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ABSTRACT: In this study, we exploit the nitrogen−sulfur
elemental contrast of thin-film composite (TFC) polyamide
membranes and present, for the first time, the application of two
elemental analysis techniques, scanning transmission electron
microscopy−energy-dispersive X-ray spectroscopy (STEM−EDX)
and X-ray photoelectron spectroscopy (XPS) C60

+ ion-beam
sputtering, to elucidate the nanoscale structure and chemical
composition of the polyamide−polysulfone interface. Although
STEM−EDX elemental mapping depicts the presence of a dense
polyamide layer at the interface, it is incapable of resolving the
elemental contrast at nanoscale resolution at the interfacial zone.
Depth-resolved XPS C60

+ ion-beam sputtering enabled nanoscale characterization of the polyamide−polysulfone interface and
revealed the presence of a heterogeneous layer that contains both polyamide and polysulfone signatures. Our results have
important implications for future studies to elucidate the structure−property−performance relationship of TFC membranes.
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Reverse osmosis desalination is a vital membrane
technology to produce freshwater from saline water

sources to address the global challenge of water scarcity.1,2

Thin-film composite (TFC) membranes are the state-of-the-art
for membrane desalination because of their high water
permeability and salt selectivity, and their wide pH operation
range.2−4 In addition, the ability to separately optimize two
layers, a dense active (selective) layer and a porous support
layer, during membrane fabrication renders TFC membranes
superior compared to asymmetric membranes formed by phase
inversion.3

The ultrathin (<500 nm) active layer of TFC membranes is
fabricated on top of a porous support layer through interfacial
polymerization.2−4 Surface characteristics (e.g., morphology,
functional groups, charge, and hydrophilicity) of the active layer
play a significant role in determining TFC membrane
performance, including transport properties and fouling
propensity.5−10 Thus, numerous efforts11−17 have been
dedicated to surface characterization of the active layer in
order to understand more deeply the relationship between
surface properties and TFC membrane performance for guiding
membrane design.
During interfacial polymerization, the support membrane,

prewetted with aqueous amine solution, is exposed to acyl
chloride dissolved in an organic solvent. Monomers diffuse
toward the interface between the aqueous solution and organic
solvent, where a polycondensation reaction takes place to form
the thin active layer.3,4 Previous studies attributed differences in

active layer characteristics to the different interfacial polymer-
ization conditions.3,7,18,19 Recent studies20−24 have gradually
led to the realization that the active layer characteristics are also
significantly influenced by the surface properties of the support
layer. In particular, these studies have suggested that the
support layer−polyamide interface, particularly pore size and
hydrophilicity of the polysulfone support, can impact water
permeability and salt rejection of the membrane as well as the
morphology of the polyamide active layer. These findings imply
that the active layer−support layer interface, where the
polyamide thin film adheres to the polysulfone surface, is
important for TFC membrane performance.
Efforts to elucidate the structure and composition of the

interfacial region have not yet resulted in an analytical toolset
that provides both the spatial resolution and chemical
sensitivity required to gain insights on the active layer−support
layer interface. In regular bright-field or dark-field images taken
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), only limited structural and
characteristic information could be gained due to substantial
difficulty in discerning interfacial domains.24−27 Isolation of the
polyamide active layer by dissolving the underlying polysulfone
support with an organic solvent indirectly provided information
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about structural characteristics of the interface through studying
the morphology of the active layer back surface.27,28 However,
because organic solvents can also dissolve some fraction of the
polyamide,26,29,30 the interfacial structure of the isolated
polyamide film might not represent the actual interfacial
structure of an integral TFC membrane. Therefore, developing
a direct characterization method to study the active−support
interfacial structure is of paramount importance to provide a
more comprehensive understanding of interfacial polymer-
ization and guide support layer design for high-performance
TFC membranes.
In this study, we demonstrate, for the first time, the

application of two elemental analysis techniques, scanning
transmission electron microscopy−energy-dispersive X-ray
spectroscopy (STEM−EDX) and X-ray photoelectron spec-
troscopy (XPS) C60

+ ion-beam sputtering, for nanoscale
characterization of the polyamide−polysulfone interface of
TFC membranes. STEM−EDX resolved the membrane
structure at mesoscale (<100 nm) resolution and confirmed
the presence of a dense layer underneath the nodular structure
of the polyamide. XPS depth profiling with nanoscale (<10 nm)
resolution revealed the existence of a heterogeneous layer at the
interface, where both polysulfone and polyamide signals can be
detected concomitantly. Our results highlight the potential
implications of these characterization techniques for better
understanding of the structure−property−performance rela-
tionship of TFC membranes.
To fabricate support layers with different pore size and

morphology, we prepared polymer dope solutions using 12 wt
% polysulfone in N-methyl-2-pyrrolidone (NMP) or dimethyl-
formamide (DMF). An identical interfacial polymerization
process was performed on the polysulfone supports to form the
polyamide active layer. We denote the TFC membranes cast
with NMP and DMF solvents as NMP-TFC and DMF-TFC,

respectively. Details on the TFC membrane fabrication are
provided in the Supporting Information.
The transport properties of the fabricated TFC membranes

are tabulated in Table S1. The water permeability coefficient, A,
of the DMF-TFC membrane (3.14 ± 0.02 L m−2 h−1 bar−1)
was significantly higher than that of the NMP-TFC membrane
(1.73 ± 0.33 L m−2 h−1 bar−1), whereas the salt permeability, B,
of the DMF TFC membrane (0.60 ± 0.31 L m−2 h−1) was
comparable to that of the NMP-TFC membrane (0.50 ± 0.11 L
m−2 h−1).
SEM micrographs showed that the DMF-polysulfone support

layer ( Figure S1B) has larger pores on the surface compared to
the NMP-polysulfone support (Figure S1A). These results
suggest that larger surface pores on the support layer result in a
more permeable TFC membrane.24 After interfacial polymer-
ization, small nodular protrusions dominated the polyamide
surface of the NMP-TFC membrane (Figure S1C), compared
to the larger leaf-like structure on the DMF-TFC membrane
surface (Figure S1D). This difference in surface morphology
resulted in higher surface roughness for the DMF-TFC
membrane relative to the NMP-TFC membrane,22 as indicated
by the roughness parameters (i.e., Rrms, Ra, and Rmax) in Table
S1.
Because the TFC membranes were fabricated through an

identical process, except for the solvents (NMP or DMF) used
in casting the polysulfone support, we propose that the
differences in transport properties and surface morphology of
the TFC membranes are attributable to the different surface
structures of the underlying polysulfone support layers. Hence,
it is imperative to further characterize the chemical composition
and structure of the polyamide−polysulfone interface.
Figures 1A, B depict regular TEM cross-sectional images of

the TFC membranes. A ridge-and-valley structure, typical of
TFC polyamide membranes,2,3 was observed on both

Figure 1. Dark-field TEM cross-section images of (A) NMP-TFC and (B) DMF-TFC membranes. STEM−EDX elemental mappings of (C) NMP-
TFC and (D) DMF-TFC membranes, where “N” (magenta) denotes nitrogen and “S” (green) denotes sulfur; the white arrows indicate the cavities
inside the ridge structure, while the yellow arrow and bracket indicate the dense polyamide layer. EDX spectra of (E) #1 point and (F) #2 point of
the NMP-TFC membrane (shown in C). The thickness of the thin cross-section of the membranes is ∼60 nm. Scale bars are 200 nm.
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membrane surfaces. However, since the polyamide and the
polysulfone layers exhibited comparable brightness, it was
difficult to accurately discern the polyamide−polysulfone
interface, as was also indicated by a previous study.27

Additionally, because of variations in sample preparation (e.g.,
thickness of the section) and TEM imaging condition (e.g.,
contrast and brightness settings), the TEM images showed
different levels of contrast. We also note that the image of the
NMP-TFC membrane (Figure 1A) was brighter than that of
the DMF-TFC membrane (Figure 1B), which further limited
direct comparison of the interfacial structure of the two TFC
membranes.
Because the polyamide active layer is rich in nitrogen while

the underlying polysulfone support layer contains sulfur but no
nitrogen, this elemental contrast allows us to perform STEM−
EDX measurements to investigate the polyamide−polysulfone
interface of TFC membranes. The STEM−EDX elemental
mappings are depicted in Figures 1C, D. We present the EDX
spectra of two representative points (i.e., points #1 and #2 in
Figure 1C) in Figures 1E, F. The EDX spectra of point #1
(Figure 1E), which was located in the polyamide layer, showed
a clear nitrogen peak, while that of point #2 (Figure 1F),
representing the polysulfone layer, exhibited a clear sulfur peak.
Through mapping of these elements on the STEM images, we
observed clear cross-section structures for both membranes.
Generally, the NMP-TFC membrane (Figure 1C) contained
small nodular protrusions on the surface, while the DMF-TFC
membrane (Figure 1D) showed a surface with larger leaf-like
ridges. These results are consistent with what we observed in
the SEM micrographs (Figure S1C, D). The different surface
morphology resulted in a thicker polyamide layer for the DMF-
TFC membrane (171 ± 10 vs 132 ± 28 nm for the NMP-TFC,
Table S1) and higher surface roughness, as indicated above.
Additionally, STEM−EDX images clearly indicate the presence
of cavities inside the ridge structure of both membranes (as
indicated by the white arrows in Figures 1C, D), suggesting the

polyamide film is not a homogeneous film throughout its
depth.31,32

Taking advantage of the nitrogen−sulfur elemental contrast,
the polyamide−polysulfone interface was more easily discerned
in the STEM−EDX images. At the polyamide−polysulfone
interface, the DMF-TFC membrane comprised a continuous
40−70 nm polyamide base (indicated by the yellow arrow and
bracket in Figure 1D), from which the ridge-and-valley
structure extended outward. This polyamide base structure
was also observed on commercial polyamide TFC mem-
branes.27 On the other hand, the NMP-TFC membrane did not
have such a polyamide base and the nodules were directly
rooted on the polysulfone surface. We attribute the differences
in the polyamide layer structures to the different surface pore
structure of the underlying polysulfone support layers. As
shown in the Supporting Information, the DMF-polysulfone
support has larger surface pores (Figure S1) and higher surface
porosity (Table S1), which could contain more m-phenyl-
enediamine (MPD) solution during membrane fabrication.
When the support membrane is brought into contact with
trimesoyl chloride (TMC) during interfacial polymerization,
more MPD would diffuse outward to form the continuous
polyamide base at the interface.
To further understand the interfacial characteristics of the

TFC membranes, XPS C60
+ ion-beam sputtering was

performed on the active layer of the membranes. By exploiting
the high sensitivity of XPS, we expected to have a more direct
exploration of the polysulfone−polyamide interface at the
atomic level. Details on the XPS C60

+ ion-beam sputtering
experiments are provided in the Supporting Information.
Figure 2A presents a summary of the XPS survey spectra as a

function of sputtering time for the NMP-TFC membrane.
Generally, we observed a decrease in the intensity of N 1s with
an increase of sputtering time from the top (2 min) to the
bottom (28 min), while the sulfur peak showed a gradual
increase. The trends are more clearly depicted in the high-
resolution N 1s spectra (Figure 2B) and S 2p spectra (Figure 2-

Figure 2. XPS C60
+ ion-beam sputtering depth profiles of the NMP-TFC membrane: (A) survey spectra of 0−450 eV, (B) high-resolution spectra of

nitrogen (N 1s orbital), and (C) high-resolution spectra of sulfur (S 2p orbital). The sputtering time was set to 2 min and the spectra were acquired
with 30 s wait time after each sputtering. Both survey and high-resolution spectra were acquired over a spot on the membrane surface of
approximately 200 μm in diameter with ∼50 W beam power. For depth profiling, a C60

+ ion beam with 10 nA beam current were used in the
Compucentric Zalar mode to raster over an area of 8 mm in diameter on the membrane surface. For the survey spectra, pass energy is of 117 eV over
the range of 0−450 eV with 1 eV resolution and 100 ms dwell time, and averaged over four scans. High-resolution XPS spectra of S 2p and N 1s
were acquired with 0.1 eV resolution and 97 eV pass energy with 200 ms dwell time, and averaged over 10 scans. The spectra were shifted using C 1s
at 284.8 eV as the internal reference to correct for charging.
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C). The results clearly show that the N 1s peak gradually
decreased and finally disappeared at ∼20 min, indicating that
the ion beam had already reached the pure polysulfone layer.
An opposite trend is observed for the S 2p peak, which began
to appear at 6 min sputtering time and remained unchanged
after 14 min. As shown in Figure S2, the DMF-TFC membrane
exhibited trends similar to the NMP-TFC membrane in both
nitrogen and sulfur peaks. We also note that the S 2p spectra
show two peaks at 168 and 163.5 eV (Figure S2D). The 168 eV
peak is attributed to the presence of sulfone groups (OS
O) on the polysulfone structure.33 We surmise that the peak at
163.5 eV is ascribed to the presence of sulfide groups,34

resulting from sulfone group reduction due to exposure of
polysulfone to the C60

+ ion beam.
We integrated the peak area in the high-resolution spectra

and plotted the data versus sputtering time in Figure 3. The
decay of the nitrogen signal and the growth of the sulfur signal
are more rapid for the NMP-TFC membrane than the DMF-
TFC membrane. We infer from these observations that it takes
less time for the C60

+ ion beam to sputter through the NMP
membrane, with its sparse ridge-and-valley polyamide structure,
compared to the DMF-TFC membrane with the additional
polyamide base (Figure 1D), as discussed earlier.
Notably, we reveal a heterogeneous layer containing both

polyamide and polysulfone signatures on both TFC mem-
branes. For the NMP-TFC membrane (inset of Figure 3A), the
sulfur signal reached a plateau at 14 min and remained constant
after that, while the nitrogen signal showed a gradual decrease
until 28 min. These results indicate that the ion beam already
reached domains mostly occupied by polysulfone with minor
detectable polyamide, thus suggesting a heterogeneous layer
with ∼14 min sputtering time gap. On the other hand, the
DMF-TFC membrane exhibited a heterogeneous layer of 30
min sputtering time gap. These results suggest that the DMF-
TFC membrane has a much thicker heterogeneous layer
compared to that of NMP-TFC membrane, as illustrated in
Figure 3B. We surmise this variation is attributable to the
different surface pore structure of the polysulfone supports.
The DMF-polysulfone support (Figure S1B) has larger surface
pores, which lead to formation of polyamide deeper in the
polysulfone compared to the NMP-TFC membrane.24,35

We have shown that the XPS depth profiling revealed the
presence of a heterogeneous layer, which was not observed in
the STEM−EDX elemental mapping. This apparent discrep-

ancy stems from the differences in the resolution of the
STEM−EDX and XPS C60

+ ion-beam sputtering techniques.
Although both techniques probe the local chemical environ-
ment of the polyamide−polysulfone interfacial layer, the
detection limit accuracy of these techniques is not comparable.
For STEM, the relatively high electron beam voltage (i.e., 200
kV) resulted in a continuous background in the EDX signal,
which precluded the detection of low concentration of elements
with a high spatial resolution. The resulting spatial resolution
for the STEM−EDX elemental mapping in the cross section
image is not sufficient to detect the heterogeneous layer at the
interfacial zone as the interfacial domain is mainly occupied by
polysulfone. Conversely, the background contribution in XPS,
mainly from inelastic scattering of electrons, can be subtracted
without any loss of information. The background independent
nature of the signal in our experiment, along with the intrinsic
spatial resolution of the XPS signal (i.e., < 10 nm), allows the
investigation of the interfacial domain of our system with the
desired spatial resolution.
In summary, we demonstrate that both STEM−EDX and

XPS C60
+ ion-beam sputtering are powerful techniques for

analyzing the nanostructure of the polyamide−polysulfone
interface of TFC membranes. Further optimization of these
interfacial characterization techniques will enable the elucida-
tion of the mechanisms of interfacial polymerization, the gold-
standard process for the fabrication of desalination membranes,
and provide a better understanding of the relationship between
membrane interfacial properties and performance. These
techniques could also find applications in nanoscale character-
ization of other interfacial structures with similar elemental
contrast.
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Figure 3. (A) XPS depth profile of the TFC membranes. The intensity for each point was estimated from the integration of the peak areas in high-
resolution spectra. (B) Schematics of the interface of the two types of TFC membranes illustrating the difference in the support dense layer structure
close to the top surface. The blue solid lines indicate the upper boundary of the polysulfone support layer and the red dashed lines indicate the lower
boundary of the polyamide active layer. The gap between the blue and red lines illustrates the heterogeneous layer.
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