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Figure. S2 XRD patterns of Ti3AlCa2, unexfoliated Ti3C2Tx, and delaminated Ti3C2Tx (MXene).

Figure. S3 SEM images of GO on conductive glass (a) before ultrasonication and (b) after

ultrasonication treatment. The scale bar is 3pm and 10um, respectively.
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Figure. S4 (a) FT-IR spectra of GO/Cellulose membrane and rGO/Cellulose membrane. (b) XPS

spectrum of pure Cellulose membrane, GO/Cellulose membrane and rGO/Cellulose membrane.
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Figure. S5 Volume conductivity of GO/Cellulose, MXene/Cellulose, rGO/Cellulose photothermal

membranes.

SI-1 The reduction of GO

There are three kinds of oxygen-containing groups: (a) the carboxyl groups, characteristic
absorption band (stretching vibration of C=0 bond) located at 1726 cm ™!, (b) the hydroxyl groups,

characteristic absorption band (stretching vibration of C—OH bond) located at 3414 cm ™! and (c)
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the cyclic ether, including cyclohexene oxide and pentamethylene oxide, characteristic absorption
band (stretching vibration of O—H bond) located at 1100—1030 cm™' and 980—-900 cm . In the
presence of the ascorbic acid, the hydroxyl radicals (-OH), transformed from the carboxyl and
hydroxyl groups, oxidized the dienol group of the ascorbic acid to diketone, and fell from the
graphene sheets.! The consumption of carboxyl and hydroxyl groups and smoothness of
characteristic absorption band of the carboxyl, hydroxyl and stretching vibration of C=0O bond
were shown in Figure S4a, leading to the rise of atomic ratio of carbon to oxygen (Figure S4b). In
addition, the volume conductivity of rGO/Cellulose membrane is five orders of magnitude higher
than that of GO/Cellulose membrane (Figure S5), also indicating the successful reduction of GO
by ascorbic acid.

Table S1. Structural Parameters of neat cellulose, MXene/Cellulose and GO/Cellulose membranes
manufactured by a dip-coating method. M and G represent MXene/Cellulose membrane and

GO/Cellulose membrane, respectively, and the number denotes the dip-coating cycle.

Sample Apparent MXene or MXene or Apparent Porosity
code thickness GO coating GO density (%)
(um) thickness content (gcm™)
(um) (vol %)

Cellulose 1825 0.46 69.3
M1 20542 12 0.09 0.41 72.7
M5 21444 21 0.51 0.40 73.5

M10 21945 26 1.43 0.40 73.8
M20 22747 34 2.61 0.40 74.1
M30 23443 41 4.49 0.39 75.3
M40 231+4 38 6.18 0.41 74.5
M50 23445 41 6.94 0.42 74.1
G40 22945 36 5.97 0.41 72.3




When the apparent thickness of the neat cellulose, M Xene/Cellulose and GO/Cellulose membranes
was measured, the GO or MXene coating thickness in the membranes increased linearly with the
dip-coating cycle within the experimental error, as listed in Table S-1. The volume fraction
(Vmxene o) Of GO or MXene of the membrane was evaluated by eq. S1. In addition, the apparent
density (deepulose ) and porosity ( Peenuiose ) OF the neat cellulose MXene/Cellulose and

GO/Cellulose membranes were evaluated by using eq. S-2 and S-3:

dymxene/Go 1=Wmxene/Go (S1)

VMXene/Go =1/[1+

dcellulose WMXene/GO

M cellul
dcellulose = —eeess (Sz)
Vcellulose
d —-d
Pce]lulose — membrane cellulose X

dmembrane

100 (S3)

where deelulose is the density of cellulose (1.50 g cm™), dyxene is the density of MXene (3.2 g
em?), ? dgp is the density of GO (1.1 g cm™®)*c Wyxene/go is the weight fraction of GO or
MXene in the photothermal membranes, M cjuiose 18 the weight of the cellulose membrane,
Veellulose 1S the volume of the cellulose membrane, and demprane 1S the density of
MXene/Cellulose and GO/Cellulose photothermal membranes in which all the pores are filled with

cellulose.
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a) Cellulose: surface b) Cellulose: cross-section

d) Mxene/Cellulose dip-coating
for 10 times: surface for 10 times: cross-section

¢) rGO/Cellulose dip-coating f) rGO/Cellulose dip-coating
for 40 times: surface for 40 times: cross-section
el

A

Figure. S6 SEM images for surfaces and cross sections of (a, b) neat cellulose membrane, (c, d)

MXene/cellulose membrane dip-coated for 10 times, and (e, f) rGO/cellulose membrane dip-coated

for 40 times.
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Figure. S7 Light absorption spectra of pure cellulose membrane, MXene/Cellulose membrane and

rGO/Cellulose membrane in the dry state.
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Figure. S8 (a) Digital images of the MXene/cellulose membrane before and after immersing in
water for 5 weeks (aged MXene/cellulose membrane). (b) MXene/cellulose before and after

sonication for 30 min.
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Figure. S9 The light absorption spectra of MXene/cellulose membrane in the dry state after

immersing in water for 5 weeks (aged MXene/cellulose membrane) and after ultrasonic treatment

for 30 min.
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Figure. S10 The top-view IR thermal images of cellulose, rGO/Cellulose and MXene/Cellulose

membrane in the air under solar illumination of different intensity for different time.
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Figure. S11 Water contact angles of pure cellulose membrane, MXene/cellulose membrane and
rGO/cellulose membrane at different time periods. The contact angle of rGO/cellulose membrane

is 68.5 © at equilibrium state.

S-9



Table S2 Comparison of the performance parameters between the MXene/Cellulose photothermal

membrane and some previously reported photothermal membranes for solar steam generation

under solar illumination of 1 sun. ">
Light Absorption Evaporation ) Anti-biofouling
) . . Efficiency
Materials absorption efficiency rate ) property Ref
range (%) (kg/m>h) °
CNF-CNT nanofiber .
UV-Vis-NIR >97.5 1.11 76.3 - 4
aerogel
Activated carbon .
UV-Vis-NIR ~94 1.22 79.4 - 5
fiber felt
Double-layer
- - - ~60 - 6
rGO/MCE system
Paper-based rGO on )
. UV-Vis-NIR ~90 1.772 80.6 - 7
silicon layer
Geopolymer—biomass .
UV-Vis-NIR >90 1.58 84.95 - 8
mesoporous carbon
Carbonized Lotus .
UV-Vis-NIR >08 1.30 86.5 - 9
Seedpods
Semiconductor .
UV-Vis-NIR ~99 ~1.1 67.7 - 10
decorated wood
GO film UV-Vis-NIR >95 2.01 85 - 11
rGO/MWCNT film UV-Vis-NIR 95 1.22 80.4 - 12
CNT modified filter
paper and a .
. UV-Vis-NIR 90 L.5 75 - 13
commercial Nafion
membrane
Bi-layered rGO film Vis >90 1.31 83 - 14
Flame-treated wood UV-Vis-NIR 99 1.05 72 - 15
Oxygen plasma
treated graphene UV-Vis-NIR 94 ~1.25 76.9 - 16
aerogel
Polymer nanotube
- - ~1.2 81 - 17
aerogel/carbon black
Nylon 6/carbon black UV-Vis-NIR 94 ~1.25 83 - 18
PDA/BNC aerogel Vis ~98 1.13 78 - 19
PNIPAM/rGO
UV-Vis-NIR ~99 1.66 - - 20
membrane
CNT@PEVMCE )
UV-Vis-NIR - 5.07 72 Good 21
membrane
GO-CS/ZnO ] 89.7 (S. aureus)
UV-Vis ~99 1.703 - . 22
scaffold 89.4 (E. coli)
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MoS2/BNC

Vis ~96 ~0.81 ~76 -
membrane
Carbonized eggshell )
UV-Vis-NIR 99 1.31 ~80 -
membrane
Cotton-CuS
nanocage-agarose UV-Vis-NIR 97 1.63 94.9 -
aerogel
HNs/CNTs membrane UV-Vis-NIR 96 1.09 83.2 -
99.98 (S.
MXene/Cellulose 1.44%
UV-Vis-NIR ~94.1 85.8 aureus)
membrane 1.29°

99.99 (E. coli)

23

24

25

26
Thi
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rk

Note: The difference in evaporation rate at the same evaporation efficiency is due to the fact that a
portion of work didn’t include sensible heat in the calculation of evaporation efficiency. a and b
refer to the water evaporation rate values before and after the evaporation rate in the dark field is
subtracted, respectively. — refers to no information in the article. V refers to the photothermal

membrane with flexibility.

Figure. S12 Digital photo showing the model of the condensed water collecting device.
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Figure. S13 Mass change of water with MXene/cellulose membrane under solar illumination of

different intensity.
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Figure. S14 (a, b, ¢ and d) SEM images for the bacterial adhesion on the aged MXene/cellulose

membrane surface. (¢) The density of the adhered E. coli and S. aureus on membrane surface,

respectively. The data were estimated by at least 5 SEM images.

Fig. S15 SEM image of melamine foam.

SI-2 Solar-vapor conversion efficiency
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The solar-vapor conversion efficiency (1) is estimated by n = mhrv/CoptPo, where 1 is solar-vapor
conversion efficiency, m is water evaporation rate (the evaporation rate in dark field of 0.15
kg/m*h should be subtracted to eliminate the effect of natural water evaporation), ALy is the total
enthalpy of sensible heat (Q, J/g) and phase transition of liquid to vapor (Lv, J/g), Copt is the optical
concentration, and Po represents the nominal solar irradiation value of 1 kW/m??’

hiv=0+Lv

Lv =1.91846 x 10° [T/(T: - 33.91)]* J/g

O=c(li-Tv)J/g c=42J/gK

Q is calculated from the specific heat of water and the temperature difference between water-air
interface (7i) and the bulk water (7b). In our work, the solar-vapor conversion efficiency is 85.8%

under solar illumination of 1 sun.

SI-3 Analysis of energy loss

In addition to steam generation, the loss of solar energy origins from four aspects: (1) reflection
energy loss, (2) conduction heat loss from the photothermal membrane to water, (3) radiation and
(4) convection heat losses from the photothermal membrane to environment. 2%

(1) Reflection energy loss QOref

The measured average reflection rate of MXene/Cellulose and rGO/Cellulose photothermal
membrane over the broad solar spectrum (250 — 1500 nm) is 5.9% and 13.2%,

(2) Conduction heat loss Qcond

The heat flux of conduction Qcond can be calculated by: Qcona=CmAT,*! where C is the specific heat
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capacity of pure water (4.2 kJ kg' °C™"), m denotes the weights of water (45 g), and AT (0.3 °C)

represents the average elevated temperature of bulk water after 30 min solar illumination. Under 1

kW m™? solar irradiation, we can calculate the conduction heat loss value for 4.5% of all irradiation

energy.

(3) Radiation heat loss QOrad

The heat flux of radiation QOrd is based on the Stefan-Boltzmann law, which can be calculated by:

Orat=eA0(Thon —Ti),>> Where ¢ is the emissivity (It is assumed that the absorber has a maximum

emissivity of 0.9), 4 is the surface area of absorber under solar illumination (6.15 cm?), o is the

Stefan-Boltzmann constant (5.67x10% W m™ K, Tmem is the average surface temperature (=45 °C)
of absorber at steady state condition, and Tenv is the ambient temperature (=40 °C) upward the
absorber under the solar illumination of 1 sun. The radiation heat loss is calculated to be ~2.8% of
all irradiation energy.

(4) Convection heat loss Qconv

The heat flux of radiation Qconv is based on the Newton’s law of cooling, which can be calculated
by: Qconv=hA( Tmem—Tenv), Where & is the convection heat transfer coefficient (set as 5 W m™ K™)
and A is the surface area (6.15 cm?) of MXene membrane under solar illumination. Under 1 kW m™
2 solar irradiation, we can calculate the convection heat loss value for 2.5% of all irradiation
energy.

The total energy consumption under solar illumination of 1 sun is calculated to be ~100%.
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