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1. Introduction
Solving the increasingly serious world-
wide shortage of freshwater is one of the 
great challenges facing mankind and a 
priority within the United Nation Sustain-
able Development Goals. To overcome 
such challenges, developing new methods 
for the harvesting of sustainable water 
resources by using non-polluting and 
renewable green clean energy, amongst 
others, is much needed.[1] To this end, solar 
energy radiation has become the focus 
of attention because of its unique advan-
tages of being cheap, accessible, pollution-
free, and inexhaustible. By making use of 
solar energy from radiation it is possible 
to extract fresh water from brine and/or 
even from polluted water by driving the 
“clean” water away from the contaminated 
water via evaporation.[2] The working prin-
ciple of traditional solar volume evapora-
tors is to directly irradiate with sunlight 
a large amount of water, which effect can 

be enhanced by dispersing metal particles (with solar–thermal 
conversion effect) into water.[3] Upon solar irradiation, vapor is 
generated at the air-water interface leading to inevitable heat 
losses due to evaporative cooling and others, which leads to 
low solar energy utilization. To avoid such losses, the concept 
of interfacial evaporation where absorbed solar energy is con-
verted into heat easing the evaporation of the water wicking 
and spreading over the solar evaporator and away from the 
bulk has been put forward,[4] which is regarded as the prem-
ises for the realization of thermal localization.[5] Thermal local-
ized desalination systems exploit the advantages of enhanced 
water thin film infiltration over the evaporator surface and the 
accurate solar energy localization empowering high thin film 
evaporation, accelerated vapor diffusion transport, and heat 
loss minimization.[6] Currently, the theoretical production rate 
of fresh water on passive and portable solar evaporators ranges 
from 1 to 10 L·m−2·h−1 for basic and thermally localized ones, 
respectively, which are within the same orders of magnitude 
as operational limits but far from the thermodynamic limit of 
≈100 L·m−2·h−1.[6a]

In order to prompt solar evaporator efficiencies closer to their 
thermodynamic limit, the synergistic cooperation of advanced 
materials properties and structures plays a paramount role 
in the optimal design and maximization of solar interfacial 

Solar evaporation has become a promising and sustainable technique for 
harvesting freshwater from seawater and wastewater. However, the applica-
bility and efficacy of solar evaporation need further improvement to achieve 
high production closer to theoretical limits in compact systems. A 3D (three-
dimensional) hierarchical inverted conical solar evaporation is developed, 
which consists of a 3D copper foam skeleton cone decorated with micro-/nano-
structures functionalized with graphene oxide, fabricated via easy and scalable 
wet oxidation, impregnation, and drying at room temperature. The proposed 
configuration empowers high-efficiency solar absorption, continuous liquid film 
spreading and transport, enhanced interfacial local evaporation, and rapid vapor 
diffusion through the pores. More notably, the 3D conical evaporator realizes 
thermal localization at the skeleton interface and allows evaporation to occur 
along the complete structure with unimpeded liquid and vapor rapid diffusion. 
The solar–thermal evaporation efficiency under 1-Sun is as high as 93% with a 
maximum evaporation rate per unit area of 1.71 kg·m−2·h−1. This work highlights 
the benefits of synergistic cooperation of an easily scalable 3D hierarchical func-
tiomicro-/nano-structured copper foam skeletons and functionalized graphene 
oxide for high-efficient solar evaporation of interest to numerous applications.
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evaporation. The basic performance requirements of solar evap-
orators include high solar energy absorption, optimal solar–
thermal evaporation efficiency, continuous and sufficient water 
transportation, unimpeded vapor diffusion mechanisms, and 
minimum heat loss.[7] At present, limited production rates are 
owed to the inevitable heat loss caused by the high light reflec-
tivity and thermal radiation in the case 2D (two-dimensional) 
plane evaporators, which have prompted the investigation 
and development of 3D (three-dimensional) volume struc-
tured evaporators.[7b,8] By employing unique 3D structures, the 
amount of light absorbed as well as the different pathways for 
water transport and vapor diffusion can be enhanced and/or 
tailored to our advantage.[9] To this end, a macroscale 3D cup-
shape solar evaporator was designed by Shi et  al., which can 
recover most of the energy loss in a 2D plane photothermal 
material by capturing the multiple diffuse reflections of sun-
light within the cup-shaped structure, leading to a high energy 
efficiency beyond 100%.[10] Nonetheless, the introduction of 
a 3D structure only provided 16% to 18% higher evaporation 
rates per unit of area when compared to the 2D one, with a 
maximum of 1.46 kg·m−2·h−1. More recently, a 3D sunflower-
shape photothermal evaporator was reported by Sun et  al.[11] 
The unique cavity shape of the sunflower allows for reab-
sorbing the energy lost by diffuse reflection and thermal radia-
tion yielding evaporation rates of 1.51 kg·m−2·h−1 and a solar 
efficiency of 100.4% under 1-Sun illumination.[11] More recently, 
a hierarchical porous carbonized lotus seedpods-shape evapo-
rator was proposed by Fang et al. with excellent light absorption 
and photothermal conversion performance attributed to the 
conical lotus macrostructure coupled with the sunken structure 
of the cylindrical holes in the lotus.[12] It is worth considering 
that in addition to the contribution of the macrostructures to 
light capture, microstructures also anticipate great potential 
for light reabsorption. The utilization of porous materials such 
as foams and thin films is a critical factor in solar interfacial 
evaporation, because these empower the light trapping effect 
by increasing the number of diffuse reflections through the 
light.[12] In addition, the internal structure of porous materials 
such as hydrophilic hierarchical metal foams also maximizes 
the water transport toward the interface and the occurrence of 
confined phase-change.[13]

Besides enhancing light absorption, managing efficiently 
both water transport and vapor diffusion mechanisms at the 
water-air interface is also an important step to be able to meet 
the global demand for water and thermal management.[14] 
When looking into the liquid transport from the bulk to the 
photothermal conversion layer, the size scale plays a big role. 
Interconnected porous networks, bionic plant cells with direc-
tional water delivery capacity,[11,15] and fiber structures inducing 
capillary effect,[16] can all enhance liquid transport as well as 
the realization of interfacial evaporation. For instance, a cou-
pled 2D-3D spiral-shaped evaporator with an increased area 
for evaporation and diffusion of the vapor from both the upper 
and lower surfaces of the evaporator with the consequently 
enhanced vapor generation efficiency has been proposed by 
Wang et  al.[17] More recently, Zhang et  al. proposed a high 
efficient salt-rejecting evaporator by making use of a wick-
free confined water layer achieving high evaporation rates per 
unit of area of 1.36 L·m−2·h−1 with a solar-to-vapor conversion 

efficiency of 91% under 1-Sun illumination.[18] However, poor 
water transport along the unconventional structure[19] and heat 
losses caused by the direct contact of the wick-free water layer 
and the evaporator are some of the drawbacks, which call for 
further improvement.

Another approach to increase the water production rates is 
the use of carbon-based light-absorbing materials, which have 
only been briefly investigated in the field of solar evaporation. 
For instance, polypyrrole organic polymer coating deposited on 
or impregnated within the structured melamine foam aerogel[20] 
with the upper surface of the melamine foam aerogel covered 
by a graphene oxide film has been investigated.[21] However, the 
use of a polymer organic coating coupled with the foam aerogel 
yields a rather poor thermal conductivity. The low thermal con-
ductivity can on the other hand be overcome by making use of 
the outstanding thermal conductivity of metal foams allowing 
the heat to spread more evenly. Within carbon-based materials, 
graphene has received increasing attention for the develop-
ment of light-absorbing materials in recent years because of 
its high solar/light absorption and high thermal conductivity. 
Moreover, its optical and hydrophilic properties can be tailored 
to our advantage by adjusting its oxidation degree. For instance, 
the vapor generation efficiency of carbon black, graphitized 
carbon black, and graphene nanofluids under 10-Sun irradia-
tion was reported as high as 69% additionally showing that the 
performance of transient and steady states could be signifi-
cantly improved.[22] More recently, Zhang et  al. exploited both 
the photothermal conductivity and self-supporting channel 
water transport of functionalized vertically aligned graphene 
sheets membranes realizing an excellent evaporation rate per 
unit of area of 1.62 kg·m−2·h−1 with a photothermal conver-
sion efficiency of 86.5%.[23] Since then, a variety of graphene 
derivatives such as graphene oxide (GO), chemically reduced 
graphene oxide, functionalized chemically reduced graphene 
oxide, have been proposed to contribute to enhanced solar evap-
oration. However, optimizing and maximizing light absorption 
and hydrophilic properties of GO merits further investigation. 
Compared with the combination of nickel foam and graphene 
oxide,[24] the pristine copper foam (PCF) coupled with GO 
offers enhanced thermal conductivity, so that the areas of the 
conical evaporator that are not directly irradiated by the sun can 
also be efficiently heated, which is also the key factor to achieve 
local thermal positioning.

Although macroscale 3D evaporators can compensate for 
some shortcomings originating from the 2D structure, there 
are still some limitations to be addressed. To overcome such 
limitations as well as to maximize the water production rate; 
in the present study, we introduce a 3D inverted conical solar 
evaporator (concave shape as in concentrated solar power) con-
sisting of a 3D matrix material of hierarchical superhydrophilic 
(SHi) copper foam (CF) (SHiCF) and graphene oxide (GO). The 
advantages of our proposed system are the synergistic coopera-
tion of enhanced water wicking transport and high light absorp-
tion through the porous SHiCF skeleton; enhanced area for the 
diffusion and transport of the vapor owed to its 3D structure;[25] 
and further enhanced solar absorption and high water sorption 
rates owed to both the hierarchical SHiCF and the GO advanced 
functionalization.[23] Moreover, the presence of an air-laid paper 
wrapping the macroscale evaporator also ease capillary wicking 
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from the bulk water to the skeleton of the evaporator and dif-
fusion of the vapor from the SHiCF skeleton to the pores of 
the air-laid paper without obstruction instead of being trapped 
inside the CF pores. The adopted configuration provides a 
maximum evaporation rate per unit of area of 1.71 kg·m−2·h−1 
is achieved, which is an 8% to 20% enhancement under 1-Sun 
radiation when compared to other recent works.[18,11] Further-
more, the use of a polyethylene foam isolating the bulk water 
from the evaporator interface reduces heat losses via conduc-
tion down to a minimum of 0.6%, which is only 1/6 of the con-
duction heat loss of a sandwiched photothermal membrane.[4] 
To sum up, the proposed design is able to achieve high efficient 
solar absorption, continuous and high water transport, and 
unimpeded vapor diffusion, providing relevant enhancements 
on evaporation rates with an easier and scalable fabrication pro-
cedure, with the consequent solar evaporator higher efficiency 
as well as minimum heat losses.

2. Result and Discussion

2.1. Solar Evaporator Surface Characterization

Schematics of the sunlight absorption proposed principle 
within the 3D inverted conical solar evaporator consisting of 
a 3D matrix material of hierarchical superhydrophilic copper 
foam (SHiCF) functionalized with graphene oxide (GO) is 
included in Figure 1a. While schematics of the 3D inverted 
conical solar evaporator wrapped in an air-laid paper including 
the polyethylene foam and air insulating layer between the 
evaporator and the bulk water, are presented in Figure  1b. 
The conical surface of the evaporator was created by bending 
the honeycomb type pristinne copper foam (PCF) in a conical 
shape, and it was further chemically etched to create a uniform 
layer of copper oxide blade-like superhydrophilic nanostruc-
tures decorating the micro-structured skeleton of the CF as rep-
resented in Figure 1c. The 3D inverted conical solar evaporator 
with a cone’s apex angle of 45° provides an enhanced projected 
area for the light incidence while maintaining a reasonable 
height for the water transport toward the top of the cone.[3a] The 
implementation of the nano-structures modifies the chemical 
and physical properties of the foam inducing its superhydro-
philic wetting behavior,[26] henceforth referred to as SHiCF. 
It is worth noting that the PCF can be easily bent and folded 
into almost any 3D desired configuration maintaining its struc-
ture and shape under water load even after hours or days of 
operation, while the inner microscale pores act as optical traps 
allowing the repeated absorption of a large amount of reflected 
light experiencing multiple diffuse reflections along the cone 
matrix.[27] Scanning electron microscopy (SEM) ZEISS Ultra 
Plus (Germany) snapshot of the SHiCF in Figure  1d shows 
the unique skeleton structure with pores in the micro-meter 
range decorated with nano-meter blades with thickness in the 
order of tens to a hundred nanometers and a few micrometers 
in length. The unique structure of the SHiCF allows for a suf-
ficient path for light capture as well as enhanced water trans-
port and vapor diffusion. While the dimensions of the pores 
are within 100–300 µm in diameter and ≈100 µm thickness of 
the copper network.[28] The blackish termination of the SHIiCF 

micro- and/or nano- structures obtained by chemical etching 
has a significant impact on improving the hydrophilicity of the 
evaporating interface.[29] In addition, subsequent GO impregna-
tion introduces further oxygen containing polar groups such 
as carboxyl (COOH) and hydroxyl groups (OH), which in 
turn enhance water spreading and transport at the evapora-
tion interface.[30] The benefit of enhancing light absorption via 
reduced GO (RGO) is actually overcome by the better affinity 
of GO to water and to water transport exploited in this work. 
The chemical etching modifies the physicochemical properties 
of the CF by introducing hydrophilic groups that empower wet-
ting while at the same time increasing the surface roughness 
leading to the superhydrophilicity of the SHiCF and the com-
plete water droplet spreading with contact angles ≈0° as shown 
in the inset in Figure  1c.[30a,b,31] Thereafter, the SHiCF surface 
is functionalized with GO to form the SHiCF-GO, which also 
exhibits complete wetting upon droplet deposition. The abun-
dant oxygen functional groups such as hydroxyl (OH) and 
carboxyl (COOH) groups attached to the GO molecular layer 
additionally empower excellent water sorption contributing fur-
ther to the water transport capacity of the evaporator.[23] SEM of 
SHiCF-GO-2.5 in Figure 1e[31] (where 2.5 refers to the amount 
of GO solution in mg mL-1) shows that by making use of an 
appropriate amount of GO below 3  mg mL−1, upon impreg-
nation, the GO interlocks within the skeleton structures by 
depositing evenly around and within the nanostructures of the 
micro-structured skeleton. Whereas for concentrations equal or 
above 3  mg mL−1 as for SHiCF-GO-3.0 in Figure  1f, the size 
of the pores decreases considerably clogged by the excess of 
GO leading to pore filling, which eventually inhibits transport 
and/or vapor diffusion, with the consequent lower evaporation 
rates reported. Physical SEM characterization clearly shows 
the absence of GO in SHiCF in Figure  1d when compared to 
SHiCF-GO-2.5 after impregnation provided in Figure 1e where 
the presence of GO locked within the micro-structures is clear. 
When looking into the stability of the GO, long-run experi-
mental observations of up to 9 h showed no degradation of the 
evaporation performance/rate for any of the SHiCF-GO config-
urations studied, which means that GO is stable and not easy to 
be removed. Figure S10, Supporting Information shows up to 
9 h of the SHiCF-GO-2.5 sample immersed in deionized water 
without any degradation or GO transfer to the bulk water.

On other hand, SHiCF and SHiCF-GO-2.5 functional group 
changes were studied via Fourier Transformed Infrared (FTIR) 
spectroscopy as shown in Figure 1g and Figure S4c, Supporting 
Information. FTIR spectrum for SHiCF-GO-2.5 in Figure  1g 
shows different peaks with centers at 1257, 1731, and 3602 cm−1 
corresponding to COC, CO, and COH bonds, respec-
tively, which prove the existence of a large number of oxygen-
containing functional groups.[32] While FTIR spectrum for 
SHiCF in Figure S4c, Supporting Information, shows clear 
differences in the arbitrary transmittance of the COC peak 
at 1257 cm−1, indicating that more light is reflected back with 
the consequent poorer light absorption in the absence of GO. 
Moreover, Raman spectrum of the stretching frequency of the 
OH bonds for SHiCF-GO-2.5 in the presence of water infiltra-
tion is shown in Figure 1h. Four peaks are fitted by a Gaussian 
function revealing the state of different types of water mole-
cules within the SHiCF-GO-2.5 infiltrated solar evaporator. The 
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peaks at 3214 and at 3426 cm−1 correspond to the OH expan-
sion and tetrahedral structure of free water, while the peaks at 
3580 and at 3639 cm−1 are related to the weak hydrogen bond 
of intermediate water, showing a non-tetrahedral structure, 
which is conducive to the phase change of water and the diffu-
sion of vapor.[33] When directly comparing the Raman spectrum 
for SHiCF shown in Figure S4d, Supporting Information and 
that of SHiCF-GO-2.5 in Figure 1h, it is demonstrated that the 
content of intermediate water present in the SHiCF-GO-2.5 is 
relatively higher, which proves the presence of GO on how GO 
increases the proportion of intermediate water on the surface 

facilitating water transport and evaporation. Both FTIR and 
Raman spectrum characterization supports well the presence of 
GO within the SHiCF-GO samples and the benefits of GO to 
facilitate water transport and evaporation.

For efficient solar evaporation, advanced functional mate-
rials that can adsorb light across the broadest range of the solar 
spectrum are a perquisite, for which carbon-based materials are 
promising toward achieving this goal.[34] As such carbon-based 
materials play a paramount role in improving the efficiency and 
water rate production in thermal localization systems. This is 
mainly owed to the following advantages: easy modification, 

Small 2023, 2208137

Figure 1.  Schematics of the proposed light absorption principle, evaporator, fabrication process, and characterization of the 3D inverted conical solar 
evaporator. a) Schematic illustration of the proposed solar evaporator and light absorption principle. b) Schematic illustration of the solar evaporator 
apparatus with a thermally insulating layer. c) Functionalization process of the pristine copper foam (PCF) by chemical reaction with sodium hydroxide 
(NaOH) and ammonium persulfate ((NH4)2S2O8) inducing the formation of superhydrophilic nanostructures, which can be proved by water contact 
angle on the SHiCF surface. d) SEM images of SHiCF showing highly porous micro-structures and the blade-like nano-structures. e) SEM images 
of SHiCF coated with graphene oxide (SHiCF-GO-2.5). f) SEM images of SHiCF coated with graphene oxide (SHiCF-GO-3.0). g) FTIR spectra of 
SHiCF-GO-2.5. h) Raman spectrum of SHiCF-GO-2.5 showing the intensity of intermediate water (green and red) and free water (purple and blue). 
i) Absorbance spectra (%) of PCF, SHiCF, and SHiCF-GO surfaces in the wavelength range of ultraviolet light, visible light, and infrared rays, that is, 
from 250 to 1800 nm.
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strong plasticity, and high light absorption efficiency.[21,35] Com-
pared with traditional carbon-based materials, GO has very low 
emissivity while ensuring high solar absorption.[23] The absorp-
tion rates of PCF, SHiCF, and SHiCF-GO samples are meas-
ured using an ultraviolet-visible-near infrared (UV–VIS-NIR) 
spectrophotometer Shimadzu UV-3600 (Japan) and the corre-
sponding results are shown in Figure  1i. The surface absorp-
tion rate is calculated by the weighted average absorptivity 
over the range of 250 to 2500  nm wavelength. The weighted 
average absorption rate for the SHiCF surface improves con-
siderably when compared to the PCF surface owed to the pres-
ence of additional nano-structures increasing the surface area 
and the number of diffuse reflections when compared to the 
pristine one, which are 91.2% and 34.4% respectively. While 
the light absorption performance of SHiCF-GO-2.5 evaporator 
shows the best results with an average of 93.6%. Impregnating 
the SHiCF in a solution with higher or lower GO concentra-
tion shows a 2% decrease in the light absorption rate for both 
SHiCF-GO-2.0 and SHiCF-GO-3.0 down to 91.8 and 91.6% 
respectively, while the reflectivity for the SHiCF-GO-3.0 evapo-
rator is also increased by 2% to 8.4% suggesting that higher GO 
blocks the pores and weakens the light trap effect leading to 
inhibition of light absorption. Evidences on the greater amount 
of GO impregnated within the pores of the SHiCF-GO-3.0 skel-
eton when compared to SHiCF-GO-2.5 can be retrieved from 
Figure 1f,e, respectively. See Table S1, Supporting Information 
for the different absorptivity, reflectivity, and transmissivity 
values for the different studied configurations.

The transmission rate of SHiCF and that of SHiCF-GO-2.5 
measured using the same Ultraviolet-Visible-Near Infrared 
spectrophotometer are 0.2%, and 0.1% respectively as shown in 
Table S1, Supporting Information, which are rather negligible 
indicating that the incident solar energy/heat loss is mainly due 
to the reflection of light.[21,36] While the introduction of nano-
structures improves the absorptivity, the deposition of GO in 
SHiCF-GO; on the other hand, these reduce greatly the amount 
of reflected light with an average reflection rate of 6.3% for 
the solar wavelength range measured, which is lower than on 
the PCF and the SHiCF evaporators, measured as 56.0% and 
8.6% respectively (Table S1, Supporting Information). The 
black nano-rough appearance of the SHiCF and SHiCF-GO 
surfaces is the reason for the excellent enhancements of the 
solar energy absorptive capacity. When the light is irradiated to 
the rough skeleton, there will be many irregular diffuse reflec-
tions between uneven micro-scale spherical-like structures 
and the nano-blade-like structures, so that most/all the light is 
absorbed with the consequent reduction on the total amount 
of reflected light. On the other hand, differing from conven-
tional carbon materials, in the case of graphene and graphene 
oxide there is a shift of the infrared absorption light spectrum 
resulting from the increased conjugated π bonds in graphene, 
which greatly benefits the absorption of incident light.[37] The 
shift of the absorption peak toward the infrared spectrum 
plays a key role in avoiding the ineffective utilization of solar 
energy due to infrared light dissipation into waste heat, which 
is the reason why materials that can absorb the full spectrum 
of the solar energy should be targeted.[38] Efficient broadband 
solar light absorption corresponds to π–π* (CC) transition 
and n–π* (CO) transition.[30b,39] The great increase in surface 

absorbance achieved by the morphology and chemical proper-
ties of the copper micro- and nano-structures coupled with the 
presence of GO anticipate that superhydrophilic treatment and 
precipitation of GO are both essential steps for high efficient 
solar evaporator design and optimization. Moreover, the pres-
ence of water wicking through the solar absorber results in a 
further decrease of the surface reflectivity making the wet evap-
orator to have a better light absorption capacity than the dry sur-
face.[40] We note here that the light intensity emitted by the light 
source gradually decreases with the increase of the distance 
from the top to the bottom of the 3D conical evaporator. The 
incident light intensity at any height inside the conical evapo-
rator can be obtained by fitting the solar radiation intensity at 
the bottom, middle, and top of the conical evaporator where I 
refers to the intensity of the incident light inside the conical 
evaporator after fitting, which decays as the distance from the 
light source increases, as shown in Figure S4b, Supporting 
Information. The empirical fitting for the intensity obeys the 
linear relation: I = −5.66h + 170.81.

2.2. Liquid and Vapor Transport Solar Evaporator Characteristics

The 3D conical solar evaporator composed of an air-laid paper 
and SHiCF or SHiCF-GO skeleton not only ensures that most 
of the sunlight reaching the pores is absorbed, but also pro-
vides the paths for water transport and vapor diffusion.[39,41] The 
air-laid paper composed of cellulose and polyester is used as 
passive water transportation path easing water liquid molecules 
to continuously diffuse toward the SHiCF or the SHiCF-GO 
skeleton and then toward its interface in order to replenish the 
evaporating water.[42]

The dense micro- and nano-structured framework of the CF 
also provides an efficient path for water capillary wicking and 
transport empowered by the increased roughness and superhy-
drophilic wettability, that is, SHiCF.[39] The efficient and con-
tinuous capillary action ensures that the evaporating interface 
is continuously replenished and wetted during the process. 
Moreover, the high surface area of the skeleton structure pro-
vides enough space for the vapor diffusion from the interface 
toward the ambient. The synergistic cooperation of the super-
hydrophilic skeleton and air-laid paper prevents both the insuf-
ficient evaporation caused by untimely water supplement as 
well as heat loss caused by excessive water evaporation. In the 
present case, evaporation and diffusion of the vapor occur from 
both the air-laid paper and from the SHiCF skeleton toward the 
ambient realizing 3D interfacial evaporation. The exploitation 
of the synergistic cooperation of the porous CF and GO utilized 
in our work enhances water transport along the interface, vapor 
diffusion within the pores and as such provides higher evapo-
ration rates than earlier evaporators such as the carbon fiber 
cone[43] and the acrylonitrile-styrene-acrylate (ASA) cone.[3a]

In order to measure the wettability and permeability of the 
PCF, SHiCF, and SHiCF-GO, capillary rise characterization 
experiments are conducted on the different surfaces at an incli-
nation angle of 67.5° with respect to the horizontal (Figure 2a).[44] 
The PCF sample decorated with rather large micro-pores in the 
absence of nano-structures presents difficulty toward wetting 
because of its poor wicking or capillary action force, which is 
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not large enough to overcome gravity. In contrast to the PCF 
sample, on the SHiCF (Figure S5, Supporting Information) the 
water rising wetting front follows a rather fast initial wicking 
and spreading behavior, followed by the gradual slowdown of the 
wetting front until it finally reaches equilibrium. Similar to the 
SHiCF sample, the wetting front on the SHiCF sample tightly 
wrapped with air-laid paper shows a similar qualitative trend to 
that reported for the SHiCF. However, the wicking process of 
the SHiCF and air-laid paper raises initially quicker and con-
tinues to rise for a longer time, indicating its excellent super-
hydrophilicity and wicking capabilities owing to the synergistic 
cooperation of the water transport through the air-laid paper as 
well as through the SHiCF, (Figure 2b) with a much better water 
transport than on sole SHiCF.[45] The SHiCF and air-laid paper 
realizes the joint action of double path water transport, which 
are along the SHiCF plane, that is, along the cone edge, as well 
as through the SHiCF thickness, that is, from the air-laid paper-
SHiCF interface toward the SHiCF-air interface.

When looking into the rising velocity and the final height 
of the water wetting front for SHiCF-GO sample, there is a 
slight increase when compared to the SHiCF sample, which 
is explained by the enhanced superhydrophilicity and water 
affinity to both the oxygen-containing groups and hydroxyl 
groups of the GO.[26,31,46] The wetting front of water raising 
along the evaporator shows a similar phenomenon than for 
stripe capillary rise experiments. Figure  2a-II,III shows exper-
imental snapshots and representation of the wetting front 
before reaching the top corresponding to experimental obser-
vations reported in Videos S1 and S2, Supporting Information 

respectively. The direct contact between the SHiCF evaporator 
and the bulk water represented in Figure  2a-II makes the 
water to fully wick and spread from the bottom of the SHiCF 
interface, which results in light reflection, while the upper 
part of SHiCF presents a more moisty state rather than wet-
ting state, which hinders light reflection. Water is continuously 
transported and confined along the SHiCF skeleton interface, 
rather than filled within the interconnection pores. Therefore, 
a water layer is formed around the CF skeleton, which can not 
only prevent the solar energy from heating the excess water, but 
also exposes as much evaporation area as possible to increase 
the path for vapor diffusion.[47] Capillary raise experiments on 
custom-made stripes showing a final height of ≈8  cm ensure 
that the solar evaporator studied here of 5.5  cm in height is 
fully wetted by the transported water molecules from the water 
bulk to the top.

In the solar evaporation experiments, the SHiCF-GO is 
tightly adhered to the air-laid paper, which is in turn in direct 
contact with the bulk water. Hence, the SHiCF-GO outer-
most interface is just wetted by the water absorbed from the 
air-laid paper forming a water layer over the GO instead of at 
the SHiCF-GO interface, which ensures that the surface mor-
phologies and chemical properties of the solar evaporator 
and those of the SHiCF-GO interface remain unchanged.[47] 
Within 9 h of a solar evaporation experiment, the evaporation 
interface remains wet as a consequence of the excellent water 
absorption and transport characteristics owed to the synergistic 
cooperation of SHiCF-GO continuously wetted by the air-laid 
paper. As water turns into vapor, water molecules wick upward 

Small 2023, 2208137

Figure 2.  Capillary rise characterization. a) Snapshot of the capillary rise characterization for inclined aI) SHiCF-GO, aII) SHiCF evaporator, and aIII) 
SHiCF wrapped with air-laid paper evaporator before fully wetting the evaporator. b) Representative data of the measured capillary rise height (cm) as 
a function of time (s). The average and standard deviation represented have been obtained from two independent experiments. c) Schematics of the 
synergistic regulation of heat and mass water transport and vapor diffusion. d) Schematic illustration of solar evaporator whose I) inner and II) outer 
surfaces are covered by a transparent plastic film, forcing vapor to diffuse from one side of CF skeleton.
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and toward the evaporating interface along the superhydro-
philic skeletons of the SHiCF-GO filling the nanoscale vacan-
cies between the blade-like nanostructures around the skeleton 
(Figure 2c). Unlike ordinary solar evaporators where the vapor 
diffusion mechanism occurs from the interface of the water 
bulk toward the air, in the presence of thermally localized 
evaporation within our 3D conical evaporator, the vapor diffu-
sion mechanism follows two distinctive vapor diffusion paths, 
namely the outside surface of the air-laid paper and the inter-
connected pores of the SHiCF-GO (Figure  2c). The stacked 
skeleton of the CF provides a path for the vapor diffusion via 
the different adjacent interconnected pores. When looking 
at the system in terms of energy and heat transfer, upon the 
incidence of the simulated sunlight at 1-Sun, the incident light 
is converted into heat by solar–thermal conversion. Heat is 
then absorbed by the SHiCF-GO and conducted across the CF 
toward the air-laid paper-SHiCF-GO interface and toward air-
laid paper-air interface. Water infiltrated within the nanoscale 
pores between the blade-like structures of the SHiCF-GO and 
the air-laid paper then heats up generating water vapor. The 
vapor then diffuses through the pores from the inner wall of 
the SHiCF-GO toward the ambient as well as from the air-laid 
paper toward the ambient, in both parallel and normal direc-
tions to the SHiCF-GO skeleton as in Figure 2c.

In order to quantify the different contributions of the dif-
ferent layers and the presence of the double-layer interface 
composed by the SHiCF-GO and the air-laid paper, a thin trans-
parent film is used to block the different vapor diffusion paths. 
On one hand, the contribution to the vapor diffusion toward 
the inner surface is estimated by wrapping the air-laid paper 
with the thin transparent plastic film so to block the vapor diffu-
sion path through the outside plane (Figure 2d). Therefore, the 
vapor generated at the two evaporation interfaces of the air-laid 
paper and the SHiCF-GO skeletons can only diffuse toward the 
internal interconnected pores of the SHiCF-GO and the upper 
side surface of the 3D inverted cone evaporator. Under 1-Sun 
irradiation, a 1.25 kg·m−2·h−1 evaporation rate per unit of area, 
henceforth referred to as evaporation rate, is reported compared 
to 1.71 kg·m−2·h−1 for unrestricted vapor diffusion (Figure 3c), 
which indicates that 0.46 kg·m−2·h−1 of vapor cannot be effi-
ciently diffused and evaporated if the vapor diffusion through 
the air-laid paper is hindered. This highlights the importance 
of water transport and evaporation through the air-laid paper 
enhancing the vapor diffusion path to ensure efficient solar 
evaporation. On the other hand, when the inner surface of the 
evaporator is blocked by the transparent plastic film, that is, the 
vapor diffusion path through the upper-inner part of the evapo-
rator is blocked, the vapor generated from both the air-laid paper 
and the SHiCF-GO skeleton is forced to diffuse through the air-
laid paper path. In this case, 0.71 kg·m−2·h−1 of water evapo-
rates, which is 0.54 kg·m−2·h−1 lower than that of vapor only 
diffusing from the SHiCF-GO side. The low evaporation rate 
reported here is attributed to the increase in the path distance 
for the vapor diffusion along the SHiCF-GO, which additionally 
increases the diffusion resistance. Both effects combined have 
a weakening effect on evaporation. It can be concluded that the 
SHiCF-GO pore path makes a greater contribution to vapor dif-
fusion than the air-laid paper path. The proposed design having 
two different main paths for vapor diffusion further promotes 

evaporation; however, it needs to be considered that if the 
amount of vapor is rather large, vapor diffusion becomes then 
the limiting mechanism governing the efficiency of the solar 
evaporator and other additional techniques such as forced air-
flow convection may be explored. Specific details on the calcula-
tions of the evaporation rate per unit of area follow the same 
procedure as reported in Cao et al.[3a] and can be found in the 
accompanying Supporting Information.

2.3. Solar Evaporator Efficiency

When the sunlight is irradiated to the inner surface of the 3D 
conical evaporator, part of the light is absorbed and part of it is 
reflected and then absorbed multiple times owing to the con-
cave shape of the cone that reflects the light toward the inner 
surface of the cone. Hence, the amount of reflected light to the 
surrounding environment is minimized and so are the heat 
losses.

Besides the contribution of the macroscopic concave shape 
of the cone to light absorption, the porous hierarchical structure 
of SHiCF additionally allows for multiple reflections within the 
pores enhancing light and energy absorbance efficiency.[42a,48] 
When the incident light irradiates the hierarchical skeleton of 
the SHiCF-GO, there are many irregular diffusive reflections 
between the uneven spherical-like and honeycomb-like micro-
scale structures decorated with nanoscale blade-like structures, 
so that the light is further absorbed multiple times by the dense 
blades and onto the globular structures. This phenomenon is 
called light trapping, which eventually reduces greatly the total 
amount of reflected light back to the environment. Under the 
synergistic cooperation of the conical volume structure, the 
porous CF frame structure, the hierarchical etched micro- and 
nano-structures, and the GO, the absorptivity of the evaporator 
is enhanced significantly to 93.6% (Table S1, Supporting Infor-
mation). Thermal localization is then achieved uniformly at the 
evaporator’s interface of the CF skeleton enabled by the high 
thermal conductivity of the CF, which allows evaporation to 
occur along the complete steric structure.

We now estimate the different contributions to evaporation 
for the different configurations tested without the addition of 
GO. It is worth noting that the light intensity emitted from the 
light source gradually weakens with the increase of distance 
from the upper part to the lower part of 3D conical evaporator 
as it was represented in Figure S4b, Supporting Information. 
With the help of a fitting formula, the light intensity attenu-
ation with the increase of distance can be estimated. On one 
hand, at 1-Sun intensity the evaporation rates per projected area 
of the evaporator for air-laid paper, SHiCF, PCF-air-laid paper, 
and SHiCF-air-laid paper are measured as 0.60 kg·m−2·h−1, 
1.06 kg·m−2·h−1, 1.19 kg·m−2·h−1, and 1.38 kg·m−2·h−1, respec-
tively. While 0.12 kg·m−2·h−1 is obtained for pure water without 
any solar evaporator (Figure  3b), which is consistent and in 
agreement with literature refs. [3a,4,10] indicating the validity 
of the results.[4,6,15] Comparing the evaporation effects of 
SHiCF and PCF-air-laid paper, the water transport capacity of 
the air-laid paper is particularly important in order to improve 
the evaporation rate. In addition, the superhydrophilic treat-
ment exploiting the synergistic effect between enhanced light 

Small 2023, 2208137
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absorption and wicking liquid transport offers larger evapora-
tion rates and higher efficiencies than for those cases tested 
independently. However, the evaporation rate of the conical air-
laid paper is only measured to be 0.60 kg·m−2·h−1, which indi-
cates that the evaporation rate cannot be prominently improved 
without the presence of the CF. This is demonstrated by the 
twofold evaporation rate on the PCF-air-laid paper when com-
pared to the air-laid paper alone. Despites the poor water trans-
port enabled by the PCF, the low evaporation rate reported on 
the air-laid paper is mainly owed to the white and smooth sur-
face of the air-laid paper that weakens sunlight absorption. The 
strong water absorption of the air-laid paper coupled to the out-
standing light capture ability of the micro- and/or nano- struc-
tures of the SHiCF and the high thermal conductivity of the 
CF, provides excellent evaporation rates nearly 20% higher than 
that for the PCF-air-laid paper configuration.

While the synergistic cooperation of SHiCF and air-laid 
paper demonstrates higher evaporation rates when compared 

to these operating independently, these rates are still below the 
maximum production rates reported in this work. In order to 
improve the light absorption as well as the water transport in 
both liquid and vapor phases, the influence of GO concentration 
on evaporation is investigated. The SHiCF is then immersed 
into a GO-water solution at four different concentrations of 1.5, 
2.0, 2.5, and 3.0 mg mL−1 rendering the SHiCF-GO-1.5, SHiCF-
GO-2.0, SHiCF-GO-2.5, and SHiCF-GO-3.0 samples. The evap-
oration rates obtained are 1.48, 1.59, 1.71, and 1.46 kg·m−2·h−1, 
respectively, as reported in Figure 3b. The maximum evapora-
tion rate for the SHiCF-GO-2.5 is found as 1.71 kg·m−2·h−1, 
while the net evaporation rate calculated as the difference in 
evaporation rates between solar light and dark environments is 
1.62 kg·m−2·h−1. Experiments of evaporation in dark environ-
ment at room temperature yielded greater evaporation rates for 
SHiCF-GO-2.5 of 0.09 kg·m−2·h−1 when compared to those for 
pure water of 0.06 kg·m−2·h−1, which is a 50% enhancement. 
The evaporation rates enhancement in dark environment in 

Small 2023, 2208137

Figure 3.  Evaporation performance. a) Mass change (g) of water versus time (h) and b) evaporation rate (kg·m−2·h−1) versus time (h) for water, SHiCF, 
PCF-air-laid paper, SHiCF-air-laid paper, and SHiCF-GO-air-laid paper for different GO concentrations configurations under 1-Sun. c) Evaporation rate 
for (red) double-layer vapor diffusion path, (blue) air-laid paper vapor diffusion path, and (orange) SHiCF-GO vapor diffusion path. The average and 
standard deviation have been obtained from three independent measurements. d) Evaporation rates (kg·m−2·h−1) and solar-to-vapor efficiency (%) 
reported in this work in blue and orange respectively, and those reported in the literature for carbonized lotus seedpods,[12] alkalized loofah sponge,[52] 
expandable polyethylene foam,[19] 45° ASA cone absorber,[3a] carbonized sunflower heads,[11] and PVDF/PPY cone.[50]
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the presence of the SHiCF-GO-2.5 conical evaporator is solely 
due to enhanced water/air interfacial area empowered by the 
SHiCF-GO-2.5 conical evaporator when compared to absence 
of the 3D functionalized structure. For GO concentration lower 
than 2.5 mg mL−1, an obvious trend where higher water evapo-
ration rate is obtained with the increase of GO concentration 
is observed. Higher GO concentration leads to an increase 
in the number of electrons that can transition internally and 
absorb light, which in turn increases the amount of photons 
absorbed[49] and the water sorption capabilities.[23] Nonethe-
less, for concentrations higher than 2.5 mg mL−1, evaporation 
rate decreases presumably as a consequence of the accumula-
tion of GO impregnated within the superhydrophilic skeleton, 
reducing surface roughness and blocking the pores of the CF, 
which was shown in Figure 1f, ultimately hindering both liquid 
and vapor water transport as well as light adsorption. Aiming 
to quantitatively compare our results with those of other 
authors, SHiCF-GO-2.5 yields the highest evaporation rate of 
1.71 kg·m−2·h−1, which is significantly higher than the evapora-
tion rates for deionized water reported for a 3D conical Janus 
evaporator with an apex angle of 45° reported by Cao et al.[3a] of 
1.50 kg·m−2·h−1; and a higher solar-to-vapor efficiency of 93% 
with respect to 91% reported in Cao et  al. Specific details on 
the evaporation rate calculations can be found in Supporting 
Information. All efficiencies are calculated by subtracting the 
evaporation rate in dark environments.[3a] Evaporation rate and 
solar thermal evaporation efficiency are in very close agreement 
with the values reported in the work of Wang et al.;[50] nonethe-
less, we report on an easier and scalable fabrication procedure 
via wet oxidation and wet impregnation followed by drying at 
ambient temperature without the requirement for a chamber, 
vacuum pump, cold trap, furnace and the different carrier and 
precursor gases typically used during Chemical Vapor Deposi-
tion Polymerization process. When looking into other works, 
30% greater evaporation rates are reported when compared 
to the work of Yu et  al. in the absence of airflow or convec-
tion.[51] Compared to recently reported volumetric solar-vapor 
generation systems, the evaporation performance of the here 
reported 3D conical CF evaporator shows the best performance 
in terms of evaporation rate under 1-Sun when compared to 
other reported configurations in the literature as shown in 
Figure 3d and also in Table S3 and Figure S9, Supporting Infor-
mation. When looking into Figure 3d, SHiCF-GO-2.5 yields the 
highest evaporation rates amongst the cone evaporation rates 
reported recently with evaporation rates within 1 to 1.3 times 
greater than that of other cone evaporators,[11,12,19,50,52] and is 
14% higher than that of 45° ASA cone evaporators at the same 
cone angle.[3a] While the evaporation efficiency of the inverted 
cone evaporation system is 7% higher than that of the carbon-
ized lotus seedpods with the same inner cavity structure,[12] 
and is at the same level of ≈92–94% with expandable polyeth-
ylene foam, PVDF/PPY cone, and 45° ASA.[3a,19,50] To note is 
the lower solar-to-vapor efficiency of the SHiCF-GO-2.5 when 
compared to carbonized sunflower heads while SHiCF-GO-2.5 
is able to maintain 10% greater evaporation rates than carbon-
ized sunflower heads.[11] The evaporation rates are maximized 
by exploiting efficient water transport along the interface and 
effective vapor diffusion through the pores ensuring a proper 
balance between water supply and evaporation at the interface 

rather than having water within the pores of the evaporator 
hindering vapor diffusion as compared to carbon fiber, ASA, 
or cup shape evaporators.[3a,10,43] In addition, to minimize heat 
loss, which in turn helps to maximize water vapor generation, 
in this work we make use of an air-laid paper and a polyeth-
ylene foam so to insulate the evaporator from the bulk water as 
well as preventing the pores from being filled with excess water 
when compared to earlier reported evaporators with inner 
cavity structures.[50,53] Although out of the scope of this com-
munication, SHiCF-GO-2.5 was found to maintain its mechan-
ical properties and physical appearance even after 7 days of 
continuous operation as shown in Figure S11, Supporting 
Information, which is owed to the interconnected small pore-
size structure resulting in a very small amount of salt accumu-
lation at the end of water transport. Moreover, SHiCF showed 
no degradation in the evaporation rates even after 2 days of con-
tinuous solar evaporation operation in seawater with salinity of 
15 wt.%, as shown in Figure S12, Supporting Information.

2.4. Solar Evaporator Heat Transfer Performance

In order to understand the mechanism of solar thermal evapo-
ration enhancement empowered by the synergistic cooperation 
of the 3D conical shape, SHiCF, air-laid paper, and GO, and for 
the different configurations sketched in Figure 4e, the tempera-
ture variations under 1-Sun illumination are monitored during 
the experiment. Specific details on the location of the thermo-
couple and the procedure for acquiring the different tempera-
tures can be further found in the accompanying Supporting 
Information. In the case of SHiCF-GO configuration in steady 
state, the evaporator temperatures are evenly distributed along 
the system under no energy input, while temperatures increas 
differently with water having the lowest temperature as repre-
sented in Figure 4a. Further schematics including the complete 
9 temperature distributions in time along the solar evaporator 
under 1-Sun for all configurations studied, which support 
steady state, are further found in Figure S7, Supporting Infor-
mation for bulk water (Figure S7a,b, Supporting Information), 
SHiCF + air-laid paper (Figure S7c,d, Supporting Information), 
air-laid paper (Figure S7e,f, Supporting Information), PCF + air-
laid paper at (Figure S7g,h, Supporting Information), SHiCF 
at 1-Sun (Figure S7i,j, Supporting Information), and SHiCF-
GO-2.5 + air-laid paper under 1-Sun illumination (Figure S7k,l, 
Supporting Information).

On one hand, the temperature variations of bulk water in the 
absence of a 3D inverted cone solar evaporator under 1-Sun at 
steady state raised from 18.8 to 31.1 °C as shown in Figure 4b 
as the bulk water absorbs all the heat from the light source. 
Despites the expected evaporative cooling effect, the tempera-
ture of the bulk water is the highest in this case. On the other 
hand, when the 3D inverted cone evaporator is directly exposed 
to sunlight, the temperature in the upper part of the inner sur-
face of the cone is slightly the highest since it is closest to the 
light source (Figure  4c,d). The heat converted from the solar 
energy radiation depends on the photothermal effect of the 
evaporator. Thereafter the heat is conducted from the inner 
surface of the SHiCF-GO toward the outer surface along the 
wall thickness of the evaporator and toward the air-laid paper. 

Small 2023, 2208137
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Such heat transport supports the realization of thermal locali-
zation. The heat within the 3D structure of the evaporator is 
maximized by the presence of an insulation layer limiting the 
conduction of heat loss from the evaporator to the bulk water. 
During evaporation, heat is transferred and removed from 
the inner surface of the evaporator due to water evaporative 

cooling, while the heat of conduction in the downward direc-
tion and through the SHiCF-GO is negligibly small owed to 
the insulation layer action. Looking at the temperature differ-
ences between the different layers of the polyethylene foam, air 
insulation, and bulk water, it is worth noting that the insulation 
layer gradually absorbs the excess of heat that is not utilized for 

Small 2023, 2208137

Figure 4.  Photothermal conversion capability of the solar evaporator under 1-Sun. Temperature (°C) of each structural layer of solar evaporator a) before 
energy input and c,d) after system stability. b–d) The temperature (°C) distribution in time (h) for b) pure water, c) SHiCF evaporator, and d) SHiCF-
GO evaporator under 1-Sun. e) Schematics of the different configurations studied including pure water, SHiCF, and SHiCF-GO solar evaporator for the 
temperatures distributions in (b), (c), and (d).

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202208137 by U
niversity O

f E
dinburgh M

ain L
ibrary, W

iley O
nline L

ibrary on [13/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2208137  (11 of 14)

www.advancedsciencenews.com

﻿

www.small-journal.com

evaporation; nonetheless, a small part of the heat is conducted 
downward to the bulk water. (Figure 4c,d). The implementation 
of the polyethylene foam and air insulating layers effectively 
prevents the heat losses by conduction from the 3D evapo-
rator to the bulk water, because of the low thermal conduc-
tivities of both the polyethylene foam and air, which are 0.033 
and 0.027 W·m−1·K−1,[3a,54] respectively. With the contribution 
of the foam structure and the insulation layer, the temperature 
variation of the bulk water is the smallest in steady state condi-
tions for any studied configuration (Figure 4c,d). The tempera-
ture difference between the bulk water and the environment is 
also negligibly small, supporting further that the heat transfer 
between water and the environment can be neglected. On the 
contrary, without the help of the air-laid paper, the bottom of 
the SHiCF-GO would directly come in contact with the bulk 
water resulting in direct heat transfer from the SHiCF-GO to 
the bulk water. If the SHiCF-GO were to contact the bulk water 
directly, the water temperature would actually raise higher than 
that of the environment with the consequent anticipated heat 
losses first from the SHiCF-GO to the bulk water and then 
from the bulk water to the ambient (Figure S7i,j, Supporting 
Information).

In the presence of the SHiCF-GO-2.5 3D inverted cone solar 
evaporator (Figure  4d) the bulk water temperature at steady 
state conditions remains almost constant at 21.4 °C. The small 
temperature raise further demonstrates the effectiveness of the 
insulation by combining polyethylene foam and a layer of air, 
which eventually reduces the heat of conduction from the evap-
orator to the bulk water. Whereas when the 3D inverted cone-
shaped solar evaporator is composed solely of the air-laid paper 
and insulation layer, the maximum surface temperature under 
1-Sun irradiation reaches 29.1 °C (Figure S7e,f, Supporting 
Information). Upon the implementation of the PCF wrapped 
with air-laid paper, the maximum surface temperature of the 
evaporator reaches 32.2 °C (Figure S7g,h, Supporting Informa-
tion). This highlights that high thermal conductivity 3D foam 
materials are ideal candidates for solar interfacial evaporation 
as provide excellent solar radiation absorption capacity and 
high energy utilization efficiency.

Notably, the greater temperature differences along the evap-
orator are found for SHiCF and for SHiCF-GO-2.5 as repre-
sented in Figure  4c,d. In these configurations, the insulating 
polyethylene foam temperature is kept at ≈25 °C while the 
temperatures of the evaporator varied between 30 and 34 °C. 
The inner surface temperature difference at different locations, 
between upper and lower regions, for the case of the SHiCF 
evaporator is 1.2 °C (Figure  4c), and the maximum inner sur-
face temperature at the upper part of the inner surface is 
maintained approximately constant at 33.3 °C. The high tem-
peratures observed are caused by the solar radiation from the 
light source being absorbed by the superhydrophilic micro-/
nano-structures. In addition, heated up water molecules at 
the evaporating interface generate vapor which removes large 
amounts of heat through the enthalpy of vaporization, that is, 
evaporative cooling.[55] The temperature difference between the 
upper and lower parts of the inner surface of the evaporator is 
small, which proves there is good heat of conduction along the 
SHiCF from top to bottom and the heat is efficiently used in 
evaporating the water. The occurrence of vapor within the pores 

of the foam structure may reduce to some extent the effective 
thermal conductivity of the CF.

Compared to the SHiCF solar evaporator without GO, the 
SHiCF-GO solar evaporator exhibits enhanced sunlight absorp-
tion, which eventually enhances the photothermal conversion 
ability of the solar evaporator. Upon reaching steady state, 
the maximum interfacial temperature of the SHiCF-GO solar 
evaporation reaches 33.7 °C as shown in Figure  4d. The tem-
perature of the inner surface is about 1.9 °C higher than that 
of the outer surface. This difference is greater than in the case 
of the SHiCF and originates from the better absorbance pro-
vided by the GO, which heats up the water present within the 
pores of the SHiCF skeleton. It is worth noting the greater max-
imum interfacial temperatures for SHiCF-GO-1.5 and SHiCF-
GO-2.0 reaching 33.9 and 34.5 °C respectively as represented in 
Figure S7l,m, Supporting Information, which is caused by the 
lack of water liquid and vapor diffusion and hence the hindered 
water evaporation and heat removal from the evaporator. With 
the addition of GO, the evaporator surface temperature rises 
slightly when compared to the absence of GO, which depends 
on the enhancement of light absorption capacity coupled to the 
water and vapor transport through the pores.

As in most heat transfer processes, there are energy inef-
ficiencies associated with the process. On one hand, during 
photothermal conversion, the surface of the absorber cannot 
absorb all the light emitted by the light source, while on the 
other hand, there are heat losses mainly in the form of radiant, 
convective, and conductive heat losses (Figure 5).[4]

Although the thermal insulation layers effectively inhibit 
heat losses and significantly improve the utilization of solar 
energy, it is still difficult to completely avoid these losses during 
the experiment and in practical applications. Since the surface 
temperature of the SHiCF-GO-2.5 solar evaporator is higher 

Small 2023, 2208137

Figure 5.  Schematics of the energy balance of the 3D conical SHiCF-
GO-2.5 solar evaporator. Energy balance and heat loss diagram of the 3D 
solar evaporator under 1-Sun illumination.
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than absolute zero, there is always inevitable thermal radiation 
estimated as 4.0% of the total heat converted from the incident 
light. In addition, there is a temperature difference between the 
evaporator and the surrounding air, so the heat loss caused by 
convection should also be considered, although these are mini-
mized by the use of the polyethylene foam and the air insula-
tion layer and estimated as 2.5%. Due to the small thickness of 
the polyethylene foam, air insulation layer, and air-laid paper, 
the heat loss by conduction is also the smallest and equals 0.6% 
for a total measured evaporation efficiency of 93%. The energy 
balance analysis for the PCF, SHiCF, and SHiCF-GO-2.5 solar 
evaporators is shown in Table S2, Supporting Information. The 
heat of conduction losses for the PCF, SHiCF, and SHiCF-
GO-2.5 decrease significantly from 2.0% to 1.0% and 0.6%, 
respectively, which is mainly owed to the more even tempera-
ture distribution along the SHiCF-GO skeleton as well as the 
slight raise in the bulk water temperature. Due to the relatively 
high surface temperature, the radiant heat loss of the SHiCF 
evaporator is slightly higher. However, after adding the GO 
coating, the incident light power of the evaporator is signifi-
cantly increased and the energy losses by the reflected light are 
hence meaningfully reduced, so that the evaporation efficiency 
of the PCF, SHiCF, and SHiCF-GO increases from 68% to 85% 
and to 93%, respectively.

3. Conclusions

We report a 3D inverted conical solar evaporator supported 
by a micro-/nano-structured CF skeleton further decorated 
with graphene oxide, which realizes efficient and stable solar-
driven interfacial evaporation by heat localization. The hier-
archical porous features of the SHiCF functionalized with 
graphene oxide, that is, SHiCF-GO, empowers superior syn-
ergistic regulation of water and vapor transport via diffusion 
minimizing heat transfer losses and maximizing the heat 
transfer from the incident solar light as well as evaporation 
rates. Evaporation rates are as high as 1.71 kg·m−2·h−1 with 
evaporation efficiency of 93% under 1-Sun illumination. The 
achieved ultrahigh solar energy harvesting is empowered by 
the dense pores in the evaporator and the micro- and/or nano-
structures covering the surface that reached high sunlight 
absorption efficiency by the multiple reflections of incident 
light. Compared with conventional solar evaporators, the 3D 
structure here presented enables additional sunlight reflection 
within the main cavity while the presence of the superhydro-
philic micro-/nano-structures CF skeleton and graphene oxide 
functionalization empower both high liquid water transport, 
high thermal conductivity, and unimpeded water vapor dif-
fusion through the pores. All these qualities anticipate high 
interfacial water evaporation ideal for the design and opti-
mization of solar evaporators. The utilization of metal foam 
to expand the evaporation interface to the micro level is also 
highlighted. Featuring the maximization of broadband solar 
absorption, continuous water transport, optimization of 
the  evaporation process, and minimization of heat loss, the 
high efficiency of the 3D inverted cone solar evaporator fea-
tures as a potential candidate for enabling efficient freshwater 
extraction from earth-abundant seawater.

4. Experimental Section

Fabrication Procedure: The 3D (three-dimensional) inverted conical 
solar evaporator with a cone’s apex angle of 45° provides an enhanced 
projected area for the light incidence while maintaining a reasonable 
height for the water transport toward the top of the cone.[3a] The other 
relevant dimensions of the cone were the mouth diameter of 55.0 mm, 
bottom mouth 8.0 mm, and wall thickness of 2.0 mm. Sketch of the solar 
evaporator principle and that of the 3D inverted conical solar evaporator 
configuration studied in this work are represented in Figure  1a,b. The 
skeleton of the conical evaporator was fabricated using 130 PPI (Pores 
Per Linear Inch) copper foam (CF) with a porosity of 96.5% (Figure S1a, 
Supporting Information). The reader is reminded that the pristine copper 
foam (PCF) was soft and fluffy and can be easily bent and folded into the 
desired conical shape. This creates the relevant 3D structured network 
where the inner microscale pores act as optical traps (Figure S1b, 
Supporting Information) allowing the repeated absorption of a large 
amount of reflected light experiencing multiple diffuse reflections along 
the cone matrix as well as enabling liquid water transport.[27] Chemical 
oxidation in alkaline solution treatment was then adopted to create a 
uniform layer of copper oxide nano-blade-like superhydrophilic (SHi) 
nanostructures decorating the skeleton surface of the CF as well as 
modifying its chemical and physical properties,[26] henceforth referred to 
as SHiCF, which etching procedure is exemplified in Figure 1c.

First, the PCF was cleaned in a ≈2–5  wt% hydrochloric acid (HCl) 
solution to remove any oxide layer on the CF skeleton. After being rinsed 
with deionized water, the CF was immersed into the mixture solution 
of sodium hydroxide NaOH (2.5 mol·L−1) and ammonium persulfate 
(NH4)2S2O8 (0.1 mol·L−1) at 70 °C for 30 min to form the superhydrophilic 
hierarchical micro- and/or nano- structures on the skeleton of the 
inverted CF cone, i.e., SHiCF  (Figure  1c).[56] Then it was washed again 
with plenty of deionized water and dried at room temperature until 
completely dehydrated. Afterward, the prepared SHiCF inverted cone was 
immersed into a GO-water solution at different concentrations ranging 
from 1.5 to 3.0 mg·mL−1 (at intervals of 0.5 mg·mL−1). Finally, after 
being placed at room temperature for 12 h, a black SHiCF inverted cone 
decorated with GO (SHiCF-GO) was obtained (Figure S3c, Supporting 
Information). The same procedure in the absence of GO impregnation 
was also adopted to fabricate the SHiCF for comparison.

An SEM ZEISS Ultra Plus (Germany) was utilized to observe the 
microstructure of the porous materials. Snapshots of the multi aperture 
structure of SHiCF shows the unique skeleton structure with pores and 
the effect of GO impregnation in the pores as represented in Figure 1def. 
In order to compare the effect of light absorption of plane samples, the 
absorption rates of PCF, SHiCF, and SHiCF-GO samples were measured 
using an ultrviolet-visible-near infrared (UV-VIS-NIR) spectrophotometer 
Shimadzu UV-3600 (Japan). The functional groups of the SHiCF 
and SHiCF-GO were measured by  Fourier Transform Infrared (FTIR) 
spectroscopy in a Nicolet iN10 MX (America). To prove the existence 
of the different types of water molecules, Raman spectra of water 
confined within the SHiCF and the SHiCF-GO were measured using a 
spectrometer Renishaw inVia Qontor (United Kingdom).

Solar Evaporation Apparatus: In order to obtain the energy 
utilization efficiency of the 3D conical evaporator for solar evaporation, 
experiments were conducted to compare the evaporation rate and heat 
transfer performance of the solar evaporator. In order to quantitatively 
analyze the heat transfer performance, a total of 9 thermocouples 
connected to a data acquisition instrument Keysight DAQ970A 
(America) with an accuracy of ±0.5 °C and in turn connected to a PC 
(Figure S6a,b, Supporting Information) were utilized. More details 
on the specific location of the thermocouple as well as the procedure 
followed for acquiring the different temperatures can be further found in 
the accompanying Supporting Information. Solar thermal phase-change 
evaporation experiments and measurements of the evaporation rate were 
carried out by placing the complete solar evaporator apparatus sketched 
in Figure 1b on an electronic scale Shimadzu AUW120D (Japan) with an 
accuracy of ±0.0001  g so to record the mass change of the bulk water 
under 1-Sun irradiation in time. A Xenon Lamp System CEL-S500 (China) 
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light source was utilized to simulate the 1-Sun irradiation. Comparing 
the evaporation rate of the pure water in the absence of the designed 
evaporator, that is, plain polyethylene foam, with the experimental data 
from others confirms the accuracy and repeatability of solar heat flux 
ofthe light source.[3a,4,10]

To further enhance the transport path supplying water to the 
evaporator, an air-laid paper of 0.3 mm in thickness was cut into a fan-
shape and wrapped around the conical CF (Figure S1b,c, Supporting 
Information). When the lower part of the air-laid paper was immersed 
in bulk water, its adhesion to the outer side surface of the CF was further 
strengthened through strong capillary force. The conical evaporator 
wrapped withmthe air-laid paper was then inserted into a concentric 
circle-shape polystyrene foam, which was placed at a distance of 20.0 mm 
from the bulk water surface level to prevent conduction heat loss from 
the evaporator to the bulk water. Water cannot be directly absorbed by the 
SHiCF from the bulk water because of the existence of the air insulation 
layer with a thickness of 20.0 mm, which has the same function as the 
polystyrene foam. The bulk water was contained within a 62 mm diameter 
and 21  mm thickness for a total volume of 65.0  mL. The air-laid paper 
was actually required to enable the water transport from the bulk water to 
the SHiCF skeleton via the capillary effect also minimizing heat transfer 
from the evaporator to the bulk as per its low thermal conductivity.

Wettability and Capillary Raising Characterization: In order to measure 
the wettability of the PCF, SHiCF, and SHiCF-GO, square samples with 
dimensions of 10 mm × 10 mm were prepared by adopting the fabrication 
method introduced above. Samples were then subjected to a custom-built 
contact angle goniometry equipped with a CCD camera and a backlight 
sufficient to observe the complete spreading of a droplet on the different 
CF configurations. In addition, the permeability of the PCF, SHiCF, and 
SHiCF-GO was evaluated via capillary rise characterization experiments 
conducted on the different surfaces. In the capillary raise experiments, 
first the air-laid paper and porous CF were cut into rectangular samples 
with a length of 120 mm and a width of 10 mm. Second, samples were 
hung at a distance of 35  mm above the petri dish at an inclination 
angle of 67.5° with respect to the horizontal, that is, the same angle as 
the one adopted by the cone with respect to the horizon. Third, water was 
slowly injected into the petri dish through a syringe until the water level 
reaches just below the bottom of the CF test sample.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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