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Laser-Assisted Scalable Pore Fabrication in Graphene
Membranes for Blue-Energy Generation

Sharad Kumar Yadav,” "9 Manikandan D,” Chob Singh,” Mukesh Kumar,® Aswathy G,"
Sundara Ramaprabhu,”™? Vishal V. R. Nandigana,” and Pramoda K. Nayak*®

The osmotic energy from a salinity gradient (i.e. blue energy) is
identified as a promising non-intermittent renewable energy
source for a sustainable technology. However, this membrane-
based technology is facing major limitations for large-scale
viability, primarily due to the poor membrane performance. An
atomically thin 2D nanoporous material with high surface
charge density resolves the bottleneck and leads to a new class
of membrane material the salinity gradient energy. Although
2D nanoporous membranes show extremely high performance
in terms of energy generation through the single pore, the
fabrication and technical challenges such as ion concentration
polarization make the nanoporous membrane a non-viable

Introduction

The world’s heavy reliance on fossil fuels causing climate
change at an unprecedented rate and there is the need of the
hours to explore environment-friendly alternate energy sources
to meet the growing energy demands." In past decades, the
salinity gradient energy (SGE), i.e. blue energy has gained more
attention over solar and wind energy because of no inter-
mittency issue.” The pressure retarded osmosis (PRO) and
reverse electrodialysis (RED) are the two most focused mem-
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solution. On the other hand, the mesoporous and micro porous
structures in the 2D membrane result in improved energy
generation with very low fabrication complexity. In the present
work, we report femtosecond (fs) laser-assisted scalable
fabrication of um to mm size pores on Graphene membrane for
blue energy generation for the first time. A remarkable osmotic
power in the order of yW has been achieved using mm size
pores, which is about six orders of magnitudes higher
compared to nanoporous membranes, which is mainly due to
the diffusion-osmosis driven large ionic flux. Our work paves
the way towards fs laser-assisted scalable pore creation in the
2D membrane for large-scale osmotic power generation.

brane-based technology in harnessing blue energy.®” The PRO
is based on water selective transport® whereas the RED relies
on ion-selective transport.®' A wide range of membrane
materials has been demonstrated so far for SGE, including
polymeric  membranes,"" "  solid-state  metal  oxides
membranes,®” hybrid composite membranes,"*'*'*?" and met-
al-organic composite membranes."” Recently, the low-dimen-
sional materials such as Graphene,"*' and MoS,"*"® show high
energy extraction efficiencies that are several orders of
magnitude higher compared to the conventional membranes
because of the ion transport through these membrane scales
with membrane thickness and surface charge density. These
materials are gaining the lead in RED technology as they offer
high selectivity and remarkably high conductance."*?" The
experimentally demonstrated power using the intrinsic defect
in graphene is 10 pW (with a single nanopore) and the
estimated power density is 700 Wm™2I"*" With the single
nano-pore in nanoconfined boron nitride (BNNT), the reported
power is 20 pW and the estimated power density is 4 kW m=2%"
More recently, all-time high conductance has been reported in
single nano-pore MoS,, showing 1.2 to 2.8 pW power with an
estimated power density of 1 MW m 2

The use of nanoporous membranes creates a huge impact
in SGE, where the ion transport under nanoscale confinement
plays a crucial role to wunderstand the viable energy
technology.””* However, the ionic current inside nanoporous
membranes cannot be predicted accurately using the pore
dimensions,”* and the surface charge density influences the ion
transport resulting in surface-charge governed transport.?°>%
Moreover, it has been predicted that multiple nanopores have
advantages over single nanopores in terms of current density.""
There are many techniques available to create the nanopores
including transmission electron microscope (TEM) drilling,"*?

© 2022 Wiley-VCH GmbH

85U8017 SUOLILLOD BATeR1D 3edlidde aup Aq pausenob afe sejoie YO ‘8sN JO Sa|nJ o} A%eiq18ulUO A8]IM UO (SUOTPUOO-PUB-SWLIBY W0 A8 | 1M AeIq 1 BUI[UO//:SdNL) SUORIPUOD PUe SWLB 1 83 88S *[£202/T0/62] Uo AriqiTauliuo AB|IMm ‘ARiqiT SO Aq 865002202 2udo/z00T 0T/I0p/W0D A8 imAriq Ul |uo adoune-Asiweyo;/sdny woy pepeojumofl ‘0 ‘TH9L6E0T


http://orcid.org/0000-0002-2569-0517
https://doi.org/10.1002/cphc.202200598
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcphc.202200598&domain=pdf&date_stamp=2022-12-28

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202200598

electrochemical reaction (ECR),%*" focused ion beam (FIB),*>*

and so on. These techniques have their pros and cons and the
controlled synthesis of multiple nanopores using these techni-
ques is incredibly challenging. Hence, the osmotic power
generation using 2D nanoporous membranes has become non-
viable"®? due to the fabrication and technical challenges
including large-area growth of 2D membrane, clean room
requirement, lithography steps, and complex and slow pore
drilling process. Such a tiny nm size pore in the membrane also
limits the ionic flux during the transport, thereby hindering the
jonic current or conductance per pore.” In addition, the single
nanopore performance extrapolation to multiple nanopores is
severely hampered by ionic concentration polarization (ICP)"*
The other challenging aspect is the requirement of a highly
treated/filtered solution for the nanoporous membrane to avoid
nanopore blockage. However, in the case of larger pore size
(um to mm) minimal or no water filtration is required.

In recent years, femtosecond (fs) laser micromachining has
been considered as an effective alternate micromachining
system over conventional photochemical®” and reactive ion
etching processes.”® The conventional micromachining process
involves a low processing rate, availability of micro-mask in
etching area,*™? and a complex processing step,”" whereas
the fs laser micro-machining has the advantages such as a non-
contact process, faster etching rate, multiple pores (MP) in
fabrication in a single step, and non-masking process.””

In the present work, we have fabricated fs laser-assisted
scalable pm and mm size pores on a 2D Graphene/Copper (Gr/
Cu) membrane for blue energy generation. The pm and mm
size pores have advantages over nanopores in terms of current
density and avoid the technical challenges of fabricating
multiple nanopores. The osmotic power was measured using a
pair of Pt electrodes placed across two salt solutions of different
concentrations separated by Gr/Cu membrane in a typical
diffusion cell experiment. We have achieved an osmotic power
in the order of uW using pm and mm size pores, which is about
six orders of magnitudes higher compared to nanoporous
membranes. Our work paves the way towards fs laser-assisted
scalable pore creation in the 2D membrane for large-scale
osmotic power generation.

Experimental Methods

Fabrication of Micrometer-to-Millimeter-Sized Pores in 2D
Gr/Cu Membranes Using Femtosecond Laser-based
Micromachining

Commercially available Gr/Cu (18 um) membranes with dimensions
(10 mmx 10 mm) were procured from Graphenea USA. The basic
characterizations of Gr/Cu membrane including Raman, scanning
electron micrographs (SEM) and optical micrographs (OM) are
shown in supporting information (Figures ST and S2). Pores with
different dimensions such as 500 um, 1 mm, and 2 mm with single
and multiple (four) pores were fabricated in this Gr/Cu sheet using
the fs laser. Different types of drilling methods were employed
depending upon the pore radius. Percussion drilling, in which the
laser pulse shaped to a particular sized voxel is focused on the
desired location for a required time to ablate the material with a
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geometric size that is identical to the size of the voxel. Using this
technique, the pores of dimensions 500 um,1T mm and 2 mm were
created. Moreover, multiple numbers of pores were also fabricated
in this membrane since the power generation can be increased by
increasing the pore density. The schematic of the fs laser micro-
machining setup and the associated parameters are shown in
Figure 1.

Blue-Energy-Generation Setup

Creating a concentration gradient in mme-sized pores is a challenge,
where often mixing of solutions will happen immediately. However,
this challenge can be overcome by maintaining the constant
concentration gradient across the membrane by continuously
supplying the new solution of the same concentration and
optimizing the diffusion cell design such that the mixed solution
should be taken out simultaneously. For this purpose, we have
designed, calibrated, and validated an automated experimental
setup for the ion transport measurements in our recent work.”
This set up was used to measure SGE using this porous Gr/Cu
membrane, which we named as blue energy generator as shown in
Figure S3.

Results and Discussion

-V Characteristics of Micrometer-to-Millimeter-Sized Pore
Gr/Cu Membranes Using a Salinity Gradient

The -V characteristics of Gr/Cu membranes with SP and MP
were measured with three salinity gradient concentrations
VC =40, VC =100, and VC = 1000. The KCl solution was
used in the experiment, as the K* and CI~ ions have nearly the
same hydration size and mobility.***® The three KCl concen-
trations 0.5 M, 0.6 M, 6 mM, 13 mM and 0.6 mM are used to
create salinity gradient VC =40, VC = 100, and VC = 1000.
Figure 2 shows the short-circuit current and open-circuit
voltage for the SP and MP of size 500 um, 1 mm, and 2 mm at
VC =40, VC =100, and VC = 1000. The short-circuit current
value is found to be in the order of uW and it increases with an
increase in pore size as well as the number of pores. The
osmotic power has been calculated from the |-V curves
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v v
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Laser system Ti-Sapphire femtosecond laser

Objective
Central wavelength | 800 nm L

Repetition rate 1 kHz

Pulse width <35fs

Motion controller | Newport XPS-RL
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Figure 1. Schematic set up of fs laser micromachining set up and the
associated parameters used to fabricate 500 pm, 1 mm, and 2 mm pore on
Gr/Cu membrane of dimension 10 mm x 10 mm.
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Figure 2. The |-V characteristic plot (a) with VC = 40, (b) with VC = 100, and (c) with VC = 1000, for different pore dimensions.

(Figure 3) and the values are mentioned in Table 1. It is
observed that the magnitude of the power increases with the
increase in pore size and this is because larger pores allow the
higher ion flux through it,*® thereby generating higher power
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compared to nanopores which limit the ion flux (Table 2). With
the increase in the number of pores for the same dimension,
although the power increases, it does not scale accordingly as
the performance of multiple pores cannot be extrapolated
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Figure 3. The power histogram plot (a) with VC = 40, (b) with VC = 100, and (c) with VC = 1000, and (d) with with VC = 100 in single cell and parallel
configuration for different pore dimensions.
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were 0.6 mol KCI and 6 mmol KCl, and for VC = 1000, these
values were 0.6 mol KCl and 0.6 mmol KCI. The lower concen-
trated KCl solution offers higher resistance than the higher
concentrated KCl solution.”® Hence, the short-circuit current
and the osmotic power values were lower in the case of
VC =100 compared to VC =100 and VC =40 as shown in
Figure 3.

It can be noted that the conducting material (Gr/Cu) is
taken as the membrane in the present work, where the
electronic conduction current is also contributing to the power
generation in addition to ionic current. Even when the Gr/Cu
membrane does not have any pore into it, a finite conduction
current (i. e., short-circuit) and the voltage (i.e., open-circuit) are
recorded (Figure 4). The electrochemical potential of different
concentration solutions causes the potential difference which is
acting as an electromotive force for the conduction current.””
Due to the presence of pores in the membrane, the current
value rises as the ionic current superimposes (modulates) the
conduction current (Figure 2). In order to get rid of the

ChemPhysChem 2022, e202200598 (4 of 7)
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Table 1. The performance of different materials and pore dimensions used for osmotic energy generation.
Pore diameter Number of pores Power (P=V xI,) Porosity
~C=40 AC=100 AC=1000
500 pm Single 7.8 W 2.4 pWw 1.6 uW 0.7%
500 um Four 10.2 pW 9.2 uyW 5.4 uyWw 1.5%
1 mm Single 10.6 pW 6.6 LW 7.3 pWw 2.7%
1 mm Four 13.6 W 12.5 pW 10.5 pW 6.2%
2mm Single 12.8 pW 12.2 pw 9.6 W 11.1%
2mm Four 21.4 pW 17.5 uW 16 pW 25%
Table 2. The performance of different membrane materials and pore dimensions used for osmotic power generation.
Material Used Pore Dimension Power (P=V, x 1) Refs.
hBN/SiN 6 nm pore, 3X3 pore array, 23 nW [41]
12 nm length.
PET. 405 nm canonical pore, 3.2nW [46]
12 um length
MoS,. 2-20 nm pore, 1nW [25]
0.65 nm length
Graphene 0.4-10 nm pore, 10 pW [22]
0.34 nm length
hBN nanotube 15-40 nm pore, 20 pW [29]
1 um length
Gr/Cu 500 pum pore, 7.8 W Present Work
18 um length
. . - 800
based on single pore performance. The generated osmotic Copper without any pore
power in the present work shows three to six order improve- —— Graphene/Copper without any pore
ment in compared to different membranes of various pore size
reported by other research groups so far (see Table 2). It can be 600
noted that we are calculating and comparing the power per VC = 1000 <
pore similar to earlier report,”” but not the power density (since =
the selectivity is purely absent in this case which is shown latter 4400 E
in numerical simulation section). =
. - - =
The magnitudes of open-circuit voltage, short-circuit current @)
and eventually the generated power at VC =40 are higher 1200
compared to VC =100 and VC = 1000. While preparing the
concentration gradient for VC = 40, the higher concentration
side was 0.5 mol KCI and the lower concentration side was . . . .
13 mmol KCl. In the case of VC = 100, these concentrations .05 .04 .03 202 0.1 0_00

Voltage (V)

Figure 4. The |-V characteristic plot without any pore using copper and Gr/
Cu membrane.

electronic conduction effect, we have also carried out the
transport measurement using a pure insulating silicone mem-
brane (with 1 mm diameter single pore) shown in Figure S8.
With the silicone membrane, the maximum power observed is
45.1 nW. However, the maximum power due to Cu and Gr/Cu
membrane without any pore is 98.3 nW and 327.6 nW,
respectively (which is due electronic contribution, not the ionic).
The maximum power with 1 mm diameter single pore using Gr/
Cu membrane is 6.6 uW (Figure 3), which is three orders of
magnitude higher than insulating silicone membrane of same
pore dimension. This indicates that the power generation in
larger size pore Gr/Cu membrane is mostly due to ion transport.

© 2022 Wiley-VCH GmbH
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Effect of Graphene and Membrane Size on
Osmotic Power

We have also analyzed the effect of graphene and membrane
size on osmotic power generation. Beginning with the
graphene effect, the 500 um SP in Gr/Cu membrane shows
higher power compared to the identical copper membrane
without graphene (Figure S5). The higher conductivity and
negative surface charge density of graphene offer higher
current and the higher voltage across the membrane
respectively.>*” On the other hand, the membrane size does
not affect the osmotic power performance as it is shown in
(Figure S6). The larger area membrane (1 inch x1 inch) is used
to analyze the effect of membrane size on generated osmotic
power. With the 500 um SP and 1 mm SP, the generated
osmotic power using 10 mmx 10 mm membrane is 2.4 uW and
6.6 UW respectively, whereas for the same pore sizes, the
generated osmotic power using 1 inch X1 inch membrane is
2.2 uW and 7.2 pW, respectively.

As the ion flux is in a perpendicular direction to the
membrane, so the membrane size does not play any role in the
osmotic performance. To maximize the power generation, we
have considered two 500 um SP in a parallel configuration and
observed that the generated power is nearly doubled in
comparison to a SP (See Figure 3d). Hence from the above
observation, it is clear that cascading of pores has advantages
in generating higher osmotic power compared to SP alone.
Furthermore, in comparison to nanopores, the micro and mm
size pores show better power performance despite compromise
with the ion selectivity (Table 2).

The origin of the power generation in larger size pore is
may be due to the diffusion osmosis driven large ionic flux. The
diffusio-osmosis mechanism is driven by the osmotic pressure
gradient in the vicinity of the surface of the porous
membrane.”?® It does not require the semipermeable mem-
brane for the osmotic flow because it results from specific
interactions between the solute (in this case, a salt) and the
surface (Gr/Cu).”’ The concentration gradient along the surface
of the porous membrane causes an electric current (ion-driven
current), known as the diffusio-osmotic current (/,,,), as the ions
move under the interfacial osmotic pressure gradient.229c%
Our experimental setup is designed to maintain the concen-
tration gradient across the membrane, as reported earlier.”
Hence, the diffusion-osmosis current can be harvested using
the larger pore by maintaining the specific concentration
gradient across the membrane.

Effect of lon Selectivity

The observation of higher power generation in the mm-size
pores in comparison to nanopores is attributed to the diffuso-
osmosis driven ion transport. It is well known that ion selectivity
plays an important role in power generation at the nanoscale.
To understand the influence of the ion selectivity of the
membrane on ion transport characteristics in our experiments,

ChemPhysChem 2022, e202200598 (5 of 7)

we carried out the COMSOL simulations. The origin of the ion
selectivity is mainly due to the electrical double-layer thickness
and the surface potential (in the case of conducting surfaces)/
surface charge (in the case of non-conducting surfaces). In
general, the discrete size effects of ions and ion-water
interactions’®®’” are disregarded in these simulations as they do
not play an important role in determining the ion selectivity of
the pores at the nanoscale.””'” So, we adapted the continu-
um scale models to study the ion selectivity effects and the
formulations based on the Poisson-Nernst-Plank (PNP), and
Navier-Stokes (NS) equations were developed.”'-® The distribu-
tion of ionic concentration (c), potential (¢), and velocity (U) is
calculated by numerically solving these equations (1-4) in a
coupled way in the stationary condition using COMSOL Multi-
physics and are given below,

ac F zDic;

i V.J,=-V. (c,- U, —D,; V¢, — RT Vgu) (1)

V.(,6, V) = —p, 0]
ou 5

P E-ﬁ- UVU|= -Vp+ uVU- p Vo (3)

vVUu=0 (4)
Where J - total flux of the ionic species, i=1, 2 - no of

species, z - valency, D - diffusion coefficient of ions, F — Faraday
constant, R — universal gas constant, T — temperature, ¢,,¢, -
relative permittivity of medium and free space, p — density of
the fluid, x4 - viscosity, p - pressure and p, - space charge
density (o, = F>_ z,c;).

The following boundary conditions were considered in this
work.

(i) The constant surface potential (¢;) is considered at all pore
surfaces to represent the conducting surface in our simulations,
and all pore surfaces are considered to be impermeable to the
ions with no slip.

(i) Top reservoir walls are considered to slip (n. U = 0) and are
impermeable to the ions.

(iii) Higher concentration (C,) and lower concentration (C,) are
assumed at the ends of the left and right reservoirs,
respectively.

(iv) Further, no external pressure and voltages are considered in
our simulations.

Here, COMSOL simulations elucidate the variation of the ion
selectivity of the pores over a wide range of diameters and the
surface potential. Figure 5a shows the variation of the cation
selectivity (t*) with the diameter of the pores. Here, the (t*) is
calculated using the following relation,

© 2022 Wiley-VCH GmbH
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Where, I7,I” represents the ionic current carried by the
cations (K¥) and anions (CI). It is noted that the (t*) drastically
reduces to the value of 0.5 as the pore diameter increases since
the thickness of the electrical double layer (EDL) is negligible at
this larger diameter. The ion selectivity depends on the thick-
ness of the EDL and the surface potential/charge density.’”5””
Further, with the increase in the surface potential (¢,), the
cation selectivity increases for a smaller pore diameter, whereas
it remains almost the same for a larger pore diameter (Fig-
ure 5b). Moreover, when the pore diameter exceeds 30 nm, it
completely loses the ion selectivity, and the ion transport
happens due to the bulk effect. Similarly, it can be extended to
mm size pores as shown in inset of Figure 5(a).

Conclusions

In conclusion, the fs-laser-assisted scalable pore fabrication in
Gr/Cu membrane for the giant blue energy generation was
presented. The fabrication and technical advantage of micro
and mm size pores over the nanopores were discussed. We
have achieved an osmotic power in the order of uW using um
to mm size pores, which is about six orders of magnitudes
higher compared to the nano pores. The origin of the enhanced
osmotic power in the case of pm to mm size pores is due to
diffusion-osmosis driven large ionic transport. The power
generated using MP was higher than a SP of the same
dimension. The membrane size did not affect the power
performance. A parallel configuration of such a system with an
optimized diffusion cell to pore diameter could provide larger
power with a higher surface charge density. This present work
paves the way towards fs laser-assisted scalable pore creation in
the 2D membrane for large-scale osmotic power generation.
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Figure 5. The variation of the cation selectivity with (a) the pore diameter and (b) the surface potential (¢,) for the assumed concentration gradient (VC) of
100 across the reservoirs. Here, the conducting pore surface is represented using constant surface potential ( ¢, = —10 mV).
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