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Abstract: We report the discovery of photomolecular effect: cleavage of water clusters off
surfaces by photons. This effect is demonstrated through surprising absorption of partially wetted
hydrogel in the visible spectrum where both water and hydrogel materials’ absorption are
negligible. Illumination of hydrogel under solar or visible-spectrum light-emitting-diode leads to
evaporation rates exceed the thermal evaporation limit, even in hydrogels without additional
absorbers. Measurements of vapor temperature and vapor spectrum above evaporating surfaces
show clear signatures of water clusters. The photomolecular effect happens at liquid-vapor
interface due to large electrical field gradients and quadrupole force on molecular clusters. This
photomolecular evaporation process might be happening widely in nature, potentially impacting
climate and plants growth, and can be exploited for clean water and drying technologies.

One-Sentence Summary: This paper shows that photons in the visible spectrum can cleave off
water clusters from water-vapor interface despite weak absorption of bulk water in this spectrum,
named as the photomolecular effect, which leads to evaporation from porous hydrogels under
normal solar or visible light radiation exceeding the thermal evaporation limit.


mailto:gchen2@mit.edu

Main Text: Water absorbs very little in the visible spectrum of sunlight; for example, the
penetration length of light with 0.5 pm wavelength reaches 40 m (1, 2). Additional absorption
materials are needed to heat up water using sunlight (3, 4). In the solar interfacial-evaporation
approaches that have received great attention in recent years, a wide range of absorbers have been
used as additives to porous host materials floating on water surfaces where sunlight are absorbed
to evaporate water (5-9). Of particular interest is the observation that polyvinyl alcohol (PVA)
hydrogel embedded with different absorbing materials can have evaporation rates exceeding the
theoretical thermal evaporation limit (9, 10). Since the original report (9), different porous host
materials, both organic and inorganic, and absorbers, such as electrically conducting polymers,
TiO2 nanoparticles, and carbon have been shown to be able to exceed the thermal evaporation limit
(9-20). The mechanism of this phenomenon remains unclear, although reduced latent heat of water
in hydrogels has been hypothesized (9, 10). In this paper, we discover a photomolecular effect
which makes water absorbing in the spectrum range where bulk water is least absorbing. In this
effect, water clusters are cleaved off directly by photons at the water-vapor interface. This
mechanism bears similarity to the photoelectric effect for electron emission discovered by Hertz
(21) and explained by Einstein (22), but also with three significant differences (i) no electronic
transition is involved, (ii) it happens in the spectrum where bulk water does not absorb and (iii)
one photon can cleave off a cluster of water molecules. The cleaved water molecules can
recondense (internal photomolecular effect) or escape (external photomolecular effect) under
proper conditions. The escape of cleaved water molecules could lead to evaporation rate exceeding
the thermal limit as we demonstrate in PVA hydrogels with and without additional absorbers under
illumination of solar radiation or light-emitting-diodes (LEDs). Such photomolecular evaporation
process could be happening widely in nature, from clouds to fogs, from ocean to soil surfaces, and
in plant transpiration, and may have significant impacts on earth’s water cycle and climate change,

as well as potential applications in clean-water and drying technologies.

The theoretical limit for thermal evaporation, using solar or LED energy or electrical sources, can
be calculated from J; a0y = q/[L + ¢, (Ts — T,,)], Where q is the solar flux or other forms of input
power, L the latent heat, c,, the constant-pressure specific heat, T; and T, are the evaporating
surface and bulk water temperatures, respectively. Taking T, = 40°C and T,, = 20°C, and
standard solar flux at one sun g = 1 kW/m?, the thermal evaporation limit is 7 = 1.45 kg/(m?h),

assuming all solar flux converts into heat used for water evaporation. Experimentally, /,,.. as



high as 4 — 5 kg/(m?h) (17, 20) and over 10 kg/(m?h) (12) in two- and three-dimensional
structures had been reported, respectively. Different materials, starting from PVA (9), to other
polymers (16, 18, 20) and even inorganic porous absorbers (12, 15, 19), have shown this effect.
All of these works either impregnate absorbers such as conducting polymers or light-absorbing
nanoparticles into porous structures, or directly use porous absorbers such as porous carbons
obtained from carbonizing plants. The most-cited mechanism for the higher evaporation rate than
the theoretical thermal limit is reduced latent heat of water in these materials (9, 10, 14). This
mechanism was inferred based on the following reasons (9, 14): (i) differential scanning
calorimetry (DSC) measurement had shown latent heat reduction, (ii) in dark conditions, the
evaporation rates from samples are larger than from pure water, and (iii) a theoretical picture of
different water states inside hydrogel: bond water, intermediate water, and bulk water (23, 24).
However, DSC measurement only showed up to 30% latent heat reduction integrated over a wide
temperature range (9, 10), and there is no solid foundation why the intermediate water can have
large reduced latent heat comparable to experimental observations. In addition, the large amount
of bulk water with no latent-heat reduction coexisting in hydrogel also needs to be evaporated.
The higher evaporation rates in dark conditions can be explained by the porous structures that
increase the evaporating surface area. The possibility of water evaporating as clusters was
mentioned in the original publication (9) but there was no mechanism to support such a possibility.
We show below the photomolecular effect in which photons can cleave off water clusters directly
without going through thermal processes. This mechanism leads to water evaporation rate under

solar and narrow spectrum LED radiation exceeding the theoretical thermal evaporation limits.

We synthesized three types of porous polyvinyl alcohol (PVA) hydrogel samples (25): (1) pure
PVA samples that do not include any additional absorbers, which are denoted as pure-PVA, (2)
PV A samples integrated with polypyrrole (ppy) denoted as PVA-ppy, and (3) pure PVA coated on
porous carbon paper, denoted as PVA-carbon. The synthesis involves freeze-thawing or freeze-
drying to form proper porous structures (Figs. 1A-B, and Fig. S1). More structural and thermal
properties of the samples are provided in supplementary materials (25) (see Fig. S1-S3).

We extract absorptance of different samples from measured reflectance and transmittance using
an integrating sphere, which collects scattered light in addition to direct transmission and reflection
(25) [Fig. 1C, Fig. S4]. First, we show the absorptance of pure water, dry PVA powder, the
solution before forming the gel, and the as-gelated sample in Fig. 1D and Fig. S5. Above 500 nhm



and up to 800 nm, none of these samples show much absorption (the non-zero absorption less than
2.5% are due to experimental uncertainties), consistent with expectations due to the weak
absorption of water, PVA, and cross-linkers and initiators used in the sample preparation.
Surprisingly, although the freeze-thawed samples (Fig. 1D, Fig.S6) still have about the same
amount of water as the as-gelated sample, its absorptance increased significantly. In Figs. 1IE&F
and Fig. S7, we show absorptance of freeze-dried pure-PVA samples with different amount of
water added back to control the water content in the samples. Although dry pure-PVA does not
absorb, the samples become absorbing as some waters is added back, and the absorptance
eventually decreases with more water. Considering that multiple scattering effect can increase
absorption pathlength by a maximum of 4n? (26), where n is the refractive index (~1.3 for both
water and polymers), the large absorption cannot possibly be explained by the light trapping effect.

The surprising absorption in the freeze-thawed and freeze-dried pure-PVA samples containing
some water can be explained by invoking a photomolecular effect which we will describe here and
support with more experiments later. Inside bulk water, very little absorption exists in the visible
spectrum [Fig. S5] because the photon energies are too high for the intramolecular vibrational
modes (some residual absorption in water in the visible range (1) was thought as due to higher
harmonics of intramolecular vibrational modes (27)) and even longer wavelength intermolecular
vibrational and librational modes (28), and the photon energies are too low for the electronic
transition in the ultraviolet region. In water, hydrogen bond dominates, with typical bonding
energy 0.22 — 0.26 eV (29). It is well-known that water molecules form fluctuating clusters due to
the hydrogen bond, although the exact pictures, such as the size and shape and lifetime of the
clusters, are still under debate (29-33). Theoretically, a photon can cleave several water molecules
together as a cluster by breaking bonds between the cluster and rest of water. Taking a photon at
500 nm with an energy 2.48 eV, it can cleave off ~10 or even more intermolecular water bonds,
depending on if these are hydrogen bonds or even weaker van der Waals bond. In bulk water,
however, there is no space for the cluster to escape, i.e., the final states are occupied, and hence
the process is forbidden. On the other hand, this process can happen at the surface or internal voids
in the liquids. The surface layer thickness of water is around 3 — 7 A (34, 35). Such a thin region
is not enough to cause appreciable absorption in bulk water with a flat interface. In freeze-dried
pure-PVA samples with controlled water contents, there are increased water-vapor interface areas

for photons to directly cleave off water clusters, which enter air, leading to measurable absorption



(Figs.1E&F, Fig. S7). In freeze-thawed samples, we hypothesize polymer conformational change
creates internal voids that allow the water clusters to be cleaved off and recondense [Fig. S6]. The
former is the external photomolecular effect and the latter is the internal photomolecular effect.
Next, we will show more experimental evidence supporting the photomolecular mechanism,

followed by further discussion of the physical picture.

In Figs. 2A and Fig. S8, we show the evaporation measurement set up (25). Figures 2B&C are the
typical evaporation history of hydrogel samples under solar radiation. The evaporation has two
stages. In the initial stage, the evaporation rate is lower, below the thermal limit. We observe that
in this stage, the surface of the sample under testing is still flooded with water. This is the normal
thermal evaporation stage and the evaporation rate never exceeds the thermal limit. The second
evaporation stage commences when the water surface recesses below the sample top surface. In
this stage, the measured evaporation rate of both PVA-ppy and PVA-carbon samples exceed the
thermal evaporation limit. Although the measured evaporation rates of pure-PVA samples are
below the limit due to its low absorptance (Fig. 1IE&F, Fig. S7) compared to PVA-ppy and PVA-
carbon samples (Fig.S9), the evaporate rates normalized to the measured absorptance are even
higher than PVA-ppy and PVA-carbon samples (Fig. 2D). Although we do not know the exact
absorbance of pure PVA sample in operation, the samples did not seem change much visually
during evaporation, and measured absorptance of pure-PVA samples do not change much in a
wide range of water content as seen in Fig. 1F. Hence, we took an absorptance value of 20% in
the normalization, which is the maximum of measured absorptance and hence is a conservative
value. In Fig. 2C, we also show evaporation from PVA-carbon samples when the solar radiation
is shined from the back side of the sample (25) (Fig. S10). We adjust the solar radiation such that
the surface temperature of the sample is the same as irradiation from the front side. The experiment
does not show two stages despite that water recess below surface, and evaporation is pure thermal,

with rate below the thermal limit.

We used LED lamps of different wavelengths to carry out evaporation tests (25) and found that
the evaporation rates in stage 2 depends on wavelengths. Figures 2E and 2F show evaporation
rates in this stage at different wavelengths for both PVA-ppy and pure-PVA samples, both of which
exhibit a peak evaporation rate at 520 nm wavelength. Note that the absorptance itself does not
show peaks in the visible spectrum (Fig. 1D). Also plotted in these figures are the temperature of
the sample surface, measured using thermocouples (25). Chen et al. (36) reported different



evaporation rate of MnO2 nanowire on polystyrene foam under UV, Vis, and IR spectra of sunlight.
Although they did not give exact spectrum nor report details how data were normalized, they did
show highest evaporation rate from visible light.

We interpret the peak evaporation rate at 520 nm wavelength as due to the size of evaporated water
clusters is probably maximum at this wavelength. Lower evaporation rate under shorter
wavelength lights could be due to the competition between the photomolecular and photothermal
effects, while lower evaporation rates at longer wavelengths could be due to smaller clusters that
can be excited by one photon. Further increase in wavelength leads to photothermal heating due
to bulk water absorption. The surface temperature monotonically increases with wavelength,
which we explain as due to the smaller penetration depths of short wavelength photons, leading to
evaporation closer to surface and easier vapor escape from the surface. Molecular clusters cleaved
by longer wavelength lights beneath the surface can re-condense (the internal photomolecular

mechanism) and release heat in the process, hence showing higher temperatures.

We also tested evaporation rate under different solar intensities. Interestingly, at lower light
intensities, the evaporation rate normalized to the input energy is higher than that at higher light
intensities (Fig. 2G and 2H), consistent with the picture that the evaporation is due to both
photomolecular and photothermal processes. We anticipate that the photomolecular mechanism
has no or weak temperature dependence, while it is well-known that thermal evaporation increases
strongly with temperature. The measured trend is consistent with this anticipation: the sample
temperature rise is smaller at lower light intensity. In fact, evaporation from the pure-PVA sample
under 0.1 sun green LED leads to a surface temperature of 21.5 °C, lower than the ambient
temperature of 22.4 °C (Fig. 2G).

We also tested purely thermal evaporation by embedded electrical heaters inside sample (25) (Fig.
S10). The evaporation rate never exceeds thermal limits. Figure 21 compares the weight loss and
surface temperature of the same sample under solar radiation and joule heating, keeping the same
surface temperature. We note that solar heating reaches the steady state much faster than joule
heating, in addition to a faster evaporation rate, again demonstrating the difference between

photomolecular evaporation and thermal evaporation.

If water clusters are cleaved off, we expect to see signatures in the vapor layer above the
evaporating samples. Here we show two important signatures: temperature distributions and
transmittance spectra at different heights above the surface. First, Fig. 3A shows temperature

6



distribution in the vapor phase when the light is on and immediately after light is blocked off for
a PVA-ppy sample, measured using an infrared camera for thermal radiation from a thin glass slide
suspended in the vapor phase as the thermal emitter (25) (Fig. S11). We notice that when the light
is on so that the photomolecular effect is at play, the vapor temperature drop within the first 2 mm
above the sample surface is much faster than when the light is off but the sample surface
temperatures almost don’t change (~35.4 °C), i.e., thermal evaporation, for which the temperature
distribution drops almost linearly away from the surface. Figure 3B compares the temperature
distribution above surface between solar heating and joule heating, measured using a specially
shaped thermocouple (25) (Fig. S12). Under solar irradiation, the temperature peaks near surface,
and drops sharply, consistent with the infrared image. Under electrical heating, the temperature
distribution is similar to that after light is blocked off as shown in Fig. 3A. Interestingly, the
temperature distribution between 6 — 13 mm above the samples are almost constant under solar
irradiation. Such behavior is also seen in the vapor region above pure-PVA sample, while
evaporation from pure water surface at the similar evaporation surface temperature (~35.8 °C)
achieved by placing an absorber at the bottom of the container and adjusting the sunlight intensity

(Fig. 3C) shows behavior similar to normal thermal evaporation.

We interpret the sharp drop of temperature near surface region as due to disintegration of water
clusters when they collide with air molecules, absorbing heat which leads to a sharp temperature
drop (Fig. 3D), and the flat temperature region is due to supersaturation after the clusters breakup.
In this flat region, clusters break and re-nucleate as air becomes supersaturated. In fact, we can
visibly see condensation on a glass slide under green light (1 sun) over a PVA-ppy sample (Video
1), even its evaporation temperature is only about 42 °C. The brightening and dimming of the
images are interpreted as due to emittance change caused by interference effect as the condensed

liquid layer thickness changes.

Figure 3E shows transmission spectrum of light in the vapor phase measured with beam at different
height above the evaporating surface from different samples and Fig. 3F compares the spectra of
different samples at the same heights. The testing setup is shown in Fig. S13 (25). The
transmittance is normalized to that of measured spectrum when the sample chamber is filled with
dry nitrogen. The spectra are rich and we do not expect to be able to explain all details. We note
the key features: for pure water, the main peaks do not change with heights. However, we note
vapor transmission spectrum above pure-PVA and PVA-ppy samples are generally quite different



from vapors evaporating from pure water surface in 0 — 3 mm range from the surface. We note
there are regions the absorption position blue shift (as marked down in Fig. 3E) as we move away
from surface. This is because of the strength of intramolecular vibration as clusters dissociate and
become smaller and less affected by hydrogen bonds with other molecules. There are also regions
the absorption positions red shift, which could be due to the change of librational modes of the
clusters. Water clusters are difficult to create and to measure. In the past, supersonic expansion of
jet and helium bubbling techniques had been used to create water clusters and different
spectroscopic techniques were employed to study the clusters (37, 38). The fact that we can
directly observe the vapor spectra change above evaporating sample surfaces indicates the
abundance of the clusters, although the complexity of the spectra prevents us from identifying the
cluster size and distributions. More data on the transmission spectra of light in the vapor phase are

shown in Fig. S14 and data files are provided.

We believe the above experimental evidence have unequivocally shown the photomolecular effect:
direct photon cleavage of water clusters from water-vapor interface. We admit that details of the
photon interaction with water at the interface remain to be clarified. This is not surprising
considering the long history (39) in developing quantitative theories for photoelectric effect since
Hertz’ discovery and Einstein’s qualitative picture. For example, to explain the surface
photoelectric effect, one needs to include the failure of Maxwell equations and consider nonlocal
dielectric constant (40, 41). This can be understood since one of the boundary conditions for the
Maxwell equations is the continuity of the perpendicular component of the displacement field,
which leads to €, E; | = &,E,,, where ¢ is the dielectric constants and subscripts 1 and 2 represent
quantities on the two sides and E, is the electrical field perpendicular to the interface. This
equation implies a discontinuity of the electric field, which is, of course, a mathematical
simplification. In reality, the field changes rapidly from one side to the other. Ata metal-dielectric
interface, electron wavefunction spill out to the dielectric side, and its density changes rapidly from
the dielectric side to metal bulk values, over a distance of the order of a few A. To model
photoemission current, both the rapid electric field change and the electron density change need to

be considered, including nonlocal dielectric constants (40, 41).

The above picture gives some clues to the driving force of photomolecular effect as shown in Fig.

4a. It is known that molecular density at water surface changes rapidly to its vapor density over a

distance around 3 — 7 A (34, 35). Correspondingly, the perpendicular component of the electric



field will also change from its value in the vapor phase to that inside water over a comparable
distance, leading to a large gradient of the electrical field. Of course, a significant difference of a
liquid water-vapor interface from that of a metal-dielectric interface is that the water molecules
themselves are neutral. However, water is polar and the single water dipole moment is around
1.8D and increases to ~2.8D for water clusters (37) (where D denotes Debye dipole moment unit),
suggesting an effective charge separation ~0.5 A. Such charge separation under the large electric
field gradient at the interface leads to a net force on the molecule, i.e., the quadrupole force (42).
When the force points outward during the cycle of the time-varying field, the water clusters can
be driven off the liquid surface. The difference of the photon energy Aw to the bonding energy
A of a water cluster to the surrounding water hw — A is converted into the kinetic energy of the
molecular cluster (Fig.4b) (a fraction can also dissipate inside the liquid during bond breaking).
The bonding energy A consists of multiple bonds of the cluster with the surrounding, A~nA,,
where n is the number of bonds and A, is the average energy of one bond. At this stage, we do
not know if all bonds are of identical energy, which we think it is unlikely, nor do we know if all
of them are non-hydrogen bonds. This molecular process can only happen at a liquid-vapor

interface.

After a molecular cluster is cleaved off the surface, the clusters will collide with other vapor and
air molecules, which could change the directions and/or break up the molecules in the cluster (Fig.
4c). However, the breaking up events are infrequent since the average thermal energy is

kgT~0.026 eV at room temperature, while the hydrogen bonds between molecules in the cluster

IS E;~0.22 — 0.26 eV. The lifetime 7, for breaking up one molecule is exp (kE—lT) ~10* times
B

longer than the regular molecular collision time 7 of the order of ns. The clusters may change their
direction due to momentum exchange with air molecules during each collision. We can estimate
the average distance between breaking up one molecule from the cluster as Am, where A is
the mean free path between collision, which is ~100 nm for air molecules. This means the breaking
up will happen between 10 — 1000 pum, considering that the molecule clusters have multiple
molecules and also may have different initial velocities. Heat is absorbed in this region, which
explains why we measured a sharp temperature drop in this region (Region I). After the vapor
becomes supersaturated, the breakup and recondensation of water molecules can simultaneously

happen, explaining the flat region we observe in Figs. 3A-C (Region Il). If the clusters are cleaved



off deep inside the hydrogel, they can also re-condense and release heat. This process belongs to

the internal photomolecular effect that we observe absorption in freeze-thawed samples (Fig. 1D).

There is the possibility that light can also dissociate the molecular clusters as is known in the
blackbody infrared radiative dissociation phenomenon (43). Photon flux from both the solar
radiation and environmental blackbody radiation at 300 K are at 0.26 eV are both ~10%

m2stum, suggesting that this process could also be involved.

In summary, we have demonstrated the existence of the photomolecular effect: photons cleave off
water clusters from the surface region. The photomolecular evaporation can be internal and
external, although our study here emphasizes external effect which can lead to increased
evaporation rate above the thermal evaporation limit. Although we provide qualitative
explanations for why the photomolecular effect happens, there are certainly a lot more work remain
to be done in further characterizing the photomolecular effect, understanding the mechanisms, and
applying as a tool for fundamental science and developing useful technologies. Our observations
lead us to question if this effect happens widely in nature such as in clouds, fogs, ocean and soil
surfaces, plant transpiration, and to other liquids. Answering these questions calls for

collaborations from researchers from different fields.
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Fig. 1. Visible light absorption of hydrogels with different water contents. (A) Photo and
confocal microscope image of a wet pure-PVA sample. (B) Photo and SEM image of a freeze-
dried PVA-ppy sample. (C) lllustration of integrating sphere measurements of absorptance by
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Fig. 2. Peculiarities of light-driven hydrogel evaporation. (A) Evaporation rate measurement
platform and sample photos. (B) Weight change as a function time for a pure-PVA and a PVA-
ppy sample under one sun, showing two stages. In stage I, water floods sample surface and the
evaporation rate is lower than the thermal limit. This is the thermal evaporation stage. In stage II,
water recesses into pores and evaporation rate increases significantly, exceeding the thermal limit.
This stage has both photomolecular and thermal evaporation. (C) Weight change as a function of
time for PVA-carbon under one sun irradiation from front and from back. Front illumination
shows similar two stages as in (B), while back illumination only shows thermal evaporation. (D)
Comparison of evaporation rates under one sun in stage | and stage 1l among different samples,
clearly showing stage 1l evaporation rates exceed the thermal limit. (E) and (F) Evaporate rates
variation with wavelengths using LED radiation under one-sun equivalent intensity for PVA-ppy
(E) and pure-PVA samples (F), both showing a peak rate at 520 nm. Surface temperatures are also
shown. (G) Measured evaporation rates of a PVA-ppy sample from solar simulator under different
solar intensities, showing higher normalized rates at lower intensity. (H) Measured evaporation
rate of a pure-PVA sample under green (520 nm) LED illumination, again showing higher rates at
lower intensities. (1) Weight change and surface temperature as a function of time for a PVA-ppy
sample under solar irradiation and electrical heating with the same evaporation temperatures. It
takes much longer for joule heating to reach steady surface temperature.
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Fig. 3. Dissociation of water clusters in vapor phase. (A) Vapor phase temperature distributions
above PVA-ppy sample measured with IR camera (open dots are surface temperature measured
using a thermocuple) when the lamp is on, which shows a sharp temperature drop region (Region
I) and a flat temperature region (Region I1), and immediately after the lamp is turned off, for which
temperature variation is nearly linear. (B) Vapor phase temperature distributions of a PVA-ppy
sample measured using a thermocouple under solar heating, which is similar to that in 3A with
temperature peaks near surface region, and electrical heating, which shows temperature peaks
inside and vapor phase temperature distribution similar to lamp off in 3A. (C) Comparison of
vapor-phase temperature for pure-PVA sample and pure water under green LED (open dots are
surface temperature measured using a thermocuple), showing similar behavior as 3A for the PVA-
ppy sample under light. The pure water sample has an absorber attached to bottom and sample
surface was controlled to be at the same temperature as pure-PVA sample by adjusting the solar
intensity. The vapor phase temperature distribution is similar to lamp off in 3A. (D) Schematics
explaining two different regions regarding dissociation of water clusters. Under light, vapor
temperatures drop sharply (Region 1) near surface due to dissociation of clusters. A flat region
(Region I1) exists due to super saturation of water vapor. These features are not seen in thermal
evaporation. (E) and (F) Transmission spectra above water surface at different heights plotted, for
different heights but same sample (E), and same height but different samples (F). In (E), spectra
are shifted for clarify, and all shifts are within 0.5% of transmittance changes. Absolute
transmittance data are shown in (F). For pure water, absorption peak does not change. For pure-
PVA and PVA-ppy samples, both blue and red shifts are observed progressively away from the
sample surface.
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structure. After the cluster leaves the interface, it can recondense inside the hydrogel pores (internal
photomolecular effect). Water clusters leaving the hydrogel (external photomolecular effect) can
be broken up via collision with the air molecules (or among themselves). The breakup region
(Region 1) is much longer than the air molecule mean free path due to tight hydrogen bonds
compared to air molecules’ kinetic energy. In this region, heat is absorbed, leading to rapid
temperature drop. When the air gets supersaturated, dynamic equilibrium of breakup and
recondensation happens (region I1), leading to a flat temperature region.
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Materials and Methods

Chemicals

All chemicals, unless specified otherwise, were purchased from Fisher Scientific and used without
prior purification. PVA (molecular weight 15K average) was bought from MP Biomedical. APS
(=98%) is acquired from Sigma-Aldrich, pyrrole (reagent grade) is obtained from Aldrich. DI
water (18.2MQ.cm@?25°C) is produced from a Millipore Direct-Q® 5 UV Water Purification
System.

Sample preparation

Because the evaporation rate depends sensitively on structures, making samples that can exceed
thermal limit requires lots of process optimization. Below, we describe as detail as possible how
to make different samples used in our experiments. The process is similar to that described in Ref.
(9) but also with differences.

Preparation of PVA aqueous solution. PVA powder was dissolved in DI water under strong
stirring with water bath at 90 °C for 5 hours to make a 20 wt% solution.

Preparation of pure-PVA hydrogel samples. 5 ml PVA solution (20 wt%), 5 ml DI water, and
glutaraldehyde (25 wt%) 125 pL were mixed together by a vortex mixer for 2 minutes at room
temperature. Bubbles are removed with a centrifuge at 5000 RPM for 3 minutes. Next, HCI
aqueous solution (1.2M) 1 ml was added in, mixing with gentle shaking. The obtained solution
was injected into petri dish molds to desired thickness and diameter. The gelation was carried out
for 2 h at room temperature. The obtained PVA gel was immersed into DI water for 24 hours to
obtain pure PVA hydrogel.

Preparation of freeze-thawed and free-dried pure-PVA samples. The purified PVA hydrogel
was frozen first in a refrigerator at -20 °C for 6 h. The frozen sample is then moved onto a chilled
metal block at -40 °C (which leads to an initial cooling rate > 5 K/min) for 2 hours. After that, the
sample is thawed in open air. To repeat the freeze-thawing, the thawed sample is refrozen on the
chilled metal block at -40 °C for 2 hours and thawed again in open air. To obtain the freeze-thawed
sample, the freeze-thawing processes were repeated 1~5 times. The obtained freeze-thawed pure
PVA samples are stored inside a humid glass container for future use. To make freeze-dried PVA
samples, the above freeze-thawed samples after 3 freeze-thawing is placed on a chilled metal bulk
maintained at -60 °C by liquid nitrogen for 2 hours. Next, the samples are freeze-dried at 0 °C and
5.2 mTorr in a home-built freeze-drier for 48 hours. The obtained freeze-dried pure PVA samples
are stored inside a sealed dry glass container. Fig.S2A&B show photos of the samples.

Preparation of freeze-dried PVA samples with PPy absorber. Preparation of PPy aqueous
solution, 0.228g of APS particles was dissolved in 20 mL deionized (DI) water. 0.69 mL pyrrole
was uniformly mixed with 20 mL DI water by a vortex mixer for 5 min. Adding the APS solution
and pyrrole solution dropwise in turn to 50 mL 1.2 M HCI aqueous solution with stir. The
polymerization was carried out for 5 min, and quenched with DI water. The as-prepared PPy is
purified by filtration and washing using DI water for 3 times. The purified PPy was then well
dispersed in DI water by sonication to form PPy solution (20 g/L). Next, PVA aqueous solution
(20 wt%) 5 ml, glutaraldehyde (25 wt%) 125 uL, PPy aqueous solution (20 g/L) 5 ml were mixed
together by sonication for 10 minutes. Then remove the bubbles with centrifuge machine at 3000
RPM for 5 minutes. Next, HCI aqueous solution (1.2M) 1 ml was added in, mixing with gentle
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shaking. The obtained solution was injected into petri dish molds. The gelation was carried out for
2 h at room temperature. The obtained PVA-ppy gel was immersed into DI water for 24 hours to
obtain the clean PVA-ppy hydrogel. The freeze-thaw and freeze-dry processes are the same as
pure PVA samples. The obtained freeze-dried PVA-ppy samples are stored inside a sealed dry
glass container. Figs. S2C&D show photos of the samples.

Preparation of PVA Samples on carbon paper. Because the original carbon paper (AvCarb
MGL190 obtained from Fuel Cell Earth) is a little hydrophobic and its pore size is too large to
hold the PVA solution, and its absorptance is relatively low (about 75%), we first treated the carbon
paper using a PVA and PPy mixture solution. First, PVA aqueous solution (20 wt%) 1 ml, PPy
aqueous solution (concentration 20 g/L) 2 ml were mixed together by a vortex mixer for 2 minutes
and then remove the bubbles with a centrifuge at 3000 RPM for 3 minutes. The obtained solution
was dropwise and uniformly distributed onto the carbon paper (diameter 35mm, thickness
0.19mm). The wet carbon is dried in open air inside a fume hood. The physically cross-linked
PVA will partially fill the big pores in the carbon paper and binder the PPy particles to improve
its absorptance up to 95% [Fig.S9(b)]. In the next step, pure PVA layer is coated onto the above-
treated carbon paper. PVA aqueous solution (20 wt%) 5 ml, DI water 5 ml, glutaraldehyde (25
wt%) 125 pL were mixed together by a vortex mixer for 2 minutes and then bubbles were removed
with a centrifuge at 3000 RPM for 3 minutes. After the carbon paper surface is dry, HCI aqueous
solution (1.2M) 1ml was added into the prepared PVA solution, mixing with gentle shaking for 5
minutes. Next, 1 ml the obtained PVA solution is uniformly coated onto the carbon paper. The
polymerization was carried out for 2 hours, the purification of as-prepared PVA-carbon sample is
the same as pure PVA samples. The obtained PVA-carbon samples are storage inside a water
container before testing. Figs.S2E&F show photos of the samples.

Confocal microscopy

Free-thaw pure PVA samples are wet and hence cannot be directly observed inside a SEM. We
used confocal microscope (Zeiss LSM 700 Confocal) to observe internal structure of PVA sample.
A fluorescein was used as the florescent for the confocal observation by socking the PVA samples
in fluorescein solution with a dilution of 1:1000.

Scanning electron microscopy (SEM)

The morphologies of the freeze-dried pure PVA samples and PVA-ppy samples were investigated
using scanning electron microscopy (SEM) (Zeiss Sigma 300 VP Field Emission SEM), and the
images were analyzed using ImageJ software. The samples were coated with gold before they were
placed in the SEM at a low vacuum setting and water vapor was used to decrease the charging
effect on them.

Differential scanning calorimetry (DSC)

We measured the average latent heat of water in hydrogel samples by DSC (DSC/cell: RCS1-3277
Cooling System: DSC1-0107). In a typical DSC measurement, we first weighed the total mass of
the hydrogel sample. Thereafter, the sample was placed in a Tzero Pan and heated from 30 °C to
200 °C at different heating rates under a nitrogen atmosphere with a flow rate of 50 ml/min (Fig.S3).
The curve of heat flow shows a broad peak from 30° to 120°C, corresponding to the evaporation
of water in hydrogel. The desorption temperature range depends on the heating rate since the
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evaporation takes time and the sample may not be at a uniform temperature under fast heating.
The integration of the endothermic transition ranging gives the enthalpy for water evaporation.
The sample is weighted after measurement to determine the amount of water evaporated. Given
the measured water content of the sample, we can calculate the average latent heat of the water in
hydrogel samples.

Thermal gravimetric analysis (TGA)

We performed thermal gravimetric analysis (furnace: TGA1-0075, control unit: DCC1-00177) to
measure the water content and the decomposition temperature of hydrogel samples. The swollen
hydrogels weighing mo in a titanium pan without any water droplet on the surface of the samples.
We first cut a disk-shape of swollen hydrogels of around 10 mg. The swollen hydrogels were
heated up from 30 °C to 300 °C at the rate of 5 °C/min. The PVA powder was heated up from
30 °C to 400 °C at the rate of 5 °C/min. All tests were conducted under a nitrogen atmosphere at
a flow rate of 30 mL/min. In a typical TGA measurement, the mass of the sample decreases with
the increase of temperature and gradually reaches a plateau mary when all the residual water in the
sample evaporates. The water content of the hydrogel sample can be calculated by 1- mary/ mo.
Pure-PVA and PVA-ppy samples reach the plateau at lower temperature than PVA powders,
because the porous structures accelerate the drying process.

UV-VIS absorptance measurement

We used Cary 5000 UV-VIS spectrometer coupled to an integral sphere (Internal DRA 250) to
measure the diffuse reflectance R and transmittance T, and from which the absorptance is obtained
by A=1-R-T. For the reflectance measurement, the sample is placed at the back port of the integral
sphere (Fig.1C). For transmittance measurement, the sample is placed at the entrance port of the
integral sphere. Each measurement is carried in the order of transmittance/reflectance/
transmittance, with the third measurement done to make sure that the sample has not changed
during the measurements. The reference background spectrum is taken with the backport replaced
with a diffuser provided with the integral sphere.

The methods to load the sample onto the integrating sphere are shown in Fig.1C, Fig.S4(A) & (B).
Here, the home-made sample holder [Fig.S4(C)] is fabricated from two glass sheets (size
75mmx50mmx1lmm) and an acrylic frame (size: outside 75mmx50mmx2mm; inside
69mmx44mmx2mm) as spacer. Noted that the sample fulfilling the cuvette is much larger than the
view port of the integrated sphere. The absorption spectrum of the home-made sample holder
without samples is shown in Fig.S5(A). Because the sample holder is larger than the entrance port
of the integrating sphere, in theory, this kind of sample holder has the risk of overestimating the
absorbance because the obtained reflectance is underestimated due to some of the scattering light
may escaping from the side wall of the cuvette, which can’t be collected by the integrated sphere.
To estimate how much this error will be, we also make a similar but smaller cuvette, which can fit
into the integrating sphere opening so that all scatterted light can be collected by the integrating
sphere. We have checked three different samples with these two holders, including pure DI water
(reflection < 5%), as-received PVA powder (reflection > 80%), and freeze-dry PVA sample with
72%wt water (reflection ~ 50%). Based on the measured results, we find the difference is less than
2%.

To clearly show the absorbance of PVA hydrogels, and the water content effects, we also measured
the following samples:
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1) Glass cuvette: two glass sheets (75mm x 25mm x 1mm) and an acrylic spacer with frame
height 2mm and width 3mm. One glass sheet is bond together with the acrylic spacer by
super glue, and the other one is removable [Fig.S1(f)].

2) DI water sample: sealed the glass cuvette by super glue and then inject 3 ml DI water into
the glass cuvette.

3) PVA solution sample: sealed the glass cuvette by super glue and then inject PVA aqueous
solution (10 wt%) 3ml into the glass cuvette.

4) As-gelated PVA sample: put the prepared as-gelated PVA sample (2mm thick) into the
cuvette, and then sealed the cuvette with super glue.

5) PVA powder sample: add 2g as-received PVA powder into the cuvette, and then sealed the
cuvette with super glue.

6) Freeze-thawed pure-PVA samples with different freeze-thaw cycles: add the prepared
freeze-thaw samples into the cuvette, and then sealed the cuvette with super glue.

7) Freeze-dried pure-PVA samples with different water content: put the prepared freeze-dry
samples with specified water content into the cuvette, and then sealed the cuvette with
super glue.

To control the water contents inside a hydrogel sample, we first measure the weight of a freeze-
dried sample, and then transfer the dry sample onto a plain filter paper. Next we spray a mist over
the sample with a home-made sprayer in the fume hood. To achieve the specific water content, we
repeat spraying for several times. Then we put the wet sample into a sealed petri dish at room
temperature for 6 h, and finally weight the wet sample again to obtain the real water content inside
the sample. The measured reflectance and transmittance for representative samples are shown in
Fig. S6-S7. Figures S5(a) and (b) show negligible absorption in visible range due to glue and in
pure water. The 1-2% absorption in water in the visible range can be considered as uncertainly of
measurement. Both PV A solution and as-gelated PVA show negligible absorption [Figs.S5(c) and
(d)]. Dry PVA powder starts to absorb below 400 nm [Fig.S5e)]. Reflectance of freeze-dried
samples depends strongly on water content, and has high values at low water content.

Evaporation rate measurement

Figure S8 give some details of evaporation rate measurement platform. An electronic balance
(And EK610i) situated on a lift platform is used to monitor the weight loss of the sample during
experiments. An air-shield made of transparent plastic film is also located on the lift platform and
around the balance to reduce air flow around the sample. The balance is covered with highly
reflective mirror film (reflection higher than 90% in visible spectrum measured by Cary 5000 UV-
VIS-NIR spectrometer) to minimize heating by the incoming light. The samples with the same size
as water container are tightly fixed at the mouth of the water container, where its top surface is at
the same height level with the water container. This arrangement avoids the evaporation from the
sidewall of the sample on one hand, prevent recondensation that could happen when the sample is
below the top edge of the water container on the other hand.

For solar simulator (Sciencetech SS1.4K) driven evaporation, a mirror is used to beam down the
solar output (not shown in Fig.S8). The sample stages are carefully insulated using PU foam with
about 1 cm in thickness to minimize heat losses. Meanwhile, to avoid the excess light absorption
by PU foam, we used aluminum foil to package the PU foam. For LEDs driven evaporation, the
sample stage is naked, without any thermal insulation since we found little difference between
with and without insulation. To avoid light absorption by the support structure, all the support
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structure holding the sample stage is made by gluing the glass slides using clear glue (Krazy super
glue).

To clearly show the two-stage evaporation, at the very beginning of the measurement, we put a
water cap fully covering the hydrogel sample. Evaporation rate without light is recorded and
subtracted from the measured evaporation data under light. The two stages of evaporation after
light is turned on can be clearly seen from the weight loss as a function of time. One can also
clearly observe that when the evaporation rate changes, water recesses into hydrogel.

Here, to make the measurement as accurate as possible, all the tested sample sizes are larger than
the inner diameters of the water container about 2 mm. In this case, the samples can be tightly
fixed at the mouth of the water container through its friction with the container wall. In this way,
we carefully make sure the sample top surfaces are just at the same height with the container mouth.
This also only allows the water evaporating from the hydrogel when the water level go below the
sample top surface. Normally, we use a laser cutter to tailor the sample size because the as-prepared
samples are usually larger than we need. We have also checked the effect of sample size on
evaporation rates. For example, PVA-ppy samples under 1 sun, 1cm x 1cm sample’s evaporation
rate is 3.6 kg/m?h, ®12mm sample’s evaporation rate is 3.2 kg/m?h, however the sample with
25mm in diameter, its evaporation rate is about 2.4 kg/m?h. And more testing results under dark
condition are shown in Table S1. Because no rate changes were measured for samples with
diameter above 25 mm in diameter, all samples measured have a diameter of 25 mm. The sample
holders are made by cutting the glass bottles, with a diameter of 25mm and a depth of 5 mm and
wall thickness of 1 mm. The mouth of the container has been carefully polished to make its cross-
section flat and smooth. Furtherly, the sample holders used for PVA-ppy sample and PVVA-carbon
sample tests will be well thermally insulated as shown in Fig.S8. However, if they are used for
pure PVA sample tests, there is no thermal insulation.

The light intensity is monitored with a thermopile detector (Newport power meter 2936-R with
sensor 818P-001-12) to monitor the input light flux intensity before and after one test to make sure
the flux intensity is stable. The spatial non-uniformity of the flux intensity of the solar simulator
(Sciencetech SS1.4K) is less than 3% for a light spot with 5 cm in diameter. To reduce the noise
of the measured weight loss during evaporation, we also carefully check the lab environment to
make sure the fluctuation of the signals is no more than 0.01g (balance’s precision).

For the wavelength-dependent evaporation measurement, we used LED with different
wavelengths. LED lamps were purchased from Chanzon with rated power of 100 W and different
wavelengths: purple 390nm, blue 440nm, green 520nm, yellow 590nm, red 650nm, and IR 850nm.
To avoid overheating, LEDs need active cooling. We build a water cooling-based LED light source,
which not only prevents LED overheating, but also eliminates additional infrared radiation heating,
and avoids generating additional air movement which is a very common problem for air cooling.
To reduce the divergence and to improve the uniformity of the flux intensity, we built a light guide
using highly reflective surface made of a double layer structure: the outside is made of 1 mm
aluminum sheet and the inside is a high reflectance plastic sheet mirror (reflectance higher than
92% tested by Cary 5000 UV-VIS spectrometer) glued onto the inside surface of the aluminum
cylinder. The LED flux intensity casting onto the sample is measured according to its wavelength.

For the intensity dependence test, the sample stages and all the setups were kept the same. The
intensity is varied by changing the input power of the solar simulator (or the LED). For the solar
simulator, we measured the average intensity (the average wavelength is 650nm) in 10,000 seconds
before and after the test, respectively. For all the tests, the difference is less than 1%. All the
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wavelength dependence tests and intensity dependence tests are done on the same sample under
the same lab environment, but at different times.

To demonstrate purely thermal evaporation does not lead to two-stage evaporation, we used
electrical heating to raise the hydrogel’s temperature [Fig. S10A]. The main challenge for this
approach is that the heating should be nearly uniformly distributed while still allowing water to
permeate as in solar irradiation. We tested different ways to heat the sample electrically and
eventually settled on hand made mesh heaters. The mesh heaters are made from Nichrome wires
36 Gauge 0.127 mm in diameter, with spacing between wires 0.200 mm. The heaters are
embedded into different depths of PVA-ppy hydrogel during the sample preparation. The test
configuration is shown in Fig. S10 A&B. We measured thermal evaporate rate for PVA-ppy and
PVA-carbon samples by embedding the home-made heaters at different depths from the sample
surface. Measurement results are shown in Tables S2 and S3. Thermal evaporation cannot exceed
the limit.

We have also tested another way of thermal heating, by solar irradiation from the backside to the
bottom of a PVA-carbon sample [Fig. S10C]. Inthis case, light from the solar simulator is beamed
upward by a mirror, going through the bottom of the glass container and water and absorbed by
the black carbon and the additional layer of PPy on the black carbon. The light intensity is adjusted
to maintain the sample surface at the same temperature as heating from the front surface [Fig.
S10D]. FigS10B shows the sample sketch and an IR thermal image. The LED back-side heating
shows more uniform temperature than electrical heating.

Temperature measurements

For temperature measurement, we used both thermocouple and IR microscope.

To use IR camera to measure the vapor phase temperature distribution, we use a very thin glass
slide (0.1mm in thickness) as a thermal emitter for the IR camera to aim at Fig.S11. The glass
slide cannot touch sample surface, so there is a small distance ~0.3 mm, which is added in plotting
Fig.3A and 3C, while surface temperatures were measured using thermocouples. The glass is thin
and has low thermal conductivity, so that it does not average out the temperature variation in the
height direction. Its high emittance favors more accurate temperature measurement. Since our IR
camera needs emittance as input, we calibrated the emittance by comparing IR camera reading
with thermocouple reading.

To make the IR temperature sensing as accurate as possible, before each IR temperature
measurement, we will use a thermocouple to calibrate the IR camara at 0 °C (insert the glass slide
sensor into ice water bath) and 100 °C (insert the glass slide sensor into boiling water bath), by
adjusting its emissivity, reflective temperature, background temperature and the distance between
the sample and the lens. The difference at 0 °C and 100 °C between IR microscope and
thermocouple readings are less than 0.2 °C and 0.5 °C, respectively.

Samples of the obtained IR images of sample surfaces are shown in Fig. S11. The line plot of
temperature variation along height in Figs. 3(A) and (C) are obtained from averaging the
temperature distribution 5 mm around the centerline.

Measuring temperature using thermocouples under light needs special attention. To measure
sample surface temperature, thermocouples can be directly embedded underneath the sample
surface. However, to measure temperature above the sample in the vapor phase, especially in
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measuring temperature profile, we took precaution to shield the thermocouple from direct solar
irradiation, since poor heat transfer can lead to much higher thermocouple reading due to its
absorption of the light. To measure temperature profile in the height direction, it is importance to
avoid heat conduction along length of the thermocouple which can average out steep temperature
variations in the height direction. We used K-type (Omega fine wire thermocouple CHAL-0005,
125 um) thermocoupe is shaped into a U-shape (Fig.S12) with horizontal length of 20 mm to
minimize heat conduction loss from the junction along the thermocouple wire (44), which could
also smear out temperature gradient (44).

Direct transmission spectrum of vapor phase

To measure the transmission spectrum of the vapor at different height during light-driven hydrogel
evaporation operation, a special sample stage was made with water-cooled LED, so that the sample
stage can fit into the sample chamber of the UV-VIS-NIR spectrometer (Fig. S13). The probe
beam of the spectrometer is limited with an IRIS of the size Imm (vertical) x 3 mm (horizontal)
as shown in Fig. S13. The height of the sample can be controlled with the help of a movable stage.
Since the probe beam is fixed, this configuration enables us to scan the direct transmittance of the
moist air at different height over the working samples, by lowering the sample. The LEDs are fixed
in the UV-VIS sample chamber. We made sure to make the sample at different heights can receive
the same input energy (1 sun) by adjusting the LED input voltage. During testing, the sample
chamber was kept closed to reduce the noise, but vapor can leak out since the sample chamber is
not hermetically sealed. For all these measurements, we always carefully checked but did not find
any condensation inside the sample chamber.

For all the tests of PVA-ppy sample and pure PVA sample, the incident light intensity is the same,
1 sun. To heat up DI water under solar radiation, we put a black absorber at the bottom of the
sample holder and adjust the incident light intensity to obtain the same evaporation temperature as
the PVA-ppy sample at 1 sun. We also carefully measure the direct transmission of dry air. This
is used as a common baseline to process the collected data at different heights for various samples.
We collect the signals 5 times at each sample height and take their average.

Under LED lamp radiation, the detector of the UV-VIS spectrometer easily gets saturated due to
scattered light. To avoid this situation, we put two filters with cutting off wavelength at 530 nm
and 610nm in the front of the detector window as shown in Fig. S2 to cut off the lights shorter than
these wavelengths.

However, the beam shape coming out of the UV-VIS changes along the pathlength, although long
the sample diameter, the change is small. Due to this change, the beam position should be
understood as nominal.

We measured transmission spectrum in the vapor phase at different heights on pure-PVA, PVA-
ppy surfaces as well as pure water surfaces at different heights, when they are subjected to green
light (520 nm). The measured spectra are illustrated in Fig. S14 and also provided as data files
since the spectra are rich in information and cannot be easily deciphered at this stage. We have
explained some main features which clear show the existences of clusters in the main text. The
normalization sometimes leads to over 100% due to environmental drift.

27



Fig. S1. SEM images of (A) pure-PVA, and (B) PVA-ppy samples. Samples typically show
columnar structures running vertically towards surface. The pure-PVA samples have lateral ridges
across the vertical columnar structures.
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Fig. S2. Photos o (A) frozen and (B) swollen states of freeze-thawed pure PVA sample. (C) dry
and (D) swollen states of freeze-dried pure PVA sample; (E) dry and (F) swollen states of PVA-
PPy sample; (G) PPy modified carbon paper at dry state and (H) pure PVA coated carbon paper
at swollen state.
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Fig. S3. (A) DSC thermographs of freeze-dried PVA hydrogels under the scanning rate of 1, 2, 5,
10, and 20 °C/min. (B) Measured latent heat of freeze-dried PVA hydrogels versus heating rate.
The measured latent heat does not vary much with heating rate. (C) DSC thermographs of freeze-
dried pure-PVA hydrogel and PVA-ppy hydrogel under the scanning rate of 5 °C/min, giving their
average latent heat of evaporation as 2,238 J/g and 2,574 J/g respectively. Pure-PVA samples
showed ~13% smaller latent heat than PVA-ppy samples. Such latent heat reduction can be
explained with pressure difference between water in hydrogel and pure water at ambient pressure.
(D) Measurement of the normalized mass reduction (i.e., current mass m over mass at swollen state
mo) using TGA of PVA powder, freeze-dried PVA hydrogel, and PVA-ppy hydrogel under the
scanning rate of 5 °C/min. The decomposition temperature of PVA-ppy wet sample is around
250 °C obtained from TGA measurement [Fig.S9(c)]. This clearly shows under 1 sun the bonds of
the hydrogel matrix will not be broken up with normal evaporation temperature lower than 50 °C.
So, the energy to driven evaporation will not come from the matrix decomposition.
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Fig. S4. (A) llustration of sample configuration when using the integrating sphere. (B) Photo of
the back port of integrating sphere and probe beam size. (C) Illustration of home-built sample
holders for use with integrating sphere, and (D) a photo of the sample holder.
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Fig. S5. Reflectance, transmittance and absorbance spectra of (A) empty glass cuvette; (B) DI
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Fig. S8. Illustration (A) and photo (B) of the evaporation rate measurement set up.
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Fig. S10. (A, B) lHlustration of PVA-ppy and PVA-carbon electrical heating testing configuration
and IR image of surface temperature profile, respectively, (C,D) photos of a home-made setup that
can do solar heating from top and bottom.
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Fig. S11. Infrared measurement of vapor temperature above evaporating samples. (A)
Illustration of thin-glass slide used for IR image of vapor phase temperature; (B) Test set up; vapor
phase temperature profile for PV A-ppy sample with (C) lamp on and (D) lamp off; (E) vapor phase
temperature profile for pure-PVA sample evaporation; (F) Vapor phase temperature profile for
pure water evaporation. The dashed boxes in (C-F) indicate the regions where the temperature
profiles are extracted along the vertical direction.
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Fig. S12. (A) Illustration and (B) photo of the thermocouple configuration for vapor phase
temperature mapping along height direction.
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Fig. S14. Direct transttance spectra of moist air over various samples at different heights. (A)
pure water from Omm to 10mm; (B) PVA-ppy sample from Omm to 10mm; (C) Freeze-dried pure
PVA sample from Omm to 10mm. Dry air transmittance, obtained from normalizing the spectra of
dry air using an aperture, which limits the spot width in the height direction to ~ 1mm to that

without an aperture.
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Table S1. Effect of sample size on evaporation rates under dark condition.

Size PVA-PPy hydrogel sample Pure water
(kg/m2h) (kg/m2h)

Tecmx1cm 0.28 0.31

®25cm 0.21 0.22

® 3.7cm 0.21 0.22

®6.9cm 0.20 0.21

*All the tests are done at the lab environment, 21.5 °C / 35% RH, air velocity less than 0.2 m/s.
And the water container is the normal petri dish without thermal insulation.
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Table S2 Joule heating efficiency of PVA-PPy sample (4mm in thick) with embedded
heating mesh at different height beneath the top surface*.

Position/mm 4 3 2 1 0.5
Temperature/oC 42.8 42.5 42.6 42.9 425
Evaporation rate/kg/mzh 0.96 1.06 1.13 1.28 1.25
Energy efficiency 48% 53% 79% 81% 86%

* For the same sample with heating mesh beneath the top surface 1 mm, its evaporation rate is
2.14 kg/m?h @ 1 sun (solar simulator) and its evaporation temperature is 42.5 °C.
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Table S3. Joule heating efficiency of PVA coated carbon paper samples with different
coating layer thickness at the same top surface temperature.

PVA coating thickness/um 300 200 100 40
Evaporation rate

@ Joule heating® 1.29 1.36 1.39 1.43
Joule efficiency** 83% 87% 93% 96%

Evaporation rate

@ Solar simulator* 1.96 2.04 2.15 2.13

*  The evaporation rates have been deducted from the natural evaporation rate (0.22 kg/m?h). The
lab environmental condition: 22.4 °C/46%RH. All the testing evaporation temperatures of
Joule heating were fixed at the same temperature of 42.5 °C, which is also the evaporation
temperature of the same sample under 1 sun (solar simulator).

** The Joule efficiency was estimated by the evaporation rate*latent heat @42.5 °C of water/total
input power.

***After about 20 minutes of steady evaporation, the sample started to curve up.
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Caption for Movie S1. Recondensation on a glass slide suspended in the vapor region for
PVA-ppy hydrogel under green light (1 sun).
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