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Currently, steam generation using solar energy is based on heating bulk liquid to high
temperatures. This approach requires either costly high optical concentrations leading to
heat loss by the hot bulk liquid and heated surfaces or vacuum. New solar receiver concepts
such as porous volumetric receivers or nanofluids have been proposed to decrease these
losses. Here we report development of an approach and corresponding material structure
for solar steam generation while maintaining low optical concentration and keeping the
bulk liquid at low temperature with no vacuum. We achieve solar-thermal efficiency up to
85% at only 10 kWm™. This high performance results from four structure characteristics:
absorbing in the solar spectrum, thermally insulating, hydrophilic, and interconnected
pores. The structure concentrates thermal energy and fluid flow where needed for phase-
change and minimizes dissipated energy. This new structure provides a novel approach to

harvesting solar energy for a broad range of phase-change applications.

Solar irradiation is a promising source of renewable energy, as the hourly incident solar flux on
the surface of the earth is greater than annual global energy consumption'. Efficient harvesting of

solar energy for steam generation is a key factor for a broad range of applications, from large-



scale power generation, absorption chillers, and desalination systems to compact applications
such as water purification for drinking, sterilization, and hygiene systems in remote areas where
the only abundant energy source is the sun. Current methods of generating steam using solar
energy rely on a surface or cavity to absorb the solar radiation, and transferring heat to the bulk
liquid directly or via an intermediate carrier fluid, which require high optical concentration and
suffer from high optical loss and surface heat loss**, or vacuum to reduce convective heat loss
under moderate optical concentration. The steam thus generated is usually in thermal equilibrium
with the bulk liquid. Nanofluids---fluids seeded with nanoparticles---as another alternative have
been studied’’ as volumetric absorbers, potentially minimizing the surface energy loss by
uniform temperature in the fluid® and enhanced thermal conductivity of nanofluid®’. Local
generation of steam in a cold bulk liquid can be achieved through high concentrations or
illumination of nanofluids by electromagnetic waves (generally, lasers) with high power
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intensity'® '®. Recently, Neumann et al.”'” succeed in generation of steam in bulk water with Au

nanoparticles (NPs) with the power of 10° kWm™ (optical concentration, C,,:, of 1000),

pt>

consistent with the analysis of Phelan et al. ° on several experiments concluding that Ag NPs
with diameter of 20 nm diameter had the lowest threshold light intensity for boiling at 2x10°
kWm™. However, the solar-thermal conversion efficiency of the approach was still only 24%.
High optical concentrations limit the utilization of these approaches in stand-alone compact solar
systems. Furthermore, high optical concentrations add complexity and cost to the solar-thermal

conversion system.

We report the development of a new approach and corresponding material structure that localizes
the solar energy where evaporation occurs and minimizes the heat losses leading to enhanced

solar-thermal efficiency at low optical concentration in open air while generating steam. As



shown in Fig. la, under solar illumination, the developed structure forms a hot spot internally
where evaporation occurs. The fluid wicks to the hot spot, evaporates and forms vapor which
leaves the structure. This structure needs to have four main characteristics: high absorption in the
solar spectrum, low thermal conductivity to suppress thermal conduction away from the hot
internal region, hydrophilic surfaces to leverage capillary forces and promote fluid flow to the

hot region, and interconnected pores for fluid flow to and from the structure.

Results

Material structure. For the first demonstration of this approach, we developed a double layer
structure (DLS) consisting of a carbon foam layer supporting an exfoliated graphite layer (Fig.
1b and Fig.1c). The bottom carbon foam is thermally insulating with smaller pore size for liquid
supply and the top exfoliated graphite layer has larger pore size for vapor escape. Details of the
DLS synthesis are given in the methods section. The optical transmission spectrum of the DLS is
measured in the wavelength range of 200-1500 nm (Supplementary Fig. 1a). The reflectivity of
the exfoliated graphite is measured with a spectrophotometer equipped with an integrating sphere
(Supplementary Fig. 1b) and it is <3 % in the solar spectrum (250-2250 nm). Thus, 97% of the
irradiated solar power is absorbed within the top exfoliated graphite layer. The surface area of
the exfoliated graphite layer is measured by N, adsorption to be approximately 320 m’g”, 32
times higher than graphite flakes for more efficient heat transfer to the fluid (Supplementary Fig.
2).

Receiver efficiency. Solar absorption in the exfoliated graphite layer generates a hot region in
the DLS. If fluid is constantly provided to this hot region, the evaporation rate reaches a steady-
state condition. The experimental setup for measurement of evaporation rate (and therefore

efficiency) is shown in (Supplementary Fig. 3). A test chamber is designed to assess



performance of the DLS. This design is aimed to minimize 2-D and 3-D thermal losses. The
thermal losses by the test chamber is simulated and discussed in (Supplementary Fig. 4). The
lab-scale size of the test chamber leads to a total of 6.5% parasitic losses, which can be avoided
in large scales applications (Supplementary Note 4). Hence, higher receiver efficiency can be
achieved in large systems. The evaporation rates of water with the DLS and the single exfoliated
graphite layer (volumetric absorber) are measured by recording the weight change as a function
of time and results are compared with pure water under solar illumination of 1 and 10 kWm?,
Fig. 2a and 2b. After an initial transient period, the evaporation rate reaches a constant value. At
each optical concentration, an experiment was run for a long illumination time (more than 5
hours) and no change in evaporation rate is observed after the initial transient period. For pure
water, the absorptance is small in the visible range. However, this small absorptance together
with the larger absorptance in the infrared regime (not directly measured in this work)
throughout the volume of the water causes an approximately 10 °C temperature rise in steady
state condition under a solar intensity of 1 kWm™. This temperature rise leads to enhanced
evaporation (~6 times) compared to a dark environment (Supplementary Fig. 5). The water
evaporation rate in a dark environment is 74 kgm™hr™'. This “dark” evaporation rate is subtracted
from all the measured evaporation rates under the solar illumination to isolate the effect of solar
irradiation on the evaporation rate. The DLS structure shows the highest evaporation rate and it
is 2.1 and 2.4 times higher than pure water at 1 and 10 kWm™ solar illumination, respectively.
To show the effect of the bottom layer of the DLS, if only exfoliated graphite (volumetric
absorber) is utilized, the evaporation rate drops by 17% due to heat losses by conduction to the
underlying water. The thermal efficiency (7yy,) is considered to assess the performance of DLS

and is defined as
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where m denotes the mass flux, h;y total enthalpy of liquid-vapor phase change (sensible heat+

phase-change enthalpy), C,p, the optical concentration, and g; the nominal direct solar irradiation

1 kWm™. The ny, of the DLS is an increasing function of optical concentration and goes from
64% at 1 kWm™ to 85 % at 10 kWm™, Fig. 2c. We emphasize that optical concentration losses
are not considered in this analysis. Note that this level of optical concentration can be achieved
by simple non-imaging optics with monthly adjustment without a tracking system, which reduce
the overall cost of the system. We calculate the conduction losses to the underlying water as
described in (Supplementary Fig. 6 and Supplementary Fig. 7). This loss at 10 kWm™ is 5+0.5 %
of the total solar irradiation. The measured surface temperature of the exfoliated graphite is ~5
°C less than the generated vapor temperature. Considering emissivity of 0.97 (Supplementary
Fig. 1b), under solar illumination of 10 kWm™, the radiation losses at the surface are 6 %. At a
solar irradiation of 1 ka’z, the fraction of losses is ~35% (reflection~3%, conduction ~6%,
surface radiation ~12%, test chamber parasitic losses ~14%). These losses are a decreasing
function of solar irradiation, and the total loss drops to ~15% at 10 kw™. If the steam is generated
with the DLS at higher concentrations, we expect that efficiencies of more than 90 % is
achievable. Here, we focused on low optical concentration to reduce the complexity and cost of
solar harvesting system.

As a comparison, we have prepared a highly absorbing nanofluid with carbon black NPs. The
structures of NPs are shown in (Supplementary Fig. 8). The sample preparation method is given
in (Supplementary Note 7). The nanofluid has absorption of > 99% in the wavelength range of
250-2250 nm. We have measured the receiver efficiency of this absorber with the same
procedure used for the DLS (Supplementary Fig. 9a). The vapor generation rate by this type of
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receiver at solar irradiation of 10 kWm™ is compared with the DLS in (Supplementary Fig. 9b).
The nanofluid receiver leads to both lower vapor temperature (~80 °C) and lower efficiency
compared to the DLS. The conversion efficiency of nanofluid receiver at solar irradiation of 10
kWm™? is 75+3% while this efficiency for the DLS is 85+3%. Furthermore, the fast dynamics of
steam generation by the DLS is caused by heat localization at the liquid-vapor interface making
it a superior option in transient solar irradiation applications.

The evaporation rate as a function of optical concentrations is also shown in Fig. 2c. Localized
energy close to the surface of the structure accomponied by a limited flow rate of fluid leads to
an enhanced temperature of the generated vapor phase. At 10 kWm™, while steam is generated,
the underlying liquid is close to ambient temperature as shown in Fig. 2d. This non-equilibnrium
process offers a localized phase-change while the surrounding medium remains cold. This
localization leads to a significant drop in thermal losses by the bulk fluid and consequently a
boost in the thermal efficiency of solar-thermal conversion. Note that our current system does
not allow us to conduct experiments at higher pressures.

Structure characterization. Low thermal conductivities of the materials in the DSL structures
are important for heat localization. We measured the thermal conductivity of each layer in this
structure separately. The thermal conductivity of each layer is measured with an IR microscope
(See details in methods). In Figs. 3(a-d), the thermal conductivity of each layer in air (Fig. 3a
and 3b) and filled with water (Fig. 3¢ and 3d) are shown. The inset in each figure is a
representative picture taken by IR microscope and indicates the temperature gradient across the
sample. Since both structures are porous and have a large portion of air, their thermal
conductivity is low in air. Once the exfoliated graphite (top layer) is filled with water, its thermal

conductivity is larger than that of water and is not favorable for localizing heat, see Fig. 3c.



However, the carbon foam shows a low thermal conductivity even when soaked in water. The
carbon foam (bottom layer of the DLS) is critical for localizing thermal energy and the low
thermal conductivity is due to the closed pores in this structure. These closed pores have three
advantages: floating the structure, lowering the thermal conductivity, and limiting the fluid flow
to the surface. Low thermal conductivity and limited fluid flow lead to formation of a hot spot
and generation of steam in the DLS at low optical concentrations. In contrast to closed pores,
open pores provide paths for fluid to flow to the surface.

The other important characteristic of the DLS is its hydrophilicity which promotes fluid flow to
the surface. The capillary force in the exfoliated graphite layer enhances the evaporation rate of
the fluid through several mechanisms: formation of thin films on the surface of graphite sheets®’,
enhanced surface area for evaporationzz, and formation of three-phase contact lines at the edges

of the capillaries™™*

. The graphite structure has hydrophobic surfaces as evidenced by the
contact angle (Supplementary Fig. 10a). However, after exfoliation in a microwave and
oxidization of its surface, the graphite surface becomes hydrophilic (Supplementary Fig. 10b).
The microstructure of graphite flakes before and after microwave exfoliation is presented in
(Supplementary Fig. 11). In practice, while the hydrophobic graphite flake appears dry on the
water surface (see Fig. 4a), the hydrophilic graphite flake results in formation of a thin layer of
water on the top surface (see Fig. 4b). The hydrophillic flakes leverage the capillary force to
channel the fluid flow to the hot region. The microstructure of carbon foam is shown in
(Supplementary Fig. 12a). The pores diameters are around 300-600 um. Furthermore, the role of
closed pores in floating the structure is highlighted in (Supplementary Fig. 12b) by comparing it

with a carbon foam consisting of only open pores. In Fig. 4c, powdered carbon foam is dispersed

on a water surface forming a dry surface indicating the hydrophobicity of this foam. To promote



water flow, the carbon foam is treated by 4% molar nitric acid (see methods section), to make its
surface hydrophilic, Fig. 4d.

Efficiency comparison. To illustrate the insulating role of carbon foam, the underlying liquid
temperature under the solar illumination of 1 kWm™ is mesured for the DLS experiments and
compared to just exfoliated graphite and pure water cases, as shown in Fig. 5a. Note that the
thermocouples are shielded to eliminate the effect of direct solar illumination in the pure water
experiments. As shown, the temperature of the water 15 mm below the water surface with the
DLS structure is half of that in the other cases. In the absence of the bottom insulating foam, the
temperature exceeds that of the pure water case due to a hot spot created in the exfoliated
graphite layer. The generated vapor temperature with the DLS is measured under a range of
optical concentrations and is plotted in Fig. 5b. With the DLS, steam >100 °C is generated at the
solar illumination of 10 kWm™. A few degrees higher steam temperature than saturation
temepearture at the ambient pressure is caused by the superheat required for hetrogeneous bubble
nucleation. Based on the measured vapor temperature and evaporation mass flux, receiver
efficiency of the DLS is determined for 1, 2 and 10 kWm™ solar irradiation, Fig. 5c. At each
solar concentration, this efficiency is compared with the receiver efficiency of water and single
graphite layer on water. As shown, the DLS offers a high performance in solar-thermal energy
conversion compared to both cases.

Furthermore, the performance of the DLS is compared with some reported state-of-the-art
systems® (selective absorbers, nanofluids, and a type of volumetric absorber) and is presented in
Fig. 5d. Note that all the systems are non-vacuum and no optical concentration losses are
considered. These intrinsic efficiencies are plotted as a function of (Tinax-Tam)/Copt Where Tinax

denotes maximum temperature of working fluid in the receiver and T,y the ambient temperature



(Supplementary Note 7). As shown, DLS offers better performance than reported values of these
systems and promises a new efficient approach for solar-thermal harvesting. In addition, in the
(Supplementary Note 10) potential applications of the DLS are presented.

In conclusion, we have developed an approach and corresponding material structure, the DLS,
which absorbs solar illumination, and confines the thermal energy (formation of hot spot) to near
the structure surface while efficiently wicking the fluid to this hot spot. This structure yields a
solar-thermal conversion efficiency of 85% at 10 kWm™ solar illumination, while generating
steam in open air. Localization of heat is achieved by the broad-spectrum absorbing and
thermally insulating properties of the DLS while the fluid flow is channeled to the hot spot by
the hydrophilic and porous nature of the DLS. We believe that by decreasing the flow rate in the
carbon foam, replacing carbon foam with a more insulating material, and optimizing porosity
and thickness of each layer (tuning capillary pressure in the sturucture) better performance such
as higher steam temperature and/or at lower optical concentrations can be achieved. This work

opens a new approach for solar assisted steam generation for many potential applications.

Methods
Synthesis of the DLS. The acid-washed graphite flakes are obtained from Anthracite Industries
Inc. The acid-washed graphite flakes are mixed with the iron (II) acetate anhydrous, 97% (Strem
Chemicals) with the ratio of 60-40 wt%. The mixture was heated in a microwave for 7s to form an
exfoliated fluffy structure®®?®. The trapped gases between the graphite layers expand in the
synthesis process and detach the flakes from each other. The volumetric exfoliation during this
process is approximately 100 times. The dispersed iron species formed after the decomposition of
Iron (IT) acetate provides a ferromagnetic structure. The ferromagnetism of the exfoliated graphite

helps its collection after use. The acid-washed graphite flakes originally have a hydrophobic



surface. However, in the exfoliation process, due to high temperature, the graphite surface is
oxidized and turns into a hydrophilic surface. The Duocel carbon foam of type PPI 80 (80 pores
per inch) is purchased from K. R. Reynolds. The carbon foam is washed in 4% molar nitric acid
for 2 hrs under stirring to make its surface hydrophilic.

Thermal conductivity measurements by IR microscope. The thermal conductivity of each
material is measured by sandwiching the material between two squared-shape glass slabs
(reference materials) each 1 mm thick. The glass slabs are spaced from each other by double-stick
tape and sealed in three sides for liquid measurements. The sandwich is placed between a heat
source (Cu block heater) and a heat sink (thermoelectric cooler). The heat sink is maintained at a
fixed temperature while the current through the heat source is tuned to induce a range of
temperature gradients across the sandwich. The whole structure is placed under an IR microscope.
The emissivity map of the sandwich in an isothermal condition is first obtained followed by
temperature distribution mapping. Since the thermal conductivity of reference materials is known,
the measured temperature gradient in these materials is used to determine the heat flux. Given the
heat flux, and measured temperature gradient in the material, the thermal conductivity of each
material is calculated by the Fourier equation. The set-up is calibrated with water first and the
measured thermal conductivity is within +£5% of the reported value. The linear correlation of heat
flux and temperature gradient in Fig. 3 suggests a negligible contribution of convection side losses

in the measurements.
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Figure 1 | Double layer structure (a) A representative structure for localization of heat; the
cross section of structure and temperature distribution (b) The DLS that consists of a carbon foam
(10 mm thick) supporting an exfoliated graphite layer (~5 mm thick). Both layers are hydrophilic
to promote the capillary rise of water to the surface (c) A picture of enhanced steam generation by

the DLS structure under the solar illumination of 10 kWm™.

Figure 2 | Performance of the double layer structure The evaporation mass loss of water with
different structures under (a) 1 kWm™ and (b) 10 kWm™ solar irradiation is compared with the
case of pure water. All experiments are conducted in ambient temperature of 24 °C and the
humidity of 31%. (c) The solar-thermal efficiency of the evaporation process by the DLS under a
range of optical concentrations (left-hand side axis) and the corresponding evaporation rate (right-
hand side axis). (d) While the steam is generated, the underlying bulk liquid is at the ambient

temperature.

Figure 3 | Thermal conductivity of the double layer structure The thermal conductivity of each
layer in the DLS is measured by an IR microscope (methods). (a) Exfoliated graphite in air, (b)
carbon foam in air, (c) exfoliated graphite with water, and (d) carbon foam filled with water. The

inset in the figures are the representative picture taken by IR microscope.

Figure 4 | Hydrophilicity of the double layer structure (a) The as-purchased graphite flakes

possess hydrophobic surfaces and form a blanket over the water surface (b) The synthesized

graphite flakes are hydrophilic and form a thin layer of water on the surface (c¢) The powdered
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carbon foam which is hydrophobic (d) The processed carbon foam which is hydrophilic and

promotes the capillary force and infiltration of water to the surface.

Figure 5 | Efficiency comparison (a) The insulating behavior of carbon foam is highlighted by
measurement of underlying water temperature under 1 kWm™ and compared with other structures.
For pure water, a radiation shield was installed on top of the thermocouple to eliminate the effect
of direct radiation on the temperature reading. For the carbon structures, the transmittance of the
structure is low enough that direct radiation does not contribute in temperature measurements. (b)
The generated vapor temperature with the DLS under a range of optical concentrations (c) The
solar-thermal conversion efficiency of the DLS is compared with water and single graphite layer
under 1, 2, 10 kWm™ solar illumination. Furthermore, the receiver efficiency of a highly
absorbing nanofluid is shown. The error bars in the efficiency values resulted from errors in the
measurement of solar irradiation power and evaporation flux and the error bars in the evaporation
flux are resulted from error in the mass change measurements. (d) The performance of DLS is
compared with the current systems as a receiver in a solar tower collector”. All of these systems

are non-vacuum and no optical concentration losses are considered in these data.
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Supplementary Figure 1| Optical properties of the DLS. (a) The transmittance of water and
the DLS in the wavelength range of 300-1500 nm (b) the reflectance of the DLS structure in the
wavelength range of 250-2250 nm including both diffusive and specular reflectance. The
reference sample was obtained from Avain Technologies LLC (FGS-02-02c; Fluorilon Gray

Standard).
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!Supplementary Figure 2| Surface characteristics of the exfoliated graphite. (a) The
adsorption- desorption isotherm of N, at 77 K on exfoliated graphite. The BET surface area of
this structure is 320 ng'l indicating 32 times enhancement in the exfoliation process. (b) The

pore size distribution of exfoliated graphite determined by the BJH model.



Supplementary Figure 3| The experimental set-up. (a) Test chamber designed to minimize

side losses (b) The evaporation rate and temperature field in the liquid and vapor phases are

measured and the data are collected with a DAQ board controlled by a LabVIEW interface.
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Supplementary Figure 4| Simulated thermal losses of the test chamber. Thermal losses of
the test chamber is simulated by COMSOL under a solar irradiation of 10 kWm™. The boundary

conditions of the walls are convective heat fluxes with a coefficient of 5 Wm2K".
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Supplementary Figure 5| Evaporation under dark condition. The evaporation rate of water
under dark conditions and under solar irradiation of 1 kWm™. The absorption of water and its

temperature increase causes a significant enhancement in evaporation.
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Supplementary Figure 6] Temperature gradient in the underlying fluid. The temperature
gradient in the underlying water below the DLS is measured with four embedded thermocouples
in the test chamber. The distance between the thermocouples is 10 mm. The gradient between the

top two thermocouples is used to calculate heat conduction losses to the underlying water.
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Supplementary Figure 7| Conduction losses. Heat conduction losses of the DLS to underlying

water as a function of optical concentration are measured.
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Supplementary Figure 8| Carbon black nanoparticles. The microstructure of the carbon black
NPs used in the nanofluid receiver. The concentration of these particles is 0.5 wt% in the

solution.
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Supplementary Figure 9| Nanofluid solar receiver. (a) The experimental setup with carbon
black nanofluid (b) The vapor generation rate by the nanofluid and the DLS are compared. The

DLS shows higher steam temperature, higher efficiency and faster dynamics.
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Supplementary Figure 10| Contact angle of water on graphite flakes. (a) Thin film of as-
washed graphite flakes and (b) exfoliated graphite. Although the graphite flakes possess
hydrophobic surfaces (contact angle of 100+2°), the exfoliated graphite flakes show hydrophilic

surface (contact angle of 40+2°).
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Supplementary Figure 11| Microstructure of graphite flakes. (a) Before microwave
exfoliation and (b) after exfoliation for 7s. The exfoliation process causes formation of a porous

interconnected structure.
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Supplementary Figure 12| Characteristics of the carbon foam. (a) The microstructure of the
carbon foam. Diameter of the pores are in the range of 300-600 pum. (b) The left subfigure shows
the carbon foam consisting of both closed and open pores floating on top of the water surface
while in the right-hand side subfigure, the carbon foam comprising of only open pores sinks in

the water.



Supplementary Note 1| Optical properties of the DLS. The optical transmission spectrum of
carbon foam, exfoliated graphite and pure water are measured in the wavelength range of 300-
1500 nm, (Supplementary Fig. 1a). For both carbon foam and exfoliated graphite (DLS), the
transmittance is less than 0.01%. The reflectance of the exfoliated graphite is measured with
Cary 5001 UV-VIS-NIR Dual-Beam Spectrophotometer including an integrating sphere
(diffusive and specular reflectance) in the wavelength range of 250-2250 nm and is shown in
(Supplementary Fig. 1b). The error in the measurements is +1%. The reflectance measurements
cover approximately the entire AM 1.5G solar spectrum. The portion of solar irradiation in the
wavelength range of 2250-2900 nm is ~0.2%. This reflection along with transmittance results

suggests that 97+1% of solar energy is absorbed in the exfoliated graphite layer.

Supplementary Note 2| Surface area of exfoliated graphite. The surface area of the exfoliated
graphite is measured by N, adsorption experiments at 77K (Quantachrome, Autosorb-iQ). The
adsorption-desorption curves are shown in (Supplementary Fig. 2a). The Brunauer-Emmett-
Teller (BET) model suggests the surface area of 320 m’g”’ for exfoliated graphite while the
surface area of graphite flakes is only 10 m’g” before exfoliation by microwave radiation. The
32 times enhancement in the surface area is caused by exfoliation of graphite flakes in the
microwave process. The pore size distribution in the exfoliated graphite is determined using the
BJH model and shown in (Supplementary Fig. 2b). Most of the pores have a radius of <6nm.
Note that these pores are within each particle of the exfoliated graphite. The spacing between

particles is on the order several hundred micrometer.



Supplementary Note 3| The experimental setup. The experimental setup is shown in
(Supplementary Fig. 3). The setup is equipped with a solar simulator (Newport 94082A), power
measuring system (including Newport thermopile detector (818P-040-55, 40W, 55 mm diameter)
and Newport power meter (1918-c)), a test chamber, balance, DAQ board, and data collection
system.

The designed test chamber is shown in (Supplementary Fig. 3a). The test chamber consists of
two concentric acrylic tubes with inside diameters of 50 mm and 100 mm and height of 96 mm.
The gap between the tubes is filled with translucent hydrophobic aerogel particles (Cabot Lumira
LA 1000 Aerogel, 700 um-4 mm diameter, Aerogel Technologies) to minimize side losses.
Based on the COMSOL simulations in (Supplementary Note 4), the parasitic losses of the test
chamber are ~6.5% (3% top surface and 3.5% side walls) of total solar illumination. Four T-type
thermocouples are embedded in the inside tube with 10 mm intervals. These thermocouples are
used to measure the heat conduction loss to the underlying water. The thermocouples are
calibrated with an accuracy of 0.1 K prior to experiments. Another thermocouple is placed on top
of the DLS to measure the temperature of the generated steam at the surface of the structure. The
thermocouple is coated with a highly reflective white Boron Nitride coating (Cotronic
corporation) to suppress the heating effect of direct illumination on the thermocouple reading.
The illumination source is a solar simulator (Newport 94082A) with an optical filter for AM
1.5G spectrum. This simulator uses a xenon lamp and proprietary filter to meet Class A
performance parameters without compromising the 1 sun output power. This solar simulator has
< 2° collimated output. The temporal non-uniformity of the illuminated beam is +2%. The
reported spatial uniformity of the illuminated beam by the manufacturer is £5%. The solar

illumination of the solar simulator is reflected by metal mirror angled 45° onto a rectangular



polymer Fresnel lens (17.5%17.5 cm?). A copper aperture with diameter of 50 mm is placed
below the Fresnel lens and above the test chamber to form a circular solar illumination spot with
the same diameter of the inside tube of test chamber. The solar irradiation is measured at the
level of the DLS with the power measurement system. The Newport thermopile detector has a
larger diameter (55 mm) than the solar illumination spot. The total power is measured with the
thermopile detector and is divided by the area of the copper aperture to determine the solar
illumination flux. The non-uniformity of the solar illuminated spot is determined by measuring
the solar illumination with a smaller Newport thermopile detector (818P-001-12) at eight points
along the diameter of the solar spot. At an average concentration of 10 kWm™, the local solar
flux varies from 8-12 kWm™. The balance is used to monitor the mass loss from evaporation,

and consequently determine the efficiency of solar-thermal conversion.

Supplementary Note 4| Simulation of heat losses. We simulated the thermal losses of the test
chamber in a steady state condition in COMSOL, neglecting the fluid motion (which is small in
the liquid). The boundary conditions for the test chamber are as follows: convective boundary
condition with h=5 Wm™ K" at the walls and top and bottom surface of the test chamber
excluding the evaporating surface. At the evaporation surface, an evaporation heat transfer
coefficient of 120 Wm™ K™ was determined by matching the COMSOL absorber temperature
with the measured vapor temperature. This evaporation heat transfer coefficient is a conservative
approximation due to volumetric characteristics of the absorber. A boundary heat flux of 10

kWm™ (10 suns) was applied at the absorber top surface. The exfoliated graphite layer is



approximately 5mm thick, and has a thermal conductivity of 0.93 Wm 'K (as measured in
(Supplementary Fig. 3). The carbon foam is 12 mm thick, and has a thermal conductivity of 0.43
Wm'K'. The thermal conductivity of the walls (acrylic) and aerogel insulation are considered
0.2 Wm K" and 0.02 Wm™'K™', respectively. The cross-sectional temperature field in the test
chamber is shown in (Supplementary Fig. 4). The heat losses from the side walls and the top
surface is shown in the figure. Due to lab-scale size of the test chamber, 6.5% of the parasitic
losses are caused by the top surface (3%) and side walls (3.5%). Note that although thermal
conductivity of the side walls (Acrylict+ Silica aerogel) is less than water, due to higher surface
area of the walls, thermal losses of the side walls are more than the bottom surface. That is, the

DLS promises higher values of receiver efficiency in large-scale 1-D structures.

Supplementary Note 5| Evaporation rate of pure water. The evaporation rates of water in a
dark environment and under solar irradiation of 1 kWm™ are measured at the same ambient
temperature and humidity. The water evaporation rate in a dark environment is 74 kgm™hr”
(only 15% of that under solar illumination of 1 kWm™), (Supplementary Fig. 5). The evaporation
rate in the dark condition is subtracted from all the measured data under the solar illumination.
The absorptance of pure water in the visible and infrared regime throughout the volume causes
an enhanced evaporation compared to the dark environment. We conducted these measurements
to exclude the role of ambient condition and humidity on our measurements. We note that in the

literature this effect is neglected and the reported efficiencies include both solar irradiation and

ambient condition effects.



Supplementary Note 6] Conduction losses. The conduction loss to the underlying water is
calculated using the temperature gradient in the underlying water. Once the vapor temperature at
the surface of the DLS reaches to a steady-state condition, the temperature gradient in the
underlying water is measured. (Supplementary Fig. 6) shows the temperature vs. times at
different locations in the underlying water (TC; is just below the DLS, and the interval between
thermocouples are 10 mm) for optical concentrations of 3, 5, 7, and 9. These temperature
gradients are used to calculate the heat conduction losses to the underlying liquid,

(Supplementary Fig. 7).

Supplementary Note 7| Nanofluid based solar receiver. A nanofluid solution was prepared
using carbon black NPs (Cabot, Vulcan 9) in a concentration of 0.5 wt% in deionized water. The
solution was sonicated for one hour to make a uniform solution. The microstructure of the NPs is
shown in (Supplementary Fig. 8). The particle diameters are in the range of 20-60 nm. We
measured the absorption of this nanofluid with Cary 500i UV-Vis-NIR Dual-Beam
Spectrophotometer in the wavelength range of 250-2250 nm. The solution has absorption of
>99% in this wavelength range. This nanofluid is utilized in the experimental setup as discussed
above for solar steam generation. The experimental and measurement procedure was same as the
one reported above, (Supplementary Fig. 9a). The vapor generation rate as a function of time for

this nanofluid receiver is compared with the DLS and shown in (Supplementary Fig. 9b).

The generated vapor temperature by this nanofluid under solar irradiation of 10 kWm™ is ~80 °C
(compared to DLS ~100°C) and the receiver efficiency at this solar concentration is 75+3%

while this efficiency for the DLS is 85+3%. Compared to the DLS, nanofluid solar receiver leads



to both lower vapor temperature and lower receiver efficiency. The major source of low
efficiency is conducted heat from the liquid-vapor interface to the bulk nanofluid. In the DLS,
heat is localized at the liquid-vapor interface and the conduction loss to the bulk fluid is

minimized.

Furthermore, we have compared the performance of the DLS as a solar receiver with other
current technologies as reported in', Fig. 5d. These technologies include selective surfaces,
nanofluid, and PS10 volumetric receiver (wire mesh). These performances are calculated for a
receiver in a solar tower collector. All these systems are non-vacuum. Note that no optical
concentration losses are considered in these efficiencies. The reported intrinsic efficiencies are
plotted as a function of (Timax-Tam)/Copt Where Tax denotes the maximum temperature of working
fluid in the receiver and T, the ambient temperature. Normally, for flat-panel solar collectors,

the figure of merit is defined as (7Tavg- Tam)/ Coptz where Ty, 18

_ (Tin + Tout)

Tog=""73
T, and Ty, denote inlet and outlet temperature of working fluid, respectively. Since the DLS is
designed to generate high temperature working fluid while keeping the bulk fluid cold, for a
better comparison herein with the DLS, we have used Ti.x in the figure of merit formula rather
than T,,. Note that using T, in the figure of merit formula is in favor of the DLS in the

comparison. As shown, the DLS shows higher performance than the current systems at low

optical concentrations and offers a new approach for efficient solar-thermal harvesting.



Supplementary Note 8| Hydrophilic nature of the DLS. The porous structure of the DLS
promotes the fluid flow through capillary force if it is hydrophilic. This force depends on the
contact angle of the fluid on the surface of the porous structure. If the surface is hydrophobic, it
adversely affects the evaporation rate. The contact angle of water on graphite flakes and
exfoliated graphite are measured and shown in (Supplementary Fig. 10). In both cases, a thin
slab of the graphite is fabricated by pressing at a pressure of 13.5 MPa for 12 hrs. The contact

angle of water on graphite flakes is 100+2°, and 40+2° for exfoliated graphite.

Supplementary Note 9| Microstructure of graphite flakes and carbon foam. Microstructures
of graphite flakes before and after microwave exfoliation are shown in (Supplementary Fig. 11).
The volumetric expansion (~100 times) in the microwave detaches the graphite flakes and forms
a highly porous structure with 32 times higher surface area than acid-washed graphite flakes. The
second component of the DLS is the carbon foam. As discussed, the carbon foam utilized in this
work consists of both open and closed pores. A microstructure of this foam is shown in
(Supplementary Fig. 12a). The pore diameters are in the range of 300-600 um. In an ideal case,
the size of open pores should balance the capillary pressure and flow viscous pressure in the

foam structure. This leads to maximum temperature in the structure without drying out.

The closed pores in the carbon foam structure lead to float of this structure on top of the water
surface. This characteristic is shown in (Supplementary Fig. 12b) on the left-hand side subfigure.

The vertical position of the carbon foam floating on the surface suggests that the density of foam



is close to density of water. If the foam only consists of open pores, it will sink in the water as

shown in the (Supplementary Fig. 12b), right-hand side subfigure.

Supplementary Note 10| Potential application of the DLS. Although at early stage, we
envision that efficient solar steam generation with the DLS has many potential applications,

some examples are given below.

1. Processes that involve evaporation of pure liquid including power generation, some
distillation processes, absorption chillers, mixed-fluid waste treatment and solar ponds. Solar
ponds are used for mineral extraction, hazardous waste treatment and agricultural water
treatment. Fast and efficient evaporation in these ponds has both economic (fast processing) and
environmental (land use) advantages.

2. Processes that involve evaporation of liquid solution including desalination, some
sterilization approaches, and chemical purification. The evaporated liquid leaves solid particles
in the absorbing structure and leads to fouling phenomenon. This phenomenon is an intrinsic
problem to membrane-based desalination systems. The current solutions for this problem are
described in chapter 15 of the reference’ with the title of “Membrane elements fouling and
performance restoration”. Briefly, the solutions are back washing or chemical treatment. The
carbon foam is treated with 4% molar nitric acid during preparation stage with no detectable

change in the properties, suggesting its chemical stability.



3. Our current system is not pressurized. In a pressurized system, we expect to achieve

higher pressure and temperature for potential power generation applications.
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