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Atomic layer deposition (ALD) of polyimide (PI) is explored to tune the separation properties of microporous polyether-
sulfone (PES) membranes and also to improve their mechanic and thermal stability. Conformal and uniform thin layers
of PI are deposited along the pore wall throughout the entire PES membrane instead of forming a top layer merely on
the membrane surface. With increasing ALD cycles, the pore size of the PES membrane is progressively reduced, lead-
ing to increased retention. The permeation is correspondingly decreased but its drop is less pronounced than the
increase of retention. For example, the retention to 23-nm silica nanospheres is significantly increased from nearly zero
to 60% after 3000 ALD cycles, whereas the water flux is moderately decreased by 54%. Moreover, ALD of PI evidently
enhances the mechanical strength and thermal resistance of the PES membrane as PI tightly wraps the skeleton of the
membrane. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 3614–3622, 2014
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Introduction

Membrane-based separation is playing an increasingly
important role in a diversity of fields related to water,
energy, environment, and natural resources where the size-
sieving mechanism governs the separation process.1,2 The
performance of a membrane is mainly dictated by the pore
structure, chemistry, and physical properties of the mem-
brane.3,4 There is a constant demand for membranes with
better permselectivity as well as enhanced chemical and
physical stabilities to reduce the operation costs and to be
used in harsh conditions. Therefore, huge efforts have been
invested in exploring new membrane-forming materials and
processes, for example, carbon nanotubes,5 graphene,6 block
copolymers,7 metal-organic frameworks,8 chemical vapor
deposition (CVD),9 and layer-by-layer deposition.10 Alterna-
tively, modification on traditionally used materials is also
demonstrated to be an efficient and affordable way to
upgrade membrane performances.11

Atomic layer deposition (ALD), which is previously pre-
dominantly used in the field of microelectronics,12–14 has
been newly adopted to modify and functionalize separation
membranes.15–18 ALD is based on the self-limited surface
reactions between precursors. It is distinguished from other
deposition techniques for its uniform and conformal deposi-
tion of materials exclusively on the substrate surface (includ-
ing internal surfaces of porous substrates) and the atomic

level control of the thickness of the deposition layer.19–22

Moreover, as precursors for ALD are exposed to the sub-
strate in the vaporized state, ALD is particularly suited for
the homogeneous deposition of porous media with fine
porosities, for example, membranes. In clear contrast, the
sol-gel method based on liquid-phase reactions is frequently
suffering from clogging fine pores or inhomogeneous coating
because of capillarity or diffusion problems. ALD has been
recently used to modify membranes with various chemical
properties and pore structures including polymeric mem-
branes15–17 and inorganic membranes18 with pore sizes
ranged from a few nanometers to submicrometers. The func-
tion of ALD modification on membranes is multiple: (1) to
precisely tune the pore size by altering the thickness of the
deposition layer, (2) to improve the surface hydrophilicity
and consequently the fouling resistance by covering the
membrane surface with a highly hydrophilic oxide layer, (3)
to enhance the chemical and thermal stability by taking the
advantage of the barrier effect of the deposited oxide layer,
and other functions specific to the substrate membranes.

Up to now only metal oxides, mainly aluminum oxide and
titanium oxide, are ALD-deposited on membranes to deliver
a modification effect. In some cases, deposition of metal
oxides on a specific membrane might not be the best choice.
For example, polymeric membranes deposited with a thick
layer of metal oxide may become brittle and the large differ-
ence in the thermal expansion between the polymeric sub-
strate and the deposited inorganic layer may cause
deformation or even failure of the membrane when used at
elevated temperatures. ALD of polymers is expected to pro-
vide a solution to this challenge. It was demonstrated very
recently that polyimide (PI) can also be produced by the
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condensation polymerization between dianhydrides and dia-
mines in the ALD mode.23,24 Moreover, PI, as a high-
performance engineering plastic, is well-known for its out-
standing mechanical strength, thermal resistance, and chemi-
cal stability,25 and it has long been used to produce
membranes for gas separation,26,27 solvent-resistant nanofil-
tration,28,29 and pervaporation.30 Therefore, there might be a
chance to ALD-deposit PI on membranes, especially poly-
meric membranes, to tune their properties and to upgrade
their performances.

In this study, we demonstrate, for the first time, the depo-
sition of PI on microporous polyethersulfone (PES) mem-
branes in the ALD mode. PES membranes are screened to
use as the substrates because of the following reasons. First,
PES membranes are a popular type of membranes and exten-
sively used in microfiltration and ultrafiltraion.31,32 Second,
PES also possesses a good thermal resistance allowing it to
tolerate the deposition temperature needed for the ALD of
PI.33 Third, PES has a good compatibility with PI as they
are frequently blended together to prepare membranes by the
nonsolvent-induced phase separation method.34,35 Through
ALD, PI is uniformly deposited on the pore wall throughout
the PES membrane, forming a three-dimensionally intercon-
nected structure wrapping the entire skeleton of the PES
membrane. The effective pore size and the separation proper-
ties of the PES membranes can be tuned in a relatively wide
window by changing the ALD cycle numbers. Furthermore,
the deposition of PI evidently enhances the mechanical and
thermal stability of the PES membranes.

Experimental Section

Materials

PES flat membranes in the shape of round disks with a
diameter of 25 mm (SuporVR Membrane, Pall) were used as
substrates for ALD. The PES membrane has a nominal pore
size of 100 nm according to the supplier and its thickness is
determined to be �132 mm. Pyromellitic dianhydride
(PMDA, J&K Scientific) and ethylenediamine (EDA, Sigma-
Aldrich) with a purity of �99.5% were used as precursors
for the ALD of PI. Nitrogen with an ultrahigh purity
(99.999%) was used as both the precursor carrier and the
sweeping gas for purging. Monodispersed colloidal silica
nanospheres with a diameter of 23 nm as determined by
dynamic light scattering, purchased from Sigma-Aldrich with
a concentration of 40 wt %, were diluted with water and
used to measure the retention of the membranes. Purified
water with a conductivity of 6 mS/cm was in-house prepared
through a reverse osmosis process and used throughout this
study.

ALD of PI on PES membranes

PES membranes were positioned in the chamber which
was heated to 160�C of a homemade hot-wall ALD reactor.
The ALD process was commenced once the chamber was
pumped to reach a vacuum of �2 torr. Both PMDA and
EDA were stored in stainless cylinders. Considering the low
vapor pressure and high evaporation temperature of PMDA,
we maintained the storage cylinder of PMDA at 155�C and
set the deposition temperature at 160�C to prevent the con-
densation of PMDA. EDA was much more volatile than
PMDA and it was stored at room temperature. The PMDA
and EDA vapors were alternatively pulsed into the ALD
chamber by the carrier nitrogen gas at a flow rate of 50

sccm. The pulse duration of PMDA and EDA was 1 and
0.05 s, respectively. After pulse, PMDA and EDA were held
in the chamber for 8 and 3 s, respectively, allowing the PES
membranes to be sufficiently exposed by each precursor.
Nitrogen was subsequently purged into the chamber at the
flow rate of 50 sccm for 40 and 15 s after the pulse of
PMDA and EDA, respectively, to sweep away the unad-
sorbed/unreacted precursors and by-products formed during
the reaction between the precursors. The pulse, exposure,
and purging duration for PMDA were set longer than that of
EDA to allow the bulky and less volatile PMDA molecules
to have adequate time to overcome the diffusion problems.
Such a sequence of operations of “PMDA pulse/exposure/N2

purge/EDA pulse/exposure/N2 purge” is termed as one ALD
cycle and all these operations are automatically controlled
via fast valves. A schematic diagram of the ALD device is
shown in Figure 1. We repeated the ALD cycle for different
times up to 3000.

Characterizations

The morphology of membrane samples were observed by
a Hitachi S4800 field emission scanning microscope operated
at 5 kV. Prior to SEM observation, the samples were first
sputtering-coated with a thin layer of Pt/Pd alloy to enhance
the conductivity. The distribution of the nitrogen element
across the PI-deposited PES substrate membrane was
obtained from an Oxford INCA 350 energy dispersive x-ray
microanalysis system (EDX) coupled to the SEM and oper-
ated at 20 kV. The pore-size distribution and the mean pore
size of PES membranes subjected to different ALD cycles
were analyzed based on at least 100 pores randomly picked
up from the SEM images using an image analysis program
(NanoMeasurer). The Fourier transformation infrared (FTIR)
spectra of membrane samples were obtained from a Nicolet
8700 FTIR spectrometer in the attenuated total reflection
mode (32 scans, 4 cm21). To hydrolyze PI deposited on PES
membranes, membranes with different ALD cycles were sep-
arately immersed in 10 wt % aqueous sodium hydroxide
(NaOH) solutions at room temperature for 15 h. The content
of total organic carbon (TOC) and total nitrogen (TN) of
these solutions in which the membranes were immersed
were determined by a Multi 3000 TOC/TN analyzer (Analy-
tik Jena AG). The mechanical properties of membranes were

Figure 1. The schematic diagram (not to scale) of the
ALD device used to deposit PI on PES mem-
branes.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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measured on an electronic tensile tester (CMT-6203, Shenz-
hen Sans Test Machine Co.) with a tensile rate of 2 mm/
min. The samples were prepared in the dimension of 8 3

15 mm2. For each membrane, we tested three samples and
the averaged value of the tensile strength was reported.
Membranes were also immersed in water and ultrasonicated
at a power of 100 W for 10 min. Differential scanning calo-
rimetry (DSC) analysis of PES membranes with different
ALD cycles was performed on a TA TG449F thermal ana-
lyzer in the atmosphere of 2:1 N2/O2 at a heating rate of
10�C/min from 30 to 400�C. In addition, these membranes
were also placed in a furnace and heated to 230�C from
room temperature within 20 min and maintained at this tem-
perature for 30 min. Then, membranes were naturally cooled
down to room temperature and their structures were checked
to assess their thermal resistance.

The water flux and the retention of 23-nm silica of neat
and deposited PES membranes were determined using a
stirred filtration cell (Amicon 8010, Millipore) at a pressure
of 0.01 MPa. The silica solution was diluted for 2500 times
with water and then used for retention evaluation. The reten-
tion rates were obtained by comparing the concentrations of
Si element in the feed and permeate solutions. Silicon con-
centrations were tested by an inductive coupled plasma emis-
sion spectrometer (Optima 7000DV, PerkinElmer).

Results and Discussion

Confirmation of the deposition of PI on PES
membranes

We placed PES membranes into the ALD reactor and
PMDA and EDA vapors were alternatively pulsed into the
reaction chamber. The deposition was performed at the tem-
perature of 160�C as the PMDA vapor is prone to be con-
densed in the chamber and pipelines at temperatures lower
than 150�C and causes clogging problems.23 PES has a glass
transition temperature as high as 230�C and the PES mem-
brane is expected to maintain its structural stability at the
moderate deposition temperature of 160�C. The PES mem-
brane after deposition at a cycle number lower than 2000
exhibits no noticeable change and its original white color is
preserved (Figures 2a, b). After 3000 ALD cycles, the mem-
brane turns to be yellowish as shown in Figure 2c. This

white to yellowish change in color implies that new sub-
stance is formed in the membrane. As the reaction between
PMDA and EDA can lead to either PI or polyamic acid
(PAA),36,37 we used FTIR analysis to identify the formed
substance is PI or PAA. The IR spectra of PES membranes
with different ALD cycles were shown in Figure 3. We
observed three new peaks at the wave number of 1770,
1710, and 1389 cm21 which can be designated to the asym-
metrical and symmetrical stretching vibration of C@O bonds,
and the stretching vibration of CAN bonds, respectively.
However, the characteristic peak of PAA centered at
1640 cm21 (Ref. 37) could not be observed in the spectra of
all PI membranes subjected to various ALD cycles up to
3000. In addition, the IR spectrum implies that the deposited
membrane does not contain any unreacted monomers of PI
as no characteristic peaks of anhydride (1806 and
1860 cm21)23 or amine (3300–3500 cm21)38 can be
observed. Therefore, we concluded that PI rather than PAA
was formed in the PES membrane through the ALD process
and the yellowish color of the 3000-cycles-deposited mem-
brane was due to the formation of relatively thick layer of PI
(which is in yellow color in bulk). The reaction between
PMDA and EDA directly leading to PI is shown in Figure
2d. By comparing the IR spectra of PES membranes with
different PI ALD cycles, we found that the higher the ALD
cycle numbers, the stronger the intensity of the PI character-
istic peaks. It suggests that the thickness of the PI layer
increases with the number of ALD cycles. Moreover, the
characteristic peaks of PES, for example, the peak at
1230 cm21(@CAOAC@), 1140 and 1099 cm21 (S@O),
1573 cm21, and 1480 cm21(the vibration of benzene skele-
ton)39 became progressively weaker with increasing ALD
cycle numbers. This is another indicator that higher ALD
numbers produce thicker layers of PI whose shielding effect
weakens the penetration depth into the PES substrate of IR
signals. The deposition of PI on PES substrate membranes
can also be probed by EDX mapping. As shown in Figure 4,
signals of nitrogen element originated from deposited PI are
present throughout the entire cross section of the PES mem-
brane subjected to 3000 cycles, indicating the full coverage
of PI on PES membranes.

Figure 2. The photographs of the neat PES membrane
(a) and the PES membrane subjected to 1000
cycles (b) and 3000 cycles (c), and the equa-
tion of the reaction between EDA and PMDA
producing PI involved in the ALD process.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. The FTIR spectra of PES membranes sub-
jected to different ALD cycles.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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PI can also be deposited on various substrates by conven-
tional vapor deposition polymerization (VDP). VDP seems
similar to ALD as they both start with the same precursors
and are operated under vacuum at elevated temperatures.
However, they are qualitatively different. In the ALD pro-
cess, the two precursors are separately pulsed into the reac-
tion chamber and their reaction only occurs on the substrate
surface (including pore walls) and consequently PI layers are
conformally deposited along the surface and pore walls. In
contrast, in the VDP process which is a type of CVD, the
two precursors are simultaneously introduced into the reac-
tion chamber and the reaction between the precursors takes
place immediately when they get contacted in the free vol-
ume of the chamber. Primary particles of PI form in the free
space of the chamber and precipitate on the top surface of
the substrate membrane.40,41 As a result, pores inside the
substrate membrane are free of PI and are not modified.
Moreover, VDP needs to be operated under the conditions of
considerably high vacuum and temperatures and produces
PAA rather than PI. Thermal annealing at even higher tem-
peratures, for example, 300�C, is required to convert PAA to
PI.36,37 Therefore, VDP is not suitable to deposit PI on most
polymeric substrates including PES we are using here as
they cannot withstand such a high deposition temperature.
To have a homogenous modification to porous membranes
by the deposition of PI, it is technically easier and more suit-
able to use the ALD method.

The study of growth process of PI deposition

The ALD of PI on PES substrate membranes is performed
in the cyclic mode and one cycle of deposition includes four
steps. PMDA vapor is first pulsed into the ALD chamber
and forms a monolayer of adsorbed PMDA molecules on the
pore wall of the PES membranes. The unadsorbed PMDA
molecules are purged out the chamber by nitrogen sweeping
in the second step. The second precursor, EDA, is subse-
quently pulsed into the chamber and reacts with the PMDA
previously adsorbed on the pore wall, producing one single
molecular layer of PI. In the last step, nitrogen is purged
into the chamber again to sweep the unreacted EDA and the
by-product (H2O) of the reaction between PMDA and EDA
out the chamber, thus finishing one cycle of ALD of PI.
Such cycles repeat for preset numbers to produce a PI layer
with a desired thickness. To investigate the growth mode of
PI deposition on the PES membrane, we analyzed the weight

gain of PES membranes subjected to various ALD cycles.
We first directly compared the weight change before and
after ALD and found that the weight gain was very minor as
the 3000-cycles-deposited membrane gained additional
weight of �3.6% and the 500-cycles-deposited membrane
showed no measurable weight gain. Such minor weight gains
are not reliable to be directly used to analyze the growth of
PI at different ALD cycles. Alternatively, we turned to an
indirect method. In this method, the PI-deposited PES mem-
branes were immersed in NaOH aqueous solutions for 15 h
to completely decompose the deposited PI, and the TOC
content in the solution was measured to assess the amount of
deposited PI. As shown in Figure 5, there is a near linear
increase of TOC content with the increasing of ALD cycle
numbers. The TOC content increased from only 5 mg/L for
the neat PES membrane to 21.9, 94.3, and 214.5 mg/L for
the membranes with 500, 1500, and 3000 ALD cycles,
respectively. Because PI can be fully depolymerized42 while
PES keeps intact in basic conditions, the TOC content in the
solution where the membrane is immersed is completely
resulted from the depolymerized products of PI. Therefore,
the TOC level directly indicates the weight gain because of
the deposition of PI if we subtract the slight TOC content
produced by the neat PES membrane. Such a linear relation-
ship between the cycle number and the weight gain reveals

Figure 4. The cross-sectional SEM image of a PES membrane subjected to 3000 cycles of PI ALD (a) and the cor-
responding EDX map (b) showing the distribution of nitrogen element.

Figure 5. The change of TOC contents in the depoly-
merized solutions of PES membranes sub-
jected to different ALD cycle numbers.
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that the deposition of PI on PES membrane follows a tradi-
tional cyclic ALD growth pattern. Moreover, a certain
amount of nitrogen reflected as TN can also be detected in
the NaOH solution used to treat PI-deposited PES mem-
branes whereas no TN can be detected from the solution of
the neat PES membrane. The presence of nitrogen in the
solution which is originated from the nitrogen-containing
products formed during the PI depolymerization confirms the
successful deposition of PI on PES membrane. Unfortu-
nately, as the TN content from the PES membranes sub-
jected to ALD cycles is low, we are unable to correlate a
reliable relationship between the TN contents and the weight
gains of different ALD cycles as we correlated the TOC con-
tents with weight gains.

The morphology of PI-deposited PES membranes with
varying cycles

We examined the surface morphology of PES membranes
with different numbers of PI ALD cycles by SEM. As shown
in Figure 6a, there are many roughly circular pores with
pore sizes widely scattering in the range approximately from
20 to 570 nm on the surface of the neat PES membrane.
After ALD deposition of PI up to 3000 cycles, the PES
membrane mainly maintains its porous nature with circular
pores present on the membrane surface, and there is a reduc-
ing trend for the pore sizes and the pore densities with
increasing cycle numbers (Figures 6b–f). The reduction in
the pore size and pore density is more pronounced at high
ALD cycles, for example, 2000 and 3000 cycles (Figures 6e,
f). For a better investigation on this change in the pore size
with ALD cycle numbers, we analyzed the pore-size distri-
bution and the mean pore size based on the SEM images.

The pore-size distribution is inset in each corresponding
SEM image. Generally, higher ALD cycle numbers lead to
smaller mean pore sizes and largest pore sizes. Figure 7
exhibits the change of the mean pore size with the number
of ALD cycles, which reveals a nearly linear reduction of
mean pore sizes with cycle numbers. For instance, the mean
pore size of the neat PES membrane is 136 nm, and it
reduces to 124, 100, and 80 nm after 1000, 2000, and 3000
ALD cycles, respectively. This linear shrinkage in the mean
pore size further reveals that PI is progressively coated on
the pore walls of the PES membrane via surface growth with
almost an identical growth rate. In addition, cross-sectional
SEM images (Figures 6g–i) reveal that the symmetric porous
structure of the neat PES membrane is preserved and there is

Figure 6. The surface SEM images of PES membranes before (a) and after PI deposition with 500 (b), 1000 (c),
1500 (d), 2000 (e), and 3000 (f) ALD cycles. The cross-sectional SEM images of PES membranes sub-
jected to 0 cycle (g), 1000 cycles (h), and 3000 cycles (i).

The inset in each image is the bar chart of pore-size distribution of the corresponding membrane. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. The change of the mean pore size of PES
membranes with the number of ALD cycles.
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no an additional PI layer forming on the top surface of the
PES membrane after PI ALD with a cycle number up to
3000. Because of the self-limiting nature of the ALD reac-
tions between vaporized precursors PI deposition occurs
throughout the entire thickness of the PES membrane, pro-
ducing a conformal layer of PI completely wrapping the
skeleton of PES. In contrast, the VDP technique produces a
dense PAA layer on the top surface of the substrate mem-
brane as PAA does not deposit along the wall of pores in the
interior of the membrane, producing a bilayered composite
structure.36 Therefore, VDP does not have the possibility to
progressively tune the pore size of the substrate membrane.
We are aware of that the above analysis on the pore size is
based on the surface pores of the membranes rather than
“effective” pores dictating the permselectivity of the mem-
brane; however, it also demonstrates that ALD deposition of
PI is capable of adjusting the pore size of PES membranes
in a highly controlled and continuous manner.

The tunability of filtration properties of PES membranes
by PI ALD

We then investigate the influence of the deposited PI on
the water flux and retention of the PES membranes. As
shown in Figure 8, pure water flux (PWF) is continuously
declined with the increase of PI ALD cycle numbers. PWF
is reduced from 3850 L/(m2 h bar) for the neat PES mem-
brane to 3565 L/(m2 h bar) after ALD deposition for 1000
cycles, and is further reduced to 1780 L/(m2 h bar) at a cycle
number of 3000. Simultaneously, with the decline of flux,
there is a remarkable improvement of the retention perform-
ance of the membrane with rising ALD cycle numbers. For
instance, the neat PES membrane shows a negligible reten-
tion rate of 0.8% to monodispersed silica nanospheres with a
diameter of 23 nm. In contrast, the retention rate is increased
to 15% and 60% after PI ALD for 2000 and 3000 cycles,
respectively. Therefore, there is about over 60 times increase
in retention at the expense of 54% decline in water flux after
the PES membrane is deposited by PI for 3000 cycles. As
we discussed earlier, the membrane only gained a �3.6%
additional weight after PI ALD for 3000 cycles, revealing
the ultrathin nature of the deposited PI layer and the preser-

vation of the high porosity of the neat PES membrane. Con-
sequently, the amplitude of the flux decrease was much less
than that of the increase of retention rate of the PES mem-
brane after PI ALD. The decrease in flux and the increase in
retention with the rising ALD cycle numbers are due to the
progressive reduction of the pore size as higher ALD cycle
numbers lead to thicker deposited PI layers and consequently
a smaller effective pore size. As the water flux and retention
vary with cycle numbers in a relatively wide range, the ALD
deposition of PI can be used as an efficient and flexible
method to tune the separation properties of PES membranes
to fit different applications. One may argue that heating dur-
ing the ALD process may also play a role in changing filtra-
tion performances of the PES membrane. To investigate the
role of the heating treatment, we treated PES membranes at
160�C (which is the deposition temperature we used in this
work) in the ALD chamber without pulsing precursors for 56
h (corresponding to the period of time of 3000 ALD cycles)
and measured the PWF of the heated PES membrane. We
found that the heated PES membrane preserved its initial
water flux. In contrast, as we shown in Figure 8, ALD for
3000 cycles significantly reduced the flux to less than half of
the initial flux of the PES membrane. Therefore, we con-
cluded that heating during ALD does not influence the filtra-
tion performances of PES membrane, and PI deposition is
the dominating factor in tuning the performance of the PES
membrane subjected to ALD treatment.

The enhanced thermal resistance of the PI-deposited
membranes

As PI typically has a much higher glass transition temper-
ature than PES (�320�C vs. 230�C),33 the PES membrane
with the conformally deposited PI on the pore wall is
expected to exhibit enhanced heat resistance. We treated the
PES membrane subjected to various ALD cycles at 230�C
for 30 min in air. The neat PES membrane, which is origi-
nally opaque and in the milky color, turns to transparent
after the heat treatment, implying the disappearance of pores
in the PES membrane. SEM observation reveals that the sur-
face of the heated PES membrane is completely nonporous
(Figure 9a), which is in vivid contrast with the surface mor-
phology of the membrane before heating (Figure 6a). The
loss of pores in the membrane is due to the thermal deforma-
tion of the PES skeleton and the collapse of the void struc-
ture in the original PES membrane. In the DSC curve of the
neat PES membrane, there is a strong exothermic peak
around 230�C indicating that the glass transition occurs
around this temperature (Figure 10a). After ALD of PI for
1000 cycles, the PES membrane predominantly preserves its
macroscopic structure and color. SEM examination shows
that its porous structure is mainly maintained although some
small pores present on the surface before heating disappear
(Figure 9b vs. Figure 6c). Therefore, we conclude that PI
deposition for 1000 cycles significantly enhances the heat
resistance of the PES membrane. An exothermic peak can
still be observed on the DSC curve of the PES membrane
subjected to 1000 and 2000 ALD cycles (Figures 10b, c),
demonstrating that glass transition still happens to this mem-
brane. Therefore, the enhanced heat resistance should be
attributed to the presence of a conformal layer of PI wrap-
ping the entire skeleton of the PES membrane, preventing
the collapse of the PES framework which is in the threshold
of glass transition. For the PES membrane with a PI ALD

Figure 8. The change of the PWF and the retention to
23-nm silica nanospheres of PES membranes
with the number of ALD cycles.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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for 3000 cycles, it safely survives the heat challenge at
230�C. Its macroscopic structure and color are completely
kept unchanged and its microstructure as revealed by SEM
does not have any noticeable difference compared to that of
the membrane before heating (Figure 9c vs. Figure 6f). Inter-
estingly, its DSC curve does not show any exothermic peak
(Figure 10d), implying that a thicker PI deposition layer
completely suppresses the glass transition of PES chains.
Consequently, the thermal stability of the membrane is
remarkably enhanced.

The enhanced mechanical performance
of the PI-deposited PES membranes

The PI-deposited PES membranes are expected to have
enhanced mechanical stability because PI has a stronger
mechanical strength than PES. We measured the mechanical
properties of neat and PI-deposited PES membranes. As
shown in Figure 11, the PI-deposited PES membranes
exhibit a stronger tensile strength and a reduced elongation
than the neat one, indicating that the membrane becomes
stronger and tougher after PI deposition. The tensile strength
and the tensile yield stress of the neat PES membrane is 5.5
and 4.5 MPa, respectively, which is increased to 6.1 and 5.2
MPa, respectively, after PI deposition for 1000 cycles. Fur-
ther increasing the cycle number to 3000 leads to an even
higher tensile yield stress of 5.6 MPa and a tensile strength
of 5.8 MPa which is lower than that of the 1000-cycle-
deposited membrane but still higher than the neat PES mem-

brane. To further confirm the enhanced strength of the PES
membranes by PI deposition, we immersed the three mem-
branes in water and challenged them with ultrasonication
oscillation at the power of 100 W. After ultrasonication for
10 min, water in which the neat PES membrane is immersed
turned turbid because the membrane had been completely
broken down into small debrises which were temporarily
suspended in water (Figure 12a). Moreover, SEM examina-
tions reveal that there are also many cracks in the membrane
debris (Figure 12b). In contrast, the membranes subjected to
ALD PI for 1000 and 3000 cycles maintained their original
structural integrity at the macroscopic level. However, a few
cracks could also be observed on the surface of the mem-
brane with a cycle number of 1000 (Figure 12b), whereas
the 3000-cycles-deposited PES membrane survived the ultra-
sonication as no cracks could be observed on its surface
(Figure 12c). This ultrasonication challenge also demon-
strates that the enhanced mechanical robustness of the PES
membrane, which should be attributed to the uniform and
tight adhesion of the deposited PI layer on the PES substrate
membrane. The deposition of PI does not only occur on the
top surface or near-surface region of the PES membrane like
other deposition methods, for example, CVD. Instead, PI
deposition takes place throughout the entire membrane with
the thorough penetration of the vaporized ALD precursors
into the porous interior of the PES membrane, producing a
three-dimensionally interconnected network of PI layer along
the skeleton of the PES substrate membrane. Because of the

Figure 10. The DSC curves of PES membranes sub-
jected to 0 (a), 1000 (b), 2000 (c), and 3000
(d) cycles.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 11. The stress–strain curves of PES membrane
subjected to 0 (a), 1000 (b), and 3000 (c)
ALD cycles.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 9. The surface SEM images of PES membranes subjected to 0 (a), 1000 (b), and 3000 (c) ALD cycles and a
thermal treatment at 230�C for 30 min.

The inset in each image shows the photograph of the corresponding thermally treated membranes. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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interlocking effect of the PI layer with the PES substrate, the
enhancement of the mechanical strength is more pro-
nounced.16,18 As a result, we did not observe any delamina-
tion, which occurs frequently in two-dimensionally layered
composite structures, of the ALD-deposited membranes in
both the tensile test and the ultrasonication challenge.

Conclusions

We demonstrate the controllable coating of PI along the
pore wall of PES microporous membranes by ALD using
PMDA and EDA as the precursors. The precursors are sepa-
rately pulsed into the ALD reactor to grow a conformal PI
layer in the membranes uniformly. The pore size of the PES
membranes is progressively reduced with increasing ALD
cycle numbers, leading to the continuous rise in rejection rate
and drop in permeability. The increase of rejection rate with
rising ALD cycles is more pronounced than the drop of perme-
ability, for example, there is an over 60 times increase in the
rejection rate for the PES membrane subjected to PI ALD for
3000 cycles whereas its flux is only reduced by 54%. More-
over, the PI-deposited PES membranes survive thermal treat-
ment up to 230�C and a harsh ultrasonication challenge
because of their remarkably enhanced thermal resistance and
mechanical strength. This significant improvement in thermal
and mechanical performance is due to a uniform and tight PI
layer wrapping the skeleton of the porous PES membrane.
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