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ABSTRACT: Solar desalination, a technique converting solar
irradiation to heat for evaporating saltwater and generating
freshwater, has garnered much attention because of the ever-
growing global demand for potable water. Herein, we utilize block
copolymer-based porous carbon fibers with well-controlled porous
structures to investigate the latent heat reduction in mesopores and
micropores. The porous carbon fibers achieve high energy
efficiencies and solar desalination rates up to 3.8 kg m™ h™'
under 1 sun irradiation owing to the >99% light absorption across
the solar spectrum and reduced vaporization enthalpy of pore-
confined water. The nanoconfinement effect of pores is evaluated
by measuring evaporation enthalpies and rates for morphologically
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tailored carbon fibers with pore sizes ranging from ~1 to ~22 nm. Our results show a continuous reduction in an enthalpic energy of
up to 43% as mesopore size decreases to ~10.7 nm and then less reduction of only 14% with a further decrease in micropore size to
<1 nm. The mesopores exhibit significantly enhanced evaporation rates compared with micropores due to the nanoscale
confinement-related enthalpy reduction and water transport. This study provides insight into nanoconfinement effects with well-
controlled pore sizes and contributes to further understanding and design of porous materials for future environmental applications.

B INTRODUCTION

A major challenge for the growing global population is the
disparity between freshwater demand and supply. Although
brackish and sea water are abundant, the energy required for
desalination using current methods prevents wide access to
potable desalinated water. Many technologies are under
development to combat this problem by enhancing desalina-
tion efficiency.'™® Distillation and similar thermal-based
methods produce water through vaporization and recondensa-
tion, yet they suffer from limited energy efficiencies.* Other
systems, such as membrane-based reverse osmosis,” consume
comparatively less energy than the thermal-based methods®™*
but experience other issues such as membrane biofouling, high
working pressures, and intensive maintenance, in addition to
large footprints and costly infrastructures.”'® Alternatively,
solar desalination requires much lower energy input and less
complex infrastructures."' ™" Solar also provides off-grid and
low-to-no waste production of potable water from high-salinity
sources.'"> Thus, solar desalination has gained increasing
popularity in confronting the aforementioned challenges faced
by traditional systems, especially in regions with limited access
to large-scale infrastructures.'®"”

Solar energy provides a sustainable source for water vapor
generation, but an effective solar desalination system demands
both high light absorption and photothermal conversion
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efficiencies.'®'? The literature has focused on strategies
ranging from initial energy harvesting to final recondensa-
tion.””>* For example, ultra-absorbers such as plasmonic
nanoparticles highlighted the importance of solar-to-thermal
energy conversion efficiency.”™ Strategized materials, such
as thermal-concentration ceramics*® and nanostructured gels,27
addressed the issue of parasitic heat loss by localizing heat and
reducing energy dissipation. Heat recovery was realized by
coupling photonics with distillation to further mitigate energy
loss.”® These strategies highlight the rationales of increasing
solar energy uptake and decreasing energy loss, all of which
enhance solar desalination efficiency. However, another
fundamental and yet important mechanism remains largely
underdeveloped in the minimization of the inherent energy
requirement for the phase change of water from liquid to
va\por.l&29

Owing to the large vaporization enthalpy of water, even an
ultra-high efficient system—without any latent heat reduc-

Received: January 17, 2022
Revised: ~ May S, 2022
Published: May 23, 2022

Wacromolecules

https://doi.org/10.1021/acs.macromol.2c00092
Macromolecules 2022, 55, 4803—4811


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joel+M.+Serrano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianyu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zacary+L.+Croft"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Assad+U.+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhen+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elsaid+Nouh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengfeng+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengfeng+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoliang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.2c00092&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00092?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00092?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00092?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00092?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00092?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mamobx/55/11?ref=pdf
https://pubs.acs.org/toc/mamobx/55/11?ref=pdf
https://pubs.acs.org/toc/mamobx/55/11?ref=pdf
https://pubs.acs.org/toc/mamobx/55/11?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf

Macromolecules

pubs.acs.org/Macromolecules

tion—could only achieve a theoretical maximum evaporation
rate of 1.6 kg m™> h™! under 1 sun irradiation." New
technologies are under development to address this challenge
by lowering the energy required for vaporization.”” >’ Previous
experimental and simulation studies also point toward the
potential for achieving high desalination efficiency using a
nanoconfinement approach, which reduces the intermolecular
interactions between adjacent water molecules and thus water
density.34_37 Despite numerous reports using porous materials
such as carbon foam®® and pyrolyzed biomasses,™~*' for solar-
thermal desalination, the differing effects of mesopores and
micropores on nanoconfinement of water remain unclear.*”~**
To this end, we designed a system with controllable pore sizes,
utilizing our recently developed block copolymer-based porous
carbon fibers (PCFs), to elucidate the relationship between
nanoconfinement and water vaporization enthalpy.

Our judiciously selected block copolymer precursor, poly-
(methyl methacrylate)-block-poly(acrylonitrile) (PMMA-b-
PAN), provides a controlled, template-free method for
producing PCFs via sequential electrospinning, oxidation,
and pyrolysis (Figure 1). Owing to the unique capability of
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Figure 1. Scheme of block copolymer-based porous carbon fibers for
solar desalination. (a) PMMA-b-PAN block copolymers were
synthesized and electrospun to (b) polymer fiber mats and then
converted to (c) porous carbon fibers via carbonization. (d) The
fibers were semi-submerged in saltwater. Water traveled through the
inter-fiber macropores via arterial pumping and then toward the
interiors of the fibers via mesopore pumping. The interior mesopores
and micropores pose different nanoconfinement effects on water.

microphase separation, the block copolymer forms well-
defined mesoscale structures for formation into mesopores.
The size of the mesopores is highly uniform, as governed by
the block copolymer molecular weight and composition. In
addition, the intrinsically semi-crystalline PAN develops well-
controlled micropores during the carbonization process.
Therefore, PMMA-b-PAN provides an exceptional platform
for investigating the effects of mesopores and micropores on
solar water vaporization. PCFs are expected to exhibit excellent
solar desalination efficiency because (i) PCFs absorb >99% of
light in the solar spectrum and have a high solar energy
harvesting capability; (ii) electrospinning creates inter-fiber
macropores for rapid water transport from the bulk to the
inter-fiber space and the interconnected meso- and micro-
pores; (iii) the nanoconfinement accelerates water evaporation
by decreasing vaporization enthalpy;”~* and (iv) PCFs have
enhanced heat transfer contained by thermal diffusion within
the fiber mat. Consequently, the well-defined and tunable pore
structures allow for an unprecedented opportunity to
experimentally examine the evaporation behavior of water
under varying nanoconfinement conditions.
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With well-tuned pore sizes from ~0.6 to 21.6 nm, our
measurements showed that, for block copolymer-derived
PCFs, the vaporization enthalpy diminished to ~43% of the
value for bulk water with decreasing mesopore sizes. The water
evaporation rate reached a maximum of 3.8 kg m~>h™" under 1
sun irradiation, ~9.5 times higher than the evaporation rate of
bulk water. In contrast, PAN homopolymer-derived carbon
fibers (CFs), with micropores of <2 nm and no mesopores,
only reduced the latent heat for water vaporization by ~14%
and were significantly inferior for solar desalination. The
nanoconfinement provided by the PCFs enables facile
desalination and deepens the understanding of latent heat
reduction induced by confinement (Figure 1). This work
serves as a useful guide for material design in future
environmental applications.

B MATERIALS AND METHODS

Chemicals. Methyl methacrylate (MMA, >99%), acrylonitrile
(AN, >99%), 2,2’-azobis(2-methylpropionitrile) (AIBN >98%),
benzene (>99%), aluminum oxide (activated, neutral, Brockmann
Activity I), N,N-dimethylformamide (DMF, >99.7%), and dimethyl
sulfoxide (DMSO, >99.9%) were purchased from Sigma-Aldrich.
Cumyl dithiobenzoate (CDB) was synthesized via a previously
reported pathway. Pumped methanol was used for polymer
precipitation. MMA and AN were purified by alumina column
filtration to remove inhibitors.*®

Synthesis and Fabrication of Carbon Fibers. Poly(methyl
methacrylate)-block-poly(acrylonitrile) (PMMA-b-PAN) was synthe-
sized via reversible addition-fragmentation chain transfer (RAFT)
polymerization according to a previous report with modifications.*’
First, a mixture of MMA (70.0 mL, 618 mmol), CDB (168.6 mg,
0.318 mmol), and AIBN (50.8 mg, 0.310 mmol) was dissolved in
benzene (110 mL) in a S00 mL Schlenk flask. The solution was
subjected to three cycles of freeze-pump-thaw (FPT) followed by
back-filling with N, to remove dissolved oxygen gas. The reaction
proceeded at 60 °C resulting in a PMMA macro-chain transfer agent
(CTA). Three macro-CTAs were synthesized by polymerization at 60
°C for 14, 22, and S2 h, resulting in PMMA-C (41 kDa), PMMA-B
(59 kDa), and PMMA-A (108 kDa), respectively (Figure S1). The
PMMA macro-CTAs were precipitated in methanol, filtered, and
dried under vacuum for 12 h.

The purified PMMA macro-CTAs were then used to synthesize
PMMA-b-PAN block copolymers (BCP). The macro-CTAs were
subject to the same molar ratios. The synthesis of BCP-B will serve as
an example. BCP-B was synthesized by the mixture of PMMA-B
macro-CTA (6.50 g, 110.1 gmol), AN (26.0 mL, 433.1 mmol), AIBN
(44 mg, 27.0 ymol), and DMSO (72.2 mL). Note that, for both
BCP-A and BCP-C, the molar ratios are exactly the same. The AIBN
was added last to the mixture immediately preceding the three FPT
cycles. The mixture was then heated in an oil bath at 65 °C under a
N, atmosphere for 8 h, which resulted in precursors with PAN
number-average molecular weights: BCP-B (36 kDa). Note that the
same molar ratios were used for PMMA-A and PMMA-C; however,
the reactions proceeded for 10 h (PMMA-A) and 12 h (PMMA-C),
resulting in PAN molecular weights BCP-A (44 kDa) and BCP-C (66
kDa). The PMMA-b-PAN block copolymers were purified following
the same steps as the PMMA macro-CTAs. The PAN homopolymer
was synthesized with radical polymerization in a 250 mL Schlenk flask
by adding AN (34.6 mL, 528 mmol), AIBN (15.08 mg, 91.83 mmol),
S,S-dibenzyl trithiocarbonate (SSDT, 96.8 mg, 0.334 mmol), and
DMSO (80 mL) into the mixture. The solution was subjected to three
cycles of FPT and filled with N,. The mixture was then heated at 60
°C for 12 h. The mixture was then diluted with 80 mL of DMF and
then precipitated into MeOH. The precipitates were collected by
filtration, washed with MeOH, and then dried in vacuo at 80 °C to
remove the residual solvents.

The number-average molecular weights were measured with size
exclusion chromatography (SEC) (EcoSEC HLC-8320GPC) equip-
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ped with a light scattering detector (DynaPro Nanostar photometer)
(Table 1). The block copolymers were then dissolved in DMF (18 wt

Table 1. Characteristics of Carbon Fibers PCF-A, PCF-B,
PCEF-C, and CF and the Precursor Polymers

e g PR hem pmh
CF PAN <2 120 3.6
PCF-A BCP-A 21.6 445 8.5
PCF-B BCP-B 14.7 690 10.1
PCE-C BCP-C 10.7 760 11.0

“Values based on N, physisorption. “Total pore volume of N, and
CO, physisorption.

%) overnight. The dissolved BCPs were electrospun at a flow rate of
0.020 mL min™" with 18 kV (using high power supply, Model
PO30HP1, Acopian Technical Company) and collected onto an
aluminum drum with a spin rate of ~120 rpm. The as-spun fibers
were oxidized at 280 °C with a heating rate of 1 °C min™" for 8 h
under air to stabilize the fibers and then pyrolyzed at 800 °C for 1 h at
a heating rate of 10 °C min~" in a tube furnace (Model STF55433C-
1, Lindberg/Blue M) under a N, atmosphere (N, flow rate, 200
standard cubic centimeters per minute).

Characterization. N, and CO, physisorption were performed at
77 and 273 K, respectively, using a 3Flex pore analyzer (Micrometric
Instruments Company). Prior to physisorption, PCFs were degassed
at 90 °C for 1 h and 300 °C for 10 h to remove any surface
adsorbents. Pore width distributions were calculated using non-local
density functional theory (NLDFT). Micropore (<2 nm) and
mesopore (2—50 nm) volumes in the fibers were measured using
CO, and Nj physisorption, respectively (Table S1). Light absorption
spectra were acquired using a UV—vis—NIR spectrophotometer
(Agilent Cary 5000). The ion concentrations were tracked with an
inductively coupled plasma mass spectrometer (Agilent 7900 ICP-
MS). Field-emission scanning electron microscopy (FE-SEM, LEO
1550) was utilized to image the carbon fibers. An acceleration voltage
of 2 kV and a working distance of ~3 mm were used. The SEM
images were then processed using the ImageJ software. Differential
scanning calorimetry (DSC, Discovery DSC2500, TA Instruments)
was performed to determine the enthalpy of water evaporation and
boiling points in various PCFs. Dry PCF mats were first studied using
DSC, which showed zero heat flows. The PCF fiber mats were then
submerged in water for ~24 h to ensure water saturation. Afterward,
the PCF fiber mats were loaded immediately into DSC pans and
weighed with an analytical balance. Immediately following the
weighing, the PCF mats were heated from room temperature to
120 °C at a rate of 10 °C min~'. After the DSC scan, the residual
weight of PCF was measured. The difference was used to calculate the
weight of water evaporated. By utilizing the weight of evaporated
water and the integral of heat flow, the amount of energy required to
evaporate a unit mass of water adsorbed on the PCF was calculated
(Figure Sb). DSC was calibrated using indium [melting point (m.p.)
= 156.60 °C] and zinc (m.p. = 419.47 °C) standards. The boiling
point was measured as the midpoint of the endothermic peak.

Evaporation Performance Testing. Water evaporation experi-
ments were conducted using a solar simulator (Newport 3 M) with an
output power of 1000 W m™2 (1 sun irradiation) in a dark room. A
power meter (Newport ORIEL Sol3A) controlled the output of the
solar simulator. Each solar desalination sample was tested in Petri
dishes along with a blank water sample as a control. The carbon fiber
bundles were placed in a small cork support to ensure that they
floated at the water-air interface. The mass loss of water was
monitored using an analytical balance with a 0.01 mg resolution.
Water vapor was condensed along a glass dome. Salt concentrations
were measured with ICP-MS to track common ions within saltwater
(Na*, Mg*, K*, and Ca’) before and after desalination. Energy
efficiency (77) for solar to vapor generation was calculated according
to the following equation:
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n = (mH,)/(Copily)

where m is the mass flux, H,,, is the vaporization enthalpy of water,
Copt is the optical concentration on the absorber surface, and Py is the
solar irradiation of 1 sun (1000 W m™2). The desalination rates were
normalized to geometric surface area of each fiber mat exposed to the
solar irradiation. Exposed area was calculated by measuring the sides
and top of the carbon fiber mats above the floating material (cork).

(1)

B RESULTS AND DISCUSSION

Using reversible addition-fragmentation chain transfer (RAFT)
polymerization, we synthesized PAN homopolymers and
PMMA-b-PAN block copolymers based on our previous
report.*® The molecular weight and composition of PMMA-
b-PAN control the surface area and mesopore size distribution
of PCFs. In general, high molecular weights and volume
fractions (@pyma) of PMMA result in large mesopore sizes.
Specifically, both larger @pypa and longer PMMA chains
provide larger pores in the PCF, whereas larger PAN chains
and @pay develop more graphitic and disordered carbon
matrices. The overall molecular weight also affects the surface
area and spinnability of the fibers.** Due to the unique cross-
linking characteristics of PAN, the block copolymer could not
reach an equilibrium state to form any of the classical block
copolymer morphologies.** Thus, three PMMA-b-PAN
polymers were synthesized with number average molecular
weights (M,,) of 108-b-44, 59-b-36, and 41-b-66 kDa (Figure
S1) to produce three types of PCFs, designated as PCF-A,
PCF-B, and PCF-C, respectively (Table 2). As a control, PAN

Table 2. Characteristics of Polymer Precursors from RAFT
Polymerization

M,, PMMA M,, PAN corresponding
polymer (kDa) (kDa) opan”  PDIY fibers
PAN 46 1 1.19 CF
BCP-A 108 44 0.29 1.17 PCF-A
BCP-B 59 36 0.37 1.18 PCF-B
BCP-C 41 66 0.59 1.10 PCE-C

“Volume fraction of PAN. “Polydispersity index.

with M, 46 kDa was also synthesized to produce
microporous CFs. As reported previously,”® PAN with M, in
the range of 13—215 kDa produced CFs with similar
properties.

The polymers were electrospun into fibers, which were then
sequentially oxidized in air and pyrolyzed under N, to produce
PCFs and CFs (Figure 1c). The fiber bundles exhibited
nonuniform inter-fiber distances (Figure 2a—d). Since the
capillary height is inversely proportional to the radius of a
capillary, the inter-fiber gaps can act as channel-like macro-
pores to efficiently transport water for desalination, analogous
to the hydrophilic macroporous channels that benefited water
transport via arterial pumping in a previous report.49

In addition to the macropores, PCFs displayed distinct
ubiquitous mesopores, both on the skin surfaces (Figure 2a—c)
and in the cross sections (Figure 2e—g). The PAN block
served as the primary carbon source during pyrolysis, whereas
the PMMA block acted as a sacrificial component to produce
well-dispersed, uniform mesopores via thermodynamically
driven microphase separation and thermal decomposition.**
Contrastingly, the PAN-derived CFs were devoid of any visible
mesopores (Figure 2d,h).
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Figure 3. (a) N, and (b) CO, physisorption isotherms and (c) pore width distributions of PCF-A, PCF-B, PCF-C, and CF. The pore distributions
were plots with a double-Y plot for pore volume based on CO, derived physisorption (left, plotted with triangles) and N, derived physisorption

(right, square).

Gas physisorption analysis revealed the pore widths and
surface areas of the PCFs and CFs (Figure 3). The N, and
CO, isotherms of all PCFs exhibited type IV and I
characteristics, respectively, as defined by the International
Union of Pure and Applied Chemistry (IUPAC).”' Micropore
(<2 nm) and mesopore (2—50 nm) volumes in the fibers were
measured using CO, and N, physisorption, respectively (Table
S1). Specifically, the N, sorption of PCFs showed hysteresis at
0.6 < P/P, < 0.9, indicating the presence of mesopores (Figure
3a). On the other hand, the isotherms of CFs had type II and
type I characteristics for N, and CO, adsorption, respectively,
suggesting the absence of mesopores but the presence of
micropores. Nevertheless, the similar type I isotherms of CO,
sorption signified that both PCFs and CFs contained
micropores of similar pore widths (Figure 3b).

Using non-local density functional theory (NLDFT),”” the
pore width distributions were calculated (Figure 3c).*® During
carbonization, the carbon matrices of all PCFs and CFs
developed micropores in trimodal peaks centered at ~0.58,
0.86, and 1.2 nm (Figure 3c).53 PCF-A, PCF-B, and PCF-C
also showed unimodal mesopore peaks at 21.6, 14.7, and 10.7
nm, respectively. The pore widths in the range of ~0.5—22 nm
allowed for investigating the effects of pore width effects on
water vaporization (Table S1).

Using PCFs and CFs with different pore size distributions,
the effects of nanoconfinement on solar desalination perform-
ance were studied. After pyrolysis, all PCFs and CFs absorbed

4806

>99% of the solar spectrum wavelengths (Figure 4a). The
fibers were placed at the water-air interface of saltwater (35 g
L' NaCl), supported with a floating cork. Under 1 sun
irradiation, weight loss due to water evaporation was tracked
over time. The measured change in water mass over about 6 h
revealed an increasing evaporation rate in the order of blank
water, CF, PCF-A, PCF-B, and PCF-C (Figure 4b). The PCF
and CF required ~680 s of heating under solar irradiation to
reach a steady state and achieve a linear evaporation rate owing
to the characteristic thermal diffusivity (Figure S2) and initial
heating.”” The evaporation rates were normalized to the fiber
mat surface area exposed to sunlight (i, geometrical area)
and are reported in units of water evaporated per unit area per
unit time (Figure 4c). PCF-C displayed the highest
desalination rate of 3.8 kg m™ h™".

The energy efficiency () for solar vapor generation was
calculated according to the following equation (eq 1). To
calculate the energy efficiency, H,,, was estimated by both
differential scanning calorimetry (DSC) and dark-field
evaporation (Figure S3). The highest performing fibers
(PCF-C) reached an energy efficiency of ~94% (based on
the enthalpy measured by DSC, vide infra).

The desalination rate was positively correlated with the pore
volume and surface area calculated using the Brunauer—
Emmett—Teller (BET) theory (Figure 4d). The micropore
volumes were similar among the carbon fibers. In contrast, the
mesopore volumes showed a stronger correlation with the
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increasing desalination rates (Figure S4). To reveal the purity
of evaporated water, inductively coupled plasma mass
spectrometry (ICP-MS) was used to probe the salinity of
four common ions, including Na*, Mg**, K*, and Ca*', before
and after desalination. The pre-evaporated saltwater solution
contained 1.9 X 10* mg L' Na*, 6.5 x 10° mg L™ Mg**, 5.7 X
10> mg L™ K, and 5.1 X 10> mg L' Ca®". However, the
distillate after evaporation showed order-of-magnitude reduc-
tion in ion concentrations (Figure 4e). The concentrations of
Na*, Mg**, K*, and Ca** were all below 11 mg L™", meeting the
standard of drinking water set by the U.S. Environmental
Protection Agency (Figure 4e).>*
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Practical solar desalination requires the solar absorbers to be
robust and sustainable under continuous irradiation in high
saline water. The PCF and CF performance remained stable
under irradiation, evident by their constant evaporation rates
(Figure 4f). The vaporization rates were tested over 10 cycles
for each type of PCF and CF. During each cycle, fresh
saltwater was refilled into the desalination testing cell and
irradiated continuously. The PCFs also showed facile self-
cleaning ability and negligible efficiency loss. When not in use,
salts might precipitate along the exterior of the fibers. The
ability for salt resistance or self-cleaning material directly
impacts the continuous use of solar desalination systems.>
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However, once the fibers were placed in saline water, the salts
quickly dissolved because the fibers were hydrophilic and the
pores facilitated water transport to wet the fibers (Figure SS).

The well-defined hierarchical pores in the PCFs permitted
investigations into the influence of surface area, pore volume,
and pore size on desalination, a fundamental understanding of
which is crucial for designing future solar thermal materials.
Water confined in the pores of PCFs and CFs was analyzed
with differential scanning calorimetry (DSC) using a temper-
ature scan from room temperature to 120 °C under a heating
rate of 10 °C s™' (Figure Sa). By integrating the heat flow vs
time, the enthalpy of water vaporization within the CFs and
PCFs was estimated. The CFs showed an endothermic peak
with an intensity of approximately —10 W g™" at 89 °C. The
peak endothermic temperature further decreased in the order
of PCF-A, PCF-B, and PCF-C, to 74, 71, and 52 °C,
respectively (Figure Sa). For PCF-A, PCF-B, and PCF-C, the
peak heat flows decreased progressively to —7.7, —7.8, and
—4.6 W g' (Figure S5a), corresponding to vaporization
enthalpies (Hvap) of ~1760, 1600, and 1380 J ¢! (Figure
5Sb), respectively. The vaporization enthalpies were calculated
based on the weight of water evaporated (Table S2, m1 - m2).

In addition, the mass of the water within the carbon fibers
was monitored with DSC (Table S2). The soaked PCF fibers
adsorbed ~10X their weight in water, which aligns with the
combined pore volume estimates by CO, and N, phys-
isorption. Based on the weight of the water and the integrated
DSC trace, the enthalpy was directly estimated by the input of
energy (J) into the system. Consistently, the PCF fibers
showed a lower energy input for evaporation of water within
the DSC pans (Table S2).

Hydrogen bonding is a major contributor to the cohesion
among water molecules and the H,, of water. Previous
research into water confinement shows hydrogen bond
disruption in pores with widths <100 nm.** In carbonized
materials, pores of <100 nm also contribute to reduced
enthalpy.”***~* In this work, the CFs and PCFs conferred
different confinement effects on water molecules due to the
different porous structures. For bulk water, the vaporization
enthalpy at 25 °C and standard pressure is ~2440 J g~'. With
inter-fiber distances and micropores, the H,,, of water in the
CF was reduced to ~2100J g™' based on DSC, which provided
an estimation of enthalpy without mesopores (Figure S6 and
Table S3). Upon the addition of mesopores, the surface area
and pore volume of the carbon fibers increased. The
culmination of inter-fiber distances, mesopores, and micro-
pores resulted in a larger reduction in H,,. The reduced
enthalpy delves into two confinement factors: the disruption of
the hydrogen bonding network of water molecules and the
development of smaller capillary structures within the
mesopores.”® In addition, the mesopores also contribute a
tertiary beneficial factor in a lower thermal diffusivity within
the PCFs (Figure S2). Notably, PCF-C had the smallest Hyppe
The reduction in H,,, determined by DSC was also confirmed
by dark-environment (dark-field) evaporation, with the CFs
and PCFs following an identical trend (Figure S3). Owing to
the mesopore-related reduction in H,,, all PCFs displayed
high solar desalination rates. The smaller the mesopores, the
more reduction in H,,, observed and thus the higher the solar
desalination rates. However, this effect diminished in the CFs
that had only micropores. Notably, both CFs and PCFs
possessed macropores (inter-fiber voids due to fiber process-
ing), which aided water transport.
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The PCFs with mesopores speed up water evaporation
(Figure Sa) by suppressing hydrogen bonds to the extent that
the vaporization enthalpy of water is significantly reduced, but
at the same time, water can still evaporate as clusters.”” On the
other hand, the micropores in the CFs had widths from 0.58 to
1.2 nm, which could only accommodate two to four water
molecules in their cross sections. As a result, the hydrogen
bond network is effectively destroyed, and the cluster
evaporation mechanism diminishes. In addition, water trans-
port is hindered due to the small size of micropores as well as
the hydrophilic nature of the pore walls. Thus, the value of H,,,
of the CFs is greater than that of the mesopore-containing
PCFs. Because of the decreased water transport, the lower
surface area, and the suppression of the cluster evaporation
mechanism, the CFs exhibited limited desalination perform-
ance.

Nanoconfinement causes a disruption in the continuous
hydrogen-bonding network, which plays an important role in
the physical properties of water. For example, previous studies
showed that nanoconfinement could produce water in a variety
of bonding states (e.g., network water, intermediate water, and
multimer water) with differing vaporization enthalpy.” As
expected, it requires less energy to vaporize small water clusters
collectively than to break each hydrogen bond and vaporize
each water molecule individually.”®

In addition to the nanoconfinement effects, the hierarchical
porous structure of the PCFs provides an important factor for
continuous desalination. Vaporization of water in porous
media follows two stages. In the first stage, water flows from
the bulk into the pores through capillary actions, and in the
second stage, water evaporates and the air-water interface
recedes on the pore surface.”” The air-water interface is vital
for water evaporation.”” The vapor phase above the receding
air-water interface quickly saturates, resulting in a concen-
tration gradient of water vapor toward the bulk air. The
concentration gradient becomes the driving force for water
vapor molecules to escape the porous network and enter air.®’
In both stages, the pore tortuosity, geometry, and size
distribution affect water transport as well as evaporation rates
and efficiency.”> The transport of water vapor from micropores
to mesopores and then to macropores provides a “capillary
valve effect”, further facilitating vapor release and water
evaporation. The slightly hydrophilic nature of the PCFs,
combined with the capillary pressure in the hierarchical pores,
allows a continuous film to develop, thus increasing the air-
water interfacial area and leading to high desalination rates.®’

B CONCLUSIONS

In summary, block copolymer-based porous carbon fibers were
demonstrated to be highly efficient materials for solar
desalination. Importantly, the well-defined interconnected
pores allowed for delineation of the nanoconfinement effects
of mesopores and micropores on water vaporization enthalpy.
The carbon fibers showed strong light absorption of >99%
across the entire solar spectrum, thereby providing high light-
to-thermal energy conversion efficiency. The nanoconfinement
reduced the enthalpy of water vaporization, and the effect
varied with the pore size, surface area, and pore volume. In
general, the enthalpy decreased as the mesopore size
decreased. However, the enthalpy started to increase as the
pore size was further reduced to the micropore range. The
porous carbon fibers with a mesopore size of 10.7 nm were
found to have the lowest water vaporization enthalpy and the
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highest desalination rate of 3.8 kg m~2 h™! under 1 sun

irradiation, which was hitherto unprecedented in the literature,
for single-stage solar desalination devices.

In addition to high solar desalination rates, the porous
carbon fibers exhibited excellent reusability and stability. Thus,
this study highlighted the potency porous carbon fibers, as an
exciting emerging material, to achieve high solar efficiency,
high vaporization rate, and high sustainability. These materials
have great potential for desalination, separation, filtration, and
other environmental applications.
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