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ABSTRACT.

Plasmonic structures are gaining increasing tremendous interest due to its unique capability
to trap light into subwavelength units, beneficial for high efficient light harvestingm and
related applications. Here we present a plasmonic structures realized on a monocrystallized
Cu,ZnSnS, (CZTS) nanosheet-assembled membranes. This unique CZTS structure exhibits
high absorption efficiency (~92.25%) in a broad solar spectrum (200-2500 nm), leading to a
solar desalination efficiency of ~¥84.5% under 1 Sun irradiation. This highly efficient
broadband absorption is due to the structure induced localized surface plasmon resonance
(LSPR) absorption. Besides, owing to its high chemical stability, salty water containing heavy
metal ions can be effectively desalinated with a constant long time (>20 hours) durability
using this CZTS membranes as the absorber. The combination of the robust desalination
effect, high stability and durability, as well as the low-cost and scalable process for
production, make this type of CZTS membranes one of the most competitive desalination
candidates.

To solve the increasingly severe water scarcity and pollution problem, a variety of
technologies thus far have been developed.m Solar desalination technologiesm are
becoming much more popular due to its sustainable development with minimum
environmental impacts. To achieve efficient solar desalination, as much of the incident solar
energy as possible should be absorbed and converted into heat for use in the distillation
process.

Plasmonic structures are gaining increasing tremendous interest due to its unique capability
to trap light into subwavelength units, beneficial for high efficient light harvestingm It has
been found that, metallic nanostructures with subwavelength unit size can hold LSPR
heating effect,™! leading to highly efficient light-to-heat conversion.”” However in these
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structures, noble metal materials are always used, and often photolithography, deposition
under vacuum condition™®® and nanostructured templates.[la"sc)] These factors lead to
higher costs for large-scale production and commercialization. So it becomes urgent to
realize surface plasmon resonance (SPR) in conventional materials in order to obtain highly
efficient solar energy harvest. There are three critical prerequisites required to realize SPR
for maximum solar thermal utilization: (i) materials with high density of free charge carriers
should be selected to obtain plasmonic properties;[G] (ii) materials should be fabricated into
artificial assemblies of structured elements in subwavelength size.” In that way, the
structured elements can excite surface plasmon polaritons with highly enhanced braodband
absorption.[sl And also, the broadband absorption can be tunned by engineering the size and
geometry of the structured elements.”! (iii) besides, low-bandgap is demanded to match
with solar spectra if semiconductors or metal oxides are adopted.

Bearing these requirements in mind, efficienct broadband absorption can most likely be
realized in a class of heavily-doped, low-bandgap semiconductors, as long as it can be
processed into suitable subwavelength size. In fact, there already exist a series of reports
utilizing heavily-doped semiconductors to form good broadband absorbers by etching into
specific micro—/nano—structures.[lo] Cu,ZnSnS, (CZTS) compound is a well-known non-toxic
low-bandgap semiconductor widely used for solar cell applications.m] Itis a p-type
seiconductor with a suitable direct energy bandgap, and a very high optical absorption
coefficient (higher than 10* cm'l).m] Furthermore, CZTS are always found to have intrinsic
high-density of free carriers with Cu-poor and Zn-rich elemental stoichiometry.m] For the
purpose of maximizing solar energy harvesting, it is desirable to widen the absorption
spectra of CZTS. It has been reported that, Au NPs that embedded into CZTS can lead to a
moderate broadened band absorption, which leads to a 100% increase of the power
conversion efficiency of a photoelectrochemical solar cell.™ There are other intensive
studies, on noble metallic NPs enhanced absorbance in semiconductors, mainly focusing on
improving their photocatalytic properties.[ls] For further improvement of the broadband
absorption, micro-structured CZTS membranes composed of elements in subwavelength size
is quite necessary. In that case, SPR can be hold on the structure thus leading to a highly
broadened absorption. However, fabrication of micro-/nano- patterned CZTS membranes
are rarely reported especially aiming for its photothermal application.m]

Here in this report, microporous CZTS membranes with typical plasmonic nanostructures
(Figure 2) were successfully fabricated. The structures are assembled by ultrathin (~*6 nm)
monocrystallized CZTS nanosheets with varying submicron spatial gaps (0.1-0.6 um). Such a
size distribution of these spatial gaps just falls into the subwavelength range that can induce
broadband LSPR absorption in solar spectrum,m] thus producing a high optical absorption
(~92.25%) through 200-2500 nm, which is comparable with that obtained from graphene
oxide-based super absorbers.!”®! Using this type of CZTS as the absorber, a high water
evaporation rate of ~1.46 kg m2h* under 1 Sun irradiation can be obtained with long-time
durability, reaching to a solar desalination efficiency of ~84.5%. Besides, salty water
containing heavy metal ions can also be desalinated by this porous CZTS absorber due to its
high chemical stability. Furthermore, the SPR effect found in the p-type CZTS semiconductor
membranes with such a unique nanostructure makes it very promising for many other
applications, such as photocatalysis“sn'w] and photovoltaics.[zol

The nanosheet-assembled CZTS membranes were synthesized via a facile process that
includes ball milling and electrophoretic deposition (EPD), instead of using lithography or any
templates. As shown in Figure 1(a), there are three main steps included in the synthetic
process. Firstly, ultrafine CZTS NPs are synthesized via mechanical alloying by ball milling.
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Secondly, EPD process is carried out using the CZTS NPs suspension as the electrophoretic
solution, to obtain the precursor membranes. At last, high-temperature sintering is carried
out to get the final nanostructures. From the X-ray diffraction (XRD) data shown in Figure S1,
CZTS with the kesterite phase is formed in the first step via mechanical alloying process. The
grain size in the formed CZTS ultrafine powders are typically distributed within the narrow
range of 10-20 nm (Figure S2). The obtained CZTS NPs are then dispersed in solvents forming
a uniform suspension ready for the subsequent EPD process. Additional details of the
suspension solution are as follows. The solution includes a mixture of isopropanol, iodine,
and ammonia that provides positive charges by forming CH3COCH,I-NH;" Iigands,m] as
indicated in Figure 1(b). The absorbed CH3COCH,I-NH," ligands on the CZTS NPs lead to a
well-separated deposition of CZTS NPs on the cathode’s surface, forming vertical standing
CZTS thin stacks (Figure 1(b)) that themselves compose the precursor membranes. In the last
step, high-temperature sintering will cause the removing of the absorbed ligands and the
recrystallization of the CZTS NPs, leading to the final nanosheet-assembled microporous
CZTS membranes. More detailed description of the growth mechanism is provided in section
lin the supporting information.

Figure 2 provides the characterization of the nanosheet-assembled CZTS membranes. As
shown in Figure 2(a), surface of the EPD-deposited CZTS precursor membranes is rough with
many submicron-sized interstitials in it. The morphology is extraordinary changed after high-
temperature sintering at 500 °C (CZTS-500), as shown in Figure 2(b) and (c). Clearly can be
seen that, the final CZTS membranes are composed of ultrathin nanosheets, which are
assembled into a honeycomb-like structure with varying submicron spatial gaps of 0.1-0.6
um (Figure 2(b) and (c)). It should be emphasized that either lower or higher sintering
temperature will deteriorate such an optimized nanostructure as observed in CZTS-500. As
can be seen from Figure S3, CZTS membranes vulcanized at 450 °C (CZTS-450) have much
thicker CZTS sheets with lower crystalline quality (Figure S4), while CZTS obtained at higher
temperature (e.g. 550 °C, or CZTS-550 as shown in Figure S3) is totally transformed into
particle films composed of large grains. Only the size distribution of spatial gaps that falls
into the subwavelength range as observed in CZTS-500, can induce broadband LSPR
absorption in solar spectrum.[”] For CZTS-500, the XRD (Figure S4), and high-

resolution transmission electron microscopy (HRTEM) (Figure 2(c) and (d)) confirm the phase
formation of kesterite CZTS (JCPDS 26-0575). The composed ultrathin CZTS nanosheets are
monocrystallized (Figure 2(d) and the inset) with a typical thickness of ~6 nm (as confirmed
by the HRTEM shown in the right-top inset of Figure 2(c)). The ultrathin thickness of the CZTS
sidewall makes large portion of the comb unit cell be occupied by submicron holes, which
could produce multipole surface plasmon polaritons at both sides of the CZTS nanosheet,?”
leading to a broadband optical absorption. It is obvious that the obtained CZTS membranes
are black (Figure 2(f)), directly indicating of its efficient and broadband optical absorption.
Such a unique nanostructure assembled by monocrystallized CZTS nanosheets could induce
a broadband optical absorption through several mechanisms: (1) the presence of almost
vertically-aligned CZTS nanosheets with an ultrathin thickness could reduce the reflective
cross-section; (2) the size distribution (0.1-0.6 um) of the spatial gaps between the adjacent
CZTS nanosheets just falls into the subwavelength range that can induce a surface plasmon
effect,’®**! which will cause high-density LSPR effect and thus a broadband absorption
through solar spectrum; (3) light trapping effect can be caused by the unique microporous
features that will increase the internal light scattering[24] and thus enhance the
absorption;®! (4) abundant dangling bonds existing on the edges of the composed CZTS



nanosheets will also cause excessive density of states in CZTS’s bandgap, which will lead to
extra optical absorption beyond its intrinsic absorption limit.

To carefully examine these mechanisms, a three-dimensional (3D) finite difference time
domain simulation has been employed, to evaluate the optical absorbance of the CZTS
nanosheet-assembled microstructures, in which the variation of the unit size of the spatial
gaps (dczrs) are considered (see section Il of supporting information). As can be seen from
Figure 3(a) that, with the decrease of dczrs from 1500 nm to 50 nm, the overall absorption
increases with a distinct redshift. This implies stronger hybridization of neighboring surface
plasmon occurs with the size decrease of the spatial gap between adjacent CZTS
nanosheets.!*?! Strong surface plasmonic hybridization will cause localized optical excitation
and enhanced light focusing effect.”?®! As can be seen from the simulated electric field
distribution of the structures (e.g., dczrs = 100 nm as shown in Figure 3(b)), most of the
incident energy is focused and trapped in the CZTS submicro-comb via LSPR effect.””! Such a
strong plasmonic hybridization and light trapping effect will cause efficient broadband
absorption.

As can be seen from Figure 3(c), CZTS-500 membranes exhibit an ultra-high absorption
efficiency (~92.25% on average) throughout the wavelength range of 200 nm to 2500 nm. In
detail, the absorption declines from 300 nm to ~930 nm, but gains a re-increase trend after
930 nm (the pink color filled area in Figure 3(c)), which is distinctively different from that of
CZTS thin films.'*® This absorption enhancement is diminished in CZTS-450 and even
disappeared in CZTS-550 (Figure 3(c)). Such an enhanced absorption in the longer
wavelength range observed in CZTS-500 can be attributed to LSPR absorption effect. The
carrier (hole) concentration of the CZTS membranes obtained by Hall effect measurement is
~5 x 10'® cm™. Such a high carrier density as well as the unique nanostructure mentioned
above provide two prerequisites to producing SPR effect.’®®! More evidence for the
occurrence of SPR is confirmed by Raman enhancement observed in this nanostructured
CZTS membranes. As shown in Figure 3(d), the intensity of the main Raman peak from CZTS-
500 increase significantly comparing with both of that from CZTS-450 composed of thicker
CZTS sheets (Figure S3(a)), and that from CZTS-550 with large grain size (Figure S3(b)) (More
detailed Raman deconvolution and explanation is in section Ill of supporting information and
Figure S5). This Raman enhancement observed in CZTS-500 gives an evidence of the
existence of SPR effect on CZTS surface, induced by the sharp edges of the assembled CZTS
nanosheets.?® With such a LSPR-enhanced efficient broadband absorption, the temperature
on the CZTS membranes’ surface can easily reach up to ~50 °C in ambient (25 °C with ~50%
of humidity) under 1 Sun irradiation (Figure S6), meaning efficient photo-to-heat conversion.
Efficient solar desalination can be expected on this CZTS membranes with such an excellent
solar absorption.

Solar desalination experiments are realized via a simple duckweed imitation structure, as
illustrated in Figure 4(a).®” A polystyrene (PU) hard foam mold with low coefficient of
thermal conductivity (~0.02 W/(m-K)) is attached underneath to let the CZTS-on-glass float
on the water’s surface. The foam mold also acts as an adiabatic layer to prevent heat loss.
For the purpose of continuous water supply during evaporation, four small holes are drilled
through the foam sidewalls (Figure 4(b)). By adjusting the mass of the foam, a thin water
layer of 1-2 millimeters thick on the CZTS membranes’ surface can be formed by the water
infiltrating through the holes into the foam groove. Then the water on the CZTS membranes
can be evaporated by the heat converted by the membranes’ optical absorption. To evaluate
the desalination efficiency, artificial seawater with the salinity of 3.5 wt% (Detailed
ingredients are summarized in Table S1) is adopted for evaporation. Under 1 Sun irradiation,
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the temperature of the water on CZTS surface can reach up to 44 °C (Figure 4(c)) in 3
minutes (Figure S7) without obvious temperature increase of the bulk water, which leads to
a desalination rate of ~1.46 kg m2h? anda corresponding solar steam efficiency reaches up
to 84.5% (See detailed efficiency calculation in section IV and systematic discussion on
steady-state energy balance in Section V of supporting information). The efficiency under 5
Sun irradiation is a little bit increased (~88.78%). Such an efficiency is comparable with
recent solar desalination achievements as summarized in Table S2. Such an efficient liquid-
to-vapor transition can be attributed to high photo-to-heat conversion efficiency, as well as
the minimum heat loss from the desalination setup. Generally, higher evaporation efficiency
can only be obtained by condensed higher solar power irradiation when using floating
absorption layer for desaIination,[la)'lb)'31] while only medium efficiency (58%) can be
obtained under 1 Sun irradiation®” (See Table S2 of the desalination efficiency at varied
irradiation). The high desalination efficiency (~84.5%) obtained under one Sun irradiation in
our experiment is attributed to the following factors. (i) The SPR-induced high broadband
absorption efficiency of such unique structured CZTS absorber is the main reason to the high
light-to-heat conversion and thus the desalination efficiency. (ii) Vertically aligned CZTS
nanosheets with sharp edges promote the release of vapor bubbles during desalination.
When exposed to sun light, each CZTS nanosheet generates vapor bubbles from its top sharp
edge. The lack of CZTS bulk and the ultra-small radius of curvature on the CZTS edge
significantly accelerate the initial vapor nucleation and the overall steam generation
dynamics.m] (iii) Besides, the minimum heat loss during evaporation is another important
contribution to the final high desalination efficiency. Firstly, thick polyurethane (PU) hard
foam with low thermal conductivity (~0.02 W/(m-K)) is used as the absorber carrier, which
thermally insulate the vicinity of the hot absorber from the liquid volume underneath, thus
lead to the minimum heat loss. Furthermore, the initially produced micron scale vapor
bubbles on CZTS nanosheets can reduce heat losses to the surrounding water medium due
to the poor thermal conductivity of vapor, leading to a high steam generation rate.®* In all,
both the intrinsic structural factors and the set-up design contribute to the high solar
desalination efficiency. Such a high desalination efficiency under low solar power irradiation
will be very suitable for mini-type mobile desalination device. For example, it can
conveniently provide fresh water for the man lost on a small wild island. More distinctively,
our desalination setup demonstrates super long-time durability. During our desalination
test, it works for 20 hours with a constant efficiency (Figure 4(c)) without any visible salts
precipitation, exhibiting a robust long-time durability. In fact, the salt ions in the
concentrated water above the CZTS membranes can timely diffuse out through the small
holes on the foam sidewalls (Figure 4(b)). Such a long-time durability is significant for
practical desalination application.

To further evaluate the desalination effect, the ions’ concentrations in the distilled water
were carefully tracked. As expected, concentrations of the four representative ions of Na*,
Ca**, Mg, and K" are all strikingly decreased compared with that in the original solution, as
shown in Figure 4(e). In fact, the ions concentration is lower than both the distilled water (1-
50 mg/L) and membrane filtered water (10-500 mg/L).** Furthermore, due to the stability
of CZTS compound, water containing heavy metal ions (Detailed ingredients are summarized
in Table S$3) can also be desalinated via our CZTS membranes absorber without visible
surface corrosion. As shown in Figure 4(d), heavy metal ions of Cd**, Cu®*, Cr**, and Pb** with
concentration of 1 g/L can be reduced to 0.0027, 0.8336, 0.3331, and 0.1793 mg/L,
respectively after desalination. This results demonstrate its robustness functionality in
disposing chemical wastewater, which is very meaningful for chemical industry.
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Cost-effectiveness of a solar desalination device is also important especially for
commercialization. It should be noted that the CZTS-based absorber layer used in our device
is not so cost-effective as reported just recently,[35] but the synthetic process of EPD used in
our experiment is also scalable and productive, and the whole cost can be comparable to
other achievements such as using AAO template supported, 3D printed graphene oxide
textures, black gold membranes or graphene oxide layers as the absorber.!*2 10} 18]
Furthermore, the sustainability and durability of our CZTS nanostructured absorber is not
merely judged by its cost. As demonstrated in the desalination process, the synthesized CZTS
absorber in our experiment is chemically inert, e.g., it can desalinate not only common salty
water, but also water containing heavy metal ions, which makes it more suitable for
purifying all types of industrial waste water. Besides, the long-time desalination without any
visible salts precipitation, exhibiting its robust long-time durability. Therefore, though the
CZTS absorber is not the most cost-effective candidate, its high chemical stability as well as
the long-time durability compromise its relatively high-cost.

In all, 3D self-assembled CZTS membranes that are composed of monocrystallized
nanosheets have been successfully fabricated, by using a convenient scalable route including
ball milling and EPD procedures. The unique nanostructure of the synthesized CZTS
membranes induces strong light focusing and LSPR heating effect, leading to an efficient
broadband solar absorption (~92.25%) and an effective solar desalination (1.46 Kg m? h™
under 1 Sun irradiation) with long-time durability. More importantly, our CZTS membranes
can be used for desalination of water dissolving with both light and heavy metal ions,
demonstrating its high durability and versatility. Besides, the SPR effect found in the CZTS
membranes with such a unique nanostructure makes it very promising for many other
applications, such as photocatalysis“sn'w] and photovoltaics.[zol

Experimental Section

Materials.

Ultrafine copper powder (Cu, >99.9%), zinc powder (Zn, >99.9%), and tin powder (Sn,
>99.9%) were purchased from Beijing Dk nano S&T Ltd. The elemental sulfur powder (S),
ethanol (CH3CH,0H), sodium borohydride (NaBH,), ethylenediamine (C,HgN,), polyethylene
glycol (PEG, MW=8000), elemental iodine (l,), isopropanol ((CH3),CHOH), and ammonia
(concentration of NHs is 20 wt%) in analytical purity were purchased from Chengdu Kelong
chemical co. Itd. All commercial chemicals were used without further purification unless
otherwise mentioned.

Synthesis of CZTS nanosheet-assembled membranes.

1) Synthesis of ultrafine CZTS precursor particles.

Under a dry Ar atmosphere, the mixture of Cu powder (1.9065 g, 0.03 mol), Zn (0.9809 g,
0.015 mol), Sn (1.7807 g, 0.015 mol), S (1.9240 g, 0.06 mol), CH;CH,0H (30 ml), and C;HgN>
(6 ml), together with 30 g agate ball was introduced into a 70 ml nylon jar. The mixture was
then milled for 48 hours using a home-made milling machine. After washing and centrifuging
for three times a black precipitation was obtained from the mixed slurry. A black ultrafine
powder (BUP) was then obtained from the precipitation after drying in a vacuum oven at 100
°C for 8 hours.

2) Synthesis of the CZTS nanosheet-assembled membranes via EPD process.

Dispersion A was obtained by mixing of 0.2 g BUP, 3 g PEG and 30 ml (CH3),CHOH, via
ultrasonic dispersion (30 minutes) followed by vigorous stirring for 1 hour. Dispersion B was
produced by mixing of 5 g elemental |, 10 ml (CH3),CHOH and 20 ml AMMONIA via
ultrasonic dispersion for 30 minutes. The dispersions A and B were mixed together in a
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beaker via ultrasonic dispersion for 30 minutes followed by vigorous stirring to obtain a
homogenous dispersion (named C). During the EPD process, Fluorine doped tin oxide (FTO)
glass substrate was connected to cathode, and graphite as the opposite electrode. The
optimized EPD process was carried out under 18 V for 15 minutes with the distance of 25
mm between two electrodes. The resulting samples on the FTO glass were then vulcanized
at 450°C, 500 °C and 550 °C for 30 minutes respectively, using N; as the inert gas and
elemental sulfur as the active source.

Characterization.

XRD patterns were collected on a Bruker DX-1000 diffractometer with Cu Ka radiation (A =
1.5406 A). Field-emission scanning electron microscopy (FE-SEM) was carried out on a
Hitachi S-4800. Transmission electron microscopy (TEM) was carried out using a CarlZeiss
SMT Pteltd. Libra 200 FE. HRTEM, was performed using a JEOL JEM-ARF200F. Raman spectra
measurements were performed on a Renishaw Raman spectroscope using a 325 nm line for
the excitation. The power density was kept under 5 mW, which is low enough to avoid
heating effects on samples. The optical absorption properties were identified in the
wavelength range between 200 nm-2500 nm using a UV-vis spectrometer (UV3600,
SHIMADZU), in which an integration sphere was used to collect the angles of the scattered
light. The electrical properties are obtained by Hall effect measurement (tested on SWIN-
Hall8800, Worldwide Co. Ltd) using the Van der Pauw method on a 5 mm x 5mm sample at
room temperature. The Ohmic electrodes are made from Au. lons concentration after
desalination were traced using inductively coupled plasma emission spectrometer (Thermo
iCAP6500, Thermo Fisher Ltd.).

Solar steam generation experiment.

During solar desalination test, standard solar simulators of Newport 94082A and Zolix -
Sirus300P (Peking Zolix Instrument Ltd.) were adopted for 1 Sun and 5 Sun irradiation,
respectively. Infrared thermal imager (FLIR E60 Infrared Camera, FLIR Systems Inc.) was used
to capture the surface temperature during desalination. The set-up as illustrated in Figure 4a
was adopted for collection of distilled water. The mass change of water during evaporation
is obtained via another simple set-up. PU frame embedded with CZTS absorber is put into a
large beaker containing enough water. The mass of the set-up is measured via a precise
electronic scale. The mass reduction of the whole beaker during evaporation equals to the
mass of evaporated water.
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Figure 1. (a) Schematic illustration of the synthetic process, (b) and (c), the formation
mechanism of the self-assembled CZTS nanosheets.
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Figure 2. Characterization of the honeycomb-like CZTS microporous membranes. (a) SEM
image of the EPD-deposited CZTS precursor layer obtained via EPD process. (b) and (c) are
SEM images of the final CZTS membranes after high-temperature sintering. (d) and (e), are
TEM images. The left-top inset in (d) of the selected area electron diffraction indicates the
formation of the kesterite CZTS phase, while the right-top inset in (d) shows the thickness of
one CZTS nanosheet. The inset in (e) clearly demonstrate the crystalline parameters
corresponding to the kesterite CZTS phase. (e) an optical photograph of the fabricated CZTS
membranes.
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Figure 3. (a) the simulated absorption spectra of the CZTS nanosheet arrays with varied unit
size length (dczrs) ranging from 50 nm to 1500 nm, and (b) the electric field distribution of
the CZTS nanosheet arrays with dczrs = 100 nm. Both sectional view and top view of the
electric field distribution are given for clarity purpose. In the images, the parts enclosed by
the green dotted line represent CZTS. (c) the experimental optical absorption spectra of the
CZTS membranes obtained by annealing at 450 °C (CZTS-450), 500 °C (CZTS-500), and 550 °C
(CZTS-550), respectively. (d) Raman spectra of the different CZTS membranes.
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Figure 4. (a) schematic of the solar desalination experimental set-up, and (b) schematic
illustration of the foam box design for evaporation. (c) evaporation rates with and without
CZTS absorbers over time and under different optical concentrations of Copt=1 and Copt=5,
respectively. CZTS (Copt=0) indicates the evaporation rate using CZTS absorber without
irradiation, which is adopted as the reference to be subtracted to calculate the precise
evaporation efficiency. (d) the measured concentrations of ions before and after
desalination, using an artificial seawater sample (with the salinity of 3.5 wt% as summarized

in Table S1) and the water that containing heavy metal ions (the composition is summarized
in Tables S3).
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Plasmonic CZTS membranes assembled by ultrathin (~6 nm) monocrystallized nanosheets
with varying submicron spatial gaps (0.1-0.6 um) are synthesized. This unique structures
induce surface-plasmon-resonance effect, leading to a high-broadband absorption (~92.25%)
through 200-2500 nm, which in turn produces a high water evaporation rate of ~1.46 kg m™
h™ under 1 Sun irradiation with long-time durability.

Keyword Cu,ZnSnS, nanosheet, self-assemble, plasmon resonance absorption, solar
desalination

Chunhong Mu, Yuangiang Song,* Kai Deng, Shuai Lin, Yutie Bi, Fabrizio Scarpar, David Crouse
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High solar desalination efficiency achieved with three-dimensional Cu,ZnSnS, nanosheet-
assembled membranes

Chunhong Mu,* Yuangiang Song,** Kai Deng,” Shuai Lin,* Yutie Bi, Fabrizio Scarpar,’ David
Crouse’

Section I. Formation mechanism of self-assembled CZTS nanosheets.
The following explanation for the formation mechanism of the nanosheet-assembled CZTS
membranes via EPD process is based on Figure 1. The adopted suspension for EPD is
prepared by mixing the previously obtained CZTS NPs with a certain amount of isopropanol,
iodine, and ammonia. It is known that isopropanol can be converted into acetone via a
reversible reaction described as: (CH3),CHOH + I, = (CH3),CO + 2HI. Acetone can be further
converted into positively charged ligands of CH3CH,ICOH" via complex chemical reactions
and equilibriums described as follow:*%
(CHg)zco +1,= (CH3)2CO +'|2_
(CH3),CO + I, CH3COCH,! + I + H" — CH3COCH,I-H" + I
In our experiment, with the addition of ammonia into the isopropanol-iodine solution,
CH3COCH,I-H" is supposed to evolve into CH;COCH,I-NH," by absorbing one ammonia
molecular:
CH3CH,ICOH™ + NH3-H,0 = CH3COCH,I-NH;" + H,0
As illustrated in Figure 1(b), CH3COCH,I-NH," ligands are supposed to be absorbed on CZTS
NPs’ surface forming a positively charged CZTS NPs that can be uniformly dispersed and
suspended in the solution. In EPD process, positively charged CZTS NPs will experience three
forces as illustrated in Figure 1(b): the electrostatic attracting force (Fa) via electric field
between two electrodes, the electrostatic repulsion force (Fr) originated from previously
deposited positively charged NPs and the friction force (F¢) due to the continuous movement
toward the cathode. Only when Fp > (Fr + F¢) the EPD process can continue and the thickness
of the deposited CZTS layers increase. When a CZTS NP approaches the previously deposited
CZTS NPs, the ligands in the head-to-head area of two opposite NPs will be repulsed laterally
by the friction Fg (Figure 1(c)). Under the conditions of F5 > (Fg + F¢), the CZTS NP will be
pushed forward and finally attached to the previously deposited CZTS NP. The assembling
process will continue as long as Fa > (Fg + Fg), but the CZTS NPs along the substrate plane will
start to be separated apart due to steric effects and electrostatic repulsion caused by the
absorbed positively charged ligands of the CH;COCH,I-NH,4". Therefore, with the continuation
of the EPD process the well-separated CZTS NPs assembled stacks will grow on the substrate.
15



This mechanism also explains why many interstitials appear in the EPD synthesized CZTS
precursor membranes (Figure 2(a)). With the removal of the absorbed ligands by high-
temperature annealing, the nanosheet-assembled microporous CZTS membranes can
therefore be obtained.

Section Il. Simulation methods and details. Absorption spectrum calculations of the 3D
honeycomb-like CZTS membranes. Modelling was performed by the FDTD method (FDTD
solutions V8.6, lumerical). To calculate the total absorption performance of the microporous
CZTS absorber, a simplified FDTD-based optical modeling with one-side missed square-
shaped CZTS box array on glass substrate is used to simulate the actual 3D plasmonic
nanostructure. For the CZTS box, the thickness of the bottom side (t) is kept as 300nm, the
thickness of the four sides (d) is kept as 6 nm, the height of the box is 500 nm, with the
variation of the unit size of the CZTS box (dczrs) as 50 nm, 100 nm, 400 nm, 1000 nm, 1500
nm, respectively. The material parameter of CZTS is using the data from the ref. [S2]. During
the simulation, the period boundary condition and the perfect match condition (PMC) are
adopted in the X-Y direction, and Z direction, respectively.

Section lll. Analysis of Raman spectra from different CZTS membranes.

It can be seen that, all Raman spectra show a main peak located at 333-337 cm™, which can
be definitely attributed to CZTS with kesterite phase.[53] Deconvolution peaks of CZTS-500 at
282 cm™, 333 cm™, and 375 cm™ (Figure S5(a)), which can be all attributed to the CZTS,
confirm its phase purity.[53] It is noted that the intensity of the main peak increases
significantly from 100 counts for CZTS-550 to 2400 counts for the EPD-synthesized CZTS-500
(Figure 3(d)). This Raman enhancement observed in the nanostructured CZTS-500 gives an
evidence of the existance of SPR effect on CZTS surface, induced by the sharp edges of the
assembled nanosheets.** The SPR effect on CZTS surface may absorb photons with energy
below the £, value, ™! leading to the final high absorption in a wide spectra range out of £
limitation. There is also the presence of an obvious blue shift of the main peak from337 cm™
to 333 cm™, with the morphology transformation from a thick film with large grains (Figure
S3(b)) to a nanostructred microporous feature (Figure 2(b-c)). The blue shift is due to the
highly decreased grain size in nanostructured czTs.Be

Section IV. Calculation of the solar evaporation efficiency. The solar evaporation efficiency
n can be calculated by the following formula®”
[S1]

h

in which ™ is the mass flux, LV?s%cﬁqehFé’téerﬁé}n)(’chalpy of the liquid-vapor phase change (the

values of hyy adopted in the calculation are the same with that in ref. [S7]). COPf is the solar

irradiation power of one sun (1 kW m™), and COPfPO refers to the illumination intensity on

the absorber surface. To get the precise solar evaporation efficiency, the evaporation rate
without irradiation (CZTS (Cop: = 0) as indicated in Figure 4(d)) is measured and subtracted.
Section V. Calculation and discussion of the steady-state energy balance during solar
evaporation. As illustrated in Figure S8, under a steady-state condition, the total heat losses
(Qr) during solar evaporation consists of: (i) heat conduction loss from the heated water to
bulk water underneath through PU mold (Qc.ry), and that through the four small holes on
side (Qc.Hores), (ii) heat conduction loss from the heated water to the air above (Qc.4ir), and
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(iii) Radiation heat flux from the CZTS absorber (Qg-cz7s). That is, Qr= (Qc-pu) + Qc-Hotes + Qc-air +
Qg.cz7s. The conduction loss was calculated based on the Fourier’s law
q=-kVT, [52]

where g denotes the heat, k is the thermal conductivity of material, and VT s temperature
gradient, determined by the temperature difference between the hot zone and the cold
zone, and the thickness of the diabetic layer between them. The thermal conductivity of PU
hard foam is ~0.02 W/(m-K), the thickness of the PU wall adopted in the evaporation set-up
is 1 cm. The temperature of the hot water and the bulk water is 44.3 °C and 25 °C,
respectively. Thus based on Eq. S2, we can calculate that the conduction heat loss from PU
wall (Qc.py) accounts for 3.86% of all irradiation energy. The minimum heat loss from PU wall
is confirmed by the profile temperature distribution, as shown in Figure S7. As can be seen
that, no obvious temperature increase for bulk water even after 1 hour solar evaporation. As
the diameter of each hole is about 1 mm, the conduction heat loss from the four small holes
can be omitted. It should be noted that, holes should be as small as possible, as long as it can
provides enough water for steady solar evaporation. In our experiment, four holes on side
with the diameter of ~1 mm can sustain the solar evaporation. But the heat loss of Qc.4i- can
hardly be calculated, as the thermal field distribution above the absorber is unknown. It can
predict that there is a gradient temperature distribution in the thick hot air above the
absorber, which will effectively block the heat loss. Besides, as the infrared emission
coefficient of CZTS absorber is also unknown, the radiation loss can hardly be calculated
either. In fact, even if CZTS produce certain infrared emission, it can be partially absorbed by
the water layer above the CZTS absorber.

Figure S1. XRD of the CZTS precursors obtained by ball milling with different time durations.
With increasing milling time from 12 hours to 36 hours, the XRD evolves into three main
peaks that correspond to the standard kesterite CZTS crystall structure (JCPDS card No. 26-
0575). It indicate clearly the phase evolution and phase formation of CZTS with the increase
of the milling time.
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Figure S2. (a) SEM, (b) TEM, and (c) and (d) HRTEM of the CZTS precursors obtained after
milling for 36 hours. (a)-(c) show the presence of a distribution of particles diameters within
the narrow range of 10-20 nm with an average of 14 nm. The aggregates are composed by
nanocrystallites enclosed by an armorphous phase, as shown in (c). In the nanocrystallite,
the d-spacing between two crystal planes is 3.04 A, which can be ascribed to the (112) plane
of kesterite phase CZTS, as shown in (d). The ultrafine size and narrow distribution of the
diameters of the synthesized CZTS NPs provide an easy suspension in a solution and are
beneficial to the subsequent EPD process.
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Figure S3. Morphologies of CZTS membranes obtained by annealing at (a) 450 °C, and (b)
550 °C.




Figure S4. (a) XRD of CZTS membranes obtained by annealing at 450 °C (CZTS-450) and 500
%C (CZTS-500), respectively. As can be seen that, XRD of CZTS-500 shows a clean XRD pattern
with all peaks corresponding to kesterite CZTS (JCPDS 26-0575). On the other hand,
unidentified peaks are observed in the XRD of CZTS-450, indicating the presence of other
sulfide impurities.
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Figure S5. Deconvolution of the Raman spectra obtained from CZTS-450 and CZTS-500.
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Figure S6. the infrared temperature measurement of the CZTS membranes in ambient (25 °C
with ~50% of humidity) under a standard 1 Sun irradiation.

~

Figure S7. Temperature evolution of the water film above CZTS surface under 1 Sun
irradiation. The temperature is captured in an ambient at ~25 °C with ~50% of humidity.
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Figure S8. Schematical illustration of the set-up used for solar evaporation, in which possible
heat losses are indicated.
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Table S1. Ingredients of the artificial sea water with 3.5% salinity.

Composition
NaCl

CaCIz

MgCl,

K2SO4

Total mass ratio

Mass ratio in water (g/kg)

27.5
1.2
53
1

35

Table S2. Summarization of recent solar desalination efficiency achievements.

Materials system
and structure

Cu-PTFE
nanocomposite
films

Carbon foam
supported
exfoliated
graphite layer
Au NPs on
nanoporous
template

SiO, core/Au
shell NPs
dispersed in
water
polypyrrole
coated stainless
steel mesh

Au NPs on Al,03
nanorods

Al NPs on AAO
porous structure

Carbon black
paper

Solar
absorption
efficiency
97% in visible
spectrum

97% in 250-
2250 nm

99% in 400
nm-10 pum

91% in 400-
2500 nm
96% in 300-
2500 nm

98% in 250-
2500 nm

Solar
Desalination
Efficiency

85% at
10kW/m?

90% at
4kW/m?

80%

58% at 1
kW /m?

57% at 20
kW /m?
88.4% at 4
kW/m?, 91%
at 6 kw/m?
>88% at 1
kW /m?
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Synthetic process
Co-sputtering in
vacuum

Chemical routes using
Nitric acid

Sputtering in vacuum

Colloidal chemical
method

Electropolymerization
process

Sputtering in vacuum

Vacuum evaporation

Mechanical mixing

Refefences

Appl. Phys.
A[SS]

Nat.

Comm.[sgl

Sci. Adv.F

ACS Nano®¥

Adv.
Mater.!?
Nat.
Comm.
Nat.
Photonics

[513]

[s7]

Global

Challenges™*!



3D-microporous  ~92%in 200- 84.5% at1 Ball milling and EPD Our work

CZTS membranes 2500 nm kW/m?, process
on glass 88.8% at 5
kW/m?

Table S3. Ingredients of the artificial wastewater containing heavy ions.

Composition Mass ratio in water (g/kg) Cation concentration (g/kg)
CdcCl, 1.63 1
CrCl3 3.045 1
CuCl, 2.11 1
PbNO3 1.3 1
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