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Molecular layer deposition (MLD) for the deposition of polyimide (PI) at low temperature of 110 °C has beenfirstly
introduced into the field of membrane separation. With the optimized MLD deposition parameters, such low de-
position temperature has successfully expanded the application of MLD for the surface modification of polymeric
materials. Globular PI particulates grow on both the free surfaces as well as the pore walls of the polypropylene
(PP) membranes as isolated islands during progressive precursor exposures. The PI-deposited PP membranes ex-
hibit synergistically improved performances in various aspects. Evidently improved surface hydrophilicity andper-
meation performance (30%) have been achieved via theMLD deposition of polyimide films. The overall separation
efficiencymaintained higher than 85% even after 250 cycles ofMLDdeposition.More importantly, the thermal sta-
bility has been improved and the integrity of the porous structure for PI-deposited PP membranes has been well
preserved even after harsh treatment, which ensures its potential application in industries.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

Molecular layer deposition (MLD), an advanced modification tech-
nique which is based on sequential self-limiting surface reactions, has
been recently utilized to functionalize a wide variety of materials [1–4].
With the advantages such as uniform and conformal deposition on any
possible substrate and precise control of deposition layer thickness,
MLD is distinguished from other techniques and particularly suited for
the homogeneous deposition of porous materials with fine porosities,
i.e., membranes [5–7].With similar principles as Atomic LayerDeposition
(ALD),which has been intensively utilized for the deposition of inorganic
compounds such as oxides, nitrides and sulfides; MLD growth was ini-
tially developed for the deposition of organic polymers [8–10]. The depo-
sition temperatures of ALD for inorganic compounds are normally in the
range of 200 to 500 °C; however, the deposition of organic compounds
by MLD has not been thoroughly investigated as most polymeric mate-
rials tend to decompose under such high temperature. It has been re-
cently reported that such deposition technology managed to tune the
chemical properties and pore structures of the membrane materials,
ranging from polymeric membranes to ceramic membranes [11,12].

So far as we know, the deposition of polymeric materials such
as polyamide, polyuria, polythiourea and polyimide has been reported
[13–15]. Among them, polyimide (PI) materials have found great
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application in the production of membrane materials for solvent-
resistant nanofiltraton and gas separation due to their resistance
to high temperatures, mechanical stress and a variety of chemicals
[15–17]. Nevertheless, the MLD deposition of PI has rarely been report-
ed due to the relatively low diffusion coefficient of the polymeric pre-
cursor pyromellitic dianhydride (PMDA) per se [17]. Yoshimura et al.
first reported the deposition of PI using precursors PMDA and 2,4-
diaminonitrobenzene (DNB)/4,4′-diaminodiphenyl ether (DDE) in
1991 [18]. Different PI thin films have also been studied using the pre-
cursors such as PMDA, 1,4-phenylenediamine (PDA), 4,4′-oxydianiline
(ODA), and ethylenediamine (EDA) etc. at the temperature of 160–
200 °C [15]. Though theMLD deposition temperature has been reduced
to 170 °C of PMDA-ODA and PMDA-diaminohexane (DAH) precursors
for PI, it is still difficult for the polymeric substrates films to survive
under such high temperature [19,20]. MLD at the temperature of
165 °C was then applied for the deposition of PI and for further carbon-
ization to formuniform and continuous carbon nanofilms; nevertheless,
the deposition condition was not ideal for polymeric materials [21].

In our previous work, a novel route for the deposition of PI has been
successfully introduced on the surface of polyethersulfone (PES) mem-
branes followed by chemical crosslinking to effectively tune the pore
size and permeation performance of the membranes. Thermal/mechan-
ical stability and surface hydrophilicity have also been improved upon
MLD and crosslinking process [17]. Nonetheless, one of the major chal-
lenges for theutilization of PI is the deposition conditions. The deposition
temperature required as high as 160 °C considering the extremely low
diffusion coefficient of PMDA and it may condensate during the MLD
process. However, most polymeric membranes such as polypropylene
(PP) and polycarbonate cannot withstand such high temperature and a
ustry Press. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cjche.2016.02.002&domain=pdf
mailto:yongwang@njtech.edu.cn
http://dx.doi.org/10.1016/j.cjche.2016.02.002
Unlabelled image
www.elsevier.com/locate/cjche


844 S. Xiong et al. / Chinese Journal of Chemical Engineering 24 (2016) 843–849
disappearance of the pore structure is inevitable. To apply polymeric
membranematerials in the area of surface functionalization, particularly
molecular layer deposition, it is of great significance to optimize the de-
position conditions and ultimately a low deposition temperature can be
realized for the deposition of PI on polymeric substrates.

In thiswork,we have successfully decreased theMLDdeposition tem-
perature of polymericmaterials to 110 °C, and the deposition parameters
have been optimized to ensure the MLD process. Pristine PP membranes
without any pre-treatment were deposited with PI for various cycles.
Moreover, the performances of the PP membranes have been effectively
improved viaMLD deposition of PI in multiple aspects, for instance the
permeation, surface hydrophilicity and thermal stability. The selectivity
of the PP membranes as well as the integrity of the porous structure
has also been examined to investigate the influence of PI deposition.

2. Experimental

2.1. Materials

Porous PPmembranes (Celgard 2400)with a thickness of 25 μmand
an average pore size of 43 nmwere used as substratemembranes in this
work. Pyromellitic dianhydride (PMDA, 99.5%, J&K Scientific) and
ethylenedaime (EDA, ≥99.5%, Sigma-Aldrich) were used as precursors
for polyimide MLD process. Nitrogen with high purity (99.99%) was
used as precursor carrier and purging gas. Monodispersed colloidal sili-
ca nanospheres with a diameter of 12 nmwere purchased from Sigma-
Aldrich with an initial concentration of 30%. Si wafers were obtained
from local suppliers.

2.2. MLD of PI on PP membranes

Si wafers were first placed and deposited in a laboratory-made ALD
chamber to optimize the deposition conditions. PP membranes were
then placed in the ALD reactor with the chamber pre-heated to 110 °C
and pumped to ~2 Torr (1 Torr = 133.322 Pa). PMDA and EDA vapors
were alternatively pulsed into the chamber for the duration of 1.5 and
0.05 s, with the exposure time for 25 and 5 s, respectively to ensure the
homogeneous diffusion of PMDA, as well as sufficient adsorption and re-
action between the precursors and the substrate membranes. The purge
time for PMDA and EDAwas 210 and 120 s, respectively. High purity ni-
trogen with a flow rate of 50 ml·min−1 was used to thoroughly sweep
the by-product and unabsorbed/unreacted precursors out of the reactor.
One typical MLD cycle can be described as PMDA pulse/exposure/N2

purge/EDA pulse/exposure/N2 purge. PP membranes were deposited
for different cycles ranging from 50 to 250. Both Si wafers and non-
porous dense PP membranes obtained by hot press were deposited
with PI at the same temperature and then used as references.

2.3. Characterizations

Surface morphology of the PI-deposited PP membranes was per-
formed on aHitachi S4800 Field Emission ScanningElectronMicroscopy
(FESEM) operated at the power of 5 kV and the current of 10 μA. A thin
layer of Pt/Pd alloy sputtering was pre-coated on the samples to avoid
surface charging. A spectroscopic ellipsometer (Compete EASEM-
2000 U, J. A. Woollam) with the wavelength ranged from 246.1 to
999.8 nm in an incident angle of 65° was applied to measure the
thickness of the PI films deposited on the surface of Si wafers. The initial
SiO2 layer was determined with a thickness of 2.5 nm and then
subtracted. More than 5 spots on the surface of Si wafer were selected
and the thickness was correspondingly measured. Microscopic mor-
phologies of the Si wafer were characterized by Atomic ForceMicrosco-
py (AFM, Park Systems XE-100). The Fourier Transformation Infrared
(FTIR) spectra were obtained from a Nicolet 8700 FTIR spectrometer
in the mode of attenuated total reflection (ATR). Thermal analysis was
performed on a TA TG440F thermal gravimetric analyzer (TGA) in
nitrogen atmosphere with the temperature from 30 to 600 °C with a
heating rate of 10 °C·min−1. Surface contact angle goniometer
(Dropmeter A-100, Maist) was utilized to obtain the dynamic water
contact angle. For each sample, at least 3 sites were tested and the aver-
agewater contact angle was acquired. To test themechanical stability of
the PI-deposited PP membranes, ultrasonication treatment was applied
for 10 min at the power of 120 W, and the quantity of the particles on
the surface were compared via the SEM images.

2.4. Permeation performance of PI-deposited PP membranes

Pure water flux and the retention rate towards monodispersed silica
nanospheres of the pristine, PI-deposited PPmembraneswere performed
on a stirredfiltration cell (Amicon 8010,Millipore Co., Billerica,MA) at the
pressure of 0.05 MPa. The membranes were pre-wetted in ethanol solu-
tion for 1 min prior to permeation test, and then were circulated for
10 min to obtain a stable flux value. The retention performances were
measured against monodispersed silica nanosphere solutions diluted for
2500 folds. The retention rate was calculated by comparing the concen-
trations of Si element in the feed and permeates solutions. An inductive
coupled plasma emission spectrometer (ICP, Optima 7000DV, Perkin-
Elmer) was used to measure the concentration of Si element in the
solutions.

3. Results and Discussion

3.1. MLD growth of PI films on Si wafers

Previous reports revealed that the polymeric precursor PMDAvapor is
prone to condensation in the ALD chamber and pipelines at temperatures
lower than 150 °C due to its relatively large molecular weight
(218 g·mol−1), bulky molecular size and extremely low saturated
vapor pressure (4 × 10−3 MPa at 305 °C), therefore it might cause clog-
ging problems [15,17]. To avoid chemical vapor deposition (CVD) and to
guarantee the surface reaction ofMLD process, PESmembraneswith con-
siderably higher glass transition temperature (230 °C) have been applied
as the substrates as they can endure the MLD deposition temperature in
our previous work [17]. The results also confirmed the maintenance of
the structural stability at the deposition temperature of 160 °C. However,
here in this work, PP membranes with a relatively lower decomposition
temperature of 110–120 °C were chosen as the substrates and thus the
deposition parameters shall be adapted correspondingly to meet the re-
quirement of lower temperature for MLD process. Take pulse time as ex-
ample, shorter pulse time is essential as fewer amounts of PMDA
precursors will be pulsed into the chamber, indicating it is less difficult
for PMDA to evaporate. Prolonging the purge time will ensure the com-
plete removal of the unreacted/unadsorbed precursors and by-product.
From thermodynamic perspective, thermal motion of the molecules will
be slowdownat lower temperature; therefore longer exposure time is re-
quired for the precursors to diffuse homogeneously in the ALD chamber.

To guarantee the properMLD deposition on the PPmembranes, non-
porous planar Si wafers were first selected to deposit PI viaMLD to opti-
mize the deposition parameters. The thickness of the PI films on the
surface of Si wafers as a function of deposition cycle numbers was
shown in Fig. 1. It can be seen that the thickness of the deposition layer
increased along with the growing number of MLD cycles. For instance,
the thickness of the PI layer increased to 19 and 41 nm after deposited
for 50 and 100 cycles, respectively. The layer thickness further enhanced
to 85 and 219 nm when the deposition cycle number reached 250 and
750, respectively. Generally the thickness of the deposition layer in-
creases linearly with the MLD cycle number with a growth rate of
0.35 nmper cycle, which indicates the deposition of PI on PPmembranes
is in consistence with the traditional cyclic sequential self-limiting
growth mechanism of ALD/MLD technique [3,5].

SEM was applied to observe the surface and cross-sectional mor-
phologies of the deposition layer on non-porous substrates, Si wafers.



Fig. 1. Thickness of PI deposition film as a function of MLD cycle numbers.
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As shown in Fig. 2, the PI deposition films were conformal and pin-hole
free on the surface of Si wafers even after 750 cycles ofMLDprocess and
no significant change in the morphology of the PI deposition layer can
be observed regardless of the deposition cycles. Such phenomenon is
in agreement with the MLD growth pattern on the non-porous sub-
strates [3,22].

Microscopic analysis was also carried out by using Atomic Force Mi-
croscopy; we managed to determine the surface roughness of an initial
SiO2 layer on Siwafer as 0.269nm(Fig. 3). After deposited for 500 cycles,
the Si wafer displayed a surface roughness as 0.285 nm, suggesting the
smooth surface of the deposition layer was successfully maintained on
the Si wafer duringMLD process, which once again confirms the confor-
mal and uniform nature of deposition layer obtained byMLD technique.
Fig. 2. SEM images of Si wafer after PI deposition for 150 (a), 250 (b), and 750 (c
3.2. PI film composition on PP membranes via MLD deposition

It has been previously reported that PI deposition layer can be direct-
ly obtained via MLD technique rather than the generation of polyamic
acid (PAA) [15,20]. To investigate the influence on functional groups
after MLD, infrared analysis of the pristine PP membranes and the PI-
deposited membranes being deposited for different cycles are measured
and the spectra are shown in Fig. 4. The peaks located at the wavenum-
ber of 1770 and 1710 cm−1 can be designated to the symmetric and
asymmetric stretching vibrations of imide C_O bond, respectively;
which indicates the appearance of imide bond after the MLD deposition
of polyimide (marked with asterisk) [17,23]. Further increase in the de-
position cycle number to 150 and 250 gives rise to the intensified peak
located at 1710 cm−1. The peak appeared at the wavenumber of
725 cm−1 (marked with asterisk) represents the characteristic peak of
imide ring, which confirms the successful deposition of PI on PP mem-
branes [24,25]. However, the peaks centered at 1640 and 1560 cm−1

(marked with dot) of PAA cannot be detected in any spectrum of PP
membranes subjected to different MLD cycle numbers until it reached
250. It is worth mentioning that the characteristic peaks of PI cannot be
observed in the spectrum of 100MLD cycles PI-deposited PPmembrane.
The spectrumwithout obvious changes might be attributed to the ultra-
thin layer of PI deposited on PP membranes, which is even lower than
the instrumental detection limit. Additionally, no trace of the character-
istic peaks of anhydride (1806 and 1860 cm−1) nor amine (3300–
3500 cm−1) can be detected in the spectra despite the deposition cycles,
which eliminates the existence of any unreacted monomers of PI on the
PI-deposited PPmembranes [15,24]. These results suggested that the de-
position of PI layers on the surface of PP membranes at low temperature
of 110 °C is an approachable route for the polymeric substrate materials
and it is PI rather than PAA that formed in the PP membranes via MLD
process. As for the characteristic peaks of PP membranes themselves,
the asymmetric stretching vibrationpeaks of–CHbond in–CH3 groups lo-
cated in the region between 2800 and 2970 cm−1, and the bending
) MLD cycles and the cross-sectional image (d) subjected to 750 MLD cycles.

Image of &INS id=
Image of Fig. 2


Fig. 3. AFM images of pristine Si wafer (a) and after 500 MLD cycles (b).

Fig. 4. FTIR spectra of PI-deposited PP membranes subjected to different MLD cycles.
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vibration peaks of –CH bond in –CH2– groups centered in the range of
1380 to 1480 cm−1 progressively weakened with growing MLD cycle
numbers, which might be attributed to the deposition layer blocking
these absorption peaks (markedwith circles) [26]. It is an indirect indica-
tor that higher MLD cycle number leads to thicker layer of PI films whose
shielding effect deteriorated the penetration of IR signals into the PP
membranes.

3.3. Surface morphology and hydrophilicity of PI-deposited PP membranes

Most polymericmaterials are in shortage of active groups due to their
inert surface, the depositionmechanism for MLD on polymeric substrate
materials is henceforth significantly different from that on the inorganic
materials [11,27]. For inorganic substrate materials with abundant hy-
droxyl groups on the surface, a smooth yet highly conformal deposition
layer with great uniformity can be obtained via MLD process. However,
the deposition layer will grow as isolated island-like particles on the sur-
face of polymeric substrates, such as PP, PES and polytetrafluoroethylene
membranes, etc. due to some preferential nucleation sites on the sub-
surface regions [6,28]. In ourwork here, one of the precursorswas pulsed
into the chamber and physical adsorbed on the surface of PPmembranes,
followed by permeation onto the sub-surface regions in the duration of
exposure mode. The globular particulates were then generated on the
surface of PP membranes after the reactions with the other precursor
pulsed into the chamber. Surfacemorphologies of the PPmembranes be-
fore and after MLD deposition were then investigated by SEM as shown
in Fig. 5. It can be seen from Fig. 5a that the pristine PP membranes
showed a porous structure with stripe-shaped pores. Surface morpholo-
gy displayed insignificant change and the PI-deposited PP membranes
maintained the original smooth surface when the deposition cycles are
less than 150 due to the ultralow amount of deposited PI on the surface
of PPmembranes (Fig. 5b–d). Small particulates appearedwhen theMLD
cycle number reached 200; moreover, the quantity of the particles as
well as the particle size further grew along with the increasing MLD
cycle number (Fig. 5e). The particulates entirely covered the skeleton
of PP membranes with an average diameter of 25 nm when the deposi-
tion cycle reached 250 (Fig. 5f). The results suggested that the growth
mechanism of deposition layers viaMLD on inert porous polymeric sur-
faces is different from that on Si wafers. Dense, nonporous PP mem-
branes obtained from hot press were also deposited for 250 cycles to
compare the surface morphology (Fig. 5g–h). The results indicated that
the PI layers grew as globular particulates on the surface of dense PP
membranes. Therefore it can be concluded that the growth pattern, i.e.,
the island-shaped particles or smooth conformal layers produced on
the substrates are mainly determined by the nature of the substrates
rather than the surface roughness properties.

To further characterize the surface wettability of the PI-deposited PP
membranes, water contact angles of PI-deposited PP membranes with
different MLD cycles are presented in Fig. 6. The initial contact angle of
111° implied strong hydrophobicity of the pristine PP membranes. Con-
sidering PI displays a relatively stronger hydrophilicity than that of PP
membranes, a decrease in contact angle can be expected after the depo-
sition of PI for different cycles on the surface of PPmembranes. In the ini-
tial stage during MLD deposition of PI, i.e., less than 150 cycles, the pore
size barely changed due to the ultrathin layer; indicating that the influ-
ence on the surface wettability of the PP membranes by PI-deposition
is negligible. After 200 MLD cycles of PI deposited on PP membranes,
the water contact angle moderately dropped to 97°. Such change might
be assigned to the ultrathin nature of PI deposition films on the surface
of hydrophobic PP membranes when the MLD cycle number was less
than 200, the amount of PI layerwas insignificant to affect the surface hy-
drophilicity, which was also confirmed by the SEM images. Gradually
with the continuous growth of PI layer, a conformal layer appeared
with great uniformity which was thick enough to thoroughly cover the
membrane surface as well as the pore walls, and ultimately the more
prominent drop in contact angle can be realized. The relatively enhanced
surface hydrophilicity of the deposited membranes can be primarily as-
cribed to the inherent hydrophilic nature of PI covering the membranes.

3.4. Stability of PI-deposited PP membranes

Thermal stability is one of the most important factors in the evalua-
tion of the performances of membrane materials. Composite mem-
branes originating from PI with superior thermal stability and other

Image of &INS id=
Image of Fig. 4


Fig. 5. SEM images of porous (a–f) and nonporous (g–h) PP membranes before (a, and g) and after PI deposition with 50 (b), 100 (c), 150 (d), 200 (e) and 250 (f, h) MLD cycles.
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polymeric materials could enhance the stability of membranes against
harsh atmosphere. TGA curves of PI-deposited PP membranes as well
as pristine PPmembraneswere compared and shown in Fig. 7. The orig-
inal PP membranes decomposed at the temperature of 435 °C in the at-
mosphere of nitrogen. However, the PI-deposited PP membranes
extended the decomposition temperature to 445 and 450 °C after de-
posited for 100 and 250 cycles, respectively. The results suggested that
thermal stability successfully developed after MLD deposition of PI on
the surface of PP membranes comparing to the pristine membranes.
The coating of PI will protect the PP membranes from thermal
decomposition;moreover, larger quantity of PI results in better thermal
resistance of PI-deposited PPmembranes. The residualmass percentage
of the PI-deposited PPmembranes also increased comparing to the pris-
tine PPmembranes as shown in the inset of Fig. 7. PI will carbonize dur-
ing the thermal treatment; for instance, the residual mass percentage
increased from 0.14% of the pristine PP membrane to 0.72% after the
MLD deposition for 100 cycles [21]. Further increment of MLD cycles
to 250 results in the 0.96% residual mass percentage, which once again
confirmed the deposition amount of PI on the surface of PP membranes
increased with the MLD cycles. PP membranes have been widely

Image of Fig. 5


Fig. 6. Water contact angle of PI-deposited PP membranes as a function of MLD cycle
numbers.

Fig. 7. TGA curves of PPmembranes subjected to differentMLD cycles, the inset is the TGA
curves in the temperature range of 480–600 C.

Fig. 9. Pure water flux and retention of PI-deposited PP membranes as a function of MLD
cycle numbers.
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applied in the field of lithium-ion battery separators; and the develop-
ment of thermal stability will greatly improve the safety performances
of the lithium-ion battery separators.

Furthermore, surface morphology of the PP membranes before and
after the ultrasonication treatmentwas compared to investigate the sta-
bility of the PI-deposited PP membranes (Fig. 8). The quantity of the
particles on the surface was analyzed via Nanomeasurer and the results
Fig. 8. SEM images of PP membranes before (a
showed a slight decline from 135 per μm2 to 110 per μm2. Such insignif-
icant decrease indicated that the mechanical stability of the PI-
deposited PP membranes was successfully maintained even under
harsh circumstances. Both the thermal and mechanical stability charac-
terization confirmed that the PI-deposited PP membranes could with-
stand the environment with harsh conditions, which may thus find
large scale applications in the field such as water treatment and
pervaporation.
3.5. Permeation and separation performances of PI-deposited PPmembranes

Pure water flux and retention of the PI-deposited PP membranes
were thenmeasured and the pristine PPmembranes were used as refer-
ences. Fig.9 shows the permeation and rejection of SiO2 nanoparticles for
PI-deposited PPmembranes as a function ofMLD cycles of PI. Surface hy-
drophilicity of the porous materials is one of the most important factors
in determining the permeability of the membranes [29]. As discussed in
Section 3.3, the deposition of PI on the surface of PP membranes could
improve the hydrophilicity of PPmembranes as a result of themoderate-
ly hydrophilic nature of PI itself. It can be expected that the permeation of
PI-deposited PP membranes would be somehow improved. As can be
seen, the generalwaterfluxof PI-deposited PPmembranes displays a no-
ticeably increment comparing to the pristine PP membranes with an
original flux of 2440 L·m−2·h−1·MPa−1. For instance, the permeation
enhanced 12% after PI deposited for merely 50 cycles. Water flux further
increased 30% and maximized at 3150 L·m−2·h−1·MPa−1 with the de-
position cycle of 150.With the prolonging ofMLDcycle repetition, name-
ly more than 150, the increment of surface hydrophilicity slowed down
(as shown in Fig. 6), which is in consistence with the slightly decreased
water flux after it reached peak value. As the continuously increasing
) and after (b) ultrasonication treatment.
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in MLD cycle numbers, i.e., 200 and 250, water flux slightly dropped
though it maintained an increment of 25% in a comparison of original
PP membranes; for instance, 200 and 250 cycles of PI deposition led to
an overall water flux higher than 3000 L·m−2·h−1·MPa−1. Such trend
in water permeability can be ascribed from the competing effects of
the enhanced surface hydrophilicity and the declining effective pore
size with the growing MLD cycles. Both effective pore size and surface
hydrophilicity are crucial in determining the water permeation of the
membranes [30]. In our case here, for membranes with low MLD cycles,
the surface hydrophilicity plays the major role whilst for membranes
with high MLD cycles, the decline in pore size dominantly influences
the permeation of the membranes compared to the increase in surface
hydrophilicity. Nevertheless, the pore size of the PI-deposited PP mem-
branes cannot provide a reliable conclusion due to the highly porous na-
ture of the PP membranes.

The selectivity of the PI-deposited PP membranes was also investi-
gated and it can be found from Fig. 9 that the retention rate of PI-
deposited membranes towards monodispersed 12-nm-SiO2 nano-
sphereswas generally above 85% regardless of the PIMLDcycle number.
Such high separation efficiency can be attributed to theultrathin layer of
PI deposited films even at highMLD cycles; more importantly, the effec-
tive pore size did not reduce to the adequate degree to evidently dimin-
ish the retention of 12-nm-SiO2 comparing to the initial pore size of the
pristine PP membranes. [29].

4. Conclusions

We demonstrate that molecular layer deposition (MLD) technique
can be applied in the surface modification of polypropylene membranes
at low temperature of 110 °C. PP membranes without pre-treatment
were utilized for the deposition of polyimide; surface hydrophilicity
was therefore enhanced along with the growing number of MLD cycles.
Increasing thickness of PI deposition layer gave rise to the 30% increment
of permeation of PI-deposited PP membranes. Meanwhile the overall
separation efficiency of PI-deposited PP membranes was maintained
higher than 85% towards monodispersed 12-nm-SiO2 nanospheres.
From practical point of view, the deposition of PI at lower temperature
will enhance the thermal stability of the PP membranes in safety perfor-
mances, which provides future application in the field of lithium-ion bat-
tery separators.
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