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A B S T R A C T   

To optimize the Laser-Induced Graphene (LIG) Janus membrane, this study investigated the effects of membrane 
pore structure, polydimethylsiloxane (PDMS) coating sequence and addition of silver (Ag) nanoparticles on 
membrane distillation (MD) performance. This study aimed to enhance the photothermal characteristics of 
graphene while using the intrinsic electrical conductivity for simultaneous photo- and electrothermal MD. 
Operating at the same photo- and electro-thermal power input, the LIG Janus membrane made by treating the 
membrane face with smaller pores (i.e., shiny side) gave an improved flux performance of up to 53.6% and a 
decrease in specific energy of 35.4% compared to that by treating the membrane face with larger pores (i.e., dull 
side). The effect of the PDMS coating sequence also depended on the pore structure. For the face with smaller 
pore structures, coating PDMS before laser irradiation (PDMS-BLSS) gave a flux improvement of up to 24.5% and 
a decrease in specific energy of 19.7%, compared to coating PDMS after laser irradiation (PDMS-ALSS). As for the 
face with larger pore structures, coating PDMS before laser irradiation (PDMS-BLDS) resulted in a flux reduction 
of up to 20.8% and an increase in specific energy of 27.1%, compared to coating PDMS after irradiation (PDMS- 
ALDS). The LIG Janus membranes embedded with Ag nanoparticles led to improved photothermal heating 
properties, improving flux by 43.1–65.8% and decreasing specific energy by 15.2–30.5% while maintaining 
similar electrothermal heating properties. Carrying out simultaneous photo- and electro-thermal MD indicates 
that only the Ag-doped Janus LIG membrane gave a synergistic effect whereby the flux of the combined heating 
mode was higher than the summation of the fluxes obtained when operating in the individual heating modes.   

1. Introduction 

At present, desalination technology has enabled us to satisfy the 
growing demand for access to freshwater resources by treating seawater 
and/or brackish water. Reverse osmosis (RO) has gained widespread 
industrial adoption primarily due to its low specific energy consumption 
(SEC); i.e., the amount of energy needed to produce a specific volume of 
water). Currently, medium to large-sized RO plants have achieved sig
nificant reductions in SEC, with values ranging from 2.5 to 7 kW h/m3 

[1–3]. This represents a notable advancement in energy efficiency, 
making RO an increasingly attractive and viable solution for water 
treatment. Nonetheless, RO requires the utilization of high-grade energy 

in the form of electricity, which results in significant energy destruction 
despite its low SEC values [3]. Another environmental issue of concern is 
that the RO process globally produces 141.5 million m3 of brine daily 
[4]. Sudden drastic fluctuations in seawater salinity have the potential 
to negatively impact marine ecosystems in terms of the growth rates and 
development of larvae. In contrast, the high salinity of brine diminishes 
the dissolved oxygen in seawater, leading to the risk of hypoxia in ma
rine organisms, especially seagrasses and microorganisms such as 
benthic heterotrophic bacteria and zooplankton [5–10]. 

In particular, benthic heterotrophic bacteria play a crucial role in 
regulating diverse biochemical processes such as nutrient reminerali
zation and organic matter decomposition in the upper sediment layers, 
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which is about a few centimeters. At the same time, the zooplankton 
serves as the foundation of the marine food pyramid [6,8–10]. Accord
ing to a recent review conducted by Dhakal et al., RO represents 
approximately 77 % of the global desalination capacity, which corre
sponds to around ~88 Mm3/d [4]. A major challenge for this technology 
is to lower energy consumption to produce fresh water sustainably [3, 
11]. As the quest for sustainability becomes an integral part of the world, 
water purification technologies must also become sustainable. While RO 
is the dominant process for desalination, it unfortunately leads to highly 
saline brine waste and demands high-grade energy. 

To address this, it is promising to employ MD in conjunction with RO 
for treating RO brine with the goal of attaining zero liquid discharge, or 
as a standalone desalination technique that can make use of waste or 
renewable heat. With the ready availability of alternative heat sources 
like geothermal energy, solar heat, and industrial waste heat, membrane 
distillation (MD) has been explored and studied as an emerging tech
nology to reduce the reliance on high-grade energy and mitigate the 
discharge of saline brine [3,12]. Moreover, instead of discarding and 
labelling brine as a harmful wasteful byproduct of RO process, brine 
itself can be further exploited for its valuable fundamental resources, 
such as lithium, calcium carbonate, and magnesium sulphate, for which 
the current recovery using existing RO is not efficient. Ideally, RO can be 
hybridized with a MD crystallizer to achieve zero-liquid discharge (ZLD) 
while recovering freshwater from seawater. In MD, a hydrophobic 
membrane with pores typically in the microfiltration range is used to 
prevent direct flow of liquid water while facilitating the permeation of 
water vapor through the membrane itself. The water vapor is then 
captured to be cooled to obtain freshwater as condensate via different 
methods depending on the configuration [13]. This working principle 
allows MD to be operated at moderate temperature and low pressure 
while having a high solute rejection. In contrast to RO, which is a 
pressure-driven process operating at high pressure, the MD operates at 
ambient pressure, which minimizes membrane fouling and negates the 
need for mechanically strong membranes [14]. However, the MD pro
cess does not come without disadvantages. Currently, the most signifi
cant share of energy consumption in MD is attributed to the heating of 
the feed. To enhance sustainability, the amount of energy required has 
to be reduced through various means, for example, (i) the source of 
energy should be industrial waste heat or renewable green energy such 
as geothermal and solar heat; (ii) surface or localized heating at the 
feed-membrane interface can be employed to reduce temperature po
larization; and (iii) heat utilization can be improved via photothermal 
and/or electrothermal heating of the membrane surface. This motivated 
the current study. 

The heat loss across the membrane during filtration reduces the 
thermal efficiency of the MD process. The combined effect of heat loss 
and the latent heat of vaporization during water evaporation results in a 
decrease in the temperature at the interface between the feed and the 
membrane. As a result, the decrease in the driving force across the 
membrane hampers the permeation flux in MD. This characteristic is 
referred to as temperature polarization, whose impact becomes more 
prominent as the module size of the MD system increases. Consequently, 
as the process scales up, there is a noticeable decline in the average flux 
[15]. Enhancing the performance and practical feasibility of MD in
volves mitigating temperature polarization, specifically addressing the 
temperature disparity between the feed-membrane interface and the 
bulk fluid [16]. 

In recent studies, researchers have focused on localized heating 
methods, particularly near or on the surface of the membrane itself, to 
tackle temperature polarization [17,18]. Direct heating of the 
feed-membrane interface has the potential to reduce the consumption of 
energy and the cost associated with MD [16,19,20]. Localized heating 
on the surface of the thin film of fluid at the feed-membrane interface 
offers greater energy efficiency as compared to preheating the whole 
bulk feed. In addition to achieving higher flux rates through localized 
heating, implementing such systems also overcome various challenges 

associated with heat management, including the prevention of metal 
corrosion, the reduction of scaling in heat exchangers, and the costs 
related to thermal loss. There are two methods to carry out surface 
heating in MD, namely, photothermal heating and electrothermal 
heating, whereby photothermal heating involves the conversion of light 
energy to heat energy via absorption or plasmon resonance, while 
electrothermal heating involves conversion of electrical energy to heat 
energy via Joule heating. A research gap exists with respect to the 
effectiveness and efficiency of concurrent application of photothermal 
and electrothermal localized heating of the feed-membrane interface. 

In addition, for a long time, heat generation in noble metal nano
particles caused by light-to-heat conversion has been considered only as 
a side-effect. However, light-to-heat generation can be easily achieved 
by noble metal nanoparticles under laser irradiation, which develops a 
promising new series of applications in nanotechnology, including the 
fields of nano-optics, nano thermodynamics, and plasmonic heating. On 
top of that, silver nanoparticles is one of the great nanoparticles that can 
generate a heat flux about ten times higher than the one achieved with 
gold nanoparticles under plasmon resonance conditions [21] and are 
less expensive than gold [21,22]. Thus, there are various methods 
available for implementing localized surface heating, including use of an 
electric heater to directly heat the fluid near the surface of a silver 
membrane in air gap MD [23], induction heating of the metallic spacers 
[24,25] or heating the surface of membranes coated with carbon 
nanotubes [26], utilization of joule heating of membranes surfaces 
through electrodes physically attached to graphene mixed matrix 
membrane [27] or membrane surface coated with carbon allotropes 
[28–30], and photothermal (solar) heating [31,32] (on membranes 
coated with photothermal materials [28,33–37] or spacers [34,38,39], 
or mixed within a mixed matrix membranes [40,41]). Among the 
aforementioned localized surface heating implemented, only one 
focused on simultaneous photothermal and electrothermal membranes 
in MD using a CNT composite membrane [28]. 

Compared to noble metal thermoplasmonics [42], carbon-based 
materials have attracted considerable attention as photothermal mate
rials, primarily because of their affordability, reusability, and their 
ability to efficiently convert natural solar light into heat [43–45]. 
Graphene-based materials show several promising properties within the 
field of carbon-based photothermal materials, including (i) their 
enhanced thermal conduction within the plane, which retains heat at the 
material surface [46,47]; (ii) the naturally occurring defects present in 
the graphitic lattice, which promotes phonon scattering and thus aids 
heat capture [48]; and (iii) facilitating the transport of water molecules 
across the material [49]. It is worth noting that the diverse methods 
employed in the preparation of graphene structures offer the opportu
nity to finely adjust the structural characteristics and morphologies, 
resulting in materials exhibiting broad spectra of optical and photo
thermal characteristics [50]. Importantly, graphene is electrically 
conductive, which allows it to be heated up electrothermally via Joule 
heating. 

Conventional solar vaporization systems typically rely on volumetric 
heating, which involves sizeable thermal masses and substantial heat 
loss. However, advancements in photothermal materials and interfacial 
evaporator designs made up of nanostructures allow the evaporation 
surface to be heated via highly localized photothermal conversion. This 
allows for maximizing the utilization of solar energy while minimizing 
thermal dissipation to the surrounding bulk water [17–20]. Recently, 
the laser-induced graphene (LIG) method attracted immense attention 
due to its ease of fabrication; low cost; fast single step process [51–55]. 
However, to date designing and fabricating LIG membranes for mem
brane distillation applications remains an unsolved challenge because 
laser irradiation distorts the porous structure of the substrate and limit 
the performance of the membranes [56]. Thus, exploring a suitable 
method to fabricate LIG membranes membrane distillation, while 
maintaining the nanoscale features of the polymeric substrate, is vital to 
take the LIG application for the membrane to the next step as a great 
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potential material for water treatment application. 
In this study, a series of modifications were conducted on a hydro

philic polyethersulfone (PES) membrane using different protocol se
quences to optimize the synthesis of Janus membranes, which comprise 
a graphene layer with high conductivity and a hydrophobic poly
dimethylsiloxane (PDMS) surface layer, for simultaneous photo- and 
electrothermal MD. The series of modifications involved three steps, 
namely, a silver nanoparticles coating step, a PDMS coating step and a 
laser-inducted graphitization step. After the modification, the mem
branes were evaluated utilizing a setup for direct-contact membrane 
distillation (DCMD), which employed three distinctive localized heating 
modes (namely, photothermal, electrothermal and combined photo- and 
electrothermal heating modes). To assess the efficiency of the mem
branes that have been modified, various parameters were compared 
across different localized heating modes. The parameters investigated 
include flux, specific heating energy (QSH) and single-pass heat utiliza
tion efficiency (HUEsp). Moreover, the modified membranes were 
characterized, including chemical analysis and analysis pore size 
distribution. 

2. Materials and method 

2.1. Materials 

The commercial polyethersulfone (PES) membrane used in this study 
was obtained from Millipore Express® PLUS Membrane Filters (refer to 
Table S1 for specifications). Silver nitrate and ascorbic acid were ob
tained from Sigma-Aldrich. Meanwhile, polydimethylsiloxane (PDMS) 
Sylgard 184 was used together with the curing agent (Dow Corning) and 
(R)-(+)-Limonene (Sigma-Aldrich; a green solvent). Lastly, the sodium 
chloride (NaCl) was purchased from Merck-Millipore (CAS No. 7647-14- 
5). 

2.2. Coating of silver nanoparticles 

For the membranes coated with silver nanoparticles, a single piece of 
hydrophilic PES membrane (Millipore Express® PLUS Membrane Fil
ters; refer to Table S1 for specifications) was placed with the side to be 
coated facing up in a 100 mm diameter polytetrafluoroethylene (PTFE) 
dish, before filling it up with 20 mL of 0.5 wt% of silver nitrate solution. 
The dish was then placed on an orbital shaker (Standard 3500, VWR) at 
50 rpm for 30 min. Then, the membrane was transferred using a tweezer 
with the side to be coated facing up in an empty 100 mm diameter PTFE 
dish, before filling it up with 20 mL of 1 wt% ascorbic acid solution. 
Similarly, the dish was placed on an orbital shaker at 50 rpm for 30 min. 
After this step, the white membrane turned slightly yellowish brown 
indicating the presence of silver nanoparticles. The membrane was then 
washed three times in 100 mL of DI water before drying the membranes 
in a convention oven, specifically the Binder FD series, to remove the 
moisture at a temperature of 70 ◦C for a duration of 1 h. 

2.3. Fabrication of janus membrane on different surface structure 

The commercial PES membrane was shiny on one side and dull on 
the other. Field-emission scanning electron microscope (FESEM) in
dicates clear distinctions in the different membrane surface structures as 
shown in Fig. 1. The PES and Ag-PES membranes were converted into 
Janus membranes via two steps, namely, a PDMS-coating process to 
convert the hydrophilic PES to a hydrophobic membrane, and a pho
tothermal conversion of one surface to form laser-induced graphene 
(LIG) via laser irradiation. The sequence of the two steps was varied to 
optimize the membranes for MD. 

The application of a PDMS coating was carried out via vacuum 
filtration of 5 mL of solution, which was made of 2 wt% Sylgard 184 
PDMS in a 10:1 mix ratio by volume with the curing agent (Dow 
Corning) dissolved in (R)-(+)-Limonene (Sigma-Aldrich; a green sol
vent) [57]. The solution was left in contact with the membrane for a 
duration of 60 s before the vacuum pump was initiated. The modified 
(PDMS-PES) membrane was then subjected to a curing process in a 
convention oven (Binder FD) at a temperature of 120 ◦C for 12 h. 

The LIG layer was formed by exposing the membrane surface to a 
200 mW laser with a wavelength of 405 nm via a Totem S laser engraver 
(Two trees 3D), which moved across the membrane surface area of 90 
mm long and 55 mm in width line-by-line at a speed of 25 mm/s. Fig. 2 
(a and b) shows the typical photographs images of PES membranes 
before and after laser irradiation and Fig. 2 c shows the FESEM cross- 
section image of the LIG membranes, which represent the typical layer 
in the LIG membranes used in this study. The photothermal reaction 
formed a LIG layer on the membrane surface. Meanwhile Fig. 3 shows 
the schematic diagram for step-by-step preparation of LIG membranes 
for using shiny or dull sides of PES membranes surfaces. Table 1 presents 
an overview of the membranes utilized in this study, including details of 
their modifications. 

2.4. Janus membrane characterization 

2.4.1. Field emission scanning electron Microscopy (FESEM) imaging 
To visualize the morphologies of the membranes, FESEM (JEOL JSM- 

6701 F) images were taken. This imaging technique provided detailed 
analysis of the membrane surface structure and allowed for visual 
comparison before and after the MD process. To ensure optimal imaging 
conditions and mitigate electron build-up during FESEM imaging, a thin 
layer of platinum (<10 nm) was applied to all the samples. This coating 
process involved the use of a sputter coater (JEOL JFC-1200) for a 
duration of 90 s at a current of 10 mA. Prior to FESEM imaging, platinum 
coating was applied to the samples. This process was conducted under 
high-vacuum conditions of 9.63 × 10− 5 Pa and an accelerating voltage 
of 5 kV. 

2.4.2. Thermogravimetric analysis (TGA) 
To examine the thermal stability of the membranes, TGA (TA 

Fig. 1. FESEM images of the PES membrane surface: (a) shiny side and (b) dull side.  
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instruments SDT Q600) was utilized in this study. 5 mg of the membrane 
sample was placed into the crucible that was placed into the TGA, which 
was initially set to run isothermally at 100 ◦C for 5 min, after which the 
temperature was gradually ramped up at a rate of 10 ◦C min− 1 until 
reaching a final temperature of 800 ◦C under N2 purge gas at a flow rate 
of 100 mL/min. 

2.4.3. Raman spectroscopy 
To investigate the surface of the samples, a Raman Spectrometer 

(Renishaw in Via Reflex) was utilized. A 514 nm laser source operating 
at a power of 2.5 mW was directed onto the sample surface using a 20×
objective to achieve the proper focus. 

Fig. 2. (a and b) The typical photographs images of PES membranes before and after laser irradiation, and (c) shows the FESEM cross-section image of the 
LIG membranes. 

Fig. 3. Schematic diagram for step-by-step preparation of LIG membranes for using shiny or dull sides of PES membranes surfaces.  
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2.4.4. X-ray photoelectron spectroscopy (XPS) 
The signals from C 1s, O 1s, and S 2p and Si 2p and Ag 3 d were 

obtained using a Kratos Axis Supra XPS spectrometer (Kratos Analyt
ical). The elements binding energy were fitted to the experimental data 
to analyze and identify the corresponding signals. The samples were 
thoroughly dried under vacuum at room temperature to ensure complete 
removal of any residual moisture, before being subjected to an ultra- 
high vacuum of 10− 9 bar to conduct the measurements. 

2.4.5. Capillary flow porometry (CFP) 
The pore-size distribution (PSD) of the membranes was analyzed 

using a capillary flow porometer (CFP 1500 A, Porous Material. Inc.). 
The process involves mounting the sample into the sample holder before 
adding a few drops of Galwick™ wetting liquid. After that, the wetted 
sample placed on the sample holder was directed into the chamber of the 
porometer for analysis. Nitrogen gas was used as the inert gas to displace 
the wetting liquid through the pores of the membrane. 

2.4.6. Surface temperature measurement 
To analyze the impact of different heating techniques such as Joule 

and photothermal heating on the surface of the membrane, an infrared 
(IR) thermal imaging camera (Cat S60) equipped with Forward Looking 
InfraRed (FLIR) Lepton Infrared Radiation (IR) sensor was used to cap
ture thermal images of the surface temperature of the LIG modified 
Janus membrane. To standardize the process, the thermal images were 
captured 30 s before and after heating using Joule or photothermal 
heating. Joule heating was performed by supplying AC power input of 
15 W at 250 Hz. The photothermal heating was performed at a power 
density of 3 Sun or 3000 W/m2. 

2.5. Experimental study 

The cross-flow MD experimental filtration setup was conducted to 
determine the impact of various factors affecting the performance of 
MD. Factors such as difference in the degree of laser etching, heating 
technique, applied input power for heating, and the rate of feed. The flux 
was monitored, as well as the specific heating energy and the single-pass 
heat utilization efficiency. 

2.5.1. Experimental design and setup 
In this study, bespoke tailor-made two-channel cross-flow membrane 

module made of acrylic was employed. Detailed specifications of the 
module are listed in Table S2. As illustrated in Fig. 4, the modified 
membranes (Table 1) were each carefully positioned within the mem
brane module before placing the titanium foil electrodes on opposite 
ends of the membrane perpendicular to the feed and distillate flow, with 
6.5 cm between them. The active membrane area was 0.00334 m2 (i.e., 
length 63 mm and width 53 mm). To support the membrane and to 
enhance the turbulence near the active membrane surface in both the 
inlet (feed) and outlet (distillate) channels, a polypropylene spacer 
(Sterlitech) was employed in the flow channels. The detailed specifica
tions of the spacers are listed in Table S3. These spacers were reused 
consistently for the entirety of the study. 

The experimental setup of the DCMD employed in this study is 
illustrated in Fig. 5. A peristaltic pump (Masterflex L/S Digital Drive) 

was utilized to continuously circulate the feed and distillate streams 
counter-currently into the membrane cell. The feed tank was a stainless- 
steel tank of 2 L placed in a temperature-regulated recirculator (Julabo 
ME). The temperature was maintained at 25 ◦C. Masterflex Norprene 
tubing was used to circulate the feed between the membrane cell and the 
stainless-steel feed tank. The feed flow rate was maintained at 10 mL/ 
min, giving a flow velocity in the feed channel of 4.7 cm/min. The feed 
either undergoes photothermal, electrothermal or both types of heating. 
In the photothermal heating experiments, the feed was subjected to 
heating as it flowed past the membrane. This heating was achieved using 
a solar lamp with a power equivalent to one-sun, generated by a xenon 
light source (Ceaulight CEL-HXF300-T3). 

The electrothermal heating of the LIG membranes was achieved by 
applying an AC current through a pair of titanium electrodes connected 
to the electrically conductive surface of the membrane. This AC current 
generated joule heating within the membrane, causing the temperature 
to increase. The choice of using an AC current for electrothermal heating 
was motivated by the need to avoid rapid electrochemical degradation 
of the graphene on the LIG Janus membrane in an ionizable medium, 
because the high-voltage direct current (DC) required for generating the 
necessary power for heating can lead to accelerated degradation of the 
graphene [58]. AC power (Ivytech APS-4000 B) was supplied at 250 Hz 
directly to the titanium foil electrodes. The input power supplied for 
electrothermal heating was calculated by multiplying the input voltage 
and the current. 

A recirculating chiller (Julabo ME) was utilized to maintain the 
distillate at a lower temperature. The distillate was then recirculated 
between the membrane cell and distillate tank using Masterflex Tygon E- 
LFL tubing. The recirculation was set at a flowrate of 200 mL/min, 
causing the flow in the distillate channel of membrane cell to be 94 cm/ 
min. 

The cylindrical acrylic distillate tank had a volume of 1 L and 
overflowed into another tank that sat atop a mass balance (Mettler- 
Toledo ME4002) to quantify the distillate flux. To ensure a consistent 
sodium chloride (NaCl; Merck-Millipore CAS No.7647-14-5) concen
tration of 35 g/L, a peristaltic pump (Masterflex L/S Digital Drive) was 
used to periodically recycle the distillate collected in the overflow tank 
every 1 h for a duration of 1 min. An in-line conductivity meter (Mettler 
Toledo Cond Sensor 3/4NPT 0.1C Mnl 2 ISM) was inserted into the 
distillate tank, allowing real-time monitoring of any leak. 

2.5.2. MD operating procedures 
The MD experimental protocol is described as follows. Firstly, the 

prepared modified membrane was carefully placed in the membrane cell 
together with titanium foil electrodes positioned 6.5 cm apart on the 
active side of the membrane. Next, the feed containing 35 g/L of NaCl 
was circulated at a flow rate of 10 mL/min, giving a flow velocity in the 
feed channel of the membrane cell of 4.7 cm/min. Simultaneously, a 
flow rate of 200 mL/min of DI water was circulated within the distillate 

Table 1 
Summary of membranes used in this experiment and their modifications.  

Naming Silver coated Surface exposed to laser PDMS coated 

PDMS-BLSS No Shiny Before laser exposure 
PDMS-ALSS No Shiny After laser exposure 
PDMS-BLDS No Dull Before laser exposure 
PDMS-ALDS No Dull After laser exposure 
Ag PDMS-BLSS Yes Shiny Before laser exposure 
Ag PDMS- 

BLDS 
Yes Dull Before laser exposure  

Fig. 4. Diagram illustrating the arrangement of the acrylic membrane module 
employed in this study. 
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loop, resulting in a flow velocity in the distillate channel of 94 cm/min. 
Throughout the experimental runs, the feed and distillate tanks 

temperatures were kept constant at 25 ◦C and 20 ◦C, respectively. The 
power of the solar simulator was calibrated and adjusted to provide a 
power density of 3 suns, which is equivalent to 3000 W/m2, using a 
radiance meter (Melles Griot, 13PEM001). The higher power was uti
lized to account for the small surface area of the laboratory setup in 
order to generate a measurable distillate flux every 5 min. Electro
thermal heat was applied directly to the active area of the LIG-modified 
Janus membrane using an AC power of 15 W; higher power would risk 
breaking down the LIG surface. Finally, data logging software (National 
Instruments) was used to capture the parameters of interest, such as 
temperatures at the inlets and outlets of the membrane cell, mass of the 
distillate accumulated, and conductivity of the distillate. These mea
surements were taken every 5 min throughout the entire 3 h run of each 
experiment. The conductivity of the distillate is measured to be less than 
10 μS at the start of every experiment when the conductivity stabilizes, 
and it did not exceed 15 μS throughout the experiment. The feed con
ductivity was measured to be about 32,200 μS at the start of the 
experiment. This translates to a salt rejection of 99.95–99.97 %. 

2.5.3. Flux and energy calculations 
The flux trend with time, specific heating energy, and single-pass 

heat utilization efficiency were used to assess the overall performance 
of the MD process. Flux, J (L/m2h), was calculated using Eq. (1): 

J=
ΔMOverflow

ρd × Δt × Am
(1)  

where ΔMoverflow (kg) is the mass of distillate accumulated over a time 
period of Δt (h), ρd (kg/L) is distillate density and Am (m2) is the active 
membrane area. 

The specific heating energy, Qsh (kWh /L), measures the amount of 
heat energy required per unit volume of distillate produced. It reflects 
energy efficiency and was calculated using Eq. (2): 

Qsh =
Qin

J
(2)  

where Qin (kW/m2) is the power input, which was calculated using Eq. 
(3): 

Qin =
V × I
Am

(3)  

where V (V) is the applied voltage, and I (A) is the current. 
The single-pass reactor heat utilization efficiency (HUEsp) represents 

the percentage of input energy that is effectively utilized for vapor 
production and was calculated using the following Eq. (4) and Eq. (5): 

HUEsp =
Qv

3.6(Qin × Am)
× 100% (4)  

where Qv represents the rate of heat energy required to generate flux: 

Qv = J × ρd
− 1 × Am × ΔHv (5)  

where ΔHv is the specific heat needed for vaporization (i.e., 2453 kJ/L at 
20 ◦C). 

3. Results and discussion 

3.1. Effect of membrane structure and coating sequence on MD 
performance 

Fig. 6 illustrates the variation in MD performance resulting from the 
converting of different surfaces of the PES membrane to LIG operated 
under different heating methods: (a) flux, (b) single pass heat utilization 
efficiency, HUEsp; and (c) specific heating energy, QSH. The shiny surface 
membranes (PDMS-BLSS) showed an overall higher flux and HUEsp, and 
a lower QSH compared to the dull surface membranes (PDMS-BLDS). 
These results are also consistent with PDMS membranes after modifi
cation with silver. On the other hand, the effect of coating sequence was 
inconclusive. Specifically, for the sequence of PDMS coating applied 
after the LIG formation, MD performance worsened for the shiny surface 
of the membrane (PDMS-ALSS), whereas MD performance improved for 
the dull surface of the membrane (PDMS-ALDS) as clearly shown in 
Fig. 6a. 

Since membrane pore size is one of the key membrane parameters 
that affect flux, liquid displacement porometry (LDP) was used to 
characterize the pore size distributions of all the membranes. FESEM 
surface and cross-section images in Fig. 7 demonstrate both shiny and 
dull sides of membrane-coated PDMS before and after LIG formation 
confirming that the lasing led to the formation of larger pores and 
irreversible changes in the nanoscale features. The formations of bigger 
pores after LIG formation are clearly shown by FESEM images in Fig. 7 
(d, e, h and i). On top of that, based on pore-size distribution (PSD) 
analysis shown in Fig. 8a, the LIG formed on the PDMS coated-shiny 

Fig. 5. Schematic representation of the experimental setup employed in this study, including components such as (1) a 2 L rectangular stainless steel tank containing 
the NaCl feed cooled by a recirculating chiller, (2) three peristaltic pumps; for feed and distillate recirculating loop, and recycling line, (3) a custom-made acrylic 
membrane module, (4) solar simulator atop the membrane module, (5) an AC power supply connected to the titanium electrodes for electrothermal heating of the 
membrane, (6) a 1 L acrylic cylinder with a spout containing the distillate kept cool using a recirculating chiller, and (7) a beaker containing the distillate overflow 
placed on a weighing balance. T and C represent the temperature and conductivity sensors. 
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membrane surface after LIG formation (PDMS-ALSS) exhibited larger 
pores (0.22–0.62 μm) as compared to PDMS coated membrane before 
LIG formation (PDMS-BLSS) (0.16–0.47  μm). However, the differential 
permeability (%) for these membranes is relatively lower than dull side- 
membrane surfaces indicating a wider range of pore sizes formed. This 
observation prompted further analysis of the wettability of the mem
branes through contact angle measurements. Interestingly, although 
PDMS-ALSS had the largest nominal pore size and reduced contact 
angle, it did not obtain the highest flux as illustrated in Fig. 6a. 

As shown in Fig. 8b, upon PDMS coating after LIG formation, the 
contact angle for shiny membrane surface slightly reduced (PDMS-ALSS) 
from 138.1◦ to 129.9◦, which is opposite to contact angle of dull 
membrane surface (PDMS-ALDS) (from 124.1◦ to 134.1◦). The decrease 
in contact angle for PDMS-ALSS has increased the hydrophilicity prop
erties and thus plausibly caused the relative lower flux of the membrane. 
In contrast, the doping of silver on the PDMS membrane surface before 
LIG exposure reduced the contact angle of the dull side membrane (Ag 
PDMS-BLDS) from 142.6◦ to 134.2◦. Silver nanoparticles have been re
ported widely have increased the hydrophilicity of polymeric mem
branes due to their nanostructure which positively affects the membrane 
flux [59,60]. However, in the contact of MD applications, the hydro
philic property of the membrane is unfavourable as the membrane 
properties should own a hydrophobic property to obtain and maintain 
higher flux. 

The trend in membrane hydrophobicity is well-correlated with MD 
performance, with higher hydrophobicity, the membrane could give 
better performance. Based on the flux equation, J, can be quantified by 
the following Eq. (6) [13,61]: 

J=Cm
dP
dT

(
Tf,m − Td,m

)
(6)  

where Cm is the mass transfer coefficient, and Tf,m and Td,m are the 
temperatures of the feed-side and distillate-side of the membrane. 

The effect of the vapor pressure driving force can be isolated by 
assuming that the vapor pressure driving force resulting from the tem
perature difference between the membrane surface on the feed side and 

the membrane surface on the distillate side is same for all membranes. 
The theoretical flux, JTheo, can be determined by multiplying a reference 
flux by the ratio of the mass transfer coefficient of the membrane of 
interest normalized by that of the reference membrane as shown in Eq. 
(7). 

JTheo = JRef ×
Cm

Cm,Ref
(7) 

Calculating the Knudsen number, Kn, and mean free path, λ, using 
Eqs. (8) and (9) [13,62–64], respectively, allows for determining the 
flow regime in the pore: 

Kn =
λw

Dpore
(8)  

λw =
kBT
̅̅̅
2

√
πPσw

2
(9)  

where KB is Boltzmann constant, T is membrane temperature, P is 
average pressure within the membrane pore, and σw is the hard-shell 
diameter of a water molecule. it was determined that the vapor flow 
within the membrane pore, Dpore, falls within the transition region (0.01 
< Kn < 1 or λ <Dpore < 100λ). In this region, water vapor molecules both 
collide with each other and diffuse through the air film. Therefore, the 
mass transfer in this system takes places through an amalgamation of the 
Knudsen diffusion and ordinary diffusion mechanism. The mass transfer 
coefficient across the membrane, Cm, can be verified by the following 
Eq. (10) and Eq. (11). 

Cm =
π

RT
1
τδ

[(
2
3

(
8RT
πMw

)1
2
rpore

3
)− 1

+

(
PD
Pa

rpore
2
)− 1

]− 1

(10)  

PD=1.895 × 10− 5T2.072 (11)  

where P is the total pressure and D is the diffusion coefficient of water 
vapor in air. 

Fig. 6. Experimental results of the modified membranes used in the DCMD setup operated under different heating methods: (a) flux (L/m2h), (b) single pass heat 
utilization efficiency, HUEsp (%), and (c) specific heating energy, QSH (kWh/L). 
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Further analysis was carried out using the theoretical flux prediction 
equations (Eqns. (6)–(11)) [13,61]. Considering the measured contact 
angle and pores size, and assuming the temperature difference across the 
membrane remains the same, the discrepancy between the theoretical 
and experimental fluxes were in the range of 8.3–55.3 % (Fig. 9a–c). The 
theoretical fluxes are smaller than experimental ones in all cases except 
for PDMS-ALSS, which can be attributed to the lower surface porosity of 
PDMS-ALSS (Fig. 9b). Despite PDMS-ALSS having larger pore sizes, the 
35.7 % lower porosity (estimated using FESEM image analysis) reduced 
the flux significantly. Correcting for this lower porosity, the theoretical 
fluxes of PDMS-ALSS when operating in different heating modes are 
16.8–31.4 % lower than that obtained experimentally as shown in 
Figs. 6 and 9. 

This indicates the PDMS coating sequence results in a drastic change 
in membrane performance, particularly when applied to the shiny side 
membrane surface compared to the dull side membrane surface. With 
respect to the shiny side of the membrane surface, applying a PDMS 
coating before the formation of the LIG process (PDMS-BLSS) led to a 
reduction in flux by 0.3–25.5 % (Fig. 6a), an increase in specific heating 

energy (QSH) by 0.3–33.8 % (Fig. 6b), and a reduction in single-pass 
reactor heat utilization energy (HUEsp) by 0.3–25.5 % (Fig. 6c) as 
compared to coating of PDMS after the formation of LIG (PDMS-ALSS). 
On the other hand, the dull side membrane surface had more dispersed 
big pores which are less susceptible to pore-blocking during PDMS 
coating as shown in Fig. 7e and g. 

Since the effect of the vapor pressure driving force is isolated in the 
calculations contributing to these results, the discrepancy between 
theoretical and experimental flux could be attributed to the difference in 
heating performance of the membranes resulting in a difference in vapor 
pressure driving forces across the membrane. For the PDMS LIG mem
branes that were not doped with Ag, the discrepancy between the 
theoretical and experimental flux was less significant in the photo
thermal experiments compared to that for electrothermal heating 
(Fig. S1). This indicates that the structure of the membranes had a 
smaller effect on the heating mode (i.e., photothermal versus electro
thermal). In addition, infrared thermal images taken before and after 30 
s of light irradiation show an average surface temperature difference 
among the PDMS LIG membranes ranged from 26.9 to 32.4◦C (Fig. 10), 

Fig. 7. FESEM surface images of PDMS-BLSS (a, b), PDMS-ALSS (d, e), PDMS-BLDS (h, i), PDMS-ALDS (k, l), and FESEM cross-section images of PDMS-BLSS (c), 
PDMS-ALSS (f), PDMS-BLDS (j), PDMS-ALDS (m). 
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while that taken before and after 30 s of passing 15 W of electricity show 
a higher average surface temperature difference among the PDMS LIG 
membranes of 52.2–67.4 ◦C (Fig. 11). Therefore, the LIG on the shiny 
side of the membrane (PDMS-ALSS) gave an overall higher photo- and 
electro-thermal heating performance compared to that on the dull side 
of the membrane (PDMS-ALDS). 

The improved electrothermal heating property of the membranes can 
be attributed to the LIG formed on the membranes. Raman spectroscopy 
was employed to assess the presence and quality of graphene following 

the laser etching process. The Raman spectra of LIG (Fig. 12a) indicate 
the presence of characteristic peaks associated with graphene in the 
membranes that were coated with PDMS before and after being exposed 
to the laser. These peaks were observed at approximately 1330 cm− 1 (D 
peak), 1578 cm− 1 (G peak), and 2600 cm− 1 (2D peak). More specifically, 
the D peak in the Raman spectra is attributed to defects in the sp2 carbon 
bonds of graphene, the G peak corresponds to the in-plane vibrations of 
sp2-bonded carbon atoms in the graphene structure, and the 2D peak 
arises from a two-phonon lattice vibration in graphene. These 

Fig. 8. (a) The pore size distribution (PSD) analysis and (b) the contact angle measurement for all the prepared membranes.  

Fig. 9. The comparison of the experimental and theoretical flux of the membranes operating in (a) photothermal heating, (b) electrothermal heating and (c) 
simultaneous photo- and electro-thermal heating modes. 
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characteristic peaks provide evidence for the presence of graphene in the 
membranes coated with PDMS before laser etching [65,66]. However, 
these peaks were not observed in the membranes which were coated 
with PDMS after exposing to the laser (PDMS-ALDS and PDMS-ALSS). 
The ratios of peak intensities, such as ID/IG and I2D/IG, as well as the 
full width at half maximum (FWHM) of the 2D peak in the Raman 
spectrum of the sample can be used to determine the quality of the 
graphene. A lower ID/IG ratio and a higher I2D/IG accompanied with a 

high FWHM of ~70 cm− 1 gives a higher-quality graphene [66]. The 
PDMS-BLSS had a ID/IG ratio of 0.4, I2D/IG ratio of 0.6 and an FWHM of 
74 cm− 1, while the PDMS-BLDS had a ID/IG ratio of 0.71, I2D/IG ratio of 
0.64 and an FWHM of 66 cm− 1. The close-up of the Raman spectra of 
PDMS-BLSS and PDMS-BLDS as shown in Fig. 12b, the former having 
more prominent characteristic peaks associated with graphene, indi
cating higher graphene quality when LIG was formed on the shiny sur
face (PDMS-BLSS). 

Fig. 10. IR thermal images of membrane surface of PDMS-BLSS (a, b), PDMS-ALSS (c, d), PDMS-BLDS (e, f), PDMS-ALDS (g, h); left column: before light irradiation, 
and right column: after 30 s of photothermal/light irradiation from solar simulator. 
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Further surface analysis using XPS (Table 2) shows that, despite the 
total carbon content being similar, a higher ratio of the area of the C1s 
peak at 284.8 eV to that of the C1s peak at 286.9 eV was observed for 
membranes with the shiny side converted to LIG (PDMS-ALSS and 
PDMS-ALDS), indicating more C–C bonds. The increased surface con
centration of graphene, along with the improved quality of graphene 
observed in the Raman spectroscopy results, played a significant role in 
enhancing the electrothermal properties of the LIG membrane formed 

on the shiny side of the membrane. 

3.2. Effect of the addition of silver nanoparticles 

The silver loading was quantified using TGA, XPS and EDS (Table 3). 
The silver loading for the surface and within the membrane cross-section 
of the silver-doped LIG membranes on the shiny side (Ag PDMS-BLSS) 
was slightly higher than that on the dull side (Ag PDMS-BLDS) 

Fig. 11. IR thermal images of membrane surface of PDMS-BLSS (a, b), PDMS-ALSS (c, d), PDMS-BLDS (e, f), PDMS-ALDS (g, h); left column: before electrothermal 
heating, and right column: after 30 s electrothermal heating using the AC power source. 
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(Table 3). Further analysis of the EDS mapping of the cross-section of 
both silver-doped LIG membranes shows that silver is gathered on the 
active surface of the membrane for Ag PDMS-BLSS membrane (Fig. 13b), 
while silver is evenly distributed within the thickness of the membrane 
for Ag PDMS-BLDS membrane (Fig. 13e). Similarly, the silicon element 
was observed deeper in the membrane matrix for Ag PDMS-BLDS 
membrane (Fig. 13f) compared to Ag PDMS-BLSS membrane 
(Fig. 13c). This is attributed to the ease of flow of the AgNO3 (silver 
nitrate) and ascorbic acid reagents into the larger pores of the dull 
surface of the membrane, allowing the silver nanoparticles to form 
evenly within the membrane matrix. However, this also allows the re
agent and smaller particles to diffuse out of the membrane, thus 
reducing the silver loading. On the other hand, the smaller pores of the 
shiny surface of the membrane result in a slower flow of the AgNO3 and 
ascorbic acid reagents, allowing silver nanoparticles to form and be 
trapped near the surface of the membrane. 

Operating in the photothermal heating mode, the silver nano
particles doped membranes gave a 43.1–65.8 % increase in flux 
compared to its counterpart without silver nanoparticles. The increase in 
flux was contributed by the enhanced photothermal heating properties 

Fig. 12. Raman spectra of the: (a) undoped LIG Janus membranes and (b) close-up of the Raman spectra of PDMS-BLSS and PDMS-BLDS.  

Table 2 
Summary of surface mass concentration of the undoped LIG Janus membranes 
obtained through the XPS analysis.  

Surface mass concentration (%)  

Si 2p S 2p O 1s C 1s ratio 

PDMS-BLSS 29.98 3.19 25.01 41.82 3.39 
PDMS-ALSS 28.86 2.42 22.99 45.73 5.02 
PDMS-BLDS 27.38 1.81 24.84 45.98 3.06 
PDMS-ALDS 28.90 2.61 22.38 46.10 3.05  

Table 3 
Summary of silver mass concentration measured in the silver-doped membrane 
using XPS, EDS and TGA.  

Mass concentration (%)  

XPS EDS (Surface) EDS (Cross-section) TGA 

Ag PDMS-BLSS 9.81 4.30 4.00 6.84 
Ag PDMS-BLDS 5.32 2.36 1.40 3.54  

Fig. 13. The FESEM cross-section images of Ag PDMS-BLSS (a) and Ag PDMS-BLDS (d), and EDS mapping of Ag-Lα1 and Si K α1 for Ag PDMS-BLSS (b and c) and Ag 
PDMS-BLDS (e and f). 
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resulting from the surface plasmon resonance of the silver nanoparticles, 
which gave a higher average surface temperature difference of 
41.4–46.5 ◦C before and after 30 s of light irradiation (Fig. 14) compared 
to the temperature difference of 26.9–32.4 ◦C observed for the LIG 
membranes without the silver nanoparticles (Fig. 10a, b, e, f). The su
perior photothermal heating and MD flux performance of the Ag PDMS- 
BLSS membrane compared to the Ag PDMS-BLDS membrane is attrib
uted to the higher silver loading and high concentration of silver 
nanoparticles on the shiny surface where they can be exposed to more 
light. 

One the other hand, as shown in Fig. 15, when 15 W of electricity was 
passed through the silver nanoparticles-doped membranes, the average 
surface temperature difference for before and after 30 s increased, 
ranging from 55.5 to 59.0◦C, which is within the 47.6–67.4◦C (Fig. 11a, 
b, e, f) observed in the LIG membranes without the silver nanoparticles. 
This indicates the presence of silver nanoparticles did not affect the 
electrothermal heating performance, as also shown in Fig. 6. 

As shown in Fig. 16 operating MD in the concurrent photo- and 
electro-thermal heating modes using the silver-doped LIG membranes 
indicates a synergistic effect whereby the flux was higher than the 
addition of their fluxes obtained when operating with either heating 
mode (Fig. 6). This phenomenon can be attributed to the exponential 
relationship between the vapor pressure at the feed side and tempera
ture, as described by Antoine’s equation [67]. As the temperature in
creases, the vapor pressure increases exponentially, leading to a 
non-linear increase in the flux. However, the HUESP and QSH of the 
concurrent heating system decreased and increased, respectively 
(Fig. 6), indicating that the higher flux was produced with a lower 
thermal efficiency. This is due to the low photothermal conversion ef
ficiency within the membrane distillation cell as water absorbed, scat
tered and reflected the light, which affected how much of the incident 
solar light actually hit the membrane surface. Hence, where solar energy 
is readily available, it can be used in tandem with other surface heating 
techniques to produce higher flux compared to standalone solar mem
brane distillation. 

3.3. Feasibility of simultaneous photo- and electro-thermal MD with LIG 
janus membranes 

The green label of MD as a separation technology inevitably also 
relies on the efficiency of energy utilization. Traditional MD systems 
typically employ volumetric heating methods, which involve heating the 
entire feed, which represents a significant heat loss because the driving 
force for distillation depends only on the heat at the feed-membrane 
interface. Therefore, the ability to generate heat efficiently and effec
tively directly on the surface of the active membrane surface in MD 
systems offers the potential to bridge the water-energy nexus, by 
improving thermal efficiencies and temperature polarization which 
commonly plagues the MD system. 

This surface heat can be generated via two main methods, namely, 
electrothermal and photothermal methods. However, solar heating 
alone is insufficient to cater for solar distillation due to the limit of the 
power density of the Sun at 1000 W/m2, while electrothermal heating is 
limited to the current the conductive material can withstand before it 
degrades. By doping silver nanoparticles into LIG using the method 
described in this study allows the concurrent use of two independent 
heating methods onto a membrane surface, thus overcoming the limit of 
operating in either one of the heating methods. Furthermore, the surface 
temperature can be heated via simultaneous photo- and electro-thermal 
heating to a higher temperature without compromising the structural 
integrity of the membrane. As the temperature difference across the 
membrane increases, the overall flux in the MD system increases expo
nentially, and thus the synergistic coupling of simultaneous photo- and 
electro-thermal in MD makes solar-assisted MD more feasible for large- 
scale desalination by maximizing heat utilization while lowering heat 
loss to the bulk feed solution. This enhances the sustainability of MD for 
water purification. 

This study focused on the optimization of photothermal conversion 
efficiency via embedding silver nanoparticles in LIG membranes via a 
dip-coating method, enhancing the electrothermal heating properties of 
these membranes, which builds on the previous study on using LIG 

Fig. 14. IR thermal images of membrane surface of Ag PDMS-BLSS (a, b) and Ag PDMS-BLDS (c, d); left column: before light irradiation, and right column: after 30 s 
of photothermal/light irradiation from a solar simulator. 
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membranes for electrothermal MD [68]. Furthermore, the addition of 
dip coating steps and laser irradiation steps to a roll-to-roll process of flat 
sheet membrane fabrication is highly feasible. This paves the way for 
embedding different materials in LIG membranes for different functions, 
such as improved catalytic activities, different surface wettability, se
lective affinity to different molecules for sensing applications, and photo 
responses for optical and optoelectronic applications. 

Further studies are needed in a few areas, namely, the reduction of 
different metal salts within the membrane matrix, the structural 
morphology stability of affixing metal or metal oxides in graphene using 
laser irradiation and the possibility of achieving multifunctional mem
branes that can be used for water treatment. Such membranes can have 
photothermal and electrothermal properties for membrane distillation, 
photocatalytic effect for fouling mitigation and degradation of organic 
foulants, and ion-sensing surface for early detection of toxic heavy metal 
in feed. 

4. Conclusion 

As the use of localized heating to improve MD performance pro
liferates, the need to optimize membrane materials that can be used for 
such a purpose is required. In this study, one of such materials, the LIG 
Janus membranes, was studied. The effects of membrane pore struc
tures, PDMS coating sequence and the addition of silver nanoparticles 
during the fabrication process on the performance of MD were assessed. 

Results show that laser irradiation on the surface containing smaller 
pore features to create the LIG Janus membranes generally gave an 
improved flux performance of up to 53.6% and a decrease in specific 
energy of up to 35.4%. The coating sequence affected the MD perfor
mance in different ways depending on the membrane face that was 
treated. For the membrane face with smaller pores (i.e., shiny side), the 
PDMS coating carried out before laser irradiation to create the LIG Janus 
membranes (PDMS-BLSS) gave a flux improvement of up to 24.5% and 

Fig. 15. IR thermal images of membrane surface of Ag PDMS-BLSS (a, b) and Ag PDMS-BLDS (c, d); left column: before of electrothermal heating, and right column: 
after 30 s of electrothermal heating using the AC power source. 

Fig. 16. The comparison of the simultaneous photo- and electro-thermal heating and sum of fluxes from individual heating methods.  
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decrease in specific energy of up to 19.7%. On the other hand, for the 
membrane face with larger pores (i.e., dull side), coating the LIG before 
laser irradiation (PDMS-BLDS) resulted in a flux reduction of up to 
20.8% and an increase in specific energy of up to 27.1%. This can be 
attributed to PDMS sealing the pores of the surface with smaller pore 
structures (i.e., shiny side) when they were being coated after laser 
irradiation, effectively reducing the porosity of the membrane. Despite 
being a photothermal material, undoped silver in the LIG Janus mem
branes did not yield synergistic results when operated in an MD system 
with simultaneous photo- and electro-thermal heating, as the summa
tion of fluxes in the individual heating methods were higher than that of 
the flux obtained with simultaneous photo- and electro-thermal heating. 
However, the silver-doped Janus LIG membranes exhibited a synergistic 
effect when heated simultaneously with photo- and electro-thermal 
heating. Furthermore, the silver-doped Janus LIG membranes dis
played advantageous photothermal heating properties, improving flux 
by 43.1–65.8% and decreasing specific energy by 15.2–30.5%, while 
maintaining similar electrothermal heating properties. 

Overall, this study shows that that LIG Janus membranes can be 
optimized for simultaneous photo- and electro-thermal MD by reducing 
the size of the pore features on the surface being irradiated by the laser, 
coating it with the PDMS before irradiating the membrane with laser 
and embedding photothermal materials within the LIG matrix. The re
sults here are expected to be valuable for paving the way for embedding 
different materials into the LIG membranes, which could leverage the 
vast functional materials that have emerged on doping of graphene. 
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