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Experimental details

Materials. Phenol (= 99%), aqueous formaldehyde solutions (37 wt%), ZnCl,
(2 98%), NaOH (= 96%), hydrochloric acid (36-37 wt%), ethanol (= 99.8%),
purified water (conductivity: 8-20 ps/cm), and 98 wt% H,SO, were all
purchased from local suppliers. PEO-block-PPO-block-PEO triblock
copolymer (M,, = 5800 g/mol and the degree of polymerization for each PEO
block and PPO block is 20 and 70, respectively, commercially known as P123)
was obtained from Sigma-Aldrich. Bovine serum albumin (BSA, molecular
weight of 67 kDa, purity > 97%), cytochrome ¢ (Cyt.c, molecular weight of
12.4 kDa, purity > 95%), and dextrans with four different molecular weights
(10 kDa, 40 kDa, 70 kDa, and 500 kDa) were obtained from Sigma-Aldrich.
Monodispersed gold nanoparticles with a diameter of 5 nm dispersed in
toluene and dimethyl formamide (DMF) were purchased from Nanjing
Nanoeast Biotech Co. Ltd. All chemicals were used without further purification.
Preparation of resol solutions. Resol was synthesized from phenol and
formaldehyde by a base-catalyzed polymerization method, as described
elsewhere.! In a typical synthesis process, 0.610 g (6.5 mmol) phenol was
melted at 45 °C at first, and then 0.130 g of 20 wt% aqueous NaOH was
added by stirring for 10 min. Subsequently, 1.054 g of 37 wt% formaldehyde
was added to the above solutions dropwise. After stirring at 75 °C for 1 h, the
reaction mixture was further cooled to the rt followed by the pH adjustment

with 0.6 M HCI toward neutral (pH=7). The mixture was dried under vacuum at
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45 °C for 24 h to remove water. The as-prepared resol was redissolved with 5
g ethanol, which was then filtered with 0.22 um syringe filters to exclude out
the insoluble NaCl precipitates from ethanolic solutions. After then, 0.678 g
P123 was dissolved in 10 g ethanol, which was further transferred into
ethanolic resol solutions to produce the ethanolic mixture containing resol and
P123. The molar ratio of P123 to phenol was 0.018. Before use, such
solutions, roughly having a total concentration of resol and P123 of 10 wt%,
were stirred for at least 12 h to yield homogeneous solutions. However, when
the molar ratio of P123 to phenol was required to be 0.012 and 0.024, the
dosages of P123 were 0.452 and 0.904 g, respectively. In the control
experiment, P123 was replaced with the same amount of PEO homopolymer
(0.678 g) in the resol solution, and all the other experimental conditions
including thermopolymerization and acid soaking remained unchanged except
that PEO was dissolved in ethanol at 60 °C to ensure a homogenous
resol/PEQ in ethanol solution.

Fabrication of phenolic membranes. To fabricate the phenolic membranes,
the ethanolic solutions containing resol and P123 were diluted with ethanol to
have a concentration of 5% (Specifically, to prepare 150 um-thick phenolic
membranes, the solution with the 10 % concentration was used). To 1 g of the
solutions, different dosages (0.034, 0.068 and 0.135 g) of ZnCl, were added,
and the molar ratios of ZnCl, to P123 in these solutions were determined to

be 70, 140 and 280, respectively. Typically, the ethanolic solutions with the
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molar ratio of P123 to phenol and the molar ratio of ZnCl, to P123 of 0.018
and 140, respectively, were used in this work if not otherwise stated. 100 pL
solutions were drop-cast on the cleaned Si or glass substrates at rt and then
instantly transferred on a hot plate into an oven preheated to 100 °C for the
thermopolymerization of resol. After 12 h, the substrates together with the
formed structures were soaked in 55 wt% H,SO,4 at 100 °C for 2 h or in water
at rt for 2 h to remove P123 and ZnCl;,. In a control experiment with slow
evaporation of the solvent, the resol solution containing P123 and ZnCl;, cast
on the silicon substrate was placed in a dry cabinet with a relative humidity of
~ 10% at the temperature of 20 °C, and was covered with a Petri dish to
slowly evaporate ethanol for two days. The sample was further dried in
vacuum at 25 °C for 2 h, and was then subjected to thermopolymerization and
acid soaking as described above.

Simulations. All the MD simulations were carried out using the large-scale
atomic/molecular massively parallel simulator (LAMMPS) package.? The
polymer consistent force field (PCFF)3-5> was adopted in all simulations, which
is suitable for small organic molecules and polymers. The total potential
energy of a system can be defined as Eq. (S1).

Etota=Evalence t Ecross-term* Enon-bond (S1)

The E,aence COomprises bond stretching, angle, torsion, and out-of-plane
energies. The E.ssterm Presents bond length and angle changes. For non-

bond energies (Enonbond), they are divided into LJ (9-6) van der Waals(vdW)
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and Coulombic interactions. The long-range electrostatic interactions are
computed by using the particle-particle particle-mesh (PPPM) algorithm with a
root mean square accuracy of 10*. The cutoffs for vdW and Coulombic
interaction are set as 12 A. The periodic boundary conditions (PBC) were
applied in all three directions for all simulation cubic boxes. Initially, for each
simulation, the energy of system was minimized for 1000 steps. Then a
pressure of 1 atm was applied to all dimensions to ensure that each system
reaches its equilibrium density. After that, the simulations were performed
under the NVT canonical ensemble for 13 ns. The first 3 ns was used to
equilibrium and the last 10 ns was conducted for data collection. The
thermostat was set to 373.15 K during the entire simulations, which is
identical to the thermopolymerization temperature in the experiment. We
constructed four systems containing resol, P123, and ethanol with four
concentrations of the solute (P123+resol). Each system contains 34 resol
molecules and two P123 chains, corresponding to the molar ratio of P123 to
phenol of 0.018 used in the experiment. The numbers of ethanol molecules
were added to 941, 418, 157 and O, respectively, according to the different
solute concentrations of 40%, 60%, 80% and 100%. The different
concentrations represent the concentration gradient from the top surface of

the solution to the bottom with the top surface having a 100% concentration.

Characterizations. A field-emission scanning electron microscope (SEM,
Hitachi S4800) was used to probe the surfaces and the cross sections of the
samples at an accelerating voltage of 5 kV. Before SEM examinations the

samples were sputter-coated with a thin layer Pd/Pt alloy to enhance the
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conductivity. We took SEM images at a series of depths (0.1-10 ym) on the
cross section of the 10 pm-thick membrane. From the SEM image of each
depth, we measured at least 50 particles to determine the average sizes of
phenolic particles, thus correlating the particle sizes with depths across the
phenolic membrane. For the transmission electron microscopy (TEM)
observations, the membrane samples were ground into powders which were
dispersed in ethanol followed by sonication under the power of 100 W for 30
min. A droplet of the suspension was dropped onto TEM grids. TEM
observations were carried out on a JEM-2100 microscope operated at 200 kV.
The surface topography of the samples was examined by atomic force
microscopy (XE-100, Park Systems). Fourier transformation infrared (FTIR)
spectra were obtained from a Nicolet 8700 infrared spectrometer in the
attenuated total reflection (ATR) mode. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on an ESCALAB 250 XPS system
(Thermo Scientic) using a monochromatic Al Ka X-ray source with the
reference of C 1s line of aliphatic carbon, set at 284.8 eV. The surface
wettability of the samples was characterized by testing their water contact
angles (WCAs). WCAs were obtained from a contact angle goniometer
(Dropmeter A-100, Maist). For every sample, the WCAs of at least 3 positions
were tested and the average WCAs were reported. The N, adsorption-
desorption isotherm was obtained from a surface area and porosity analyzer

(Micromeritics, ASAP-2020) at 77 K. Before measurements, the phenolic

S6



membrane was degassed in vacuum at 120 °C for 6 h. Specific surface areas
(Sget) are derived from the Brunauer—-Emmett-Teller (BET) method using the
adsorption data at p/py = 0-1.0. The Pore size distribution is derived from the
adsorption branch by using the Barrett-Joyner—Halenda (BJH) model.
Filtration and separation tests. Permeance and rejection tests were
performed on a Millipore filtration cell (Amicon 8003, Millipore Co.) at a stirring
speed of 600 rpm and a pressure of 0.4 bar. The filtration cell has a working
volume of 3 mL and an effective membrane area of 0.9 cm2. The phenolic
membranes were attached on the support of polyester non-woven before
fitting into the filtration cell. A pre-compaction at 0.4 bar was carried out to
obtain a stable water flux, and then the permeance of the membrane was
recorded. BSA and Cyt. C were dissolved in phosphate buffer (pH=7.4) at
concentrations of 0.5 g/L and 0.02 g/L, respectively, and were used to probe
the retentions of membranes prepared at different conditions. The BSA and
Cyt.c concentrations in feeds and filtrates were monitored using a UV-vis
absorption spectrometer (NanoDrop 2000c, Thermo) and the intensities of the
BSA and Cyt.c characteristic peaks at the wavelength of 280 and 405 nm of
the feeds and filtrates were compared to determine the retention rates of BSA
and Cyt.c of each membrane.

Four dextrans with molecular weights of 10 kDa, 40 kDa, 70 kDa, and 500
kDa were mixed in water at a concentration of 2.5, 1.0, 1.0 and 2.0 g/L,

respectively, and used to determine the molecular weight cut-off (MWCO) of
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the membranes. The concentrations of dextrans with different molecular
weights were analyzed by gel permeation chromatography (GPC, Waters
1515).

To investigate the separation performances of the phenolic membranes in
organic solvent, the membranes were used to filtration solutions of 5-nm gold
nanoparticles dispersed in toluene and DMF were used. The feeds and
filtrates were monitored using the UV-vis absorption spectrometer and the
intensities of the characteristic peaks at the wavelength of around 539 nm of
the feeds and filtrates were compared to determine the rejection rates of gold

nanoparticles of different membranes.
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Figure S1. The photograph of the ethanolic solution containing resol, P123
and ZnCl, which was drop-cast on the surface of a glass slide with a size of 2
cm x 2 cm and subjected to themopolymerization at 100 °C for different
durations. After ~ 2 min, the solution was turned to be a transparent, sticky
film. After ~ 5 min, the film took a slightly brownish color and was no longer
sticky. The film exhibited increasingly darker color until thermopolymerization
for 5 h. This observation indicates that thermopolymerization of resol starts

almost instantly upon heating at 100 °C.



Figure S2. The SEM images of (a) the surface and (b) the cross section of

the as-synthesized phenolic film before acid soaking.



Figure S3. The SEM images of (a) the cross section and (b) the bottom
surface of the phenolic membrane prepared by soaking in water for 2 h at

room temperature.
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Figure S4. The bulk phenolic membrane with a thickness of ~ 150 pm
prepared by casting 400 uL resol solution on a 2 cm x 2 cm substrate,
followed by thermopolymerization and H,SO, soaking. The photograph (a);
The SEM image of the (b) top and (c) bottom surface; The SEM images of the

cross section (d).
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Figure S5. Time variation of permeance of the phenolic membrane prepared

by soaking in 55% H,SO,4 at 100 °C for 2 h under the pressure of 0.4 bar.
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Figure S6. The cross-sectional SEM image of the phenolic film prepared by
slow evaporation of ethanol at 20 °C followed by thermopolymerization and

H,SO, soaking.
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Figure S7. The cross-sectional SEM image of the phenolic film prepared

without ZnCl,. The film has been soaked in 55% H,SO,4 at 100 °C for 2 h.
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Figure S8. The SEM images of the (a) bottom surface and (b) cross section
of phenolic film prepared without P123. The film has been soaked in 55%

H,SO,4 at 100 °C for 2 h.
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Figure S9. The photographs of the ethanolic solutions of resol with various
molar ratios of ZnCl, to P123 which was drop-cast on the surface of a glass
slide and subjected to themopolymerization at 100 °C for different durations.
For each panel, from left to right, the samples were prepared at the molar

ratio of 70, 140, and 280, respectively.
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S$10. Estimation of the porosity of the phenolic membranes prepared with
different molar ratios of ZnCl, to P123.

Porosity in this work means the ratio of the volume occupied by all the
pores in the phenolic membrane to the total volume of the membrane.
Therefore, it is an averaged parameter indicating the porous nature of the
phenolic membrane, collectively reflecting the porous nature of the entire
membrane. Therefore, it does not describe the change of pore size across the
thickness of a specific membrane sample. Instead, porosity is used to indicate
the difference in the degree of the porous state of different membrane
samples prepared with changing ZnCl, dosages, thus revealing the effect of
ZnCl, dosages to the porous structure of the phenolic membranes.

As the generation of the pores in the phenolic membranes is due to the
introduction of ZnCl,, we can easily estimate the porosity by comparing the

thicknesses of the membranes prepared with and without ZnCl,.

6=(t1-t2)/t1 (82)

where O is the porosity of the phenolic membranes. t; represents the
thickness of the phenolic membranes prepared with the molar ratios of ZnCl,
to P123 from 70 to 280, while ¢, is the thickness of the membranes prepared

without ZnCl,. The calculated results are shown as below:
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Molar ratios of _ . -
ZnCl, to P123 Thickness (£, um) Porosity (5, %)

0 2.9 0
70 4.7 38.3
140 10 71
280 12 75.8

The thicknesses were measured by SEM imaging and the results showed
very little variation. Consequently, the porosity estimated from the value of

thickness was stable. Therefore, we did not include error bars into Fig. 6a.
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Figure S11. The cross-sectional SEM images of phenolic membranes
prepared with different molar ratios of ZnCl, to P123: (a) molar ratio=70; (b)
molar ratio=280. The membrane has been soaked in 55% H,SO, at 100 °C for

2h.
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Figure S12. The cross-sectional SEM images of phenolic membranes
prepared with various molar ratios of P123 to phenol: (a, b) molar ratio =
0.012; (c, d) molar ratio = 0.024. The membrane has been soaked in 55%

H,SO,4 at 100 °C for 2 h.
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Table S1. Comparison of water permeances and BSA or Cyt.c rejections of

gradient nanoporous phenolic membrane prepared in this work and other

membranes.
Water — I
Membrane permeance Rej(((a)/c;lon jooelﬁ?gn Reference
(L/(bar-m2-h)) °
PVC/PVF 323.6 90.2 BSA 6
PVDF/GO@SIiO,/PVP 1232 77.5 BSA 7
SWCNT-PAN:I 1367.5 28 BSA 8
PBI blended PSf 177.5 68.7 BSA 9
Isoporous PS-b-PEO 800 67 BSA 10
PonzwﬂtnglE(?n grafted 264 99 BSA 11
PPSU 171 94 BSA 12
PAN-AA-Mg 70.7 97.8 BSA 13
PVDF-MWCNTs 620 89 BSA 14
PVDF-GO 457.9 91.1 BSA 15
GO 398.7 92.6 BSA 16
BCP micelle 710 30 Cyt.c 17
MXene 1056 97 Cyt.c 18
SPEK-C 534.6 82 Cyt.c 19
NSC-GO 568 98 Cyt.c 20
SWENT-tercalated 700 98.3 Cytc 21
Layed WS, nanosheet 725 91 Cyt.c 22
Laminar MoS, 245 98 Cyt.c 23
CsNy 29 93.1 Cyt.c 24
Gradient nanoporous 1547 96 BSA This work

phenolic 95 Cyt.c
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