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lon and Molecular Sieving With Ultrathin Polydopamine

Nanomembranes

Jiyao Yu, Tommaso Marchesi D’Alvise, lain Harley, Adam Krysztofik, Ingo Lieberwirth,
Przemyslaw Pula, Pawel W. Majewski, Bartlomiej Graczykowski, Johannes Hunger,
Katharina Landfester, Seah Ling Kuan, Rachel Shi, Christopher V. Synatschke,*

and Tanja Weil*

In contrast to biological cell membranes, it is still a major challenge for
synthetic membranes to efficiently separate ions and small molecules due to
their similar sizes in the sub-nanometer range. Inspired by biological ion
channels with their unique channel wall chemistry that facilitates ion sieving
by ion-channel interactions, the first free-standing, ultrathin (10-17 nm)
nanomembranes composed entirely of polydopamine (PDA) are reported here
as ion and molecular sieves. These nanomembranes are obtained via an easily
scalable electropolymerization strategy and provide nanochannels with
various amine and phenolic hydroxyl groups that offer a favorable chemical
environment for ion-channel electrostatic and hydrogen bond interactions.
They exhibit remarkable selectivity for monovalent ions over multivalent ions
and larger species with K* /Mg?* of ~4.2, K* /[Fe(CN)¢]>*~ of ~10.3, and
K*/Rhodamine B of ~273.0 in a pressure-driven process, as well as cyclic
reversible pH-responsive gating properties. Infrared spectra reveal hydrogen
bond formation between hydrated multivalent ions and PDA, which prevents
the transport of multivalent ions and facilitates high selectivity. Chemically
rich, free-standing, and pH-responsive PDA nanomembranes with specific
interaction sites are proposed as customizable high-performance sieves for a
wide range of challenging separation requirements.

1. Introduction

Industrially relevant ion sieving ap-
plications, such as flow batteries,*?!
desalination,’! and energy conversion,*
involve the separation of certain ionic
species from complex mixtures under
harsh conditions, which require robust
membranes with increased ion selectivity.!”]
However, as ions have very similar sizes in
the sub-nanometer (sub-nm) range, achiev-
ing an efficient ion sieving performance
remains a great challenge. Ultrathin crys-
talline porous materials such as graphene,
graphene oxide,l®! and metal/covalent or-
ganic frameworks,!”#! provide rigid sub-nm
channels, as well as high permeability,
making them, in principle, ideal for such
applications. However, large cracks and
crystalline defects (i.e., inter- and intracrys-
talline defects)®) in these materials limit
the reproducibility of their properties, mak-
ing scale-up challenging.'12] In addition,
they currently lack stability as they swell or
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deform in organic solvents or acid/alkaline environments.[!>-1]

There is therefore a lack of materials with rigid pores that can
be processed like polymers, easily forming defect-free continu-
ous membranes and having excellent chemical and mechanical
stabilities.

In addition to conventional separation, which is simply based
on pore size, new transport pathways, for example, via interac-
tions with functionalities embedded in the membranes, would
have to be identified and utilized to further improve ion selec-
tivity. During evolution, biological cell membranes with their
unique channel wall chemistry have emerged. These membranes
provide local fine-tuned polarity for selective electrostatic and hy-
drogen bonding interactions, so that, they can intelligently con-
trol ion transport across the membrane, providing a sophisti-
cated prototype for membrane design.['%'7] Although the molec-
ular mechanisms by which biological membranes function are
better understood, the development of such excellent ion-sieving
polymeric membranes is still a challenge as they can only inter-
act with ions to a limited extent. New polymeric materials with a
variety of ion-channel interaction sites are needed.

Mussel-inspired polydopamine (PDA), which is formed by the
oxidation of dopamine, is considered to be biocompatible, en-
vironmentally friendly, and easily functionalized due to many
reactive groups.l'®1°] It exhibits amphoteric properties due to
the presence of amine groups and catechol groups,2°-221 which
could be useful for the preparation of smart ion sieving mem-
branes that respond to pH changes. The presence of various
hydrogen bonding sites in PDA could also contribute to ion
selectivityl?] as theoretical simulations have demonstrated that
hydrated divalent cations have to overcome higher energy barri-
ers than monovalent cations during transport across the mem-
brane due to hydrogen bonds.[** In addition, PDA is a highly
crosslinked polymeric network,?°! which is insoluble in nearly
all organic solvents.[?’] We therefore envision robust PDA mem-
branes that enable intelligent ion sieving, as well as responding to
pH stimuli, through hydrogen bonding and electrostatic interac-
tions. However, to achieve this challenge, membranes with uni-
form and nm-sized pores have to be created. While PDA is widely
used as a functional coating on a substrate membrane, 272l there
are only a few examples of ultrathin PDA membranes with con-
trolled thickness or pore size.[3*3!] Recently, we reported a series
of ultrathin, homogenous, robust, and free-standing polymeric
films prepared by electropolymerization that had contributed
to solving the long-standing challenge of reproducibly fabricat-
ing polymeric films with precisely controllable and ultrathin
geometries.[32]

Herein, we report the fabrication of the first ultrathin (10—
17 nm) defect-free nanomembranes composed of pure PDA via
an easily scalable electropolymerization strategy. By transferring
the PDA membranes onto track-etched polycarbonate (PC) mem-
branes, we fabricate continuous membranes exhibiting a signif-
icantly higher K*/RB selectivity of %273.0 compared to previous
membranes in a pressure-driven process.[**¥’] Infrared spectra
suggest that, compared with monovalent ions, hydrated multiva-
lent ions are more likely to bind to hydrogen bonding sites in-
side the membrane channels, which can prevent the transport
of these ions and explain the excellent selectivity of the mem-
branes toward monovalent ions. Further, the gating performance
of the PDA membrane can be rapidly and reversibly manipulated
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by adjusting the pH, further allowing us to separate binary dye
mixtures with similar molecular sizes but different charge char-
acteristics. We envision that our approach can afford advanced
biomimetic membranes based on multiple sieving mechanisms
for ion sieving and ionic energy conversion.

2. Results and Discussion

2.1. Fabrication and Characterization of PDA Nanomembranes

For the preparation of the freestanding PDA nanomem-
branes, electropolymerization approaches using a standard
three-electrode electrochemical cell (Figure 1B) operated either
in cyclic voltammetry (CV, Figure 1A) or pulsed deposition (PD,
Figure 1C) process were used.33341 We have shown previously
that both processes allow fast deposition times to obtain PDA
films with programmable thickness and geometry, high homo-
geneity, and mechanical strength. More interestingly, they lead
to differences in the cross-link of PDA membranes, which may
affect the sieving performance of these membranes.

For the CV process, the PDA layer (CV membrane) was grown
by sweeping the potential between —0.5 and +0.5 V with vari-
ous cycle numbers (5, 10, and 15) (Figure 1A). In the first pos-
itive CV scan (Figure 1D), an oxidative peak emerged at 0.25 'V,
which was related to the oxidation of catechol to quinone. This
molecule underwent cyclization to leucodopaminechrome, and
then, oxidation to dopaminechrome, followed by further oxi-
dation and cyclization reactions leading to the formation of
a highly crosslinked PDA membrane (Figure S1, Supporting
Information).383%1 As depicted in Figure 1C,E, for PD, the PDA
layer (PD membrane) was obtained by the following pulse cycles:
+0.5V/25;0V/2s;—0.3V/2s;and 0V/3 5 (100, 150, and 200 pulse
cycles). Similar to the CV deposition, in which peak current de-
creased sharply for the first five cycles, an exponential decrease
throughout 100 pulses was observed. This indicates the forma-
tion of an insulating PDA layer, which was also reflected in the
thickness variation, as shown in Figure 1G; Figure S2, Support-
ing Information.

To obtain PDA membranes with comparable thickness from
PD and CV for better comparison of their sieving performance,
the fabrication parameters, especially cycle numbers were opti-
mized. The thickness of both membranes increased linearly in
the range of 10-17 nm with a growth rate of 0.6 nm per CV
or ten PD cycles until an insulating layer was formed. This al-
lowed the thickness of the resulting membranes to be precisely
tailored by electrochemical deposition, a feature that was difficult
to achieve by conventional synthetic routes.**** In addition, the
PDA membrane electropolymerized onto the gold substrate ap-
peared highly homogeneous with a very low mean roughness of
~2.0 + 0.1 nm (Figure 1F,H; Figure S3, Supporting Information).

PDA membranes prepared on the gold substrates could be
easily removed using a method established before,?}] where a
sacrificial polyvinyl alcohol (PVA) layer was used as a mechani-
cal support. Subsequently, PDA membranes could be transferred
onto porous supports without defects by applying the surface
tension-assisted vacuum filtration transfer method (Figure 2A;
Figure S4, Supporting Information). Before performing ion and
molecular sieving studies, the PDA membrane was transferred
onto a porous hydrophilic, track-etched PC support membrane
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Figure 1. PDA membrane preparation via electropolymerization. A) Electropolymerization schematic for the CV process. B) Schematic diagram of the
setup for electropolymerization. C) Electropolymerization schematic for the PD process. D) CV profiles of the electropolymerization process recorded
for ten scan cycles. E) PD profiles of the electropolymerization process recorded for 150 pulse cycles. F) Atomic force microscopy (AFM) image of the
CV10c PDA membrane on Au substrate. RMS, root mean square. G) PDA membrane thickness as a function of the number of cycles of PDA membranes.

H) AFM image of the PD150c PDA membrane on Au substrate.

(Figure S5, Supporting Information) to form a composite mem-
brane. Hydrophilic PC membranes were used due to their well-
defined isolated cylindrical pores (220 nm diameter), smooth sur-
face, and good adhesion to PDA membranes. The resulting mem-
branes are referred to hereafter as CV/PDXc_PC, where PD or CV
refers to the electropolymerization process used for PDA synthe-
sis and Xc is the cycle number.

Adv. Mater. 2024, 36, 2401137 2401137 (3 of 11)

Next, we analyzed the membranes by scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
micro-Brillouin light scattering spectroscopy (u-BLS), X-ray
reflectometry (XRR), contact angle (CA) measurements, X-ray
photoelectron spectroscopy (XPS), and Fourier transform in-
frared spectroscopy (FTIR). The transferred PDA membrane
retained its structural integrity with no obvious holes or tears up
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Figure 2. PDA membrane transfer process and characterization. A) Schematic representation of the PDA membrane transfer process. B) Photograph
of the composite membrane CV10c_nylon with a dimension of 15 cm?. C) Photograph of the flexible composite membrane CV10c_PC with a dimension
of 2.5 cm?. D) SEM top-view image of bare track-etched PC membrane with a pore size of 220 nm. E) SEM top-view image of CV15c_PC membrane. F)
SEM cross-section image of CV15c_PC membrane with a PDA layer of 17.3 + 0.6 nm thickness. G) Rejection data in % of CV10c_PC and PD150c_PC
membranes measured by rejecting PEG with different molecular weights. Inset: pore size distribution derived from the rejection curves of PEG. H)
High-resolution narrow scan of C1s of CV10c PDA membrane on the gold substrate and the deconvoluted spectra for the probable chemical species. 1)

FTIR spectra of both CV15c and PD200c PDA membranes on gold substrate.

to dimensions of 15 cm? (Figure 2B,C), which was confirmed
by high-resolution SEM (Figure 2E; Figure S6, Supporting
Information). Due to its ultrathin thickness of 17.3 + 0.6 nm for
CV15c (Figure 2F), the prepared PDA membrane exhibited high
transparency; so that, the underlying PC membrane (Figure 2D)
was still visible. High-resolution TEM images revealed the pres-
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ence of nm-sized pores (Figure S7, Supporting Information). By
rejecting neutral solutes of polyethylene glycol (PEG, Table S1,
Supporting Information) with different molecular weights, the
obtained pore size distributions (Figure 2G) further verified nm-
pores, in which the average pore sizes for CV10c and PD150c
were 8.3 A and 9.2 A, respectively. Tomography (Figure S8,
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Supporting Information) of the CV10c PDA membrane showed
that the membrane thickness was in the range of %10 nm, in
good agreement with the AFM data.

It is worth noting that both PDA membranes were mechani-
cally robust and flexible. An outstandingly high Young’s modu-
lus between 7 and 10.5 GPa was measured for CV membranes by
contactless and non-invasive p-BLS at GHz frequency; while, PD
membranes had an even higher Young’s modulus between 8.2
and 11.2 GPa (Figure S9, Supporting Information), most likely
due to the denser and highly crosslinked structure of the PD
membranes compared to the CV membranes, as confirmed by
density measurement via XRR (Figure S10, Supporting Informa-
tion). We attribute the decrease in Young’s modulus after five cy-
cles for CV and 100 cycles for PD to a less dense material de-
position, which was in line with the obtained electrochemical
data (Figure 1D,E) and density data (Figure S10, Supporting In-
formation). Note that the modulus of conventional PDA films
was ~2 GPa, and the highest modulus of polyamide films re-
ported so far was 3.57 GPa**! when determined via strain-
induced elastic buckling instability for mechanical measure-
ments by transferring the films onto a stretched polydimethyl-
siloxane elastomer.*®! CA measurements on the PDA mem-
branes revealed the advancing water CA was in the range of 37.6—
62.0°, indicating that the membranes were hydrophilic in nature
(Figure S11, Supporting Information).

The chemical structure of both types of PDA membranes was
characterized by XPS and FTIR analysis, and no obvious func-
tional group differences between the CV and PD membranes
were observed. High-resolution C1s XPS (Figure 2H; Figure S12
and Tables S2 and S3, Supporting Information) indicated that
the PDA membrane was mainly composed of C—C/C—H,, and
C—0/C—N with an abundance ratio of 48.0%, which was slightly
higher compared to other reported PDA films (25-40%).12#7] In
FTIR spectroscopy studies (Figure 2I), the broad peak from 3200
to 3450 cm ™! was assigned to the stretching vibrations of O—H
and N—H in catecholamine. Further, the characteristic stretch-
ing vibration of the aromatic ring and bending vibration of N—H
were observed at 1602 cm™!, indicating the existence of an indole
ring and confirming the successful polymerization of dopamine
hydrochloride.[*®]

2.2. Selective lon and Molecular Transport Through PDA
Membranes

Using a pressure-driven process (Figure S13, Supporting
Information),*’! we demonstrated that both CV_PC and PD_PC
membranes exhibit high ion and molecular sieving performance
(Figure 3) for a wide range of ions and dye molecules with dif-
ferent hydrated diameters and charges (Table S4, Supporting In-
formation). The pressure-driven process is of greater practical
importance but requires the material to be more robust to with-
stand the required pressures than the more commonly reported
concentration-driven process.[>*->]

First, the impact of membrane thickness (cycle number) on the
water permeance and methyl orange (MO) rejection properties
was investigated (Figure 3A,B; Figure S14, Supporting Informa-
tion). Water permeance initially decreased with the cycle number
(up to 10 cycles for CV and 150 cycles for PD membrane), and
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then, became constant; while, the opposite trends were observed
for MO rejection. This indicated the formation of a structurally
stable membrane already at 10 CV cycles or 150 PD cycles, and
these membranes were selected for further analysis.

As shown in Figure 3C, the CV10c_PC membrane showed a
sharp rejection curve where the membranes display a distinctive
selectivity of monovalent ions over multivalent ions and larger
species. Specifically, the rejection rates of the CV10c_PC mem-
brane followed the sequence of RB > [Ru(NH,),]**, MnB, MO,
[Fe(CN)(]*-, A**, Fe3* > Mg?* > Ca?* >> Li* > Nat > K* >
H*, indicating an apparent sharp cutoff channel size of ~ 8 A,
which was smaller than the measured CV10c_PC membrane av-
erage channel size of ~ 8.3 A (Figure 2G). A similar sieving
trend (Figure S15, Supporting Information) was observed for
the PD150c_PC membrane with an average channel size of 9.2
A. These data suggest that rather than a simple size-dependent
separation mechanism controlling the ion transport, additional
interactions such as electrostatic and hydrogen bonding inter-
actions between the membrane channel and the metal ions
play an important role in determining the performance of the
membranes.

Membrane rejection values for monovalent ions such as H¥,
K*, Na*, and Li* were 8.1 + 5.0%, 13.6 + 1.7%, 14.9 + 2.8%, and
15.0 + 1.1%, respectively; while, for larger ions and molecules
such as MO, MnB, and [Ru(NH,;),]*", rejection values were cal-
culated to be higher than 94%, and for RB, it was up to 99.7%.
Therefore, the membrane exhibited excellent selectivities for
K+ /Mgt of ~4.2, K*/[Fe(CN)¢]>~ of ~10.3, Na*/RB of ~268.7,
and K*/RB of ~273.0 (Figure 3D), which were much higher
than selectivities reported previously for state-of-the-art mem-
branes (Figure 3E; Table S5, Supporting Information). Compared
with the CV10c_PC membrane, lower rejections/selectivities and
higher permeance were observed for PD150c_PC, which could be
well explained by their structural differences (Figure 3F; Figure
S15, Supporting Information). In addition, the PDA membrane
permeance and rejection performance were found to be excep-
tionally stable over time (Figure S16, Supporting Information),
and its structural integrity after the 24 h filtration test was fur-
ther confirmed by SEM (Figure S17, Supporting Information).
The PDA membranes were also insoluble in nearly all organic
solvents,[? such as non-polar hexane and polar methanol so-
lution, and retained their structural integrity even after 30 days
(Figure S18, Supporting Information), demonstrating their great
potential for organic solvent nanofiltration.

2.3. Electrostatic Interactions Improve the lon and Molecular
Sieving Performance

Due to the presence of amine and catechol groups, the charge of
the channel wall of the PDA membrane depends on the environ-
mental pH. We measured an isoelectric point of the CV10c_PC
membrane of ~4.2 by zeta potential measurement, indicating
that the channels hold a net neutral charge at this pH (Figure
S19, Supporting Information). At pH below 4.2, the channels will
be positively charged because of the protonation of the amino
groups; while, at pH above 4.2, negatively charged channels ex-
ist due to the deprotonation of the catechol radicals. We hypoth-
esized that the charge of the channel wall could influence its
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Figure 3. lon and molecular sieving performance of PDA membranes. A) Water permeance for both PDA membranes with different scan cycles. B) MO
rejection for both PDA membranes with different scan cycles. C) Rejection performance of CV10c_PC membrane, as a function of hydrated diameter, for
probe ions and molecules with different charges and sizes. MO is methyl orange, MnB is methylene blue, and RB is rhodamine B. D) Selectivity (ions
or molecules to RB) of CV10c_PC membrane versus hydrated diameter. E) Typical Na*/dye separation data of state-of-the-art ion-selective membranes
such as polymers, graphene-oxide, conjugated microporous polymer membranes, PDA-modified membranes, and commercialized Nafion membranes
that are reported in the literature (Table S5, Supporting Information). DR23 is direct red 23, CrV is crystal violet, BG is brilliant green, CR is congo red,
AB25 is acid blue 25, and MV6B is methyl violet 6B. The red dashed line is added manually to show the trade-off effect between selectivity and permeance.
F) Schematic comparison between CV10c membrane and PD150c membrane. Compared with the CV10c membrane, PD150c membrane is denser, has
a larger average pore size, and broader pore size distribution, and has more hydrophilic functional groups per area.

electrostatic interactions with ions and charged molecules, which The CV10c_PC membrane was selected to elucidate the trans-
would in turn affect the sieving performance. Therefore, we in-  port mechanisms as the PD150c_PC membrane showed similar
vestigated the possibility of tuning the sieving performance of  chemical groups and sieving performance. We selected three rep-
PDA membranes against ions and charged molecules via pH  resentative pH values (pH 2, 6, and 9) to assess the pH-responsive
control. gating performance of the PDA membranes. At pH 2, the
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Figure 4. Effect of the electrostatic interactions on the ion and molecular sieving performance. A) Impact of the pH on the pure water permeance and
MO rejection of the CV10c_PC membrane. B) Cyclic reversibility of MO rejection of the CV10c_PC membrane when the pH was shifted from 9 to 2 and
back to 9 for five cycles. C) UV-vis spectra of the pH 2 MO, pH 2 MnB, the feed solution (1:1 mixture of pH 2 MO and pH 2 MnB), and the permeate
collected after 24 h filtration. Separation of the binary dye mixture was performed by a CV10c_PC membrane through a dead-end filtration cell. The
specific absorbance peak for MO at pH 2 was 507 nm; while, it was 664 nm for MnB. D) Schematic illustration of pH-responsive gating channels. E)
Effects of pH on the monovalent (K*) and divalent (Mg?*) ions rejection of CV10c_PC membrane.

channel wall was positively charged, whereas at pH 6 and 9, the
channel wall became negatively charged. Note that pH 6 was the
original pH of 20 ppm MO solution. As shown in Figure 4A, the
rejection of MO increased significantly with increasing pH from
2(73.3 £ 3.9%) to 6 (94.1 & 3.7%), and then, reached a rejection
plateau above pH 6 (95.9 + 3.3%); while, the opposite trend was
observed for water permeance (pH 2: 8.3 + 0.8 Lm= h~! bar™,
pH6:7.1+03Lm2h!bar!,pH9:6.6+0.5L m2h ! bar).
No obvious swelling behavior difference at different pH was ob-
served by surface plasmon resonance measurements, which ex-
cluded the effect of structural difference caused by swelling on
the sieving performance (Figure S20, Supporting Information).
Hence, these properties were most likely due to the positively
charged channels that exerted a lower electrostatic attraction on
the zwitterionic MO at lower pH values,** which facilitated the
transport of MO. In contrast, at higher pH, the negatively charged
channels showed electrostatic repulsion toward MO, which re-
duced the transport of MO. These results indicate that PDA
membranes have excellent pH-dependent gating properties.
Next, we investigated the dynamic cyclic reversibility of MO
rejection responding to the pH that was varied from 9 to 2 and
back to 9 for five cycles. As shown in Figure 4B, the MO rejection
reached 64.5-72.0% at pH 2 and 92.7-94.3% at pH 9, indicating
a strong, stable, and cyclic reversible pH-responsive gating per-
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formance, making the PDA membranes interesting materials for
smart gating applications, and possibly, as sensors.

The observation of such a strong pH-dependent gating behav-
ior allowed us to manipulate the separation of differently charged
binary dye mixtures, even of dyes of comparable molecular sizes
and structures, which is normally difficult to achieve by simply
adjusting the ambient pH. To demonstrate this, we separated
MO from a MO and MnB mixture by adjusting the pH to 2. Ini-
tially, a pH 2 water feedstock containing MO (M,, = 327.3 Da,
9.92 A, zwitterionic at pH 2) and MnB (M,, = 319.9 Da, 10.08 A,
positively charged) with a concentration ratio of 1:1 was filtered
through the CV10c_PC membrane. The permeates collected after
24 h filtration were light red (Figure 4C), which already indicated
that only MO was transported through the membrane, whereas
MnB was blocked. This was confirmed by the UV-vis analysis,
in which the feed solution showed both MO and MnB charac-
teristic peaks; while, the permeate solution showed only the MO
peak (Figure 4C). In general, different electrostatic interactions
due to the change in charge were the main reason for the selec-
tive dye sieving. In this respect, the negatively charged channels
were closed for both MO and MnB, at pH 6, whereas the posi-
tively charged channels were open for amphoteric MO (68.1%)
due to weakened electrostatic interaction but remained closed
for positively charged MnB (x100%, Figure S21, Supporting
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Information) at pH 2; see Figure 4D. However, the rejection
of Mg?* versus K+ was hardly affected by the change in pH
(Figure 4E), suggesting that the observed high selectivity of PDA
membranes for monovalent ions over multivalent ions and larger
molecules may be due to molecular mechanisms other than elec-
trostatic interactions.

2.4. Hydrogen Bonds Between Hydrated lons and the PDA
Membrane Channels are Responsible for lon-Selective Sieving

The PDA membrane channels contain potential hydrogen bond-
ing sites, as indicated by the presence of N—H and O—H bands in
the FTIR characterization shown in Figure 2I. Therefore, metal
ions surrounded by their hydration shells can form hydrogen
bonds with these hydrogen bonding sites in the channels of the
PDA membrane.’ To gain further insight into the mechanism
of selective sieving of monovalent ions over multivalent ions,
humidity-controlled FTIR spectra of the PDA membrane were
measured after incubation with different ions (monovalent Na*,
multivalent Mg?*, and Ca?*) to further analyze the interaction be-
tween hydrated metal ions and hydrogen bonding sites along the
channels of the PDA membrane.

The FTIR spectra are dominated by O—H and N—H stretch-
ing bands at 3200-3450 cm™' and rich spectral features at <
1650 cm™!, where C=C stretching, N—H bending, and also H,0
bending vibrations contribute. With increasing humidity, the raw
spectra exhibit a minor shift of the peak at 1602 cm™ (presum-
ably N—H bending), and the broad O—H/N—H stretching peaks
at 3200-3450 cm™!, together with an increasing absorbance at
~1630 cm™! and 3200-3450 cm™?, indicative of water uptake and
hydrogen bond formation between water and PDA membrane
(Figures 5A,B and 5C, respectively).

To isolate the effect of water uptake in the vibrational
spectra, we calculated difference spectra (spectra at a given
humidity—spectrum in N, atmosphere), normalized to the maxi-
mum of the O—H stretching band at 3200-3450 cm™', which are
displayed in Figure 5D-F. These difference spectra were domi-
nated by positive bands at 3475 and 1630 cm™!, which could be
explained by the O—H stretching band and the H,O bending vi-
bration of absorbed water. Intensity ratios at 3260 cm™! relative
to 3450 cm~! for PDA+Na* and PDA+Ca?" were lower as com-
pared to pure PDA, indicating that the ions altered the line shape
of the O—H stretching band of water in the channels.[’®5”] In ad-
dition, we observed a negative band in these differential spectra
at #1735 cm™! for PDA and for PDA+Na* (Figure 5D,E), which
could be explained by a peak shift of the vibrational modes of
PDA. With increasing humidity, absorbed water formed hydro-
gen bonds with PDA (presumably with the N—H groups), which
resulted in a shift of PDA vibrations. Such spectral shifts gave
rise to positive and negative features in the difference spectra.
Remarkably, for the membrane incubated with Ca**, this neg-
ative feature was nearly absent (Figure 5F), indicating that most
of the hydrogen bonding sites along the membrane channels had
been occupied with hydrated Ca?*. As such, excess adsorbed wa-
ter did not form hydrogen bonds to PDA for PDA+Ca?", in con-
trast to PDA+Na*. Membranes incubated with Mg?* also showed
a result similar to PDA+Ca?" (Figure S22, Supporting Informa-
tion). Therefore, it is likely that hydrated multivalent ions were
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more favored to form hydrogen bonds with hydrogen bonding
sites along the membrane channels, compared to monovalent
metal ions. Such PDA-ion interaction explains the ion selectiv-
ity of PDA membranes toward monovalent ions, consistent with
simulations that suggest that divalent ions engaged in hydrogen
bonding interactions are required to overcome higher energy bar-
riers for their transport across the membrane.[*]

3. Conclusion

In summary, inspired by the unique channel wall chemistry of
biological cell membranes, we demonstrate the first example of
ultrathin, efficient sieving membranes made of PDA, with strong
electrostatic and hydrogen bonding interactions through elec-
tropolymerization. In particular, the electropolymerization strat-
egy results in high uniformity of sub-2-nm pores, and abundant
hydrogen bonding sites provide stronger hydrogen bond interac-
tions between hydrated multivalent ions and the channels to fa-
cilitate the permeation of monovalent ions, resulting in compet-
itive selectivities for K*/Mg?* of ~4.2, K*/[Fe(CN)(]>~ of ~10.3,
and K*/RB of #273.0. In addition, these amphoteric PDA mem-
branes exhibit reversible pH-responsive gating properties, allow-
ing for efficient separation of binary dye mixtures of similar
molecular size but different charges. Considering the remark-
able sieving performance for monovalent ions, we anticipate that
our strategy will provide new avenues for future developments
of biomimetic advanced membranes based on multiple-sieving
mechanisms for promising applications such as highly efficient
ion separation and ionic energy conversion.

While the current preparation process, which requires a trans-
fer step, has limitations for industrial applications, it is conceiv-
able that a more scalable production method can be developed us-
ing an automated lifting procedure or by using porous substrates
directly as working electrodes in electropolymerization. We envi-
sion that future efforts will focus on introducing interaction sites
into the membranes to design PDA sieving membranes that tar-
get specific ions.

4. Experimental Section

Preparation of PDA Membranes Via Electropolymerization:  Electropoly-
merization of CV and PD PDA membranes on gold substrates was per-
formed using a Metrohm Autolab Nseries potentiostat (AUTOLAB PG-
STAT 204) connected with a standard three-electrode electrochemical
cell. An Ag/AgCl (3 m KCl) electrode, commercially available gold-coated
glass, and gold wire were used as reference electrode, working electrode,
and counter electrode, respectively. Before use, gold working electrodes
were cleaned using acetone, Milli-Q water, and argon plasma cleaning.
Dopamine hydrochloride (1 mg mL™") was dissolved in (100 mm) phos-
phate buffer (pH 7.0) and purged for at least 15 min with nitrogen to re-
move dissolved oxygen to obtain a homogeneous electrolyte solution. The
CV process was performed from —0.5 V to 0.5 V at a scan rate of 0.01V
s~1; while, the PD membranes were obtained by scanning the following
pulse cycles: 0.5V/2s,0V/2s,-0.3V/2s,and0V/3s.

Transfer Process of PDA Membranes onto Support:  First, the PDA mem-
brane on the gold substrate was immersed in carbonate buffer (100 mwm,
pH 10) for 30 min at room temperature for further crosslinking of the
dopamine monomers and oligomers. Second, three additional removal cy-
cles between —0.8 and 1.2 V were applied to reduce the adhesion between
the PDA membrane and the gold substrate. Then, the micrometer-thick
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Figure 5. Mechanism of mono versus multivalent ions selective sieving. A) FTIR spectra of pure CV15c membrane, B) CV15c membrane after incubation
with 1g L~" NaCl solution, and C) CV15c membrane after incubation with 1g L~" CaCl, solution under N, and air atmosphere with controlled humidity
between 10% and 35%. Spectra revealed the uptake of water and provide indications for the hydrogen bond formation of water to the membrane. D—F)
Spectra at different humidities with the spectrum under the N, atmosphere subtracted and a constant background subtracted. These difference spectra
were normalized to the O—H stretching band of water. All different spectra showed positive signatures due to water uptake (O—H stretching and H,O
bending vibration). PDA (D) and PDA+Na* (E) spectra exhibited a negative feature at 1738 cm™', suggesting a shift of PDAs vibrations upon hydrogen
bonding to water. This negative feature was absent for PDA+Ca?*. G) Schematic illustration of the possible mechanism for ions transport across the
membrane.

sacrificial PVA layer that serves as a mechanical support for membrane
transfer was coated on the surface of the PDA membrane on the gold sub-
strate by drop casting (200 pL, 10% in water) and then dried at 40 °C for
%25 min. Subsequently, the PDA membrane was peeled off the gold sub-
strate completely along with the PVA layer. The PDA/PVA layer could float
on the water surface due to surface tension; while, transferring it into Milli-
Q water. Finally, the PDA membrane was transferred onto the respective
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support by vacuum filtration and the PVA layer was gradually dissolved in
water. After the transfer process, the sample was washed in water for Th to
completely remove the PVA, and subsequently, dried at room temperature.

Characterization of the PDA Nanomembranes: The surface roughness
and thickness of the PDA nanomembranes were characterized by AFM
(Park NX20 and Bruker Dimension ICON, Germany). The surface mor-
phologies of the membranes were analyzed by SEM (LEO Gemini 1530,
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Carl Zeiss AG, Germany). A Titan Krios G4 Cryo-TEM (Thermo Fisher Sci-
entific, USA) with a Gatan K3 detector and a 20 eV energy filter was used
to assess the membrane pore structure and perform the tomography. So-
lute transport experiments were performed to determine the pore size of
membranes using PEG with different molecular weights. The PEG con-
centrations in the feed and permeate solutions were quantified by liquid
chromatography-mass spectrometry (LC-MS 2020, Shimadzu, Duisburg,
Germany). The Young's modulus of the membranes was analyzed by p-BLS
at GHz frequencies. The advancing CA measurement was conducted using
a Dataphysics OCA35 goniometer (Dataphysics, Germany). The chemical
structures of the PDA membranes were further analyzed by XPS (Kratos
Axis UltraDLD spectrometer 3, England) and FTIR (Vertex 70, Bruker, Ger-
many). Fiber optic surface plasmon resonance was used for investigating
the swelling behavior of the CV10c PDA membrane at different pH condi-
tions. The surface charges of the membranes were measured by stream-
ing potential over a pH range of 2-9 with an electrokinetic analyzer using
a Cylindrical Cell (Anton-Paar SurPass3, Austria). The concentration of the
organic dyes in the feed and permeate solutions was obtained by UV-vis
spectrometry to quantify the rejected dye molecules; while, the ion cen-
tration was recorded by a conductivity portable meter (Orion Star A222,
Thermo Fisher Scientific, USA) and Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES, Spectrogreen, Spectro, Germany) to
quantify the ion sieving performance. Additional experimental details of
the PDA membrane characterization are provided in the Supporting Infor-
mation.

Membrane Performance Tests: The permeance and rejection capacity
of the PDA membranes were measured using a dead-end filtration device
with an effective area of 0.2827 cm? under a pressure difference of 2 bar at
room temperature. There was a stirring bar rotating at 330 rpm within the
filtration cell to avoid concentration polarization. For each performance
test, 25 mL Milli-Q water was used to first test the pure water perme-
ance of the membranes. Then, different salt or organic dye solutions were
studied. The results were provided as average values from at least three
membranes with statistical errors calculated by the STDEV function. The
0.5 mL dead volume downstream of the membrane inside the filtration cell
was not prefilled, and the permeate filling took ~2 h. The permeance was
recorded every 10 min after it reached a steady state, which was typically
observed within 30 min after the permeate flowed out. The permeance P
(Lm=2 h~" bar™") was calculated according to Equation (1):

v
P = 2 m
where V (L) is the volume of permeate collected, A (m?) is the effective
membrane area, t (h) is the permeation time, and Ap (bar) is the applied
pressure.

Asseries of 25 mL of inorganic salt and dye solutions, including HCI, KCI,
NaCl, LiCl, CaCl,, MgCl,, AlCl5, FeCly, K3[Fe(CN)], [Ru(NH5)¢]Cls, MnB,
MO, and RB, with concentrations of 1000 ppm (for salts) and 20 ppm
(for dyes) in water was used as feed solution, respectively. To maintain an
approximately constant solute concentration in the feed solution during
each measurement, the total permeate flowing out of the filtration cell was
set to less than 3 mL. The permeates were collected every 2 h and the
rejection was also recorded after the steady state was achieved. The solute
rejection R (%) was calculated using Equation (2):

S
R(%)=<1——> x 100% @)
C

where C, and C; are the concentrations of the permeate and feed solu-
tions, respectively.

The selectivity of solute A over solute B, a, was calculated using Equa-
tion (3):

T—Rp
a=
1-Rg
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where Ry and Ry are the rejections of solutes A and B, respectively. Mem-
brane stability tests, pH-responsive tests, reversible filtration tests, and
binary dye mixture separation experiments are presented in the Support-
ing Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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