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Polyvinylidene fluoride (PVDF) is one of the most extensively used membrane materials, but PVDF membranes
suffer deteriorating performances because of the intrinsic hydrophobic nature of PVDF. Significant efforts have
been made to improve the hydrophilicity of PVDF membranes; however, there is frequently a tradeoff between
the permeability and selectivity of the modified PVDF membranes. In this work, we broke the tradeoff effect by
the atomic layer deposition (ALD) of TiO2 onto the PVDF membranes using TiCl4 and water as precursors. The
vaporized precursors accessed the small membrane pores and produced a conformal and uniform thin layer of
TiO2 that was tightly adhered to the pore walls. We progressively reduced the membrane pores by repeatedly
cycling the deposition process until the membrane pores were completely blocked. The deposition of TiO2

enhanced the hydrophilicity and fouling resistance of the PVDFmembranes, which was more evident at higher
ALD cycle numbers. We simultaneously achieved greatly improved water flux and retention at 120 ALD cycles
as a result of the competing effect of the increased hydrophilicity and reduced pore sizes. Moreover, the water
flux could be sensitively tuned by changing the exposure time of the precursors. The thermal stability of the
TiO2-deposited membranes was enhanced at a low ALD cycle number of 30.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Membrane technology provides an energy-saving and cost-
efficient method to sustainably supply clean water for daily life
and industrial purposes. The size, size distribution, and surface
chemistry of the membrane pores dictate the performances of the
membrane separation based on the size-sieving mechanism. There
is a frustrating tradeoff between the permeability and selectivity of
most membranes because larger pores typically allow for higher
permeability but lower selectivity [1]. To simultaneously improve
the permeability and selectivity, one needs to reduce the thickness
of the selective layer, increase the porosity of the membrane, or
enhance the affinity of the solute to the pore wall via surface
modification without significant shrinkage of the pore sizes [2].
For example, Peng and coworkers fabricated highly permeable and
selective membranes by using crosslinking proteins as the selec-
tive layer. Thanks to the ultrathin (�60 nm) and hydrophilic
nature of the protein layer, the membrane demonstrated a flux
as high as 9000 L/(m2 h bar) and a pore size of less than 2.2 nm [3].

A more convenient strategy to improve both the permeability and
selectivity is to blend nanoscopic fillers with membrane-forming
polymers, which can be easily coupled to existing commercialized
membrane production processes. Carbon nanotubes and inorganic
ll rights reserved.
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nanoparticles of different types have been extensively used as the
fillers, leading to the formation of mixed matrix membranes [4,5].
Nanoparticles of titanium oxide are one of the most interesting and
important inorganic nanoparticles that is suitable for use in mem-
brane modification because of its stable chemical resistance, easily
tunable morphologies and surface properties, and catalytic function-
ality [6–8]. The introduction of nanofillers into the polymeric matrix
may enhance the affinity of the solute to the membrane pores and
induce additional small pores at the interfaces between the fillers and
the polymeric matrix, which can facilitate fast transport on the one
hand but provide more spaces for the solute to permeate through the
membrane on the other hand. Alternatively, some post-modification
methods have also been explored to improve the hydrophilicity and
other properties of pre-formed membranes. For instance, the grafting
of water-soluble polymer chains onto the membrane surfaces and
pore walls would produce modified membranes with sharpened
selectivity and stimuli-responsive functions. However, to simulta-
neously achieve enhanced permeability, the grafting chains are must
be short and uniform to avoid a noticeable reduction in the pore size.
Short chains are not easy to obtain because it is difficult to control the
grafting reaction that takes place inside the very small pores in the
liquid phase. One solution to homogeneously modify the membrane
in a highly controllable way is to take advantages of gas phase
reactions, as gaseous reactants are used and the problems of diffusion,
surface tension, and consequently inhomogeneous modification asso-
ciated with liquid phase reactions can be eliminated. Chemical vapor
deposition (CVD) based on gas phase reactions has been used to coat
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metal oxides onto the surface of ceramic membranes [9,10]. However,
CVD usually needs to be carried out at elevated temperatures and is
therefore not suitable for most polymeric membranes, which are often
thermally labile. Moreover, the precursors of CVD react in the free
space of the chamber and the produced fine primary particulates then
drop onto the substrate surfaces. Therefore, CVD only modifies the
outer surface of the membranes and some shallow openings of the
larger pores because the CVD-formed primary particulates cannot
reach the deep interior of small membrane pores [11]. Atomic layer
deposition (ALD) can operate at low temperatures, e.g., room tem-
perature, and opens a new gate for the modification of porous
membranes. ALD is distinguished from other deposition techniques,
including CVD and sol–gel method, for its self-limited growth of the
deposited materials. The ALD precursors are vaporized and admitted
into the reaction chamber one at a time. The substrate membrane is
exposed to the first precursors, which are able to diffuse into the small
membrane pores and adsorbed onto the pore walls. The second
precursors are pulsed into the ALD chamber to initiate the reaction
between the two precursors, which occurs only on the surface of the
pore walls and produces a conformal coating layer with the thickness
at the atomic level along the pore walls. The thickness of the whole
deposited layer can be tuned simply by changing the number of cycles
of the ALD reactions [12]. Compared to other membrane modification
and functionalization techniques, ALD is unique and advantageous in
several different aspects, namely (1) uniformity, as even very small
membrane pores can be accessed by the ALD vaporized precursors,
leading to a very uniform and homogeneous modification; (2) con-
trollability, as the membrane pores are modified in a highly con-
trollable and accurate way such that the thickness of the ALD-
deposited layer can be continuously tuned at a sub-nanometer
accuracy; (3) generality, as the ALD method is very generic because
ALD reactions can occur on almost every type of membrane. ALD has
been demonstrated to be a simple and effective route for the
modification and functionalization of polymeric and ceramic micro-
filtration membranes, including track-etched polycarbonate mem-
branes [13], zircornia membranes [14], and polytetrafluoroethylene
(PTFE) membranes [15]. In this work, we extended the ALD technique
for the modification of PVDF ultrafiltration membranes. Thanks to
their excellent mechanical robustness and chemical stability, PVDF
membranes are one of the most widely used membranes in a large
variety of water treatment fields. However, PVDF membranes suffer
from reduced permeability and significant fouling because the intrin-
sic hydrophobicity of PVDF is stronger than many other membrane-
forming materials, including polysulfone, polyethersulfone, polyimide,
etc. [16]. A large number of works that usually involve the introduction
of strongly hydrophilic components into the membrane matrix or
surface have been exploited to improve the hydrophilicity of PVDF
membranes [17–21]. However, a tradeoff between the permeability
and selectivity of the modified membrane is often encountered. In this
work, we demonstrated that atomic layer deposition of conformal thin
layers of titanium oxide was able to simultaneously enhance the
permeability and selectivity of PVDF membranes, as the homoge-
neously deposited titanium oxide enhanced the membrane hydro-
philicity with no noticeable sacrifice of the pore sizes. In addition to its
hydrophilicity, titanium oxide was chosen as the deposition material
in this work was also because it has a much stronger chemical
resistance to acids and bases compared to other metal oxides, for
example, aluminum oxide, which is very desirable in the practical
applications of the deposited membranes [13].

2. Experimental section

2.1. Materials

PVDF ultrafiltration membrane sheets backed with polyester
nonwoven fabrics were purchased from Shanghai SINAP
Membrane Tech Co., Ltd, and were used as substrate membranes
for ALD of TiO2. The PVDF substrate membranes were produced by
the phase inversion method with polyvinylpyridone (PVP) in the
range of 4–8 wt% as the porogen. The glycerol-wetted membranes
were dehydrated with ethanol and dried in air at room tempera-
ture. Round chips (2.5 cm in diameter) were cut from the dried
membrane sheets for the ALD of TiO2. Titanium tetrachloride
(TiCl4, 99.99%, Aladdin Reagents) and deionized H2O were used
as the metal precursor and the oxidant source, respectively, for the
deposition of TiO2. Ultrahigh purity N2 (99.99%) was used as both
the precursor carrier and the purging gas. Bovine serum albumin
(BSA, Mw¼66 kDa, GM Corporation) of purity 497% was used
to test the retention and fouling resistance of the different
membrane samples.

2.2. ALD of TiO2 on PVDF membranes

The dried PVDF membranes were placed in the chamber of a
commercialized ALD reactor (Savannah S100, Cambridge Nano-
Tech) and dried at the operating temperature for �30 min under
vacuum (�1 Torr). Both the TiCl4 and water were kept in the
storage cylinders at room temperature. The ALD was carried out at
80 1C for different numbers of cycles (up to 800) with a steady N2

flow rate of 20 sccm. In a typical ALD cycle, the TiCl4 and water
vapor were sequentially pulsed into the reactor for 0.015 s.
Immediately after each pulse of precursors, the systemwas purged
with nitrogen for 15 s to sweep off the excess precursor.
To investigate the influence of the purging time, we purposely
varied the purging time, using 5 s, 10 s, 20 s, and 25 s. In some
cases, the exposure mode for ALD was also used [22,23]. After the
precursor pulsing, we waited for a set period of time (0.5 s, 1 s, 3 s,
or 5 s) before purging with nitrogen to examine the effect of the
exposure time.

2.3. Characterizations

The surface morphology of the membrane samples was
observed using a Hitachi S4800 field emission scanning micro-
scope (FESEM) operated at 3 kV or 5 kV. Prior to the SEM
observations, the samples were sputtering-coated with a thin
layer of gold/palladium alloy. After the TiO2 deposition, an
elemental analysis of the PVDF membranes was performed at
20 kV using an Oxford INCA 350 energy dispersive X-ray micro-
analysis system (EDS) coupled to the SEM. The X-ray diffraction
(XRD) patterns of the samples prepared by exposure to different
numbers of cycle were obtained using a wide-angle diffractometer
with Cu Ka radiation (λ¼0.154 nm) at a generator voltage of 40 kV
and a generator current of 40 mA. The scanning speed and the step
were 2.41/min and 0.021, respectively. The FTIR spectra were
recorded using a Thermo Nicolet AVATAR 360 FTIR spectrometer
with the attenuated total reflection (ATR) module (32 scans,
4 cm−1). Thermogravimetric (TG) analyses and differential scan-
ning calorimetry were performed using a NETZSCH TG209F1
thermal analyzer in air at a heating rate of 4 1C/min from room
temperature to 800 1C. The water contact angles were measured
on a Dropmeter A-100 contact angle goniometer. For each sample,
at least five different sites were measured and the mean value was
reported. The contact angles of the TiO2-deposited membranes
were measured within 10 h after deposition. The fouling resistance
of the membranes was evaluated by the amount of protein
adsorbed onto the membranes [24]. The PVDF membranes sub-
jected to different numbers of TiO2 ALD cycles were separately
placed into a glass vial filled with 5 mL of 1 g/L BSA phosphate
buffer. The glass vial was then incubated in a water bath at 25 1C
for 12 h to reach equilibrium. The degree of adsorption was
calculated by comparing the concentrations of the BSA solutions
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before and after the adsorption. To investigate the mechanical
stability of the deposited TiO2 on PVDF substrate membranes, we
challenged the deposited PVDF membranes with strong ultraso-
nification oscillation and measured the percentages of detached
TiO2. PVDF membranes with 50 and 200 ALD cycles were sepa-
rately immersed in 20 wt% nitric acid solution for 2 days to
dissolve all the deposited TiO2 and the amount of titanium in
the solution was determined by an inductive coupled plasma
emission spectrometer (ICP, Optima 7000DV, Perkin Elmer). PVDF
Membranes subjected to 50 and 200 ALD cycles were separately
immersed in deionized water and treated with ultrasound oscilla-
tion for 10 min at a power of 150 W and an ultrasound frequency
of 40 kHz. We then withdrew the samples from the water and
added excessive nitric acid to the water to dissolve the TiO2

dropped out from the deposition layer and its titanium concentra-
tion was measured again by ICP. In this way we obtained the
percentage of TiO2 detached from the deposited membranes, and
higher percentages suggested poorer mechanical stability of the
deposited TiO2 layer.

2.4. Evaluation of the filtration performances

The water flux and the retention of BSA of the membranes were
determined using a stirred filtration cell (Amicon 8010, Millipore
Co., Billerica, MA) at a pressure of 0.05 MPa. To test the protein
retention, the proteins were dissolved in phosphate buffers
(pH¼7.4) at a concentration of 1.0 g/L. The concentrations of BSA
in the permeate side were obtained using a NanoDROP 2000C
UV–vis spectrophotometer at a wavelength of 280 nm.
Fig. 1. The FTIR spectra (a) and XRD patterns (b) of the PVDF membranes before
and after ALD of TiO2 using different numbers of cycles.
3. Results and discussion

3.1. Confirmation of the TiO2 deposition on the PVDF membranes

The carefully dehydrated and dried PVDF membranes were
positioned in the ALD chamber and subjected to the ALD of TiO2 at
80 1C by alternate exposure to TiC14 and water vapors. The energy
dispersive X-ray spectra of the deposited membranes showed new
peaks of Ti and O, indicating the successful deposition of TiO2 on
the membranes. Furthermore, the membranes subjected to higher
numbers of ALD cycles showed stronger peaks of Ti and O, which
indicated that thicker layers of TiO2 were produced at higher ALD
cycle numbers. The formation of the TiO2 layers on the PVDF
membranes was further confirmed by the FTIR and XRD charac-
terizations. As shown in Fig. 1a, the characteristic IR peaks (e.g.,
1402 cm−1, 1284 cm−1, 1072 cm−1, 875 cm−1) of PVDF were present
in all of the samples before and after the TiO2 deposition using
different numbers of ALD cycles [25]. We did not observe any
noticeable new peaks originating from TiO2 on the deposited
samples in the frequency range we investigated. However, the
neat, non-deposited PVDF membrane showed the strongest peaks
and the peak intensity dropped as the number of ALD cycles
increased. The changes in the intensity of the IR peaks of PVDF
suggested that the substrate PVDF membranes were coated with a
layer of IR-transparent coatings (TiO2) and the thickness of the
coating layers increased with the number of ALD cycles. The TiO2

coating layer reduced the depth of the PVDF materials detected by
the IR signals, thus resulting in weaker IR peaks. The TiO2 layer
deposited on the PVDF membranes also showed a similar shield-
ing effect for the X-ray diffraction spectra. As can be seen in Fig. 1b,
for all of the examined samples, four peaks appeared at the same
positions. The peaks centered at 17.71 and 20.21 should be assigned
to the (1 0 0) and (2 0 1) planes of α-phase crystalline PVDF [26].
The peaks at 22.81 and 25.91 originated from the polyester backing
material, corresponding to the (1 0 0) and (2 0 0) crystal planes,
respectively [27]. The positions of the diffraction peaks did not
change with the deposition, suggesting that the TiO2 deposition
did not alter the crystalline nature of PVDF or the polyester
backing. Higher ALD cycle numbers resulted in thicker TiO2 layers
and consequently weaker XRD peaks. Moreover, the absence of
any crystalline peak of TiO2 on the deposited PVDF membranes
revealed that the deposited TiO2 was amorphous, which is reason-
able because it was deposited at a relatively low temperature of
80 1C. Other works on the ALD of TiO2 carried out at similar
temperatures also produced amorphous TiO2, which could then be
converted to anatase or rutile-formed crystalline TiO2 via thermal
or hydrothermal treatments [28]. To investigate the mechanical
stability of the TiO2 deposited on the PVDF substrate membranes,
we challenged the membranes with 50, and 200 cycles with strong
ultrasound oscillation and measured the percentages of the TiO2

detached from the substrate membrane. After ultrasonication at a
power of 150 W for 10 min, 5.2% and 0.62% of the deposited TiO2

were detached from the membranes with 50 and 200 cycles,
respectively, indicating that only very little portion of TiO2

dropped off from the deposited membranes. Moreover, we exam-
ined the surface morphology of both ultrasonicated membranes
and did not find noticeable cracks on the surfaces. Therefore, we
concluded that the mechanical stability of the deposited TiO2 on
PVDF membranes was very strong in the cases of both slight and
heavy deposition.
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3.2. Morphology evolution during the ALD deposition of TiO2

We then examined the surface morphology of the PVDF
membranes before and after deposition using different numbers
of cycles. As shown in Fig. 2a, the neat PVDF membrane had a
rough surface with many circular pores randomly distributed on
the surface. For the slightly deposited membranes, with less than
100 ALD cycles, (Fig. 2b–d), there was no noticeable difference in
the surface morphology compared to the neat, non-deposited
membranes. The diameter of the pores on the surface of the neat
membranes were scattered in the range from several nanometers
to �50 nm. From these SEM images we observed a clear trend that
the membrane pores decreased with rising numbers of ALD cycles.
By comparing the pore sizes before and after ALD, we could obtain
information on the thickness of the deposited TiO2 layers. In order
to obtain a quantitative comparison in pore sizes for membranes
with different ALD cycles, we made a statistic analysis on the pore
sizes of these membranes based on the SEM images. However,
only pores larger than 10 nm were counted as the diameters of
pores smaller than 10 nmwere difficult to be accurately measured.
We are aware of that the values of the mean pore sizes thus
obtained will be larger than the real values because pores with
diameters smaller than 10 nm were not counted. However, these
values should be reasonably reliable as indicators to reveal the
trend and the extent of the change of pore sizes caused by ALD.
The corresponding size distribution of these larger pores was inset
in each corresponding panel of Fig. 2. The analysis of the diameters
of the membrane pores showed that there was a slight but
continuous pore reduction with increasing number of ALD cycles.
The mean pore diameter decreased from 44.4 nm for the neat
membrane to 40.8 nm, 34.5 nm, and 30.0 nm for the membranes
with 30, 80, and 120 ALD cycles, respectively. For the moderately
deposited membranes subjected to 150 and 200 ALD cycles, the
pore size reduction became more obvious and the mean pore size
decreased to 28.4 nm and 25.7 nm, respectively. In addition, the
number of discernible pores on the membrane surface also
decreased as some smaller pores were completely sealed by the
deposited TiO2. Moreover, the surface of the membranes subjected
to 150 and 200 ALD cycles were more coarsened. Even higher
numbers of ALD cycles led to the complete blockage of all of the
pores on the membrane surface and the membrane lost its
permeability and practical usage. The absence of additional parti-
culate matter on the deposited membranes implied that the
Fig. 2. The surface SEM images of the PVDF membranes before (a) and after TiO2 depos
panel show the corresponding pore size distribution.
growth of TiO2 truly followed the self-limited ALD mechanism.
Moreover, the surface morphologies of the deposited and the neat
membrane were similar except for the reduced pore sizes,
suggesting that TiO2 grew conformally along the pore wall.
In contrast, the ALD growth of Al2O3 [11] and TiO2 on PTFE [29]
followed a nucleation and growth mode because of the extreme
hydrophobicity of PTFE. Although PVDF is also a fluorinated
polymer, it is more hydrophilic than PTFE due to the presence of
the more polar –CH2– group in its backbone. Moreover, there may
be some residual polyvinylpyridone (PVP), which was used as a
porogen in the membrane production process, enriched on the
surface PVDF membranes and the highly hydrophilic PVP would
enhance the conformal growth of TiO2. In the ALD process, the
TiCl4 molecules are not only chemically adsorbed onto the mem-
brane surface but also penetrate into the subsurface of the
membrane and are entrapped in the free volumes between
the PVDF chains [30]. Water vapors subsequently pulsed into the
chamber react with the adsorbed or entrapped TiCl4 molecules,
yielding one single layer of TiO2 along the surface or inside the
subsurface. The following alternative pulses of TiCl4 and water
vapors produce additional layers of TiO2 on the pre-formed layers
of TiCl4. With ever-increasing ALD cycles, the TiO2 kept growing
inside the membrane pores until they were completely blocked,
resulting in a continuous reduction of the pore diameters until the
pore openings were sealed.

3.3. Improvement in the hydrophilicity of the TiO2-deposited PVDF
membranes

With the ALD of TiO2, the surface of the PVDF membranes was
progressively replaced by TiO2. As TiO2 has a much higher surface
energy than PVDF, the TiO2-deposited PVDF membranes showed
enhanced hydrophilicity. In addition, the increased surface rough-
ness of the deposited membranes may also contribute to the
enhanced hydrophilicity [6]. The contact angles of water droplets
on the membrane surfaces were used to characterize the hydro-
philicity and water wettability of the membranes. The water
contact angle (WCA) of the neat, non-deposited membrane was
681, indicating the slightly hydrophilic nature of the PVDF
membrane produced using the phase inversion process with PVP
as the porogen. However, a dense film of pure PVDF without any
additives spincoated on the silicon substrate displayed a WCA of
�901, illustrating the intrinsic hydrophobicity of PVDF materials.
ition with 30 (b), 80 (c), 100 (d), 150 (e), and 200 (f) ALD cycles. The insets of each
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Fig. 3. The water contact angles of the PVDF membranes exposed to different
numbers of ALD cycles.

Fig. 4. The pure water flux and BSA retention of the membranes exposed to
different numbers of ALD cycles.
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As demonstrated in Fig. 3, the WCAs continuously decreased with
as the number of ALD cycles increased. In the initial stage of ALD,
i.e., after 30 ALD cycles, there was only a minor reduction of the
WCA to �51 for the membrane because the TiO2 was patchily
deposited onto the surface and the PVDF chains were still
primarily exposed to the membrane surface. Higher ALD cycle
numbers led to the improved coverage of the TiO2 on the PVDF
chains and consequently resulted in a fast drop of the WCAs. For
instance, the membrane with 120 ALD cycles had a WCA of less
than 30o, indicating its strong hydrophilicity. For membranes with
even higher ALD cycles, the water droplets quickly spread on the
surface upon contacting the surface. As the membrane surface
became more coarsened with increasing ALD cycle numbers, the
coarsened surface may have contributed the improvement in
hydrophilicity in addition to the replacement of PVDF by TiO2 on
the surface materials.

3.4. The permeability and selectivity of the TiO2-deposited PVDF
membranes

We explored the filtration performances of the TiO2-deposited
membranes. The neat membrane exhibited a pure water flux
(PWF) of 70 L/(m2 h bar) and a retention of BSA of 55%, which
are both at moderate levels. However, after the ALD deposition of
TiO2, the flux first decreased slightly, then increased drastically,
and finally dropped whereas the BSA retention also significantly
increased at lower cycle numbers and then leveled off at higher
cycle numbers (Fig. 4). The transition occurred at 120 cycles, at
which the membrane had a water flux of 190 L/(m2 h bar) and BSA
retention of 95%. Compared to the values of the neat PVDF
membrane, both the permeability and selectivity were greatly
enhanced simultaneously. Such a simultaneous improvement both
in the flux and retention should be attributed to the uniform
deposition of the hydrophilic TiO2 along the membrane pores. The
deposited TiO2 influenced the filtration performances of the
membrane from two different aspects: reducing the pore sizes
and enhancing the hydrophilicity. For the slightly deposited PVDF
membranes, the hydrpohilicity was improved while the mean pore
size of the membrane was reduced. However, the reduction in the
pore size was playing the dominating role in determining the
water flux. As a result, the water flux decreased whereas the
retention showed generally an increasing trend. For the moder-
ately deposited membranes, the hydrophilicity of the membranes
was significantly increased, leading to a faster water transport
through the TiO2-coated pores. Consequently, there was a remark-
able rise in the water flux although the membrane pore size kept
decreasing. At 120 cycles, the effect of the enhanced hydrophilicity
outperformed the effect of the reduced pore size to the highest
degree, and both the flux and retention of the membrane were
significantly increased. With a further increase in the ALD cycle
numbers, the flux dropped sharply as the pore size decreased
greatly and the smaller pores were completely blocked. However,
the retention failed to further increase with increasing ALD cycles
when it reached a high level of �92%. This was caused by the
relatively wide size distribution of the PVDF substrate membrane
in which very few extraordinarily large pores were present. After
deposition of a large number of ALD cycles, there still existed some
pores with diameters larger than the BSA molecules, allowing the
permeation of some BSA molecules through the membrane.
However, the number of such large pores was very small, there-
fore, only very limited numbers of BSA molecules leaked into the
permeation and the membrane still kept a high retention to BSA.
Such a phenomenon was also observed in another work [13].

3.5. The modulation of the membrane performances by changing the
deposition parameters

In the ALD process, the growth rate of the deposited materials
is sensitive to many deposition parameters including the substrate
temperature and the purge and exposure time of both ALD
precursors. Therefore, we have the flexibility to tune the thickness
of the deposited layer of TiO2 and consequently the filtration
performances of the deposited membranes by altering some of the
deposition parameters. After pulsing the precursor into the ALD
chamber, an additional exposure time may be allowed prior to
purging with nitrogen to sweep off the excess precursors. A longer
exposure of the substrate membrane to the precursor enhances
the diffusion of the precursor into very small membrane pores,
facilitating the uniform adsorption of the precursor throughout
the pore wall. Moreover, more precursor molecules will penetrate
and be entrapped in the subsurface of the membrane with longer
exposure times. Therefore, a greater growth rate of TiO2 is
expected under longer exposure time; that is, thicker layers of
TiO2 will be produced at the same number of ALD cycles. Fig. 5
shows the surface morphology of PVDF membranes subjected to
120 cycles of TiO2 ALD with different exposure times. Clearly, even
an exposure time as short as 0.5 s yielded a much greater
deposition onto the membrane compared to the deposition



Fig. 5. The surface SEM images of the PVDF membranes subjected to 120 ALD cycles with different exposure times: (a) 0 s, (b) 0.5 s, (c) 1 s, (d) 3 s, and (e) 5 s.
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without an additional exposure time, resulting in a noticeably
smaller mean pore size (Fig. 5b vs. Fig. 5a). Further increases in the
exposure time to 1 s and 3 s led to the continuous but slight
shrinkage of the mean pore sizes, and an even longer exposure
time of 5 s did not produce a measurable further reduction in the
mean pore size. This is because the adsorption and entrapment of
the precursors will be saturated at an appropriately extended
exposure time, which was �3 s under the current deposition
conditions. The changes in the pore sizes by altering the exposure
time resulted in a wide range in the tunability of the water flux in
filtrations. As shown in Fig. 6, the water flux dramatically dropped
when the exposure time increased from 0 s to 0.5 s, and continued
to drop but with a lower slope when the exposure time was
further increased to 1 s and 3 s. There was no further flux drop at
the longest exposure time of 5 s. Such a trend was consistent with
our observation of the change in the pore sizes with the exposure
time. All the membranes prepared here with different exposure
times resulted in a high BSA retention (larger than 90%), but they
may show different retention for solutes of smaller sizes. We also
investigated the influence of the purging time on the separation
performances of the deposited PVDF membranes and found that
a purging time of 5 s was enough to ensure the deposition of TiO2

in the ALD mode by completely sweeping off the excess precursors
that were unbound to the substrate membranes from the ALD
chamber. Purging times longer than 5 s did not significantly
change the TiO2 ALD results on the PVDF membranes, and the
flux and retention of the membranes deposited using varying
purging times were almost unchanged.

3.6. The thermal stability of the TiO2-deposited PVDF membranes

We performed a thermogravimetric analysis (TGA) on the neat
PVDF membrane and the membranes subjected to 30 and 200 ALD
cycles of TiO2 by heating them in air up to 800 1C. The ash content
after burning the neat membrane at 800 1C was 0.81%, and the 30-
and 200-cycle deposited membrane had a remaining weight of
2.24% and 4.51%, respectively, after subtracting the ash weight of
the neat PVDF membrane. The remaining weight corresponded to
the mass of TiO2 deposited on the membrane, as burning the TiO2-
deposited membranes in air degraded all of the organic compo-
nents while leaving behind the deposited TiO2. We can estimate
the average mass uptake per cycle in the initial stage (the first 30
cycles) and the subsequent stage (31–200 cycles) of ALD, which
were 0.083% and 0.014%. Therefore, we draw the conclusion that
the TiO2 grew at a much higher rate in the initial stage than during
the subsequent stage, indicating that the deposition of TiO2 on the
PVDF membrane was mainly via the surface growth mode. In
contrast, our earlier work demonstrated that the growth of Al2O3

on PTFE membranes mainly followed the subsurface nucleation
and growth mode, in which Al2O3 grew in the first several tens of
cycle at lower rates because of the absence of the active groups on
the PTFE surface. As shown in Fig. 7, the neat PVDF membrane
began to degrade at �300 1C, whereas the membrane deposited
with 30 ALD cycles of TiO2 remained stable until the temperature
was increased to 400 1C, indicating a significant improvement in
the thermal stability of the membranes slightly deposited after 30
ALD cycles. However, for the membrane subjected to 200 cycles,
we did not observe any noticeable increase in the degradation
temperature. The TiO2 deposited on the membranes had two
opposing effects that influenced the thermal stability of the PVDF
matrix. On the one hand, TiO2 covered the membrane surface and
enhanced the thermal resistance of the membrane by shielding
the polymer from direct contact of oxygen; on the other hand, it
accelerated the thermal degradation of the organic components in
the membrane because of the thermal catalytic oxidation effect of



0 200 400 600 800
0

20

40

60

80

100

M
as

s/
%

Temperature/°C

30 cycles
200 cycles

0 cycle

Fig. 7. The TGA curves of the neat PVDF membrane and the membranes subjected
to 30 and 200 cycles of TiO2 ALD.

Fig. 8. The saturated amount of BSA adsorbed onto the PVDF membranes exposed to
different numbers of TiO2 ALD cycles.
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TiO2 at elevated temperatures on the other hand [31]. The
competing shielding effect and catalytic effect led to the increase
in the onset temperature of degradation for the slightly deposited
membrane (30 ALD cycles) and the unchanged onset degradation
temperature for the heavily deposited membrane (200 ALD
cycles). The thermal degradation completed at �500 1C, 460 1C,
and 410 1C for the neat membrane and the membranes with 30
and 200 cycles, respectively, because the catalytic effect of TiO2

became more prominent at higher temperatures. The narrowing
temperature range of degradation for the TiO2-deposited mem-
branes further confirmed the catalytic effect of TiO2. Moreover, we
observed a slight weight loss for the membrane with 200 ALD
cycles in the initial stage of its TGA curve, which should be
attributed to the loss of water adsorbed onto the TiO2 layer
because the membrane deposited with 200 ALD cycles was highly
hydrophilic. As the melting temperature is also an important
indicator of the thermal stability of crystalline polymers such as
PVDF, we also used differential scanning calorimetry (DSC) to
determine the melting temperatures of the PVDF membranes
subjected to different numbers of ALD cycles. We found that
deposition with TiO2 up to 200 ALD cycles did not change the
melting temperatures of the PVDF membranes, which remained
approximately 166 1C for the PVDF membranes subjected to 0, 30,
and 200 ALD cycles.
3.7. The fouling resistance of the TiO2-deposited PVDF membranes

As discussed above, the TiO2-deposited PVDF membranes
exhibited enhanced hydrophilicity because of the hydrophilic
TiO2 covering the membrane surface. Enhancing the hydrophilicity
will directly result in better anti-fouling properties of the mem-
branes. We investigated the static protein adsorption of the
deposited membranes to reveal their anti-fouling properties.
As shown in Fig. 8, the saturated mass of the static BSA adsorption
for the neat membrane was 37 μg/cm2, whereas all of the PVDF
membranes exposed to different numbers of ALD cycles displayed
reduced amounts of adsorbed BSA. Although the reduction in the
BSA adsorption for all of the deposited membranes was moderate
because the neat PVDF membrane already showed some hydro-
philicity and did not heavily adsorb BSA, the reduction in the BSA
adsorption caused by the TiO2 deposition was unambiguous.
Moreover, the membranes with higher numbers of ALD cycles
adsorbed lower amounts of BSA because higher numbers of ALD
cycles resulted in better hydrophilicity.
4. Conclusions

TiO2 was coated onto PVDF ultrafiltration membranes using the
atomic layer deposition technique with TiCl4 and water as the
precursors. The vaporized precursors were exposed to the PVDF
membranes separately and alternatively, resulting in the confor-
mal and uniform coating of TiO2 onto the membrane surface. The
membrane pores were progressively reduced as the number of
ALD cycles increased. The TiO2-deposited PVDF membranes
showed enhanced hydrophilicity and consequently better fouling
resistance to proteins, and the enhancement in hydrophilicity and
fouling resistance became prominent at higher numbers of ALD
cycles. The enhanced hydrophilicity facilitated water transport
whereas the reduced pore sizes led to higher retention. The
increase in the number of ALD cycles resulted in first increasing
then decreasing water flux and initially quickly-increasing and a
then leveling off of the retention. The transition of the flux and
retention occurred at 120 ALD cycles, and the membrane showed a
simultaneous increase in both the permeability and selectivity that
were remarkably better than the neat PVDF membranes.
Moreover, the PVDF membrane showed enhanced thermal stabi-
lity when it was slightly deposited with TiO2.
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