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fficiency solar steam generation,
robust and scalable photothermal evaporator
based on ZIF-67@MXene/rGO decorated rock
wool†

Riski Titian Ginting, *ab Hairus Abdullah, c Diana Alemin Barusd and Vivi Fauziae

Emerging solar steam generation techniques utilizing solar energy are considered as promising for seawater

desalination and wastewater purification. Herein, for the first-time, recycled rock wool (RW) waste is used as

a 3-dimensional (3D) evaporator, decorated with a novel hierarchical structure of zeolitic imidazolate

framework (ZIF-67), MXene and reduced graphene oxide (rGO) as the photothermal evaporator, termed

ZIF-67@MXene/rGO (ZMG). This evaporator demonstrates good thermostability, pH stability and is

mechanically robust without any detachment of the RW fibers. Based on the strong light absorption,

improved wettability and microchannels that facilitate accelerated water transport through the fibers, the

RW/ZMG evaporator – with sample height of 3.5 cm – has a remarkable evaporation rate of 3.81 kg m−2

h−1, corresponding to a solar-thermal conversion efficiency of 153.7%, achieved under 1 sun illumination.

The highly efficient solar evaporator was correlated to the cold evaporation from the sidewall surface

gaining extra energy from the environment. It is important to note that the solar evaporation

performance is almost two times higher that of a pristine RW sample and far superior to most reported

in the literature that have a larger sample height ($6 cm), so it could also reduce the loading mass of

photothermal materials. Meanwhile, the evaporator was highly stable in 20 wt% NaCl under 1 sun

illumination over 12 h continuous tests, able to maintain its evaporation rate of 3.55 kg m−2 h−1 with no

salt accumulation observed, revealing the impressive long-term salt durability. Moreover, the large-scale

evaporator was fabricated and tested under outdoor conditions for practicability evaluation, and

demonstrates excellent salt ion rejection (99.8%), effective removal of azo and organic dyes, acidic/

alkaline solution, and oil-in-water emulsions. These findings suggest that the cost-effective RW based

evaporator provides a new concept for high performance solar steam generation, salt-resistant and

multimedia purification applications.
Introduction

The rapid urbanization and development of modern industry
has led to a growing need for energy and fresh water. Currently,
conventional technologies such as multi-stage ash evapora-
tion, thermal distillation, ion exchange and reverse osmosis are
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commonly used for seawater desalination to help solve the
worldwide challenge of supplying clean water.1–4 However, due
to the enormous consumption of electrical energy, high oper-
ating cost and complex installation, alternative methods such
as solar steam generation have attracted extensive attention,
with the advantage of utilizing abundant solar irradiation as the
input energy, being cost-effective and with a low carbon
footprint.5–7 In general, the working principle of a solar steam
generation system consists of: water adsorption for a contin-
uous water supply; and photothermal absorber for converting
sunlight into thermal energy, generating vapor, where the
condensed water is collected as freshwater.8–10 There are ve
main key factors for an ideal photothermal evaporator: (i) full
spectral range of light absorption, (ii) heat localization, (iii)
good wettability of porous structure, (iv) excellent chemical and
mechanical stability, (iv) salt-resistant property to avoid accu-
mulation of salt.11,12 Although extensive progress has been
made using several device structures, the low evaporation rate
This journal is © The Royal Society of Chemistry 2023
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(<2 kg m−2 h−1) and salt accumulation cause severe degradation
of the evaporation rate, thus limiting the photothermal evapo-
rator performance.13,14

For the past few years, a great deal of effort towards photo-
thermal absorber materials has been conducted, reducing the
heat loss and improving the solar steam generation efficiency,
namely: cellulose acetate-MXene,15 cotton sheet-rGO,16 mela-
mine foam-rGO/cellulose nanocrystals,17 polystyrene foam-
Ni@SiO2 NPs,18 PDA/KH550/TiO2-PPy membrane19 and poly-
dopamine decorated nickel–cobalt bimetal.20 The main advan-
tage of 3D-based photothermal material are adjustable sample
height to reduce the top and sidewall evaporator surface
temperature, thus convection and radiation losses could be
minimized.21 Additionally, the evaporator can gain extra energy
from the environment and avoid thermal energy loss to the bulk
water, which gives rise to high photothermal conversion effi-
ciency $100% beyond the theoretical upper limit.22 Rock wool
(RW) is a good thermal and sound insulator commonly used as
building insulation, a substrate for horticulture crop plants and
ame retardants, but large amounts of its solid waste cause
serious environmental concern. To overcome this issue, recy-
cling RW waste into functional materials for sustainable
development could involve turning it into higher value products
such as heavy metal-ion absorbents,23 lter beds,24 used for oil–
water separation,25 photocatalysis26 and electromagnetic inter-
ference shielding.27 Recent reports on RW decorated with
thermally insulating polymers of Cl− doped poly(3,4-
ethylenedioxythiophene) as the photothermal absorber,
demonstrate relatively poor solar steam generation perfor-
mance with evaporation rate and efficiency of 1.64 kg m−2 h−1

and ∼80%, respectively.28 However, most 3D designs of evapo-
rators so far, are limited reports on evaporation rate and salt
fouling resistance performance in highly concentrated saline
solution ($20 wt% NaCl).29 Therefore, designing a hierarchical
structure of photothermal absorber materials with strong light
absorption coupled with hydrophilic wettability and thermal
management via cold evaporation to enhance solar steam
generation, is highly essential to meet the demand of rapid
seawater desalination and salt rejection properties.

Herein, RW waste was utilized for the rst time as a ther-
mally insulated substrate decorated with a novel hierarchical
structure design of hybrid nanocomposites as the photothermal
absorber, for high efficiency solar steam generation. The zeolitic
imidazolate framework (ZIF-67), a subset of metal organic
frameworks (MOFs), consists of a cobalt ion (Co2+) and 2-
methylimidazolate ligands, and has shown potential applica-
tions in CO2 adsorption, heavy metal and dye adsorption, oil–
water separation, catalysis, solar-cells, energy storage, gas
separation and sensors.30 ZIF-67 is a porous material with good
optical absorption properties, high crystallinity and high
surface area.31,32 Therefore, combining porous ZIF-67 with
highly hydrophilic 2D MXenes 33 and the excellent light-to-heat
conversion of reduced graphene oxide (rGO), might effectively
convert solar to thermal energy for water evaporation. Accord-
ingly, the facile preparation of hierarchical ZIF-67@MXene/rGO
(ZMG) structures decorated on RW bers through freeze drying,
was developed to improve light absorption, hydrophilic
This journal is © The Royal Society of Chemistry 2023
wettability and microchannel bers, for facilitating sufficient
water transport to the upper layer and sidewall of the evapora-
tion surface for stable evaporation of high brine concentrated
water. For comparison, pristine RW, RW decorated rGO (RW/G)
and MXene (RW/M) evaporators with various heights of 0.5, 1.5,
2.5 and 3.5 cm, were also fabricated to understand the inuence
of sample height in solar steam generation performance. As
expected, the RW/ZMG sample with a height of 3.5 cm
demonstrates remarkable evaporation rate and efficiency of
3.81 kg m−2 h−1 and 153.7%, respectively, under 1 sun illumi-
nation, which is higher than RW, RW/G and RW/M due to its
strong light absorption and superhydrophilicity. In addition,
the RW/ZMG evaporator demonstrates excellent stability for
seawater desalination (20 wt% NaCl) over 12 h of continuous
illumination of 1 sun, with superior salt ions rejection, and is
also capable of processing puried organic dyes, domestic
wastewater, and oily wastewater.

Materials and methods
Materials

RW waste was obtained from local hydroponics farming
in Medan city. Non-exfoliated MXene and rGO powder
were supplied by ITNANO, Medan, Indonesia. PVA
(Mw: 90 000 g mol−1), methylene blue, congo red and methyl
orange were purchased from Aldrich, Singapore. CoCl2$6H2O
(99%) was acquired from Smart Lab, Indonesia.
2-Methylimidazole, NaCl, MgCl2, KCl, MgSO4, NaHCO3, and
CaCl2 were procured from Merck Chemicals, Indonesia, and
used without further purication.

Preparation of ZIF-67@MXene/rGO hybrid nanocomposites

Non-exfoliated MXene and rGO of concentration 3 mg mL−1,
were each added into 50 mL deionized water, followed by
ultrasound with tapered tips (Vibra Cell VCX750) at an ampli-
tude of 35% for 1 h with 10 s on–off cycles. 0.45 g CoCl2$6H2O
and 5.5 g imidazole were mixed separately in 25 mL deionized
water. The solution was held at room temperature for 24 h
without stirring. Subsequently, the solution was centrifuged at
6000 rpm for 15 min, washed with methanol three times, fol-
lowed by freeze drying at a pressure of 2 Pa and temperature of
−65 °C for 24 h.

Preparation of RW-based evaporator

PVA (5 wt%) added into rGO, MXene and rGO/MXene/ZIF-67
solution with a concentration of 5 mg mL−1. The solution was
heated at 85 °C for 2 h to fully dissolve the PVA. Subsequently,
each solution was brush decorated twice onto the surface of RW
of size 2× 2 cm2 (top surface) and various heights of 0.5, 1.5, 2.5
or 3.5 cm. The brush decorated RW-based sample was then oven
dried at 80 °C for 12 h, prior for being used for characterization
and as an evaporator.

Material characterization

The surface morphology of RW, RW-G, RW-M and RW-GMZ
were characterized using scanning electron microscopy (SEM,
J. Mater. Chem. A, 2023, 11, 5296–5308 | 5297
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EVOMA 10, Zeiss). The optical properties of all evaporators were
measured in wet conditions and microstructural properties
were recorded using a Jenway 7315 and Bruker D8 Advance,
respectively. Fourier-transform infrared (FTIR) and Raman
spectra were obtained using an FTIR Cary 630 (Agilent) and
LabRam spectrometer (LabRAM HR Evolution, Horiba Jobin
Yvon) with a 532 nm laser. The surface chemical composition
for RW, RW-G, RW-M and RW-GMZ was evaluated using (XPS,
ESCALAB 250Xi, Thermo Fisher Scientic). The water contact
angle was determined on a lab-made goniometer coupled with
high-speed camera (ITNANO, Indonesia) and the average values
were taken from 4 different positions for each sample. The ion
concentration of Na, Mg, K, Ca, Pb, Cd, Zn and Al were collected
by inductively coupled plasma-optical emission spectrometry
(ICP-OES; Varian 715-ES) with an SPS 4 autosampler.

Solar steam generation test

The solar steam generation measurements were performed
under 1 sun illumination (100 mW cm−2) using a Xenon lamp
solar simulator (Zolix Sirius SS150, class ABA) equipped with
a standard AM 1.5 G lter, where the light intensity was
continuously monitored using a solar power meter (SM206).
The RW, RW/G, RW/M and RW/ZMG sample top surface areas
of 2× 2 cm2 with height variation from 0.5 to 3.5 cm, are oated
on a cylindrical glass container (200 mL) lled with deionized
water. The measurement was recorded at an ambient temper-
ature of 26 ± 2 °C and humidity ∼50%. During the evaporation
process, the mass change was monitored with an analytical
balance (Mettler Toledo, Al204, accuracy ± 0.1 mg). The
Fig. 1 (a) Schematic illustration of the design and fabrication process of fu
image of freeze-dried ZIF-67 modified MXene/rGO surface.

5298 | J. Mater. Chem. A, 2023, 11, 5296–5308
temperature at the top and side surface were recorded by an IR
camera (HikMicro B20). In addition, the solar-desalination
performance proceeded using simulated seawater with
concentrations of NaCl, MgCl2, KCl, MgSO4, NaHCO3, and
CaCl2 of 26.5, 24, 0.73, 3.3, 0.2, and 1.1 g L−1, respectively. To
evaluate the oil-in-water emulsion evaporation performance,
palm oil mill effluent (POME) was collected from a local palm
oil mill in Medan, Indonesia. To investigate the solar desali-
nation performance of the RW-GMZ evaporator, a prototype
water purication device for simulating solar water purication
was built. The RW-GMZ evaporator (6 cm2) with height 3.5 cm
was placed in a 300 mL crystallizing dish and covered in
a transparent glass dome containing 200 mL of brine solution
obtained from Cermin beach, North Sumatra, Indonesia (loca-
tion coordinates: 3°38′04.9′′N 99°01′20.8′′E).
Results and discussion

The fabrication and design structure of the RW-based evapo-
rator are presented in Fig. 1a, where RW waste serves as the
support and water transport system for evaporation, meanwhile
MXene/rGO and in situ synthesis of ZIF-67, act as the solar
absorber. As in Fig. 1a, MXene and rGO were added to deionized
water separately and mixed together under strong ultrasonic
agitation to obtain a stable suspension. To further increase the
ability of strong light absorption and simultaneously improve
photothermal conversion efficiency, the formation of ZIF-67
decoration on the MXene/rGO surface was carried out by
a simple one-step aqueous room temperature method. Aer
nctionalized RWwaste as a solar steam generation device, and (b) SEM

This journal is © The Royal Society of Chemistry 2023
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freeze drying, Fig. 1b shows the SEM image of the polyhedral
structure of ZIF-67 which was uniformly attached on the
MXene/rGO surface as shown in the hybrid structure. The
detailed morphology of ZIF-67@MXene/rGO is shown in
Fig. S1d.† The addition of PVA and the hybrid composite on
RW, followed by freeze drying, shows a rougher RW microber
surface for generating RW/ZMG, as shown in the inset of Fig. 1a.
Besides, each rGO and MXene were prepared as RW/G and RW/
M samples for solar steam generation performance
comparison.

The SEM images of the RW-based evaporator are shown in
Fig. 2. Pristine RW comprised of random arrangements of
mineral-based bers of diameter 2–10 mm (Fig. 2a). The diam-
eter of RW bers was slightly increased (Fig. 2b–d) aer contact
with the decorated hybrid composite solution. It can be clearly
seen that the ber was fully covered, creating a rougher surface
with formation of self-organized wrinkled structures heteroge-
neously attached to the RW bers, which further conrms the
strong interaction of hydrogen bonds between rGO, MXene and
ZIF-67 with the PVA matrix. For RW/ZMG, a compact layer of
PVA with interconnecting network of ZMG on arrangement of
RW bundle bers could facilitate multiple light reections,
Fig. 2 SEM images of (a) RWwaste, (b) RW/G, (c) RW/M, (d) RW/GMZ and
rGO, MXene, ZIF-67 and its composite. (i) XRD patterns of the RW-only

This journal is © The Royal Society of Chemistry 2023
which could be benecial to improve solar absorption. The
elemental mapping analysis shows the uniform distribution of
Ti, Co and N (Fig. 1e–g), while C and O can seen in the ESI
(Fig. S1†), revealing the presence MXene, ZIF-67 and rGO on the
RW bers. Fig. 2h shows the UV-Vis spectra of rGO with a strong
absorption peak at 268 nm due to p–p* transitions of the C]C
bonds.34 The broad peaks of MXene from 200–450 nm indicates
the large sized akes of the highly stable MXene,35 and the
additional peak at 786 nm is from the inherent out-of-plane
inter-band transition of MXene.36 For ZIF-67, the broad peak
centered at 596 nm originates from 4A2(F) /

4T1(P) transitions
of Co(II) ions.37 Accordingly, the broad absorption of
ZIF67@MXene/rGO composites and red shi of theMXene peak
to 793 nm is due to the interaction between MXene, rGO and
ZIF-67.

To further conrm the successful functionalization of RW,
the pristine RW and developed hybrid composite were deter-
mined by XRD analysis. As shown in Fig. 2i, the XRD prole of
the RW waste sample shows a broad amorphous peak at 19.32°,
which originated from the Al2O3, CaO, MgO and SiO2 phase.23 In
comparison with RW waste, the diffraction peaks of RW/ZMG
possess characteristics peaks of 6.2°, 19.2°, 36.3°, 39.1°. 41.8°
its EDXmapping of (e) Ti, (f) Co and (g) N elements. (h) UV-Vis spectra of
and RW/ZMG samples.

J. Mater. Chem. A, 2023, 11, 5296–5308 | 5299
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and 45.3° assigned to (002), (004), (103), (104), (105) and (106)
planes with low Ti3AlC2 impurities, due to incomplete etched
MXene in the presence of Al.38 It is worth noting that most
literature reports (002) planes of MXene are located between 8
and 9°,39,40 the shi of MXene (002) planes in the composite
implies larger interlayer spacing of 1.42 nm, due to intercala-
tion of rGO into MXene layers.41,42 A small distinct peak at 25.0°
is ascribed to the rGO, which proved the stability of the
composite,43 even aer in situ synthesis of ZIF-67. Furthermore,
strong peaks at 10.1°, 12.5°, 14.6° and 18.0° corresponding to
(002), (112), (022) and (222) planes of highly crystalline ZIF-67
are consistent with previous reports of high crystallinity.44,45

Moreover, the characteristics peak of ZIF-67 in the composite
does not change in comparison with other literature44 for pris-
tine ZIF-67, thus the hybrid composite on RW bers was
prepared successfully. In addition, FTIR analysis (Fig. S1c†)
revealed the peak shi from 3309 to 3280 cm−1, which
demonstrates the formation of a hydroxyl group between RW
with PVA-ZMG.

In order to qualitatively demonstrate the RW-based evapo-
rator light absorption, the absorption spectra were measured
using UV-visible spectra of transmittance and reectance as
shown in Fig. 3a. As expected, the RW/ZMG sample exhibits the
strongest light absorption of 96%, which is much higher than
for RW/M, RW/G and pristine RW waste at 91, 87 and 33%
across the UV-Vis-NIR, respectively. The large improvement of
optical absorption of RW/ZMG is associated with the presence
of ZIF-67. The physical characterization of pristine and func-
tionalized RW were carried out using Raman spectroscopy.
Fig. 3 (a) Absorption spectra and (b) Raman spectra of the RW-based eva
high resolution XPS spectrum of (c) C 1s, (d) Ti 2p, (e) Co 2p and (f) N 1s

5300 | J. Mater. Chem. A, 2023, 11, 5296–5308
Fig. 3b depicts the RW waste characteristic peaks between 800–
1800 cm−1, attributed to the non-bridging oxygen,46 and
bridging oxygen linkage of Si–O–Si and Al–O–Si from CaO–
MgO–Al2O3–SiO2 glass ceramics.47 For the RW/ZMG sample, the
weak Raman shi peak at 148 cm−1 (Eg

1 mode) correlates to the
PVA matrix interrupting the in-plane vibrations of Ti2 and C
atoms.48 Moreover, the peaks at 198 and 274 cm−1 related to the
A1g out of plane MXene are due to the incomplete removal of
Al,49,50 which is consistent with the XRD result in Fig. 2i, and is
commonly observed for MXene treated with HCl and LiF.51 The
other Raman shi of the peak at 430 cm−1 correlates with the
functional surface species (Tx) of MXene.50 The prominent peak
located at 698 cm−1 can be assigned to Co ions52 and Co3N
(metal–N bond) of ZIF-67.53 In addition, the Raman scattering
peaks at 1350 cm−1 (D band) and 1590 cm−1 (G band) of RW/
ZMG can be observed with an ID/IG ratio of 1.17, which
further conrmed the graphitic structure of rGO.54 Besides, the
high ID/IG ratio further proves the strong interaction between
rGO with the ZIF-67@MXene composite.

To further conrm the elemental composition and surface
electronic states of ZIF-67@MXene/rGO attached on RW bers,
we used XPS analysis. From the XPS survey, Ti, C, Co, N and O
elements were clearly detected as shown in Fig. 3c, which is
consistent with the EDX results. Fig. 3d shows the peak at 455.3
and 461.5 eV can be ascribed to Ti 2p3/2 and Ti 2p1/2, with spin–
orbit splitting, DTi2p, of 6.2 eV, thus correlating to the Ti–C
bond of MXene.55,56 The presence of the Ti–C bond in high
resolution Ti 2p revealed the stability of MXene. Interestingly,
there is no Ti–O peak observed which indicates that the MXene
porator. Inset shows the MXene Raman peaks. (c) Survey spectrum and
, from the RW/ZMG sample.

This journal is © The Royal Society of Chemistry 2023
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oxidation was hindered during synthesis of ZIF-67. Fig. 3e
shows high resolution XPS of the C 1 s spectrum with three
distinct peaks at 283.1, 284.5 and 285.9 eV, assigned to the Ti–
C–O, C–C and C–O bonds, respectively, which is in good
agreement with a previous report.57 Fig. 3f shows peaks at 781.4
and 797.1 eV, corresponding to the Co 2p3/2 for Co3+ and its
satellite peaks, contributed by the Co 2p1/2 of Co

2+.58,59 For the O
1s XPS spectrum (Fig. S2a†), the deconvoluted peaks at 531.3,
532.0, and 533.2 eV could be assigned to C–Ti–Ox, C–Ti–OHx

and surface adsorbed oxygen.55 Additionally, the N 1s decon-
voluted peak (Fig. S2b†) centered at 398.9 and 400.4 eV belong
to the pyridinic and pyrrolic-N from 2-MIM,60 respectively,
which verify the presence of the Co–N bond of the ZIF-
67@MXene/rGO composite on RW bers.

In order to understand the stability of the RW/ZMG sample
under extreme conditions – strong ultrasonic agitation for 2 h
Fig. 4 (a) Photograph of RW/ZMG samples in durability and stability tests
different evaporators; (c) photograph of solar steam generation setup, (1
evaporator, (5) analytical balance and (6) humidity monitor; (d) time-depe
3.5 cm; and (e) evaporation rate under illumination of 100 mW cm−2 (1

This journal is © The Royal Society of Chemistry 2023
(power of 200 W), heating at 90 °C for 2 h, immersion in pH ∼ 1
or 14 solutions for 24 h, followed by a compression–release cycle
20 times – were carried out as seen in Fig. 4a. It can be clearly
observed that there is no residual or detachment of the bers
based on the microscopic images (Fig. S3†) due to improved
adhesion between ZIF-67@MXene/rGO and RW with the addi-
tion of PVA. This nding reveals the superior durability and
structural stability in comparison to pristine RW waste, which
undergoes rapid structural disintegration (presence of voids)
aer immersion in acidic/alkaline pH and compression–release
tests, as shown in Fig. S3.† The surface wettability properties of
the pristine and functionalized RW waste were evaluated
quantitatively by contact angle measurements from the surface
by averaging 5 different samples. Fig. 4b shows the contact
angle change with time evolution, and it can be clearly observed
that RW demonstrates 88.31 ± 0.47° aer the water droplet
under severe conditions; (b) time-lapse capture of water droplet for the
) laptop, (2) thermal camera, (3) solar simulator with AM1.5 G filter, (4)
ndent mass change of water for the RW-based evaporators with height
sun) with the RW-based evaporators of different heights.

J. Mater. Chem. A, 2023, 11, 5296–5308 | 5301
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reaches the surface of the RW bers at 50 ms. Subsequently
aer 100 and 200 ms, the contact angle reduces to 20.35 ± 0.38°
and 0°, respectively. In contrast, the RW/G sample shows
a higher contact angle of 39.72 ± 0.40° at 100 ms owing to the
hydrophobic nature of rGO.61 The contact angle of the RW/M
and RW/ZMG samples at 100 ms, recede to 11.61 ± 1.66° and
0°, respectively, due to the superhydrophilic properties facili-
tated by the mesoporous structure of MXene and ZIF-
67@MXene, thus being advantageous for water transport as
compared to the RW-waste sample. Most importantly, the
signicant improvement of RW/ZMG wettability could promote
better solar steam performance. The solar steam performance
of the RW-based evaporator was determined under the labora-
tory setup using a solar simulator (Fig. 4c). Fig. 4d depicts the
mass change of water as a function of time under 1 sun illu-
mination for a 3.5 cm sample height, meanwhile the mass
changes with various heights and under dark conditions as
shown in Fig. S4 and S5,† respectively. As demonstrated in
Fig. 4d, the evaporation rates of RW, RW/G, RW/M and RW/
ZMG with height 3.5 cm, were 1.94, 2.92, 3.02 and 3.81 kg
m−2 h−1, respectively, which is signicantly higher than pure
water of 0.27 kg m−2 h−1 under the same illumination.
According to Fig. 4e, the increment of evaporation rate for the
RW-based evaporators is consistent with the increase of evap-
orator height and the details are summarized in Table S1.† As
Fig. 5 (a) IR thermal images profile (evaporator height 3.5 cm) under illum
and side surface temperature of the evaporators, (c) evaporation efficie
efficiency and rate between the RW-based evaporator and previously re

5302 | J. Mater. Chem. A, 2023, 11, 5296–5308
expected, the RW/ZMG evaporator shows the highest evapora-
tion rate of almost 2 times and 14 times higher than pristine
RW and pure water, respectively. Nevertheless, the dark evap-
oration rate of all evaporators with a similar height of 3.5 cm, is
∼1.50 kg m−2 h−1, thus further conrming that evaporation in
the dark does not contribute to the enhancement of evaporation
rate under light for RW/G, RW/M and RW/ZMG.

In order to evaluate the reason behind the signicant
improvement of RW/ZMG evaporation rate, the IR temperature
data of the top and side surface of all evaporators were recorded
as shown in Fig. 5a. It can be clearly seen that aer exposure to 1
sun illumination for 30 min, the top surface rapidly increased
from room temperature to reach a maximum temperature of
35.0, 31.9, 35.8 and 33.9 °C for RW, RW/G, RW/M and RW/ZMG,
respectively. The temperature changes as a function of time
between the top and sidewall surfaces with various heights of all
samples shown in Fig. S6 and S7,† respectively. Fig. 5b
summarizes the top and side maximum surface temperature for
RW, RW/G, RW/M and RW/ZMG samples of various height. It is
found that both the top and side surface temperature decreases
with increased height for all RW-based evaporators, which is in
good agreement with previous reports.15,20 For the RW waste
evaporator, the top and side surface temperature were higher
than the environmental temperature, which suggests high
energy loss to the environment through radiation and
ination of 1 sun and the corresponding top surface temperature, (b) top
ncy against evaporator height and (d) the comparison of evaporation
ported evaporators with a similar height under 1 sun illumination.

This journal is © The Royal Society of Chemistry 2023
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convection, which increases with height from 0.5 to 3.5 cm.
However, the RW/ZMG evaporator demonstrates a lower
side temperature (26.8 °C) than environmental temperature
(28.5 °C), hence the large difference in temperature between the
top and side surface, leading to more energy gain from the
ambient environment. Based on the temperature data, the
solar–thermal energy conversion efficiency (h) can be calculated
using the following equations:62

h = m(HLv + Q)/Ein (1)

HLv = 1.91846 × 106[T1/(T1 − 33.91)]2 (2)

Q = c(T1 − T0) (3)

where m is the net evaporation rate (kg m−2 h−1), HLv is the
latent heat of water vaporization (J kg−1), T1 is the stable
maximum temperature reached by the top surface evaporator (°
C),Q is the sensible heat of water (J kg−1), c is the specic heat of
water (4.2 J g−1 K−1), T0 is the initial temperature of the top
surface of the evaporator (°C) and Ein is the energy input of light
illumination (1 sun = 3600 kJ m−2 h−1). The calculated evapo-
ration efficiency is summarized in Fig. 5c and Table S1† under 1
sun illumination. In a similar trend to evaporation rate, the
evaporation efficiency increases with height for all samples and
reaches the highest efficiency, at 3.5 cm for RW, RW/G, RW/M
and RW/ZMG, of 29.7, 98.5, 107.9 and 153.7%, respectively.
Fig. 5d shows the evaporation efficiency against evaporation
rate compared with previous literature reports.15,63,64 There are
some similar performances with other evaporators,65–69 but the
sample heights used in these was much higher (>6 cm) than the
current work on RW/ZMG (3.5 cm). The detailed comparison
can be refer to Table S2.† The outstanding solar steam perfor-
mance of the RW/ZMG evaporator is not only due to multiple
reections by the bundle bers with enhanced light absorption,
but also the high evaporation rate of 1.5 kg m−2 h−1 under dark
conditions.

To better understand the superior solar steam performance
of RW/ZMG, the net energy gained from the environment
(Eenviro) can be estimated based on the following equation:16

Eenviro = −A13s(T1
4 − TE4) − A23s(T2

4 − TE
4)

− A1h(T1 − TE) − A2h(T2 − TE) − qwater (4)

qwater = cMDT/t (5)

where A1 and A2 are the top (4 cm2) and sidewall area of the
evaporator area (12, 20 and 28 cm2 for heights 1.5, 2.5 and
3.5 cm, respectively). T1, T2, and TE are the temperature of the
top (4 cm2) and side surface of the evaporator, and environ-
mental temperature (°C). 3 is the emissivity of the evaporation
surface (∼0.90), h is the convection heat transfer coefficient
(assumed to be 10 Wm−2 K−1); qwater is the amount of heat gain
by the evaporator from bulk water (W), whereM is the weight of
bulk water (200 g), DT is the temperature difference before and
aer 1 sun illumination (0.4 °C) for water and t is the time for
energy transfer from water to evaporator (3600 s).29 The calcu-
lated net energy gain is dependent on height variation for all
This journal is © The Royal Society of Chemistry 2023
samples, refer to Table S1.†Hence, the total net energy of RW is
−0.158 W (height 3.5 cm), therefore the evaporator loses its
energy to the surrounding environment (negative value) as evi-
denced by the sidewall temperature higher than the environ-
ment, leading to low evaporation rate and efficiency (<40%) as
shown in Fig. 5c. On the other hand, the net energy gain for RW/
G, RW/M and RW/ZMG is 0.11, 0.05 and 0.128 W (positive
value), respectively, for samples of height 3.5 cm. In addition,
the total net energy gain of RW/ZMG is one order of magnitude
with a total energy input of 1 sun illumination of ∼0.4 W (top
surface). This result suggests that the net energy gain from the
environment could be enhanced with the composite of ZIF-
67@MXene/rGO due to cold evaporation (lower than the envi-
ronment temperature) through the evaporator sidewall
(Fig. 5b), hence higher evaporation rate and efficiency was
achieved. The possible mechanism of cold evaporation was due
to temperature gradients, where the heat conduction from the
top evaporation surface and bulk water were transferred to the
sidewall surface without any radiation loss, thus gain energy
from the environment.22

The evaporation rate under simulated seawater and acidic/
alkaline pH conditions were carried out to understand the
durability of the RW/ZMG evaporator. Fig. 6a shows the mass
change against evaporation time, and the data are summarized
in Fig. S8a.† Negligible changes are observed for evaporation
rate with simulated seawater, meanwhile under acidic or alka-
line solution, the evaporation rate only slightly decreased.
Moreover, RW/ZMG could deliver stable neutral pH collected
from condensed water (Fig. S8b†), which implies that the
evaporator could cover a wide range of wastewater. Fig. 6b
depicts the time-dependent mass change of water containing
brine salinity of 3.5, 7, 15 and 20 wt%NaCl solution, resulting in
an evaporation rate of 3.72, 3.70, 3.40 and 3.55 kg m−2 h−1

(Fig. 6c). Notably, the slight decrease can be explained due to
the large surface tension between the evaporator surface and
brine solution compared to pure water.70 Fig. 6d presents the
stability test of the RW/ZMG evaporator in brine salinity of
20 wt% NaCl solution, without any changes in evaporation rate
up to 12 h of continuous tests under 1 sun illumination. As
a result, steam generation performance was clearly highly stable
without any accumulation of crystal salt observed on the evap-
orator surface (Fig. S9a and b†), thus conrming the impressive
long-term salt durability and promising application for
seawater desalination with antifouling properties. To further
determine the salt resistance performance, 0.5 g of salt were
loaded on top of the RW/ZMG evaporator surface oated on
20 wt% NaCl solution, as illustrated in Fig. 6e. Aer the evap-
orator was exposed to 1 sun illumination for 45 min, the salt
crystals gradually dissipated on top of the surface. This rapid
salt rejection proves the regeneration ability of the RW/ZMG
evaporator and is benecial for representing real conditions
during day and nighttime cycles. Accordingly, the salt rejection
mechanism of the RW/ZMG evaporator can be explained as
illustrated in Fig. 6f. The combined mesopores23 and micro-
channel structures71 of RW could accelerates brine water
adsorption through interconnecting microbers decorated with
hierarchical ZIF-67@MXene/rGO structures. The detailed
J. Mater. Chem. A, 2023, 11, 5296–5308 | 5303
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Fig. 6 (a) The mass change of simulated seawater at various pH and (b) salt concentration, over time. (c) The evaporation rate of the RW/ZMG
evaporator (3.5 cm) as a function of salt concentration (the inset photos show RW/ZMG in pure water and 20 wt% NaCl). (d) The cycling tests of
solar steam generation using the RW/ZMG evaporator (height 3.5 cm) in brine solution 20 wt% NaCl under 1 sun illumination. (e) Self-regen-
erating and salt-resistance performance of RW/ZMG kept under ambient conditions. (f) Schematic diagram shows the working principle of the
RW/ZMG evaporator.
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wetting process was demonstrated in Fig. S9c,† which clearly
indicates the rapid water transport of the RW/ZMG evaporator.
Subsequently, it gives rise to capillary forces for sufficient water
ux in the vertical direction from bulk brine water to the high
salt concentration on the upper part of the evaporator. This
causes a salt concentration gradient, thus leading to the
immediate exchange to lower salinity via diffusion (salinity
exchange), where salt ions are gradually diluted and transported
to the bulk brine solution.5,72–74 Furthermore, the advantageous
RW/ZMG superhydrophilicity could prevent salt formation on
both the top and sidewall of the evaporator surface, boosting
the vaporization of brine water.

To determine the practicability of the RW/ZMG evaporator in
solar desalination, a simple prototype system placed in outdoor
environment with real seawater and carried out for evaporation
5304 | J. Mater. Chem. A, 2023, 11, 5296–5308
from 11 : 00 to 18 : 00 under average solar illumination of 390
mW cm−2 as shown in Fig. 7a. As displayed in Fig. 7b, the device
was deployed on the roof of NRE Lab (CV. Inovasi Teknologi
Nano, Medan) with total collected puried water weight about
5.2 L m−2 day−1 with large area RW/ZMG evaporator of 36 cm2.
The top surface and internal temperature of RW/ZMG was
increased and decreased depending on the outdoor solar irra-
diation as shown in Fig. S10a,† which is in good agreement with
experimental result. Fig. 7c depicts the desalinated water
collected from the prototype system with four primary ions of
Na+, K+, Ca2+ and Mg2+ of 9.68, 2.95, 2.82 and 1.41 mg L−1,
respectively were reduced by three order magnitude and much
lower than WHO and EPA standard for drinking water, where
the ion rejection of 99.8% was achieved. Besides, the heavy
metal contamination obtained from domestic wastewater such
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) Photograph of outdoor water evaporation experiment prototypes with sealed dome-type chambers, (b) mass of water collected on
evaporator (6 × 6 cm2) under natural sunlight. (c) The concentration of four kind of primary ions (Na+, K+, Ca2+ and Mg2+), (d) heavy metal ions
(Cd2+, Pb2+, Zn2+ and Al3+) of before and after desalination from domestic wastewater, (e) UV-Vis spectra of MO, MB and CR organic dyes
solution and (f) removal performance before and after purification. (g) Micrographs and optical microscope photos of oil/water emulsion before
and (h) after purification.
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as Cd, Pb, Zn and Al ions were signicantly reduced by 99.9% as
shown in Fig. 7d. Moreover, the removal of congo red (CR),
methylene blue (MB) and methyl orange (MO) solution were
evaluated using RW/ZMG evaporator under 1 sun illumination.
From Fig. 7e, the strong absorption peaks of organic dyes CR,
MB and MO are 458, 660 and 484 nm, respectively with
concentration of 20 mg L−1. The collected condensed water
demonstrate that organic dyes was completely remove >95%
(transparent solution, inset Fig. 7e) with concentration of 1.07,
0.79 and 0.07 mg L−1 for CR, MB and MO, respectively as shown
in Fig. 7f. The oil-in-water emulsion was also tested using RW/
ZMG evaporator under 1 sun illumination and the mass change
against time was depicted in Fig. S10.† The evaporation rate is
as high as 3.66 kg m−2 h−1 slightly lower than evaporation rate
of pure water (Table S1†) could be due to accumulation of oil
droplet hindering the efficient water adsorption by evaporator.
Fig. 7g and h displayed the optical microscope image of before
and aer purication, where the solution of oil-in-water emul-
sion was turbid and droplet could turn into clear water solution
without any evidence of droplet was observed.
This journal is © The Royal Society of Chemistry 2023
Conclusions

In summary, the hierarchical structure of ZIF-67@MXene/rGO
hybrid nanocomposites decorated on RW waste, with the
addition of PVA as a highly efficient photothermal evaporator,
was successfully developed as conrmed by Raman and XPS
analysis. The RW/ZMG evaporator demonstrates strong light
absorption and superhydrophilicity suitable for solar steam
generation. The combination of these merits results in an
extremely high evaporation rate of 3.81 kg m−2 h−1 and evap-
oration efficiency of 153.7% under 1 sun illumination for a RW/
ZMG evaporator with a sample height of 3.5 cm as compared
with RW, RW/G and RW/M evaporators. The RW/ZMG evapo-
rator demonstrates signicantly higher performance than most
previously reported literature at similar sample height. The
enhanced performance is not only due to the simultaneous
effect of multiple reections by the RW bers leading to light
trapping and superhydrophilicity, but also cold evaporation of
the sidewall surface by gaining energy from the environment. In
addition, the RW/ZMG evaporator was highly stable for 12 h of
J. Mater. Chem. A, 2023, 11, 5296–5308 | 5305
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continuous tests under 1 sun illumination in brine salinity of
20 wt% NaCl solution, implying the durability and promising
application for seawater desalination, with salt ions rejection of
99.8%. Most importantly, this nding illustrates that the RW/
ZMG evaporator demonstrated great robustness, remarkable
chemical resistance (acidic and alkaline), and multimedia
purication (organic dyes, wastewater, and oil-in-water emul-
sion). Therefore, the simple and low-cost strategy utilizing RW
waste with hybrid nanocomposites as the photothermal
absorber, provides a new pathway towards scalable and efficient
solar steam generation for solving water shortage issues.
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