of the samples 

may obviously influence the kinetics of reaction with their surrounding environments, we can 

confidently infer that the different behaviors observed in this study are actually related to the nature 

of the alkali element. 

Caution! Rubidium carbonate and potassium carbonate cause skin irritation, serious eye irritation and 

may cause respiratory irritation; they must be handled with care. 

 

Compound Stoichiometry of the precursors 

(K2CO3 : Rb2CO3 : TiO2) 

Synthesis temperature (°C) 

K2Ti2O5 (1 : 0: 2) 900 

K1.6Rb0.4Ti2O5 (0.8: 0.2: 2) 870 

K1.2Rb0.8Ti2O5 (0.4 : 0.6: 2) 870 

KRbTi2O5 (1 : 1 : 2) 850 

K0.8Rb1.2Ti2O5 (0.6: 0.4: 2) 830 

K0.4Rb1.6Ti2O5 (0.2 : 0.8: 2) 830 

Rb2Ti2O5 (0: 1: 2) 800 

Table 1: synthesis temperature of Rb2-2xK2xTi2O5 samples. 

The degradation of the as-synthesized samples was studied in two different ways. The first consisted 

of spreading as-synthesized Rb2-2xK2xTi2O5 powders on a glass slide exposed to ambient air 

(temperature 20-25°C, relative humidity ≈25%) over different durations. The second method involved 

hydrating the Rb2-2xK2xTi2O5 powders in a CO2-free water-saturated atmosphere, using a configuration 

of glass vials nested in an argon atmosphere. One vial contained 0.4 ml of freshly distilled water 

introduced via a syringe, for every 300 mg of Rb2-2xK2xTi2O5 powder, while the other vial contained the 

powdered compound. 

       The structures of the different compounds were studied by powder X-ray diffraction (XRD), using 

a PANalytical X’Pert diffractometer equipped with a Ge (111) monochromator and a Pixel detector, 

employing Cu Kα1 radiation (=1.5406 Å). All measurements were performed in a closed chamber 

under argon using a sample holder equipped with a polycarbonate dome. Therefore, no evolution of 
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the samples is assumed to occur during the acquisition time. Then, structural parameters were 

determined by using the Le Bail refinement method with the help of FullProf software16.  

      Thermogravimetric analysis (TGA) were performed using a Setaram Setsys Evo thermogravimetric 

analyser with alumina crucibles. The measurements were carried out under controlled atmosphere (O2 

with gas flow of 30 ml/min) up-to temperatures slightly below or equal to those of the syntheses, with 

a heating rate of 10 K/min. Before measuring each sample, an empty crucible was measured using the 

same conditions as the sample as a blank. If not specified otherway, all TGA data presented in the 

manuscript are subtracted from the blank. Typical masses of powders used for the analysis were of the 

order of 150 mg. 

      Mid-infrared spectroscopy measurements were performed using two different spectrometers. 

Those shown as a function of temperature were acquired in the wavenumber region (580 - 4000) cm-

1 with a Bruker IFS66vs spectrometer equipped with a Janis helium flux cryo furnace operating between 

10 and 700 K, a nitrogen cooled MCT detector, a KBr beamsplitter and a globar source. The 

measurements shown only at ambient temperature were performed using a Bruker ALPHA 

spectrometer operating in the wavenumber range (380-4000) cm-1, in transmission geometry and 

equipped with a Deuterated TriGlycine Sulfate (DTGS) detector, a KBr beamsplitter and a globar source. 

Samples were prepared in pellets of 13mm in diameter, containing a molar fraction of 1% of the sample 

and 99% of KBr, directly in the glovebox by applying a pressure of 520 MPa at room temperature. 

Reference spectra were obtained by using a 100% KBr pellet measured in the same conditions as the 

samples. All infrared spectra presented in the manuscript are corrected from the KBr reference. 
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Results and discussions 

 

Figure 1: (a) Crystal structure of M2Ti2O5 (figure S1 shows the crystal structure with different 

orientations, stressing out the titanium oxide double chains and the 2D staking). (b) XRD patterns of 

as-synthesized Rb2-2xK2xTi2O5 samples (refinements are shown in supplementary information, fig. S2 to 

S8). (c) Lattice parameters in the series Rb2-2xK2xTi2O5 as a function of the potassium content. (d) lattice 

cell volume in the series Rb2-2xK2xTi2O5 as a function of the potassium content. Error bars in figures c 

and d are smaller than the size of the symbols 

 

 

Figure 1b shows the XRD patterns of the as-synthesized Rb2-2xK2xTi2O5 series. The Le Bail refinements 

shown in figures S2 to S8 indicate that all samples are single-phase (in the detection limit of XRD) and 

crystallize in the same monoclinic space group C2/m, which shows that a complete solid-solution exists 

between Rb2Ti2O5 and K2Ti2O5. A shift of some Bragg peaks towards larger angles is observed when the 

potassium fraction increases, while others remain constant or even shift to lower angles, indicating an 

anisotropic change in the lattice parameters. Indeed, the refinements show that the increase of 

potassium concentration within the series leads to a linear evolution of the lattice parameters and 

angle β, in good agreement with Vegard’s law (Figure 1c). Collectively, this evolution leads to a 

contraction of the unit cell volume of 5.8% when the concentration of potassium increases, which is 

expected from the ionic radius of K+ being significantly smaller than that of Rb+, 138 pm as compared 

to 152 pm (Figure 1d). Interestingly, it can be seen in Figure 1c that the lattice parameter c is much 
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more sensitive to the respective concentration of alkali elements than a and b, with a decrease of 5.4% 

when going from Rb2Ti2O5 to K2Ti2O5 as compared to 0.8% for b, while a surprisingly increase by 0.2% 

is observed for a. This stronger dependence of c on the composition could most probably be explained 

by the crystal structure. Indeed, as it can be observed in Figure 1a (and figures S1), the crystal structure 

of M2Ti2O5 consists of a stacking of titanium oxide and alkali ions layers along the c-axis of the unit cell. 

As mentioned, a counterintuitive increase of a is observed when increasing the potassium fraction, 

which is consistent with the values reported in the literature for the parent compounds Rb2Ti2O5 and 

K2Ti2O5
2,3. The data presented here do not allow for an unambiguous explanation of this observation, 

which remains out of the scope of our study. However, such behavior would undoubtedly merit further 

investigation, coupling theoretical calculations with in-depth structural and dynamic characterisation, 

as it might influence the physical properties of these materials. 

 

 

Figure 2: (a) XRD patterns of Rb2Ti2O5, as-synthesized and after exposure to ambient air. (b) XRD 

patterns of K2Ti2O5, as-synthesized and after exposure to ambient air. (c) XRD patterns of RbKTi2O5, as-

synthesized and after exposure to ambient air. (d) XRD patterns of as-synthesized Rb2Ti2O5, a sample 

exposed to ambient air during 96h, and of a sample exposed to ambient air during 14 days followed 

by a heat treatment of 1h at 800°C. Importantly, although the progressive substitution of the two 

alkalis (potassium and rubidium) affects the relative intensity of the diffraction peaks of the different 

isostructural phases, this systematic variation is shielded by the random contribution due to the 
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preferential orientation of the crystallites. In particular, the significant changes of the relative 

intensities of the (2 0 2) and (1 1 1) peaks located around 2θ=28-29° observed from one sample to 

another are mostly due to differences of preferential orientation of the crystallites originating from 

the anisotropic shape of the particles and the Bragg-Brentano geometry used for the XRD analysis. 

Indeed, for these two specific peaks, the relative intensity difference depends only slightly (a few 

percent) on the nature of the alkali element. Therefore, the observed variations should be considered 

as artefacts. In figures a and b, (°) and (*) symbols correspond to the main peaks of RbHCO3 and KHCO3 

bicarbonates respectively. 

 

In a previous study, De Sousa et al.13 observed from XRD characterizations that two different Rb2Ti2O5 

samples, one dehydrated consisting of a collection of small single crystals and one exposed to ambient 

air for 9 hours, did not exhibit any difference in terms of lattice parameters.  However, they noted the 

emergence of some broad peaks around 2θ=30° and a significant weight gain in TGA, which they 

attributed to hydration. To confirm this observation and study the influence of the alkali element’s 

nature, we conducted several exposures to ambient air of Rb2-2xK2xTi2O5 (x = 0, 1 and 2) powder samples 

by varying exposure times, namely during 0h, 8h, 24h, and 96h (Figure 2). Comparing Figure 2a and 2b, 

a significant difference between the behaviors of Rb2Ti2O5 and K2Ti2O5 can be noticed. In the case of 

Rb2Ti2O5, no significant evolution is observed after 8h of exposure to ambient air, which is consistent 

with the previous observations made by De Sousa et al13.  However, after 24 hours, the Bragg peaks 

associated with the crystalline phase Rb2Ti2O5 totally disappear, replaced by other peaks (some of them 

being very broad), indicating the degradation of this compound into other phases. Then, the nature of 

the phases that are present keeps on changing after 96h of exposure. A similar phenomenon is 

observed for K2Ti2O5, but with a much slower kinetic. Indeed, some new peaks start appearing after 24 

hours of exposure, although their intensity is low. Moreover, the Bragg peaks associated with the 

crystalline phase of K2Ti2O5 persist even after 96 hours of exposure to ambient air and are still well 

defined, although some of them start broadening with a decrease of intensity.  

XRD observations show that Rb2Ti2O5 does not degrade into one single phase, but into several ones 

successively, corresponding to reactions with both H2O and CO2. The diffraction pattern of the powder 

exposed for 24 hours shows that the Rb2Ti2O5 crystalline phase is almost absent and that one or more 

secondary phases appear, in addition to peaks broadening. As illustrated in Figure 2a, after 24 hours 

of exposure, several phases are formed, including RbHCO3, initially with Bragg peaks of low intensity 

but becoming predominant after 96 hours of exposure to ambient air (the main peaks of RbHCO3 are 

indicated by (°) in Figure 2a). This indicates that the compound first decomposes into multiple phases, 

including an intermediate carbonate phase that appears to be less stable than RbHCO3. Then, the 

compound transforms entirely into RbHCO3 as well as an unidentified secondary phase with broad 

peaks and limited intensity (see Figure 2a and S9). Regarding K2Ti2O5, alongside the significantly slower 

degradation kinetics as compared to Rb2Ti2O5, the XRD patterns reveal the presence of new peaks in 

addition to those of the crystalline K2Ti2O5 phase. These peaks remain weaker than those of the main 

K2Ti2O5 phase event after 96h. XRD analyses confirm that the second phase formed in K2Ti2O5 exposed 

to ambient air is KHCO3 (indicating by * in Figure 2b), which is thus similar to the situation occurring in 

Rb2Ti2O5 for similar duration with the only difference being the alkali element involved (see Figure 2b, 

S10 and S11). Although these XRD analyses shown that the degradation of Rb2Ti2O5 and K2Ti2O5 

unambiguously leads to the formation of alkali bicarbonates, they do not unable to draw any reliable 

conclusion about what happens to titanium, which may bee present either in an amorphous phase or 

in the new phase that is observed in the XRD patterns after 96h of exposure but has not been identified 
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due to the limited number of broad peaks (and which does not correspond to either rutile or anatase 

phases). 

 

As for the mixed compound RbKTi2O5 (see Figure 2c), the decomposition kinetics surprisingly appears 

to be first slower than that of both parent compounds Rb2Ti2O5 and K2Ti2O5, for air exposure of 8 hours 

and 24 hours. Indeed, after 24-hour exposure, a limited broadening of the peaks is present, mainly in 

the range between 30 and 35°, but this broadening is much less pronounced than in the case of 

Rb2Ti2O5 and K2Ti2O5. However, although slower, the degradation mechanism appears similar to that 

of the other two compounds, involving the weakening of the intensity of the Bragg peaks of the Rb2-

2xK2xTi2O5 phase, and the appearance of secondary phases observed with the emergence of low-

intensity peaks around 2θ = 30°. For longer durations, exposing the compound to ambient air for 96 

hours leads to a severe acceleration of the degradation process. As it can be seen in Figure 2c, the 

RbKTi2O5 crystalline phase totally disappears after 96h, and the sample mostly consists of a mixture of 

the phases resulting from the degradation of Rb2Ti2O5 and K2Ti2O5. 

Figure 2d shows an XRD pattern of Rb2Ti2O5 exposed to air during 96h, and another pattern of the same 

sample after a heat treatment of one hour at 800°C. It is noteworthy that this thermal treatment 

(which is similar to the one used for the thermogravimetric analysis, see later) is sufficient to 

regenerate the crystalline phase M2Ti2O5 with the same lattice parameters as the as-synthesized 

samples and without any secondary phase, a phenomenon consistently observed for all Rb2-2xK2xTi2O5 

compounds exposed to air. This shows that the degradation is reversible, which implies that no loss of 

titanium or alkali elements occurs during this process. This observation is consistent with previous 

observations made in the literature with K2Ti2O5, where K2Ti2O5 sample exposed to ambient 

atmosphere for several days could be regenerated after a thermal treatment at 700°C. In that former 

study, the hydration of powdered K2Ti2O5 was achieved in water vapor saturated atmosphere at room 

temperature for a long exposure time, resulting in the total decomposition of the crystalline phase 

before the regeneration process at 700°C15. 
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Figure 3: (a) Thermogravimetric analysis of K2Ti2O5, as-synthesized and exposed to ambient air from 8h 

to 96h. (b) Thermogravimetric analysis of Rb2Ti2O5, as-synthesized and exposed to ambient air from 8h 

to 96h. (c) Thermogravimetric analysis of RbKTi2O5, as-synthesized and exposed to ambient air from 

8h to 24h. (d) Thermogravimetric analysis of as-synthesized Rb2-2xK2xTi2O5 (x = 0, 0.5 and 1). 

 

The results of thermogravimetric analysis, carried out using the same samples exposed to air as those 

used for X-ray diffraction measurements, are shown in Figure 3. As the XRD analysis performed after 

the heat treatment of 1h at 800°C has shown that the initial structure of the samples is fully restored 

(see Figure 2d), the weight losses observed during the TG analyses correspond exactly to the weight 

gain of the samples when exposed to ambient air. For all compositions, the observed weight losses 

increase monotonically as the samples are exposed to air for longer, with in each case at least two 

distinct steps. For all durations, Rb2Ti2O5 exhibits a much larger loss than the other compounds, which 

is consistent with the quicker decomposition kinetic observed for this compound by XRD. For example, 

in the case of a 24-hour exposure to ambient air, the total weight loss for Rb2Ti2O5 is 20.17%, compared 

with 3.47% and 11.55% for K2Ti2O5 and RbKTi2O5, respectively. In addition, at a first glance the number 

of loss steps seems to vary from one curve to another, depending on the compound and the duration 

of exposure to air. It is noteworthy that in the case of Rb2Ti2O5 exposed to air, the weight loss that 

occurs during the plateau at 800°C does not originate from alkali volatilization, as (i) it is negligible for 

the as-synthesized sample, (ii) the magnitude of this loss is a direct function of the duration of 

exposure, and (iii) this weight loss saturates before the end of the plateau (see Figure S12).  
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As shown in Figure 3d, as-synthesized K2Ti2O5 exhibits a first continuous weight loss between 80°C and 

650°C, followed by a second step between 650°C and 800°C, with a total loss of 0.12%. The same is 

observed for Rb2Ti2O5 and RbKTi2O5, with 0.16% and 0.17% of total weight loss respectively. These 

weight losses for as-synthesized samples are very small, but they constitute an obvious signature of 

the extreme sensitivity of the compounds to H2O and CO2, as the handling time outside of the glovebox 

for these samples, which corresponds to the transfer from the furnace to the glovebox and then from 

the glovebox to the thermogravimetric analyzer, was of the order of one minute. 

 

For K2Ti2O5 powders exposed to air for 8 hours, 24 hours and 96 hours, two significant weight losses 

are observed, with values detailed in table 2. The first is centered between circa 100 and 300 °C (the 

values indicated in Table 2 are calculated between 80°C and 500°C), and the second between circa 750 

and 850 °C (values in Table 2 calculated between 500°C and 900°C), see figure 3a.  

 

Similarly, for the Rb2Ti2O5 compound exposed to air for 8 hours, two distinct steps are observed within 

the same temperature range as K2Ti2O5. Regarding samples exposed to air for 24 and 96 hours, at least 

three distinct steps are observed (Figure 3b). The first occurs between 80°C and approximately 300°C, 

the second between 300°C and 500°C, and the last between 600°C and 800°C. The values for each of 

them are detailed in Table 2. It is noteworthy that for every duration of exposure to ambient air, these 

values are significantly larger for Rb2Ti2O5 than for K2Ti2O5.  

 

Last, the behavior of the mixed compound RbKTi2O5 is shown in Figure 3c. After exposure for 8 hours 

and 24 hours, this compound exhibits a slightly different behavior from the one observed for K2Ti2O5, 

with additional losses similar to those observed for Rb2Ti2O5 although less pronounced. The magnitude 

of the weight losses for every duration of exposure is also larger than the one observed for K2Ti2O5, 

and lower than the one observed for Rb2Ti2O5 (Table 2). Therefore, the behavior of this compound 

appears to be intermediate between those of K2Ti2O5 and Rb2Ti2O5. 

 

K2Ti2O5  1st loss 
(80°C - 500°C) 

2nd loss 
(500°C - 900°C) 

Total weight loss  

as-synthesized 0.10% 0.02% 0.12%  

 8h of exposure 
to air 

1.35% 0.31% 1.66%  

24h of exposure 
to air 

 2.89% 0.58% 3.47%  

96h of exposure 
to air 

10.70%  2.20%  12.9%  

     

Rb2Ti2O5  1st loss 
 

2nd loss 
 

3rd loss Total weight loss 

as-synthesized 0.12% 0.05% / 0.17% 
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 8h of exposure 
to air 

 11.39%  
(80°C – 500°C) 

3.08% 

(500°C – 800°C) 

/ 14.47% 

24h of exposure 
to air 

13.60% 

(500°C – 300°C) 

2.17% 

(300°C – 500°C) 

4.40% 

(600°C – 800°C) 

20.17% 

96h of exposure 
to air 

 11.90% 

(500°C – 300°C) 

 5.47%  
(300°C – 500°C) 

4.25% 

(600°C – 800°C) 

21.62% 

     

RbKTi2O5  1st loss 
(80°C – 500°C) 

2nd loss 
(500°C – 800°C) 

Total weight loss  

as-synthesized 0.11% 0.05% 0.17%  

 8h of exposure 
to air 

 2.24% 0.76% 3.00%  

24h of exposure 
to air 

  8.56% 2.99% 11.55%  

 

Table 2: Weight losses of M2Ti2O5 after exposure to ambient air, obtained from TGA (Figure 3a, 3b 

and 3c). 

 

The first step observed for all compositions can be attributed to their dehydration, occurring within 

the temperature range of 80 to 300°C. XRD analysis has evidenced the formation of bicarbonates for 

the compounds exposed to ambient air, as well as the regeneration of their crystalline structure after 

TGA at high temperature (800°C). This suggests that the weight loss at high temperature may be 

attributed to CO2 departure. This conclusion is consistent with the decarbonation temperature for 

certain carbonate compounds such as K2CO3
17–19. 

For both Rb2Ti2O5 and K2Ti2O5, the shape of the TGA curves and the different number of steps are 

consistent with the XRD observations described above. In the case of Rb2Ti2O5 several successive steps 

are observed, consistent with the presence of several different rubidium/titanium hydro-carbonates, 

whereas in the case of K2Ti2O5, the presence of KHCO3 only is consistent with the observation of one 

single step in the TGA curve above 300°C. For the later compound, the two steps would thus 

correspond to the loss of water below 300°C and CO2 at higher temperature.  

The scenario suggested so far is confirmed by the infrared measurements as presented and discussed 

in the following section.  
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Figure 4: Room temperature IR spectra of M2Ti2O5, as synthesized and after different times of exposure 

to ambient air. (a) Rb2Ti2O5, (b) RbKTi2O5 and (c) K2Ti2O5. (d) IR spectrum of K2Ti2O5 after 96h of 

exposure to ambient air measured at 327°C, compared to IR spectrum of K2CO3 measured at 227°C. 

The small features indicated by (*) in figures a, b and c correspond to an imperfect compensation of 

the ambient CO2 stretching vibration between the sample and the KBr reference pellets during the 

room-temperature measurements. 

 

In Figure 4a, 4b and 4c, we report the IR spectra of Rb2Ti2O5, RbKTi2O5 and K2Ti2O5, for as-synthesized 

samples and for different durations of exposure to ambient air. The small positive and negative 

structures labeled with a star are due to the imperfect compensation of the ambient CO2 stretching 

vibration between the sample and the KBr reference pellets. Two main spectral ranges can be 

distinguished: one at low wavenumbers (light gray shadow region labeled 1) between 360 and 1000 

cm-1 and one at larger wavenumbers (labeled 2) between 1000 and 4000 cm-1. The first one is 

characterized by the phonon signatures associated with the atomic collective dynamics of the 

crystalline Rb2Ti2O and K2Ti2O5 lattices. Here, four main peaks can be seen in the as-synthesized 

samples (and in the samples exposed to ambient air for a limited time). The second one is characterized 

by the spectral signatures of OH- and CO3
2- functional groups vibrations. Notwithstanding some minor 

differences, all three compounds exhibit similar spectra and similar evolutions with respect to the 

exposure to ambient air. In region 1, the phononic features mostly originate from the vibrations of the 

TiO5 pyramids and are thus only slightly affected by the nature of the alkali atoms present in the crystal 

structure. In this region, the exposure to ambient air results in the emergence of new sharp peaks that 
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were not present in the as-synthesized samples, and whose energies are very similar for all compounds 

(see for example the peak at ~832 cm-1 in the green curves of Figure 4a and 4c due to the insurgence 

of the carbonate and bicarbonate phases as can be appreciated in figure 5 and S21). This suggests that 

all three compounds undergo alterations of same natures. A similar behavior is observed in region 2 

where several structured bands appear as a consequence of the air exposure. These bands become 

more and more intense as the exposure time increases. They can unambiguously be assigned to the 

carbonate and water bending and stretching vibrations, which are highly sensitive to the atomic 

environment20–22. Therefore, the differences between their respective energies and shapes from one 

compound to another might be attributed to the different alkali elements present in the three 

compounds. In the energy region between 1000 and 1800 cm-1, the bending excitations of the water 

molecule at around 1600 cm-1 and the carbonate vibrations at around 1400 cm-1 become significant 

after exposure. A similar behavior is observed, at higher energy, for the large band at around 3000 cm-

1 that originates from the water stretching vibrations20,21.For Rb2Ti2O5 and K2Ti2O5, and to a much 

smaller extent for RbKTi2O5, a new broadband (indicated by an “◊” in Figures 4a and 4c) emerges after 

24h of exposure. The position of this band corresponds to the energy of the stretching OH vibrations 

into the carbonate environment (see Figure 4d, red curve). This suggests that once the bicarbonates 

are formed, part of the ambient water molecules react with them. This band progressively disappears 

as the exposure time to air is extended. The infrared measurements confirm that the bicarbonates 

form as a consequence to the exposure to ambient air, and are not present in the as-synthesized 

compounds as residuals of the precursors. In a previous study, De Sousa et al13 showed by 

thermogravimetric analysis that dehydrated crystalline Rb2Ti2O5 does not react with CO2 at room 

temperature. This suggests, in agreement with the present observations, that the compound requires 

the presence of water to react with CO2. We can therefore conclude that, when exposed to ambient 

air, the crystalline compound simultaneously absorbs water and CO2, thus starting the chemical 

reactions to form bicarbonates as confirmed by the XRD observations, as well as Ti-based unidentified 

crystalline or amorphous phase(s). This mechanism would be consistent with the strong sensitivity of 

K2Ti2O5 to mild acid environments reported by Bamberger et al15. The IR spectra obtained for Rb2Ti2O5 

and K2Ti2O5 exposed to ambient air for 96 hours (Figure 4a and 4c.) show great similarity with those of 

KHCO3 and RbHCO3 reported in the literature. All the vibrational modes indexed in the green curves of 

Figure 4a and 4c can be associated with CO3
2-, OH-, or CO3

2- coupled to OH- groups present in KHCO3 

and RbHCO3
20,21,23 thus confirming the formation of bicarbonates in our samples. Regarding K2Ti2O5, as 

mentioned above, the XRD measurements show the presence of KHCO3 at room temperature after air 

exposure. As it will be seen in more details below, between T=110°C and T=377°C, infrared 

measurements show the progressive disappearance of structures associated with the bicarbonate 

KHCO3 and the gradual emergence of peaks associated with the carbonate K2CO3. The KHCO3 infrared 

signature disappears completely at T=377°C. For temperatures higher than 300°C, the 

thermogravimetric analysis reveals a single step loss of mass at high-temperature linked to 

decarbonation. This whole scenario suggests that KHCO3 and K2CO3 are the only carbonates formed 

during K2Ti2O5 degradation.  However, in the case of Rb2Ti2O5 exposed to air for 24 hours, the situation 

is more complicated. As shown in Figure 3b, several successive stages of mass loss are observed in the 

TGA curves, and at least two different phases are detected by XRD (Figure 2a). In addition, the IR 

vibrational bands are broader than those of K2Ti2O5 (see Figure 4a and 4c), suggesting the possible 

formation of more different hydrogeno-carbonates when the compound is exposed to ambient air. 

However, after an intermediate behavior, RbHCO3 emerges as the predominant phase after 96h hours 

of exposure to ambient air (Figure S9 and 4a).  
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Regarding the mixed compound RbKTi2O5 (Figure 4b), IR spectra show an intermediate behavior 

between Rb2Ti2O5 and K2Ti2O5. After 8 hours exposure to ambient air, water absorption can be 

detected from the broad band around 2900 cm-1. Bicarbonate peaks also appear and become more 

intense after 24 hours of exposure (see for example the structures at 705 cm-1, 834 cm-1 and 1397 cm-

1). Differently to what is observed in Rb2Ti2O5 and K2Ti2O5, starting from 8h of exposure, a peak at 1249 

cm-1 is detected in RbKTi2O5. Although not visible in Figure 4c, this peak is present in K2Ti2O5 exposed 

to air in the case of a measurement carried out on K2Ti2O5 + KBr pellet left in air several days (see Figure 

S13). We can then argue that the degradation kinetics may play a role in the detection of this small 

absorption that could be screened by the 1370 cm-1 band whose intensity and width increase fast in a 

rapid kinetics. 

As shown above, we observed differences in the vibrational modes of alkali carbonate K2CO3 and 

Rb2CO3 and those of the M2Ti2O5 compounds exposed to air at room temperature. To investigate this 

further, we studied the effect of temperature on the IR spectrum of K2Ti2O5 as compared to K2CO3. 

K2Ti2O5 was measured at 327°C (above the first weight loss observed by TGA) and K2CO3 at 227°C, as 

shown in Figure 4d. At this temperature, the spectrum of K2Ti2O5 exposed to air becomes similar to 

that of K2CO3. Indeed, the characteristic carbonate peaks at around 1400 cm-1, 880 cm-1 and 680 cm-1 

appear clearly in both samples.  

 
 

Figure 5: in-situ IR spectra from -263°C to 377°C of (a) Rb2Ti2O5 and (b) K2Ti2O5 previously exposed to 

ambient air during 96h. The samples were first cooled down to -263°C and then measured while 

heating up to 377°C. (note that for better clarity, the x-axis scale is logarithmic and the first value is 

explicitly shown, differing from the scale used in Figure 4) 

 

In order to understand the chemical evolution of strongly hydrated Rb2Ti2O5 and K2Ti2O5 samples (96h 

of exposition), we performed a series of temperature-dependent IR measurements between -263 °C 

and 377 °C. The results are reported in Figure 5a for Rb2Ti2O5 and Figure 5b for K2Ti2O5. We started 

each thermal cycle with cooling down to the lowest attainable temperature and then heating up to the 

highest temperature with measurements every 10 degrees. At low temperature, no relevant 

modifications of the spectra are observed while at high temperature the spectroscopic profile evolves 

significantly as compared to room temperature.  

For both compounds, we observe a clear decrease of the intensity of the vibrational modes associated 

with the OH stretching (~ 3000 cm-1) and bending (~ 1600 cm-1) upon heating, as well as of the peaks 
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located around 1375 cm-1, 1435 cm-1. In this region, we also observe the growth of a characteristic 

carbonate peak, centered at 1404 cm-1 for Rb2Ti2O5 and 1406 cm-1 for K2Ti2O5. At low frequencies, 

characteristic RbHCO3 peaks at 663 cm-1, 704 cm-1, 833 cm-1 and 1005 cm-1 (see Figure 5a) and 

characteristic KHCO3 peaks at 665 cm-1, 703 cm-1, 834 cm-1, 992 cm-1 and 1017 cm-1 (Figure 5b) are 

present at low temperature. These peaks are no longer present at 377°C where they are replaced by 

other sharp bands characteristic of K2CO3 and Rb2CO3, namely 687 cm-1, 879 cm-1, 941 cm-1 and 1051 

cm-1 for Rb2CO3, and 687 cm-1, 852 cm-1, 879 cm-1 and 941 cm-1 for K2CO3 (see Figure S14). From these 

observations, we can confirm i) the presence of bicarbonate in compounds exposed to ambient air, 

and ii) the presence of carbonate and the absence of water in the compound for temperatures higher 

than 227°C. This finding is consistent with what reported in literature, i.e. starting from 200°C KHCO3 

decomposes into K2CO3, H2O and CO2
17,24. We can so argue for KHCO3 (and by analogy for RbHCO3) a 

chemical evolution as described by the following reactions starting from T= 117°C: 

  

2 KHCO3 = K2CO3 + H2O + CO2 

2 RbHCO3 = Rb2CO3 + H2O + CO2  

 

These findings, together with those obtained from thermogravimetric analysis (see Figure 3) and X-ray 

diffraction (see Figure 2), allow to clarify the high temperature evolution of hydrated K2Ti2O5. 

Specifically, between 100°C and 500°C, the first mass drop is due to the carbonates formation with 

consequently loss of H2O + CO2. While, at high temperature, the second mass drop is due to the CO2 

loss, released during the “reformation” of the crystalline compound K2Ti2O5. Regarding Rb2Ti2O5, the 

scenario is more complex given the presence of several phases in XRD and several steps losses in TGA. 

Here we can only assert that starting from T=120°C the compound loses water and CO2, and that the 

last loss is probably linked to CO2 released when the crystalline Rb2Ti2O5 is reformed. However, no 

further conclusion can be proposed at this stage about the intermediate reactions. 

 



16 

 

 
 

Figure 6: (a) XRD patterns of as-synthesized K2Ti2O5, compared to the XRD patterns after 96h of 

exposure to ambient air and 96h of CO2-free hydration. (b) Weight loss measured by TGA for as-

synthesized K2Ti2O5, after 96h of exposure to ambient air, and after 96h of CO2-free hydration. (c) 

Influence of the hydration condition (ambient air or CO2-free) on the IR spectrum of K2Ti2O5. (d) in-situ 

IR spectra from 27°C to 327°C of K2Ti2O5 after 96h of CO2-free hydration. 

 

As we have seen, both X-ray diffraction and infrared spectroscopy measurements evidence the 

presence of bicarbonates and water, for the compounds exposed to ambient air. In order to better 

understand the mechanisms of degradation, the same experiments have been carried out on samples 

hydrated under CO2-free conditions (Figure 6). Specifically, hydration experiments were performed in 

a closed system under an argon atmosphere, as described in the experimental section.  Although no 

evolution of the lattice parameters was observed, a broadening of the Bragg peaks can be seen in the 

diffraction patterns of the samples hydrated without CO2 as compared to the as-synthesized ones, 

suggesting that hydration induced structural changes (Figure 6a and S15). Notably, after 96 hours of 

hydration, no bicarbonate phase was detected in any of the compounds, although residual crystalline 

phase peaks were observed for Rb2Ti2O5 and RbKTi2O5 (Figure 6a and  S15). These results confirm that 

the amount of residual carbonates coming from the precursors were negligible in the as-synthesized 
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samples, and that the bicarbonates observed in the XRD patterns and IR spectra of the samples 

exposed to ambient air do originate from the reaction of the compounds with CO2 from the 

atmosphere, as concluded above.  

Figure 6b and S16 show comparisons of the weight losses of Rb2-2xK2xTi2O5 samples exposed to ambient 

air or hydrated in a CO2-free environment. As expected, the second mass loss that occurs around 700°C 

in Figure 3 is not present in the absence of CO2 (Figure 6b and S16). For instance, when K2Ti2O5 is 

hydrated for 24h in a CO2-free environment, only an initial significant mass loss of approximately 

10.44% is observed. In contrast, for the same duration, K2Ti2O5 exposed to ambient air presents two 

distinct mass losses (see Figure 3a). This observation unambiguously confirms that the second loss of 

K2Ti2O5 exposed to ambient air is linked to CO2. Similar trends are observed for Rb2Ti2O5 and RbKTi2O5. 

Note that it is not possible to make a direct comparison of the total weight loss of samples exposed to 

ambient air or hydrated in a CO2 free environment and only the trends can be compared. This is 

because the humidity rate during the sample exposure is different (see experimental methods). 

Looking at the influence of the nature of the alkali element, it appears that the hygroscopicity of 

Rb2Ti2O5 is significantly higher than that of the other compounds, as shown in Figure S16, where a 

respective incorporation of 1.47, 2.69 and 1.22 moles of water molecules per 1 mole of K2Ti2O5, 

Rb2Ti2O5 and RbKTi2O5 is observed after 24 hours. For all samples, the modification of the crystalline 

phase starts after about 8 hours of CO2-free hydration, with the appearance of unidentified diffraction 

peaks (Figure 6a and S15). However, the kinetics of the crystalline structure degradation appear to be 

slightly slower for Rb2Ti2O5 compounds hydrated without CO2 compared to K2Ti2O5, as the Bragg peaks 

associated with the Rb2Ti2O5 crystalline phase are still detected after 96 hours of hydration, although 

their intensity is low (Figure S15a), which is not the case for K2Ti2O5. For the latter, a decrease of the 

intensity of the peaks related to its crystalline phase is observed after 8 hours of hydration, as well as 

the emergence of an unidentified secondary phase (see Figure 6a). After this first stage, the crystalline 

structure of K2Ti2O5 degrades more rapidly than that of Rb2Ti2O5. This is the opposite to what is 

observed when exposed to ambient air. Finally, the behavior of the mixed compound RbKTi2O5 does 

not show particular changes when hydrated with or without CO2. We can therefore conclude that, at 

first glance, Rb2Ti2O5 degrades faster in the presence of CO2 than K2Ti2O5, while the latter is more 

sensitive to H2O in the absence of CO2. 

Figure 6 compares the IR spectra obtained for as-synthesized K2Ti2O5, for K2Ti2O5 exposed to ambient 

air for 96 hours, and for K2Ti2O5 hydrated in a CO2-free atmosphere for the same duration. The three 

spectra differ significantly. The spectrum of as-synthesized K2Ti2O5 exhibits only 4 bands in the range 

of 380-1000 cm-1 associated with the crystalline structure, whereas the characteristic carbonate bands 

around 1400 cm-1 are present for K2Ti2O5 exposed to air, as detailed above.  The IR spectrum of CO2-
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free hydrated K2Ti2O5 exhibits the presence of bands associated with water, with stretching around 

3000 cm-1 and bending at 1600 cm-1, but no peaks characteristic of the carbonates previously identified 

around 1400 cm-1. Moreover, phonon-associated peaks are still present, with a slight shift as compared 

to the as-synthesized sample despite the absence of the K2Ti2O5 crystalline phase in the XRD pattern 

(Figure 6a), which seems to indicate that nanodomains with K2Ti2O5 crystal structure are still present 

although undetectable using XRD. These observations once again confirm that K2Ti2O5, when exposed 

to air, reacts with the CO2 in the ambient atmosphere, as the bicarbonate vibration modes are not 

present in the IR spectrum without CO2. Similar observations can be made regarding Rb2Ti2O5 and 

RbKTi2O5 compounds (Figure S17). We observed that when M2Ti2O5 samples are exposed to ambient 

air, bicarbonates are formed, while their hydration in a CO₂-free atmosphere leads to the formation of 

one or several phases that have not been identified yet. Possible candidate could have been alkali 

hydroxides. In figure S21, we compare the room temperature IR spectra of M₂Ti₂O₅, M2CO₃, MOH, and 

K₂Ti₂O₅ hydrated without CO₂.  As it can be seen here, the vibration modes of RbOH and KOH are very 

different from those observed in the hydrated M2Ti2O5 compounds, which rules out a possible role of 

alkali hydroxides in the degradation mechanism. 

In-situ temperature dependent IR measurements of a K2Ti2O5 sample hydrated during 96h in a CO2-

free environment confirm these conclusions (see Figure 6d). At 27°C, two peaks associated with 

phonons were identified at 868 cm-1 and 715 cm-1, as well as two bands at 1660 cm-1 and 1738 cm-1 

and a broad band around 3050 cm-1 associated with molecular water. When increasing temperature, 

the intensity of these bands decreases, until they disappear completely around 227°C. Note that some 

very weak peaks, different from those of the water molecule, appear upon heating at 1412 cm-1, 1581 

cm-1 and 1626 cm-1, corresponding to the vibration mode bonds of the carbonate K2CO3. They 

constitute a clear signature of the extreme sensitivity of the hydrated samples to atmospheric CO2, as 

they should originate from the handling of samples in air that did not exceed a couple of minutes, 

corresponding to their transfer from the glovebox to the IR spectrometer, or from the presence of 

small residual amounts of CO2 in the reaction vial. A similar experiment was performed using Rb2Ti2O5 

hydrated in a CO2-free environment for 6h or 96h (Figure S18 and S19). For the samples hydrated for 

96 hours, broad bands are observed in the range of 1200-1800 cm-1, indicating the presence of water 

and bicarbonates, although the intensity of the bicarbonate peaks is low as compared to the compound 

exposed to air for 96 hours (Figure 5b), their presence indicates here again the extreme sensitivity of 

the hydrated compound to CO2. Additionally, the phonon region between 580 cm-1 and 1000 cm-1 

appears to be significantly affected by the hydration, with very weak intensity, consistent with XRD 

observations showing very weak peaks of the crystalline phase (see Figure S15a). However, in the case 

of the sample hydrated for 6 hours (Figure S18), the phonon peaks are clearly present, consistent with 
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XRD observations (Figure S20). Besides, after 227°C heating, no water can be detected, and the 

characteristic carbonate peak around 1400 cm-1 emerges with very low intensity (Figure S18), similar 

to K2Ti2O5. Interestingly, our IR measurements of K2Ti2O5 samples show characteristic peaks of the 

phonon structures for every exposure time. This result can be appreciated in Figure 6c-d and S19. 

Moreover, it is also possible to notice in figure 6d the sudden hardening of the modes à ~715 et ~870 

cm-1 for temperatures higher than or equal to 277°C, that is, when the sample dehydrates. This 

suggests a change affecting the Ti-O collective vibrations of the TiO5 pyramids related to the loss of 

water molecules. Importantly, the same sample has a structure that is clearly different from the crystal 

structure of as synthesized K2Ti2O5, as can be seen by looking at Figure 6a. Considering these results, 

the only hypothesis we can suggest is that the compound hydrated in CO2 free conditions undergoes 

a modification that does not completely compromise the long-range order. Although the coordination 

and local structure are different (pyramids as compared to octahedra), this observation is somehow 

reminiscent of those made by Kang et al. in ref 25. In this study, the authors show the combination of 

short-range and partial long-range order in a layered hydrate titanate, supporting the formation of a 

fibrous-type particle aggregate. The XRD pattern of their H-titanate exhibits broad features similar to 

those shown in Figure 6a for K2Ti2O5 after 96h of hydration without CO2. Although our observations do 

not enable us to unambiguously determine what kind of evolution titanium undergoes in M2Ti2O5, we 

can state that the pyramidal organization of TiO5 is always present, at least in nanoscale cluster form, 

as evidenced by the phonon structures observed in the IR spectrum. 

 

Conclusion :  

To conclude, we have investigated the degradation of Rb2-2xK2xTi2O5 compounds exposed to ambient 

air, and their respective reactivity with H2O and CO2, coupling thermogravimetric analysis, X-ray 

diffraction and infrared spectroscopy. These observations showed that upon exposure to ambient air, 

the degradation of the crystal structure is linked to the formation of bicarbonate phases, namely KHCO3 

and RbHCO3 in the case of K2Ti2O5 and Rb2Ti2O5 respectively. For Rb2Ti2O5, differently from K2Ti2O5, 

several intermediate phases are also observed that gradually evolve towards predominant RbHCO3. 

Moreover, we observed a slower degradation kinetic for the potassium titanate as compared to the 

rubidium one. Interestingly, these bicarbonates do not form in the case of dry samples, as reported in 

literature13. This implies that, when exposed to ambient air, the samples first hydrate by reacting with 

water vapor and then react with the ambient CO2. Surprisingly, in the absence of CO₂, the crystal 

structure of K₂Ti₂O₅ degrades faster than that of Rb₂Ti₂O₅, although the latter absorbs water more 

efficiently. Independently of the alkali element, the lattice parameters of the M2Ti2O5 phase are not 

affected by hydration, despite the progressive emergence of other phases in the diffraction patterns 
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and the influence of hydration on the energy of phononic modes (Table S1). At a first glance, the fact 

that the lattice parameters do not change could indicate that the overall structure remains unchanged 

and that no water molecule is incorporated within the crystal structure. The observed M2Ti2O5 phase 

in the diffraction patterns of samples exposed to ambient air of CO2-free humid atmosphere would 

thus correspond to grains that have not been degraded yet. However, it would not be consistent with 

the ionic conductivity measurements reported in ref. 13. In that context, theoretical calculations could 

provide further insights into the bonding mechanisms of hydrated compounds, and some estimations 

of the possible influence on the lattice parameters of water molecules introduced within the unit cells. 

Nevertheless, the new information reported in this work and related to the degradation mechanisms 

of Rb2-2xK2xTi2O5 compounds exposed to ambient air, as well as their reactivity with H2O and CO2, are 

of significant interest for design strategies and optimization of the properties of these materials for 

functional applications. 

 

Supporting Information: 

Supporting information include figure, and tables that complement and illustrate our analyses, 

organized in the order they appear in the text. Figure S1 present the crystalline structure in different 

spatial directions, providing a detailed view of the atomic organization. Figures S2 to S8 present the 

various Le Bail refinements performed on the solid solutions Rb2-2xK2xTi2O5, which enabled us to 

determine the lattice parameters of these materials. Figures S9 to S11 display the diffraction patterns 

of Rb2Ti2O5 and K2Ti2O5 exposed to the air, confirming the presence of carbonates in the degraded 

compounds. Figures S12 to S22 include various thermogravimetric analyses (TGA), X-ray diffraction 

(XRD) patterns, and infrared (IR) spectra to illustrate the evolution of the compounds in a CO2-free 

atmosphere. (PDF) 
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Figure S1: Crystal structure of M2Ti2O5 represented upon different orientations. (Rb is shown as purple 
balls, O as red ones and Ti as blue-gray ones) 
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Figure S2: Le Bail refinement of Rb2Ti2O5. Black circles, red line, blue line and vertical green tick marks 

represent the observed, calculated, difference pattern and Bragg positions, respectively.  
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Figure S3: Le Bail refinement of Rb1.6K0.4Ti2O5. Blue circles, red line, blue line and vertical green tick 

marks represent the observed, calculated, difference pattern and Bragg positions, respectively. 
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Figure S4: Le Bail refinement of Rb1.2K0.8Ti2O5. Olive circles, red line, blue line and vertical green tick 

marks represent the observed, calculated, difference pattern and Bragg positions, respectively. 
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Figure S5: Le Bail refinement of RbKTi2O5. Purple circles, red line, blue line and vertical green tick 

marks represent the observed, calculated, difference pattern and Bragg positions, respectively. 
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Figure S6: Le Bail refinement of Rb0.8K1.2Ti2O5. Dark yellow circles, red line, blue line and vertical green 

tick marks represent the observed, calculated, difference pattern and Bragg positions, respectively. 
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Figure S7: Le Bail refinement of Rb0.4K1.6Ti2O5. Dark cyan circles, red line, blue line and vertical green 

tick marks represent the observed, calculated, difference pattern and Bragg positions, respectively. 
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Figure S8: Le Bail refinement of K2Ti2O5. Red circles, dark line, blue line and vertical green tick marks 

represent the observed, calculated, difference pattern and Bragg positions, respectively. 
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Figure S9 Overlay of the diffractogram of Rb2Ti2O5 exposed to air for 96 hours with that of the 
simulated RBHCO3 in red curve. 
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Figure S10 : Overlay of the diffractogram of K2Ti2O5 as-synthesized and  exposed to air for 96 hours 
with that of the simulated KHCO3 in red curve. 
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Figure S11: XRD pattern of K2Ti2O5, as synthesized and after 96h of exposure to ambient air. 
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Figure S12: Representative example of the raw data of some thermogravimetric analyses, showing 

the weight loss ends during the high-temperature plateau. 
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Figure S13: IR spectrum of K2Ti2O5 exposed to ambient air within a KBr matrix. 

 

 

 

 

 

Figure S14: IR of Rb2Ti2O5 and K2Ti2O2 exposed to ambient air during 96h and measured above the 

dehydration temperature, as compared to IR spectra of Rb2CO3 and K2CO3 

 

 

 

 



36 

 

S15 

 

Figure S15: (a) XRD patterns of Rb2Ti2O5, as-synthesized and after hydration in a CO2-free 

environment. (b) XRD patterns of K2Ti2O5, as-synthesized and after hydration in a CO2-free 

environment. (c) XRD patterns of RbKTi2O5, as-synthesized and after hydration in a CO2-free 

environment. Note that some changes of the relative intensities of the (2 0 2) and (1 1 1) peaks 

located around 2θ=28-29° can occur from one sample to another due to differences of preferential 

orientation of the crystallites during XRD analysis. These differences should be considered as 

artefacts. 
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Figure S16: TGA analysis of M2Ti2O5 samples, as synthesized and hydrated in a CO2-free environment. 

(a) K2Ti2O5, (b) Rb2Ti2O5, (c) RbKTi2O5. Note that the y-scale is not the same for all figures. 
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Figure S17: Room temperature IR spectra of M2Ti2O5, as synthesized and after hydration in a CO2-free 

environment. (a) Rb2Ti2O5, (b) RbKTi2O5 and (c) K2Ti2O5.  
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Figure S18: Temperature-dependent IR spectra of Rb2Ti2O5 hydrated during 6h in a CO2-free 

environment. 
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Figure S19: Temperature-dependent IR spectra of Rb2Ti2O5 hydrated during 96h in a CO2-free 

environment 
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Figure S20: XRD pattern of Rb2Ti2O5 hydrated in a CO2-free environment during 6h 
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Figure S21: The room temperature comparison of IR spectra includes the following samples: K₂Ti₂O₅ 

after 96 hours of CO₂-free hydration (in green), K₂Ti₂O₅ (in black) and Rb₂Ti₂O₅ (in red) exposed to air 

for 96 hours, K₂CO₃ (in black) and Rb₂CO₃ (in red), KOH (in black) and RbOH (in red), as well as liquid 

water.   
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Figure S22: Le Bail refinement of the XRD pattern of Rb2Ti2O5 hydrated in a CO2-free environment 

during 8h. Red circles, dark line, blue line and vertical green tick marks represent the observed, 

calculated, difference pattern and Bragg positions, respectively. 
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Figure S23: Le Bail refinement of the XRD pattern of a Rb2Ti2O5 sample after 14 days of exposure to 

ambient air followed by a heat treatment of 1 hour at 800°C. Red circles, dark line, blue line and 

vertical green tick marks represent the observed, calculated, difference pattern and Bragg positions, 

respectively. 
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Table S1: evolution of the lattice parameters of the Rb2Ti2O5 phase during degradation in ambient air 

or during hydration in a CO2-free environment obtained from the Le Bail refinements shown in 

Figures S2, S22 and S23. 

 

 

 

 

 

 Rb2Ti2O5  a (Å) b (Å) c (Å)  β (°) Lattice volume 
(Å3) 

as-synthesized 11.333(2) 3.826(1) 6.990(1) 100.271(10) 298.28(10) 

exposed to 
ambient air 14 days 

followed by a 
treatment of 1h at 

800°C 

11.340(2) 3.829(1) 6.992(1) 100.269(10) 298.78(10) 

 Rb2Ti2O5 after 8h 
of CO2-free 
hydration  

 

11.335(2) 3.827(1) 6.989(1) 100.274(10) 298.36(10) 




