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a  b  s  t  r  a  c  t

The  technique  of  atomic  layer  deposition  (ALD)  is  applied  to  the  structural  modification  and  pore  tailoring
of ceramic  membranes.  Ceramic  microfiltration  membranes  with  an  average  pore  size  of  50  nm are  used
as substrates,  on  which  Al2O3 is  deposited  by  ALD  with  the  purpose  to tailor  their pore  size.  The  thickness
of  the  deposited  Al2O3 layer  increases  with  the  number  of  ALD  cycles,  and  it  is  confirmed  by scanning
electron  microscopy  that  the  pore  size  of the  ceramic  membrane  decreases  with  increasing  ALD cycles
eywords:
tomic layer deposition
eramic membranes
hemical vapor deposition
ore structure

until the  pores  are  completely  sealed.  It is  found  that  an  ultrathin  selective  layer  with  a  gradient  porous
structure  is formed,  whose  thickness  can  be tuned  by varying  the  exposure  time of  percursors.  With  the
increased  ALD  cycles,  the  Al2O3-deposited  membranes  have a  decreasing  water  flux,  and  an  increasing
retention  to  bovine  serum  albumin.  The  membrane  subjected  to  600  ALD  cycles  has  a reduced  pure  water
flux from  1698  L  (m2 h  bar)−1 for an  undeposited  membrane  to 118  L (m2 h bar)−1, while  its BSA  retention
increases  significantly  from  2.9%  to 97.1%.
. Introduction

Separation performances of a membrane are primarily deter-
ined by physical/chemical properties of its composed materials as
ell as its microstructure mainly involving porosity, pore size and
ore size distribution [1].  For ceramic membranes made of metal
xides typically alumina, titania, zicronia, etc., are distinguished
rom others for their outperforming chemical stability, tempera-
ure resistance and mechanical robustness. They are particularly
dvantageous for durable applications in harsh circumstances of
igh temperature, high pressure and/or causticity which are fre-
uently present in many sectors of industries including chemical
anufacturing, petrochemical refining, pharmaceutical produc-

ion, food processing, etc. [2]. The control of the pore structure of
 ceramic membrane can be achieved by gearing the manufactur-
ng conditions involving both the staring materials and processing
arameters on one hand, or by giving post modification treatments
o pre-synthesized or commercialized membranes on the other
and [3].

The main approaches to fabricating ceramic membranes include

olid state sintering, sol–gel process, chemical vapor deposition,
tc. [4–7]. As the industrialized method, solid particle sintering is

 common route to producing ceramic membranes by calcinating
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metal oxide powders, for instance, alumina, titania and zirconia
at elevated temperatures. In the sintering process, adjacent oxide
particulates are bound together via neck-forming due to the mutual
solid state diffusion of surface atoms of the particulates, forming an
integrated, continuous framework and gaps between particulates
remain as the membrane pores. Ceramic membranes with differ-
ent pore sizes can thus be prepared by using oxide particulates
with changing sizes and altering the sintering temperature. How-
ever, in order to produce membranes with narrow pore sizes, a
multiple sintering process is required in which oxide particulates
with progressively reducing sizes have to be deposited and sin-
tered repeatedly to generate, typically, a sandwich structure having
a transition layer separating the top selective layer and the sub-
strate [8].  Furthermore, in these methods it is practically difficult
to establish a reliable quantitative correlation between membrane
manufacturing parameters and the membrane microstructure [9].
Additionally, unlike organic membranes, ceramic membranes are
relatively chemically inert and there is only very few methods
capable of effectively tuning the pore size of existing ceramic mem-
branes [10]. Therefore, it would be very attractive to have a simple
but effective strategy to precisely tailor the pore size of ceramic
membranes [11].

Atomic layer deposition (ALD) is a self-limiting gas-phase depo-

sition method for growing atomic scale thin films of oxides, metals,
polymers and many other materials in a wide temperature window.
In a typical ALD process, two  precursors are pulsed alternatively and
strictly separated from each other in the gas phase by a purge step.

dx.doi.org/10.1016/j.memsci.2012.01.005
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
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Fig. 1. The schematic diagram of the ALD chamber with a tubular membrane inside
8 F. Li et al. / Journal of Membr

herefore, this procedure leads to the formation of one monolayer
ach cycle and the thickness of the deposited layer can be precisely
uned by repeating this procedure [12–15].  In contrast to chem-
cal vapor deposition (CVD) in which precursors usually expose
o substrates simultaneously and reactions take place in the free
pace in the reaction chamber, the ALD deposition is favorable for
odification and functionalization of porous materials for the fol-

owing advantages [16]. Firstly, both precursors in an ALD process
re vaporized and can reach very small pores and adsorb on pore
alls or react with the previously adsorbed precursors [17]. Sec-

ndly, ALD reactions occur on the substrate surface, for example,
ore wall, or under the subsurface for polymeric substrates, and
ypically produce continuous thin films other than densely packed
articulates. Therefore, ALD deposited layers are of high quality in
erms of uniformity and conformality [18]. Thirdly, the thickness of
eposited layers can be precisely tuned simply by changing the ALD
ycles with a thickness tuning step usually smaller than 1 Å since
n ALD cycle normally produces an atomic scale thin layer [19].
astly, various substrates such as ceramics [20], polymers [21–24],
iomolecules [25,26] or even inert carbon materials [27] can be
eposited by ALD, offering them a functional surface and a modified
tructure [28,29].

ALD has already been extensively utilized to modify or function-
lize porous materials of various types including nanomaterials,
atalysts, optoelectronic materials, etc. [30–32].  Moreover, in
ecent years there are a number of reports on utilizing ALD
echnique to modify/functionalize porous separation membranes
hich are also a typical type of porous materials [33–37].  How-

ver, the reported works are predominantly limited to pore size
eduction of membranes for gas or vapor separation. Very recently
e demonstrated the ALD technique was capable of tuning pore

ize of polymeric porous membranes (polycarbonate track-etched
embranes) for liquid separation with a sub-angstrom precise-

ess, and of improving membrane surface properties including
ydrophilicity and solvent resistance [38]. In this work, we use
ommercialized ceramic microfiltration membranes consisting of
irconia nanoparticles sintered on macroporous Al2O3 supports
s examples to explore the ALD technique as an effective route
n precisely pore tailoring of ceramic membranes. This modifica-
ion process is based on the formation of a uniform and conformal
ayer of oxides with controllable thicknesses around grains com-
osed of the membrane. Furthermore, we show that membrane
icrostructure can be tailored by changing the deposition param-

ters, for instance, the exposure time of precursors, in the ALD
rocess. Consequently, both the permeability and selectivity of the
embranes change correspondingly. This research offers a flexi-

le method to prepare membranes with predictable and tunable
eparation performances using existing membranes with known,
xed pore structure as substrate membranes plus an ALD treat-
ent with a pre-programmed recipe, which can be termed as a

Substrate membrane + ALD” strategy.

. Experimental

.1. Materials

Tubular ceramic membranes (Jiangsu Jiuwu Hi-Tech) with an
nner diameter of 8 mm and out diameter of 12 mm are composed
f a selective layer of zirconia nanoparticles (grains) sintered on the
nner surface of tubular macroporous Al2O3 supports. The thick-
ess and average pore diameter of the zirconia selective layer are

2 �m and 50 nm,  respectively. The substrate membranes were
upplied with a length of 1 m and we cut them into 10 cm-long
egments to fit the ALD chamber. Trimethylaluminum (TMA) (Met-
lorganic Center, Nanjing University) with a purity of 99.99% and
showing the membrane is placed parallel to the direction from the precursor vapor
inlet to its outlet. The height and diamter of the chamber as well as the length of the
membrane are given in the diagram.

deionized H2O were used as the metal precursor and the oxidant
source, respectively for the ALD production of Al2O3. Bovine serum
albumin (BSA, Mw = 67,000, with a molecular size of 6.8 nm [39])
purchased from GM Corporation, with a purity of >97% was used
for rejection measurements.

2.2. Tailoring the pore size of the ZrO2 selective layer

Al2O3 layer was  deposited onto the surface of the ceramic mem-
branes in a commercial ALD reactor (Savannah S100, Cambridge
NanoTech) with a 6 cm-high dome lid. The substrate membranes
were placed inside the chamber with their long-axis parallel to the
direction from the precursor vapor inlet to its outlet, as shown in
Fig. 1. The reactor chamber was heated to the deposition temper-
ature, 250 ◦C, and pumped to reach a pressure < 1 torr. Membranes
were kept in the chamber at the deposition temperature with
pumping for at least 30 min  before pulsing precursor vapors. TMA
and water vapors were supplied alternately into the reactor using
N2 as the carrying gas at a flow rate of 20 sccm, and each precur-
sor pulse was  followed by a N2 purge also at 20 sccm. A typical
ALD cycle can be described as “TMA pulse/N2 purge/H2O pulse/N2
purge = 0.015 s/4 s/0.015 s/4 s”. In some experiments, there was  an
exposure time after each precursor was  pulsed, which means the
precursors would stay in the reactor before it was swept off by N2
purging.

2.3. Characterizations

Scanning electron microscopy (SEM) images were acquired
using a Hitachi S4800 field emission scanning microscope or a
Hitachi TM3000 desktop electron microscope operated at 10 keV.
Energy dispersive (EDS) point spectra were measured at 20 keV
using an Oxford INCA 350 energy dispersive X-ray microanalysis
system connected with the Hitachi S-4800 SEM. Prior to observa-
tions, membrane samples were first sputtering-coated with a thin
layer of gold. To determine the mean grain size of different mem-
brane samples, we  manually measured the diameter of at least 50
grains on the surface of each membrane sample observed under
SEM with a magnification of 50,000, and the average value was
reported as the mean grain size together with the standard error of
the corresponding sample [38].

The pure water flux (PWF) and BSA retention of these mem-
branes were measured at a pressure of 0.1 MPa  in a home-made

cross-flow filtration setup for tubular membranes, using deionized
water and a 1.0 g/L BSA in phosphate buffer solution, respectively,
as the feeding solution. BSA concentrations in the filtrates for the
retention measurements were determined by monitoring their
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ig. 2. Schematic diagram of pore size tailoring of ceramic membranes of sintered 

oating  (a) and subjected to ALD coating of a thin Al2O3 layer with increasing ALD c

bsorbance at 280 nm on a UV-vis spectrophotometer (Lambda 950,
erkin Elmer).

. Results and discussion

Ceramic membranes generally include a macroporous sup-
orting layer and a nanoporous selective layer with a multiscale
orous ceramic structure. The selective layer constructed by sin-
ered nanoparticles exhibits a non-deformable porosity with pores
efined by the random network of gaps of adjacent sintered
anoparticles, and the performance of the membrane including
ermeability and selectivity is determined by the size, size distri-

ution and connectivity of these pores. Fig. 2 shows a schematic
iagram of our strategy for tuning the pore sizes of the selective

ayer by applying the ALD technique. It is anticipated that a confor-
al  ALD-deposited Al2O3 layer can form around the surface of each

ig. 3. Surface SEM images of the selective layer of Al2O3-deposited ceramic membranes
00  cycles, (d) 300 cycles, (e) 400 cycles, (f) 600 cycles and (g) 1400 cycles, and SEM ima
ubjected to 1400 ALD cycles of Al2O3 (i).
articles by ALD: cross-sectional structures of the pristine membranes prior to ALD
(b and c).

ZrO2 grain, so the gain size will increase and the pore size among
these particles will accordingly decrease. Since the thickness of the
Al2O3 layer can be precisely controlled by adjusting the ALD cycle
numbers, the pore size of the ceramic membranes is expected to be
effectively tuned.

3.1. Morphological evolution of membranes subjected to different
ALD cycles

The ceramic membranes were coated with Al2O3 by ALD with
different cycles of 100, 200, 300, 400, 600, 800, 1000, and 1400,
respectively. The topography and pore morphology of untreated

and ALD treated membranes were examined by field emission
scanning electron microscopy. Fig. 3(a–g) exhibit the morphologi-
cal evolution of these membranes treated with different ALD cycle
numbers listed above. It can be found that the radial size of the

 with different ALD cycles: (a) 0 cycle (the pristine membrane), (b) 100 cycles, (c)
ges of the macroporous support of the pristine ceramic membrane (h) and the one
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ig. 4. Relationship between the surface grain size of the selective layer and the
umber of ALD cycles.

articles on the surface of the selective layer gradually increases
ith ALD cycles. Fig. 4 summarizes the average grain size of the
embrane surfaces subjected to different ALD cycles. The increase

f the grain size is not linear to the ALD cycle numbers. The growth
ate of grains is high during the period of 0–200 ALD cycles, and
hen slows down during the period of 200–600 ALD cycles. It is
nown that in a typical ALD process of Al2O3, the reaction precur-
ors TMA  and water are released in the gas phase in a self-limiting
nd alternating manner. In the initial period of ALD deposition
0–200 ALD cycles), the pores among particles were very large
∼50 nm)  compared to the molecular size of the precursors,
llowing a rapid and unlimited diffusion of TMA  and water into
he pores and sufficient adsorption and reaction on the particle
urfaces. Therefore, the deposition rate of Al2O3 layer maintained

 stable and high level. With the thickness of ALD layers further
ncreased, the pores downsized significantly and the diffusion of
he precursors into these tiny pores was somewhat restricted. As a
esult, the deposition rate of Al2O3 in the pores reduced (200–600
LD cycles). After 600 ALD cycles, the pores gradually turned to be

rammed by Al2O3 deposition as shown in Fig. 3(f). The deposition
ayer only grew up on the membrane surface [40], leading to the
ncapsulation of several ZrO2 grains with a thick Al2O3 shell (the

ig. 5. Cross-sectional SEM images of Al2O3-deposited ceramic membrane with different
ycles, (d) is a close view on the area marked in (c).
ience 397– 398 (2012) 17– 23

radial size of the pristine particles extraordinarily changed from
∼60 nm to ∼300 nm after deposition of Al2O3 with 1400 ALD
cycles). Therefore, during the period of 600–1400 ALD cycles, the
grain size drastically increased mainly due to the fusion of adjacent
grains. In addition, the surface of the grains subjected to different
ALD cycles was highly smooth and free of fine particulates, suggest-
ing the deposited Al2O3 layer grew as continuous thin films other
than packed particulates frequently occurred in CVD mode growth.

We also investigated the morphology transition of the support
layer of the ceramic membranes before and after ALD coating of
Al2O3. As shown in Fig. 3(h, g), the morphology of the support layer
surface of the pristine ceramic membrane is very similar to the one
after deposition of an Al2O3 layer even with 1400 ALD cycles. This
result indicates that the size of large pores (∼10 �m)  in the support
layer almost keeps unchanged after at least up to several thousands
of ALD cycles. Therefore, the high permeability of the support layer
will be preserved after such the ALD treatment. It can be concluded
that the pore size tuning by ALD is mainly achieved on the selec-
tive layer with ultrafine pores, and the effect of ALD deposition on
the support layer with macroporous structures generally can be
ignored.

3.2. Formation of a new selective layer with a gradient porosity

We  then examined the cross sections of membranes subjected
to different ALD cycles. Interestingly, we  noticed that there was a
“dense” thin layer formed on the selective layer of the membrane
subjected to higher numbers of ALD cycles. In clear contrast to the
untreated membrane (Fig. 5(a)), a new, ultrathin layer formed adja-
cent to the surface of the selective layer for membranes subjected
to 600 and 1400 cycles, as shown in Fig. 5(b) and (c), respectively.
A close view on the selective layer of the membranes subjected to
1400 cycles (Fig. 5(d)) reveals that this new layer is composed of
a dense sublayer (between the solid lines) in tandem with a tran-
sition sublayer (between the dashed lines). This is also the case
for the selective layer of the membrane subjected to 600 cycles.
In the dense sublayer of the sample treated with 600 ALD cycles,
there must be many tiny pores existing even though they can-
not be clearly seen with SEM observations. The presence of the
which will be discussed later. However, for the sample subjected
to 1400 ALD cycles, all the initial pores in the dense sublayer have
been completely sealed due to the coating of an excess thick Al2O3

 ALD cycles: (a) 0 cycles (the pristine membrane), (b) 600 cycles, and (c and d) 1400
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Fig. 6. Cross sectional SEM images and EDS spectra of ceramic membranes subjected to 600 ALD cycles with different exposure time: (a, d, and g) 0 s; (b, e, and h) 10 s; (c,
f,  and i) 40 s. (a–c) Low magnification images taken in the point EDS analysis for element Al. In the EDS analysis, each sample was probed at three different points (Points
1–3  marked in the corresponding locations in SEM images) from the sample surface down to the interior with a distance ∼1–2 �m to the surface. The EDS curve for Point
2 tive at
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 of each sample was inset in the corresponding SEM image. (d–f) Plots of the rela
embranes. (g–i) High magnification SEM images detailing the surface layer and tr

ayer (Fig. 5(d)). Therefore, for obtaining ALD-modified ceramic
embranes with permeability, there exists an effective ALD cycle
indow, for instance, 0–800 cycles in our case. In transition sub-

ayers of both ALD-treated samples, the pores with decreased sizes
re still discernible. The above results indicate that the Al2O3 coat-
ng around the ZrO2 grains leads to an increasing trend in pore size
rom the surface to the deeper parts of the selective layer during the
LD process. It is assumed that with the pore size in the selective

ayer gradually decreased to a certain extent due to Al2O3 coating,
he diffusion rate of ALD precursor vapors along the pores into the

embranes slowed down progressively. The accessible diffusion
epth of the precursors was accordingly reduced during a fixed
osing time of each cycle. It should be mentioned that ultrathin
elective layers are always desired in ceramic membranes to have
igh permeability. However, in traditional methods, such as solid
article sintering, it is technically difficult to prepare a selective

ayer with a thickness down to sub-micrometer scale. Meanwhile
f the selective layers are too thick, cracks frequently appear in the
ayers after calcination. From both the surface and cross sectional
EM images shown in Fig. 3 and Fig. 5, respectively, we  can see the
ewly formed thin films were free of cracks accompanied with pore
hrinkage during ALD deposition of Al2O3.

.3. Structural control of the selective layer by changing the ALD
xposure time

The ultimate performance of the ALD-modified ceramic mem-
ranes will be determined by the features of the newly formed
elective layer. Especially its thickness will greatly affect its
ermeability and selectivity. For favoring the diffusion of the

LD precursors into the membranes, we further employed an
xposure process for the precursors between the pulse and purge
teps during each ALD cycle. Fig. 6(a) shows a cross sectional SEM
mage of the membrane subjected to 600 ALD cycles without the
omic percentages of Al at different depths in the selective layers of corresponding
on layer.

exposure process as well as corresponding results of point EDS
measurement for element Al. Because the pristine selective layer is
purely composed of ZrO2 particles, the relative atomic percentage
of Al at different depths of the selective layer represents the
distribution of Al2O3 originating from the ALD deposition. It is
found that the signal from element Al drastically reduces almost to
zero within a 1 �m distance under the membrane surface, which
demonstrates that the thickness of the newly formed selective
layer in this sample is less than 1 �m.  For membranes subjected
to 600 ALD cycles with an exposure process, the thicknesses of the
newly formed selective layers are obviously increased (Fig. 6(b)
and (c)). In comparison with the sample having an exposure time
of 10 s for both TMA  and water, the sample with an exposure time
of 40 s presents a much more moderate reduction of the Al signal
from the surface to the interior of the selective layer (Fig. 6(d–f)).
For example, as shown in Fig. 6(f) the atomic percentages of Al at
Point 3 (∼1.5 �m far away from the surface) was comparable to the
surface Al concentration (Point 1), suggesting ALD deposition of
Al2O3 reached a thickness significantly deeper than 1.5 �m toward
the interior of the membrane. It seems that a longer exposure time
is more favorable for the production of a thicker newly formed
selective layer operating with the same ALD cycles.

Fig. 6(g–i) exhibit high resolution SEM images of the above
samples with different exposure time. In each sample a newly
formed layer including a dense sublayer and a transition sublayer
can be detected. Consistent with the results shown in Fig. 6(a–c),
the ceramic membrane treated by ALD without an exposure step
has a thinnest newly formed selective layer near the surface of
the original selective layer. The thickness of the newly formed
selective layer notably increases with an exposure step. A longer

exposure time leads to a thicker newly formed layer. This result
demonstrates that in a self-limiting ALD process, the exposure time
is extremely important for the sufficient diffusion of precursors
into the interior of nanoporous structures, especially when the
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ig. 7. The pure water flux plot of ceramic membranes subjected to different ALD
ycles with an exposure time of 0 s (circle) and 10 s (square). Inset shows the table
isting the corresponding numerical value of each measuring point.

ores are not parallel, nonintersecting cylindrical capillaries [41],
ut tortuous and interconnected channels like those in our case.
or the same reason, the dense sublayer of the newly formed
elective layer was also thickened when a longer exposure time
as employed, as evidenced in Fig. 6(g–i).

.4. Tuning of membrane flux and retention by altering ALD
eposition cycles and exposure time

For testing the permeability and selectivity of the Al2O3-
odified ceramic membranes obtained by the ALD route, the pure
ater flux and rejection to a model protein, bovine serum albu-
in  of ceramic membranes subjected to different ALD cycles were
easured. For each sample, the effect of exposure time on these

erformances was investigated as well. Figs. 7 and 8 clearly illus-
rate that a reduction of PWF  and an increase of BSA rejection can be
radually tuned by increasing the ALD cycles. These changes were
irectly induced by the shrinkage of the pore size due to the over-
rowth of a conformal Al2O3 layer on the ZrO2 particles. In addition,
t is found that when subjected to the same ALD cycles, ceramic

embranes with an exposure time of 10 s have a lower PWF, but

 higher rejection to BSA. These results agree with the structural
eatures shown in Fig. 6, where a thicker newly formed selective
ayer with a thicker dense sublayer was formed when an exposure

ig. 8. The retention to BSA plot of ceramic membranes subjected to different ALD
ycles with an exposure time of 0 s (circle) and 10 s (square). Inset shows the table
isting the corresponding numerical value of each measuring point.
ience 397– 398 (2012) 17– 23

step was  involved. Note that for the membranes subjected to less
than 200 cycles, the exposure time of 10 s almost has no effect on
the PWF  and BSA retention. It is reasonable to consider that pores in
the newly formed selective layer originating from small-numbered
ALD cycles were fairly large due to the slight overgrowth of an Al2O3
layer on the ZrO2 particles. Therefore, a dense sublayer with a large
thickness which determines the permeability might not be formed
in this case owing to the unconstrained diffusion of the precursors.
Moreover, with the ALD cycle number further increased to 600, the
size of the pores kept reducing and then the diffusion rates of the
ALD precursors considerately slowed down. At this situation, the
exposure time came to play the dominating role in determining the
depth of the ALD deposition taking place and the longer the time
was, the deeper the precursors diffused. A thicker dense sublayer
was thus produced compared with the one without the exposure
step, which finally led to a lower PWF  but a higher BSA rejec-
tion performance. Compared to the pristine microfiltration ceramic
membrane which gives a high PWF  of 1698 L·(m2 h bar)−1 and very
minor retention to BSA (2.9%), the membrane subjected to 600 ALD
cycles with an exposure time of 10 s displays a reduced pure water
flux of 118 L (m2 h bar)−1 and significantly enhanced BSA retention
of 97.1%, suggesting this 600 cycle-deposited membrane has been
tailored to an ultrafiltration membrane from the starting microfil-
traion membrane. The ceramic membrane subjected to 800 cycles
failed to give a water filtration under the pressure of 0.5 MPa  after a
long time more than 10 h. Therefore, we believe the pores in the sur-
face were completely sealed after 800 ALD cycles and we obtained
a dense membrane.

4. Conclusions

We  used ALD as an effective tool to precisely tune the pore size
of ceramic membranes. This approach is based on the conformal
and thickness-controllable coating of Al2O3 layers onto the ZrO2
particles composed of the selective layer. The effective pore size
of the membranes was progressively reduced by increasing the
number of ALD cycles until the pores were completely sealed. It
was found that a new selective layer was formed close to the sur-
face of the initial selective layer of the membranes. By exploiting
ALD deposition subjected to 600 cycles, a dense sublayer together
with a transition sublayer in the newly formed selective layer was
revealed. The thickness of both the dense sublayer and the whole
new selective layer were increased by altering the exposure time of
the ALD precursors, i.e. a longer exposure time results in a thicker
selective layer with a thicker dense sublayer. The filtration exper-
iments show that ceramic membranes have a decreasing PWF  but
a rising BSA retention with increasing ALD cycles. When subjected
to the same number of ALD cycles such as 600 cycles, membranes
with a longer exposure time have a lower PWF  and a higher rejec-
tion to BSA. Our results demonstrate that the ALD technique is an
effective way  to tune the pore size of ceramic membranes. The
mode of “Substrate membrane + ALD” is not only expected to be
a general strategy for the modification and functionalization of
separation membranes, but also suggests the controllable transi-
tion from microfiltration membranes to ultrafiltration membranes,
nanofiltration membranes or even dense membranes can be ratio-
nally realized by the ALD route.

Acknowledgments

This work is financially supported by the National Basic Research

Program of China (2011CB612302), the National Natural Science
Foundation of China (21176120, 21125629), the Open Research
Fund of State Key Laboratory of Hollow Fiber Membrane Materi-
als and Processes (Tianjin Polytechnic University) and the Project



ane Sc

o
c
o
g

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
layer deposition over nanotopography, ACS Nano 4 (2010) 4637–4644.
F. Li et al. / Journal of Membr

f Priority Academic Program Development of Jiangsu Higher Edu-
ation Institutions (PAPD). Y. Y. thanks the State Key Laboratory
f Materials-Oriented Chemical Engineering for an open research
rant (KL10-01).

eferences

[1] M. Mulder, Basic Principles of Membrane Technology, 2nd ed., Kluwer Aca-
demic Publishers, Dordrecht, 2004.

[2] N.P. Xu, Process Oriented Design, Preparation and Application of Ceramic Mem-
branes, Science Press, Beijing, 2005.

[3] R.R. Bhave, Inorganic Membranes Synthesis, Characteristics and Applications,
Van Nostrand Reinhold, New York, 1991.

[4] D. Gallagher, L.C. Klein, Silica membranes by the sol–gel process, J. Colloid
Interface Sci. 109 (1986) 40–45.

[5] A. Larbot, J.P. Fabre, C. Guizard, L. Cot, J. Gillot, New inorganic ultrafiltration
membranes: titania and zirconia membranes, J. Am.  Ceram. Soc. 72 (1989)
257–261.

[6] Y.S. Lin, A.J. Burggraaf, CVD of solid oxides in porous substrates for ceramic
membrane modification, AIChE J. 38 (1992) 445–454.

[7] J. Zhu, Y.F. Fan, N.P. Xu, Modified dip-coating method for preparation of pinhole-
free ceramic membranes, J. Membr. Sci. 367 (2011) 14–20.

[8] J. Feng, Y.Q. Fan, H. Qi, N.P. Xu, Co-sintering synthesis of tubular bilayer �-
alumina membrane, J. Membr. Sci. 288 (2007) 20–27.

[9]  W.H. Xing, Y.Q. Fan, Z.X. Zhong, N.P. Xu, Recent advances in process-engineering
oriented preparation and application of ceramic membranes, CIESC J. 60 (2009)
2679–2688.

10] R.P. Castro, H.G. Monbouquette, Y. Cohen, Shear-induced permeability changes
in a polymer grafted silica membrane, J. Membr. Sci. 179 (2000) 207–220.

11]  S.M. George, Atomic layer deposition: an overview, Chem. Rev. 110 (2010)
111–121.

12] M.  Ville, R. Tiina, Atomic layer deposition as pore diameter adjustment tool
for  nanoporous aluminum oxide injection molding masks, Langmuir 24 (2008)
4473–4477.

13] G.M. Kim, G. Lee, Nanostructured pure anatase titania tubes replicated from
electrospun polymer fiber templates by atomic layer deposition, Chem. Mater.
20 (2008) 3085–3091.

14] S.M. George, B. Yoon, A.A. Dameron, Surface chemistry for molecular layer
deposition of organic and hybrid organic–inorganic polymers, Acc. Chem. Res.
42  (2009) 498–508.

15] K. Grigoras, V.M. Airaksinen, S. Franssila, Coating of nanoporous membranes:
atomic layer deposition versus sputtering, J. Nanosci. Nanotechnol. 9 (2009)
3763–3770.

16] M. Knez, K. Niesch, L. Niinisto, Synthesis and surface engineering of complex
nanostructures by atomic layer deposition, Adv. Mater. 19 (2007) 3425–3438.

17] Y.B. Jiang, X. George, C. Zhu, D. Darren, J.K. David, Sub-10 nm Thick microporous
membranes made by plasma-defined atomic layer deposition of a bridged
silsesquioxane precursor, J. Am.  Chem. Soc. 129 (2007) 15446–15447.

18] S.O. Kucheyev, J. Biener, T.F. Baumann, Y.M. Wang, Mechanisms of atomic
layer deposition on substrates with ultrahigh aspect ratios, Langmuir 24 (2008)
943–948.

19] G. Sutapa, F.B. Theodore, S. Jeffrey, O. Sergei, Y. Wang, Controlling atomic layer
deposition of TiO2 in aerogels through surface functionalization, Chem. Mater.
21  (2009) 1989–1992.

20] Y. Qin, S.M. Lee, A. Pan, U. Goesele, M. Knez, Rayleigh-instability-induced metal

nanoparticle chains encapsulated in nanotubes produced by atomic layer depo-
sition, Nano Lett. 8 (2008) 114–118.

21] M.  Kemell, E. Farm, M.  Ritala, M.  Leskela, Surface modification of thermoplastics
by  atomic layer deposition of Al2O3 and TiO2 thin films, Eur. Polym. J. 44 (2008)
3564–3570.

[

ience 397– 398 (2012) 17– 23 23

22] X.H. Liang, S.M. George, A.W. Weimer, Synthesis of a novel porous poly-
mer/ceramic composite material by low-temperature atomic layer deposition,
Chem. Mater. 19 (2007) 5388–5394.

23] X. Liang, D.M. King, M.D. Groner, J.H. Blackson, J.D. Harris, S.M. George,
A.W. Weimer, Barrier properties of polymer/alumina nanocomposite mem-
branes fabricated by atomic layer deposition, J. Membr. Sci. 322 (2008)
105–112.

24] Y. Wang, C.C. He, W.H. Xing, F.B. Li, L. Tong, Z.Q. Chen, X.Z. Liao, M.  Steinhart,
Nanoporous metal membranes with bicontinuous morphology from recyclable
block-copolymer templates, Adv. Mater. 22 (2010) 2068–2072.

25] M.  Knez, A. Kadri, C. Wege, U. Goesele, H. Jeske, K. Nielsch, Atomic layer depo-
sition on biological macromolecules: metal oxide coating of tobacco mosaic
virus and ferritin, Nano Lett. 6 (2006) 1172–1177.

26] S.M. Lee, E. Pippel, U. Goesele, C. Dresbach, Y. Qin, C.V. Chandran, T. Brauniger,
G.  Hause, M.  Knez, Greatly increased toughness of infiltrated spider silk, Science
324 (2009) 488–492.

27] Y. Qin, Y. Kim, L.B. Zhang, S.M. Lee, R.B. Yang, A.L. Pan, K. Mathwig, M.  Alexe,
U.  Goesele, M.  Knez, Preparation and elastic properties of helical nanotubes
obtained by atomic layer deposition with carbon nanocoils as templates, Small
6  (2010) 910–914.

28] M. Putkonen, J. Harjuoja, T. Sajavaara, L. Niinisto, Atomic layer deposition of
polyimide thin films, J. Mater. Chem. 17 (2007) 664–669.

29] N.M. Adarnczyk, A.A. Dameron, S.M. George, Molecular layer deposition of
poly(p-phenylene terephthalamide) films using terephthaloyl chloride and p-
phenylenediamine, Langmuir 24 (2008) 2081–2089.

30] D. Losic, G. Triani, P.J. Evans, A. Atanacio, J.G. Mitchell, N.H. Voelcker, Controlled
pore structure modification of diatoms by atomic layer deposition of TiO2, J.
Mater. Chem. 16 (2006) 4029–4034.

31] I. Alessandri, M.  Zucca, M.  Ferroni, E. Bontempi, L.E. Depero, Tailoring the pore
size and architecture of CeO2/TiO2 core/shell inverse opals by atomic layer
deposition, Small 5 (2009) 336–340.

32] R.J. Narayan, S.P. Adiga, M.J. Pellin, L.A. Curtiss, S. Stafslien, B. Chisholm,
N.A. Monteiro-Riviere, R.L. Brigmon, J.W. Elam, Atomic layer deposition of
nanoporous biomaterials, Mater. Today 13 (2010) 60–64.

33] B.A. McCool, W.J. DeSisto, Synthesis and characterization of silica membranes
prepared by pyridine-catalyzed atomic layer deposition, Ind. Eng. Chem. Res.
43  (2004) 2478–2484.

34] B.A. McCool, W.J. DeSisto, Amino-functionalized silica membranes for
enhanced carbon dioxide permeation, Adv. Funct. Mater. 15 (2005) 1635–
1640.

35] H.M. Alsyouri, C. Langheinrich, Y.S. Lin, Z.B. Ye, S.P. Zhu, Cyclic CVD modification
of  straight pore alumina membranes, Langmuir 19 (2003) 7307–7314.

36] Y.B. Jiang, G. Xomeritakis, Z. Chen, D. Dunphy, D.J. Kissel, J.L. Cecchi, C.J.
Brinkertt, Sub-10 nm thick microporous membranes made by plasma-defined
atomic layer deposition of a bridged silsesquioxane precursor, J. Am. Chem. Soc.
129 (2007) 15446.

37] X.H. Liang, X.Y. Lu, M.  Yu, A.S. Cavanagh, D.L. Gin, A.W. Weimer, Modification of
nanoporous supported lyotropic liquid crystal polymer membranes by atomic
layer deposition, J. Membr. Sci. 349 (2010) 1–5.

38] F.B. Li, L. Li, X.Z. Liao, Y. Wang, Precise pore size tuning and surface modifica-
tions of polymeric membranes using the atomic layer deposition technique, J.
Membr. Sci. 385-386 (2011) 1–9.

39] C.C. Striemer, T.R. Gaborski, J.L. McGrath, P.M. Fauchet, Charge- and size-based
separation of macromolecules using ultrathin silicon membranes, Nature 445
(2007) 749–753.

40] R.C. Erin, B. Parag, P. Israel, B.L. Sang, Profile evolution for conformal atomic
41] J. Bachmann, J. Jing, M.  Knez, S. Barth, H. Shen, S. Mathur, U. Goesele, K.
Nielsch, Ordered iron oxide nanotube arrays of controlled geometry and tun-
able magnetism by atomic layer deposition, J. Am.  Chem. Soc. 129 (2007) 9554–
9555.


	Modification of ceramic membranes for pore structure tailoring: The atomic layer deposition route
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Tailoring the pore size of the ZrO2 selective layer
	2.3 Characterizations

	3 Results and discussion
	3.1 Morphological evolution of membranes subjected to different ALD cycles
	3.2 Formation of a new selective layer with a gradient porosity
	3.3 Structural control of the selective layer by changing the ALD exposure time
	3.4 Tuning of membrane flux and retention by altering ALD deposition cycles and exposure time

	4 Conclusions
	Acknowledgments
	References


