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Capturing greenhouse gases (GHGs) while generating electricity offers a new paradigm for climate
mitigation. Here, we report a GHG-driven energy harvesting system, termed a gas capture and electricity
generator (GCEG), that directly converts the adsorption of NO, and CO, into electrical power. The
device integrates a carbon black-coated mulberry paper electrode with an asymmetrically dip-coated
polyacrylamide hydrogel, enabling selective gas adsorption and voltage generation via modulation of the
electrical double layer. Upon exposure to 50 ppm NO,, the GCEG delivers 0.8 V and 55 pA, scaling to

Received 9th November 2025, 3.8 V and 140 pA through series and parallel integration. Infrared spectroscopy and atomistic simulations
Accepted 13th February 2026 reveal that hydrogen-bond-driven gas—hydrogel interactions govern the energy harvesting mechanism.
DOI: 10.1039/d5ee06789h By integrating gas capture and electricity generation within a single self-powered platform, this

approach provides a scalable, low-energy pathway for mitigating multiple GHGs and offers a promising
rsc.li/ees strategy toward carbon neutrality.

Broader context

Addressing the escalating impacts of climate change remains one of the most pressing global challenges. Despite continuous international efforts and
advances in renewable energy and carbon-capture technologies, existing approaches still face intrinsic challenges such as high energy consumption, low
selectivity, and complicated processing routes. In this work, we propose a gas capture and electricity generator (GCEG) system capable of directly capturing
greenhouse and toxic gases while converting their adsorption energy into usable electricity. The GCEG employs a hydrogel-coated, carbon-based electrode that
selectively adsorbs NO, and CO, and transforms the resulting surface potential into electrical power, establishing an energy-generating carbon-mitigation
platform. In particular, chemical functionalization of the hydrogel enables electricity generation during NO, adsorption, while chemical modification of the
carbon materials allows power generation from CO, capture as well. This study moves beyond conventional adsorption-based carbon-reduction strategies
by introducing an integrated system that simultaneously performs gas capture and energy conversion. The proposed approach opens a pathway toward a self-
powered and sustainable platform that not only removes harmful gases but also contributes to carbon neutrality through energy generation.
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Introduction

Accelerating climate change represents one of the most critical
global challenges, demanding innovative strategies to achieve
net-zero greenhouse gas (GHG) emissions."” Decades of cumu-
lative emissions have already led to a steady rise in atmospheric
GHG concentrations, intensifying the urgency of mitigation
efforts. Thus, suppressing future emissions alone is insuffi-
cient; technologies capable of actively removing and reducing
already-emitted GHGs are indispensable. The six major GHGs,
carbon dioxide (CO,),> methane (CH,), nitrous oxide (N,O),
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sul-
fur hexafluoride (SFg), have been identified as primary contri-
butors to global warming.* Among them, CO, is the most
significant due to its massive emissions from fossil fuel com-
bustion and environmental destruction. In addition, nitrogen
oxides (NO,), extensively released from industrial processes,
vehicle exhausts, and agricultural activities, contribute to ozone
formation under solar irradiation, thereby exerting a substan-
tial impact on climate change.”®

To address these challenges, extensive efforts have focused
on developing carbon capture, utilization, and storage (CCUS)
technologies.” Conventional CCUS approaches, such as amine
adsorption and calcium looping, capture CO, and subsequently
release it under high-temperature and high-pressure condi-
tions for reuse or long-term storage.® Captured CO, can further
be converted into carbon-based organic materials or petro-
chemicals such as olefins, naphtha, and aromatics, or utilized
as synthetic gas for fuels. However, these processes are highly
energy-intensive, requiring substantial thermal energy as well
as expensive noble-metal catalysts for CO, conversion. Further-
more, CCUS technologies remain largely constrained to CO,,
lacking the flexibility to address other critical GHGs such
as NO,. Consequently, CCUS, while powerful, faces intrinsic
limitations, including high energy consumption, catalyst
dependence, and limited applicability to diverse GHGs.

Given these limitations, approaches are needed that can
selectively capture GHGs and simultaneously convert them into
useful forms of energy without additional thermal energy or
catalysts. Beyond simple capture, the direct utilization of GHGs
as an energy source offers a transformative pathway toward
sustainable climate mitigation. Recent advances in hydro-
voltaic and moisture-based nanogenerators, which generate
electricity via asymmetric adsorption of ions and molecules in
water, demonstrate the potential of adsorption-driven energy
harvesting® (Table S1). However, these water-based systems face
inherent drawbacks, including long-term water consumption,
evaporation-induced instability, and corrosion. Considering
water’s critical ecological role, such limitations hinder large-
scale sustainability. Therefore, utilizing GHGs themselves as an
energy reservoir presents a paradigm that can overcome the
shortcomings of water-based systems while directly contributing
to net-zero emissions.

Herein, we report for the first time a simple and robust gas
capture and electricity generator (GCEG) system, which simul-
taneously captures GHGs and generates electricity. The device

2150 | Energy Environ. Sci., 2026, 19, 2149-2160

View Article Online

Energy & Environmental Science

is based on a conductive carbon/cellulose backbone asymme-
trically coated with a hydrogel layer, enabling the selective
adsorption of NO, and CO, from the surrounding atmosphere
while producing a direct voltage and current output. Upon
exposure to 50 ppm NO,, the GCEG exhibits an open-circuit
voltage (Voc) of ~0.8 V and a short-circuit current (Isc) of
~80 pA, sustained by the reversible adsorption-desorption
dynamics of gas molecules. Atomistic simulations confirmed
that the energy generation mechanism originates from unique
electronic interactions between NO, molecules and the hydro-
gel interface. Moreover, the voltage output remains stable for
up to 24 hours under continuous gas flow and demonstrates
robust reproducibility. As a proof of concept, the device suc-
cessfully harvested electricity from NO, emitted during agricul-
tural microbial decomposition. Importantly, the scalability of
the GCEG with device arrays was demonstrated, highlighting its
potential for practical deployment. By harnessing captured
GHGs directly as an energy source, this innovative approach
not only contributes to emission reduction but also introduces
a paradigm shift in transforming harmful GHGs into valuable
and sustainable electricity.

Results and discussion

Design and working principle of the gas capture and electricity
generator (GCEG)

We demonstrate a strategy that integrates gas capture and
electricity generation within a single system. As a proof of
concept, we present the GCEG, a self-powered device that selec-
tively captures NO, and CO, while producing electrical output
(Fig. 1). The GCEG incorporates a polyacrylamide (PAM) hydro-
gel layer that selectively adsorbs GHG molecules, along with a
mulberry paper (cellulose-based natural fiber) electrode coated
with carbon black (CB) nanoparticles, which generates a potential
difference and current (Fig. S1). Notably, the PAM hydrogel layer
adopts a “Janus” structure, with the coating applied to only one
half of the fiber electrode, establishing a potential difference
between the two ends of the electrode (Fig. 1a). A detailed
description of the device fabrication and materials is provided
in the Methods section.

Electricity generation in the GCEG system arises from a
cation exclusion effect triggered by the selective adsorption
of gas molecules within the PAM hydrogel. The mechanism
proceeds as follows: (i) gas molecules that interact strongly
with PAM amide groups (-CONH,) are selectively captured. NO,
molecules, in particular, act as strong electron acceptors with
high electron affinity and are well-known oxidizing gases,
thereby enhancing their interaction with polar functional groups
in the hydrogel and increasing their affinity for the hydrogel
matrix.">"" (ii) These interactions induce a spatial redistribution
of electron density, leading to partial electron depletion around
the amide groups. The induced partial positive charge promotes
cation exclusion from the hydrogel and drives the migration of
cations toward the electrode surface.™ (iii) The excluded cations
subsequently adsorb onto nanostructured carbon surfaces, whose

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 The gas capture and electricity generator (GCEG) and its main properties. (a) Schematic illustration of the GCEG device, featuring an asymmetric
structure with a PAM hydrogel coating on one half of the CB-coated mulberry paper. The device enables electricity generation and gas capture.
(b) Adsorption capacity of the PAM hydrogel evaluated under continuous 560 ppm NO, exposure. (c) In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) spectra of the hydrogel after exposure to 1000 ppm NO, and N, for 15 min at room temperature. (d) Time-dependent Voc of the
GCEG under continuous 30 ppm NO, exposure at 30% relative humidity (RH), and the corresponding ion mobility changes upon NO, exposure as

determined by in situ electrochemical impedance spectroscopy (EIS).

integration with mulberry paper maximizes cation adsorption
capacity.® Notably, the Janus electrode design induces an asym-
metric cation distribution, generating a potential difference that
drives electron flow and enables electricity generation. To validate
the proposed selective gas adsorption mechanism of the GCEG,
the gas adsorption capacity was quantified through controlled gas
uptake measurements (Fig. S2). The adsorption capacity was
calculated using a mass balance equation derived from the break-
through curve showing changes in concentration (Fig. 1b and
Discussion S1). The CB-coated mulberry paper exhibited an NO,
adsorption capacity of 0.03 mmol g~ ', whereas integration with
the PAM hydrogel increased the NO, capacity to 0.17 mmol g~ .
This enhancement indicates that incorporating the PAM hydrogel
induces asymmetric NO, adsorption between the hydrogel layer
and the CB-coated mulberry paper. Although the NO, adsorption
capacity of the present GCEG is lower than that of state-of-the-art
sorbents optimized solely for gas capture (Table S2), the primary
significance of this work lies in demonstrating a passive device
concept that directly converts gas adsorption into electrical energy.

To further investigate the selective NO, gas adsorption
mechanism in the PAM hydrogel layer, molecular interactions

This journal is © The Royal Society of Chemistry 2026

were examined using in situ diffuse reflectance infrared Fourier
transform spectroscopy (in situ DRIFTS) (Fig. 1c and Fig. S3).
Infrared (IR) spectra of the PAM hydrogel, recorded 15 min after
exposure to 1000 ppm NO, or N, under dry conditions, were
baseline-corrected using the initial hydrogel spectrum to mini-
mize background interference. A peak at 1600-1500 cm ',
attributed to NO, stretching,'*"® intensified with prolonged
NO, exposure, whereas no distinct vibrational band was
observed under N, flow (Fig. 1c). This observation indicates
strong dipole-dipole interactions and hydrogen bond for-
mation between the amide groups of the hydrogel and NO,
molecules,'®*® accompanied by additional weak van der Waals
interactions. These interactions sustain voltage generation as
long as the NO, concentration is maintained. When the gas is
supplied at a stable concentration, the output voltage rises sharply
until it reaches a saturation level and then remains steady over
time. For example, at a constant 30 ppm NO,, the voltage rose
sharply to a saturation point and remained stable for 4 h (Fig. 1d).
The maximum voltage corresponds to an equilibrium between
adsorbed NO, on the hydrogel and the surrounding atmosphere,
after which the output remains constant. Notably, additional

Energy Environ. Sci., 2026, 19, 2149-2160 | 2151


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee06789h

Open Access Article. Published on 13 February 2026. Downloaded on 6/28/2026 9:37:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

long-term stability tests demonstrate that the saturated voltage
can be sustained for more than 24 h without noticeable
degradation (Fig. S4), and repeated adsorption-desorption
cycling tests over 15 cycles show stable and reproducible
voltage and current responses (Fig. S5). The cycling stability
of the GCEG was evaluated based on the ratio of the response
amplitudes between the initial and final cycles. The response
amplitude, defined as the difference between the baseline and
response voltages in each cycle, decreased slightly from 0.70 V
(first cycle) to 0.665 V (final cycle), corresponding to a response
retention of 95.0%. Furthermore, the device maintains reliable
voltage generation under both low- and high-temperature condi-
tions, confirming the robustness of the gas-induced electricity
generation mechanism across a wide range of environmental
conditions (Fig. S6).

The strong interaction between NO, and the PAM hydrogel
induces electron density redistribution, leading to a cation
exclusion effect. To examine its influence on ion transport,
we measured the ionic conductivity and mobility of the hydrogel
using in situ electrochemical impedance spectroscopy (in situ EIS)
(Fig. 1d and Fig. S7). Ionic mobility (x) was calculated from the
Nernst-Einstein equation:

B el2w,
Y

v

where u represents the ion mobility (cm® V' s7%), 1 is the thick-
ness of the electrical double layer (EDL) (cm), w, is the angular
frequency corresponding to the minimum in the imaginary
impedance (s '), e is the elementary charge, kg is the Boltzmann
constant, and T is the absolute temperature. Upon exposure to
50 ppm NO,, gradual hydrogen-bond formation between NO,
and the amide groups reduced ion mobility from 8.97 to 7.12 X
107" em® V' s~ reaching 4.5 x 107" em® V' 57" at saturation.
When the gas flow was stopped, mobility recovered to its initial
value, confirming that NO, adsorption reversibly inhibits ion
movement, a phenomenon attributed to the strong intermolecular
interactions between the NO, gas and the hydrogel (Fig. S8). This
reversible suppression of ion mobility strengthens the cation
exclusion effect, driving cations toward the electrode surface and
contributing to potential generation.

Atomistic origin of GCEG operation

To gain molecular-level insight into the gas-selective cation
exclusion mechanism driving power generation in the GCEG
system, we performed multiscale simulations combining mole-
cular dynamics (MD) and density functional theory (DFT). Two
representative models were prepared: dry and fully-hydrated
(Fig. 2a) PAM hydrogels to analyze the adsorption-induced
power generation behavior of five distinct gas species: NO,,
NO, CO,, NH3, and H,. Projected density of states (PDOS)
analysis of the hydrated system classifies the gases into three
different types (Fig. 2b). Type A gases (NO, and NO) are
characterized by distinct molecular peaks (Ep) located near
the Fermi energy level (Eg), enabling efficient electron transfer
to the PAM hydrogel. The type B gas (CO,) retains identifiable
peaks, but these are located far from the Ef, leading to weaker

2152 | Energy Environ. Sci., 2026, 19, 2149-2160
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charge transfer. Meanwhile, type C gases (NH;3 and H,) exhibit
negligible gas-specific peaks hybridized with H,O through
hydrogen bonding networks. This indicates minimal electronic
interaction with the hydrogel matrix but a much stronger
interaction with water.

Notably, such gas-specific interactions are greatly intensified
by hydration. Relative to the dry condition, hydration markedly
decreases the Ep—Er value, narrowing the gap between the gas
molecular states and Er by consequently lowering the energy
barrier for charge transfer (Fig. 2c and Fig. S9): the energy gaps
decrease from 0.67 eV to 0.44 eV for NO,, from 0.31 €V to
0.11 eV for NO, and from 3.47 eV to 2.77 €V for CO,. This
hydration-assisted modulation leads to distinct changes in the
net electron density of the PAM hydrogel. Type A gases act as
strong electron donors to the hydrogel, while type C gases behave
as either an electron acceptor (H,) or a weak donor (NH3) through
hydrogen bonding with water rather than with the hydrogel
(Fig. 2d and Fig. S10). Meanwhile, type B gas (CO,) exhibits
moderate electron transfer by interacting with both the hydrogel
and surrounding water molecules. The effect of charge transfer is
directly reflected in the downward shift of Ex (AEg) upon gas
adsorption (Fig. 2e and Fig. S9). The magnitude of AEg follows the
order type A (—2.72 eV and —1.53 eV for NO, and NO, respectively)
> type B (—1.03 eV for CO,) > type C (—0.20 eV and —0.28 eV
for NH; and H,, respectively). Importantly, despite its intrinsically
low solubility under hydrated conditions, type B gas (CO,) pro-
duces a moderate Er shift when modeled in a fully dissolved state.
This result implies that CO, could also contribute significantly
to voltage generation in environments where its solubility is
enhanced.

Distinct molecular peaks near the Eg, along with the Er shift,
indicate a spatial redistribution of electron density within the
hydrogel. The gas-specific Ex modulation reflects gas-dependent
electronic interactions and the resulting tendency for cation
exclusion. When the PAM hydrogel contacts the CB-coated mul-
berry paper electrode, larger Ep shifts promote greater charge
displacement toward the electrode, whereas smaller shifts induce
weaker transfer. This effect manifests as a gas-specific gating
behavior. Within the Janus electrode configuration of the GCEG
system, the hydrogel-coated and uncoated sides therefore experi-
ence different potential responses depending on gas type, giving
rise to a measurable electrostatic potential difference. This
potential difference translates into the output voltage of the device
and serves as the driving force for current flow. The sequential
mechanism—selective gas adsorption, hydration-assisted Er mod-
ulation, charge redistribution, and Janus-induced output voltage
generation—is illustrated in Fig. 2f. Type A gases, which induce
the largest Er shifts, yield the strongest cation exclusion, followed
by the intermediate response of type B and the negligible response
of type C. These results suggest that optimizing the PAM layer and
electrode design could extend electricity generation to include
selective adsorption of type B gases (CO,).

Electrical output characteristics of GCEG

To validate the integration of GHG capture and power genera-
tion, the electricity generation performance of the GCEG was

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Atomistic simulation results for the GCEG systems upon adsorption of gas species. (a) An atomistic model of the hydrated PAM hydrogel. (b) Spin-
resolved PDOS plots for type A (NO, and NO), type B (CO,), and type C (H, and NHs) molecules. Positive and negative values indicate the magnitude of
DOS for up and down electronic spins, respectively. In the plots, the light gray shading, dark gray line, and colored lines denote the hydrogel, water, and
the adsorbed gas species, respectively, while the red dashed and green dotted lines mark the Fermi level (Ef) and the nearest molecular peak (Ep).
(c) Summary of Ep—Ef values for type A and type B molecules; lighter and darker bars indicate values before and after hydration of the PAM hydrogel,
respectively. (d) Change in the net electron count associated with each gas molecule within the system and (e) corresponding AEg of the system under
hydrated and gas-adsorbed conditions. (f) Schematic energy diagrams of GCEG output voltage generation for type A (left), type B (center), and type C
(right) gases with large, moderate, and small AV, respectively.

evaluated (Fig. 3). Specifically, the correlation between electri-
cal output and factors such as gas concentration and humidity
was established to maximize power generation efficiency.
Measurements were conducted in a controlled chamber using
a source meter, with the gas concentration and humidity
precisely regulated by mass flow controllers (MFCs) (Fig. S11).

This journal is © The Royal Society of Chemistry 2026

The output voltage originates from the EDL formed by the
adsorption of water molecules and ions from the asymmetric
hydrogel onto the CB surface,” enabling a potential difference
of ~0.1 V even at 0% RH. Power generation tests were thus
performed by introducing gas under constant RH conditions.
As shown in Fig. 3a, the output of the GCEG began to rise at

Energy Environ. Sci., 2026, 19, 2149-2160 | 2153


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee06789h

Open Access Article. Published on 13 February 2026. Downloaded on 6/28/2026 9:37:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Energy & Environmental Science
a o8 g0 b 3 c
= ~ 50 ppm
> 3
o 0.6} 60 = 20
s s 2
S Sies
< 04} 0c° 5
3 \ 3 210
& | = o
Q [ o o H
g 0.2f ; 20 §
(@] 50 ppm NO2 50 ppm NO2 E% 0 -
0 500 1000 500 1000 10° 10" 102 10%® 10* 10° 10° 107 NO> NO N:O NHs HCHOH.S H:
Time (s) Resistance (Q) Gas
dﬂ 0.8 e 25 f 1.0
= 0% RH 0% RH 30% RH 50 ppm NO2
~ 30% RH S e i BB BB R e
z 0.6 20 - 50% RH | < 08
= - Bl e s g
g - S R 2 06
[} < = - & =
Z g0 | 3
g & y S 04}
2 02 5 ps ¢
2 ¥ g
2 I ol ¥ 0.2 0 ppm NO2
0 O Y — le — S T— — - I L
1 10 25 50 100 0 10 20 30 40 50 0 2 4 6 8 10
NO, concentration (ppm) NO, concentration (ppm) Time (hour)
g g4 h 20 I 4
e = = = = ] i HEH Y
2 C X = = = oS5
= L g ©
g 3 = 150 9 3 S4
S o S
] = )
> 3 >
=2 - x 100 g 220 e
2 2 - 2 .
5 5 @ 3 :
5L =) £ 50 — 51} 529
o 2 Q St P2 P3 P4
o 2] 9 P1 P5
5 50 ppm NO2 50 ppm NO2
0 . . 0 . . .
0 500 1000 1500 0 500 1000 1500 0 50 100 150 200
Time (s) Time (s) Short-circuit current (uA)

Fig. 3 Electrical performance of the GCEG. (a) Measured Vo and Isc profiles of the GCEG (20 kQ load) under 50 ppm NO, exposure at 0% RH.
(b) Variation of Vo, Isc, and power output with external load resistances ranging from 1 Q to 10 MQ under 50 ppm NO, exposure at 50% RH. (c) Gas
selectivity of the GCEG evaluated by comparing the maximum Vo and Isc under 50 ppm exposure to different gases at 0% RH. (d) Dependence of output
voltage and current on NO, concentration (0-100 ppm) at 0% RH. (e) Variation of power output with NO, concentration and RH. (f) Long-term stability
of the GCEG under cyclic adsorption—desorption of 50 ppm NO, at 30% RH. (g) Voltage and (h) current output from the five GCEG devices connected in
series and parallel, respectively. (i) Enhanced output performance achieved by connecting multiple GCEG devices in series or parallel configurations

under 50 ppm NO, exposure at 0% RH.

500 s upon injection of 50 ppm NO,. Subsequently, with the
continuous NO, inflow, the adsorption reaction at the hydrogel
interface reached equilibrium, resulting in a maximum output
voltage of 0.8 V and a current of 55 pA. To evaluate the
maximum power output, a variable resistor (10 kQ-10 MQ)
was connected to the external circuit (Fig. 3b). The power
density (P) was calculated as:

P=(I"R)/A

where I denotes the output current that varies with the external
load, R denotes the load resistance, and A represents the area of
the GCEG. As R increased, the voltage increased while the
current decreased, yielding a maximum power of 24 uW for
a GCEG (3 x 6 cm?) at 10 kQ under 50 ppm NO, at 50%
RH (Fig. 3b).

To experimentally validate the atomistic power generation
mechanism proposed for the GCEG system, we examined the
correlation between gas type and the resulting electrical output

2154 | Energy Environ. Sci., 2026, 19, 2149-2160

(Fig. 3c). Type A gases (NO, and NO) generated high voltage and
current due to their large Er shifts, which reinforce cation
exclusion and amplify the potential difference across the Janus
electrodes. In contrast, type C gases (NH; and H,) showed
negligible electrical output, as their weak interaction with the
PAM hydrogel produced minimal Er modulation and cation
exclusion, despite strong interactions with water.

The operation mechanism of the GCEG system was further
verified by correlating gas adsorption, hydrogel water content,
and power generation. Voltage and current were measured
under 0% RH while varying NO, concentrations from 1 to
100 ppm (Fig. 3d). Increasing NO, concentration enhanced
adsorption within the hydrogel, thereby reinforcing the cation
exclusion effect and elevating the maximum output voltage and
current. Saturation of adsorption sites led to thermodynamic
equilibrium and peak power output, indicating that reversible
intermolecular interactions between NO, molecules and the
PAM hydrogel govern both adsorption selectivity and electricity

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee06789h

Open Access Article. Published on 13 February 2026. Downloaded on 6/28/2026 9:37:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

generation. Notably, an electrical response was observed even
at concentrations as low as 0.5 ppm, indicating the high
sensitivity of the device (Fig. S12). Experiments conducted at
a constant gas concentration under varying RH (0%, 30%, and
50%) show that increasing RH enhances the power output of
the device (Fig. 3e and Fig. S13). Higher hydrogel water content
promoted ion and water transport, further amplifying the
cation exclusion effect. At elevated RH, excessive moisture
weakens the control of the hydrogel-enabled asymmetric
adsorption, leading to increased variability in device perfor-
mance and consequently larger error bars. These variations reflect
humidity-induced fluctuations rather than statistically meaning-
ful deviations from the overall monotonic trend. When RH
exceeds 80%, however, a slight decrease in power output is
observed (Fig. S14), which is attributed to the loss of a fully dry
region and the resulting reduction in contrast between the dry
and wet regions. Collectively, these results indicate that electricity
generation in the GCEG originates from gas-induced charge
redistribution and electrostatic potential modulation that rein-
force cation exclusion, and that strengthening this asymmetry
directly enhances device performance.

A distinctive feature of the GCEG is its switchable power
generation, which arises from the reversible adsorption and
desorption of incoming gas molecules. To verify the on-off
power generation behavior, the output voltage was monitored
for 10 h under alternating injections of 50 ppm NO, and air
(Fig. 3f). Under continuous NO, supply, the maximum power
output was maintained at a stable level, whereas air injection
that reduced the NO, level to 0 ppm restored the output
voltage to its initial state. When water or an amine solution
was impregnated into the carbon instead of the hydrogel,
reversible voltage on/off characteristics were not observed
(Fig. S15). This reversible response highlights the dynamic
redistribution of electron density within the hydrogel, indicat-
ing that the power generation characteristics of the GCEG are
governed by gas adsorption-desorption equilibria. In addition,
the output performance of the GCEG can be systematically
enhanced through serial and parallel configurations (Fig. 3g
and h). A series connection of five devices yielded a maximum
output voltage of 3 V, while a parallel connection produced a
maximum current of approximately 160 pA. These results
demonstrate that even simple circuit-level integration enables
effective amplification of the output performance (Fig. 3i and
Fig. S16). Furthermore, connecting additional GCEG devices
allows the generation of higher power outputs as required, thus
facilitating straightforward scale-up.

Extension of gas-driven power generation via the CO,-amine
reaction

As a step toward establishing the GCEG as a practical GHG
mitigation technology, we further introduced a CO,-adapted
architecture that couples selective adsorption of CO, with
electricity generation, thereby extending the scope of the GCEG
(Fig. 4a). Unlike polar gases such as NO, and NHj3, nonpolar
CO, has low chemical reactivity and does not form hydrogen
bonds with the PAM hydrogel.* However, due to its moderate
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solubility in water, a portion of CO, dissolves into the hydrogel,
where it reacts with water to produce bicarbonate (HCO;™) and
protons (H).'®?° The resulting proton migration generates a
modest voltage under 30% CO, exposure (Fig. 4b). This electro-
chemical response, originating from CO, dissolution, does not
fully recover upon air reintroduction and exhibits only a limited
spontaneous reversibility (Fig. $17).

To enhance the GCEG response to CO,, an amine solution
consisting of monoethanolamine (MEA, primary amine) and
diethanolamine (DEA, secondary amine) was applied asym-
metrically to the electrode surface, leaving the PAM hydrogel
region unmodified. In aqueous environments, CO, reacts with
both primary and secondary amines via well-established path-
ways, including the zwitterion mechanism and subsequent
carbamate or bicarbonate formation. In both cases, CO, initi-
ally forms a zwitterionic intermediate, followed by proton
transfer, resulting predominantly in ammonium carbamate
species for primary and secondary amines. Accordingly, in
the presence of CO,, the amines form carbamate or bicarbonate
species, releasing protons and thereby amplifying interfacial
reactivity.'® Under air flow in a cross-polarity electrode configu-
ration, an initial output voltage was generated by EDL for-
mation at the amine-CB interface (Fig. 4c). Upon switching the
atmosphere to 30% CO,, this voltage progressively decreased,
consistent with the reaction pathway described in the following
equations:

Primary amine (MEA): 2RNH, + CO, — RNHCOO™ + RNH;"

Secondary amine (DEA): 2R,NH + CO, — R,NCOO™ + R,NH,"

Through these reactions, the amine solution forms carbamate
(RNHCOO™ or R,NCOO™) or bicarbonate (HCO; ) species. The
formation of these anionic species is accompanied by proton (H")
generation, which initially contributes to EDL formation at the
amine-CB interface. However, as the local concentration of H
near the CB surface decreases through neutralization or electro-
static displacement by the accumulated anions, the interfacial
energy gradually approaches that of the bare CB without amine
treatment. Consequently, the EDL-induced surface charge
potential, which was initially modulated by proton enrichment,
progressively returns toward its baseline level. This restoration
attenuates the potential gradient between amine-modified and
unmodified regions, thereby leading to a measurable decline in
overall voltage output.

Building upon these findings, the system was further eval-
uated with the DEA solution as the cathode and the PAM
hydrogel as the anode under a 10% CO, atmosphere (Fig. 4d).
Comparable output characteristics were observed for the MEA-
based system, as detailed in the SI (Fig. S18). CO, exposure
maximized the potential difference between the electrodes,
markedly increasing the output voltage. This phenomenon
arises from increased surface energy at the amine interface
due to anion accumulation, contrasted with decreased surface
energy at the PAM hydrogel interface, thereby amplifying the
potential gradient. Unlike NO,-driven processes in the GCEG,
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Fig. 4 Electrical performance of the modified GCEG under CO, exposure. (a) Schematic of the modified GCEG incorporating an amine solution
(diethanolamine (DEA) or monoethanolamine (MEA)), featuring an asymmetric structure with a hydrogel coating on one half of the CB-coated mulberry
paper and an amine solution coating on the other half. (b) Voc profiles of the original GCEG under 30% CO, exposure in air with different electrode
configurations. (c) Voc profiles of the modified GCEG with DEA (DEA-GCEG) under 30% CO, exposure in air with different electrode configurations.
(d) Maximum electrical output of the DEA-GCEG under 10% CO, exposure. (e) Normalized Voc profiles of the DEA-GCEG at various CO,
concentrations. (f) Comparison of Voc for the GCEG and DEA-GCEG under 30% CO, exposure and 50 ppm NO, exposure. (g) Comparison of Voc
and /sc for the DEA-GCEG devices with different active materials under 10% CO, exposure at 30% RH.

CO, reactions in this system are irreversible at ambient tem-
perature; air purging cannot induce desorption. This non-
recoverable response arises from the exothermic amine-CO,
reaction, whose reversal is thermodynamically unfavorable
without thermal input.

To elucidate the influence of CO, concentration on output
voltage, voltage profiles were measured under 10%, 30%, and
50% CO, (Fig. 4e). The saturation voltage was nearly constant
across concentrations, but the time to reach saturation
decreased as CO, levels increased. Given the 1:1 stoichiometry
between CO, and amines, saturation occurs once all accessible
amine sites on the CB surface have reacted. The resulting
amine-CO, adduct is highly stable, inhibiting the reverse
reaction at ambient temperature. Consequently, even at low CO,
concentrations, sustained CO, exposure ultimately consumes

2156 | Energy Environ. Sci., 2026, 19, 2149-2160

all amine groups, yielding the same saturation voltage. This
behavior substantiates that the output voltage is governed by
the irreversible amine-CO, chemical reaction under ambient
conditions (Fig. $19). Although minor contributions from
reversible physical adsorption processes, such as those asso-
ciated with the PAM hydrogel, can lead to partial regeneration
of the electrical response (Fig. S20), the realization of a fully
regenerable system remains limited within the current device
architecture.

The CO, gas adsorption capacities of the GCEG were also
evaluated. Consistent with the previous section, the CO,
adsorption capacities of the CB-coated mulberry paper,
PAM hydrogel, and DEA-GCEG were quantified (Fig. S21 and
Discussion S1). The measured CO, adsorption capacities were
2.404, 9.721, and 25.793 mmol g~ * for the CB-coated mulberry

This journal is © The Royal Society of Chemistry 2026
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paper (bare), PAM hydrogel, and DEA-GCEG, respectively,
showing a progressive increase with the addition of adsorbents.

The voltage generation characteristics of the original GCEG
system and the DEA-GCEG were compared under exposure to
50 ppm NO, and 30% CO, (Fig. 4f). The original GCEG
responded strongly to NO, but negligibly to CO,, whereas the
DEA-GCEG showed the opposite behavior. The introduction of
selective adsorption sites, hydrogels for NO, and amines
for CO,, therefore enables controlled energy harvesting from
multiple GHGs. To further demonstrate material versatility,
we incorporated CB with the conductive polymer polyaniline

a ) 2 [ 5
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E °
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(PANI), both in pure form and as PANI-carbon composites
(Fig. 4g and Fig. S22). These configurations maintain CO,-
responsive power generation (Fig. $23), highlighting the adapt-
ability of the GCEG platform through hydrogel-polymer
integration.

Potential applications of the GCEG

To demonstrate the scalability and practical applicability of the
GCEG, we constructed an array system as shown in Fig. 5a. Up
to 25 GCEG devices were placed in a gas chamber, where the
gas concentration and flow rate were precisely controlled by the
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Fig. 5 Scale-up and gas reduction demonstration using the GCEG. (a) Schematic of the setup for the scale-up demonstration, utilizing multiple GCEGs
connected in series and parallel. (b) Photograph of the experimental setup showing the array device for increased power output. (c) Variation of the Vo,
Isc, and power with external load resistances from 1 Q to 10 MQ for an array of 25 devices. (d) Photograph of the setup demonstrating the GCEG powering
a Bluetooth location-tracking loT device. (e) System diagram of the GCEG-powered Bluetooth location-tracking loT device. (f) Charging voltage profiles
when connected to a clock and an loT sensor. (g) Photograph of the experimental setup illustrating gas reduction by adsorption on the hydrogel in the
GCEG. (h) Schematic of the setup used to collect gas samples for concentration analysis. (i) Outlet NO, concentration and reduction rates over time,
comparing an empty chamber and a chamber containing GCEG devices. (j) Illustration of the GCEG in a real agricultural environment. (k) Simulated
agricultural chamber containing the GCEG. (|) Electrical output of the GCEG with and without fertilizer over 24 h.
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MFCs. As depicted in Fig. 5b, the array enabled optimization for
enhanced power output, with 25 devices arranged in a 5-series/
5-parallel configuration. By varying the load resistance from 1 Q
to 10 MQ, the system delivered a maximum voltage of ~4 V,
a current up to 150 pA, and a peak power output of 0.1 mW
under 0% RH with 100 ppm NO, exposure (Fig. 5¢).

Using the scaled GCEG array, we further demonstrated the
practical device integration by powering a wearable Bluetooth
location-tracking IoT module and a digital clock (Fig. 5d).
In this configuration, 18 GCEG devices were connected in a 6-
parallel/3-series configuration (Fig. 5¢). Under 50 ppm NO, at
0% RH, the array charged two parallel-connected 1 mF capaci-
tors (2 mF total) up to ~2.5 V. Connection to the digital clock
caused a slight voltage drop, confirming successful operation
(Fig. 5f). Similarly, integration with the IoT device triggered
sensor activation on a tablet interface, accompanied by a
voltage decrease. Additional images are provided in the SI
(Fig. S24). Together, these results underscore the feasibility of
scaling up GCEG arrays for low-power electronic applications.

In addition, we assessed the gas reduction capability of the
GCEG system (Fig. 52). Outlet gas collected from the chamber
system was examined using an FT-IR gas analyzer (Fig. 5h). An
empty chamber served as the reference, and outlet gas samples
were collected over time as the gas passed through the GCEG
array (Fig. 5i). The outlet NO, concentration decreased to 18.36
ppm after 20 minutes, corresponding to a 41.1% reduction
relative to the reference. The reduction rate gradually declined
over time due to site saturation. These findings confirm
that the GCEG not only generates electricity but also functions
as a gas reduction device through adsorption, indicating its
potential for real-world applications.

Finally, we evaluated the electricity generation performance
of the GCEG under conditions simulating a natural agricultural
environment. In such environments, the use of ammonia-based
fertilizers leads to elevated NO, emissions through the nitrifi-
cation process (Fig. 5j). To reproduce this scenario, soil mixed
with NH; fertilizer was placed in a sealed chamber together
with the GCEG, and the electrical output was continuously
monitored for 24 h (Fig. 5k). Notably, in the presence of
fertilizer, a significant voltage increase was observed after
12 h compared to the control without fertilizer, demonstrating
that the GCEG can effectively harvest electricity from GHGs
generated from natural processes (Fig. 51). In addition, the
GCEG can generate electrical output in real open-field environ-
ments when exposed to ambient NO,, even in the presence of
wind and gas diffusion (Fig. S25). These results demonstrate
the potential of the GCEG for real agricultural applications.

Conclusions

Based on gas-gel interfacial interactions, we propose a GCEG
that simultaneously harvests energy and captures GHGs such
as NO, and CO,. The device features an asymmetric architec-
ture in which conductive CB-coated mulberry paper is partially
covered with a PAM hydrogel. For NO,, hydrogen bonding
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between gas molecules and the hydrogel redistributes local
electron density, enhancing cation exclusion and modulating
the EDL at the electrode interface. This mechanism yields a
maximum output of 0.8 V and 55 pA under 50 ppm NO,. Series
and parallel integration increase the output to 4 V and 150 pA,
demonstrating the scalability of the device concept. Notably,
the integration strategy employed here does not rely exclusively
on precisely fabricated, fully reproducible unit devices, but
rather serves as a proof-of-concept demonstration that series
connection effectively increases the output voltage, without
aiming for ideal linear scaling through performance-optimized
arrays. By tailoring gas adsorption sites, hydrogels for NO, and
amine-functionalized layers for CO,, the GCEG enables selective
energy harvesting from multiple GHGs. In particular, CO,-
induced electricity generation driven by the amine-CO, chemical
reaction highlights the feasibility of electricity generation via
chemical interactions. As a proof-of-concept platform, the present
GCEG prioritizes validation of the gas-gel interaction-driven
mechanism over full optimization of operational stability and
reversibility. Accordingly, humidity-dependent variability, partial
loss of adsorption asymmetry under extreme conditions, and
incomplete regeneration originate from the current material
configuration rather than intrinsic limitations of the device con-
cept. The incorporation of reversible CO, capture materials, such
as metal-organic frameworks (MOFs) or covalent organic frame-
works (COFs), is expected to enable cyclic CO, capture-release
behavior and overcome the single-use limitation of the current
system. Overall, this work introduces a simple, scalable, self-
powered platform that integrates gas capture with electricity
generation. The gas collected from the system can be further
directed to downstream catalytic or electrochemical reactors for
detoxification or conversion into value-added products, offering a
promising pathway for future GHG utilization.

Methods

Preparation of carbon black-coated mulberry paper

Carbon black (CB) powder (0.1 g) was dispersed in 20 mL of
deionized (DI) water containing 0.2 g sodium dodecylbenzene-
sulfonate (SDBS) as a surfactant. The mixture was sonicated for
1 h to achieve uniform dispersion. Rectangular sheets of
mulberry paper (3 x 6 cm?) were fully immersed in the disper-
sion for 1 min, removed, and dried in an oven at 65 °C until
completely dry. This process was repeated four times to ensure
sufficient CB loading. The samples were then dried at 65 °C for
at least 12 h before use.

Preparation of polyacrylamide hydrogel

A polyacrylamide (PAM) hydrogel precursor solution was pre-
pared by dissolving 8 g of acrylamide monomer in 90 mL of DI
water. Hygroscopic salts were incorporated by adding 7.1 g LiCl
and 0.4 g KCI under stirring. Crosslinker and initiator were
added sequentially. Specifically, 0.0015 g N,N’-methylene-
bisacrylamide (MBAA) and 0.146 g ammonium persulfate (APS)

This journal is © The Royal Society of Chemistry 2026
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were introduced. Finally, 550 pL of N,N,N’',N'-tetramethyl-
ethylenediamine (TEMED) was added to initiate polymeriza-
tion. The solution was stirred for 10 min at room temperature.

Fabrication of the gas capture and electricity generator (GCEG)
device

The GCEG device was fabricated by partially coating the CB-
coated mulberry paper with a preformed PAM hydrogel. Speci-
fically, the hydrogel was first synthesized separately to form a
soft gel and was then gently stirred to obtain a uniform, sticky
gel phase. The mulberry paper was vertically dipped to approxi-
mately half its length into the hydrogel mass, allowing the
viscous gel to adhere to the exposed surface. Excess hydrogel
was removed by slow withdrawal and slight tapping to ensure
uniform coverage. The coated samples were left under ambient
conditions to stabilize the hydrogel layer on the substrate.

Measurement of gas adsorption capacities

To detect the gas adsorption capacity of the GCEG, we used a
gas adsorption analyzer. As NO, or CO, gas flowed through the
adsorption reactor of the GCEG system, variations in gas
concentration were measured to evaluate the adsorption capa-
city and characteristics. The adsorption capacity of the GCEG
was determined using the mass balance equation, which was
derived from the breakthrough curve that shows changes in
concentration. All calculations were performed assuming ideal
gas behavior at 298 K and 1 atm.

FC; s Co
= s — — |dt
1= @)

where g represents the adsorption capacity of the gas (mol g~ %),
F is the flow rate of the gas entering the reactor (mL min '),
C; is the initial concentration of the gas in the reactor (ppm),
Cy is the concentration of the gas after adsorption (ppm), w is
the mass of the adsorbent (g), and ¢, is the time at which the
inlet and outlet concentrations become equal (min).

Measurement of electrical properties

The electrical properties of the GCEG devices were character-
ized using a programmable electrometer (Keithley 6514). The
open-circuit voltage (Voc) and short-circuit current (Isc) were
recorded under controlled gas exposure conditions. For power
output evaluation, an external variable resistor was connected
across the device terminals, and the output voltage and current
were measured at different load resistances.

Simulation methods

To cost-efficiently describe the PAM hydrogel using an atomis-
tic model, unit cells with more than 20 x 20 x 20 A® volumes
were introduced by incorporating NO,, NO, CO,, H, and NH;
gases and H,0 molecules. A buffer region of at least 20 A was
ensured in all directions to allow for explicit solvation and to
avoid interactions between periodic images. Each simulation
cell contained 16 gas molecules, representing a deliberately
high gas concentration to facilitate the elucidation of gas—
hydrogel interaction mechanisms. The equilibrated atomic
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structures of the PAM hydrogel were obtained through mole-
cular dynamics simulations using the universal force field.*"
Equilibration was performed by alternately applying canonical
(NVT) and isothermal-isobaric (NPT) ensembles at 298 K,
allowing the system to reach thermal, volumetric, and struc-
tural stability.

Based on equilibrated snapshots, a set of electronic struc-
ture calculations were performed using SIESTA (Spanish initia-
tive for electronic simulations with thousands with atoms).>?
Strictly-localized numerical atomic orbital (NAO) basis sets
were used, with single-{ plus polarization for hydrogen and
double-{ plus polarization for carbon, oxygen, and nitrogen.
The energy cutoff was set to 100 meV. Troullier-Martins-type
norm-conserving pseudopotentials®® were adopted to replace
atomic cores. The generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional®*
employed as the exchange-correlation functional, while van
der Waals interactions were treated using Grimme’s D3 disper-
sion correction.?® The Brillouin zone was sampled using a 2 x
2 x 2 Monkhorst-Pack k-point grid.>® For electronic structure
analyses, including charge density difference (CDD) and pro-
jected density of states (PDOS), a denser 4 x 4 x 4 k-mesh was
used. Geometry optimization was performed until the total
energy and atomic forces converged to 10™* €V and 0.01 eV A™%,
respectively. The net number of electrons transferred to or from
the gas molecule upon adsorption (Ae) was calculated as the
difference in total Mulliken charges between the adsorbed and
gas-phase states: Ae = Q;ﬁ: - Qf;;, where Qg‘;: and Qigifs are the
total Mulliken charge of the gas molecule in the adsorbed state
and isolated state, respectively.
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