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Configured with a rapid evaporation rate and a high photothermal conversion efficiency, solar-driven

interfacial evaporation displays considerable promise seawater desalination. Inspired by the versatility
and deployability of origami-based structures, we demonstrate a portable waterbomb origami pattern-
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based tower-like structure, named an “origami tower”, as a convertible photothermal evaporator
floating on water for efficient solar-driven interfacial desalination. The origami tower has predictable
deformability, featuring reversible radial expansion and contraction radially accompanied by small
changes in the axial direction. The reversible adjustability of the origami tower offers convenience for
transportation and storage, while the quick expansion into its tower shape provides rapid deployment
capabilities. Benefiting from an enlarged evaporation surface, excellent light trapping ability, and
heat localization, the origami-tower photothermal evaporator yields an evaporation rate of 2.67 kg

m~2 h~! under one sun irradiance. This reversible 3D origami-based photothermal evaporator opens

a new avenue for building a portable and efficient solar thermal desalination.

1 Introduction

Water is the source of all life, the most indispensable liquid in
our ecosystem. Adults require an average daily intake of 2.0 -
3.1 L of clean, safe water for drinkingl. At present, the desalina-
tion of unconventional water sources, such as seawater, brackish
water, and municipal wastewater effluent, is a primary method
for alleviating the stress on the water supply. There has been
rapid growth in large-scale installations of seawater desalina-
tion facilities as a means to augment water supplies in water-
stressed regions2®. Multistage flash distillation and reverse os-
mosis are two dominant technologies for thermal distillation fa-
cilities and membrane-based desalination facilities, respectively,
accounting for the majority of the desalination market>0, How-
ever, the energy-intensive consumption of thermal/electric power
and the extensive infrastructure restrict wide spread adoption in
the sparsely populated rural regions and backward regions to de-
liver safe and sustainable drinking water. Solar-driven steam gen-
eration, where abundant solar energy is harvested as a sustain-
able source of thermal energy used to purify water directly from
seawater, is emerging as a scalable, environmentally benign, and
sustainable approach to jointly mitigate the worldwide water cri-
sis. This method can be implemented on the vast seawater desali-
nation plants in coastal areas, and can also be introduced in the
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small-scale individual applications within the remote areas 13
The development of the solar-driven interfacial steam generation
has blossomed particularly due to its highly efficient evaporation
performance. To date, tremendous research efforts have been
made focusing on the development of advanced photothermal
materials to enhance photothermal conversion efficiency and the
rational design of photothermal evaporator configuration to im-
prove thermal management and water transport2-22,

More recently, a flood of three-dimensional (3D) photothermal
evaporators are springing up, having great strides in evaporation
rate performance, and far exceeding the theoretical limit of solar-
driven steam generation of 1.46 kg m~2 h~! of the conventional
two-dimensional (2D) photothermal evaporation surfaces23-28,
The significant breakthrough is contributed by enlarged evapo-
ration surfaces?239 additional energy harvesting from the sur-
rounding air31*33 utilization of convective airflow%, and the re-
cycling of latent heat released from water vapor condensation 4.
The common geometric configurations of 3D photothermal evap-
orators, which are either artificially shaped or retain the original
figures of the carbonized biomass materials, have been demon-
strated in the form of a cylindrical cup, coﬂ@, cone,
urnbrella, cylinder, ﬂower@, block@, sphere, etc.,
which have resulted in a significant improvement of the evapo-
ration performance. However, 3D spatial modeling of evap-
orators tends to occupy more storage space, inflicting additional
costs on long-distance transportation and long-term storage. An-
other possible factor which hinders wide implementation of 3D
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photothermal evaporators is the complexity of multi-component
assembled structures, which often impair the long-term stability
of the evaporator. As such, the improvement of portability and
flexibility will benefit the 3D photothermal evaporators for prac-
tical applications.

Origami, the art of paper folding, demonstrates the art of spa-
tial geometrical transformation, providing practical approaches
to predictably construct a 3D configuration from a pre-designed
crease pattern. The crease pattern, known as mountain and val-
ley folding lines, is derived from a 2D planar sheet of paper
through a series of folding operations4®. This structure also en-
ables the origami pattern flexibility in size and scale, increasing
up to the architectural level or decreasing down to the nanomet-
ric level4"2l, The structural integrity of a built origami form is
closely related to its geometric characteristics. As such, it is of
great interest to dynamically tune the structural parameters of an
origami-design through geometrical transformation to meet mul-
tiple objectives with a single component. Notably, the property of
deployability for the origami, transforming from a 2D initial con-
figuration to a final 3D state, makes the origami-based design de-
sirable for the space structures®2 and endows origami-based ob-
jects with large flexibility in potential deformation modes. More-
over, folded compact systems can be efficiently stored inside the
limited dimensions of transportation or storage units and then
deployed in their final desired shape at the destination. Vari-
ous origami-based designs have been widely applied to reconfig-
urable structures implemented in numerous fields, such as archi-
tecture®3, robotics®¥, aerospace mechanism®2, antennas=?, etc.
Among the vast pool of origami patterns, the traditional water-
bomb origami pattern, produced from a pattern diagram con-
sisting of a series of vertices where six creases meet, is one of
the most widely exploited origami patterns. In addition, the
corresponding waterbomb tubes, also known as the magic ball,
which is made by tessellation of the waterbomb bases have been
adopted in the worm robot, robot wheel, and soft gripper57-0,

In this work, inspired by the flexibility and deployability of the
origami-based structures, we demonstrate a portable waterbomb
origami-based structure as a convertible photothermal evapora-
tor, which floats on water to achieve highly efficient solar-driven
interfacial desalination, as shown in Fig. The origami tower
is fabricated by folding a sheet of polypyrrole (PPy)-compounded
cellulose paper. Its geometric structure, taking advantage of the
predictable deformability of the origami-based design, has the ca-
pability to reversibly expand/contract radially, accompanied by
relatively small deformations in the axial direction. Thereinto, the
commercial hydrophilic cellulose paper is utilized as the frame-
work of the origami tower while the PPy is chosen as the pho-
tothermal material for achieving light-thermal conversion. Ini-
tially, the origami tower takes on an approximate shape of a cylin-
der with a pointed top. With gradual expansion of the diame-
ter, the origami-based photothermal evaporator gradually turns
into a tower-shaped structure with its base partially submerged
in water, so-called origami tower (Fig. [Th). The origami tower
with reversibly changing diameters possesses unique advantages
in long-distance transportation and long-term storage. When not
in use, the origami tower shrinks to its initial status occupying a
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smaller space with a regular exterior and carrying easily. During
use, the contracted origami tower will expand into a tower, taking
up more space to perform solar-driven water evaporation more ef-
ficiently. This also enables the origami tower, as a photothermal
evaporator, to have a great potential for practical applications for
individuals or small communities in remote areas. Though great
optimizations have been achieved, the evaporation performances
of traditional floating 2D membrane photothermal evaporators
have still not hit the ceiling of theoretical evaporation rate. Here,
the 3D origami tower obviously possesses more effective evapo-
ration interface per unit of projected area, comprising both warm
and cold evaporation surfaces. The cold evaporation significantly
enhances the overall evaporation performance by drawing energy
from the surrounding environment even without solar irradiation.
In addition to the light-absorbing property of PPy, the entire outer
surface of origami tower is riddled with cavities benefiting from
the deeply concave surface character of each waterbomb pattern,
which enables the evaporator conduct multiple reflections of the
sunlight to enhance the solar absorption (Fig. [Ip). Moreover,
the hydrophilicity of PPy and porous cellulose paper guarantee
a continuous water supply from the bulk water. In addition, the
conductive heat loss to the underlying bulk water is restricted
through the reduced direct contact area with bulk water com-
pared with a 2D membrane, and the encapsulated air and va-
por as insulation materials reduce the heat dissipation downward
(Fig. [1p). Additionally, vapor diffusion equally requires atten-
tion in the evaporation performance, otherwise, the temperature
of evaporation surface will be too high and the thermal radiation
and convection losses will increase (Fig. ).

2 Experimental section

2.1 Materials

Pyrrole (reagent grade), ammonium persulfate (APS, ACS
reagent grade), and sodium chloride (NaCl, 99.0%) were all pur-
chased from Sigma-Aldrich, USA. All chemicals were directly used
as received without further purification. Cellulose paper with the
diameter of 320 mm (grade 1, 180 um thick) was supplied by
Whatman’™, USA. The white polylactic acid filament with diam-
eter of 1.75 mm was purchased from Dremel.

2.2 Characterization

The reflectance spectra (UV-Visible-Near-infrared range: 300 nm
~ 2500 nm) are measured by the Jasco V770 spectrophotometer
at an incident angle of 6° with the ISN-923 60 mm BaSO,4 based
integrating sphere equipped with PMT and PbS detectors. The
reflectance spectra are normalized by a PTFE based reflectance
standard. The transmittance spectra (Mid-infrared region: 2.5
um ~ 20 um) are measured by the Jasco FTIR 6600 spectrome-
ter at a normal incident angle with reference to the background
spectrum of a hydraulic pressed KBr film (20 Mpa). Infrared im-
ages of samples are taken employing the FLIR A655SC thermal
camera at a resolution of 640 x 480 with a 25° lens. The airflow
velocity is detected by the HoldPeak 866B digital anemometer.
The Extech EC400 ExStik salinity meter is utilized to characterize
the salinity of the seawater and collected freshwater sample. The
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Fig. 1 Schematic illustration of the portable origami tower working as a convertible solar-driven steam generator. (a) Schematic showing the
solar-driven evaporators are designed in the form of floating 2D membrane and convertible 3D origami towers. (b-d) Schematic demonstration of light
absorption, water transportation, and vapor diffusion of origami tower during the desalination process.

tensile test for cellulose paper is conducted on a RSA-G2 Solids
Analyzer (TA Instruments) at a compression rate of 3 mm min—!
at room temperature (21°C).

2.3 Preparation of PPy-compounded cellulose paper

The PPy-compounded cellulose paper was prepared following a
previously reported procedure2. The pristine cellulose paper in
a rectangle with the dimension of 22 cm x 8 cm was soaked in a
pyrrole solution comprising 1 ml of pyrrole and 300 ml of deion-
ized (DI) water. After magnetic stirring at 250 rmp for 10 minutes
at room temperature (20°C), 50 ml of APS solution comprising
3.265 g of APS and 50 ml of DI water was gradually dripped into
the pyrrole solution. The reaction for generating PPy attaching on
the fibers lasts 2 hours, and keep the magnetic stirring during the
reaction. Then, the blackened PPy-compounded cellulose paper
was taken out and rinsed with DI water several time until no ex-
cess PPy aggregates attaching on the paper. Finally, the composite
sheet was dried in the oven at 60°C. The step by step folding pro-
cess of origami tower is shown in the Supporting material Note
S1.

2.4 Solar steam generation experiments

The steam generation experiments are carried out under a so-
lar simulator (Newport, 94081A, class ABB) which supplies solar
flux of 1 kW m~2 with an optical filter for the standard AM 1.5
G spectrum. Solar intensity at the position of the origami tower
is measured by a TES 132 solar power meter. DI water and NaCl
solutions with various concentrations are prepared at the same
initial temperature of 20°C and placed in the 3D-printed plastic
beaker with different inside diameters of 30 mm, 40 mm, 50 mm,
and 60 mm, respectively. During the evaporation process, the
origami tower directly floats on the water with the bottom part
immersing in water. To accurately monitor the mass of the wa-
ter, the evaporation device is placed on an electric balance (RAD-
WAG, PS 1000.X2.NTEP) with a resolution of 0.001 g connected
to a computer which enables the recording of the real-time mass
change. The fan (Honeywell, HT900) provides the airflow with
different velocities. The real-time temperature is monitored by an
infrared radiation camera (FLIR, A655sc).

3 Results and discussion

3.1 Geometry of waterbomb-patterned origami tower

The waterbomb-patterned origami tower with radial movement is
folded from a sheet of rectangular cellulose paper with a dimen-
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Fig. 2 Convertible origami tower comprised of standard six-crease waterbomb origami patterns. (a) The folding process of the origami tower. (b)
The 2D crease map (left) and the corresponding 3D configuration (right) of the tessellation for the origami tower. The blue shadowed area represents
a standard six-crease based waterbomb pattern. The yellow shadowed area displays a column repeating unit cell that constructs the origami tower. In
the crease pattern, the red dashed lines signify the valley folded lines, the green lines signify the mountain folded lines, and the black lines signify the
boundaries. (c) Configuration variation of a basic unit of waterbomb pattern in the top view and perspective view, respectively. (d) The geometric
parameters of a waterbomb origami pattern. a and b are side lengths of the pattern. c is the distance between two vertices. h is the depth of the
pattern. 0 is the dihedral angle between two mountain slopes. « is the projection angle between two intersecting boundaries. (e) The projected area
varies with 0. Projected area refers to the shadow area when the sunlight path is perpendicular to the object. The insets show the 6 versus «, ¢, and
h, respectively. The dimensions of a waterbomb origami patter in the initial planar state are 2 cm x 2 cm.

sion of 22 cm x 8 cm. The crease pattern of an initial fully de-
ployed sheet is obtained by tessellating the six-crease waterbomb
bases. Subjected to longitudinal compression/stretching, the tes-
sellation of waterbomb origami in partially-folded state under-
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goes continuous deformation, which reflects its configurational
tunability. When the two vertical sides of the tessellation are
joined together with a tape, an origami tower in a fully contracted
state is constructed (Fig. ). The waterbomb pattern tessellated
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Fig. 3 Characterizations of the composite membrane. (a) The absorptance spectra of the pristine cellulose paper and the PPy-compounded cellulose
paper in wet state displaying against the AM 1.5 spectral solar irradiance spectrum. (b) FTIR spectra of pristine cellulose paper, PPy powder,
and PPy-compounded cellulose paper showing the responding chemical composition. (c) Tensile stress-strain curves of pristine cellulose paper and
PPy-compounded cellulose paper in the dry state and wet state, respectively. (d,e) Photographs and scanning electron microscopy (SEM) images
display the surface morphology of unfolded pristine cellulose paper and PPy-compounded cellulose paper at different magnifications. (f) Optical image
and SEM images of the crease of PPy-compounded cellulose paper at different magnifications.

crease map of the origami tower is shown in Fig. (left) partly
with 11 repeating columns of unit cell horizontally which is high-
lighted by the yellow shadow area. In this area, solid lines repre-
sent mountain folding and dashed lines represent valley folding.
The complete crease map and the folding process for the origami
tower in this work are shown in Fig. S1and S27. Based on the
crease map, also known as folding line diagram, the 2D flat sheet
can be folded into 3D deployable configuration (Fig. [2p, right).
The crease map of a typical waterbomb origami pattern is shown
in the blue shadow area in Fig. [2b, and the corresponding 3D
folded configuration is shown in Fig. S37, in different views. In
each square unit waterbomb pattern, six creases meet at one cen-
tral vertex, involving two co-linear mountain creases and four di-

agonal valley creases, exhibiting symmetry in both horizontal and
vertical directions. This pattern is hence identified as “six-crease”
waterbomb (Fig. S47). Fig. displays the process of the basic
unit of typical waterbomb origami pattern from plane to concave
structure, raising up from the paper at the mountain creases and
sinking back into the paper at the valley creases with the contrac-
tion process. Fig. displays detailed geometric parameters of
a folded waterbomb origami pattern characterized by the lengths
of a and b (a = 2b = 2 cm in this work), cell width of ¢, cell
height of h, dihedral angle of 9, projection angle of ¢, and pro-
jected area of Ay, ;, in which, & = bxcos(0/2), c =2bxsin(6/2),
and A,y = axc—bxcxsin(0/2)/tan(/2). To depict the fold-
ing/unfolding deformation process of a waterbomb origami pat-
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tern, the dihedral angle (6) between two mountain slopes in the
basic cell is a major consideration, which intuitively reflects the
opening degree of the pattern (Fig. [2f). Initially, the basic cell
is totally unfolded in a planar state with 8 = 180°, wherein both
projected area (A,,;), cell width (c), and « are at their maxi-
mum values, while the cell height (h) is at its minimum value
approximating the thickness of the sheet. When the basic cell
starts contracting, 6 is reduced, and the A}, ¢, and o decrease
accordingly, making the configuration of the basic cell narrower.
However, h increases with the decrease of 6 because of creation
of the 3D structure, providing the structure with a spatial depth.
Finally, the totally compressed basic cell has a near zero value for
0, Aprj, @, and c. In this case, h reaches its maximum value as a
result of the ultimate compression of the basic cell.

3.2 Material characterizations

The capacity to efficiently absorb solar irradiation is critical for
achieving a high solar-driven evaporation rate. Ascribed to the
grown PPy on the cellulose fibers®®l' and the light trapping effect
of disordered and porous fiber networks, the PPy-compounded
cellulose paper exhibits excellent light absorption across the solar
spectrum with minimal energy loss (Fig. Bp). The visual compari-
son of the pristine cellulose paper and PPy-compounded cellulose
paper elucidates the ultrablack color of the PPy which is uniformly
coated on the cellulose fibers. Fourier transform infrared (FTIR)
spectra elucidate characteristic absorption peaks of PPy (the red
curve) owing to vibrations of polypyrrole ring (1557 and 1470
em~1), in-plane vibrations of =C-H bond (1298 and 1042 cm~!)
and stretching vibrations of C-N bond (1185 cm 1) (Fig. ) 62l
The absorption peaks of cellulose paper (the dark blue curve)
result from vibrations of OH groups stretching (3355 cm™1), C-
H stretching (2900 cm~!), O-H bending of the absorbed water
(1644 cm™!), -C-O- group of secondary alcohols and others func-
tions in the cellulose chain backbone (1059 cm~!)©3 The stretch-
ing strength of the cellulose and composite papers are tested to
quantitatively demonstrate mechanical robustness for real-life ap-
plications, the associated stress—strain curves are shown in Fig.
[Bk. The stress-strain curve for the PPy-compounded cellulose pa-
per shows a 4% fracture strain with a stress of 17.8 MPa in the dry
state. After absorbing water, the PPy-compounded cellulose paper
presents the ultimate tensile strength and the fracture strain of it
are 12.7 MPa and 6%, respectively, indicating mechanical robust-
ness. Scanning electron microscopy (SEM) is employed to char-
acterize the microscopic structures of the pristine cellulose and
the PPy-compounded papers. The pristine cellulose paper dis-
plays disordered cellulose fibers which form a porous structure,
boosting their light trapping photothermal effect due to multiple
light reflections (Fig. [3d). The abundance of hydroxyl groups in
cellulose, in addition to the micropores in cellulose fibers, allow
for rapid water transportation to the evaporation surface, which
also facilities the salt rejection process providing a path for the
salt ions to backflow to the bulk water. The relatively smooth cel-
lulose fiber surfaces become rough after being coated with PPy
(Fig. [3k). The PPy content in the blackened cellulose paper after
the chemical polymerization process is obtained of 10.17 g m~2,
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demonstrating the mass of PPy component attaching on the unit
area of pristine cellulose. The black PPy enables the absorption
and conversion of solar energy into thermal energy to heat the
water around it for water evaporation. The effect of PPy content
on the solar-driven evaporation performance is also validated in
Fig. S57. The fabrication of origami tower necessitates repeated
folding and pressing, which inevitably causes some creases on the
blackened cellulose paper (Fig. [3f). A layer of small fluff forms
on the outer surface of the cellulose paper along the creasing line,
but the overall structure is not compromised by this formation,
maintaining the origami tower evaporator’s structural integrity.

3.3 Solar-driven steam generation performance

Geometrically, the origami tower has the capability of radially re-
versible expansion/contraction with relatively small deformations
in the axial direction. The gradual expansion and contraction
process of the origami tower with a variable-diameter is schemat-
ically presented in Fig. [4p, as depicted by four different interme-
diate states with maximum diameters, D,,,, of 30 mm, 40 mm,
50 mm, and 60 mm in the side view and top view, respectively.
The evaporation device for the evaporation performance evalua-
tion is comprised of a cylindrical water container and the origami
tower (Fig. ). 3D printed water containers with various in-
ner diameters are employed to confine the maximum diameter
of the origami tower into these four intermediate states. Part of
the origami tower is immersed into water as a water path pump-
ing water through the porous cellulose fiber network all over the
tower for evaporation. The mass change of water through the
evaporation device is recorded by an electrical scale under a solar
simulator, characterizing its solar-driven steam generation perfor-
mance. The evaporation rate with a unit of kg m~2 h~!, that is
the mass change of water per unit time per unit projected area,
indicates the rate at which the evaporation device produces fresh-
water, the quantity most commonly used to evaluate evaporative
performance. The ambient temperature is about 19°C and rela-
tive humidity is around 29%. The experimental setup is schemat-
ically depicted in Fig. 4. Collimated sunlight from the solar sim-
ulator shines on the origami tower that is located at the center
of the illumination area on the electrical scale. The surface tem-
perature distributions of the origami tower are captured by an in-
frared thermal camera. For each experimental period of the evap-
oration rate measurement, the water mass change is recorded for
90 min, including the first 30 min as the preheating process and
the following 60 min as the stable evaporation time. Airflow with
various velocities generated by an adjustable fan is employed to
evaluate the evaporation performance under forced convection
flow.

The efficient photothermal conversion of PPy boosts the evap-
oration rate greatly. This is depicted obviously by comparing the
slopes of the water mass change curves for the pristine and black-
ened origami tower in Fig. and [k, respectively. Only the
last 60-min water mass change is displayed, and the change is
approximately linear, demonstrating that the evaporation is sta-
bilized after the 30-min preheating time. Similar trends are ob-
served for both the pristine origami tower and blackened origami
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Fig. 4 Convertible origami tower in the solar steam generation measurement. (a) Schematic representations of the expansion process (from left to
right) and contraction process (from right to left) of the convertible origami tower in the side view (the first row ) and top view (the bottom row),
respectively. The marked dimensions at the bottom refer to the maximum diameter of the origami tower. (b) Schematic of the evaporation device for
solar steam generation in the measurement of water evaporation rate. The origami tower float on water with one-eighth length immersing in water.
The 3D printed cup with different inside diameters functions as the container. (c) Schematic illustration of the experimental setup for the steam
generation experiment, involving the solar simulator, infrared thermal camera, electrical scale, electrical fan, laptop, and origami tower evaporator.
Mass changes of water with pure cellulose paper-based origami tower (d) and blackened cellulose paper-based origami tower (e) in different diameters
under one sun illumination. Insets show the pristine cellulose paper-based origami tower and blackened cellulose paper-based origami tower in the
diameter of 40 mm, respectively. (f) The dependence of mass change rate (black bar, left y-axis) and evaporation rate (red bar, left y-axis) with
corresponding projected area (orange bar, right y-axis) for the pristine and blackened origami tower with different diameters under solar illumination,
and for the blackened ones in the dark environment, respectively. The projected area refers to the area of the origami tower seen from the top view.

tower, in that the amount of evaporated water is increased when PPy. Fig. [4f demonstrates the dependence of the water mass

the D4y of the origami towers expands from 30 mm to 60 mm.
However, the blackened one exhibits greater slopes of water mass
change curves, corresponding to a more efficient photothermal
conversion than that of the pristine one produced by the black

change rate with a unit of g h~!, the projected area and the cor-
responding water evaporation rate of the blackened and pristine
origami towers on the diameter of the structures under solar ir-
radiation and in the dark environment, respectively. Overall, the
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Fig. 5 Solar steam generation performances of the origami tower. (a) Schematic illustrating that the origami tower is divided into top, middle,
bottom, and in-water parts. The single waterbomb pattern located in the middle and the bottom parts are highlighted along the boundaries with
yellow and red dashed curves, respectively. (b) Infrared thermal images of the origami tower with different diameters in the dark environment (the first
row) and under solar irradiation (the second row) after one hour of illumination. (c) The surface temperature distribution along the central lines of the
middle and bottom parts (including three adjoining waterbomb patterns) for the origami tower under solar irradiation (the first row) and in the dark
environment (the second row), respectively. The purple curve in the inset demonstrates the central line in three adjoining waterbomb patterns. The
central curve in one waterbomb pattern starts at the midpoint on one side of the mountain, goes through the valley, and ends at the midpoint on the
other side. (d) The surface temperature distribution along the edge of one waterbomb pattern in the middle and bottom parts for the origami tower
under solar irradiation (the first row) and in the dark environment (the second row), respectively. The eight solid circles attached on the temperature
curve, from left to right, correspond to the nodes, from number 1 to number 8, in the inset. The black dashed lines in (c) and (d) represent the
ambient temperature of 26°C around the origami tower during the desalination process under the solar light illumination. In the dark environment,
the room temperature is around 19.3°C. (e) Photographs of the origami towers with different parts (top, middle, and bottom parts) being sealed up
using Al foil tape (the first two rows) and transparent tape (the third row), respectively. (f) Mass changes of water with origami tower which are
partially sealed up with Al foil tape and transparent tape, respectively. The color of green, orange, and blue correspond to the parts of top, middle,
and bottom are sealed individually with tape, respectively. The marked curves show the mass changes of water with the origami tower sealed by the
Al foil tape, while the dashed curves show that ones sealed by the transparent tape. (g) The time-dependent water mass change differences between
the Al foil-sealed origami tower and transparent tape-sealed origami tower for the top, middle, and bottom parts, respectively.

water mass change with the blackened origami tower gradually
rises as the D, increases from 30 mm to 60 mm, while the cor-
responding evaporation rate decreases for larger D,,,, due to the
enlarged projected area (Fig. [4f, the histogram on the left). Al-
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though the contracted origami tower with a smaller D,,,, shows
a higher evaporation rate than that with a larger Dy, its wa-
ter mass change per unit time is lower than that with a larger
Dynar- This mass change rate is greatly increased by 56.1% as the
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expansion of origami tower from D,,,, of 30 mm to Dy, of 40
mm. For engineering applications, the smaller mass change of
water is not desirable for freshwater collection as the preference
of high freshwater yields is primary. According to the percentage
growth based on the water mass change rate and balancing of
their evaporation rates, the origami tower with Dy, of 40 mm
is chosen for the following research when comparing with other
shapes of evaporator. Similar trends are observed for the pris-
tine origami tower (Fig. [f, the histogram in the middle). To
further investigate the relationship between the evaporation rate
and water mass change rate, the mass change measurement of
the blackened origami tower evaporator is conducted under the
dark environment to eliminate the influence of the sunlight (Fig.
[4f, the histogram on the right and Note S2). The mass changes of
the origami tower with larger D,,,, are higher, while their evapo-
ration rates are lower. For example, the mass change is increased
by 37.3% when D, rises from 30 mm to 40 mm. This expansion
enlarges the evaporation surface, contributing more vapor gener-
ation but reducing the overall efficiency of the structure. More-
over, it also widens the view factor of the valley regions which
facilitate vapor diffusion. This dark environment test explains the
mass change enhancement during the expansion process from the
viewpoint of vapor generation and diffusion. Although the expan-
sion of the origami tower is disadvantageous to the evaporation
rate, the contraction/expansion of the origami tower offers more
flexibility for transportation and storage. Thus, the transforma-
tive structure provides more flexibility to achieve the optimal bal-
ance among the freshwater yields, evaporation rate, and space
occupation for a variety of use cases.

Due to the 3D geometric structure of the origami tower, the so-
lar illumination situations over different parts of the tower vary.
This is attributed to the varying oblique angles of the structure,
which induces various evaporation rates over different regions as
a result. The origami tower is geometrically divided into four
horizontal portions from top to bottom. These are denoted as the
top, middle, bottom, and in-water parts, and are divided by the
boundaries of the waterbomb origami patterns. The boundaries
of the waterbomb origami patterns located in the middle and bot-
tom parts of the origami tower are highlighted with dashed curves
for clarity (Fig. [5h). To investigate the associated mechanism of
spatially varying evaporation performance, the overall temper-
ature distributions of the origami tower in the dark and under
one sun illumination are characterized by the infrared thermal
camera (Fig. ). For origami towers with various maximum di-
ameters, the entire outer surface of tower exhibits an interfacial
temperature that is below the ambient temperature in the dark
environment because of the evaporation phenomenon and a solar
energy input of zero. Under one sun irradiation, the overall tem-
perature of the outer surface rises above the ambient temperature
mainly due to the photothermal conversion effect of PPy coated
on the cellulose paper Fig. S67. In the dark, the occurrence of
water evaporation leads to a reduced surface temperature of the
origami tower below the ambient as a result of the endothermic
process when the water evaporation occurs. In this case, the sur-
rounding air at the temperature of 19.3°C and the bulk water
with an initial temperature of 20°C are the only two energy con-
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tributors that can draw heat for water evaporation without solar
energy input. Under solar irradiation, the top and middle parts of
the origami tower absorb most of incident solar energy, especially
for the tower structure with a larger diameter, which leads to a
higher surface temperature compared with the environment. In
the indoor evaporation performance tests, the solar light provided
by the solar simulator shines vertically on the evaporation device
(Fig. S7t). Under solar irradiation, the top area of the origami
tower occupies the most favorable position absorbing most of the
incident solar energy and converting it into the thermal energy.
Simultaneously, since the top part is the farthest from the water
source (the bulk water), the water supply is not sufficient relative
to the middle part and the bottom part, which indicates that it has
the least evaporation heat dissipation. Therefore, for the individ-
ual origami tower, the top part always possesses the higher tem-
perature distribution under solar irradiation. The side surface of
the origami tower does not absorb much solar energy, displaying
a relatively lower temperature, and can harvest extra energy from
the environment by convective coupling with radiative heat trans-
fer processes, accelerating the evaporation without solar irradia-
tion. This is mainly because evaporative cooling can decrease the
temperature of the side surfaces to lower than that of the envi-
ronment. For a single waterbomb pattern in both the dark envi-
ronment and solar irradiance cases, the valley region possesses a
higher temperature than that of the mountain fold. At the moun-
tain fold, strong evaporation takes place and the generated vapor
is in a position to diffuse rapidly into the surroundings. This water
evaporation and vapor diffusion take away heat from the evapo-
ration interface of the mountain fold, while vapor generated from
the valley region is crowded, acting as a thermal barrier between
the valley evaporation surface and the ambient. This thermal bar-
rier layer slows down the heat dissipation of valley region. The
light-trapping effect within the valley region is another impor-
tant aspect in explaining this phenomenon. By realizing multi-
ple reflections toward the valley folds, the 3D concave structure
of the valley region captures incident light more efficiently com-
pared with the mountain fold, making it take responsibility for
evaporation with different sun irradiation angles throughout the
day. Even without direct solar irradiation, the blackened origami
tower with D,,,, of 40 mm exhibits an evaporation rate of 1.0 kg
m~2 h~! with diffusive light only (Fig. S8tand S91).

To gain further insight into spatial temperature distribution
at different parts of the origami tower, the surface temperature
curves along the central lines of three adjoining waterbomb pat-
terns (Fig. and S107) and the boundary edges of one water-
bomb pattern (Fig. and S107) for middle and bottom parts
are extracted from the infrared images in Fig. Bp. Along the cen-
tral line, the temperature curves display a repeating connected
“saddle shape” with peaks located at the valley regions. Under
solar irradiance, the surface temperature of different parts of the
origami tower with various diameters is defined as 7p ;, where D
= 30, 40, 50, and 60 mm, refers to the diameters of the origami
towers. The second subscript denotes the middle part (i = m) or
the bottom part (i = b). In Fig. , under solar irradiation, the
average temperature difference for central lines between middle
and bottom parts rises when the D,,,, increases, performing that
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Fig. 6 Solar desalination performance of the origami tower and enhanced evaporation rate under convective flow. (a) Mass changes of water with
different shape of evaporators under one sun irradiation. (b) Mass changes of saline solution with different salinities applying an origami tower in the
diameter of 40 mm. (c) The mass changes and the corresponding evaporation rates of water for an origami tower with the diameter of 40 mm using
the 3.5 wt% NaCl solution in the repeating long-term desalination tests. (d) The mass changes and the corresponding evaporation rates of water for
an origami tower with the diameter of 40 mm using the 3.5 wt% and 7.0 wt% NaCl solutions in the continuous long-term desalination tests. (e) The
mass changes of 3.5 wt% NaCl solution for an origami tower with the diameter of 40 mm under different solar intensities. (f) The average overall
water evaporation rates with an origami tower (40 mm diameter) applying various airflow speeds.

the corresponding two lines are getting farther and farther apart.
For example, T3, (26°C) of the middle part is nearly the same
as that of the bottom part, T3g, (25°C), while when the diam-
eter increases, Ty, (34.3°C) is around 8.6°C higher than that
of the bottom part, Ty, (25.7°C). This can be attributed to a
more efficient thermal localization effect after expansion. Con-
sidering the origami tower, the surrounding vapor, and encap-
sulated air as a system, more vapor and air are enclosed inside
the system when the origami tower expands. The vapor and air
with thermal conductivities of 26 mW m~' K~! and 26.32 mW
m~! K~! at the temperature of 26°C, respectively, serve as insu-
lators for heat transfer, localizing heat within the top part of the
origami tower. It also explains that the top part of the origami
towers with different diameters owns a higher stagnation tem-
perature under one sun irradiance due to the exposure of more
area to direct sunlight, while the bottom parts maintain a simi-
lar temperature profile (Fig. [5k). In the expansion process with
the increasing diameter, the origami tower with the larger diam-
eter exposes more area by opening the waterbomb pattern up to
receive more solar light, especially for the top and middle parts
(Fig. S117). When the diameter of the origami tower is larger
than 50 mm which is almost completely inflated, the waterbomb
patterns in the bottom part are approximately perpendicular to
the bulk water surface without direct solar light exposure. In
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the contracted state, the origami tower has a near-solid compact
structure comprising the folded cellulose paper and the absorbed
water driven by the capillary force. After expansion, more gener-
ated vapor and the air with high temperature are enclosed as an
entirety, which can be regarded as a thermal insulator with low
thermal conductivity compared with water. Therefore, the top
part of the origami tower exhibits higher temperature attribut-
ing to the heat localization effect based on the reduced heat loss
through the convection and downward conduction after expan-
sion. In the dark environment, when the origami tower expands,
the average temperature difference for central lines between mid-
dle and bottom parts shows opposite trends as compared to cases
under solar irradiation. Due to the strong cold evaporation, the
middle central line always has lower temperatures than that of
the bottom central lines, whose temperatures maintain a simi-
lar average value approaching to the bulk water temperature, in
which, the bulk water can be regarded as a heat source. As the
origami tower grows in the radial direction, the structure shrinks
in the axial direction i.e., the distance between the heat source
and the middle part is shortened. Thus, the heat of the bulk wa-
ter can easily spread to the middle part making it have a relatively
higher temperature when the tower is expanded. To illustrate the
spatial temperature distribution of one waterbomb pattern, the
temperatures along the boundary edges of a single pattern are
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extracted and the points labels are shown in the inset of Fig.
and S127. The overall temperature differences between the units
in middle and bottom parts under the solar illumination and dark
environment are similar to the results depicted in Fig. [Bk. Un-
der solar irradiation, the peak temperatures of the lower points
(points 2 and 4) are lower than that of the upper points (points
6 and 8) for both the middle and bottom parts of nearly all di-
ameters. This trend is reversed for the temperature distribution
under dark environment. These temperature trends result from
the spatial location of heat source. In a case of solar irradiation,
the heat source is located at the top of the structure, while in the
dark environment case, the bulk water is the relatively high heat
source.

With varying temperatures of the top, middle, and bottom
parts, their contributions to the overall evaporation rate differ.
Aluminum (Al) foil tape and normal clear tape were utilized to
seal these sections individually to study their respective evapora-
tive performance (Fig. [Be). The Al foil tape blocks most of the so-
lar irradiation while 90% of solar irradiance can pass through the
transparent tape and shines on the origami tower surface (Fig.
S13fand S147). Both tapes are vapor-impermeable, preventing
vapor diffusion while maintaining water transport. The contribu-
tion of distinct components for the evaporation from the sides of
photothermal conversion and vapor diffusion can be represented
when the Al foil tape is used for sealing. The contribution of dis-
tinct parts from the viewpoint of vapor diffusion is explored as the
transparent tape is used for sealing. The mass change of the top,
middle, and bottom parts sealed by Al foil tape and transparent
tape is recorded (Fig. [5f). When the top part is sealed by the Al
foil tape, the reduction of water mass change compared with the
unsealed origami tower evaporator is 0.57 kg m~2, which is much
higher than that of the middle (0.38 kg m~2) and bottom (0.12
kg m—2) parts. This indicates that the top part contributes most
of the evaporation for the entire origami tower, which is consis-
tent with the temperature distribution in Fig. [Bp. Fig. de-
picts the time-dependent water mass change difference between
the Al foil-sealed origami tower and transparent tape-sealed one
for different parts. Since both the Al foil tape and transparent
tape are vapor-impermeable, this difference exhibits the contri-
bution of these different parts when only considering the pho-
tothermal conversion effect. When compared to the middle and
bottom parts, the top sealed one provides the largest portion of
the evaporation. This indicates potential future improvements for
the origami tower evaporator, such as the use of superhydrophilic
materials for ample water supply to the top part portion.

3.4 Solar desalination of the origami tower and enhanced
evaporation under convective flow

The characteristic deep folds within each waterbomb pattern ex-
pand the entire outer surface of origami tower evaporator com-
pared with the 2D planar paper. Derived from the 2D planar pa-
per, the skeleton of the origami tower is an approximate 3D cone
with base radius of D,,,,. To validate the advantage of configura-
tion of outer surface for the origami tower, evaporation rates of a
2D planar paper, 3D waterbomb-patterned paper, 3D smooth cone
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with a base diameter of 40 mm and 3D origami tower with Dy,
of 40 mm are evaluated under one sun irradiance (Fig. @a and
S157). The evaporation rate of the 2D planar paper evaporator
is 1.28 kg m~2 h~!, compared to 0.7 kg m~2 h~! for pure water,
which is attributed to the additional photothermal conversion and
the enhanced evaporation area caused by the porous structure of
disordered organized cellulose fibers in planar paper. Because
of the reduced projected area and the localized thermal energy
resulting from the air gap between the paper and the water sur-
face, the evaporation rate of the 3D waterbomb-patterned paper
reaches 1.79 kg m~2 h™~!. Despite having similar water trans-
portation situations, projected area, and thermal localized effects,
the 3D smooth cone has a lower evaporation rate of 2.09 kg m~2
h~! than the 3D origami tower of 2.67 kg m~2 h~!.
difference between the 3D cone and the 3D origami tower comes
from the concave structures which greatly expand the evapora-
tion surface area. The capability of working in solutions of dif-
ferent salt concentrations can broaden potential working envi-
ronments across various geographical regions. The evaporation
rates of the origami tower evaporator using various saline water
solutions are shown in Fig. [6p. No visible salt accumulation is
apparent throughout the experiments, which can be attributed to
the sufficient water supply to the heating surface and the porous
interconnected structure of the filter paper even when using the
15 wt% saline solution as the bulk water under one sun irradia-
tion. When the salt concentration rises from 3.5 wt% to 15 wt%,
the evaporation rate swings around 2.5 kg m~2 h~!, indicating
considerable promise for desalination in high-salinity brine. The
water safety after solar-driven desalination via the evaporator is
a key point to be concerned in the industrial production process.
To verify this, the freshwater water is collected to evaluate the
salinity. The seawater collected from Revere Beach, Boston, US
is applied as a raw water source. The salinity of water after de-
salination is dramatically reduced by approximately over three
orders of magnitude and is below the drinking water standards
defined by the World Health Organization (1%o), indicating the
effective purification of the seawater (Fig. S167).

The main

The long-term stability of water evaporation performance for
the 3D origami tower is essential for practical implementations.
Thus, an evaporation experiment is performed comprised of four
4-hour tests with 3.5 wt% saline solution under one sun irradi-
ation (Fig. [Bk). The evaporation rates stabilize around 2.56 kg
m~2 h~!, illustrating the long-time working durability of the 3D
origami tower evaporator. For each 4-hour period, a linear mass
change of water is observed, with these four lines of mass change
running parallel to each other, demonstrating the 3D origami
tower’s stable working capability. To evaluate the long-term de-
salination performance, continuous desalination tests employing
the 3.5 wt% and 7.0 wt% saline water are conducted (Fig. E)kl).
Eight consecutive hours and seven consecutive hours of irradia-
tion are applied to the evaporation device with 3.5 wt% and 7.0
wt% saline water, respectively. Eight consecutive hours of ex-
perimentation are comprised of two 3-hour and one 2-hour sep-
arated experiments for saline water refilling to prevent salinity
changes of the bulk water during long-time desalination. Simi-
larly, seven consecutive hours of experimentation are comprised
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of two 3-hour and one 1-hour separated experiments. To further
validate the stability of the origami tower, a long-term outdoor
evaporation test is performed at the rooftop of Snell Engineering
Center at Northeastern University, Boston, MA, USA from June 29
to July 11, 2022. A large glass beaker with 10 cm in diameter and
15 cm in height covers the entire evaporation device placing on
the rooftop under solar light for 13 days in a row. The detailed re-
sults of stability test for the photothermal materials/evaporators
are described in Fig. S177. The solar absorptance spectra of the
PPy-compounded cellulose paper before and after the long-term
outdoor test remain almost consistent even after prolonged so-
lar exposure to the solar light, elucidating the spectrum stability
of the photothermal materials attaching on the cellulose fibers.
The evaporation ability of the origami tower after the test is con-
firmed by the indoor experiment under one sun irradiation. The
mass changes of water with the origami tower before and after
the long-term test are close, indicating that the prolonged out-
door work does not obviously affect its evaporation ability and
validating the stability of this evaporation device. Clearly, the
origami tower can perform in high salinity solutions for long peri-
ods of time stably and efficiently. In addition, the intensity of the
sun fluctuates during the day and throughout the year. To evalu-
ate the operating performance of the origami tower with the D,;x
of 40 mm under weak and focused sunlight, the evaporation per-
formance under various solar intensities is explored (Fig. E}s).
The evaporation rates of the origami tower under 0.63 suns, 0.78
suns, and 0.85 suns irradiance are 1.39, 1.82, 1.88 ke m~2 h~!,
respectively, demonstrating its efficient working capability under
weak sunlight. Furthermore, an evaporation rate of 3.38 kg m 2
h~! is demonstrated under 1.45 sun illumination, demonstrating
the widespread implementation of concentrated solar desalina-
tion.

The evaporation process involves two steps of phase transition
and vapor diffusion. In the desalination process, the vapor dif-
fuses out of porous materials into the atmosphere during the va-
por diffusion process. Generally, the vapor leaves the evapora-
tion interface driven by the vapor concentration gradient from
the interface to the environment. As a result, forcing convective
flow to lower the atmospheric vapor concentration is an effec-
tive technique for enhancing the occurrence of evaporation. To
evaluate the improved vapor diffusion, the evaporation rate at
various airflow speeds is studied. Fig. [6f demonstrates the av-
erage evaporation rates for the origami tower (D, = 40 mm)
under one sun irradiation with different incoming airflow speeds
for the first 90 min and first 120 min, respectively. Higher airflow
speed results in faster vapor diffusion, which is reflected from the
increased evaporation rates. For example, the evaporation rate
of the origami tower increases from 2.6 to 5.8 kg m~2 h~! when
the airflow speed rises from O m s~! to 2.5 m s~!. The enhanced
evaporation rate of the origami tower under forced convective
airflow offers another approach for higher water vapor yields in
engineering applications.

To further validate the outdoor performance of the origami
tower-based desalination system in realistic weather conditions, a
controlled experiment for the solar desalination test is conducted
at the rooftop of the Snell Engineering Center at Northeastern
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University, Boston, MA, USA on July 11, 2022 (Fig. S187). The
solar desalination system is composed of a sealed condensation
chamber and four origami towers with a diameter of 40 mm
which are placed in the water container individually, while only
the water is stored inside the water container as a control group
without any photothermal materials. The condensation chamber
covers the top of the evaporation device to capture the evaporated
vapor. Besides, the chamber is made of polycarbonate board with
a thickness of 0.8 mm and an overall transmittance of 83% in
the range of solar wavelengths (Fig. S197). Both the experimen-
tal and the control groups of the solar desalination system are
placed on a polystyrene foam. The average ambient temperature
and solar intensity are 27°C and 684 W m~2, respectively, dur-
ing the experimental period from 9:00 to 16:00. The freshwater
collection ability of the origami tower-based evaporation device
group during the test is 8.55 kg m~2, while the control group is
only 1.12 kg m~2. The obvious difference between the experi-
mental and control group validate the good performance of the
origami tower-based evaporation device.

4 Conclusions

In summary, we have demonstrated a convertible origami-tower
derived photothermal evaporator with waterbomb origami pat-
terns, featuring with an evaporation rate of 2.67 kg m~2 h~!
under one sun irradiance with a diameter of 40 mm. The cel-
lulose paper constructs the framework of the origami tower and
PPy endows it with a broadband solar absorption, enhanced by
the multiple reflections within the deeply concave structures of
each waterbomb pattern. The reversible expansion/contraction
offers a unique advantage of transportation and storage, while
the quick expansion into origami tower facilitates the fast de-
ployment. Furthermore, the encapsulated air and vapor act as
insulation materials, protecting absorbed energy from dissipating
downward to the bulk water. The cold evaporation at the bottom
of the origami tower improves overall evaporation performance
by collecting energy from the surrounding environment without
relying on solar irradiation. High-salinity water (10 wt%) has
little impact on the evaporation rate due to the adequate wa-
ter transportation and salt drainage through the porous struc-
ture of cellulose paper. Long-term durability tests demonstrate
a stable and efficient evaporation performance using the 7.0 wt%
saline water, which shows considerable promise for high-salinity
evaporation applications. The enhanced evaporation rate under
forced convective airflow offers a new possibility for improving
the freshwater yields. Taking advantage of the expanded evapora-
tion surface, light trapping effect, heat localization, and rapid salt
drainage, the origami-tower photothermal evaporator provides a
promising prototype for efficient solar desalination.
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