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Nanofluidics is a system of fluid transport limited to a nano-confined space, including the transport of ions
and molecules. The use of intelligent nanofluidics has shown great potential in energy conversion.
However, ion transport is hindered by homogeneous membranes with uniform charge distribution and
concentration polarization, which often leads to an undesirable power conversion performance. Here,
we demonstrate the feasibility of a neutralization reaction-enhanced energy conversion process based
on heterogeneous graphene oxide (GO) nanofluidics with a bipolar structure. The asymmetric charge
distribution inherent to the heterogeneous nanofluidics facilitates a complementary two-way ion
diffusion process, which in turn promotes efficient charge separation and superposed ionic diffusion. An
output power density of up to 29.58 W m~2 is achieved with 0.1 M HCI/NaOH as the acid—base pair
(ABP), which is about 712% and 117% higher than using symmetric unipolar pGO and nGO membranes.

Both experiments and theoretical simulations indicate that the tunable asymmetric heterostructure
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establishes a significant paradigm for the utilization of chemical reactions within nanofluidic systems but
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Introduction

Exploring efficient and renewable energy sources is important
to reduce dependence on fossil fuels and alleviate global envi-
ronmental pollution."* Several sources of clean energy have
been identified, including solar, wind, geothermal and water
power.>* However, these energy resources are intermittent and
regional, and thus cannot meet the uninterrupted and long-
lasting electricity demand for human activities and industry.
Osmotic energy originates from the salinity gradient between
sea and river water, and has become a popular research topic
because of its abundance and wide distribution.>” To effectively
capture this energy, reverse electrodialysis (RED) technology
and nanofluidics for high-performance osmotic energy har-
vesting have been developed in the past decade.®'® Large
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amounts of acids and bases are widely used in various indus-
trial processes such as electroplating, dyeing, papermaking. The
waste acid and alkali solutions generated in the process are
usually treated by direct neutralization and discharged into the
environment, which not only causes serious environmental
problems but is also a huge waste.'"*> Energy generation from
the waste acid and base solutions can be achieved by RED with
the aid of acid-base neutralization, which is environmentally
and economically advantageous.™™* In a typical half-cell
nanofluidics-based osmotic energy harvesting process, a high-
salinity solution is separated from a low-salinity solution by
a cation-selective or anion-selective membrane. The directional
migration of cations or anions creates an ionic flux to generate
electrical power. When the high-salinity and low-salinity solu-
tion are replaced by acid and base solutions, a pH gradient
could be created. The H" (or OH™) on one side can migrate
across the nanofluidics system and meet the OH™ (H'), forming
H,0 immediately. Therefore, under the action of a neutraliza-
tion reaction, the H' would be consumed, resulting in
sustainable H" migration, which has shown great potential for
energy harvesting.'*"

The emergence of two-dimensional (2D) lamellar nano-
fluidics systems consisting of stacked nanosheets offers new
opportunities for the development of highly efficient energy
conversion. Owing to the nanoconfined interlayer spacing,
inherent surface charges, and high chemical resistance, these
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2D nanofluidic channels exhibit excellent ionic transport
performance and acidic and basic stability, which is of great
practical significance for neutralization assisted proton
gradient-driven energy conversion power harvesting.'>'®
However, these 2D homogeneous nanofluidics systems with
a single charge and significant concentration polarization
exhibit intrinsic ion transport hindrance, resulting in an
undesirable output power density.">* Fortunately, it has been
proved that multifunctional heterostructures could effectively
impair the concentration polarization and achieve efficient ion
selectivity. Moreover, built-in asymmetry can be readily ob-
tained by the simple hybridization of homogeneous
membranes.**” Multilayer 2D GO membranes have attracted
much attention due to their scalability, tunable ionic selectivity,
chemical resistance, and physical stability, and can be used as
a high-performance energy conversion device to harvest ionic
power from the acid-base neutralization reaction.

Herein, we report a heterogeneous graphene oxide
membrane (pnGO) based nanofluidic system for high-
performance ionic power generation via acid-base neutraliza-
tion (Fig. 1). By adopting the traditional neutralization reaction,
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the generated current of the system with 0.1 M HCI/NaOH as the
acid-base pair (ABP) can reach about 1185.6 A m~> thanks to
the retained salinity gradients established by the neutralization
reaction “H" + OH~ — H,0”, which is much higher than that of
the system without reaction participation (0.1 M NaCl and
NaOH: ~78.6 A m™?). Moreover, the heterogeneous nano-
fluidics system exhibits an asymmetric charge distribution,
which improves the gradient-driven ion diffusion, allowing
high-performance osmotic energy conversion with a power
density of up to 29.58 W m~> with 0.1 M ABP. To determine the
role of the heterogeneous structure, a model system was
proposed for finite-element simulations, which is used to better
understanding the detailed ion transport. Molecular dynamics
(MD) were performed to simulate the ion adsorption interac-
tions between specific ions and nanosheets. Both experimental
and theoretical results indicate that the synergistic effect of the
inherent asymmetric charge and neutralization reaction would
contribute to improving the ionic transport properties and
eventually improve the energy conversion performance. This
high-performance energy generation system can trigger further
experimental and theoretical efforts to build intelligent
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Fig. 1 Schematic representation of the heterogeneous GO-based electrochemical neutralization cell. Pristine GO nanosheets are negatively
charged, and through chemical modification, positively charged GO nanosheets could be obtained. After stacking by vacuum filtration,
oppositely charged heterogeneous graphene oxide membranes containing continuous 2D nanofluidic channels are generated to harvest ionic

power from the acid and base solution.
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heterogeneous nanofluidic systems for sustainable power
generation from wastewater neutralization treatment processes,
water purification, and desalination.

Results and discussion
Layered GO membrane fabrication and characterization

Pristine GO nanosheets are negatively charged (nGO) and typi-
cally several hundreds of nanometers to micrometers in lateral
size (Fig. S17). Positively charged GO nanosheets (pGO) were
synthesized by the polyethyleneimine (PEI) modification
method (Fig. S2, ESIT).>**® After chemical modification, the zeta
potential of the GO colloids shifted from —31 mV to +33 mV at
near neutral pH, indicating that the type of charge on the GO
nanosheets had been changed. Both the nGO and the pGO
colloids retain their charge properties over the pH range of 1 to
12 (Fig. 2a). Upon a two-step vacuume-assisted filtration process,
free-standing and flexible heterogeneous graphene oxide
membranes (pnGO) could be obtained (Fig. S3, ESIT). The cross-
sectional image shows compactly packed lamellar structures of
the membranes (Fig. 2b and S4}). Fourier transform infrared
spectroscopy (FTIR) was employed to characterize the changes
of functional groups after PEI modification (Fig. 2c). After PEI
modification, a blueshift for the absorption band at 1730 cm™"
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(-COOH) to 1624 cm ™" (-CO-NH-) is observed, confirming the
conversion of the carboxyl groups to amide groups.”®* X-ray
photoelectron spectroscopy (XPS) is used to further study the
functional groups of the membranes (Fig. S51), clearly showing
the emergence of an N 1s peak. The single peak with strong
intensity in the XRD pattern (Fig. 2d) suggests that the interlayer
spacings of the nGO and pGO are 7.07 A and 10.87 A inter-
lamellar spacings (ESIt) based on Bragg's law.>*' Given the
theoretical thickness of a single layer GO nanosheet (3.34
A),57°% the effective pathway for ion transport is calculated to be
about 3.7 A for dry nGO and 7.5 A for dry pGO, and a sub-nano
channel is constructed. In addition, the presence of typical
peaks of both nGO and pGO in the XRD pattern of pnGO
confirms its heterogeneous structure.

The membranes were then mounted in between a two-
compartment electrochemical cell to investigate the ion trans-
port properties (Fig. S6, ESIT). Fig. 2e shows the recorded
current-voltage (I-V) curves in 0.01 M KCl. Due to their
symmetric microstructure, the current density responses of
both nGO and pGO membranes exhibit linear ohmic properties.
Weak rectified ion-transport behavior is found through the
heterogeneous pnGO membrane with an ionic current rectifi-
cation (ICR) ratio of about 1.7 at 0.2 V. This result is in contrast
to the symmetric I-V responses found in homogeneous nGO or
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Fig.2 Characterization of the layered GO membranes. (a) The zeta potentials of nGO colloids and pGO colloids (0.67 mg mL™) over the pH test
range from 1 to 12. (b) Cross-sectional SEM image of the pnGO membrane showing compactly packed lamellar structures. (Inset) Photograph of
the freestanding and flexible pnGO membrane. (c) FTIR spectra of nGO (blue) and pGO (red) membranes. (d) XPS of nGO and pGO. Sharp XRD
peaks at 12.5° and 8.1° indicate a narrow inter-layer distance of about 0.70 nm for nGO and 1.08 nm for pGO. (e) Typical /-V curves of
homogeneous pGO (red circle) and nGO (blue square) membranes show symmetric ion transport while the /-V curve of the pnGO membrane
(black triangle) shows weak ICR. (f) lonic conductivity of the pnGO membrane as a function of KCl concentration. The ionic conductivity
gradually deviates from a linear relationship, indicating the surface charge governed ion transport.
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pGO membranes.* As revealed by the zeta potentials results
(Fig. 2a), the zeta potentials of the pGO and nGO nanosheets are
completely opposite. Therefore, we can attribute the observed
weak ICR effect to the asymmetric surface charge distribution.
We further measured the ionic conductivity across the
membranes as a function of KCI concentration (Fig. 2f and S77).
For all membranes, the transmembrane ionic conductivity
shows distinct behavior down to 1 mM KCl. When the KCI
concentration is over 1 mM, the conductivity increases linearly
with the KCI concentration, similar to the bulk solution. The
transmembrane ionic conductivity deviates from bulk behavior
(gray dashed line) when the electrolyte concentration is less
than 1 mM and gradually approaches a plateau, which indicates
that the ion transport through the membranes is governed by
the surface charge.’*¢

Harvesting ionic power from the neutralization reaction

With a concentration difference, selective ion transport through
a nanofluidics system converts a chemical gradient into a net
diffusion current.’”*®* Similar to mixing two salt solutions with
different concentrations, acid-base mixing can generate energy
from acid-base neutralization. Considering the electrodes (Ag/
AgCl) and the maximum concentration of NaOH (1 M) used
here, 0.01 M NaCl was selected as the supporting electrolyte and
all kinds of solution used in the acid-base systems contain
0.01 M NaCl (ESIT).**'® Here, HCl and NaOH as the acid-base
pair (ABP) with the same concentration were set to the two
compartments of the electrochemical cell, respectively, and the
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Fig. 3 Harvesting ionic power from neutralization reaction through
heterogeneous pnGO membranes. (a) The recorded diffusion current
density under three different test conditions. (Inset) Schematic illus-
tration of the ion transport in heterogeneous pnGO nanofluidics. (b)
Output current density and (c) power density achieved under three
different test conditions as functions of the load resistance.
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heterogeneous membrane is placed between them to explore
the power generation performance. The nGO side faces the acid
solution and the pGO side faces the base solution. As shown in
Fig. 3a, the generated current density with 0.1 M ABP was about
1185.6 A m %, which is much higher than when using 0.1 M
NaCl and NaOH (~78.6 A m™?). The generated ionic power can
be output by supplying an external load resistance. All the
output current densities gradually decrease with increasing Ry,
(Fig. 3c), while the maximum output power (P = I” x R ) appears
when Ry, is equal to the internal resistance of the nanofluidic
system (Fig. 3b).>** The results showed that the maximum
power density when using 0.1 M ABP (29.58 W m™?) is much
higher than when using 0.1 M NaCl/NaOH (1.37 W m~?), which
can be attributed to the acid-base neutralization reaction.
Moreover, compared with the cell pair of “cation-exchange
membrane (nGO) + neutral compartment + anion-exchange
membrane (pGO)” with high resistance in the RED stack
(Fig. S87), the energy conversion performance can be improved
significantly in the “combined” pnGO membrane system. The
above results demonstrate that the pnGO has the potential for
energy conversion from the neutralization reaction. In this
process, as the nGO side holds the negative surface and pGO
holds the positive surface, H" in the acid solution and OH™ in
the base solution diffuse across the nGO and pGO, respectively,
into the heterogeneous interface, and then react to produce
water, which eventually diffuses out of the heterogeneous
membrane. Thus, the H and OH~ would be consumed, and the
chemical potential gradient could be retained with the aid of
the neutralization reaction, resulting in sustainable H" and
OH™ migration, which could realize high-performance ionic
power harvesting from the neutralization reaction.***>"

Transmembrane ion transport and energy conversion
behavior

For comparison, we tested the performance of pGO and nGO
membranes under the same conditions; short-circuit currents
of about 3.1 pA and 13.9 pA were obtained, which are much
smaller than that (~35.5 pA) of the heterogeneous pnGO
membrane (Fig. 4a). At the nanofluidic interface with fixed
surface charges, electrostatic forces repel ions with the same
charge as the wall (co-ions) and attract ions with the opposite
charge (counter-ions). A region of counter-ions develops in the
liquid to maintain the electroneutrality of the solid-liquid
interface. The concentrations of local co-ions and counter-ions
in the diffusion layer satisfy the Boltzmann distributions:****

o) =m exp (1 ) 0
() = exp (= 27 @)

where n, is the bulk solution concentration, e is the elemental
charge, @(x) comes from the solution of the classical Poisson-
Boltzmann equation (for x = dgern and @(dseern) = £), and kg and
T represent Boltzmann's constant and temperature, respec-
tively. The concentration distribution of co-ions and counter-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Transmembrane ion transport and energy conversion behavior. (a) The recorded diffusion current with 0.1 M ABP. (Inset) Schematic
illustration of the ion transport in different nanofluidics systems. (b) Co- and counter-ion concentration distributions at the nanofluidic/elec-
trolyte interface. (c) The calculated ion concentration distribution along the centers of the 0.5 nm-sized nanochannels of the three models. The
illustrations below correspond to the respective models. (d) Output power density and (e) current density of NGO, pGO, and pnGO membranes

with 0.1 M ABP as functions of the load resistance.

ions at the nanofluidic/electrolyte interface is shown in Fig. 4b.
For nGO and pGO with a single type of charge, counterions of
the same polarity are distributed on both sides of the nano-
fluidics system (Fig. 4b(i) and (ii)). However, for heterogeneous
pnGO nanofluidics (Fig. 4b(iii)), H" and OH™ of opposite
polarity are distributed on separate sides of the nanofluidics
system due to the asymmetric charge distribution. To reveal the
origin of the enhanced current output of the pnGO heteroge-
neous nanofluidics system and explore the mechanism of the
ion concentration profile in the confined nanofluidics, finite
element method simulations based on the Poisson-Nernst-
Planck (PNP) model were performed (see the Experimental
section).”*** The total length of all simulated models was

© 2025 The Author(s). Published by the Royal Society of Chemistry

uniformly set to 15 nm (Fig. S9, ESI}). Three types of 2D
nanochannel models are built and the calculated ion concen-
tration distribution along the center of the nanochannel of the
three models are shown in Fig. 4c and S10.f The calculated
cation and anion concentration profiles at the 2D nanofluidic/
electrolyte interface conform to the Boltzmann distribution
described above. In Fig. 4c(i), the concentration profile shows
that mainly cations (H" and Na'), accumulate in the negatively
charged 2D nanochannel driven by a chemical-potential-
gradient. In contrast, the ions, mainly anions (OH™ and Cl7),
accumulate strongly when the entire nanochannel is positively
charged (Fig. 4c(ii)). By introducing an asymmetric charge
distribution, the ion concentration distribution in the 2D

Chem. Sci., 2025, 16, 1857-1866 | 1861
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channel changes significantly. Compared to the homogeneous
nanofluidics, H" and OH~ of opposite polarity are more
distributed in the heterogeneous pnGO nanofluidic system, and
the concentration profiles are strengthened, consistent with the
experimental results (Fig. 4c(iii) and S10%). These results
confirm the surface-charge-dependent diffusion-based ion
transport behavior and heterogeneous bipolar structure
induced ion concentration enhancement.

Under concentration gradients, the total ionic flux N;
depends on the ion diffusion:***

Ni = —Dchi (3)

N; is the ionic flux, D; is the diffusion coefficient, and c; is the
concentration. D; is 9.311 x 10 > em? s * and 5.273 x 10> cm?
s for H" and OH™, respectively. Therefore, under the same
concentration gradient, H' has a larger flux than OH™, which
determines that the short-circuit current of nGO is higher than
that of pGO. Moreover, H" in the acid solution and OH™ in the
base solution diffuse across the nGO and pGO, respectively, into
the heterogeneous interface, and the neutralization reaction
“H"+ OH~ — H,0” occurs and the chemical reaction rate v can
be calculated by:*®
1 dCB

Y= A (4)
where vy and cg refer to the stoichiometric number and
concentration of the species, respectively, and ¢ refers to time.
Therefore, the higher ion diffusion flux, as well as the
“retained” chemical potential gradient caused by the neutrali-
zation reaction, are responsible for the considerable current
output. As the counter-ions cannot pass through the hetero-
geneous nanofluidics system, a charge imbalance is estab-
lished on the two sides of the membrane, inducing a junction
potential. The ionic charges can be converted to electronic
charges to power an electrical circuit by using two redox elec-
trodes (ESIt). The energy conversion performance was further
evaluated by supplying a load resistor (Fig. 4d, e and S11%). As
shown in Fig. 4d and e, for pnGO nanofluidics, the current
density driven by the chemical potential gradient decreases as
the external load increases, and the maximum output power
density could reach 29.58 W m™ 2 for 0.1 M ABP, which is
superior to that of pGO (3.62 W m~2) and nGO (13.59 W m ?)
membranes.

Identifying the role of the heterogeneous structure

We further evaluated the ion diffusion behavior with different
ABP concentrations. The short-circuit current (Isc) and open-
circuit voltage (Voc) could be obtained from the relevant I-V
curves (Fig. S12t).** The corresponding obtained Isc and V¢ are
plotted in Fig. 5a and b. Along with the concentration increases,
the Isc and Vo values of all the membranes increase. The Vo of
pnGO is comparable to that of pGO, and both are lower than
that of nGO (Fig. 5b). However, the Iy; of pnGO in Fig. 5a shows
a maximum value (22.5 pA) among the three nanofluidics in
0.1 M ABP, which is two times that of nGO (10.2 pA) and six
times that of pGO (3.6 pA). This means that the improvement in

1862 | Chem. Sci., 2025, 16, 1857-1866
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energy conversion comes from the significant increase in ion
flux. As expected, the pnGO with a bipolar charge distribution
had the highest power density (Fig. 5¢) among the evaluated
conditions. To provide new insight into the role of the hetero-
geneous structure in the ion transport and the power generation
process, nGO membranes (nGO;, and nGO,,) fabricated with
10 mL or 20 mL GO dispersions (1 mg mL ') were prepared
(Fig. 5d). Compared with membranes prepared with the same
amount of nanosheets (nGO,,), the composite membrane with
a heterogeneous structure (pnGO;¢_10) had a lower open circuit
voltage due to reduced ion selectivity (Fig. 5f), whereas the
transmembrane ion flow was much higher (Fig. 5e). More
importantly, the heterogeneous membrane still exhibited an
excellent transmembrane ion current, even if the membrane
resistance increased due to an extra layer of pGO compared to
the nGO;, membranes. The enhancement in the energy
conversion performance of the composite membrane could be
ascribed to the heterogeneous bipolar structure and neutrali-
zation reaction. Additionally, the prepared heterogeneous
system shows good long-term stability (Fig. S13 and S14t). To
provide further physical insight into the synergistic effect of the
neutralization reaction and heterogeneous structure, theoret-
ical simulations based on PNP were employed to reveal the
energy conversion performance and the distribution of the
current density (Fig. 5g and h). With 0.1 M ABP, the current
density profile along the center of the channels is plotted from
point A to B (Fig. 5h). The current density of model-1 is higher
than that of model-2, and model-3 with an asymmetric charge
distribution has the highest current density among the three
models, which is consistent with our experimental results in
Fig. 4e. Additionally, as shown in eqn (3), the ionic flux N;
depends on the ion diffusion. For the nGO side, mainly cations
(H"), accumulate in the negatively charged 2D nanochannel. In
contrast, mainly anions (OH ™), accumulate strongly when the
nanochannel is positively charged. Therefore, under the same
concentration gradient, H" has a larger flux than OH™, which
determines that the ion current of the nGO side is higher than
that of pGO, showing an asymmetric current density. It has
been proven by numerical simulation that the enhanced energy
conversion is due to the feasibility of the synergistic effect of the
heterogeneous structure and neutralization reaction. To
understand the interaction mechanism between specific ions
and nanosheets, MD calculations for ion transport in the
channels constructed from GO nanosheets were performed
(Experimental section, Fig. 5i, j and S15%). According to the
simulations, for nGO, H' ions could be transported into the
nanochannel and interact with -COO™ groups at the edge of the
nGO due to electrostatic forces (Fig. 5i). For pGO, OH™ could
form hydrogen bonds with the PEI molecule and react with -
NH;" to form H,0, which is facilitated by the attraction and
bonding between positively and negatively charged molecules
(Fig. 5j). MD results indicate the existence of strong interaction
forces between nGO/H" and pGO/OH . We also explored the
potential of the system for energy conversion from wastewater
using waste acids and bases of unknown composition and
concentration from the laboratory (Fig. S167).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Identifying the role of the heterogeneous structure. (a and b) Influence of the membrane structure on the Isc and V¢ at different ABP
concentrations. (c) Comparison of the power density of membranes with homogeneous (pGO and nGO) or heterogeneous (pnGO) structures.
(d) Schematic illustration of the ion transport in different nanofluidics systems. (e and f) The Isc and V¢ of three different nanofluidics systems at
different ABP concentrations. (g) Numerical simulation of the current density profiles based on 2D nanochannels of the three models. (h) The
calculated current density distribution along the centers of the 0.5 nm-sized nanochannels of the three models in (g). Representative MD
simulation snapshots for two systems: (i) H* ion transport within channels constructed from nGO nanosheets. () OH™ ion transport within
channels constructed from pGO nanosheets.

Conclusions generators to realize the harvesting of ionic power from acid-

base neutralization. The pnGO-based energy conversion system
We report the heterogeneous nanofluidic combination of exhibited improved ionic transport properties and the highest
oppositely charged GO membranes as high-performance power chemical-potential-driven energy conversion performance as it

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2025, 16, 1857-1866 | 1863
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benefits from the synergistic effect of the heterogeneous struc-
ture and neutralization reaction. More importantly, the syner-
gistic mechanism of the asymmetric charge and neutralization
reaction in promoting confined ion transport is innovatively
revealed experimentally and theoretically. It is proved that this
heterogeneous system provides an ideal platform to harvest the
potential energy stored in acid-base neutralization in the form
of electrical energy. Moreover, the current research not only
provides a new viewpoint of the treatment of industrial acid and
alkali waste but also demonstrates the vast potential of the
chemical assistance factor in the enhancement of chemical-
potential-driven energy conversion. However, waste solutions
include lots of impurities in reality. Fouling remains a major
challenge for applying membrane technology in real water
conditions. In addition to severe biological pollution, organic or
inorganic contaminants, in general, can also impair ion trans-
port across the membrane, resulting in a dramatic decrease in
ion flux. Another challenge will be to make reliable electrical
interfaces with nanofluidic generators because the Ag/AgCl
reference electrodes used at present have a limited lifetime. It
is clear that the investigation of this system for practical
applications is far from complete.

Experimental

Materials and chemicals

The GO dispersion (~1 mg mL™ ") was purchased from XFNANO
Materials Tech Co., Ltd, Nanjing, China. 1-(3-
Dimethylaminopropyl)-3-ethylcarbo-diimide (EDC, 97%) and
polyethyleneimine (PEI-600) were purchased from Beijing
InnoChem Science & Technology Co. Ltd. The other chemicals,
including hydrochloric acid (HCl), potassium chloride (KCl),
and sodium hydroxide (NaOH), were all analytical grade and
purchased from Sigma-Aldrich, USA. All aqueous solutions were
prepared with degassed Milli-Q water (18.2 MQ cm). All reagents
were directly used without further purification.

Synthesis of pGO

To obtain p-GO, 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide (EDC, 0.05 g) was added to commercially available
GO dispersion (30 mL, ~1 mg mL ™). The mixture was stirred at
room temperature for 1 h followed by addition of 0.25 g PEIq,.
The dispersion was then stirred for an additional 3 h. Then, the
precipitate was collected, dispersed in water, and dialyzed for
one week to remove residual reactant. Finally, the precipitate
was transferred and ultrasonicated to obtain pGO colloidal
solution. The colour of the p-GO solution turns brown (0.67 mg
mL ™", Fig. S27).

Material characterizations

The zeta potential of pGO and nGO colloids was measured with
a Malvern Zetasizer NanoZS. The microstructures of the
membranes were characterized using a scanning electron
microscope (Hitachi S-4800, Hitachi, Japan). TEM images were
recorded using a transmission electron microscope (JEOL, JEM-
2100, Japan). FTIR spectra were recorded using Fourier

1864 | Chem. Sci, 2025, 16, 1857-1866
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transform infrared spectroscopy (Excalibur 3100 spectrometer,
Varian, USA). The X-ray diffraction tests were conducted using
a Bruker D8 Advance powder diffractometer with Cu Ko radia-
tion (A = 1.5418 A) at 40 kv.

Electrical measurement

Electrical measurements of the membranes were carried out
using a Keithley 6487 picoammeter (Keithley Instruments,
Cleveland, OH). The membranes were fixed between a two-
compartment testing cell, adding different salt solutions to
carry out transmembrane electrical tests. For the ion transport
test, the two compartments were filled with uniform concen-
tration KCl solutions from 1 uM to 1 M. For energy conversion
testing, the two halves of the electrochemical cell were popu-
lated with acidic solutions and alkaline solutions. At the end of
each test, the membrane was rinsed with DI water and drained.
The cleaned membrane was rinsed with the solution to be
tested before each measurement.

Numerical simulation

The thermoelectric conversion phenomenon was theoretically
investigated using commercial finite-element software package
COMSOL (version 5.4) Multiphysics based on “electrostatics
(Poisson equation)” and “Nernst-Planck without electro-
neutrality” modules. The coupled governing PNP equations are
shown as below:

‘Ii = 7Di (VC{ + Z‘RI;(;IV(p) + cu (5)
F
Vip = —— »
9=—7D ad (6)
VJi=0 7)

Here, the physical quantities J;, D;, ¢;, z;, and ¢ refer to the ionic
flux, diffusion coefficient, ion concentration, charge of the
species i, and electrical potential, respectively. Eqn (5) is the
Nernst-Planck equation, which describes the transport prop-
erties of a charged channel. Eqn (6) is the Poisson equation,
which describes the relationship between the electrical poten-
tial and ion concentrations. The flux should satisfy the time-
independent continuity eqn (7) when the system reaches
a stationary regime.

The chemical reaction rate constant of acid-base neutrali-
zation is determined by the Arrhenius equation, hydrogen ion
concentration, and hydroxide ion concentration:

;Ei
K=Ae rr (8)

where K represents the chemical rate constant, E, represents the
apparent activation energy, and A represents the pre-
exponential factor.

The coupled eqn (5)-(8) must be solved for a given geometry
using appropriate boundary conditions.

The boundary condition for the potential ¢ on the channel
wall is:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The ion flux has zero normal components at the boundaries:

J =0 (10)

Then, the ionic current across the reservoirs and nano-
channels can be obtained from:

I= JF(Z,,j,, + Zyjn) -1dS (11)

The computational domain and model parameters are
shown in Fig. S9, ESL.T

Molecular dynamics simulations

Density functional theory (DFT) calculations and MD simula-
tions were performed by using the code Vienna Ab initio Simu-
lation Package (VASP),** with the Perdew-Burke-Ernzerhof
(PBE) functional under the generalized gradient approxima-
tion*® and the projected augmented wave (PAW) pseudopoten-
tials.* Ionic relaxations were performed by using the conjugate-
gradient algorithm. To correct for the van der Waals interaction,
the zero damping DFT-D3 dispersion correction scheme of
Grimme was applied.*” The cutoff energy was set to 400 eV, and
the Gaussian smearing width was set to 0.1 eV. In all the
calculations, a1 x 1 x 1 k-point grid centered at the y point was
employed. The MD simulations were carried out with a time
step of 1 fs and the Nosé-Hoover thermostat for the NVT
canonical ensemble at a temperature of 300 K. The surfaces of
both nGO and pGO nanosheets contain various functional
groups such as -OH, -COOH, and cyclohexane. The GO surface
exhibits curvature due to the structural optimization. In
a localized region of the GO edge, a PEI macromolecule replaces
one of the -COO™ groups, forming pGO.
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