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Abstract 
La tungstates possessing a high protonic conductivity (~10–4 S/cm at 

600 °C) are state-of-the-art materials for hydrogen separation membranes. 
A promising approach in design of new materials for this application is 

creation of triple-conductive materials on their basis. The current work 
aims at studying structural, textural and transport properties of 
La27W5O55.5–δ and the composite of La27W5O55.5–δ with NiO and CuO obtained 

via the mechanical activation and sintered either in a furnace or by radia-
tion thermal sintering using electron beam. The oxide material obtained is 
distorted double fluorite, while the composites consist of LaNi0.8W0.2O3–δ, 

NiO and CuO phases. As compared to the oxide sintered in furnace, the elec-
tron beam sintered La27W5O55.5–δ demonstrates a lower occupancy of 24f sites 

by W, higher La:W ratio and larger grain size. Extended defects including 
grain boundaries are observed in TEM images. La27W5O55.5–δ possesses mod-
erate oxygen transport properties (oxygen tracer diffusion coefficient 

~10–10 cm2/s at 800 °C). Thermogravimetric analysis demonstrates that the 
materials exhibit the hydration behavior typical of proton conductors. The 
oxygen mobility is demonstrated to decline in the composites, which can be 

caused by a lower oxygen mobility of the LaNi0.8W0.2O3–δ phase compared to 
the La27W5O55.5–δ one and the diffusion hindered by nanoparticles of NiO and 

CuO. Reduction followed by reoxidation of the composites leads to increas-
ing oxygen diffusivity, which can be related to partial unblocking of fast dif-
fusion pathways. 
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Key findings 
● La27W5O55.5 are distorted double fluorites, and their composites exhibit complex

phase composition.

● E-beam sintering results in decreasing residual porosity, which is promising for

fabrication of permselective layers of hydrogen separation membranes.

● La27W5O55.5 demonstrates good hydration ability and moderate oxygen transport

properties.
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1. Introduction

Development of new mixed O2-/e-, H+/e- and H+/O2-/e- 

conductive materials has been a relevant problem in de-

sign of such devices for modern energy as high-

performance permselective membranes [1–5], solid oxide 

fuel cells [2–6] and electrolyzers [2, 3–5, 7]. A high H+ 

conductivity is obviously crucial for hydrogen permeable 

membranes [4, 5, 8–16]. A significant electronic conduc-

tivity contribution is required to avoid the limitation of 

hydrogen transport across the membrane by coupled 

movement of electrons or holes as well [4, 5, 8, 9, 13, 14]. 

Using cermet materials comprised of a component with a 

high protonic conductivity (such as ceramic oxide or solid 

solution) and a component with a high electronic conduc-

tivity (such as metal or metal alloy) has been a promising 

approach in the design of materials for the hydrogen sepa-
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ration membranes [8, 10–12, 17]. In addition, oxide ionic 

conductivity has been suggested to be high enough to ena-

ble proton transport mechanisms involving hydroxyl hops 

[4, 5, 13, 18, 19]; furthermore, additional yield of hydro-

gen can be achieved via H2O splitting occurring along with 

O2- anion transport across the membrane [1, 4, 5, 14, 15, 

20, 21]. Hence, triple-conductive materials should be quite 

suitable for this application. The following equation can be 

written for the hydrogen permeation flux (j(H2)) across 

the triple-conductive membrane (Equation 1): 

𝑗(H2) =
−𝑅𝑇

8𝐹2𝑙
∫ 𝜎𝐻

(2)

(1)

∙ (
𝜎𝑂 + 𝜎𝑒𝑙

𝜎𝐻 + 𝜎𝑂 + 𝜎𝑒𝑙
𝑑𝑙𝑛𝑃(H2)

+
𝜎𝑂

𝜎𝐻 + 𝜎𝑂 + 𝜎𝑒𝑙
𝑑𝑙𝑛𝑃(O2)) , 

(1) 

where R is universal gas constant; T is temperature; F is 

Faraday constant; l is membrane thickness; σH, σO and σel 

are protonic, oxide-ionic and electronic conductivity, re-

spectively; P(H2) and P(O2) are hydrogen and oxygen par-

tial pressure, respectively; indices (1) and (2) represent 

the partial pressure values at the membrane fuel and 

purge side compartments, respectively [1, 16]. 

Ln tungstates and molybdates Ln6–xMO12–δ (or, more 

precisely, Ln28–xM4+xO54+3x/2V2–3x/2–δ, where Ln = La, Nd, 

Ho, Er, Tm, Yb, etc.; M = W, Mo; V is the oxygen vacancy) 

are oxides possessing fluorite, bixbyite or orthorhombic 

structure with protonic and oxide ionic conductivity, 

which may demonstrate a contribution of p- or n-type of 

conductivity depending on the composition and conditions 

(temperature, humidity, oxygen partial pressure) as well 

(total conductivity is ~1∙10–2 S/cm at 600 °C) [14, 17, 21–

32]. La tungstates La6–xWO12–δ (LWO) considered to be 

promising proton-conducting membrane materials and 

electrolytes have been studied in details [1, 15, 21, 22, 24, 

26–29, 33–41]. LWO phase stability was demonstrated to 

be dependent on the La:W ratio. E.g., for the sintering 

temperature of 1500 °C, La6–xWO12–δ oxides are single-

phase for the La:W ratio of 5.3–5.7, with this interval nar-

rowing down at lower sintering temperature (e.g. 5.2–5.4 

for the sintering temperatures of 1300 °C) [28]. The ionic 

conductivity of La tungstates possesses a bell-shape de-

pendence on the La:W ratio determined by the defect 

structure: variation of content of the oxygen vacancies 

which can be filled by hydroxyls as proton-containing spe-

cies in contact with gas hydrogen or water vapors [34, 35]. 

Hence, La27W5O55–δ (or, alternatively writing, La5.4WO11–δ) 

composition seems to provide a compromise between con-

ductivity and phase stability. 

The oxide ionic conductivity of La tungstates was gen-

erally studied by impedance spectroscopy [38, 39] which 

gives the information on the overall oxygen mobility, not 

allowing to elucidate details of oxygen transport mecha-

nisms. However, we can assume that it is possible to dis-

tinguish such interesting features of ionic transport in 

LWO as fast ionic conductivity along grain boundaries and 

slower conductivity within grain bulk [34]. Moreover, in 

our previous work [31], according to the studies of oxygen 

isotope exchange with C18O2 of Ln molybdates Ln10Mo2O21–δ 

(Ln = Nd, Ho), a high oxygen diffusivity along grain 

boundaries and a lower diffusivity within grain bulk (two-

dimensional diffusion) were revealed. 

Another problem related to the application of lantha-

nide tungstates is the requirement to provide their high 

density while forming defect fluorite or bixbyite poly-

morphs with a high conductivity, which requires high 

temperatures (1500–1600 °C) and long-term (up to 24 h) 

treatment using conventional sintering in a furnace [25, 

28]. Hence, fabrication of functional ceramics based on 

such materials is a separate problem. A promising ap-

proach of solving this problem is radiation thermal sinter-

ing (RTS) by a high intensity beam of electrons, enabling 

conducting synthesis and sintering processes at shorter 

times and lower temperatures while obtaining less porous 

products [42–44]. 

In this work, we studied for the first time the structur-

al, textural and oxygen transport properties and their re-

lationship for La27W5O55.5–δ and its composite with NiO and 

CuO as promising triple-conductive materials for hydrogen 

separation membranes synthesized by the mechanical ac-

tivation and radiation-thermal sintering. 

2. Materials and methods 

2.1. Synthesis 

La27W5O55.5–δ (LWO) was synthesized by mechanical acti-

vation [30]. Commercially available powders of La2O3 

(VEKTON, 99.999%) were used as the starting materials. 

WO3 was preliminarily synthesized from tungsten acid 

(VEKTON, > 98%) by its thermal treatment at 300 °C. NiO 

(14.5 wt. %) – CuO (15.5 wt. %) – La27W5O55.5–δ (CLWO) 

composite was synthesized by mechanical activation from 

NiO, CuO and La27W5O55.5–δ powders as described in the 

work [45]. The synthesis was conducted in an AGO-2 plan-

etary mill (ZAO NOVIC, Russia). It was carried out in 

stainless steel drums having volume of 150 ml at 1200 rpm 

rotation rate using ZrO2 balls with diameter of 1 cm. Balls-

to-powder weight ratio was 20:1. The process was per-

formed in dry conditions for 20 min for LWO sample and 

in propanol-2 for 15 min for CLWO sample. The chemical 

composition of obtained powders was checked repeatedly. 

According to chemical analysis, Fe impurity content in the 

powders obtained did not exceed 0.02 wt.%. The powders 

obtained were calcined at 1100 °C for 4 h. 

For the sample preparation for sintering, dried pow-

ders were pressed into pellets. Radiation thermal sintering 

(RTS) was conducted using an ILU-6 accelerator [46]. 

Electron energy of 2.4 MeV, pulse beam current of 328 mA 

and a narrow scan were used. The temperature of the 

samples was monitored using an S-type thermocouple and 

a FieldPoint (National Instruments) controlling module. 

The temperature parameters of the process were set using 

https://doi.org/10.15826/chimtech.2025.12.2.05
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accelerator controlling software. The power control was 

performed by varying pulse repetition frequency, which 

did not exceed 15 Hz in the experiments. Then the samples 

were sintered at 1100 °C for 30 min in the air with the 

heating and cooling rate of 30 °С/min. 

2.2. Characterization 

The samples’ structural properties were studied by X-ray 

diffraction (XRD). XRD patterns were acquired by a D8 

Advance (Bruker, Germany) diffractometer with Cu Kα 

monochromatic radiation (λ = 1.5418 Å) in 2θ range of 20–

90° with the step of 0.05°. The phase composition was 

determined using PDF-2 and ICSD diffraction databases. 

The Rietveld refinement was carried out using TOPAS 

software [47]. Scanning electron microscopy (SEM) and 

high resolution transmission electron microscopy (HR 

TEM) images were obtained with a JEM-2010 (Jeol, Japan; 

lattice resolution 1.4 Å, acceleration voltage 2∙105 V) and a 

Tescan Solaris (The Czech Republic) instruments. Energy-

dispersive X-ray spectroscopy (EDX) mapping was carried 

out using a UltimMAX100 (Oxford, The UK) SDD detector. 

Thermogravimetric (TGA) and differential thermal 

analysis (DTA) techniques were used for the pelletized 

samples preliminary hydrated in wet air (2 vol.% H2O). 

The experiments were conducted with using a STA 409 PC 

“LUXX” thermal analyzer (Netzsch, Germany). The exper-

iments were carried out in dry air flow while cooling from 

1000 °C to room temperature with a ramp of 10 °C/min 

for newly synthesized samples and the samples that were 

kept in water 48 hours and then dried at room tempera-

ture. 

2.3. Oxygen diffusivity studies 

The oxygen diffusivity studies were carried out by isotope 

heteroexchange of oxygen with C18O2 (Supplementary da-

ta, Figure S1) and 18O2 in a flow reactor using isothermal 

(IIE) and temperature-programmed (TPIE) modes [48–51]. 

The samples present in a form of 0.25–0.5 mm granules 

with a weight of 50 mg were loaded into a tubular quartz 

reactor with the inner diameter of 3 mm. All the samples 

were pretreated at 700 °C for 30 min in the flow of He + 

1% O2 (flow rate of 25 ml/min). The composite sample 

was additionally reduced at 600 °C for 60 min in the flow 

of He + 6% H2 (flow rate of 25 ml min-1), then reoxidized 

at 800 °C for 60 min in the flow of He + 1% CO2 (flow rate 

of 25 ml/min). IIE experiments were performed at 320 °C 

in He + 1% C18O2 (flow rate of 25 ml/min) and at 800 °C 

in He + 1% 18O2 (flow rate of 25 ml/min). TPIE experi-

ments were carried out in the temperature range of 50–

800 °C with the temperature ramp of 5 °C/min in He + 1% 

C18O2 (flow rate of 25 ml/min). The gas composition in the 

reactor outlet was monitored using SRS 200 and QMS 200 

mass spectrometers (Stanford Research Systems, USA) 

with UGA software. Time (IIE) or temperature (TPIE) de-

pendences of mole fractions of 18O atoms (α) and C16O18O 

(or 16O18O) molecules (f16–18) (Figure 1) were investigated 

for calculating the oxygen tracer diffusion coefficient (D*) 

and other oxygen transport characteristics. 

3. Results and Discussion 

3.1. Structural features 

Figures 2 and 3 demonstrate XRD patterns of the samples. 

La27W5O55.5–δ samples processed conventionally in the fur-

nace (LWO) and using RTS (LWORT) are distorted double 

fluorites, which is in agreement with the literature data 

for this composition [21,28,36,39,52,53]. The LWO sample 

contains insignificant amounts (~ 5 wt.%) of La2O3 impu-

rity with hexagonal structure, which is typical of the se-

lected La:W ratio and the sintering temperature [23,52], 

while the LWORT sample contains La6W2O15–δ admixture 

with the fluorite structure, which is more typical of lower 

La:W ratios or higher sintering temperatures [52], and the 

formation of the La6W2O15–δ admixture may be attributed to 

the shift in the phase transition temperature toward lower 

values during RTS in comparison to conventional sintering 

in a furnace [42–44]. The impurity presence in LWO and 

LWORT samples is probably associated with relatively low 

sintering temperature, since a single-phase sample with 

ratio La:W = 5.4 can be obtained at the temperature of at 

least 1300 °C [28,52]. The Rietveld refinement for the 

La27W5O55.5–δ structure (Figure 4) was carried out using 

the structural data (ICSD, CC#194092). The unit cell pa-

rameter and the occupancy of 24f site occupied by La and 

W ions were refined. The results are given in Table 1. 

 

 
Figure 1 Concentrations of species (a), and 18O2 (α) and C16O18O  

(f16–18) fractions in the gas phase (b) during TPIE with C18O2 for 

LWO sample. 
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Table 1 Occupancy of 24f site, composition, La:W ratio, unit cell parameter (a) and average X-ray scattering region (D) for La27W5O55.5–δ 

samples sintered in furnace and by e-beam according to the XRD and Rietveld refinement data. 

Sample 
Occupancy of 24f Composition 

La/W a, [Å] D, [nm] 
La W La W 

LWO 0.92 0.08 26.08 5.92 4.41 11.1672(2) 83 

LWORT 0.96 0.04 27.04 4.96 5.45 11.1630(2) 280 

 

The 24f Wykoff positions are more frequently occupied by 

W cations for the LWO samples compared to the LWORT 

one, which may indicate a different level of structural dis-

ordering for these two samples. La:W ratio for the LWO 

sample is lower than stoichiometric (5.4) apparently due 

to the La2O3 phase segregation (Figure 2). La:W ratio for 

the LWORT sample is slightly overstoichiometric, which is 

apparently due to the presence of La6W2O15 phase with 

different La:W ratio (3.0). The unit cell parameter a of 

La27W5O55.5–δ phase is equal to 11.1672 Å and 11.1630 Å for 

the conventionally sintered and RTS samples, respectively 

(Table 1), which indicates a slight contraction of the unit 

cell after being exposed to the radiation [53]. The average 

X-ray scattering region size is larger for the LWORT sample 

compared to the LWO one sintered at the same tempera-

ture (1100 °C). Such an enlargement can be associated 

with the effects of the electron beam irradiation during 

RTS, such as stimulated diffusion of ions and increasing 

sintering rate compared to the conventional sintering 

[42,53–56]. According to the XRD data, true density calcu-

lated from the lattice parameter is 6.65 g/cm3 and 

6.66 g/cm3 for the LWO and LWORT samples, respectively, 

which is slightly higher compared to the values reported 

for La27W5O55.5–δ in the work [23], probably due to differ-

ence in conditions of synthesis and thermal treatment. 

The CLWO and CLWORT composites demonstrate more 

complex composition than the initial fluorite and nickel 

(II) – copper (II) oxide phases, apparently due to redistri-

bution of cations during mechanical activation or sinter-

ing. The primary phase is identified as orthorhombic per-

ovskite-like LaNi0.8W0.2O3–δ (LNWO), which is the result of 

a solid-state reaction between the LWO and NiO phases. 

The presence of cubic La6WO12–δ (in amounts comparable 

to LNWO) is observed for the CLWO sample but not for the 

CLWORT sample, which can be explained by the intensifica-

tion of solid state reactions during RTS [42–44]. The com-

posite samples also contain cubic bunsenite-like NiO and 

monoclinic tenorite-like CuO phases (Figures 2 and 3). 

True density of the CLWO samples can be estimated as 

6.6 g/cm3. 

3.2. Textural characteristics 

According to TEM data, large-sized (~100–1000 nm) parti-

cles are shown for the LWO sample in agreement with the 

value of 820 nm estimated using specific surface area and 

true density values (d = 3/(Ssp ρ), where d is the mean 

particle size, Ssp and ρ are specific surface area and true 

density, respectively), and can be explained by relatively 

high thermal processing temperature (1100 °C).  

 
Figure 2 XRD patterns of La27W5O55.5–δ (LWO) and NiO–CuO–

La27W5O55.5–δ (CLWO) samples sintered conventionally. 

 
Figure 3 XRD patterns of the La27W5O55.5–δ (LWORT) and NiO–CuO–

La27W5O55.5–δ (CLWORT) samples sintered by e-beam. 

 
Figure 4 Rietveld refinement for the La27W5O55.5–δ samples sin-

tered at 1100 °C in furnace (a) and by e-beam (b). 
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La-rich areas apparently related to La2O3 impurities 

are demonstrated for the LWO sample, which agrees with 

the XRD data (Figure 5a). For the LWORT sample the ele-

ment distribution is rather uniform (Figure 5b). The pores 

have an irregular shape; the porosity value can be esti-

mated as ~4%. 

Extended defects (e.g., stacking faults, grain bounda-

ries, islet amorphous formations, polycrystalline films on 

the particles’ surface) are detected along with the surface 

steps and terraces (Figure 6). The grain size is > 100 nm, 

which agrees with the scattering region size according to 

XRD. This size is significantly lower compared to the par-

ticle size, marking that the samples are polycrystalline; 

hence, the grain boundary features’ effects on the 

transport properties can be predicted. 

Both conventionally and radiation-thermal sintered 

NiO–CuO–La27W5O55.5–δ samples contain pores, but conven-

tionally sintered samples have larger particles compared 

to the samples after RTS at 1100 °C (Figure 7). A similar 

trend was demonstrated for lanthanide tungstates and 

molybdates, bismuth titanates [57, 58]. The extended de-

fects such as grain boundaries are retained for the compo-

sites according to the HR TEM data (Figure 8). 

3.3. Proton content 

Figure 9 demonstrates TGA and DTA data for the 

La27W5O55.5–δ sample obtained by RTS. A significant de-

sorption of H2O is detected for the LWORT sample. The TGA 

curve has a shape of three steps, which is typical of such a 

composition as well as the other proton conductors [23, 

32, 59, 60]. Low-temperature desorption (30–300 °C) is 

associated with elimination of unbound H2O, residual H2O 

in pores and physically adsorbed H2O including water lo-

cated near surface defects as well [60]. Removal of chemi-

cally adsorbed water starts at temperatures >300 °C. 

Chemisorbed water is obviously removed at 300–500 °C 

[60]. Along with this, removal of structural water can 

start at these temperatures as well [59]. The third step is 

related to removal of structurally bound water and depro-

tonation of sample. Complete dehydration of the sample is 

achieved at 850–900 °C. Proton content in the hydrated 

sample can be estimated from the overall weight loss as 

0.0231 mol (H+)/mol (O2-) or 0.649 mol (H2O)/mol (LWO) 

which means that ~2.3% of all oxygen vacancies are hy-

drated. This is comparable or even slightly exceeds the 

values demonstrated for La tungstates with La:W values of 

5.2–5.6 [23, 29, 39, 40]. This also suggests a high proton 

mobility of the La tungstate, which is consistent with the 

existing literature [22, 41] showing that La tungstate with 

a similar composition possesses hydrogen tracer diffusion 

values comparable to the other proton-conducting oxides 

(Supplementary data, Figure S2) [4, 5, 22, 32, 41, 61–67]. 

 
Figure 6 HR TEM image for LWO sample. GB – grain boundaries. 

 
Figure 5 SEM image and element mapping for LWO (a) and LWORT (b) samples. 
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Figure 7 SEM images for composites: CLWO (a, b) and CLWORT (c, d). 

 
Figure 8 HR TEM image for CLWORT sample. 

 
Figure 9 TGA and DTA curves acquired in dry and wet atmos-
pheres for La27W5O55.5–δ and NiO–CuO–La27W5O55.5–δ samples sin-

tered using electron beam. 
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For the composite sample the weight loss is not significant, 

or even the weight gain is observed (Figure 9), perhaps, due 

to sample reoxidation, demonstrating a poor hydration abil-

ity and, hence, probably a low protonic conductivity. It 

should also be noted that the LNWO perovskite phase may 

possess poor hydration and proton transport properties 

compared to the LWO fluorite; however, information on 

such properties of W-doped La nikelates with perovskite 

structure is not available in the literature. 

3.4. Oxygen mobility and surface reactivity 

IIE 18O2 experiments acquired for the LWO and LWORT 

samples at 800 °C are presented in Figures S3a and S4a 

(Supplementary materials), respectively. As follows from 

the behavior of α(t) and f16–18(t) curves, the surface ex-

change is limiting and proceeds predominantly via the R2 

type of mechanism (Supplementary materials, Figure S1) 

according to the Muzykantov’s classification involving the 

simultaneous exchange of two oxygen atoms of the oxygen 

molecule and two oxide anions of the sample surface [51]. 

According to the analysis of IIE data by non-numerical 

method [68], 18O atomic fractions in the gas phase and in 

the sample surface are not equilibrated during the majori-

ty of the IIE run (Figures S3b and S4b) apparently due to 

the limitation by the surface exchange process. The oxy-

gen heteroexchange rate (R) values at 800 °C calculated 

by the non-numerical method [68] are 1.6∙10–4 mol/(m2 s) 

and 5.1∙10–5 mol/(m2 s) for the LWO and LWORT samples, 

respectively, which corresponds [69] to the oxygen sur-

face exchange constant (k*) values of 2.4·10–7 cm/s and 

7.6·10–8 cm/s, respectively. 

 
Figure 10 The experimental time dependencies of 18O and C16O18O 
fractions in the gas phase (a), and 18O fraction in the gas phase, 

on the sample surface and in the sample bulk (b) for LWO sample 

according to IIE with C18O2 at 320 °C. 

IIE C18O2 experiment results acquired for the LWO 

sample at 320 °C are given in Figure 10a. According to 

the analysis of the IIE data by the non-numerical method 

[68], 18O atomic fractions in the gas phase and in the 

sample surface are rapidly equilibrated (Figure 10b); 

hence, the surface exchange proceeds sufficiently fast to 

maintain isotopic equilibrium on the samples surface, so 

the bulk diffusion is limiting. The oxygen tracer diffusion 

coefficient and surface exchange constant values at 

320 °C calculated by the non-numerical method [68] are 

4.0∙10–14 cm2/s and 1.6∙10–11 cm/s, respectively. 

The TPIE curves are given in Figure 11. The exchange 

starts in a low temperature range (~300 °C). ~90% of 

the overall bulk oxygen is exchanged during TPIE run. 

The rate of isotope substitution for the LWORT sample is 

lower compared to that for the LWO sample. The peak is 

asymmetric: the bend of the 18O atoms fraction curve is 

sharper at low temperatures. Similar features were ob-

served for Nd tungstates synthesized by mechanical acti-

vation and sintered in the furnace [45] and by e-beam 

[58] and interpreted as an effect of a fast oxygen diffu-

sion along grain boundaries and other extended defects 

(2D diffusion). 2D diffusion indeed can take place, since 

grain boundaries are clearly observed (Figure 6). This is 

in agreement with impedance spectroscopy data for La–

W–O samples with differing compositions presented by 

Magrasó et al. [36]. The data demonstrate the contribu-

tion of conductivity along grain boundaries depending on 

the atmosphere. The other possible reasons for such a 

behavior to be mentioned are inhibition of the surface 

exchange at low temperatures and gas diffusion in pores. 

Inhibition of the oxygen surface exchange resulting in 

TPIE peak distortion can be associated with the effect of 

surface carbonates and hydroxyls. On the other hand, 

such defects as terraces and steps observed by HR TEM 

(Figure 6) should enhance the oxygen surface exchange. 

The fast diffusion along open porosity and microcracks of 

the samples (e.g., similar cracks were detected by TEM, 

Figure 5b) can take place; however, the oxygen isotope 

exchange experiment design (using plug flow reactor and 

using the small granulated samples) should diminish gas 

phase diffusion limitations effect [59]. 

The best description can be achieved using the model 

taking into account an ability of limiting effect of the sur-

face layer permeability on the isotope exchange of oxygen 

belonging to sample bulk (Figure 12). For this purpose, a 

parameter K, [mol/(cm2 s)], an incorporation coefficient, 

is introduced [70]. This parameter can be denoted as coef-

ficient of permeability or coefficient of mass exchange on 

the gas – solid phase boundary. The possible physical 

meaning of the incorporation coefficient (K) is the rate of 

the net process which may include gas transport in pores 

or voids of the sample and oxygen surface heteroexchange 

[61, 70, 71]. The calculated parameters are given in Fig-

ure 13 and Table 2. 

https://doi.org/10.15826/chimtech.2025.12.2.05
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Table 2 Calculated values of oxygen incorporation coefficient (K, [mol/(m2 s)]) and tracer diffusion coefficient (D*, [cm2/s]) at 500 °C, their 

effective activation energy (Ea, [kJ/mol]) and fraction of each oxygen form related to the total oxygen content in the material (θ, [%]). 

Sample 

Surface mass 

exchange 

Bulk diffusion 

fast slow 

K Ea D* Ea θ D* Ea θ 

LWO 1.5∙10–3 150 1.1∙10–11 50 100    

LWORT 4.6∙10–4 130 2.0∙10–12 50 100    

CLWO   2.3∙10–14 200 15 5.2∙10–15 200 85 

CLWOreox   7.6∙10–13 100 80 slower 100 20 

The difference in the incorporation coefficient values 

for the LWO and LWORT samples are not significant (Fig-

ure 13a) and may be related to the difference in porosity 

(the smaller pore volume, the higher probability of intra-

diffusion retardation) [61, 70, 71]. The same reason can be 

the one of the factors explaining lower oxygen surface 

heteroexchange rate value acquired from the IIE 18O2 data 

for the LWORT sample compared to the for the LWO one. 

 
Figure 11 The temperature dependencies of 18O fraction in the gas 
phase for the LWO and LWORT samples according to TPIE with 

C18O2. Points – experiment, lines – modeling. 

 
Figure 12 Schematic illustration of the model of oxygen isotope 

exchange between C18O2 and oxide. 

 

 
Figure 13 Arrhenius plots for oxygen incorporation coefficient (a) 
and tracer diffusion coefficient (b) acquired for the La27W5O55.5 

samples sintered in furnace (LWO) and by RTS (LWORT) from the 

TPIE C18O2 data. 

The values of the oxygen tracer diffusion coefficient for 

the LWORT sample are about 5 times lower compared to 

those for the LWO sample. This is probably related to the 

different structure disorder level for the conventional and 

RTS samples due to the effect of e-beam irradiation (Sec-

tion 3.1). Indeed, the oxygen transport properties of 

fluorite-like materials are known to demonstrate correla-

tion with the structural disorder [72, 73]. The La:W cation 

ratio (Table 1) can also affect the oxygen mobility [34, 39, 

74–77]. It is modelled that the more W content, the less 

oxygen vacancy concentration [34, 39, 75]. Moreover, W6+ 

(a) 

(b) 

http://chimicatechnoacta.ru/
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cation can be reduced to form W5+ or/and W4+ (especially 

at elevated temperatures and in certain atmospheres), and 

its reduction to lower valency can result in generating 

more oxygen vacancies (Equations 2 and 3), causing high-

er oxygen mobility [52, 78–82]: 

2WW
× + OO

× → 2WW
/
+ VO

•• + 0.5O2(𝑔), 
(2) 

WW
× + OO

× → WW
//
+ VO

•• + 0.5O2(𝑔). 
(3) 

Less W content can result in decreasing the oxygen mobili-

ty for this reason as well. Additionally, oxygen vacancies 

can be more and less ordered depending on the La:W ratio 

which affects oxygen transport properties [34, 74]. The 

possible effects of La–O and W–O bond length, oxygen va-

cancy trapping around W cations and distortion of oxygen 

local structure can be mentioned for various La:W ratios 

[73, 74]. Moreover, the grain size and the grain boundary 

features can affect the oxygen transport as well [31, 32, 

36, 45, 58, 76, 77, 83]. The average X-ray scattering region 

for the LWORT sample is a few times larger compared to 

the LWO sample (Table 1) which means larger grain size 

and less developed grain boundary for the RTS sample as 

compared with the conventionally sintered sample. This 

can increase diffusion pathway within grain bulk and de-

crease oxygen diffusivity along grain boundary, which 

may lead to the observed decrease in D* values for the 

LWORT sample compared to the LWO one (Figure 13b). 

Finally, the electron beam damage effects on real/defect 

structure affecting the oxygen transport properties cannot 

be fully excluded [54, 77, 84, 85]. Nevertheless, D* values 

for the LWO and LWORT samples remain moderate and are 

comparable with many other proton-conducting oxides 

(Supplementary data, Figure S5) [4, 5, 32, 50, 86–92]. 

Figure 14 demonstrates TPIE results for the CLWO 

samples. Visually, the rate of oxygen isotope substitution 

is slower for the CLWO sample compared to that for the 

LWO sample. There is a hypothesis that such a harsh de-

cline in oxygen diffusivity is related to blocking access of 

carbon dioxide in the gas phase to fast diffusion pathways 

of the fluorite phase by adhered particles of Ni (II) or Cu 

(II) oxides, which has a lower oxide ionic conductivity 

compared to that for LWO phase [17,36–39]. To provide an 

access to the fluorite phase surface, such a shield of Ni (II) 

and Cu (II) oxides should be broken. It can be reached by 

reduction of the sample by hydrogen (in He + H2 flow at 

600 °C for 1 h) (Equation 4): 

MO + 2 H2 = M + H2O, M = Ni, Cu, (4) 

followed by its soft reoxidation (in He + CO2 flow at 

800 °C for 1 h) (Equation 5): 

M + CO2 = MO + CO, (5) 

since Ni (II) and Cu (II) oxides and NiCu alloy have differ-

ent densities. This should cause cracking the NiO+CuO 

layer leading to a partial release of the fluorite and perov-

skite particles’ surface and, hence, increase its accessibil-

ity to CO2 from the gas phase and increase the overall oxy-

gen mobility. Indeed, after reduction and reoxidation, the 

isotope exchange rate increases significantly (Figures 14, 

15); at the same time, nonuniformity of the oxygen substi-

tution rate emerges rather clearly. 

There is a lack of information on the effect of Ni and 

Cu oxides on the oxygen transport properties of their 

composites with oxide ionic conductive oxides. A drastic 

decrease in oxygen diffusivity is shown for the composites 

compared to the initial tungstates, with an increase in ox-

ygen mobility after the reduction and subsequent reoxida-

tion of the composites. This is probably associated with 

the phase composition features of the composites com-

pared to the initial tungstates (e.g., transformation of ini-

tial Ln5.5(W,Mo)O11.25–δ phase into Ln10(W,Mo)2O21–δ, 

Ln6(W,Mo)O12–δ, etc. with formation of perovskite-like and 

other admixture phases) as well as blocking the oxygen 

diffusion by Ni and Cu oxide nanoparticles and partial un-

blocking of diffusion after reduction and reoxidation. 

 
Figure 14 The temperature dependencies of 18O fraction in the gas 

phase according to TPIE with C18O2 for NiO–CuO–La27W5O55.5–δ 

samples: initial (CLWO) and after reduction and reoxidation 

(CLWOreox). Points – experiment, lines – modeling. 

 
Figure 15 Temperature dependencies of the oxygen tracer diffu-

sion coefficient according to TPIE with C18O2 data for La27W5O55.5–δ 
(LWO) and NiO–CuO–La27W5O55.5–δ (CLWO – initial, CLWOreox – 

after reduction and reoxidation) samples sintered in furnace. 
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It is to be noted that the diffusion rate is estimated 

successfully only for the oxygen fraction with a fast sub-

stitution due to the nonuniformity and relatively low sub-

stitution rate for other channels. 

The other possible reason for the difference in oxygen 

transport characteristics between LWO and CLWO samples 

to be mentioned is the difference in their phase composi-

tion. Firstly, the LWO phase partially transforms into the 

LNWO perovskite phase in the CLWO composite. This W-

doped La nickelate perovskite can affect the oxygen 

transport characteristics of the composite: as LaNiO3–δ-

based perovskite, it can be assumed to possess a high 

mixed ionic-electronic conductivity [93–95]; however, the 

effect of doping the Ni site with W on the oxygen mobility 

has not been studied. Secondly, the La6WO12–δ-like cubic 

phase in which oxygen diffusivity may differ due to their 

structural, defect and redox properties [37–39, 52, 78–82]. 

4. Limitations 

The effect of e-beam irradiation on complex oxides and 

their composites remains poorly understood, particularly 

in the case of materials based on La tungstates. The as-

sumptions made in this work are based on the experi-

mental data and refer to existing literature, including the 

authors' previous works. The processing of isothermal 

isotope exchange data without mathematical modeling 

provides the effective values of the oxygen tracer diffusion 

coefficient and the surface exchange constant. These val-

ues are useful for developing a more precise mathematical 

model for processing temperature-programmed isotope 

exchange data. It should be noted that the isotope ex-

change data may be interpreted in alternative ways, in-

cluding as evidence of two-dimensional diffusion or gas-

phase diffusion, as discussed in the Results and Discussion 

section. 

5. Conclusions 

Real and defect structures of La tungstate and its compo-

site with Ni and Cu oxides were studied. The La27W5O55.5–δ 

sample was found to be defective double fluorite, while its 

composite with NiO+CuO contains perovskite, fluorite, Ni 

and Cu oxide phases. The presence of extended defects 

such as grain boundaries, steps/terraces, stacking faults, 

inclusions etc. was shown. Radiation thermal sintering 

technique was demonstrated to be promising for obtaining 

hydrogen separation membranes and their functional lay-

ers based on lanthanum tungstate. Lower porosity values 

compared to conventional sintering at the same tempera-

ture are achieved during shorter processing time. The 

La27W5O55.5–δ samples exhibit typical proton conductor 

properties. According to isotope exchange data, the 

La27W5O55.5–δ samples possess a moderate oxygen mobility, 

with the diffusion coefficient values being lower for the 

radiation thermal sintered sample compared to the con-

ventionally sintered one, which is probably due to effect of 

the structural disordering, La:W cation ratio and grain 

transport features. For the composite materials, a drastic 

decrease in the oxygen diffusivity was shown, probably 

due to the effect of the phase composition as well as block-

ing the fast diffusion paths by NiO+CuO nanoparticles. 

Reduction and subsequent reoxidation of the composites 

result in an increase in the oxygen diffusivity possibly re-

lated to a partial unlocking of fast diffusion corresponding 

to the La tungstate. Hence, good hydration properties and 

rather high oxygen mobility demonstrated makes the 

La27W5O55.5–δ materials promising for the catalytic mem-

brane reactors, while their composites with NiO+CuO gen-

erally comprised of the LaNi0.8W0.2O3–δ perovskite pos-

sessing unknown hydrogen and oxygen transport proper-

ties require further studies. 
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