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uperoleophilic 2D Zr-based
alkyne-rich metal–organic framework for oil/water
separation and solar-assisted oil evaporation†

Qian-Ru Luo,‡ Yuan-Hui Zhong, ‡ Lai-Hon Chung, * Zhixin Jiang, Qia-Chun Lin,
Xin-Ke Xu, Xinhe Ye, Wei-Ming Liao and Jun He *

A 2D layered Zr-based metal–organic framework (MOF), ZrL1, was assembled from Zr(IV) ions and

backfolded alkyne-rich dicarboxylate linker (L12−). Structurally robust and chemically stable ZrL1 was dip-

coated on polyurethane (PU) to give a composite ZrL1@PU, which exhibited significantly enhanced oil/

water separation performance (maximum absorption capacity: 66.19 g g−1, separation efficiency: 99.3%,

selectivity: water totally excluded, and permeability: 5340 L m−2 h−1) when compared with pristine PU.

More importantly, ZrL1@PU maintained steady performance and framework stability even upon 20 cycles

of operation. Given that ZrL1@PU is photothermally active, it was taken for solar-driven evaporation of

the oil harvested during oil/water separation, and the evaporation efficiency of ZrL1@PU (complete

evaporation within 25–40 minutes) outperforms that of pristine PU (30 wt% of the selected oil still

remained within the same illumination period). This study represents an illustrative example giving

insights into the rational design of hydrophobic/superoleophilic framework for fabricating efficient

durable self-cleaning oil/water separator.
Introduction

Oil-contaminated water from industrial effluent and oil spillage
incidents degrades drinkable water and threatens marine
lives.1,2 Nowadays, various industrial approaches, such as air
otation, centrifugation, coagulation, and gravity-driven sepa-
ration, have been developed to implement oil separation from
water. However, these methods are complicated to process and
costly, making them inefficient to address oil/water separation.
Alternatively, porous adsorbents, including cotton, linens, and
zeolites, have been applied to oil/water separation; however,
their low adsorption capacity, poor recyclability, and secondary
pollution generation limit their further application in oil/water
separation.3,4 As a result, various modied porous materials
emerged as new platforms for exploring competent oil/water
separator, and this research area continues unabated.5–14

Considering oil adsorbents, materials with ‘special wettability’,
referring to wetting properties with liquid contact angles above
150° or smaller than 10°, represent a novel class of aqueous-
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phase oil adsorbent because of their easy operation.15 It is
well-established that superhydrophobic materials exhibit water
contact angle >150° while superoleophilic materials give oil
contact angle <10°.15 Specically, hydrophobic-oleophilic
adsorbents are favourable for highly selective oil/water separa-
tion by extracting oils from the water body (hydrophobic: repel
water and leave it behind; oleophilic: take up oil actively).

Metal–organic frameworks (MOFs), constructed from regular
coordination between metal clusters/ions and multitopic
organic linkers, represent a class of crystalline polymer suitable
for the design of special wettability gied materials owing to
their well-dened network, rich linker functionalities, and
diversied yet predictable topologies.16–28 To obtain hydro-
phobic MOFs, there are some common strategies: (1) the
uorination/alkylation of MOF either through linker design or
post-synthetic modication, (2) introducing surface corrugation
on MOF, and (3) the preparation of hydrophobic MOF
composite.29–31 These strategies aim to minimize the surface
free energy of MOFs (weakened attraction between water and
MOF) and promote the surface roughness, collectively boosting
the hydrophobicity of MOFs. Attractive as these tactics seem,
some negative concerns deserve attention: (1) the preparation of
peruorinated/multi-alkylated linkers is sometime tedious; (2)
the reproducibility of post-synthetic modication is not guar-
anteed, giving rise to varying performance; (3) some MOF
composites involve time-consuming multi-step preparation.
Setting aside these problems, MOFs have been fabricated with
other materials to build a composite that merges photothermal
J. Mater. Chem. A, 2023, 11, 22223–22231 | 22223
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Fig. 1 (a) Chemical structure of H2L1; (b) perspective view of hexagonal network of ZrL1 along the c-axis perpendicular to the ab plane; (c)
perspective view of ZrL1 along the a-axis perpendicular to the bc plane; (d) experimental, Pawley-refined, and simulated XRD patterns of ZrL1; (e)
SEM images and elemental mapping of ZrL1.
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conversion and oil/water separation32–38 for self-cleaning oil/
water separation, a more practical execution of water purica-
tion and oil extraction.

Considering all these aspects, we designed a backfolded
alkyne-rich ditopic linker H2L1 and aim to construct a two-
dimensional (2D) Zr-based MOF possibly with photothermal
conversion capacity and hydrophobic–oleophilic nature for
photothermally driven oil/water separation supported by the
following rationales (Fig. 1a): (1) H2L1 can be afforded easily by
the common homo- and cross-coupling of alkynes; (2) the
dicarboxyl main skeleton is used for construction of the
framework while the protruding aniline-tethered alkynyl
pendants introduce steric hindrance to promote the growth of
2D layeredMOF, which is favoured by sterically bulky linkers, as
observed in other reported Zr-based 2D MOF;39 (3) the enrich-
ment of alkynes is for extending the electronic conjugation of
the linker to broaden the absorption proles ready for photo-
thermal conversion as well as connectingmore organic moieties
to enhance the hydrophobicity/oleophilicity; (4) –NH2 groups
are incorporated to enhance the capture of polar oil by forming
dipole interaction. Even though –NH2 groups in MOF may have
better hydrophilicity by forming hydrogen bonds with water,40–42

–NH2 at the ortho-position is hindered by hydrophobic
pendants and main skeleton from strong interaction with
water; (5) the adoption of a 2D layered structure is to expose
more surface of MOF to oil absorption and for facile dispersal
during the fabrication of the composite; (6) Zr4+ as a hard acid
with high charge density is well-known for binding with hard
carboxylate rmly, and the resultant framework is expected to
22224 | J. Mater. Chem. A, 2023, 11, 22223–22231
be stable under various conditions. Gratifyingly, we herein
report the preparation of a hydrophobic/superoleophilic 2D Zr-
based MOF, namely ZrL1. Assembled from H2L1 and the
subsequent fabrication of the composite ZrL1@PU (PU =

polyurethane) by simple dip-coating. ZrL1@PU exhibited
decent oil/water separation performance in terms of separation
capacity, efficiency, selectivity, and permeability together with
excellent mechanical and chemical stability throughout the
processes. In addition, ZrL1@PU was found photothermally
active with good operational stability and capable of evapo-
rating the collected oil by photothermal conversion. It serves as
an insightful preliminary study exploring state-of-the-art
framework materials for efficient self-cleaning oil/water
separator.
Results and discussion
Synthesis and structure characterization of framework

Aniline-functionalised backfolded carboxylic acid terminated
linker H2L1was prepared by subsequent coupling reactions and
hydrolysis (for details, see experimental section in ESI). Heating
ZrCl4 and H2L1 solvothermally in N,N-dimethylformamide
(DMF) with HCOOH as a modulator at 90 °C for 48 hours gave
ZrL1 as yellow crystalline solids. Firstly, looking into the
Fourier-transform infrared (FT-IR) spectra of H2L1 and ZrL1
(Fig. S12†), H2L1 features amino N–H, alkynyl C^C, and
carboxylic acid C]O stretching signals at about 3457, 2204, and
1650 cm−1; while considering ZrL1 (whether as-made or acti-
vated), both N–H and C^C stretching signals of H2L1 still exist
This journal is © The Royal Society of Chemistry 2023
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but weaken probably because of the interference by guest species,
whereas signicant red-shiing of C]O stretching (from 1650 to
1584 cm−1) was found, indicative of the coordination bond
between Zr and –COO−. To probe the chemical environment of
the elements in ZrL1, X-ray photoelectron spectroscopy (XPS) was
employed to further identify the status of the elements in the
framework. As illustrated in Fig. S18,† Zr, O, C, and N are present
in the sample. The Zr 3d XPS spectrum shows two bands at 185.4
and 182.7 eV corresponding to the 3d5/2 and 3d3/2 signals of the
Zr(IV) species. On one hand, the N 1s XPS peak at 400.3 eV comes
from the C–N bond, indicating the retention of aniline groups.
Moreover, the O 1s XPS spectrum give signals of binding energy at
531.8, 532.8, and 530.7 eV, originating from the C–O, C]O, and
Zr–O bonds, respectively, supporting the presence of classical Zr-
oxo clusters ligated by carboxylate linkers found in common Zr-
based MOF systems.43

Even though the as-prepared ZrL1 is crystalline in nature,
a single crystal structure could not be obtained despite
numerous attempts. The powder X-ray diffraction (PXRD)
measurement of ZrL1 just gave a pattern showing the sharpest
signal at 2q= 4.3° accompanied by several weaker peaks at 2q =
7.4, 8.5, 8.8, and 11.3° (Fig. 1d) without further insight into the
structure. Hence, elemental analysis, thermogravimetric anal-
ysis (TGA), and NMR spectroscopy were employed to work out
the chemical composition of ZrL1. The TG curve of ZrL1 under
air (Fig. S14b†) shows weight loss less than 20% (with weight
loss of 6.8% until 100 °C attributed to 11 H2O molecules) until
360 °C (signifying thermal stability of framework until this
point), followed by a steep weight loss beyond 360 °C, resulting
in a residual weight of 36.9% (residue le behind as ZrO2).
Besides, the 1H NMR spectrum obtained from digesting ZrL1 in
DMSO-d6 (with 1 drop HF) at 60 °C for 12 hours (Fig. S13†)
reveals that the signals corresponding to H2L1 (i.e., consistent
number of peaks and splitting pattern; shi in ppm stemming
from the addition of HF during digestion), indicating the
integrity of the linker in ZrL1. Noteworthily, the signal at
8.12 ppm likely refers to HCOOH (Fig. S13a†), around 3.5 to 4
times that of digested L12−, probably from the ligated HCOO−

on the Zr–O nodes or guest HCOOH in ZrL1. Elemental analysis
found that the C (44.65%), H (3.17%), and N (2.78%) for the
activated sample of ZrL1 is tted with the chemical formula
Zr6O4(OH)4(HCOO)7(L1)2.5(H2O)11 (Mw: 2488.97), which gives
a calculated prole of C (44.40%), H (3.16%), and N (2.81%),
closely matching the experimental nding.

Given that the [Zr6O8] cluster is the connecting node, each
node is ideally 12-connected. In stark contrast, ZrL1 has
a signicant defect of 58.3% (7/12 × 100%) with each
[Zr6O4(OH)4] node bonding to 5 ditopic L12− only. With such
heavy defects, it is highly possible that ZrL1 adopts a 2D struc-
ture44,45 with coordination bond between linkers and
[Zr6O4(OH)4] nodes forming on a certain plane to attain a stable
structure. Scanning electron microscopy (SEM) conveys an
important message that ZrL1 exists as regular hexagonal plates
cluster (Fig. 1e), and it serves as a key clue for structure identi-
cation. Based on the 2D morphology and ditopic linker, ZrL1
most likely features a hxl topology (2,6-c network built from 2-c
linker and 6-c [Zr6O4(OH)4] node).46,47 Therefore, the structural
This journal is © The Royal Society of Chemistry 2023
model of ZrL1 adopting [Zr6O4(OH)4] as the secondary building
unit (SBU) and hxl net was built based on some MOFs with hxl
topology.48–51 The simulated structure of ZrL1 nally takes up
a P�3 space group (no. 147) and honeycomb network, where the
central [Zr6O4(OH)4] node links to 6 nodes as vertices to create
hexagonal units with each node connecting to 6 L12− along the
ab plane to produce a layered structure while layers stack along
the c-axis (Fig. 1b and c).

The PXRD pattern of the simulated structure (trigonal lattice,
a = b = 23.938 Å, c = 9.537 Å, a = b = 90°, g = 120°; Fig. 1d;
details of renement are included in the ESI) matches well with
the experimental PXRD pattern of ZrL1 together with satisfac-
tory agreement factor (RWP = 4.54% and RP = 2.80%) from
Pawley renement against experimental PXRD pattern, signi-
fying the correctness of the model. One should know that the
model based on hxl net is an ideal case in which each
[Zr6O4(OH)4] node is 6-connected to L12− while ZrL1 actually
has only 5 L12− on the node, meaning that the steric hindrance
by L12− is larger than expected and leads to more defects.
However, the high consistency between the simulated and
experimental PXRD patterns reveals that the hexagonal network
can be kept along with defects distributed evenly over the
network, maintaining the network integrity. It is noteworthy
that interlayer [Zr6O4(OH)4] nodes possibly merge to give a Zr12
cluster, as observed in previously reported metal–organic
layer.52 Such transformation in ZrL1 may be disfavoured by the
sterically bulky linkers in which aniline-tethered alkynyl
pendants between each layer are too crowded to allow the
forging of [Zr6O4(OH)4] nodes.

From the simulatedmodel, ZrL1 bears well-dened triangular
cavity with a pore width of 18.76 Å, and one would expect it to
show some sorption capability. Unexpectedly, ZrL1 gives low N2

and CO2 sorption Brunauer–Emmett–Teller (BET) surface area of
27.065 and 22.908 m2 g−1, respectively (Fig. S15 and S16†). There
are two plausible reasons: (1) the aniline-alkynyl pendants are
not merely sterically bulky but also rotating along the alkynyl axis
to occupy the space uxionally; (2) the layered structures stack
intimately, further lowering the spatial availability. To evaluate
the possibility of ZrL1 for photothermal application, the optical
absorption prole and chemical stability of ZrL1 were also
investigated. UV-visible diffuse reectance spectroscopy (UV-vis
DRS) was employed to measure the absorption prole of ZrL1,
and the spectrum shows that ZrL1 features a sharp absorption
band centred at 390 nm with tailing until around 700 nm
(Fig. S24a†). Aer Kubelka–Munk transformation, the optical
band gap of ZrL1 was calculated to be 2.69 eV (Fig. S24b†).
Aerwards comes the stability test, where ZrL1 was found to be
stable in most of the common organic solvents and aqueous
media of extreme pH (pH = 1 or 13); specically, the PXRD
patterns and FT-IR proles of ZrL1 are unchanged even aer
immersing ZrL1 in different organic solvents and aqueous
solution of pH = 1, 3, 10, and 13 (Fig. S20†).
Oil/water separation study

The backfolded alkyne-rich linker designed in this work is
specically for enhancing the hydrophobicity and oleophilicity
J. Mater. Chem. A, 2023, 11, 22223–22231 | 22225
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of the framework to meet the needs in oil/water separation. The
contact angle is a good indicator of sample wettability and
hence these two parameters. ZrL1 powder shows the largest
water contact angle of 154°, exceeding the superhydrophobicity
threshold of 150°. In sharp contrast, the oil droplet attened
rapidly on ZrL1 (e.g., contact angles of dichloromethane, DCM,
become 0° within 1.4 seconds, Fig. S21†). These ndings
suggest that ZrL1 is at the same time hydrophobic and super-
oleophilic. Considering scenarios beyond neutral water, the
contact angles of saline water (3.5 wt% NaCl, pH = 7), acidic
solution (0.01 M HCl, pH = 2) and alkaline solution (0.01 M
NaOH, pH = 12) on ZrL1 have been measured and found to be
154, 148, and 142° (Fig. S21†), consolidating excellent hydro-
phobicity of ZrL1. It was found that pristine PU has contact
angles of 112° and 0° with respect to water (averagely hydro-
phobic) and DCM (superoleophilic), implying its shortcomings
in oil/water separation. To modify ZrL1 for oil/water separation
(i.e., make it a compressible sponge for cycling operation), ZrL1
(10, 20, or 30 mg) was loaded into polyurethane (PU) sponge
through simple dip-coating (Fig. 2a), in which the PU sponge
was immersed in an ethanolic solution containing well-
dispersed ZrL1, followed by the complete evaporation of
ethanol. Compared with pristine PU sponge by SEM, the surface
of PU sponge roughened aer forming the composite with ZrL1
as ZrL1@PU, indicative of the successful introduction of ZrL1
into PU sponge (Fig. 2c, d and S27†). Importantly, the PXRD
pattern of ZrL1 was retained apparently in ZrL1@PU in spite of
band broadening at high 2q region (stemming from PU, as
Fig. 2 (a) Schematic depiction of preparation of ZrL1@PU; (b) PXRD pa
ZrL1@PU stored for six months; SEM images of (c) PU sponge and (d) Zr

22226 | J. Mater. Chem. A, 2023, 11, 22223–22231
illustrated by its PXRD pattern, Fig. 2b), revealing the frame-
work integrity of ZrL1 and partial amorphization probably due
to the random distribution of ZrL1 on the PU surface. Intrigu-
ingly, the PXRD pattern of ZrL1@PU is consistent with the
original one even aer six-month storage (Fig. 2b), highlighting
its outstanding stability and lifespan. The loading efficiency can
be calculated by the following equation (eqn (1)).

loading contentð%Þ ¼ w1 � w0

w0

� 100% (1)

where w0 and w1 represent the weight before and aer dip-
coating, respectively, with each sample repeated three times.
The loading content (wt%) of ZrL1 reached 20.6, 31.1, and
48.0% for loading amounts of 10.0, 20.0, and 30.0 mg, respec-
tively. The adhesion test was conducted on ZrL1@PU to evaluate
its possibility as oil/water separator. When the oil droplet (ethyl
acetate, EA) touches ZrL1@PU, it spreads over the surface
quickly (Fig. S25a†), highlighting the strong oleophilicity of
ZrL1@PU and robust adhesivity of oil on ZrL1@PU. In stark
contrast, the water droplet could be repeatedly compressed to/
detached from the surface of ZrL1@PU without leaving any
adhesion (Fig. S25b†), signifying that the composite inherits the
hydrophobicity of ZrL1 and elasticity of PU sponge, which serve
as prerequisites for application in oil/water separation.
Expectedly, ZrL1@PU shows large contact angles of 147°, 141°,
and 145° with respect to salt water (3.5 wt% NaCl, pH = 7),
acidic solution (0.01 M HCl, pH = 2), and alkaline solution
(0.01 M NaOH, pH = 12) (Fig. S26†), just like ZrL1.
tterns (Cu Ka, l = 1.5418 Å) of ZrL1 and as made ZrL1@PU, PU, and
L1@PU.

This journal is © The Royal Society of Chemistry 2023
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To further study the hydrophilicity and oleophilicity of ZrL1
and ZrL1@PU, ZrL1 was added to pure water and DCM,
respectively, as a demonstration. As revealed in Fig. S29c,† ZrL1
powders oat on water surface while they sink to the bottom of
the organic phase, revealing the hydrophobic nature of ZrL1.
Noteworthily, naked PU sank down to the bottom of water
whereas ZrL1@PU kept oating on the water surface
(Fig. S29a†). Incredibly, even though ZrL1@PU was pressed in
water, it immediately got back to the water surface aer being
released. These again highlight the combination of elasticity of
PU and hydrophobic nature of ZrL1 in ZrL1@PU. It is worth
noting that silver mirror phenomenon observed for ZrL1@PU
under water comes from an even air layer established between
the water phase and hydrophobic surface of ZrL1@PU
(Fig. S29b†), consolidating the hydrophobicity of ZrL1@PU.

To evaluate the absorption selectivity, ZrL1@PU was used to
remove EA oating on water surface and DCM at the bottom of
water (both organic species dyed by methyl red) (Fig. S29d and
e†) as illustrative examples. When a piece of ZrL1@PU was
taken to contact EA or DCM, the polluted area vanished within
seconds and le behind was transparent water. The absorbed
dyed solvent could be extracted from ZrL1@PU thoroughly by
simply squeezing the sponge. To investigate in a quantitative
way, the absorption capacity of ZrL1@PU (10mg of ZrL1 loaded)
towards EA, toluene, DCM, acetone, chloroform, and tetra-
chloromethane was tested (Fig. 3b) and calculated by the
following equation (eqn (2)).
Fig. 3 (a) Schematic illustration of oil removal fromwater through absorp
(the errors are estimated to vary from ±1.4% to ±3.2%); (c) absorption ca
(d) separation efficiency and flux of oils studied in this work in oil/wate
selected absorbents with ZrL1@PU.

This journal is © The Royal Society of Chemistry 2023
absorption capacity
�
g g�1

� ¼ wa � wi

wi

(2)

where wa and wi represent weights of sample aer and before
absorption respectively, with the nal capacity calculated from
averaging three runs. As shown in Fig. 3b and S28,† the
absorption capacity of ZrL1@PU for chloroform reached 66.19 g
g−1 while it was still 43.43 g g−1 for acetone (lowest density
among the tested samples; for absorption capacity towards the
rest of the oils, see Table S2†). The absorption capacity of
selected oil species by ZrL1@PU is comparable to the top level
and better than most other MOF-based absorbents53–66 (Table
S3†). As the recyclability and operational stability of the absor-
bent are of paramount importance in industrial prospects,
ZrL1@PUwas taken for 20 absorption/desorption cycles. Taking
chloroform, DCM, and EA as examples, ZrL1@PU maintained
constant absorption capacity throughout 20 cycles (Fig. 3c and
S28†), highlighting the superb solvent tolerance, absorption/
desorption stability, and recyclability of ZrL1@PU.

To study the oil/water separation efficiency, a separation set-
up depicted in Fig. S31† was built. ZrL1@PU was settled hori-
zontally as a membrane of the column outlet, followed by the
addition of the analyte (organic phase and aqueous phase, 1 : 1,
v/v) and subsequently by elution under gravitational pull. As
seen in Fig. S31,† the organic phase (DCM dyed by methyl red)
got through ZrL1@PU while the aqueous phase (dyed by
methylene blue) was blocked by ZrL1@PU. Also, no aqueous
phase was found in the measuring cylinder for collecting the
eluted organic phase. It works out for light oil (EA)/water
tion by ZrL1@PU; (b) organic solvent absorption capacities of ZrL1@PU
pacity of ZrL1@PU for chloroform throughout 20 cycles of absorption;
r separation by ZrL1@PU; (e) comparison of absorption capacities of

J. Mater. Chem. A, 2023, 11, 22223–22231 | 22227
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separation (Fig. S32†). These ndings suggest that ZrL1@PU
separates oil from the aqueous solution by blocking water. To
have quantitative comparison, pure PU and ZrL1@PU loaded
with 10.0, 20.0, and 30.0 mg ZrL1 were taken for DCM/water
separation. The separation efficiency is obtained as follows
(eqn (3)).

separation efficiencyð%Þ ¼ Vp þ Vs

Vo

� 100% (3)

where Vo denotes the volume of oil in the original oil/water
mixture, Vp refers to the volume of oil collected by the
measuring cylinder, and Vs represents the volume of residual oil
collected by squeezing ZrL1@PU aer the separation run. The
results showed that ZrL1@PU with different loaded amounts of
ZrL1 give similar separation efficiency of ca. 98%, revealing that
the least loading amount (10 mg) of ZrL1 is enough for con-
structing ZrL1@PU to execute efficient oil/water separation and
outperform primitive PU (Fig. S30a†). As a whole, ZrL1@PU was
tested the oil/water separation efficiency with toluene, DCM,
chloroform, tetrachloromethane, EA, and petroleum ether (PE)
as organic phases. Enchantingly, the separation efficiency for
chloroform/water mixture was the highest at 99.3% and the
lowest for PE/water mixture still reached 96.2% (Fig. 3d, for the
separation efficiency of other oils in this study, see Table S2†),
presenting the generality of ZrL1@PU as a separator for oil/
water emulsion. Differentiation in separation efficiency may
originate from the divergence of water solubility and volatility in
various oils. Furthermore, the oil permeability of ZrL1@PU with
respect to all the studied oil/water mixture was investigated and
worked out by the following equation (eqn (4)).

oil permeabilityðfluxÞ ¼ DV

A� T
(4)

where DV denotes the volume of oil passing through ZrL1@PU,
A refers to the effective separation area, T represents the
permeation time; nal oil permeability comes from average
results of three runs. The trend of ux density follows that of
separation efficiency with chloroform (5340 L m−2 h−1) and PE
(3956 L m−2 h−1) to be highest and lowest, respectively (Fig. 3d,
for the ux density of other oils in this study, see Table S2†).
Low density of the oil may account for lower ux for oil/water
separation. It should be noted that low-density oil takes
longer to get through denser aqueous phase to pass through the
separating material, resulting in lower collection amount. To
further evaluate the recyclability and applicability, ZrL1@PU
was used to separate DCM/water and DCM/saline water
(3.5 wt% NaCl, mimicking oceanic oil spillage) mixtures. The
separation efficiency of ZrL1@PU remained almost steady
above 96.4% in both water or saline water mixture even for 9
separation cycles (Fig. S30b†), again indicating the extraordi-
nary recyclability and operational stability of ZrL1@PU as the
oil/water separator.
Photothermal conversion and solar-assisted evaporation

Since ZrL1 exhibits absorption covering almost the full UV-
visible spectral region and excellent chemical tolerance in
various solution media, this framework material is of great
22228 | J. Mater. Chem. A, 2023, 11, 22223–22231
potential to harvest light for photothermal application in
various scenarios. Under one-sun irradiation (420–2500 nm)
simulated with a xenon lamp (1.0 kW m−2), the ZrL1 powders
(10.0, 20.0 or 30.0 mg) also exhibited solar-thermal conversion.
To be specic, aer eight minutes, 30.0 mg ZrL1 could reach
a maximum temperature of 57.6 °C while 20.0 and 10.0 mg of
ZrL1 only attained 54.2 and 51.2 °C, respectively (Fig. S33b†).
Because of the decent performance shown by 10.0 mg ZrL1,
ZrL1 at this amount was taken for photothermal conversion
under different powers of irradiation and cycling stability test.
Upon irradiation at different powers (1.0, 2.0, 3.0, and 5.0 kW
m−2) for eight minutes, ZrL1 (10.0 mg) could reach the
maximum temperature as high as 122.5 °C at the highest irra-
diation power used (5.0 kW m−2) (Fig. S33d†). Also, ZrL1 was
found to be resistant to photobleaching, as reected by the
consistent maximum temperatures throughout ve cycles of
xenon-lamp on–off irradiation (Fig. S33c†). Likewise, ZrL1@PU
composites exhibit satisfactory photothermal performance. By
xenon lamp irradiation (1.0 kW m−2, 420–2500 nm, simulated
one-sun light) for eight minutes, ZrL1@PU gave the highest
maximum temperatures of 89.4 °C for the composite loaded
with 30.0 mg ZrL1 and even around 83.0 and 87.5 °C for the
composite loaded with 10.0 and 20.0 mg of ZrL1, respectively,
outweighing photothermally inactive pure PU (34.8 °C) (Fig. 4b).
Since the divergence in maximum temperatures achieved using
30.0 mg or 10.0 mg is not signicant, the composite involving as
least ZrL1 as possible is more competent and competitive for
further photothermal application. Therefore, ZrL1@PU loaded
with 10.0 mg ZrL1 was adopted for all the following investiga-
tions unless otherwise stated. More importantly, ZrL1@PU
reached maximum temperature of 82.8 °C constantly
throughout ve cycles of xenon-lamp on–off irradiation (1.0 kW
m−2, 420–2500 nm, simulated one-sun light, Fig. 4c), followed
by rapid cooling to room temperature within 30 seconds aer
the removal of irradiation (Fig. 4b), highlighting its efficient
photoresponsivity. Like ZrL1, the photothermal performance of
ZrL1@PU is better along with the higher power densities of
xenon lamp applied (increasing maximum temperature from
1.0 to 5.0 kWm−2 and reached the highest of 160.5 °C at a power
density of 5.0 kW m−2, Fig. 4d). Enlighteningly, ZrL1@PU is
operationally stable throughout the repeated photothermal
experimentation, as demonstrated by the consistent PXRD
patterns and FT-IR proles of ZrL1 before and aer repeated
cycles of photothermal conversion (Fig. S36,† ZrL1 collected
from ZrL1@PU by ultrasonication aer ve photothermal cycles
for measurement).

Based on the outstanding oil/water separation capacity/
efficiency and photothermal conversion performance,
ZrL1@PU can be applied as a photothermal oil/water separator
in which the oil absorbed by ZrL1@PU can be released and
collected by photothermally driven evaporation. Using DCM
and EA for demonstration, without illumination, the evapora-
tion rates of DCM and EA in both pristine PU and ZrL1@PU
were similar (Fig. 4e and S35†). Upon xenon lamp irradiation
(1.0 kW m−2, 420–2500 nm, simulated one-sun light), the
evaporation rates of both DCM and EA in ZrL1@PU are appar-
ently faster than that in PU. Specically, DCM and EA in
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) IR thermal images of ZrL1@PU under xenon lamp (1.0 kWm−2); (b) photothermal conversion behaviour of PU and ZrL1@PU under one-
sun irradiation within eight minutes; (c) anti-photobleaching property of ZrL1@PU during five cycles of heating–cooling; (d) photothermal
conversion behaviour of ZrL1@PU under different light intensities (1.0, 2.0, 3.0, and 5.0 kWm−2); (e) photo-driven distillation of ZrL1@PU. Weight
variations of PU or ZrL1@PU saturated by EA with/without light illumination at a power density of 1.0 kW m−2.
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ZrL1@PU could be completely evaporated within 25 and 40
minutes, respectively, but those in PU remained over 30% for
the same illumination period (Fig. 4e and S35†). To our delight,
the PXRD patterns and FT-IR proles of ZrL1 from ZrL1@PU
aer 20 cycles of solvent evaporation (ZrL1 recovered from
ZrL1@PU by ultrasonication aer 20 evaporation cycles for
measurement) are consistent with those collected from the
original ZrL1 (Fig. S36†) underlying its structural integrity
throughout the repeated operation of solvent evaporation.
ZrL1@PU represents a prototype of photothermally-driven self-
cleaning oil/water separator to be applied at the oil spillage site.
Conclusions

A state-of-the-art designed backfolded aniline-tethered alkyne-
rich ditopic carboxylate linker was successfully assembled
with [Zr6O4(OH)4] nodes to generate a 2D hexagonally packed
network, ZrL1. Gied with hydrophobicity and super-
oleophilicity, ZrL1 was fabricated with PU sponge to be
a composite material exhibiting excellent capacity (as high as
66.19 g g−1 of DCM), efficiency (as high as 99.3%), selectivity (no
take up of aqueous portion), and permeability (as high as 5340 L
m−2 h−1 of DCM) in oil/water separation. Also, beneting from
extended alkynyl bridges, ZrL1 features absorption covering
almost the whole UV-visible spectral region and hence was
found to be active for photothermal conversion. As a result,
ZrL1@PU was studied preliminarily as a prototype of self-
cleaning photothermally driven oil/water separator showing
This journal is © The Royal Society of Chemistry 2023
decent solvent evaporation rate and robust recyclability as well
as outstanding durability. The demonstration in this work
undoubtedly offers opportunities into the design of
hydrophobic/oleophilic structurally well-dened, robust
framework for self-cleaning photothermally driven oil/water
separation.
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