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Hierarchical porous carbon nanofibers for highly efficient solar-driven

water purification
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ABSTRACT Carbon materials are commonly used in the
solar steam generation because they can absorb broadband
light and generate heat effectively. However, conventional
carbon with a smooth surface is limited by a moderate re-
flection of approximately 10%, causing significant reflective
energy loss. Thus, we proposed a nanoscale multiple interface
strategy to boost the intrinsic light absorption of carbon na-
nofibers (CNFs) for more efficient solar-driven water pur-
ification. The multiple interfaces were constructed by
introducing hierarchical nanopores in CNFs (HPCNFs)
through a facile sacrificial framework method. Owing to the
high surface roughness and abundant internal air-dielectric
interfaces derived from the hierarchical pores, the HPCNFs
show significant improvement in broadband light
(300-2500 nm) absorption up to 97.62%, which enables high
solar-vapor conversion efficiency of 96.13% and evaporation
rate of 1.78 kg m™> h™! under one sun illumination, surpassing
majority of the related carbon materials. When used for solar
steam desalination, the HPCNF film demonstrates high re-
jection of ions (< 0.05 mg L™ salt ions) and produces fresh-
water from the lake at a rate of 11.18 kg m per day, adequate
to satisfy the daily needs of 4-5 individuals. This work pro-
vides a facile strategy for designing efficient carbon-based
solar steam generation materials.

Keywords: multiple interfaces, carbon nanofibers, electrospin-
ning, solar-vapor generation, water purification

INTRODUCTION

The global shortage of clean water is affecting a large number of
people worldwide [1,2]. Extracting fresh water from natural
water sources is an important method to alleviate this crisis
[3,4]. Solar steam generation technology is regarded as an eco-
friendly strategy for water purification owing to its low cost and
low power consumption [5,6]. This technology uses materials
with high light absorption properties and converts light into heat
energy, which is then used to obtain pure water vapor. There-
fore, photothermal materials are core to realizing solar-steaming
technology.

Currently, metal/metal oxides [7-9], semiconductors [10],
hydrogels [11], and carbon-based materials [12,13] have been
explored as efficient photothermal elements in solar-steaming
systems. The development of carbon-based materials is rapid in

this area owing to their easy availability, high chemical stability,
and good light absorption properties. A solar power generation
system made of chitosan and reduced graphite oxide, which was
reported by Wang et al. [14], can achieve a water evaporation
rate of 1.44 kg m™?h™! with an evaporation efficiency of 87%
under one sun. Ma et al. [15] constructed an interpenetrating
network for solar-vapor generation using single-walled carbon
nanotubes as threads and achieved a water evaporation rate of
1.38 kg m™>h™" and solar-vapor generation efficiency of 90.8%
under one sun. Carbon black [16], biochar [17], and carbon
nanofibers (CNFs) [18] exhibit similar performance. Current
research has gradually shifted to building various complex three-
dimensional (3D) structures using carbon materials to further
enhance the solar-vapor conversion efficiency, such as double-
layer wooden structure evaporator [19] and graphene oxide-
based aerogel [20]. However, few studies have focused on
improving the intrinsic solar steam generation performance of
carbon materials. Owing to the reflection on the smooth surface
of carbon [21], the carbon materials have limited absorption of
approximately 90%, causing significant reflective energy loss
[22].

According to the law of refraction, when light repeatedly
passes through the air-dielectric interface, the light gets trapped
in the nanostructures and subsequently absorbed by multiple
internal reflections [23]. Herein, we proposed a multiple inter-
face strategy to boost the intrinsic light absorption of CNFs for
more efficient solar-driven water purification. CNFs have a large
specific surface area and good mechanical properties, applicable
to various scenarios [23]. The zeolite imidazolate framework-8
(ZIF-8) is a commonly used pore-making template with excel-
lent dimensional accuracy [24]. We employed ZIF-8 and poly-
acrylonitrile (PAN) for electrospinning to fabricate nanofiber
precursors, which were then pyrolyzed to obtain porous CNFs
with a rough surface and rich air-dielectric interface inside the
fiber. The optical path length increases significantly in the
resulting CNF network, enabling the fiber network to exhibit
superior broadband light (300-2500 nm) absorption of 97.62%.
This helps achieve a high water evaporation rate of
1.78 kg m™ h™" under one sun. This value surpasses many car-
bon materials with complex 3D spatial structures [25]. The
fabricated rough CNF membrane can be directly used for
practical outdoor solar steam water purification. It demonstrates
a high rejection rate of ions (< 0.05 mg L™ salt ions) and purifies
fresh water from the lake at a rate of 11.18 kg m™ per day. This
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performance is sufficient for the daily demands of 4-5 indivi-
duals.

EXPERIMENTAL SECTION

Materials

PAN (Mw = 130,000) was obtained from Sigma-Aldrich. N,N-
dimethylformamide (DMF, analytical reagent (AR), > 99.5%),
zinc nitrate hexahydrate (Zn(NO;),-6H,O, AR, > 99%), and
anhydrous methanol (CH;0H) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China). 2-Methylimidazole (2-
MIM, AR, 98%) was purchased from Aladdin Chemistry Co.,
Ltd. (Shanghai, China). All chemicals were directly used without
any further purification. Deionized water (18.5 MQ cm™) was
used in all experiments.

Synthesis of ZIF-8

ZIF-8 crystals were synthesized by the reported procedure with
some modifications [26]. Briefly, 3 mmol of Zn(NO3),-6H,0 and
20 mmol of 2-MIM were dissolved in 30 and 20 mL of methanol
with magnetic stirring at room temperature, respectively. The
two solutions were mixed and stirred for 2 min before being left
undisturbed at room temperature for 24 h. The precipitate was
centrifuged and washed thrice with methanol to remove the
residual precursor before being vacuum dried at 40°C for 24 h.
The average particle size of the obtained ZIF-8 was approxi-
mately 100 nm (Fig. S1). The preparation process for another
size of ZIF-8 was similar to the abovementioned method, except
that the amount of all chemical reagents was increased tenfold.
The obtained ZIF-8 had an average size of 50 nm (Fig. S2).

Preparation of rough CNFs
We dispersed 0.6 g of 50-nm ZIF-8 nanoparticles in 6 mL of
DMEF by sonicating for 1.5 h. Then, 0.4 g of PAN powder was
added to the ZIF-8 dispersion and continuously stirred for 4 h at
60°C to yield a homogenous spinning solution. The spinning
solution was electrospun on aluminum foil substrates for 16 h at
9.5kV, a flow rate of 0.2 mL h™', and a spin distance of 12 cm.
The temperature and relative humidity were maintained at 25°C
and 30% + 5%, respectively. The as-spun PAN/ZIF-8 nanofibers
were carbonized at 550°C in N, for 1 h with a heating rate of
3°C min~}, then carbonized at 950°C under N, for 2 h with a
heating rate of 5°C min™! to obtain CNFs (HRCNFs) with higher
roughness and rich air-dielectric interfaces inside the fibers
(characterized by Brunauer-Emmett-Teller (BET) specific sur-
face area). The nanofiber surface exhibited lower roughness CNF
(LRCNF) and less air-dielectric interfaces when using 100-nm
ZIF-8 nanoparticles compared with those with 50-nm ZIF-8
nanoparticles.

The smooth CNFs were prepared using pure PAN with the
same procedure, and the corresponding CNFs were named CNF.

Characterizations

The morphologies of the materials were determined via trans-
mission electron microscopy (TEM, JEOL JEM-2010F) and field
emission scanning electron microscopy (Regulus8230, Hitachi,
Japan). High-angle annular dark-field scanning TEM (HAADF-
STEM) images, STEM mapping, and line-scan energy-dispersive
X-ray spectra were captured using STEM (Tecnai G2 F30S-
Twin, Philips-FEI). Surface morphologies and roughness of the
nanofibers were measured by using atomic force microscopy

August 2023 | Vol.66 No.8

© Science China Press 2023

(AFM, Bruker Dimension Icon, USA) in the tapping mode. The
thickness of the samples was tested with a thickness gauge
(YG141N, Nantong Hongda Instruments Co., Ltd., China). The
thicknesses of HRCNF, LRCNF, and CNF were 78, 79, and
77 um, respectively. BET was used at liquid nitrogen tempera-
ture to measure the N, adsorption/desorption isotherms of the
samples with a physisorption analyzer (Autosorb-Iq, U.S.). The
diameter distribution of fibers was calculated using Image]
software (NIH, America) by measuring a minimum of 100
fibers. An ultraviolet-visible-near-infrared (UV-vis-NIR) spec-
trometer (Shimadzu, UV-3600, Japan) with an integrating
sphere was used to assess the solar transmittance and reflectance
of the materials. Inductively coupled plasma-atomic emission
spectrometry was used to measure the ion concentration (ICP-
715-AES instrument, Varian, USA).

Solar steam generation experiments
The steam generation experiment was performed using a solar
simulator (Sun-500, Beijing CEAULIGHT Technology Co., Ltd.,
China) equipped with an optical filter for the typical AM 1.5 sun
spectrum. The power density of the irradiation of the solar light
was measured using a solar power meter (CEL-FZ-A, Beijing
CEAULIGHT Technology Co., Ltd., China). The weight loss and
weight of the collected clean water were measured using an
electronic balance (FA 2004, LICHEN Technology Co., Ltd.,
China) with an accuracy of 0.0001 g. An IR thermal camera was
used to record the surface temperature of the sample (Fotric 226,
China). The sample was cut into a circular membrane with a
diameter of 3.5 cm and attached to a round polystyrene foam
tightly wrapped in cotton filter paper, with the excess filter paper
immersed in salt water along the foam edge to evaluate the solar
evaporation performance. The entire structure was allowed to
float on top of a 100-mL beaker of salt water.

The solar absorption (&) of the samples was calculated using
(27]

o= [ [1=p, (i)t [ G000, )

where p (%) represents light reflectivity and G, Wm™>2nm™)
represents the wavelength-dependent solar spectral irradiation. A
refers to the wavelength (nm).

The evaporation rate (v) was calculated using [28]

v=dm/sdt, (@)

where m (kg) is the mass change caused by water evaporation.
The surface area of the test sample directly exposed to simulated
solar light is denoted by s (m?). The solar illumination time is
given by ¢ (h).

To evaluate the evaporation performance of photothermal
materials, the solar-vapor conversion efficiency (nep) was calcu-
lated using [29]

— mhlv
T = T 6]

where m is the mass flux, %, is the total enthalpy of liquid vapor
phase change (sensible heat + phase change enthalpy), and p_ is
the power density of solar illumination (1 kW m™2).

RESULT AND DISCUSSION

A scalable two-step method was used to fabricate the hier-
archical porous CNF (Fig. 1a). First, a homogeneous solution
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(a) Illustration of the fabrication process of hierarchical porous rough CNF. (b, ¢) SEM images of HRCNF. (d) TEM image of HRCNF.

(e) HAADF-STEM image of HRCNF. (f-h) Corresponding elemental mapping images of HRCNF. (i) N adsorption-desorption isotherms of CNFs, LRCNFs,

and HRCNFs. (j) Pore width distributions of CNFs, LRCNFs, and HRCNFs.

containing PAN and ZIF-8 was electrospun into a nanofiber
with a diameter centered at 580 nm (Fig. S3). The nanofiber
membrane precursor was then subjected to the carbonization
step, where the continuous PAN matrix evolved into carbon
fiber under high-temperature reduction, and ZIF-8 underwent
thermal degradation to form a porous structure in the fiber. The
pore generation made the fiber surface rough. The static air
stored in the pores forms a large amount of air-dielectric
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interface with the carbon medium. When the particle size of
ZIF-8 becomes smaller, the pores on the fiber surface will
increase, and the fiber roughness will increase. For comparison,
we used 50- and 100-nm ZIF-8 to prepare carbon fibers with
different nanoscale roughnesses, denoted as HRCNF and
LRCNEF, respectively. The resulting rough, porous CNF mem-
branes had good mechanical properties, such as good flexibility
(Fig. S4), which enabled them to be directly applied to practical
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applications without further processing.

The SEM image demonstrates that HRCNFs with an average
diameter of 524 nm (Fig. S5) formed a staggering network,
making the CNF membrane surface uneven, which was bene-
ficial for light absorption (Fig. 1b) [30]. Open mesopores could
be observed on the CNF surface (Fig. 1c), and the rough
undulation was determined by the pore size. LRCNFs showed a
similar staggered nanofiber network structure and rough surface
with larger holes on the CNF (Fig. S6). CNFs without ZIF-8 had
a smooth fiber surface with an average diameter of 505 nm
(Fig. S7). The TEM image (Fig. 1d) reveals abundant macro/
mesopores in the nanofibers. The high-angle annular dark-field
TEM image and energy-dispersive X-ray spectroscopy (EDX)
mapping images of HRCNF reveal that C, N, and O elements are
evenly distributed on the porous CNFs (Fig. 1le-h).

The N, physical sorption method was used to investigate the
structural details of CNFs, LRCNFs, and HRCNFs. CNFs
showed a small N,-based BET surface area of 18.67 m* g™
LRCNFs and HRCNFs possessed ultra-high BET-specific surface
areas of 382.70 and 755.97 m* g~' (Fig. 1i), respectively. LRCNFs
and HRCNFs exhibited a typical type IV adsorption/desorption
isotherm with a distinct hysteresis loop, indicating the presence
of micropores and mesopores [31-33]. HRCNFs had a multi-
modal pore width distribution, with micropores ranging from
0.78 to 1.38nm and uniform mesopores of approximately
17.06 nm. Similarly, the pore size distribution of LRCNFs con-
sisted of micropores ranging from 0.64 to 1.06 nm and meso-
pores of approximately 18.92 nm (Fig. 1j). The interconnected
meso- and micro-porous structures could increase the air-
dielectric interface inside the photothermal materials [34]. Fur-
thermore, a microporous structure can construct a small-sized
conductor, which can produce a strong thermal electron effect
[35].

The surface roughness of CNFs was characterized by AFM.
Three parallel test scans of 2 ym x 2 um areas were performed
for each sample, followed by intercepting 500 nm x 500 nm
areas of three different areas on each parallel-tested CNFs to
calculate the average roughness (Fig. 2a-c). As shown in
Fig. 2d-f, the HRCNFs obtained by smaller-size ZIF-8 showed
the highest average roughness (R,) of 116.06 nm, which was
about thrice higher than that of CNFs, forming a rich surface
absorption interface. As shown in Fig. 2g, the average absorption
of HRCNFs (97.62%) was found to be greater than that of
LRCNFs (94.24%) and CNFs (89.78%), revealing that HRCNFs
are better at capturing sunlight. To study the light absorption of
the samples in the application process, the light absorption of
three samples was measured in the wet state (Fig. S8). The
results show that the light absorption of the samples in the wet
state is better than that in the dry state. In practical applications,
this would be beneficial to solar steam generation. The hier-
archical porous structure increases the surface roughness of
CNFs, resulting in multiple light reflections on CNFs, thus
increasing light absorption. This is consistent with the phe-
nomenon presented in Fig. 2k. HRCNFs exhibited a deeper color
owing to strong light absorption. The temperature change pro-
cess of the samples is shown in Fig. 2h. The maximum surface
temperatures of HRCNFs, LRCNFs, and CNFs are steady at 80.0,
89.2, and 95.1°C under one sun illumination, respectively
(Fig. 2j). HRCNFs had a rougher surface microstructure and
could convert more light into heat, which is advantageous to
water evaporation. The temperature elevation behavior of the
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samples was highly stable after five switching cycles under one
sun illumination, among which HRCNFs exhibited the highest
temperature (Fig. 2i). As a result, the HRCNF membrane was
expected to significantly improve the photothermal evaporation
performance of the material.

The performance of solar steam generation and water pur-
ification were further investigated experimentally. Fig. S9 depicts
the assembly of a custom-built steam-generation device. Poly-
styrene foam was used to allow the light absorber to float on the
water surface. The surface of the polystyrene foam was covered
with a cotton filter paper (diameter ~ 9 cm), which was extended
underwater for water transportation using the capillary effect
(Fig. 3a). As shown in Fig. 3b, the evaporation rates of saline
water (3.5 wt% NaCl), CNFs, LRCNFs, and HRCNFs were 0.31,
1.32, 1.64, and 1.78 kg m > h™!, respectively. The efficiency of
solar-vapor generation was an important factor in studying the
water evaporation process of photothermal materials. The solar-
vapor conversion efficiency of HRCNFs could reach 96.13%,
which is higher than 21.06% of saline water, 73.96% of CNFs,
and 86.66% of LRCNFs under one sun illumination (Fig. 3c).

As the water evaporated through HRCNFs via a single
molecule manner, the solar steam generation device with higher-
roughness HRCNFs was further applied for water purification.
The concentration of Na* was measured before and after water
purification using an inductively coupled plasma-atomic emis-
sion spectrometer (ICP-AES). Purified water was obtained by
collecting condensed water in solar steam when exposed to
sunlight (Fig. $10). As shown in Fig. 3d, the concentration of
Na* in the condensation chamber decreased sharply by at least
five orders of magnitude after water purification for the highly
concentrated NaCl solutions (3.5, 7, 10.5, and 14 wt%). This is
much lower than the salinity level defined by World Health
Organization (WHO) (Na* < 200 mg L) [36] and is also lower
than those of the freshwater generated by commercial mem-
brane filtration systems (Na*: 25-300 mg L™") [37]. Additionally,
simulated seawater was prepared by following the world sea-
water ion concentration [38], which was used to test the sea-
water purification effect of the evaporator. The concentrations of
four primary metal ions (Na*, Mg**, K*, and Ca?*) were also
measured before and after water purification by ICP-AES. The
extremely low ion concentrations in freshwater (< 0.36 mg L™")
after water purification ensure that the performance of the water
purification evaporator is viable (Fig. 3e). It should be noted that
the salt that was deposited on the surface of HRCNF during
evaporation was easily washed away by water, showing good
cycle stability after 30 cycles (1 h per cycle) (Fig. 3f). To further
verify the cyclic stability of HRCNFs, HRCNFs were subjected to
a cyclic stability test for 80 h. After 80 h of cyclic use, the final
evaporation rate of HRCNF decreased to 1.64 kgm™2h™!
(Fig. S11), which is only 7.8% lower than the initial evaporation
rate (1.78 m™>h™'), evidencing good cycle stability. Under one
sun illumination, the evaporation rate and conversion efficiency
of HRCNFs are significantly higher than those of the two-
dimensional (2D) photothermal material-based evaporators
(Fig. 3g) [39-48].

The optical path diagrams of light reflection and absorption
on HRCNFs, LRCNFs, and CNFs surfaces are shown in Fig. 3h.
The CNF surface was smooth, and sunlight could only be
reflected a few times, which is not conducive to the absorption of
sunlight. In comparison, the inner walls of the grooves of the
HRCNF porous structure could effectively reabsorb diffusely
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absorption spectra of CNFs, LRCNFs, and HRCNFs. (h) Temperature response profiles of CNFs, LRCNFs, and HRCNFs under a dry state when the solar
simulator is turned on and off. (i) Temperature response profiles of CNFs, LRCNFs, and HRCNFs when current is applied at an interval of 7 min. (j) IR image
of CNF-, LRCNF-, and HRCNF-based devices under one sun. (k) Photographs of CNF, LRCNF, and HRCNF membranes demonstrating the color of CNF
membrane deepening as the roughness increases.

reflected light, allowing energy recovery in these confined tionship between solar-to-vapor efficiency and roughness.
spaces. Moreover, the highest roughness of HRCNFs resulted in ~ Fig. S12 shows that the solar-to-vapor efficiency has an excellent
the largest specific surface area, resulting in the largest sunlight  linear relationship with the roughness of CNF, indicating that
irradiation area received by HRCNFs. Thus, HRCNFs could even a small roughness change at the nanometer level is ade-
convert more solar energy into heat to promote and accelerate  quate to improve the photothermal conversion efficiency of
steam escape. This also explained the better performance of solar ~ carbon nanomaterials.

steam generation of HRCNFs. We fitted and analyzed the rela- HRCNFs were ideal for water purification owing to its good
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Figure 3 (a) Schematic diagram of the solar steam evaporation device. (b) Time course of water evaporation performances of saline water, CNFs, LRCNFs,
and HRCNFs under one sun illumination. (c) Solar-vapor conversion efficiency and evaporation rate of saline water, CNFs, LRCNFs, and HRCNFs. (d) Na*
concentrations in different NaCl solutions and condensed vapor after water purification. The dashed line refers to the standard for drinkable water from
WHO. (e) Four main metallic solute concentrations in simulated seawater and condensed vapor after water purification. (f) Evaporation cycle performance of
water purification devices with each cycle sustained for 1 h. (g) Contrast of the evaporation rate and conversion efficiency under one sun illumination between
this study and the most recent reported 2D photothermal materials. (h) Schematic diagram of the microstructure of three photothermal materials, including

HRCNFs, LRCNFs, and CNFs.

mechanical properties, high light absorption, and high eva-
poration performance. Lake water, as an alternative water
resource, appeared to be a promising option for producing safe
drinking water. HRCNFs (11 cm x 8.0 cm) were used to convert
lake water (Donghua University, Shanghai, China) into safe
drinking water. Fig. 4a shows a water purification device whose
bottom is composed of a double-layer transparent porous cuboid
structure (outer frame: 15 cm X 12 cm x 5.0 cm; inner frame:
12cm x 9.0cm X 2.0 cm) and whose top is composed of a
transparent triangular structure (15cm x 12cm X 5.0 cm). A
water tank would be formed between the outer frame and the
inner frame at the bottom (water vapor would flow into the tank
along the periphery after condensation). The cotton filter paper
was fixed on the porous inner frame, and its function was to
slowly introduce water into the photothermal materials. The
photothermal materials were attached to the cotton filter paper
(Fig. S13). The water purification device equipped with photo-
thermal materials in the center of the empty foam (25 cm x
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20 cm X 2.0 cm) was designed to keep the water purification
device afloat on the lake (Fig. 4b). The detailed process of water
evaporation has been described in the supplementary informa-
tion. The purification system produced clean water under nat-
ural sunlight. As shown in Fig. 4c, the decrease in the
evaporation rate was primarily determined by changes in natural
solar intensity, which gradually increased from 0.62 kW m™ at
8:00 am to 0.86 kW m™ at 12:30 pm and then decreased to
0.50 kW m™2 at 18:00. Under natural sunlight, the evaporation
rate went up from 0.85 kg m™ h™" at 8:00 am to 1.52 kgm—2h™!
at 12:30 pm and then gradually decreased to 0.65 kg m™>h™! at
18:00. The HRCNF purification system produced 11.18 kg m™
of clean and safe water per day, which is sufficient to meet the
daily needs of 4-5 individuals [49]. It is worth noting that
HRCNFs are particularly lightweight (2.28 mg cm™), making it
ideal for floating on the water surface for water purification. To
compare the quality of purified water to that of domestic water,
the concentrations of several major ions were measured. The
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water and condensed vapor after water purification.

concentrations of Na*, K*, Mg?*, Ca*, B**, Fe**, and As®" in the
lake water before purification were found to be 62.06, 4.27,
10.99, 51.81, 0.12, 0.27, and 1.60 x 107> mg L', respectively
(Fig. 4d). The ion concentrations in freshwater were significantly
reduced to <0.05mgL™" after the evaporation condensation
process. These results indicate that HRCNFs have a high
potential for practical solar water purification from a wide range
of potable water feedstocks.

CONCLUSIONS

We proposed a facile method to enhance the light absorption
properties of carbon nanomaterials by constructing multiple
internal air-dielectric interfaces, which significantly improves
the water evaporation performance and heat utilization. The
synthesized HRCNFs outperformed LRCNFs and CNFs in terms
of light absorption and water evaporation with an evaporation
rate of 1.78 kgm™h™! and a high solar-vapor conversion effi-
ciency of 96.13%. Making CNFs with nanoscale roughness and
hierarchical porosity can dramatically improve their intrinsic
photothermal properties with absorption above 97%, reducing
the reflective energy loss. The fabricated rough CNF membrane
demonstrates a high rejection rate of ions (< 0.05 mgL™" salt
ions) and produces fresh water from the lake at a rate of
11.18 kg m™2 per day, which is sufficient for the daily demands
of 4-5 individuals. This work provides a new idea for developing
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photothermal water evaporation materials with low cost and

high efficiency.
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