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Four billion people around the world face at least one month 
of water scarcity every year1, with 1.8 billion people living in 
countries experiencing absolute water scarcity2. Desalination 

plays an important role in the utilization of alternative, saline water 
resources, in addition to protecting precious freshwater supplies 
from contamination by industrial wastewaters and brines. Reverse 
osmosis (RO) is at present the most widely used desalination tech-
nology due to its relatively low energy consumption3. However, 
the high pressure needed to overcome the osmotic pressure of 
hypersaline brines precludes its application in the desalination of 
key industrial waste streams, such as oil and gas produced water 
and RO concentrates as well as zero-liquid-discharge processes2,4. 
Conventional thermal desalination methods, such as multi-effect 
distillation (MED) and multi-stage flash (MSF), are able to desali-
nate or concentrate brines beyond the salinity limit of RO5, but they 
require extensive infrastructure and high capital costs.

Membrane distillation (MD) is a hybrid thermal–membrane pro-
cess. In MD, a hydrophobic, porous membrane separates the heated 
saline feed stream and the cool permeate stream. The temperature 
difference between the feed and permeate streams creates a gradient 
in the partial vapour pressure of the water vapour, driving its trans-
port across the membrane6. After diffusing through the membrane, 
the water vapour condenses on the permeate side, producing pure 
water. The technology has the high salinity capability of conven-
tional thermal desalination, enjoys the compact modular configu-
ration of membrane systems, features low operating pressure and 
relatively low temperature, and it is also expected to be less prone 
to fouling than RO7. However, it suffers from several inherent limi-
tations that result in very low thermal efficiencies (Supplementary 

Section 1). Specifically, temperature polarization on both sides of 
the membrane reduces the vapour pressure difference and hence the 
flux; the average transmembrane temperature difference decreases 
with increasing feed channel length, resulting in decreasing aver-
age flux with increasing membrane module size; and limited heat 
capacity of the feed water relative to the high enthalpy of evapo-
ration results in very low single-pass water recovery. In addition, 
heating the feed externally increases the system complexity and 
potential thermal energy loss.

Directly heating the feed stream at the membrane–solution 
interface has been proposed to address these limitations (Fig. 1a). 
Both solarthermal1 and electrothermal8 coatings have been devel-
oped to achieve surface heating membrane distillation (SHMD). 
Solarthermal membranes utilize sunlight as the energy source, 
although water production rates are limited by its low energy inten-
sity. Electrothermal MD utilizes spacer induction heating9 or Joule 
heating through an electrically conducting coating8, allowing the 
simple control of the energy input, although spacer heating heats the 
bulk feed water and is not considered to be SHMD. A recent study 
successfully demonstrated desalination using an MD membrane 
with an electrothermal coating consisting of multi-walled carbon 
nanotubes and polyvinyl alcohol (MWCNT/PVA)8. The MWCNT/
PVA coating, however, was susceptible to electrochemical corrosion 
in saline water, requiring high-frequency (10 kHz) a.c. power to 
protect it from degradation. Furthermore, its relatively low electri-
cal conductivity together with its low electrochemical stability limit 
the surface energy input and hence the transmembrane water flux10. 
To be part of practical desalination technology, the electrothermal 
coating must possess the following: (1) high corrosion resistance, 

Multifunctional nanocoated membranes 
for high-rate electrothermal desalination of 
hypersaline waters
Kuichang Zuo   1,2,6, Weipeng Wang2,3,6, Akshay Deshmukh   2,4, Shuai Jia3, Hua Guo3, Ruikun Xin1,2, 
Menachem Elimelech   2,4, Pulickel M. Ajayan   2,3 ✉, Jun Lou   2,3 ✉ and Qilin Li   1,2,3,5 ✉

Surface heating membrane distillation overcomes several limitations inherent in conventional membrane distillation technol-
ogy. Here we report a successful effort to grow in situ a hexagonal boron nitride (hBN) nanocoating on a stainless-steel wire 
cloth (hBN-SSWC), and its application as a scalable electrothermal heating material in surface heating membrane distillation. 
The novel hBN-SSWC provides superior vapour permeability, thermal conductivity, electrical insulation and anticorrosion prop-
erties, all of which are critical for the long-term surface heating membrane distillation performance, particularly with hypersa-
line solutions. By simply attaching hBN-SSWC to a commercial membrane and providing power with an a.c. supply at household 
frequency, we demonstrate that hBN-SSWC is able to support an ultrahigh power intensity (50 kW m−2) to desalinate hyper-
saline solutions with exceptionally high water flux (and throughput), single-pass water recovery and heat utilization efficiency 
while maintaining excellent material stability. We also demonstrate the exceptional performance of hBN-SSWC in a scalable 
and compact spiral-wound electrothermal membrane distillation module.

Nature Nanotechnology | VOL 15 | December 2020 | 1025–1032 | www.nature.com/naturenanotechnology 1025

mailto:ajayan@rice.edu
mailto:jlou@rice.edu
mailto:qilin.li@rice.edu
http://orcid.org/0000-0002-3922-8702
http://orcid.org/0000-0002-3693-1902
http://orcid.org/0000-0003-4186-1563
http://orcid.org/0000-0001-8323-7860
http://orcid.org/0000-0002-4351-9561
http://orcid.org/0000-0001-5756-3873
http://crossmark.crossref.org/dialog/?doi=10.1038/s41565-020-00777-0&domain=pdf
http://www.nature.com/naturenanotechnology


Articles Nature Nanotechnology

(2) high electrical conductivity (Supplementary Section 2), (3) high 
thermal conductivity, (4) superb electric insulation from the sur-
rounding saline water and (5) high porosity. Our finite-difference 
modelling (Supplementary Section 3) illustrates the extraordinary 
increase in the average water flux (Fig. 1b, left) and decrease in the 
specific energy consumption (SEC) (Fig. 1b, right) with surface heat 
input, underscoring the importance of heating materials that can 
support high-energy operation.

Stainless-steel wire cloth (SSWC) is porous, flexible, robust 
and cheap, and it has microscopically uniform high thermal (12–
45 W m−1 K−1) and electrical (bulk conductivity of 1.5 × 106 S m−1) 
conductivity. Although SSWC possesses outstanding anticorrosive 
performance in wet air and saline water, it faces the same challenge 
as the MWCNT/PVA coating when used in an electrothermal unit: 
electrochemical corrosion. One potential solution is to apply an 
insulating coating on the surface of the SSWC to prevent contact 
with saltwater and eliminate electrochemical corrosion (Fig. 1c). An 
effective coating would allow an SHMD system to be powered by 
low-frequency a.c. or even d.c. power sources.

Hexagonal boron nitride (hBN) is a van der Waals layered mate-
rial, with a very similar lattice structure to graphene at the mono-
layer limit. It possesses many desirable properties including tunable 
thickness11, ultraflat saturated surface12, mechanical robustness13, 
large insulating bandgap and high dielectric constant14, excellent 

thermal conductivity15, chemical stability against both strong acids 
and bases16,17 and high impermeability18. Consequently, hBN has 
been demonstrated to be a promising passivating coating for chemi-
cally active substrates in harsh environments19. More importantly, 
compared with other protective coating materials such as graphene, 
polymers and atomic-layer-deposited coatings20,21, the electrically 
insulating yet highly thermally conducting properties of hBN com-
bined with its impermeability to electrons, salt ions and gas and 
water molecules (Fig. 1c) are especially attractive as it provides a 
perfect chemical and electrical barrier while allowing rapid heat 
transfer. This is critical for the electrothermal heating of water as 
it eliminates Faradaic reactions such as water splitting on the heat-
ing element surface that may damage the membrane material, while 
maintaining efficient heat exchange. Although high-quality hBN 
nanofilm growth has been realized on nickel22, copper23, iron24 and 
their alloy substrates25,26, growing high-quality hBN nanofilms on 
more commonly used metal substrates such as stainless steels has 
not been achieved, let alone the direct growth of hBN on porous 
SSWC considering its complex geometry.

Here we report the growth of high-quality hBN nanocoatings 
on SSWC surfaces (hBN-SSWC) and their application in electro-
thermal SHMD for the desalination of hypersaline waters. When 
laminated on a commercial PVDF (polyvinylidene difluoride) 
membrane, uniform Joule heating in the SSWC generated by a  
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Fig. 1 | Hexagonal boron nitride as a multifunctional coating on SSWC in electrothermal SHMD. a, Direct surface heating at the membrane–brine 
interface maintains the transmembrane temperature gradient along the membrane length, and it reverses the temperature polarization on the feed 
side. Tf, Tp, Tf′, Tp′ are the temperature of feed and permeate at the inlet and outlet of the SHMD reactor, respectively. Ṽ is the applied voltage. b, Left: 
finite-difference heat and mass transfer modelling demonstrates an extraordinary and sustained increase in the average water flux with surface heat 
input and normalized membrane area in an SHMD membrane module (Supplementary Section 3). R, water recovery ratio; MF,in, inlet mass flow rate of the 
feed stream; Am, membrane area. Shading represents the impact of increasing the minimum temperature difference in an external heat exchanger from 
0 °C (solid curve, upper edge of each curve) to 5 °C (lower edge) for a given normalized membrane area. The feed salinity is 70 g kg−1 and the membrane 
permeability coefficient is 5.0 × 10−6 kg m−2 s−1 Pa−1 (1,800 kg m−2 h−1 bar−1) throughout. Right: SEC as a function of the surface heat input for a single 
plate-and-frame SHMD membrane module (inset) with heat recovery efficiencies of 80%, 90% and 95% (Supplementary Section 3). The membrane 
permeability coefficient decreases from 4.0 × 10−6 kg m−2 s−1 Pa−1 (1,440 kg m−2 h−1 bar−1) at the lower edge of each curve to 1.0 × 10−6 kg m−2 s−1 Pa−1 
(360 kg m−2 h−1 bar−1) at the upper edge. The feed salinity is 70 g kg−1 and the normalized membrane area is 4.0 × 10−3 m2 kg−1 h throughout. c, The metal 
mesh structure enables efficient Joule heating and spatial distribution of heat, with the hBN-SSWC shell–core structure allowing efficient heat exchange 
while blocking any exchange of charge or mass.
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voltage at household frequency (50 Hz) transfers efficiently to the 
saline feed water through the hBN coating (Fig. 1), leading to the 
rapid evaporation of water on the membrane surface and produc-
ing very high vapour fluxes. The exceptional electrical insulation 
and physical protection provided by the hBN nanocoating prevents 
chemical and electrochemical corrosion and any other undesirable 
reactions, ensuring long-term, stable performance of the SHMD in 
the desalination of hypersaline waters.

Growth of high-quality hBN on SSWC
The Fe and Ni elements in SSWC (ASTM 316) (Supplementary 
Fig. 7) are essential for direct hBN growth (Supplementary  
Section 4). The hBN nanocoating was directly grown using a con-
ventional low-pressure chemical vapour deposition method on a 
400-mesh-number SSWC (Fig. 2a). After hBN growth, the SSWC 

turned dark brown and maintained its porous structure and excel-
lent flexibility. The Raman spectrum (Fig. 2b) shows a strong, nar-
row peak located at 1,366 cm−1 with full-width at half-maximum 
(FWHM) of 23 cm−1, indicating the very high crystallinity of hBN. 
The X-ray photoemission spectroscopy (XPS) spectrum (Fig. 2c) 
reveals prominent N1s and B1s peaks, both well fitted using single 
Gaussian distribution with the peak centres located at 396.4 and 
188.9 eV, respectively. These peaks as well as the stoichiometric 
atomic ratio (B:N = 50:50) suggest that the hBN coating was of high 
quality without any elemental doping (for example, carbon atoms 
from the stainless-steel (SS) matrix). Cross-sectional transmission 
electron microscopy (TEM) images (Fig. 2d) confirm the layered 
structure of the as-grown hBN with a thickness of 80–100 nm 
over the observed area. Sufficient coating thickness is necessary to 
avoid ‘weak points’ caused by potential defects in each hBN layer,  
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particularly in large areas. The selected area diffraction pattern with 
extended, bright diffraction dots confirms the well-aligned layered 
structure. Atomic-resolution TEM (Fig. 2e and Supplementary 
Fig. 8) reveals a layered structure of hBN with interlayer spacing of 
~3.6 Å and lattice constant of ~2.3 Å. As the hBN is directly grown 
on a curved surface of SS fibres, the cross-sectional TEM represents 
bent hBN layers. Energy-dispersive spectroscopy mapping (Fig. 2f) 
shows the uniform distribution of B and N elements throughout 
the hBN layer and a clear interface between the hBN layer and SS 
matrix. It is noteworthy that N and B are also observed on the top 
surface of the SS matrix, indicating a possible diffusion–nucleation 
growth mechanism27.

The direct growth of high-quality hBN layers on SSWC enables 
outstanding insulation and anticorrosion performance in a unique 
environment in electrothermal SHMD. The electrical conductivity 
across the hBN nanocoating was characterized using an applied d.c. 
voltage (Fig. 2g). It shows resistance greater than 3 × 1012 Ω over an 
applied d.c. voltage between −20 and 20 V (inset of Fig. 2g), allow-
ing high-power-input applications of hBN-coated SSWC. The ultra-
high electrical resistance, chemical inertness and impermeability of 
the hBN coating provide a complete barrier to mass (for example, 
salt ions and water molecules) and charge exchange between the 
saline water and SSWC, preventing any potential chemical and 
electrochemical reactions (Fig. 1c). This is demonstrated by the 
electrochemical impedance spectroscopy data, showing that the 
impedance of hBN-SSWC remained unchanged under the solu-
tion conditions over a wide range of salt concentrations (Fig. 2h) 
and pH values (Supplementary Fig. 9), while the pristine SSWC 
shows a dramatic impedance change when tested in high-salinity 
water (Supplementary Fig. 9). In addition, the hBN nanocoating 
efficiently conducts heat from the SSWC to the surrounding envi-
ronment: the coated SSWC could support intensive power input (as 
high as 100 kW m−2; Supplementary Fig. 10) and produce tempera-
tures higher than 200 °C.

SHMD enabled by hBN-SSWC Joule heating
The high-quality hBN nanocoating (Fig. 2a–f) and its protec-
tive barrier function (Fig. 2g,h) suggest that hBN-SSWC could 
be used for high-efficiency electrothermal SHMD. By attaching 
the pristine or hBN-coated SSWC on top of a PVDF membrane 
in the feed chamber of a custom-built SHMD cell, we desalinated 
hypersaline water (100 g l−1 NaCl) under the single-pass operation 
mode at various input power densities (1–50 kW m−2) (Fig. 3a and 
Supplementary Section 5). Current production (Fig. 3b), membrane 
flux (Fig. 3c), effluent salt concentration (Fig. 3d) and temperature 
of the influent and effluent of the feed and permeate (Supplementary 
Fig. 11) were monitored. While consistently maintaining salt rejec-
tion of >99.9%, the membrane flux increased nonlinearly from 
0.32 ± 0.03 to 42.7 ± 0.8 kg m−2 h−1 when the input power density 
increased from 1 to 50 kW m−2. The flux of 42.7 ± 0.8 kg m−2 h−1 in 
the hBN-SSWC SHMD is five times as high as that generated by the 
MWCNT/PVA coating (~8.5 kg m−2 h−1 (ref. 8)), and almost an order 
of magnitude higher than that generated by photothermal SHMD 
membranes (0.5 kg m−2 h−1 (ref. 1)). As the base membranes used in 
these studies have similar permeability, the large difference in mem-
brane flux can be attributed to the difference in the energy input 
intensity achieved, which are 50.0, 11.1 and ~1.0 kW m−2 for the 
hBN-SSWC, MWCNT/PVA and photothermal SHMD membranes, 
respectively. In conventional MD, the flux can be >30 kg m−2 h−1 
with a cross-membrane temperature difference (∆T) of 30–50 °C. 
However, ∆T decreases with the membrane length; achieving a 
high temperature difference in large membrane modules is a major 
challenge in process scale up28. In our approach, heat is produced 
on the membrane surface. The temperature of the feed stream, 
∆T, and hence the local membrane flux increase with the mem-
brane module length (Fig. 1a,b). The average membrane flux of the 

module, therefore, increases with the increasing module length1.  
At 50 kW m−2, the high membrane flux resulted in highly concen-
trated brine (302.9 g l−1), corresponding to 67.0% single-pass water 
recovery. It is important to note that single-pass water recovery in 
conventional MD is limited to 6.4% (ref. 29) due to the decreasing 
feed temperature explained above. In the hBN-SSWC SHMD sys-
tem, both membrane flux and single-pass water recovery can be 
further increased by increasing the membrane module length or 
reducing the feed-flow rate (that is, increasing the hydraulic reten-
tion time in the module). This is contrary to the case with con-
ventional MD, which requires higher feed-flow rates to minimize 
the temperature polarization and supply the thermal energy for 
evaporation.

An important performance metric in MD is energy efficiency, 
which usually depends on the heat utilization efficiency (HUE; 
equation (2)) of the MD reactor itself, and the recovery and reuse 
of heat from the brine and the latent heat in the permeate vapour, 
the latter usually achieved by recirculating the brine and recover-
ing the latent heat using an external heat exchanger29. Conventional 
MD suffers from very low single-pass HUE (HUEsp) (0.76–8.09% 
(refs. 30–33)) due to its inherent limitations. Carefully designed heat 
recovery strategies can greatly improve the overall HUEsp to above 
50–80% (refs. 9,34–36). The same strategies can also be used in SHMD 
systems to improve the energy efficiency. Previously reported SHMD 
studies, either photothermal or electrothermal, achieved much 
higher HUEsp, but the flux was limited (Fig. 3f and Supplementary  
Section 7) under low-input-energy intensity. As shown in Figs. 1b 
and 3c, the membrane flux increases nonlinearly with the energy 
intensity because the water vapour pressure increases exponentially 
with the temperature as described by the Antoine equation37,38. 
Higher flux directs more energy towards evaporation versus heating 
the feed stream, resulting in an increase in HUEsp with the energy 
input (Supplementary Table 2). The high electrical conductivity and 
excellent protective properties of hBN-SSWC enabled high-energy 
input (50 kW m−2), thereby realizing HUEsp and flux values (56.8% 
and 42.7 kg m−2 h−1, respectively; Fig. 3e,f) that are much higher than 
those for either conventional MD or previously reported SHMD. It 
should be noted that the measured HUEsp is a function of the mem-
brane size and would be higher with better thermal insulation of the 
experimental system.

It is worth noting that the hBN nanocoating is critical for achiev-
ing the observed high performance. As a comparison, the pris-
tine SSWC experienced severe disruption in performance when 
the input power density increased to 30 kW m−2, as reflected by 
the current (Fig. 3b), flux (Fig. 3c) and feed-effluent temperature 
data (Supplementary Fig. 12a). It stopped working at 40 kW m−2 
due to corrosion-damage-induced breakdown. The scanning elec-
tron microscopy (SEM) images taken after the MD experiments 
confirmed that severe corrosion occurred on the pristine SSWC, 
while hBN-SSWC remained intact due to protection provided by 
the hBN nanocoating (Supplementary Fig. 13). A careful exami-
nation of the underlying PVDF membrane showed no damage on 
its porous structure after operation at 50 kW m−2 (Supplementary 
Fig. 14). The liquid entry pressure also remained unchanged before 
(0.325 ± 0.015 MPa (±s.d) for PVDF) and after (0.323 ± 0.007 MPa 
(±s.d) for the hBN-SSWC-coated PVDF) operation. These results 
suggest that the high heating intensity of hBN-SSWC did not cause 
any deterioration of the PVDF membrane.

Stability of hBN-SSWC in SHMD operation
The long-term stability of hBN-SSWC was evaluated by operating 
the SHMD system at a constant power input density of 40 kW m−2 
and varying feed-flow rates (1, 0.5 and 0.17 ml min−1) for 100 h. The 
performance was very stable under all the operating conditions 
in terms of flux (Fig. 4a), feed recovery and permeate quality (salt 
concentration ~5 mg l−1). The current production also stabilized at 
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0.89 ± 0.03 A at all the feed-flow rates, indicating negligible impact 
of the feed-flow rate or brine concentration (Fig. 4b). Raman map-
ping (Fig. 4c) and XPS characterization (Fig. 4d) of hBN-SSWC 
after the 100 h experiment showed no detectable change in the 
hBN nanocoating. Further, hBN has been reported to withstand 
extreme conditions with temperature up to 800 °C (ref. 39), voltage 
up to 1.2 × 107 V cm−1 (ref. 40) and a broad range of pH (2–14). In 
the electrothermal SHMD operation, although a high power den-
sity (40 kW m−2) was utilized, the temperature on the hBN-SSWC 
surface is <100 °C due to the presence of liquid water. The voltage 
gradient across the hBN nanocoating (~106 V cm−1) was also much 
lower than its breakdown threshold. Because hBN is non-abrasive 
and has similar thermal expansivity to SS, it is also unlikely to crack 
when the temperature varies. The Tafel test further supports that 
hBN-SSWC showed negligible change before and after the SHMD 
experiment (Fig. 4e), indicating no degradation or damage of the 
hBN nanocoating.

Magnified hBN-SSWC in novel spiral-wound 
electrothermal SHMD
The flexibility and porous structure of SSWC facilitates the 
large-scale growth of the hBN coating in a common tube furnace. 
In our study, an hBN-SSWC sample of 2 cm × 85 cm was prepared 
in a furnace with a tubing diameter of 4.6 cm (Fig. 5a). Raman 
study showed that a high-quality, ~50 nm hBN coating was uni-
formly grown over the whole surface of the large SSWC sample 
(Supplementary Fig. 15 and Supplementary Section 6). With the 
large hBN-SSWC sample, a novel spiral-wound SHMD module 
was constructed with the hBN-SSWC sandwiched between two 
flat-sheet PVDF membranes and rolled into a cylindrical hous-
ing (Supplementary Fig. 16). The feed stream flows in the channel 
formed between the two membrane sheets, while the cold perme-
ate stream flows outside the ‘sack’ (Fig. 5b,c). Compared with the 
plate-and-frame configuration (Fig. 3a), the spiral-wound mod-
ule has much higher membrane packing density (676 m2 m−3) and 
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hence greatly reduces the system footprint for a given membrane 
area. More importantly, this design allows the hBN-SSWC coat-
ing to heat two membrane sheets at the same time and minimizes 
heat dissipation to the environment, greatly increasing the water 
production rate and reactor HUEsp. With 36.5 kW m−2 power input, 
the volumetric energy intensity reached 23.2 kW l–1, producing flux 
of 42.4 kg m−2 h−1 (based on the hBN-SSWC area; Supplementary 
Table 4) when desalinating 100 g l−1 NaCl, which is 30.7% higher 
than that obtained using the plate-and-frame configuration at 
40 kW m−2 (33.8 kg m−2 h−1). Similarly, the reactor HUEsp increased 
from 56.8% (Fig. 3f) to 79.1% (Fig. 5d and Supplementary Table 4).

The high packing density and reactor HUEsp of the spiral-wound 
module result in a very high throughput (volume of clean water 
produced per unit reactor volume per unit time) of 27.0 l l−1 h−1 
when desalinating a 100 g l−1 NaCl solution using a power input 
of 36.5 kW m−2 (Fig. 5e). Together with its capability to treat feed 
streams of very high salt concentration (Supplementary Table 6 and 
Fig. 5e), it provides a compact, high-throughput solution for hyper-
saline water treatment, filling a critical technological gap in current 
thermal and RO-based desalination technologies. As shown in Fig. 5e  
and Supplementary Table 6, RO systems are highly compact with 
volumetric flux up to 26 l l−1 h−1, but they are limited to ~80 g l−1 in 
feed-water salt concentration. Thermal desalination methods such as 
MSF, MED and mechanical vapour compression (MVC) can handle 
a wide range of salt concentrations, but they have very low through-
put (usually <1 l l−1 h−1) and hence the reactor size is very large.

Clearly, a desalination technology that can offer high mem-
brane flux over a wide range of salt concentrations and low energy 
consumption is highly desirable. Intensive consumption of elec-
tricity—a higher-quality form of energy compared with heat—is 
the main concern in electricity-powered MD. In the spiral-wound 
SHMD, the higher HUEsp (79.1%) realized an energy consumption 
of 875.8 kWh m–3 of clean water produced with no heat recovery. 

Despite being one of the the lowest energy consumptions achieved 
in any MD processes without heat recovery, it is much higher than 
those of RO and other thermal technologies. Efficient heat recov-
ery is critical to lower energy consumption for any MD systems. 
Incorporating effective heat recovery measures, such as brine recir-
culation and vapour heat exchange with raw feed water through 
multi-stage or multi-effect designs, have the potential to reduce the 
SEC to under 50 kWh m–3 (Fig. 1b). The heat input and membrane 
area per unit feed-flow rate of the hBN-SSWC SHMD system can be 
tailored to maximize the average water flux, reduce the areal foot-
print or minimize the SEC depending on the specific application. 
The spiral-wound hBN-SSWC SHMD would be a highly attractive 
solution to treat hypersaline waste streams, such as RO brine, oil 
and gas produced water and food-processing wastewater, as well as 
zero liquid discharge at high throughput, particularly where the sys-
tem footprint is critical (such as offshore platforms). Other attrac-
tive features of the system include simplicity (for example, no need 
for external heater or feed recirculation loop), scalability (modular 
configuration with no restriction on module length) and the capa-
bility of operating using a household power source (50 Hz). When 
available, alternative energy sources including low-grade industrial 
waste heat, solarthermal energy and geothermal heating can be used 
to reduce the electrical energy consumption of hBN-SSWC SHMD, 
while electrothermal heating using hBN-SSWC ensures the high 
throughput and water recovery needed.

Several important issues need to be addressed in future research 
to facilitate the practical applications of hBN-SSWC SHMD tech-
nology. The long-term stability of the hBN coating in realistic feed 
waters is of the utmost importance. The layered structure of hBN 
minimizes the impact of defects on any given layer, and it can be 
optimized to avoid electrochemical ‘weak points’. The high tem-
perature on the membrane surface and the reversed temperature 
polarization suggest unique fouling and scaling behaviour in the 
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hBN-SSWC SHMD process: its investigation is important to avoid 
the deterioration of membrane performance due to wetting or 
decrease in vapour permeability. In addition, the scaling-up fabri-
cation of the hBN coating at low cost is critical for its large-scale 
applications. The use of cheaper precursors and the automated 
and continuous feeding of SSWC rolls into the furnace are some 
of the potential ways to reduce the manufacturing cost. Finally, the 
efficient recovery of latent heat is critical for realizing low SECs 
(as shown in Fig. 1b), underscoring the importance of simple and 
low-cost multi-stage or multi-effect reactor designs.

The thin and porous structure, high resistance to corrosion and 
capability of generating high heat intensity of hBN-SSWCs may 
find broader applications in water and wastewater treatment as well 
as other industrial processes where the reaction kinetics limits the 
treatment efficiency. For example, it can be used as the support for 
catalysts in thermal–catalytic filters to enhance the catalytic reac-
tion kinetics; it can also be used to deliver uniform, high heat inten-
sity for the pyrolysis of refractory substances.

Conclusions
High-quality hBN nanocoating was successfully grown on SSWC, 
allowing it to function as an efficient and stable Joule heater in 
SHMD. The hBN coating serves as an excellent barrier to mass and 
charge exchange between hypersaline water and SSWC, while allow-
ing efficient heat transfer. When combined with a commercial PVDF 
membrane in SHMD, hBN-SSWC enabled the high-performance 
desalination of hypersaline water with a power source of house-
hold frequency (50 Hz), simultaneously producing very high 
module-scale water flux, single-pass water recovery, reactor heat 
utilization efficiency and near-saturated brine. The hBN-SSWC 
also demonstrated excellent stability during long-term operation, 
with no observable (electro)chemical degradation or scraping of 
hBN-SSWC. The high flexibility and porosity of the SSWC enabled 

the large-scale uniform growth of the hBN coating using existing 
chemical vapour deposition methods. The development of a novel 
yet simple spiral-wound SHMD module further improved the 
single-pass heat utilization efficiency and achieved very high reactor 
throughput, rendering it to be a highly attractive solution for hyper-
saline water treatment. The synergistic combination of material and 
system design in this study demonstrates how the unique properties 
of nanomaterials—when strategically integrated into a process—can 
be utilized to address highly challenging engineering problems and 
overcome the limitations of conventional technologies.
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Methods
Direct synthesis of hBN coating on SSWC. The synthesis of hBN was carried 
out in a quartz tube furnace. An SSWC with a mesh size of 400 (ASTM 316, 
McMaster-Carr) was washed with a diluted HNO3 solution for 10 min and placed 
in the centre of the quartz tube furnace. A low pressure of 60 mtorr was maintained 
in the quartz tube during growth. The furnace temperature was raised to 1,050 °C 
in 45 min and maintained at 1,050 °C for 2 h under the protection of 50 s.c.c.m. 
hydrogen gas flow. Subsequently, ammonia borane (97%, Sigma-Aldrich) was 
introduced as the source of B and N and sublimated at 70 °C. The typical growth 
time was about 1–2 h. After growth, the sample was cooled to room temperature in 
the furnace.

Characterization of hBN-SSWC. Raman spectroscopy (Renishaw inVia) was 
performed at 532 nm laser excitation with power of 20 mW. The Raman mapping 
data were collected within an area of 100 μm × 60 μm with the spot resolution 
of 4 μm × 4 μm. Field-emission SEM (FEI Quanta 400 ESEM FEG) was used to 
characterize the morphology of the pristine SSWC and hBN-coated SSWC before 
and after the MD experiments. XPS (PHI Quantera XPS) was performed using 
monochromatic Al Kα X-rays. Depth profiles were obtained with a 0.5 keV Ar+ 
ion beam and alternative mode within an etching area of 3 mm × 3 mm to etch the 
hBN-SSWC. For the as-grown hBN-SSWC, the TEM samples were prepared by a 
focused ion beam (FEI Helios SEM/FIB) with 30 keV Ga+ ion gun. High-resolution 
TEM (FEI Titan Themis3) was operated at 300 keV to study the morphology of 
the hBN layers under the scanning TEM mode with double aberration correction. 
Electron energy loss spectra were collected using a Gatan’s Enfina spectrometer 
with collection semi-angle of 48 mrad. The convergence semi-angle for the incident 
probe was 31 mrad, and the ADF images were collected for a half-angle range of 
~54–200 mrad.

The Tafel curve was obtained in air at room temperature via a Desert  
probe station with Agilent B1500A semiconductor parameter analyser.  
Electric impedence spectra were collected by a CHI660 electrochemical  
station in air, diluted water and saline water from 35 to 100 g l−1. The Tafel  
curves of pristine and post-test hBN-SSWC were obtained over a sample area  
of 5 cm × 2 cm using a three-electrode arrangement with hBN-SSWC as the 
working electrode, Pt electrode as the counter electrode and Ag/AgCl electrode  
as the reference electrode.

SHMD reactors, operation and analysis. Flat SHMD fabrication and operation. 
The SHMD cell consists of two rectangular acrylic housing plates (Falken 
Design), two rubber gaskets and two plastic meshes (thickness, 1 mm; screen 
size, ~0.5 mm × 0.5 mm), forming the flow channels of the feed and permeate 
separated by the PVDF membrane. The dimensions of the flow channel were 
80 mm × 2 mm × 1 mm, providing an effective area of 1.6 cm2. A pristine or 
hBN-coated SSWC was attached on the feed-side surface of the PVDF membrane, 
and it was utilized as the heating element. The hBN-SSWC or SSWC was connected 
to external wires at the two ends of the SHMD cell using conductive silver paint, 
where the connecting area was first polished using sand paper and then painted 
with epoxy resin to prevent corrosion.

In the experiments, the feed water contained 100 g l–1 NaCl, and it was 
pumped through the SHMD cell in a single pass at a flow rate of 0.17–1 ml min−1 
(cross-flow velocity of 17–100 cm min−1), unless otherwise specified. Deionized 
water was used as the cooling stream and was circulated between an external 
reservoir, chiller and SHMD reactor at a flow rate of 8.5 ml min−1 and temperature 
of 20 °C. Further, a.c. (50 Hz) power densities of 0, 1, 5, 10, 20, 30, 40 or 50 kW m−2 
were applied to the heating element using a waveform generator and signal 
magnifier. The membrane flux was determined by monitoring the change in the 
cooling stream mass using an electric balance. The conductivity of the feed and 
permeate effluents was measured and recorded using conductivity sensors (ET908, 
eDAQ). The temperatures of the influent and effluent of both feed and permeate 
streams were monitored using temperature sensors. The current production 

was measured with a multimeter (EX540, Extech). All the monitoring data were 
automatically recorded on a computer.

Calculation and analysis. In SHMD, the membrane flux (J, kg m−2 h−1) is calculated 
to evaluate the water production rate:

J ¼ ΔMp

ΔtAm
ð1Þ

where ∆Mp (kg) is the mass change in the cooling stream during a time period of 
∆t (h) and Am (m2) is the effective membrane area.

HUEsp is defined as the percentage of input energy utilized to produce vapour 
in one pass of the feed solution through the reactor (that is, no heat recovery). It is 
fundamentally different from the thermal efficiency of conventional MD systems, 
which essentially means how much of the heat actually transferred is utilized for 
vapour transfer.

HUEsp ¼
Jρ�1

w AmΔHv

Pin
¼ Jρ�1

w AmΔHv

3:6UI
100% ð2Þ

Here, J is the membrane flux (kg m−2 h−1), ρw is the density of the permeate (kg l−1), 
Am is the effective membrane area (m2), ∆Hv is the enthalpy of vaporization 
(2,453 kJ l−1 at 20 °C), U is the applied voltage (V), and I is the produced current 
(A). Here, Pin is the total electric power input intensity in this system (kJ h−1). The 
numerator of this equation is the energy needed to produce vapour, while the 
denominator part represents the total power input.
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