
ABSTRACT: Reductive electrodeposition is a technique for the
preparation of substrate-supported MOF films but is generally
incompatible with poorly or nonconductive substrates like polymers
and suffers from the possible codeposition of metallic impurities.
Here, we report a facile and inexpensive strategy that achieves one-
step reductive electrodeposition of impurity-free MOF films (i.e.,
HKUST-1 film) on nonconducting poly(ether sulfone) (PES)
membranes. Unlike previously reported reductive electrodeposition
configurations, which only contain the electrode−electrolyte inter-
face near the working electrode, there are two tandem interfaces in
the proposed approach, namely, the electrode−membrane interface
and the membrane−electrolyte interface. Owing to the counter-
diffusion of ions across the polymer membrane, this strategy allows the generation of MOF units on the membrane−
electrolyte interface, while the codeposition of metal happens on the other, resulting in the deposition of a pure MOF film on
untreated polymer membranes. Importantly, thanks to the inherent “self-closing” ability of the proposed electrochemical
approach, a compact polycrystalline HKUST-1 film supported on PES membrane was obtained under mild conditions, which
exhibited a rejection of 98.7% for rose bengal in an aqueous solution with a permeance of 7.4 L m−2 h−1 bar−1.

Metal−organic frameworks (MOFs), also known as
porous coordination networks, have been studied
for their porous nature and highly tunable

physicochemical properties over the past decades.1−10

Especially facing the rising demands on separation works like
wastewater treatment and gas separations nowadays, extra
attention has been paid to the MOF based separators since the
MOFs with subnanosized apertures and high surface area are
regarded as promising molecular sieves/adsorbents.9,11 In most
cases, the utilization of MOFs in separators involves mixed
matrix membranes (MMMs) because of their high flexibility
and easy scalability, which are prepared by mixing of the MOF
powders and polymer matrices.9,11 For example, Bene et al.
integrated Zr-MOF nanoparticles into a polymer matrix and
found that the obtained MOF contained MMM exhibited an
outstanding performance on CO2/CH4 separation.

12 Deng and
his colleagues reported the thickness-tunable Zn−MOF
nanosheet contained MMMs for efficient CO2/N2 separa-
tion.13 However, the MMMs could suffer from the inherent
drawbacks of noncontinuous permeation pathways and the
defects caused by the adverse interaction between MOF fillers
and polymer matrices.14,15 To this end, the in situ coating of
MOF films on polymer membranes has been of interest
recently because the MOF layer in a MOF-coated polymer

membrane (MCPM) could act as an independent sieving
medium.11 For instance, Wang et al. reported a flexible ZIF-8
coated polypropylene (PP) membrane, which exhibited an
impressive propene/propane separation performance without
degradation by bending.16 In the past few years, several
techniques have been reported to fabricate MCPMs, for
example, the seeded growth method,17,18 layer-by-layer
depositions,19 microfluidic synthesis,20 dip/spin coating
methods,21,22 evaporation induced method,23 and chemical
vapor deposition.24 Nonetheless, these methods are either
energy-consuming, complex, or slow, hampering their practical
uses (Table S1).
Reductive electrodeposition is a technique for deposition of

MOF films, first reported by Li and Dinca ̆ in 2011.25 Given the
simple operation process and mild conditions, this electro-
chemical technique is deemed a potential approach for the
efficient and scalable fabrication of substrate supported MOF
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films.26 However, the reductive electrodeposition of flexible
polymer membrane-supported MOF films is still in its infancy
and yet greatly limited by some severe issues. For instance, the
conductive working electrode (WE) is necessary to trigger the
electrochemical reaction(s) in the electrodeposition process.
Yet, the polymer membranes are generally of poor electric
conductivity and not feasible to work as the WE directly. Even
though a conductive layer coating strategy has been proposed
by Lai et al. to mitigate this issue recently, it brings extra
money, energy, and time costs for the additional Pt or carbon
nanotube coating process.27 Besides, on the basis of the theory
proposed by Dinca ̆ et al., the reductive electrodeposition of
MOF films relies on the negative bias induced deprotonation
of linkers and the following coordination of the deprotonated
linkers and the metal ions.25,28 The undesirable metallic
impurities could be cogenerated in the deposited MOF films
due to the concurrent metal ions reduction along with the
negative bias driven deprotonation of linkers. For example,
Dinca ̆ et al. reported the metallic Zn impurities in the
cathodically deposited MOF-5 (Zn-MOF) films, which was
attributed to the much more negative applied potential (∼1.73
V vs SHE) to trigger the deprotonation of H2BDC (benzene-
1,4-dicarboxylic acid) compared to the standard reduction
potential of Zn2+ (−0.76 V vs SHE).25 Notably, the
codeposition of metal ions could even be more prominent
when it comes to the reductive electrodeposition of MOFs
with metal nodes that are more readily reduced than Zn2+.28,29

The codeposited nonporous metallic impurities impede the
transport of the filter feed and create defects in the MOF film,
such as cracks and voids, which are highly undesirable. Thus, it
is very challenging to reductively electrodeposit impurity-free
MOF films like the Zn-MOF and Cu-MOF films.
In this work, we report an easy and straightforward

modification of the reductive electrodeposition to achieve the
one-step preparation of pure MOF films (e.g., the HKUST-1
film and the Co-(HBTC)(4,4′-bipy) film) on polymer
membranes under mild conditions. Unlike the conventional
reductive electrodeposition of MOF films that only contains
the WE−electrolyte interface, the proposed cathodic deposi-
tion has the WE−membrane and membrane−electrolyte
interfaces, as shown in Figure 1. This strategy enables the
reduction of the metal ion on the former interface, while the
MOF film formation on the other, rendering the pure MOF
coating on the polymer membrane. Moreover, owing to the
“self-closing” ability of the electrochemical deposition, a
compact HKUST-1 film comprised of closely packed MOF
crystals was obtained on the poly(ether sulfone) (PES)
membrane after a 16-h deposition at 323 K, which exhibited
a 98.7% rejection of rose bengal in water with a permeance of
7.4 L m−2 h−1 bar−1. The separation performance is
comparable to most reported MOF-coated membranes.30,31

The conventional reductive electrosynthesis of HKUST-1
films was conducted with a deposition precursor composed of
50 mM Cu(NO3)2 and 48 mM H3BTC and a bare conductive
indium tin oxide (ITO) glass as WE (Figure 1a). The
electrochemical reactions involved in the MOF generation can
be listed as eqs 1−3, with the nitrate anions as pro-bases. It is
noteworthy that the coating of metallic Cu (reaction 4) could
be favored in the deposition process since the applied potential
(−1.6 V vs Ag(cryptand)+/Ag or ∼−1.73 V vs SHE) to trigger
the deprotonation process (reaction 1) is much negative than
the standard potential of Cu2+ reduction (+0.34 V vs SHE).
Even though the standard electrode potential of reaction 1 is

+0.01 V vs SHE, the practically applied potential should be
much more negative than it to ensure a decent deprotonation
rate. The coreduction of Cu2+ was demonstrated by the cyclic
voltammetry (CV) curve recorded in the deposition precursor
(Figure S1) which exhibits the typical redox peaks of copper
coating and stripping.32 The presence of metallic Cu was
further demonstrated by the XRD pattern of the as-deposited
HKUST-1 film on an ITO substrate. As exhibited in Figure 1c,
the peaks of metallic Cu and the Cu-MOF were observed,
indicating metallic Cu impurities in the HKUST-1 film.
As a comparison, in the modified deposition, the PES

membrane is tightly attached to the WE, which creates two
interfaces near the WE (WE−membrane interface and
membrane−electrolyte interface), as shown in Figure 1b.
The homemade deposition setup is shown in Figure S2. The
used PES membrane with an asymmetric structure was
fabricated by a reported phase inversion approach.33 The
dense part of the membrane is of 2−5 nm pore size. In this
configuration, the Cu2+ and the nitrate anions with small sizes
can easily go through the membrane and reach the conductive
WE. In contrast, the linker molecules with larger sizes are less
likely to reach the WE−membrane interface with the
membrane acting as a barrier for the ion diffusion (see Note
S1). Thus, even though the generation of base ions (reaction
1) and the reduction of Cu2+ (reaction 4) are conducted at the
WE-membrane interface as they behave in the conventional
reductive synthesis of HKUST-1, the generated base ions
(OH−) tend to cross the PES membrane and trigger the
deprotonation of linkers (reaction 2) on the membrane−
electrolyte interface owing to the counter-diffusion effect. As a
result, the generation of HKUST-1 film (reaction 3) and the
reduction of Cu2+ could occur in separate interfaces in this
modified deposition, leading to the metallic copper-free
HKUST-1 film-coated PES membrane. As displayed in Figure
1d, the XRD pattern of the prepared HKUST-1 film-coated
PES membrane via the modified deposition (@-1.73 V vs SHE
for 16 h) showed only HKUST-1 peaks after subtracting the
signal of the substrate, verifying the coating of pure HKUST-1
film on the PES membrane. It is noteworthy that very few

Figure 1. (a) Schematic illustration of the mechanism of
conventional reductive synthesis of HKUST-1 films and (c) XRD
pattern of the prepared HKUST-1 film by the method. (b)
Schematic illustration of the mechanism of proposed modified
reductive deposition of HKUST-1 film and (d) XRD pattern of the
prepared HKUST-1 film by the method. The dashed lines in panels
a and b represent the interfaces.
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HKUST-1 crystals were observed on the WE and the backside
of the PES membrane because the concentration of the
H3BTC near the WE could be relatively small owing to its
large molecular size (the diffusion of the linkers across the
membrane is even more difficult when the MOF crystals are
formed on the membrane surface).34 The XRD pattern of the
WE after the deposition is shown in Figure S3 in which only
the peaks assigned to metallic Cu and ITO were detected. In
addition, the PES membrane supported Co-(HBTC)(4,4′-
bipy) was also obtained by the modified deposition, indicating
the applicability of this method. The XRD pattern and SEM
image of the prepared film are displayed in Figures S4 and S5,
respectively.

NO 2e H O NO 2OH (0.01 V vs SHE)3 2 2+ + +
(1)

3OH H BTC BTC 3H O3
3

2+ + (2)

2BTC 3Cu BTC (HKUST 1)3 2
2+ + (3)

Cu 2e Cu (0.34 V vs SHE)2 ++ (4)

To explore the practical uses of the modified reductive
deposition, the coatings of HKUST-1 film on the PES
membrane with various deposition times (1−20 h) were
conducted. According to their optical images shown in Figure
S6, the bare PES membrane was gradually covered by the blue
HKUST-1 film with the raising of the deposition time. When
the coating time was over 16 h, the PES membrane was fully
covered by the MOF film. The corresponding top-view and
sectional-view SEM images of these prepared samples are
displayed in Figures 2 and S7, respectively, in line with the

optical observations. When the deposition time was lower than
8 h, the observed HKUST-1 crystals were scattered, and the
PES membrane areas could still be seen. As a comparison, the
membrane surface was entirely covered with HKUST-1
crystals in the samples with a deposition time larger than 12
h. The formation of a compact HKUST-1 film on the PES
membrane can be attributed to the self-closing effect as
reported before.34 Specifically, at the beginning of the
deposition, the generated HKUST-1 crystals randomly attach
to the PES membrane and act as a barrier to the ions’ transfer.
Thus, the following generation of HKUST-1 crystals is more
likely to occur on the bare PES membrane area until the whole
membrane surface is fully covered with MOF crystals. The
current−time curve of the modified deposition conducted at
−1.73 V vs SHE confirms the self-closing effect, as shown in
Figure S8. It can be seen that the current density decreases
sharply in the first several hours and then undergoes a slight

decrease, which indicates the gradual formation of the compact
HKUST-1 film. Notably, when no negative bias is applied to
the WE, very few HKUST-1 crystals can be obtained on the
PES membrane after 16 h (Figure S9), verifying the proposed
deposition method is driven by the negative bias or current.
The morphology and the thickness of the compact HKUST-

1 film supported on the PES membrane after washing away the
dangling crystals were examined by scanning electron
microscopy. Figure 3a and 3b shows the top view SEM

image of the pure PES membrane and the MOF coated
membrane, respectively. Unlike the bare surface of the PES
membrane shown in Figure 3a, the densely packed octahedral
MOF crystals can be clearly seen with the size of several
hundreds of nanometers on the as-prepared MOF-covered
membrane by the proposed deposition, as displayed in Figure
3b. Also, Figure 3c and 3d show the sectional view SEM image
of the PES membrane and the MOF-coated membrane,
respectively, validating the successful coating of HKUST-1 film
on the PES membrane by the deposition. The thickness of the
compact HKUST-1 film can be measured as ∼20 μm.
Importantly, no cracks or pinholes were observed from these
microscopic images, which guarantees the separation perform-
ance of the HKUST-1 covered polymer membrane.
The dye removal performance of the HKUST-1 film-coated

PES membranes was examined by a high-throughput filtration
setup (Figure S10). The feed-in aqueous solution contained 35
μM rose bengal (M = 1017.64 g mol−1). As shown in Figure
4a, the rejection rate of rose bengal of the HKUST-1 coated
PES membranes increases sharply with the deposition time
while the permeance behaves the opposite. In particular, the
sample with a deposition time of 16 h shows a rejection rate of
98.7% and the corresponding permeance is 7.4 L m−2 h−1

bar−1, which is comparable to most reported MCPMs (see
Table S2). The sample with a deposition time of 20 h even
exhibits a slightly higher rejection rate of 98.9% but with a
much smaller permeance of 5.2 m−2 h−1 bar−1. The time-
dependent rejection of rose bengal through the HKUST-1
coated PES membrane with 16 h deposition is shown in Figure
4b, which suggests the rejection rate peaks at 20 min and

Figure 2. SEM images of the as-prepared HKUST-1@PES films
with different deposition times (1−20 h).

Figure 3. (a) Top view SEM image of PES membrane; (b) top view
SEM images of HKUST-1 film-coated PES membrane; (c)
sectional view SEM image of PES membrane; and (d) sectional
view SEM image of HKUST-1 film-coated PES membrane.
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remains in the following 40 min. These results are consistent
with the optical and microscopic observations which indicate
that the compact HKUST-1 film-covered PES membrane is
available in 16 h. Figure 4c displays the stability performance of
the sample with 16-h deposition in the dye removal works. It
can be seen that the rejection rate of the sample remained
>80% of its initial performance after 5 consecutive tests (1 h
each), verifying its decent stability in water. The SEM image of
the HKUST-1 film after the cycling test in the aqueous
solution is shown in Figure S11. It can be seen that the MOF
crystals only show a slight degradation which guarantees the
decent cycling performance. Notably, the HKUST-1-coated
PES membrane showed increased stability in an ethanol
solution. The separation performance nearly remains the same
after 5 times tests in the ethanol solution, as shown in Figure
4d.
In conclusion, this work proposes a convenient and

inexpensive modified reductive electrodeposition method for
the preparation of compact HKUST-1 film on polymer (PES)
membrane. Taking the advantages of the counter diffusion
effect, the proposed deposition method settles the main
obstacles remaining in conventional reductive electrosynthesis
of MOF films: the codeposition of metallic impurities and the
incompatibility of poorly conductive polymer substrates.
Specifically, the compact HKUST-1 film can be deposited on
the PES membrane in 16 h owing to the self-closing ability of
the electrochemical technique by the proposed approach. The
HKUST-1 coated PES membrane could be an ideal separation
medium for dye-removal which can reject 98.7% of rose bengal
from water with a permeance of 7.4 L m−2 h−1 bar−1,
comparable with most reported MOF covered polymer
membranes. Future works using the proposed reductive
electrodeposition method for the preparation of MCPMs can
focus on the following aspects: (1) deposition of chemical
stable MOF films like the UiO-66 film and ZIF films, (2)
optimizing the deposition parameters to decrease the

deposition time, and (3) surface modification of the polymer
membrane to deposit oriented MOF films.

Experimental section; CV curve recorded in the
deposition electrolyte; schematic diagram of the
deposition setup; XRD and SEM characterizations of
the deposited Co-MOF; optical and sectional-view SEM
images of the deposited HKUST-1 films with different
deposition times; chronoamperogram profile of the
deposition; optical image of the used separation setup;
SEM image of the HKUST-1 film after cycling;
comparison of the reported methods and the proposed
method for the preparation of MOF films on polymer
membrane; and the comparison of the separation
performance of the reported MCPMs (PDF)
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