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Experimental Section
S1. Synthesis of FTCS-PDA-PVDF membrane.

A PDA coating on a commercial hydrophilic polyvinylidene fluoride (PVDF) membrane
(0.45 pum pore size, 110 um thickness, MilliporeSigma) was achieved via self-polymerization of
PDA." 2 Hydrophilic PVDF was chosen for easier PDA coating. Dopamine (DA, 2 mg/mL) was
dissolved in 10 mM Tris-HCI (pH 8.5), and PVDF membranes were dipped in the solution. The
solution was shaken (VWR Orbital Shaker, Model 3500) for 24 hours before the membrane was
taken out and rinsed using deionized (DI) water (18.2 MQ-cm, Barnstead Ultrapure water systems).
The self-polymerization process was repeated for 7 days until the entire surface of the PVDF was
uniformly coated by PDA (Fig. S1). Then, the membrane was rinsed with DI water and dried under
N2 gas. Next, the PDA-PVDF membrane was exposed to (tridecafluoro-1,1,2,2-tetrahydrooctyl)-
trichlorosilane (FTCS) vapor at 70 °C for 3 hours, resulting in a dense coverage of PDA-PVDF by

hydrophobic FTCS fluoro-silane.® *

S2. Characterization of FTCS-PDA-PVDF membrane.

Scanning electron microscopy (SEM; OVA NanoSEM 230, FEI) was used to image the
morphology and microstructure of the FTCS-PDA-PVDF membrane surface and its cross-section
at an acceleration voltage of 10 kV. The chemical composition of PDA and FTCS on the PVDF
surface were identified using an attenuated total reflection Fourier transform infrared (ATR-FTIR;
Thermo Scientific Nicolet Nexus 470 spectrometer equipped with a diamond crystal) spectroscopy
and a Raman spectroscopy (inVia confocal Raman spectroscope, Renishaw, equipped with 514

nm wavelength diode laser). The reference peaks for FTIR are shown in Table S1. X-ray

S2



photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II, Ulvac-PHI with monochromatic Al
Ko radiation (1486.6 ¢V)) was utilized to identify the N 1s, C 1s, and Si 2p peaks for the PDA-
FTCS-PDA membrane. The surface roughness (root-mean-square, RMS) was measured using
tapping mode AFM (Veeco Inc., Nanoscope V multimode SPM) and analyzed using the
Nanoscope 7.20 software (Veeco Inc.). For each membrane, triplicate locations on the sample
surface were measured to determine the roughness. The gravimetric method was used to quantify
the porosity (g) of the PDA-PVDF membrane.>”’ Three 2 cm x 2 cm pieces were cut from a PDA-
PVDF membrane sheet, weighed dry, and then submerged in DI water for 1 week before being
taken out and weighed again wet. The porosity was calculated using the equation below to get the

average values for triplicate samples:

Wa—Ww,q
pwV

b

where ¢ is the porosity (%), w2 (g) is the weight of the wet membrane, wi (g) is the weight of the
dry membrane, pw (g/cm?) is the liquid density (DI water), and V (cm?) is the volume of the
membrane. ImageJ 1.80 software (National Institutes of Health, Bethesda, Maryland, USA) was
used to determine the average pore diameter of pristine PVDF and FTCS-PDA-PVDF membranes
by taking measurements of 100 pores from the SEM top surface images. A mean and a standard
deviation were calculated for each size distribution. Considering that both pristine PVDF and

PDA-PVDF are hydrophilic (contact angle ~ 0°, Fig. 1A), it is difficult to evaluate the effect of

the altered pore size and porosity by PDA coating on the membrane wetting property or MD

performance. The actual amount of FTCS on the FTCS-PVDF (contact angle =~ 120°) and FTCS-
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PDA-PVDF (contact angle =~ 125°) membranes could be different, which also makes it difficult

to attribute the slight wetting resistance increase of FTCS-PDA-PVDF only to the PDA coating.

S3. Measuring the optical properties and surface temperature of FTCS-PDA-PVDF
membranes.

The transmittance and reflectance of FTCS-PVDF and FTCS-PDA-PVDF membranes
were measured using a micro-spectrophotometer (QDI 302, CRAIC Technologies) coupled to a
Leica microscope (DM 4000M, Leica Microsystems). The surface temperatures of the FTCS-
PVDF and FTCS-PDA-PVDF membranes were measured by an infrared camera (IR camera, Ti
100, FLUKE) after 600 secs light illumination using a solar simulator (Newport 66921 Arc Lamp)
under both unfocused and focused irradiations (Fig. S3). Triplicate 1 cm % 1 cm pieces were cut
from the membranes of interest and measured. The surface temperature of the membrane with
water on top (water thickness = 8 mm) was monitored using a benchtop controller thermocouple

probe (OMEGA CSI32K-C24, US) with a response time of 5 s and resolution of 0.5 °C.

S4. Direct contact membrane distillation experiments.

DCMD experiments were carried out using a specially designed membrane distillation
module. The setup of the system is shown in Fig. S4. The membrane distillation module consists
of a 2-mm-thick quartz window with a diameter of 5 cm on the feed side to allow light illumination.
A 1-mm-thick aluminum platform was placed in between the feed side and distillate side to support
the membrane. The cross-flow velocities in the feed and distillate channels were 3.6 mL/min and

16.2 mL/min, respectively. Both DI water and 0.5 M NaCl aqueous solution (ACS grade, BDH,
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PA) were used as feed water, stored in a 500-mL Erlenmeyer flask, and DI water was used for the
distillate stream at the bottom of the membrane. The 0.5 M salinity was chosen to mimic the
average salinity of seawater.® The feed and distillate were continuously circulated through the
membrane module using two peristaltic pumps respectively (Welco WPX1-F1 and Stenner
85MHPS5). The flow rate of the feed water was changed by monitoring the DC supply (Extech
382203) controlling the feed pump. The distillate reservoir was kept on a weighing balance
(Sartorius ELT402) to measure the collected permeate at 1 min intervals. The distillate reservoir
was capped during MD tests to reduce the effects of evaporation. During solar MD tests, the light
from the solar simulator (Newport 66921 Arc Lamp) was oriented to the membrane surface using
a mirror. The light intensities at the membrane surface were measured to be 0.75 (unfocused) and
7.0 kW/m? (focused using a magnifying lens) by a spectroradiometer (SpectriLight ILT 950). The
diameters of the active irradiation areas were 5 cm and 1.5 cm for 0.75 kW/m? and 7.0 kW/m?

intensities, respectively. The solar efficiency was calculated by the following equation:

_ MHygp

77 - I ’
where 7 is solar efficiency, m is the permeate flux (kg/m?-h), Hyqp 18 the enthalpy change (2,454

kJ/kg) from liquid to vapor, and I is the power density of the incident light (kJ/m?-h).’

S5. Stability tests of the FTCS-PDA-PVDF membrane.

The chemical and mechanical stability of the FTCS-PDA-PVDF membrane was tested at
three pH values (pH 4, 7, and 10), using both ultrasonic agitation for 6 hours (Bransonic 3510R,

335W) and vigorous shaking for 30 days (VWR Orbital Shaker, Model 3500) (Fig. S6A).
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Triplicate 1 cm x 1 cm pieces were cut from the membrane and measured. The contact angles of
the membrane after testing in pure water and saline water, were measured using a contact angle
analyzer (Phoenix 300, Surface Electro Optics Co. Ltd) over 10 cycles of MD tests (1 cycle = 1
hour) (Fig. S6B). After every 2 cycles, the membrane was washed using DI water, dried using N2
gas, and weighed to reveal the mass variation during MD tests. A chloride probe (VWR 89231-
632) was used to measure the salt concentration in both the feed and distillate during 0.5 M NaCl
MD tests. SEM images were further measured for the FTCS-PDA-PVDF membrane after MD

tests to evaluate the morphology and microstructure alteration.
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Supporting figures and tables

4 day 5 day 6 day 7 day

Fig. S1. Optical images showing the color change of the PVDF surface during the 7-day PDA self-

polymerization proess.
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Table S1. ATR-FTIR reference peaks for PDA coating on PVDF.

FTIR peak positions (cm™)

N-H bending vibrations 1510 1490 1506 1540 1520

C=C resonance vibrations 1600 1610 1600 1645 1610
in the aromatic ring

O-H and NH: 3100-3600 3100-3600 3100-3600 3000-3700 3100-3600

stretching vibrations

Reference Jiang et Caoetal, Shaoetal., Sunetal, Tpig study
al., 2011% 2014 20142 201713
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Fig. S2. (A) Raman spectra of pristine PVDF and FTCS-PDA-PVDF membranes; (B) Tapping
mode AFM images (10 um % 10 um) showing the surface roughness (RMS) of pristine PVDF and

FTCS-PDA-PVDF membranes.
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Fig. S3. Solar irradiance spectra of the solar simulator for unfocused (0.75 kW/m?) and focused

(7.0 kW/m?) conditions.
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Fig. S4. Photo of the portable solar-driven direct contact membrane distillation system.
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Fig. S5. Collected water (kg/m?) for DCMD using pure water (A) and 0.5 M NaCl (B) with various
feed flow rates (1.5-8.1 mL/min). (C) Schematic illustration depicting the temperature change in
the feed side of a conventional MD system and solar-driven MD system with different feed flow

rates. Red depicts high temperature and blue depicts low temperature.
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Table S2. Comparison with other current photothermal MD membranes.

T. b Thickness of Flux
to]
Materials MD . Efficiency ’ H20 on top Energy Hydrophobicity Paper
system (°C) (kg /m? h) source
(mm)
Dongare
PVDEPVA- Demp  2145% 208 L5 0.22 solar NA etal,
5.5wt%BC 2017
Politano
PVDE- VMD 29.6% 54.3 NA 25.7 uv 80.3°+£3.6° etal.,
25%Ag NPs 017"
Millipore 4 Summers
nitrocellulose AGMD 31.8% 79¢ 4 0.35 solar NA etal,
membrane 2013"
FTCS-PDA- o 011 so This
PVDF DCMD 45% 26 8 0.49 solar 126.1°£1.6 study

# VMD stands for vacuum membrane distillation. AGMD stands for air gap membrane distillation.

® Water temperatures of feed inlet and distillate for Dongare et al. and this study are 20 °C. Politano

et al. used an inlet of ~28 °C. Summers et al. used an inlet of 26—30 °C and a distillate of 20 °C.

¢ Summers et al. used an electric heater besides the solar system.
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Fig. S6. (A) Photographs showing the chemical and mechanical stability of FTCS-PDA-PVDF
membrane with ultra-sonication and shaking for an extended duration. SEM images of FTCS-
PDA-PVDF membrane surface after 10 cycles using (B) pure water and (C) 0.5 M NaCl. (D)
Contact angles of FTCS-PDA-PVDF membrane over 10 cycles of MD tests using pure water and
0.5 M NaCl. (E) (Left y-axis) Mass change of FTCS-PDA-PVDF membrane over 10 cycles of MD
tests using 0.5 M NaCl, with 7.0 kW/m? irradiation; (right y-axis) Salt rejection of FTCS-PDA-
PVDF membrane over 10 cycles of MD tests using 0.5 M NaCl, with both 0.75 and 7.0 kW/m?
irradiations. (F) Flux performance of FTCS-PDA-PVDF membrane over 10 cycles of MD tests
using pure water and 0.5 M NaCl, with both 0.75 and 7.0 kW/m? irradiations. Triplicate membrane

samples were tested.
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