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ABSTRACT: The development of viscous-crude oil and water
separation technology is important for overcoming pollution
caused by oil spills. Although some separators responding to light,
electric, and temperature have been proposed, their poor structural
homogeneity and inferior controllability, together with weak
capillary forces, hinder the rapid salvage of viscous crude oil.
Herein, a Joule-heated hydrophobic porous oil/water separator is
reported, which has advantages of low energy consumption (169.7
°C·cm2·W−1), short thermal-response time (5 s) and rapid heating
rate (13 °C/s). Under an ultralow voltage of 4.5 V, crude oil could infiltrate through the separator within 5 s. COMSOL simulation
reveals the thermodynamics of crude oil’s unidirectional collection. Significantly, the gradient wettability originating from the
asymmetrical temperature on the dual face is the dominant driving force for efficient oil/water separation. Finally, a homemade
device is successfully deployed for continuous viscous oil/water separation. This work provides a new avenue for viscous oil remedy.
KEYWORDS: viscous oil/water separation, femtosecond laser processing, silver nanowire film, Joule-heated effect, low energy consumption

With the increasing occasion of oil spills, severe water
pollution has been induced and therefore aroused great

attention owing to its potential hazards in human activities and
the environment. To purify the water/oil mixture,1−6 people
have paved great efforts to develop a diversity of separators
based on graphene sponges,7−9 carbon nanotube gels,10,11 and
two-dimensional material films.12−14 Unfortunately, the above
materials and membranes present lower separating efficiency,
especially for the remedy of heavy crude oil. Considering that the
heavy crude oil exhibits a high viscosity ranging from 103 to 105

mPa·s, the separator would be easily blocked during the
separating process, resulting in its deterioration and even failure.
In this regard, the recovery of heavy crude oil featuring an
exaggerated viscous force is still challenging.
As is known, the viscosity of oil tends to decrease sharply with

the elevation of its surrounding temperature, which could be
easily detected from our daily cooking process. Inspired by the
above phenomenon, Yu and his co-workers pioneeringly put
forward a new paradigm of Joule-heating separator, which is
made of graphene-married porous sponge.15 Once tens of
voltages are applied on this separator, the generated Joule-heat is
able to actuate a sharp decrease of the oil viscosity from 105 to
101 mPa·s, thereby realizing the continuous remedy of heavy
crude oil. Notably, the unparallel advantage of this strategy is
that the Joule-heating separator can accelerate the salvage of
heavy crude oil and would not be blocked.

Following this classical method, a lot of calorific separators
springs up on the basis of Joule-heating effect16,17 as well as
photothermal effect.18−22 For example, Zhang proposed the
solar-driven self-heating hydrophobic/oleophilic sponges,
achieving crude oil from water surfaces.18 Li developed a
Crassula perforata-structured CuO@CuS/PDMS nanowire
arrays with effective light-to-heat conversion to clean up viscous
crude oil;19 Kuang reported a solar-heated carbon absorber for
the rapid cleanup of viscous oil spills.20 Overall, most previously
explored separators have two crucial components including the
electrical/photoresponsive functional material and a hydro-
phobic porous skeleton.23−25 Though these separators have
advanced the effective remedy of heavy crude oil from water,
several drawbacks arise subsequently: (i) graphene or other
carbon materials are often actuated by several hundred voltages
attributed to their higher electrical resistance, resulting in
extensive energy consumption. (ii) Although the photothermal
separators are energy-saving, they would not work in cloudy
climates with poor illumination. (iii) Most hydrophobic
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skeletons are commercial nano/microporous sponge, which has
the limitations of inferior uniformity and poor controllability. As
a result, developing a superhydrophobic, energy-efficient, and
morphology-controllable separator toward the rapid salvage of
heavy crude oil is still a timely need.
To answer the above challenge, we report a Joule-heated

hydrophobic porous separator (JHPS) by incorporating a
porous silver nanowire film and superhydrophobic SiO2
nanoparticles (SH-SiO2 NPs), which has the advantages of
low energy consumption (169.7 °C cm2 W−1), a short thermal-
response time (∼5 s), and a rapid heating rate (∼13 °C/s).26,27
By taking advantage of a femtosecond laser with high peak
power density and low thermal-effect, we could rapidly obtain a
highly arrayed porous SNW heater as the heavy oil/water
separator. Importantly, SiO2 nanoparticles could be homoge-
neously decorated on Ag nanowire surface to repel the water
phase. When an ultralow voltage (4.5 V) is applied, joule heating
decreases the crude oil’s viscosity by as much as 3 orders of
magnitude, thereby facilitating oil infiltration through the JHPS
within 5 s. Significantly, infiltration occurs only from the SNW
face to the PI face, and the mechanism of directional infiltration
is attributed to the Marangoni-effect-induced gradient wett-
ability. This work provides a new avenue for heavy crude oil/
water separation.

Figure 1a shows the preparation process of the Joule-heated
hydrophobic porous separator (JHPS). Here, the SNW film is
125-μm-thick PI film coated with 100 nm-thick silver nanowires,
and intrinsic resistance is 20−30 Ω. Femtosecond laser (fs laser)
is first adopted to process the SNW film to form a through-hole
microcone array by circle-scanning method, where the diameter
and spacing of the microcone array are adjusted by operating the
laser spot. Subsequently, hydrophobic modification is imple-
mented by spraying superhydrophobic SiO2 nanoparticles onto
the SNW face of porous SNW film. The superhydrophobic
surface can prevent water infiltrating, while allowing crude oil to
infiltrate after heating. The optical image of the JHPS in Figure
1b1 shows a high transmittance, which indicates that no
sediment is deposited on the surface due to the fs laser
processing. Figure 1b2 shows the SEM images of the JHPS. It is
clear that the microcone is through-hole, which proves that
nanoparticle modification does not block the channel.
Furthermore, the morphologies of the silver nanowires before
and after SiO2 modification are compared in Figures 1b3-b4. The
initial nanowires are smooth, and the diameter is approximately
10 nm. After modification, SiO2 nanoparticles are uniformly
distributed on the surface of the silver nanowires. The insets
show the change in the contact angle from 30° to 150° after
modification and exhibit the hydrophobic performance of the
JHPS. Figure 1c shows an optical image of two pieces of JHPS

Figure 1.Morphology and electrical characterization of JHPS. (a) Schematic diagram of fabrication. (b) The optical and SEM images of JHPS (b1-b3)
and SEM image of porous SNW film without SiO2 modification (b4). (c) The photograph of circuit with two JHPS monoliths and a lamp. (d)
Comparison of thermal infrared images under the switch off/on. (e) The curve of average temperature vs time under the switch off/on. (f) In situ
contact angle measurement of oil droplet under switch-off/on conditions.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c05496
Nano Lett. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05496?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05496?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05496?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05496?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c05496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


connected in series with a LED lamp. The spherical droplets and
light LED lamp reveal the hydrophobicity and conductivity of
the JHPS. Further, the surface temperature of JHPS before and
after hydrophobic modification has almost no attenuation
(Figure S1), which indicated that SiO2 particles modification
will not affect the electrical and Joule-heated properties of JHPS.
Moreover, the current has almost no attenuation after bending
10 cycles of JHPS (Figure S2), which shows that JHPS has high
mechanical properties. Notably, due to the low thermal effect of
femtosecond laser processing, the ablated SNW film remains
electronic. An infrared image of the JHPS exhibits a uniform
distribution of surface temperatures under the switch-on
condition, as shown in Figure 1d, and the high-temperature
surface is attributed to the Joule-heated effect. Moreover, the
average temperature on the SNW face of the JHPS can quickly
increase from 23 to 90 °C within 5 s (∼13 °C/s of heating rate)
and then decrease to room temperature within 8 s, which
indicates rapid thermal-response performance (Figure 1e). The
infiltration process of the crude oil droplet is recorded by the
optical image in Figure 1f. Under the switch-off condition, oil
droplet spreads horizontally on the SNW face (upper surface)
but does not infiltrate to the PI face (lower surface). When the
switch is on, the oil droplet can infiltrate quickly through JHPS
within 5 s. As for the water droplet, the contact angle is hardly
affected by the voltage (Figure S3), and the infiltration process
does not occur on either face under voltage (Figure S4), which
proves that JHPS has the selective infiltration of crude oil. The
infiltration mechanism of crude oil will be discussed in detail
below.

To study the mechanism of infiltration, the oil droplets are
placed on the SNW and PI faces of the JHPS, respectively, to
compare the infiltration behavior. Two flow processes are
named “FSNW” and “FPI”. For the FSNW process, the oil droplet
quickly infiltrates through the JHPS with volumes of 50 and 100
μL (Figure 2a). Conversely, for the FPI process (Figure 2b), a 50
μL oil droplet spreads out only along the PI face of the JHPS.
Even when the volume of the oil droplet reaches 100 μL,
infiltration still does not occur. This shows that crude oil follows
unidirectional infiltration in the JHPS. We monitor the
temperature distribution on the SNW and PI faces, as shown
in Figure 2c. When the voltage is applied, the average
temperature of the SNW face reaches to 90 °C, whereas the
temperature of the PI face is 105 °C. Thus, it is speculated that
the infiltration behavior of oil droplet is subjected to gradient
wettability,28−30 caused by the temperature difference between
two faces. Figure 2d shows the schematic diagram of the
infiltration process and force analysis. The oil droplet is loaded
by three main forces includingmg (FG), viscous force (FVis), and
Laplace force (FL). Under switch-off conditions, crude oil
maintains high viscosity, which inhibits the infiltration of oil
droplets (FVis + FL is larger than FG). When the switch is on, the
Joule-heated effect reduces the viscous resistance of crude oil,
which facilitates the infiltration process. Additionally, the
gradient wettability caused by the temperature difference creates
an extra gradient-wettability force (FWet‑grad). For FSNW,
increasing temperature along “-z” axis results in better
lipophilicity, which generates downward FWet‑grad, and drives
the oil droplet through the microcone (FVis + FL < FG +
FWet‑grad). However, for the FPI process, the FWet‑grad points

Figure 2. Principle of crude oil infiltration. (a-b) contact angle measurements of oil droplet with the different volumes for FSNW and FPI processes,
respectively. (c) Comparison of thermal infrared images of SNW and PI faces. (d) Schematic diagrams of force analysis of crude oil. (e) The velocity-
time curve for forward contact line moving. (f) The pressure distribution of oil droplet moving in microcone. Upward direction of force is positive.
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upward (FVis + FL + FWet‑grad > FG), which prevents the
infiltration of an oil droplet. We also simulate the infiltration
process of oil droplets in microcone by COMSOLMultiphysics,
and the simulation model is shown in the inset of Figure 2e. The
motion velocity of forward contact line is monitored. For the
FSNW process, the velocity first increases rapidly in a short time,
which is attributed to the instantaneous acceleration caused by
the rapid deformation of the oil droplet. Then, the velocity
decreases and gradually stabilizes, until the droplet ultimately
infiltrates out of themicrocone. However, for the FPI process, the
velocity oscillates obviously and then decreases to zero, which
indicates that the oil droplet is bound in the microcone. We
further explore the pressure profile of the oil droplet, as shown in
Figure 2f. For the FPI process, the oil droplet is subjected to a
large upward pressure at the receded contact line, which is
considered to be the main cause for inhibiting the infiltration of
oil droplet. On the contrary, the droplet gets downward force to
accelerate the infiltration in the FSNW process.
The infiltration kinetics of crude oil is determined by the

properties of viscosity and surface tension. Effect of joule heat is
studied on the properties of the crude oil. Figure 3a shows that
the viscosity decreases rapidly with an increasing temperature
and then remains stable when the oil temperature exceeds 40 °C.
As the major resistance, the low viscosity leads to a small viscous
force to enhance infiltration kinetics. Figure 3b shows the curves
of the surface tension and contact angle with respect to the oil
temperature on the flat SNW film. The surface tension tends to
decrease with increasing temperature, and the change in the
contact angle is consistent with the surface tension. The good

wettability of the SNW surface is beneficial to the infiltration of
crude oil through the microcone. Additionally, the Joule-heated
effect of Ag nanowires is the basis of our design for the highly
effective crude oil separation. Figure 3c shows the curves of the
surface temperature (TSNW) and resistance (R) change at
multivoltage steps from 2.0 to 4.0 V. The maximum TSNW and R
increase with increasing temperature. In each voltage step, TSNW
and R increase sharply to the maximum temperature with the
switch on and decrease suddenly to room temperature with the
switch off. Two processes of temperature change are completed
in 10 s, which shows that the JHPS has a rapid thermal-response
performance. Notably, the R0 (initial resistance) remains
unchanged under five voltage steps. This indicates that the
SNW does no undergo oxidation at high temperatures, and
remains the stability of structure. Figure 3d shows that (R−R0)/
R0 remains positively correlated with ΔT. According to the
Resistance−Temperature formula R = R0(1 + αΔT), α
(Resistance−Temperature coefficient) is calculated to be 1.5
× 10−3, and the positive value is consistent with the resistance
change in Figure 3c. Besides, the energy consumption is also
studied by exploring the relationship between TSNW and power
density, as shown in Figure 3e. The slope is calculated to be
169.7 C·cm2·W−1, which reflects the low energy consumption of
the JHPS. Furthermore, the JHPS is repeatedly switched
between on and off for 9000 s under 4.5 V (Figure 3f). The
unchanged values of R exhibit the high stability of JHPS, and the
fast response of oil temperature shows JHPS’s excellent heating
performance.

Figure 3. Effect of Joule heating on the crude oil kinetics. (a) The relationship of viscosity and mass density with oil temperature. (b) The relationship
of surface tension and contact angle with oil temperature. (c) The temperature and resistance change of JHPS-140 (with a circling diameter of 140 μm)
versus time under multivoltage steps. (d) (R− R0)/R0 − ΔT linear curve. (e) The relationship of temperature with power density.U is the voltage, and
R is the resistance. (f) The temperature and resistance change with transition of switch between on and off.
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It is well-known that porosity is a crucial factor in infiltration
performance. By adjusting the circling diameter, JHPSs with
different size of microcone structure are prepared, as shown in

Figure 4a. It can be clearly seen that the diameter of the pore on
the PI face is larger than that on the SNW face, which is
determined by the shape of focus light. The difference in the

Figure 4. Effect of the circling diameter and the voltage on oil infiltration through JHPS. (a) The relationship of actual diameters of pores on SNW and
PI faces with circling diameter. (b) The curve of the porosity of pores on the SNW face with circling diameter. (c) The curve of resistance of JHPS with
circling diameter. (d) The curve of penetration time with voltage and circling diameter. (e) The relationship of FL with the circling diameter. (f) The
relationship of temperature difference (ΔT) between two faces with voltage and circling diameter.

Figure 5.Measurement of crude oil−water separation. (a) The schematic diagram of crude oil−water separation device and separation process. (b) in
situmonitoring for continuously collecting the crude oil from the surface of water. (c-d) The relationship of velocity of oil infiltration with pore size and
voltage, respectively.
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diameters of the two pores are almost constant at 50 μm and
independent of the circling diameter. Figure 4b shows the curve
of porosity on the SNW face with the circling diameter. When
the circling diameter is 140 μm, the porosity reaches 6%.
Additionally, R of the JHPS is also controlled by the circling
diameter. In Figure 4c, R increases with the circling diameter
increasing. Even up to 140 μm, JHPS still remains conductive.
However, when the circling diameter increases to 160 μm, the
JHPS becomes nonconducting, which reveals that the JHPS
must maintain the minimum coverage of SNW to keep
conductive. Furthermore, an infiltration experiment of viscous
crude oil through JHPS is implemented. Figure 4d shows the
curve of infiltration time versus voltage for JHPSs with the
different circling diameters, and the infiltration processes are
recorded in Figure S5. For JHPS-60 (with a circling diameter of
60 μm), crude oil cannot infiltrate at any voltage from 2.0 to 4.5
V, which indicates that the infiltration occurs with a lower limit
of pore size. When the circling diameter is greater than 60 μm,
the infiltration velocity positively correlates with the circling
diameter. It is considered that Laplace pressure (FL) is the main
reason to control infiltration. The relationship between FL and
the circling diameter determined by the equal pressure
difference method is shown in Figure 4e. FL shows an
exponential decreasing tendency with the diameter increasing,
which indicates that the pore size has a crucial effect on
infiltration velocity. Besides, the applied voltage is also a
significant factor for oil’s infiltration (Figure 4d). As the voltage
increases, the infiltration time first decreases sharply and then
remains stable when exceeding 3.5 V. Even when the voltage
reaches 4.5 V, 50 μL of crude oil infiltrates through JHPS-140 in
only 5 s. These results are attributed to the decreasing viscosity
force (FVis) caused by joule heat. Additionally, the temperatures
of the two faces at different voltages are shown in Figure S6 and
S7. Temperature difference (ΔT) increases linearly with voltage
for all of the JHPSs (Figure 4f), and the larger ΔT results in
greater Fwet‑grad to accelerate oil infiltration.
To separate and collect viscous crude oil in the sea, we

designed an oil−water separation device. Figure 5a simulates the
extraction of crude oil floated on the water surface. The JHPS is
located at the bottom of device with an area of 3 cm × 3 cm and
serves as the oil-flow channel. The side walls of the device are
PAN films, in which the front wall is hydrophilic and porous for
the water-flow channel. Water first infiltrates through the
hydrophilic front wall and then flows along the guide groove.
Subsequently, floated crude oil comes into contact with the
JHPS, and melts to infiltrate through the JHPS. For the FSNW
process (Figure 5b), crude oil quickly infiltrates through the
bottom wall and falls on the balance. 0.91 g of crude oil is
obtained after 6 min. However, for the FPI process, water
infiltrates out of the front wall, whereas heavy crude oil cannot
infiltrate through the JHPS. Furthermore, we study the effects of
the circling diameter and voltage on the infiltration velocity of
crude oil. At 10 V (Figure 5c), the continuous velocities of
JHPS-80, JHPS-100, and JHPS-120 are 0.03, 0.08, and 0.18 g/
min, respectively, which indicates that the infiltration velocity is
positively correlated with the pore size. Figure 5d shows the
curve of the velocity with the voltage for the JHPS-100 sample.
When voltages of 9, 10, and 11 V are applied, the surface TSNW is
58, 69, and 80 °C, respectively. As the voltage increases from 9 to
10 V, the velocity increases from 0.06 to 0.08 g/min. Even up to
11 V, the velocity increases to 0.18 g/min, which is 2.5 times
larger than that at 10 V. It indicates that the voltage plays a
dominant role in infiltration velocity.

In this work, a Joule-heated hydrophobic porous separator
was fabricated by combining a porous SNW film and SiO2
hydrophobic modification. JHPS exhibits the efficient heating
performance of low energy consumption (169.7 °C·cm2 ·W−1),
short thermal response time (∼5 s), and a rapid heating rate
(∼13 °C/s). Significantly, the unidirectional infiltration exists
from SNW face to PI face, which is attributed to the gradient
wettability caused by temperature difference. Ultimately, the
successful deployment of a self-made device enables continuous
separation of viscous oil and water. This work provides a new
avenue for heavy oil remedy.
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