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Molybdenum substituted lanthanum tungstate membranes (LWO-Mo) offer a good alternative for the separation of 

hydrogen from gas mixtures. During several essential steps of the membrane processing, an intensive employment of ZrO2 

milling balls is usually inevitable. However, how these milling balls affect the final LWO-Mo membranes, is still largely 

unknown. Employing comprehensive transmission electron microscopy (TEM) techniques, the residual Zr was found to 

segregate to the grain boundaries (GBs) of the LWO-Mo, either as thin layers or as individual nanograins. At atomic scale, 

structural and chemical analyses on these GB features were carried out quantitatively. The segregated Zr took more than 

half of the W sites of the LWO-Mo, resulting in a strained LWO structure and locally concentrated oxygen vacancies. To 

minimize any Zr contamination, either a competent alternative for ZrO2 or a careful introduction of certain secondary 

phases (SPs) was proposed. Our results unravel the processing-induced GB behaviors in LWO-Mo, which pave the way 

towards further optimized processing for various types of functional membranes. 

 

1. Introduction 

As a mixed protonic and electronic conductor, lanthanum 

tungstate (LWO)1-3 has received increasing research interests 

for its application in hydrogen separation.4-8 To overcome the 

lack of electronic conductivity of pure LWO below 700 °C,1 

various strategies have been proposed, including dual phase 

composite membranes,9-11 fluoride-anion doping in the LWO 

membranes,12 and substitution of W by the more reducible Mo 

or Re.5, 7, 13-15 Moreover, asymmetric membrane structures 

were designed, in which the thickness of the gas separation 

layer is significantly reduced, and different porous substrates 

such as LWO and MgO were employed as mechanical 

support.16-18 

In addition to the bulk conductivity of individual LWO grains, 

grain boundaries (GBs) play an important role as well in the 

separation performance of the membranes. Theoretically, the 

GBs can be either positive for the total conductivity19 or be the 

blocking factor for the membrane permeation.20 In order to 

systematically control the GB microstructure and finally to 

achieve a better separation performance, precise information 

about the structure and chemistry at the grain boundaries is 

indispensable. However, compared with the intensive studies 

on tuning the bulk conductivity of the LWO grains, only few 

results have been reported thus far concerning the behaviors 

of the GBs inside the LWO membranes. 

Transmission electron microscopy (TEM) with atomic 

resolution provides unique advantages in studying the GBs.21 

In mixed ionic-electronic conductors, the charge distribution 

and chemical environments along GBs were revealed using 

TEM imaging and spectroscopy approaches, and further linked 

with a superior GB ionic conductivity.19 Utilizing electron 

energy loss spectroscopy (EELS), an increase in the 

concentration of the oxygen vacancies was observed in the GB 

cores of the fluorite-structured materials.22 Amorphous 

intergranular phases were directly identified by high-angle 

annular dark-field (HAADF) imaging, which are responsible for 

substantial retardation of proton migration and instability of 

the proton-conducting BaCeO3 polycrystals.20 

In this work, a comprehensive TEM study is carried out, 

focusing on the GBs inside LWO membranes, in which 

nominally 20 mol.% of the W sites are occupied by Mo 

(La5.4W0.8Mo0.2O12- , LWO-Mo). For the first time, the structural 

and chemical changes caused by the GB segregation are 

quantitatively identified down to atomic scale. Origin of the GB 

segregation, its potential effects on the performance of the 

LWO-Mo membranes, as well as possible solutions will be 

discussed in detail. 

a. Central Facility for Electron Microscopy GFE, RWTH Aachen University, 52074 

Aachen, Germany. 

   E-mail: ran@gfe.rwth-aachen.de 
b. Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons ER-C, 

Forschungszentrum Jülich GmbH, 52425 Jülich, Germany. 
c. Institute of Energy and Climate Research IEK-1, Forschungszentrum Jülich GmbH, 

52425 Jülich, Germany. 
d. Faculty of Science and Technology, Inorganic Membranes, University of Twente, 

7500 AE Enschede, The Netherlands. 

† Electronic Supplementary Information (ESI) available. See 

DOI: 10.1039/x0xx00000x 



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

2. Experimental methods 

2.1 LWO-Mo membrane preparation 

Ceramic powder of LWO-Mo (20 mol% W substituted by Mo) 

was synthesized by the solid state route at 1100 °C for 5 h in 

air. First, the stoichiometric amounts of La(OH)3, WO3 and 

MoO3 were mixed in ethanol with ZrO2 milling balls for 24 h on 

a rolling bench. The rotation speed was 30 min-1. After this, the 

powder showed a particle size of D50 = 0.54 µm and a specific 

area Aspec = 2.7 m2/g which appeared suitable for tape casting 

without any further treatment. The LWO-Mo membrane was 

prepared by tape casting which is a well-established 

manufacturing route for ceramic component of planar 

architecture.8, 16 During the process, the self-produced ceramic 

powder was first transferred into a suspension, which 

additionally contained a solvent, binder, plasticizer and 

dispersing agent. All components were then mixed in a 

planetary mixer with a rotation speed of 1000 min-1 for 3 min 

and then of 1500 min-1 for 3 min assisted by the ZrO2 milling 

balls to get a homogeneous suspension. Then, the suspension 

was applied on a moving polymeric foil using tape cast device 

KAROcast300-7 by KMS Automation GmbH Germany. The layer 

thickness was adjusted with a blade, which ensured a uniform 

gap of 250 µm for the suspension on the foil. After tape drying, 

samples were shaped off the tape and sintered at 1450 °C for 6 

h in air. The final membrane consisted of one dense single 

layer with a thickness around 80 µm. 

2.2 TEM sample preparation 

Plan view scanning electron microscopy (SEM) sample was 

prepared from the as-synthesized LWO-Mo membrane by 

grinding and polishing. Focused ion beam (FIB) lamellas were 

cut from the plan view SEM sample using an FEI Helios 

NanoLab 400S system with a Ga ion beam.23 Further thinning 

and cleaning were performed with an focused Ar ion beam in a 

Fischione Nanomill 1040 at 900 and 500 eV beam energy 

respectively. 

2.3 Characterization techniques 

Electron diffractions were performed by FEI Tecnai F20 at 200 

kV. High resolution HAADF imaging, energy dispersive X-ray 

(EDX) chemical mapping and EELS spectrum imaging with 

atomic resolution were conducted with an FEI Titan G2 80-200 

ChemiSTEM microscope equipped with an XFEG, a probe Cs 

corrector, a super-X EDXS system, and a Gatan Enfinium ER 

(model 977) spectrometer with DUAL EELS acquisition 

capability.24 The convergence semi-angle for STEM imaging 

and EDX chemical mapping was approximately 22 mrad, while 

the collection semi-angles were 88-220 mrad for HAADF 

imaging and around 47 mrad for EELS spectrum imaging. EDX 

maps were collected typically for ~10 minutes, and 

background subtraction was performed. EELS spectrum images 

were recorded with 0.5 eV/channel energy dispersion and 0.1 

s dwell time for each pixel. Multivariate statistical analysis 

(MSA) was performed to reduce the noise of the ELL spectra 

with weighted principle-component analysis (PCA). To improve 

the image quality, the HAADF images were first averaged from 

a series of frames with a relatively short exposure time by an 

iterative rigid alignment algorithm25 and then smoothed by a 

nonlinear filtering algorithm.26 Structural models were 

visualized with VESTA.27 The SEM investigation was carried out 

by JEOL JSM7000F, and the XRD measurements were 

performed with a Bruker D4 X-ray diffractometer. 

3. Results 

Based on SEM imaging in Fig. 1a, the LWO-Mo membranes 

show compact grains, with various sizes ranging from several 

µm to tens of µm.28, 29 The XRD result reveals that the LWO-Mo 

is predominantly composed of grains with the LWO fluorite 

structure (see Fig. S1 in the ESI†). The HAADF image in Fig. 1b 

shows a junction of three LWO-Mo grains, G1, G2 and G3. 

Among them, G3 is oriented along the [101] direction and thus 

appears brighter than G1 and G2, which are both randomly 

oriented. Along the GBs, relatively lower contrast with a 

 

Fig. 1 An overview of the grain boundary segregations. (a) Plan view SEM image of the LWO-Mo membrane.29 (b) HAADF image showing 

the junction of three LWO-Mo grains, G1-G3. G3 is oriented along the [101] direction, while G1 and G2 are randomly oriented. (c) EDX 

elemental maps of La , W , Mo , and Zr  corresponding to the central squared region in (b). (d) HAADF image and EDX elemental 

maps around an interface between two LWO-Mo grains.     
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thickness of several nm can be noticed. The central squared 

region in Fig. 1b was then selected for EDX mapping, and the 

corresponding elemental maps of La, W, Mo and Zr are shown 

in Fig. 1c. Significant loss of W and considerable enrichment of 

Zr can be noticed simultaneously along all the GBs. Besides, G3 

shows a higher intensity in the La, W and Mo maps, which is 

also due to its orientation along the [101] zone axis. 

In contrast to Fig. 1b-c, the Zr segregations in Fig. 1d were 

observed as individual nanograins along the GB. These 

nanograins have various lengths parallel to the GB, but are 

mainly confined within ~20 nm in the direction vertical to the 

GB. They are shared by the two neighboring LWO-Mo grains 

without clear preference. A similar chemical behavior as 

observed in Fig. 1c, i.e. simultaneously loss of W and 

enrichment of Zr, is noticed inside these nanograins as well. 

3.1 GB segregation between LWO-Mo grains 

Fig. 2a shows a sharp interface between two LWO-Mo grains, G1 

and G2. Here, G1 is close to the [001] direction, and therefore some 

lattice fringes are still visible (see Fig. S2 in the ESI†). G2 is oriented 

along the [101] direction and separated from G1 through the (-111) 

plane, as indicated by the solid lines. Relatively lower contrast with 

a thickness around 2 nm can be noticed along the interface and 

mainly on the G1 side. 

The EDX elemental maps in Fig. 2b were collected from the 

rectangle area in Fig. 2a. For quantification, EDX signals from the 
two regions, #1 and #2 as marked by the brackets next to the W 

map, were extracted, respectively. After background subtraction 

and normalization, the La , W , Zr , Mo  and O K peaks 

were fitted with Gaussian function and plotted in Fig. 2c. A 

comparison between the experimental and fitted spectra can be 

found in Fig. S2 in the ESI†. The La and O peaks from region #1 and 

#2 are quite similar, suggesting consistent contents of La and O in 

both regions. Comparing with region #1, region #2 gives obviously 

lower W and Mo peaks, but significantly higher Zr peak. For region 

#1, a small Zr peak is detected as well. It can be attributed to the 

possible delocalization of the EDX signals, and the contributions 

from the minor W M  peak at 2.038 keV and Mo L  peak at 2.016 

keV, which are both close to the Zr  peak at 2.042 keV. 

Under the specific viewing condition in Fig. 2a, little overlap of G1 

and G2 would be expected within region #1 or #2. Thus, region #1 

can be considered as pure LWO-Mo with the nominal composition 

La5.4W0.8Mo0.2O11.1, and region #2 is the LWO-Mo modified by GB 

segregation. The intensities under the La, W, Mo and O peaks in Fig. 

2c were then integrated. Taking region #1 as an internal standard, 

the k factors can be calibrated and used to estimate the atomic 

ratios of La/O, W/(W+Mo+Zr), Mo/(W+Mo+Zr) and Zr/(W+Mo+Zr) 

in region #2, 

 

Fig. 2 Grain boundary segregation between LWO-Mo grains. (a) HAADF image of the interface between two LWO-Mo grains, G1 

and G2. G1 is close to the [001] direction. G2 is oriented along the [101] direction and ending with the (-111) plane. (b) EDX 

elemental maps from the rectangle area in (a). Next to the W map, two regions are defined by the brackets as #1 and #2. (c) The 

La La, W La, Zr La, Mo La and O K peaks from region #1 and #2, after background subtraction, normalization and fitting with 

Gaussian function. Dashed lines indicate the energy of each peak. 

 

at. % La/W La/O W/(W+Mo+Zr) Mo/(W+Mo+Zr) Zr/(W+Mo+Zr) 

#1 6.75 0.49 0.8 0.2 - 

#2 16.59±1.14 0.48±0.01 0.33±0.02 0.13±0.01 0.54±0.03 

Table 1 The estimated chemical composition for region #2 in Fig. 2b, by taking region #1 as an internal standard. 
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, where A .%,  is the composition of element A in atomic percent 

in region #1, and A ,  is the integrated counts under the 

selected peak of element A in region #1.  

The error of AB/CD was obtained according to  

= + + + . 

The estimated atomic ratios in region #1 and #2 are listed in Table 

1. Due to the significant W loss, the La/W ratio increases 

dramatically in region #2. Consistent with the comparable La and O 

peaks in Fig. 2c, the La/O ratio of 0.48 in region #2 is close to the 

nominal value of 0.49. Since the La contents in region #1 and #2 are 

nearly the same, and the fluorite structure of LWO is mainly 

preserved even with the GB segregation (as will be discussed later), 

all the Zr in region #2 can only take the W sites. Thus, assuming a 

La/(W+Mo+Zr) ratio of 5.4, the distribution of all the W sites among 

W, Mo and Zr is calculated. Inside region #2, more than half of the 

W sites (54%) are found to be occupied by Zr. 

 

Fig. 3 Grain boundary (GB) segregation between the LWO-Mo and the secondary phase (SP). (a) HAADF image showing the GB segregation located as 

a nanograin between the LWO-Mo and SP (determined as La2/3(Mg1/2W1/2)O3). The LWO-Mo is oriented along the [101] direction. (b) HAADF image of 

an interface between the LWO-Mo/nanograin and the SP. Inset on the right is the average LWO model oriented along [101] direction. A broken 

atomic layer of the SP is indicated by the pair of arrows. (c) Intensity profiles along the plane A and B as defined in (b). (d-e) EDX elemental maps 

recorded from the rectangles labeled as #1 and #2 in (b). (f) The La La, W La, Zr La, Mo La and O K peaks from region #1 and #2, after background 

subtraction, normalization and fitting with Gaussian function. Dashed lines indicate the energy of each peak. 

 

at. % La/W La/O W/(W+Mo+Zr) Mo/(W+Mo+Zr) Zr/(W+Mo+Zr) 

#1 6.75 0.49 0.8 0.2 - 

#2 10.78±0.25 0.49±0.01 0.50±0.01 0.13±0.02 0.37±0.03 

Table 2 The estimated chemical composition for rectangle #2 in Fig. 3b, by taking region #1 as an internal standard. 
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3.2 GB segregation between the LWO-Mo and the secondary 

phase 

As shown in Fig. 1d, between two LWO-Mo grains, the Zr 

segregations in the form of individual nanograins are normally 

located with poorly defined shapes (see Fig. S2 in the ESI†). 

Challenges to directly investigate these nanograins down to atomic 

scale include their limited sizes especially in the direction vertical to 

the interface, their different orientations comparing with the 

neighboring LWO-Mo grains, and the common overlap of three 

components (the nanograin and the two LWO-Mo grains) along the 

viewing direction. Meanwhile, for the investigated membranes, in 

addition to the primary LWO-Mo phase, a few secondary phase (SP) 

grains were occasionally located29 (see Fig. S4 in the ESI†). Between 

the LWO-Mo and the SP, nanograins with better defined shapes can 

be found. These nanograins share similar structural and chemical 

features as those located between LWO-Mo grains, and thus enable 

an in-depth study on the GB segregation down to the atomic scale. 

Such a nanograin is shown in Fig. 3a. It has a hillock shape, attached 

to the interface from the LWO-Mo side. The LWO-Mo is oriented 

along the [101] direction, while the nanograin shows a similar 

crystal structure but a lower contrast. The SP was identified as 

La2/3(Mg1/2W1/2)O3 in another work,29 and the dark interface is a 

result of the complete depletion of W in the contacting atomic 

planes from both sides. 

Fig. 3b is the closer look of a nanograin located between the LWO-

Mo and the SP (La2/3(Mg1/2W1/2)O3). Intensity profiles along plane A 

and B, as defined by the red and green lines, are first compared in 

Fig. 3c. Without any modulation, plane A shows a much lower 

intensity than plane B. Moreover, as indicated by the dotted lines in 

Fig. 3c, a slightly larger lattice constant can be determined from 

plane A. Besides, in Fig. 3b, the first atomic plane of the SP is 

noticed to end abruptly when going from the right side (the LWO-

Mo) to the left side (the nanograin), as marked by the pair of 

arrows. 

The EDX elemental maps in Fig. 3d and 3e are collected from the 

rectangle #1 and #2 in Fig. 3b. All the maps in Fig. 3d show a good 

agreement with the LWO model, and several local maxima of Mo 

are detected at the W sites. In contrast, the La map in Fig. 3e still 

follows the LWO model, but any local maximum in the W or Mo 

map is barely detectable. The composite maps of La and W in Fig. 

3d-e further illustrate the chemical difference between the LWO-

Mo and the nanograin. Fig. 3f compares the major peaks extracted 

from both mappings, which show similar behaviors as in Fig. 2c. 

Taking the rectangle #1 as an internal standard, the chemical 

composition inside rectangle #2 was determined following the same 

method described above. As listed in Table 2, a La/O ratio of 0.49 is 

estimated for rectangle #2, almost the same as inside the LWO-Mo. 

Besides, around 37% of the W sites inside rectangle #2 are occupied 

by Zr. 

3.3 Oxygen vacancies generated by the GB segregation 

The ionic conductivity of the LWO-Mo membrane is highly 

sensitive to the behavior of the oxygen vacancies. Although 

the EDX quantifications in Table 1 and 2 suggest almost equal 

oxygen content for regions with and without Zr segregation, 

differences might be overlooked due to the absorption of the 

O K line, which lies in a relatively low energy range for the EDX. 

As a complementary technique, EELS is more sensitive to the 
light elements, and therefore is employed to study the fine 

structure of the O K edge. 

The EELS spectra in Fig. 4 compare the O K and La M4,5 edges 

from the nanograin and the LWO-Mo, which were collected 

from the same region as in Fig. 3b (see Fig. S6 in the ESI†). In Fig. 

4b, consistent La M4,5 edges are obtained. Both O K edges in 

Fig. 4a show a twin-peak feature, similar as those reported in 

cerium stabilized zirconia.30 However, the smaller peak labeled 

as G2 from the nanograin is much lower than that from the 

LWO-Mo. Further analysis indicates that both the shape and 

position of G2 are closely related to the W1 site occupation 

(see Fig. S6 in the ESI†). 

The intensities under the O K and La M4,5 edges in Fig. 4 are 

then integrated. The La/O ratios are estimated as 

. . Since the content of La stays 

the same for both regions, the average oxygen vacancy within 

one unit cell will thus increase by ~1.83, i.e. from 0.5 for LWO-

Mo (La27W4Mo1O55.5v0.5) to 2.33 for the nanograin. In Table 2, 

the EDX measurement suggests that up to 37% of the W sites 

are occupied by Zr. Thus, within one unit cell, 1.85 out of the 5 

W sites will be occupied by Zr4+ instead of W6+ or Mo6+. Due to 

this acceptor dopant, , additional 1.85 oxygen vacancies 

will be created, which is in a good agreement of the value of 

1.83 estimated from the EELS measurement. 

3.4 Structural changes accompanying the GB segregation 

The abrupt ending of atomic plane in Fig. 3b and the 

mismatched lattice constant in Fig. 3c indicate structural 

disorders caused by the GB segregation. The HAADF image in 

Fig. 5a shows another nanograin between the LWO-Mo and 

the SP. The SP here is identified as La6W2O15 with W partially 

substituted by Mo and Zr (see Fig. S4-5 in the ESI†). The LWO-

Mo in Fig. 5a is oriented along the [101] zone axis and 

separated from the nanograin through a series of (-111), (11-1) 

and (010) planes. 

 

Fig. 4 EELS spectra showing the O K (a) and La M4,5 (b) edge 

recorded from the nanograin and the LWO-Mo. The spectra in (b) 

are offset in the vertical direction. 
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Based on the average LWO model,31 the La2/W2 sites are split 

and thus half occupied. As illustrated in Fig. 5c, when viewing 

along the [101] direction, elliptical atomic columns will be 

imaged, which are elongated along the connection between 

two nearest W sites.28, 31 Fig. 5b maps the ellipticity of each 

atomic column in Fig. 5a, where the direction and magnitude 

of the elongation if any can be visualized through the angle 

and length of the bars.32 Consistent with the model in Fig. 5c, 

regular elongations can be determined at the La2/W2 sites 

inside the LWO-Mo. In contrast, only a few elongations with 

much lower magnitudes and irregular directions are noticed 

inside the nanograin. 

Taking the lower right part of the LWO-Mo as a reference, 

strains along xx, yy and xy direction as defined in Fig. 5c are 

estimated, in Fig. 5d-f. Along xx, up to 6% strain inside the 

nanograin can be measured. Along yy, generally positive 

strains are noticed, with certain fluctuations possibly due to 

the alternating (-111) and (11-1) planes along the SP-nanograin 

interface (see Fig. S5a in the ESI†). Fig. S5a shows that the 

nanograin/LWO-Mo is mainly separated from the SP through 

the (-111) plane, which is parallel to the xy direction. 

Meanwhile, in Fig. 5f, no specific strains along xy are observed 

inside the nanograin. Fig. 5g is the enlarged image of the left 

rectangle in Fig. 5a. Referring to the dotted rhombohedron, as 

sketched in Fig. 5c, the bottom middle atomic column is clearly 

shifting away from the lower vertex, ~35 pm along xx, ~ 176 

pm along yy and ~ 20 pm along xy. 

4. Discussion 

The average model of LWO is derived from a fluorite structure 

with doubled lattice parameter owing to cation ordering. The 
La1 is mainly 8-fold coordinated in relatively symmetric cubes, 

the W1 forms WO6 octahedra in alternating directions, and 

the La2 is coordinated with 6 or 7 Os in heavily distorted 

cubes. An additional W is incorporated in La2 sites as a donor 

self-dopant, which has implications to the conducting 

properties and the defect structure of the material.33 Inside 

LWO, the oxygen vacancies were reported to have a slightly 

lower energy when occupying the O2 site and are bonded to 

the La1 and La2/W2 sites.31 

Both the relaxation of the oxygen atoms around W1 sites to 

form a regular octahedron, and the relaxation of the 7-fold 

coordinated La2/W2 sites towards the nearest-neighbor WO6 

octahedron, account for the split of La2/W2 sites along the line 

connecting two W1 sites.34 When the Zr4+ is replacing W6+ or 

Mo6+, extra oxygen vacancies will be generated, and prone to 

stay at the O2 sites as it is energetically favorable.31 As a result, 

the La2/W2 sites will be 6-fold instead of 7-fold coordinated.35 

For these 6-fold coordinated La2/W2 sites, it’s then 

unnecessary to relax towards any neighboring WO6 

 

Fig. 5 Structural changes accompanying the grain boundary segregation. (a) HAADF image containing both LWO-Mo and the nanograin. Edge 

of the nanograin is indicated using relevant planes of LWO. The HAADF image is also scaled by the unit cell of LWO, as marked on the top 

and left. (b) Mapping the ellipticity of each atomic column in (a). (c) One unit cell of LWO oriented along [101] direction. (d-f) Strain maps 

estimated from (a), along xx, yy and xy directions as indicated in (c). The lower right part from LWO-Mo was used for reference, and the 

maps are scaled by the LWO unit cell. (g) Color-coded HAADF image cropped from the left rectangle region in (a). 
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octahedron, which explains the much weaker splitting effect 

observed inside the nanograin. Moreover, with increased 

concentration of the oxygen vacancies, the onset temperature 

was reported to decrease, and a reduced stability of the 

membrane under the working condition would be expected.36 

The Zr substitution of W and Mo accounts for the relatively 

lower contrast in Fig. 1b, 2a, 3a-b and 5a, as the lighter Zr 

appears darker than the heavier W and Mo in the Z-contrast 

image. Likewise, the strain inside the nanograin can be 

attributed to the larger ionic radius of Zr4+ (72 pm) than W6+ 

(60 pm) and Mo6+ (59 pm).14 For the case in Fig. 3b and Fig. 5 

(an interface between LWO-Mo and SP), the expansions are 

manifest in the direction perpendicular to the interface, and 

cause certain structural defects inside the neighboring SP. In 

contrast, parallel to the interface, the expansion is largely 

limited (see also Fig. S7 in the ESI†). Similar behaviors have 

been observed along other zone axis as well (see Fig. S8 in the 

ESI†). Thus, taking advantage of the relatively flexible 

structures of the SPs, strains built up inside the nanograin can 

be largely relaxed into the SP, leaving the surrounding LWO-

Mo basically intact. However, local structural disorders would 

be inevitable when such kind of nanograins form between 

LWO-Mo grains (see Fig. S2 in the ESI†). 

To clarify the origin of the Zr, inductively coupled plasma 

optical emission spectrometry (ICP-OES) was applied to the 

utilized precursors (La(OH)3, WO3 and MoO3) and the final 

membrane. The results are listed in Table 3, which show 

ignorable contents of Zr in all the precursors but a significant 

amount in the final membrane. Meanwhile, for the powder 

and slurry preparation, ZrO2 milling balls were intensively 

involved, and therefore can be considered as the main source 

of the detected Zr in the final membrane. Since the milling 

balls are essential for the membrane preparation, in order to 

effectively avoid any Zr contamination, proper alternatives for 

the widely used ZrO2 should be considered. An ideal candidate 

would be both functionally and economically competent, while 

any component of it has an ignorable LWO-solubility. On the 

other side, some SPs showed the capability of accommodating 

the residual Zr (see Fig. S4 in the ESI†), as well as the structural 

flexibility of bearing strained nanograins. Thus, a careful 

introduction of certain SPs with a suitable amount can also be 

expected to improve the overall membrane performance. 

5. Conclusions 

In summary, a detailed study on the GBs inside LWO-Mo 

membranes has been performed. Resulting from the 

membrane processing, the residual Zr from the ZrO2 milling 

balls segregates to the GBs, takes more than half of the W sites 

of the LWO-Mo, and leads to an expanded crystal structure. 

The specific form of the Zr segregation depends on the phase, 

orientation and contacting planes of the two neighboring 

grains, as well as the amount of the Zr. Due to the acceptor 

dopant , additional oxygen vacancies are generated, which 

significantly weaken the split at La2/W2 sites and lead to a 

decreased onset temperature of the membrane. All these GB 

features revealed by high-resolution TEM are closely related to 

the GB conductivity as well as the overall stability of the 

membrane. Moreover, considering the wide employment of 

ZrO2 milling balls in the preparation of various types of ceramic 

membranes, our results can serve as a representative 

example, revealing how the processing procedures can 

influence the final membrane at the atomic scale and 

stimulating further studies towards promising optimized 

strategies for different membranes. 
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