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Self-sacrificial synthesis of Cuz(HHTP), on Cu
substrate for recyclable NHz gas adsorption with

energy-efficient photothermal regenerationfy
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The efficient adsorption and removal of toxic gases, particularly ammonia (NHz), remains a critical challenge

in environmental management and industrial safety. Metal—organic frameworks (MOFs) have emerged as

promising gas adsorbents due to their tunable structures and high surface area. However, the strong
interaction between NHz and MOFs poses challenges for the regeneration and reusability of MOF

adsorbents, often requiring energy-intensive desorption methods. This study proposes a sustainable

approach for regenerating adsorption sites for recyclable gas adsorbents. We present a facile method for
the direct synthesis of Cus(HHTP), on a Cu mesh substrate (Cus(HHTP),@Cu), utilizing the Cu metal itself
as a precursor to eliminate the need for external metal sources. The resulting Cuz(HHTP),@Cu serves as
a recyclable NHsz adsorbent, leveraging the m-conjugated hexahydroxytriphenylene (HHTP) ligand for
photothermal conversion under sunlight irradiation, where photo-generated heat facilitates NHz
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1. Introduction

The efficient adsorption and removal of toxic gases remains
a critical challenge in environmental management and indus-
trial safety.'™ Among various gas adsorption strategies, porous
crystalline materials such as zeolites, activated carbon, metal-
organic frameworks (MOFs), and hybrid porous materials have
emerged as promising gas adsorbents due to their high surface
area.*” Particularly, MOFs, composed of metal nodes coordi-
nated with organic ligands, are advantageous as effective
adsorbents with their tunable chemical compositions and
abundant active sites.*** Among various toxic gases, ammonia
(NH3) is of particular concern due to its high toxicity and
corrosive nature."> As a polar molecule, NH; interacts with
MOFs through multiple interactions including hydrogen
bonding, coordination bonding (acting as a Lewis base), and
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structure of
Cusz(HHTP),@Cu achieves efficient NHz desorption through a minimally invasive and energy-efficient
mechanism, addressing the limitations of conventional adsorbents.

desorption. The study further explores the effect of an external voltage on the NHsz adsorption

Cuz(HHTP),@Cu. Our findings demonstrate that

van der Waals interaction, allowing its selective adsorption by
MOF-based adsorbents.***

Optimizing the adsorption performance of MOFs can be
achieved through structural and chemical modifications,
framework deformation, or enhancing pore accessibility via
external stimuli like an electric field."”*"” These treatments may
improve interactions between MOFs and target adsorbates,
leading to enhanced adsorption capacity and selectivity.
However, when the interactions between NH; and the adsorp-
tion sites are too strong, it requires higher energy to detach the
adsorbed molecules, posing restraints in regenerating adsorp-
tion sites for the reusability of adsorbents."®" To address this
challenge, various regeneration strategies have been explored
including thermally activated and decompression-based
desorption.'* However, thermal treatment demands signifi-
cant energy input, and the adsorbent requires structural
robustness to maintain structural integrity throughout repeated
thermal-desorption cycles. Also, decompression-based regen-
eration alone is insufficient for the complete detachment of
strongly adsorbed molecules, thus it is typically combined with
thermal treatments to facilitate desorption.>**

While those regeneration methods often require energy
input, photothermal desorption has drawn attention as an
energy-efficient and non-invasive approach to gas desorp-
tion.?»** Unlike thermal treatments, photothermal conversion
harnesses sunlight to generate heat without additional energy
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input or mechanical stress.*** By utilizing solar energy,
adsorption sites can be regenerated for repeated gas adsorption
while minimizing structural alterations of adsorbents and
ensuring long-term stability.?**” Effective photothermal mate-
rials should exhibit broad solar absorption and convert the
absorbed light energy into heat primarily via non-radiative
decay pathways, rather than losing energy through fluores-
cence in the form of radiative relaxation.’®** For the MOFs that
have restricted light absorption efficiency, the excited electrons
commonly return to the ground state predominantly through
radiative relaxation, resulting in the emission of photon rather
than heat.?*

To overcome this limitation, MOFs have been hybridized
with other photothermal-active materials such as carbon-based
nanostructures or plasmonic nanoparticles, thereby improving
light-harvesting capability and thermal energy conversion effi-
ciency.*>* For instance, Pornea et al.** developed a hybrid MOF
shell composed of PCN-224 and Prussian blue and attained
photothermal conversion with broad solar absorption, demon-
strating the temperature increase from 33 °C to 56 °C. Zhu
et al* applied a 3D stacked MOF nanosheet (CASFZU-1)
incorporated with Pd particles for improved photothermal
conversion, increasing temperature from about 40 °C to 54 °C.
Recent developments demonstrated the application of photo-
thermal performance for low-energy gas desorption. Liu et al.*
applied the photothermal ability to develop a recyclable adsor-
bent against ethyl acetate vapor, integrating graphene oxide
nanosheets with MIL-101, where the resulting material showed
stable adsorption-desorption performance during five cycles of
use. Zhou et al.* integrated reduced graphene oxide with MOF-
303 and achieved photothermally induced desorption up to
67.6%. While those studies demonstrated the potential appli-
cation of photothermal ability to gas desorption by combining
graphene-type material with porous MOFs, challenges remain
in exploring the facile and simple process for synthesizing
photothermally recyclable adsorbent. Herein, recent efforts
have turned to conductive MOFs, which inherently possess
light-to-heat conversion capability and thus eliminate the need
for external photothermal agents.***® Unlike most MOFs that
are electrically insulating, conductive MOFs feature highly
conjugated organic linkers coordinated with metal nodes,
forming a narrow band gap between the valence and conduc-
tion band that enhances light absorption.**** As photoexcited
electrons in conductive MOFs relax back to the lower-energy
state, they predominantly undergo non-radiative relaxation,
efficiently converting absorbed energy into heat and trans-
ferring it to surrounding molecules via vibrations and
collisions.*>™*

Speculating that Cuz(HHTP), would allow for effective gas
adsorption and photothermally-induced regeneration of
adsorption sites, this study explores experimental investiga-
tions to develop a recyclable gas adsorbent. A facile approach
for synthesizing Cuz(HHTP), onto Cu mesh was explored, using
the Cu mesh as a self-sacrificial substrate for sourcing metal
precursor, in forming Cus;(HHTP),. By adding only the HHTP
ligand, Cuz(HHTP), was grown directly on the Cu mesh (Cus(-
HHTP),@Cu). The primary goal is to develop Cuz(HHTP),@Cu
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as a recyclable NH; gas adsorbent, leveraging m-conjugated
HHTP ligand for photothermal conversion of sunlight. In this
system, generated heat facilitates the desorption of adsorbed
gas molecules, leading to efficient regeneration of adsorption
sites.

Additionally, the effect of external voltage applied to Cus(-
HHTP),@Cu on NH; adsorption and desorption performance is
examined, focusing on its influence on the structural defor-
mation of Cuz(HHTP), MOF. The photothermal conversion
capability of Cus(HHTP), is analyzed in association with NH;
desorption performance and the recyclability of Cus(-
HHTP),@Cu as an adsorbent. The key feature of this work lies
in the integrated design of Cuz(HHTP), MOF with a metal
substrate for multiple effects as: (1) sustainable synthesis of
Cu;(HHTP), using Cu substrate as a metal precursor source
without external addition of metallic compound, (2) facilitated
photothermal effect via Cu metal's thermal conductivity, and (3)
electrical conductivity leveraged for potential improvement in
gas adsorption with voltage application. This work addresses
the limited recyclability of conventional gas adsorbents and
demonstrates a minimally invasive and sustainable desorption
mechanism. The findings are anticipated to offer an informa-
tive discussion for developing an effective recyclable gas
adsorbent with energy-efficient regeneration strategies.

2. Experimental methods
2.1 Synthesis of Cu(OH), on Cu mesh (Cu(OH),@Cu)

A Cu mesh (3 cm x 3 cm) was sonicated with ethanol and
distilled water for 15 min to ensure a clean surface, respectively.
The cleaned Cu mesh was then immersed in a 80 mL of mixed
aqueous solution of 4 M NaOH and 0.2 M (NH,),S,0g with
a volume ratio of 1:1 at room temperature (25 + 3 °C) for
20 min. Subsequently, it was washed with distilled water three
times and dried at room temperature overnight, yielding the Cu
mesh with grown Cu(OH), nanostructures (Cu(OH),@Cu).

2.2 Synthesis of Cuz(HHTP), on Cu mesh (Cuz(HHTP),@Cu)

1.8 mM of hexahydroxytriphenylene (HHTP) aqueous solution
was prepared by dissolving 0.1 mmol of HHTP in 55 mL of
distilled water and DMF with a volume ratio of 10 : 1. When they
were completely dissolved, the Cu(OH),@Cu mesh was
immersed into the solution and placed in an oven at 70 °C for
1 h. Following the reaction, the resulting Cuz(HHTP), MOF
grown at Cu mesh (denoted as Cuz(HHTP),@Cu) was cooled to
room temperature and washed with distilled water. After that,
the Cu;(HHTP),@Cu was dried overnight at 40 °C.

2.3 Gas adsorption and desorption evaluation

The adsorption performance of Cuz(HHTP),@Cu against
ammonia (NH;) gas was measured in a static condition in
a Tedlar bag. Before gas adsorption test, Cus;(HHTP),@Cu
(1.5 em x 1.5 cm) was kept at 70 °C for 1 h to remove any
residual solvent in MOF pores. The pretreated Cu;(HHTP),@Cu
was placed in a 10 L Tedlar bag (Supelco, PA) filled with 5 L of
23 ppm of NH; gas where N, (99.99%) was used as a diluent gas.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The NH; concentration was monitored by the detector (Gastiger
6000, Wandi, China) at 25 °C. The experimental setup is pre-
sented in Fig. S1.f The ambient NH; concentration was
measured after reaching adsorption equilibrium, and the
adsorption was calculated using eqn (1).

Adsorption(mmol g') =

Injected NH;(mmol) — residual NH;(mmol) (1)
Weight of Cus(HHTP),(g)

To test the gas adsorption performance with external voltage
applied to Cuz(HHTP),@Cu, a DC power of 1V (UTP3315TFL-II,
UNI-Trend Technology Co., Ltd, China) was applied. Electrodes
connected to the DC power supply were inserted into the Tedlar
bag with Cuz(HHTP),@Cu, and the current was monitored by
a digital multimeter (Keithley DMM 6500, Keithley Instruments,
LLC, USA). Intending to use Cuz(HHTP),@Cu as a recyclable gas
adsorbent, the desorption performance of Cuz(HHTP),@Cu was
examined. To evaluate the photothermal conversion effect,
temperature changes of the Cu;(HHTP),@Cu surface (3 cm x 3
cm) were recorded at 1 min intervals over a total period of
10 min, including 5 min of light irradiation and a subsequent
5 min period without irradiation, using an infrared camera
(FLIR C5 1.2, Teledyne FLIR LLC, USA). To investigate the
photothermal conversion performance, the temperature
changes of Cuz(HHTP),@Cu was compared with those of
Cu(OH),@Cu and Cuz(HHTP), crystals. A xenon lamp (150 W)
was used to provide one-sun illumination with a power density
of 100 mW c¢m >,

The NH; desorption amount of Cuz(HHTP),@Cu mesh was
measured after NH; adsorption by the same Tedlar bag setup
with 5 L of 23 ppm NH;. Allowing adsorption to proceed over
20 h to ensure sufficient time for equilibrium, the residual gas
in the Tedlar bag was completely removed, and 5 L of N, (99.9%)
of fresh gas was injected into a Tedlar bag. The gas detector
monitored the concentration of NH; desorbed from Cus(-
HHTP),@Cu in the Tedlar bag (Gastiger 6000, Wandi, China).
As shown in Table 1, Cuz(HHTP),@Cu was subjected to
different adsorption and desorption treatments. The desorption
amount for Cuz(HHTP),@Cu was compared for two different
treatments, light irradiation and heating. For the heating
condition, a Cus(HHTP),@Cu-containing Tedlar bag was placed
in direct contact with a heating plate while shielding it from
light. This setup ensured that the Cuz(HHTP),@Cu material
reached a temperature of 55 °C, matching the temperature
induced by light exposure. As a control, the Tedlar bag was
maintained at room temperature (25 + 3 °C) and covered with

View Article Online

RSC Advances

a dark box to block any light. To evaluate the reusability of
Cu;(HHTP),@Cu, the NH; adsorption-desorption cyclic test
was conducted following the same procedures described above.
The Cuz(HHTP),@Cu sample underwent 20 h of adsorption
followed by 2 h of desorption, and this cycle was repeated up to
seven times.

2.4 DFT simulation

The simulations were conducted using Gaussian 16 with a semi-
empirical approach based on the PM6 Hamiltonian.*®* For
a focused analysis of the adsorption process, a slab model of the
Cu-HHTP framework was selected as the target for the simula-
tion of NH; adsorption on Cuz(HHTP),. The adsorption energy
of NH; was calculated by evaluating the enthalpy change before
and after NH; adsorption at specific symmetric reduced sites.

3. Results and discussion
3.1 Structural characterization of Cuz(HHTP),@Cu

Utilizing Cu mesh as a substrate and source of Cu metal
precursor, Cu;(HHTP), was directly synthesized on the Cu mesh
via a self-sacrificial process without external addition of metal
precursor. In this process, the Cu mesh plate underwent
chemical oxidation, forming blue-colored Cu(OH), nanowires
in about 4 pm length and 200-400 nm width (Fig. 1c, d and
S2bt). The Cuz(HHTP), was grown on top of Cu(OH), nanowires
by adding only HHTP ligands. As a result, hexagonal rod-like
Cu3(HHTP), crystals in 1-2 um length grew radially along the
Cu(OH), nanowires, turning black (Fig. le, f and S2cf). The
elemental mapping of Cu, C, and O in Fig. 1a, c, and 1d indicate
the uniform distribution of Cu;(HHTP),@Cu on the surface As
shown in Fig. 1b, the X-ray diffraction (XRD) patterns of Cus(-
HHTP),@Cu exhibit well-defined crystalline peaks that align
with the simulated pattern of Cuz(HHTP), crystal, with char-
acteristic peaks at 26 = 4.86°, 9.76°, 12.68°, and 28.24°, corre-
sponding to the [100], [200], [210], and [002] planes.

The loaded weight % Cuz(HHTP), was determined using
thermogravimetric analysis (TGA) (Fig. 2). Upon heating to 600 °
C, the Cu(OH),@Cu exhibited minimal weight loss (<0.3%),
confirming its thermal stability. Cus(HHTP), crystal showed
a weight loss of 74.7% when the temperature reached 600 °C.
Based on the weight loss of the Cu;(HHTP),@Cu, the Cuj(-
HHTP), loading on the Cu substrate was calculated to be 3.3%
by eqn (2), where X is the weight fraction of Cuz(HHTP),, and
WLyior+Meshy Whyor, and WLyes, are the weight loss of Cuj(-
HHTP),@Cu, Cuz(HHTP), crystal, and Cu(OH),@Cu,

Table 1 Different adsorption—desorption treatments of Cus(HHTP),@Cu sample

Sample Adsorption treatment Desorption treatment

Cuz(HHTP),@Cu-C No voltage Room temperature (control)
Cuz(HHTP),@Cu-T1 No voltage Thermal treatment (55 °C)
Cuz(HHTP),@Cu-T2 No voltage Photothermal conversion (one sun irradiation)
Cuz(HHTP),@Cu-T3 Applied 1V Photothermal conversion (one sun irradiation)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scanning electron microscopy (SEM) images and elemental mapping of (a) Cu mesh, (c and d) Cu(OH),@Cu, (e and f) Cus(HHTP),@Cu,
and (b) X-ray diffraction (XRD) patterns.
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Fig. 2 Thermogravimetric analysis (TGA) curve of Cus(HHTP),.
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respectively. The TGA and XRD analyses confirmed the
successful synthesis of Cus;(HHTP), on the Cu substrate.

WLnmor+Mesh = WLhmor X + Whiesh- (1 — X) (2)

3.2 NH; gas adsorption by Cuz(HHTP),@Cu

The NH; adsorption performance of Cuz(HHTP),@Cu was
evaluated under dark conditions. The time-dependent adsorp-
tion performance of Cuz(HHTP),@Cu was presented in Fig. 3a,
where the NH; concentration gradually decreased, reaching an
adsorption performance of 83.5% in 120 min. In comparison,
Cuz(HHTP),@Cu under 1 V achieved nearly complete NH;
removal, with 99.9% adsorption within 2 h. The NH; adsorption
kinetics were analyzed based on a pseudo-first-order kinetics
model, and the corresponding rate constant (k) and half-time
(t1/2) values, calculated using t,,, = 0.693/k, are presented in
Fig. S3.1 A significant enhancement in NH; adsorption kinetics
was observed upon applying voltage, as the half-time (¢;,,)
decreased from approximately 23 min (without voltage) to
12 min (with 1 V). As prior studies reported that the application
of an electric field enhanced gas adsorption, the effect of
applied voltage on gas adsorption was investigated in Fig. 3b,
comparing the NH; adsorption performance of Cuz(HHTP),@-
Cu under 0 V and 1V, respectively. Given that Cus(HHTP),@Cu
adsorbs nearly all introduced NH; under 23 ppm after extended
adsorption time of over 20 h, the adsorption capacity test was
performed at a higher NH; concentration of 46 ppm to better
compare the effect of applied voltage. After 20 h of NH; expo-
sure (under 0 V), Cuz(HHTP),@Cu adsorbed 1.6 mmol of NH;
per gram of loaded Cus(HHTP),. Under an applied voltage of
1V, Cuz(HHTP),@Cu adsorbed 2.1 mmol of NH; per gram of
loaded Cuz(HHTP),, representing a 31% increase compared to
the condition without voltage application.

To analyze the effects of electric voltage on the surface
chemistry and bonding interactions of Cus(HHTP),, X-ray
photoelectron spectroscopy (XPS) was carried out. As shown
in Fig. 4a and b, regardless of the applied electric voltage,
Cu3(HHTP), exhibited peaks at 954.0 eV (Cu 2p4,,) and 934.1 eV
(Cu 2psj). The Cu 2py, peak was deconvoluted into three
components, Cu>* (956.3 eV), Cu* (954.2 eV), and Cu° (952.3 eV),

(a) Ambient NH, 23 ppm
1] -~ Cu,y(HHTP),@Cu (0V)
Cu,y(HHTP),@Cu (1V)
0.8 -
S
S 0.6 -
04 1
0.2
0 Lr——"7—7—"—"— . . -
0 102030405060 80 100 120
Time (min)
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and the Cu 2p;,, peak was deconvoluted into Cu®>* (936.8 eV),
Cu' (934.4 eV), and Cu® (932.6 eV).* The presence of Cu* and
Cu® suggests the partial reduction of Cu** during Cu-O
formation in Cuz(HHTP),. Notably, the Cu species, which can
act as coordinatively unsaturated sites, serve as Lewis acid
within the structure, facilitating interactions with the lone pairs
of NH;. This suggests that the NH; adsorption performance of
Cu3(HHTP), is enhanced by the unsaturated Cu sites available
in Cus(HHTP),. In Fig. 4b, the ratio of Cu**/[Cu” + Cu"]
increased from 0.2 to 0.3, and this increased Cu®" ratio implies
that Cu-O bonds were weakened, modifying the coordination
environment of Cus;(HHTP), under electric voltage. Similar
results are observed in the O 1s region, where four prominent
peaks attributed to -OH (533.6 eV), C-O (532.7 eV), C=0 (531.6
eV), and Cu-O (530.5 eV) are shown.* Applying 1 V, the area of
Cu-O decreased, demonstrating the weakened coordination
interactions between Cu metal center and HHTP ligands.

To examine the effect of electric voltage on the porous
characteristics, BET analysis was performed on Cuz(HHTP),@-
Cu before and after applying 1 V electric voltage, as shown in
Fig. 5. Notably, the surface area increased from 79.0 m* g™ to
158.7 m> g~ ' after voltage application to Cuz(HHTP),@Cu,
reaching nearly twice its initial surface area; this increased
surface area provides more adsorption sites and opportunities
for interaction with NH;. Based on XPS and BET analyses, it can
be concluded that the enhanced NH; adsorption performance
of Cuz(HHTP),@Cu under 1V is attributed to the deformation
of coordination bonding between the Cu metal centers and
HHTP ligands within the MOF. Electrical stimulation causes
structural modifications, increasing the accessible surface area
and the active adsorption sites, which leads to significant
enhancement in NH; adsorption.

3.3 DFT simulation of NH; adsorption on Cu;(HHTP),@Cu

To provide molecular-level insights into the NH; adsorption
mechanism, density functional theory (DFT) simulation was
carried out for Cuz(HHTP),@Cu, with and without voltage
application. Since applying voltage does not always lead to the
formation of a regular current flow within the MOF, the NH;,
adsorption simulation was carried out by assuming the

b) s After 20 hr adsorption
;o? 23 ppm 46 ppm
o 254
- NH; 100% — | -
S "m 291 adsorption point 88%
c 15
S 8
= 1
2E
% 0.5
0
< ov 1V ov 1V

Cu,(HHTP),@Cu

Fig.3 NHszadsorption with and without voltage. (a) NHz adsorption for 2 h at 23 ppm NH3, (b) NH3 adsorption efficiency (%) and capacity per g of
Cus(HHTP), crystals attached on Cu mesh under 23 ppm and 46 ppm NHs.
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Fig. 4 High-resolution Cu 2p and O 1s XPS spectra for (a) Cuz(HHTP), without external electric voltage and (b) Cuz(HHTP), after 1 V applied.

& 10

o,;m ® © Adsorption

S g 4© © Desorption

3

£ — 6 Cu,(HHTP),@Cu (1V)

g

) |

>9 4

°

2 2 Cu,(HHTP),@Cu (0V)

e

a2 o : : : : :

2 0 0.2 04 0.6 0.8 1
P/po

Fig. 5 N, adsorption—desorption isotherms of Cus(HHTP),@Cu with
and without external electric voltage.

addition of electrons to represent the 1 V condition. The
potential NH; adsorption sites on Cuz(HHTP), were shown in
Fig. 6a-c, and corresponding adsorption energies were calcu-
lated, as shown in Table 2. From the DFT results, electron-
charged Cu;(HHTP), exhibited lower (more negative) adsorp-
tion energies compared to uncharged Cuz(HHTP),, suggesting
stronger binding interactions were constructed between NH;
and Cuz(HHTP),. Particularly, the Cu neighbor site (—0.121 eV)
and the hydrogen-rich site (—0.114 eV) exhibit the lowest
adsorption energies for charged Cuz(HHTP),, indicating that
these two sites are the most favorable for NH; adsorption. A
comparative analysis of adsorption sites reveals distinct
adsorption mechanisms. At the Cu neighbor site, adsorption is

13588 | RSC Adv, 2025, 15, 13583-13594

primarily governed by charge affinity between the O and H
atoms, which facilitates electron delocalization between the
NH; molecule and the Cu metal center (Fig. 6b). In contrast, at
the hydrogen-rich site, electrostatic interactions between the N
and H atom of NH; were dominant, as shown in Fig. 6c. Overall,
the DFT results indicate that the electron charge on Cuz(HHTP),
enhances NH; adsorption by promoting the charge delocaliza-
tion at Cu neighbor sites. This increases the interaction
between the NH; molecule and the Cu center, suggesting the
possibility of a charge-mediated adsorption mechanism. These
results are further corroborated by experimental results, which
indicate improved adsorption under a 1 V external electric
voltage.
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Fig. 6 Simulation of NH3z adsorption. (a) Various adsorption sites, (b)
Cu site, and (c) H site.
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Table 2 Adsorption energy (eV) of NHz molecule on various adsorp-
tion sites of Cuz(HHTP),

Site no. Charge Electron E (eV)
1 2 —0.114
2 2 —0.121
3 2 —0.111
4 2 0.0144
5 2 0.0144
1 0 1.16

2 0 2.24

3 0 0.662
4 0 1.14

5 0 1.03

3.4 Photothermal conversion effect

The Cuz(HHTP),@Cu was intended for application as a recy-
clable gas adsorbent, leveraging the photothermal conversion
effect of Cuz(HHTP), for the minimally invasive gas desorption

®
N

View Article Online
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method. Photothermal conversion occurs when photo-excited
electrons by light absorption undergo transitions of molecular
orbitals within the conduction band, leading to non-radiative
relaxation and heat generation. Conductive MOFs like Cus(-
HHTP), develop well-defined —7c* interactions between HHTP
ligands, resulting in a narrow band gap and a wider range of
wavelengths for efficient light absorbance. In Fig. S4,f
compared to bare Cu and Cu(OH),@Cu, the light absorbance of
Cu;(HHTP),@Cu shows enhancement across the entire UV-
visible region, attributed to the m-conjugation in the HHTP
ligand. With the small energy gap between the excited and
ground states attributed to the m-conjugation, thermal vibra-
tion, rather than fluorescence or photon emission, can effi-
ciently relax the molecule. Thus, HHTP often shows efficient
photothermal conversion with non-radiative relaxation.

Fig. 7 shows the photothermal conversion performance of
Cu, Cu(OH),@Cu, Cuz(HHTP), crystal sheet, and Cus(-
HHTP),@Cu demonstrated by surface temperatures with and
without light exposure. Under one-sun irradiation, the
temperature of Cuz(HHTP),@Cu rose rapidly within 1 min and

(25°C, 46% RH)

70
o : . Cu,(HHTP),@Cu
Light Light off = MU 2
g 60 4 s es Hape -e~ Cuy(HHTP), crystal
P Cu(OH),@Cu
5 50 A - Cu
e
o
o 40 4
o
£ 30 1
et
20

0 1

(b)
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2 345678910
Time (min)
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Fig. 7 Photothermal conversion effects demonstrated by (a) surface temperature changes and (b) infrared images for Cu, Cu(OH),@Cu,

Cuz(HHTP), crystal, and Cuz(HHTP),@Cu.
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it dropped immediately after turning off the light, indicating
that the temperature change was solely driven by the light-
induced reaction. After 5 min of irradiation, the surface
temperature of each sample increased from the base tempera-
ture of 25 °C as follows: Cu mesh, 31.2 °C (~27% increase);
Cu(OH),@Cu, 39.4 °C (~61% increase); Cuz(HHTP), crystal
sheet, 40.7 °C (~63% increase); Cuz(HHTP),@Cu, 55.8 °C
(~124% increase). Cu(OH),@Cu exhibited slightly enhanced
photothermal conversion compared to Cu mesh because
Cu(OH),@Cu can absorb a broader range of light (Fig. S37),
resulting in a higher extent of photo-excited electrons for non-
radiative relaxation. The Cuz(HHTP), crystalline sheet without
Cu metal substrate showed a comparable photothermal
conversion performance as Cu(OH),@Cu. Notably, Cus(-
HHTP),@Cu exhibited considerably higher surface temperature
than Cuz(HHTP), crystal sheet without metal support. This is
likely due to the enhanced thermal conductivity provided by the
Cu-metal substrate, which optimizes heat dissipation and
photothermal  conversion  performance. Overall, the
pronounced photothermal conversion for Cus(HHTP),@Cu is
the result of the combined effects of high thermal conductivity
of Cu substrate and the photothermal conversion capability of
HHTP, where the m-conjugated HHTP ligand played a critical
role. Not only HHTP enhances light absorption, but also its
extended conjugation system facilitates the non-radiative
relaxation processes, leading to enhanced photothermal
conversion.

3.5 Cyclic adsorption-desorption performance of
Cu;(HHTP),@Cu

Leveraging the photothermal effect, the adsorbed NH; gas was
desorbed from Cu;(HHTP),@Cu in a minimally invasive
method. The optimal light irradiation time for desorption
treatment was determined by measuring the amount of des-
orbed NH; per unit weight of the Cu;(HHTP),@Cu with varying
irradiation time (Fig. S5t). After 2 h of irradiation, the NH;
desorption amount reached approximately 4.8 umol g™, and
longer irradiation time did not produce any significant addition
to the desorption amount. Therefore, 2 h was established as the
optimal irradiation time. In conventional porous gas adsor-
bents, the regeneration process typically involves NH; desorp-
tion under vacuum conditions at elevated temperatures ranging
from 100 to 200 °C (Table S1f). In contrast, the present study
demonstrates that NH; can be desorbed under an ambient N,
atmosphere simply by 2 h of light illumination, without vacuum
application. This highlights a significant advantage of the
proposed system as a low-energy regeneration strategy. As
shown in Table S1,T the adsorbent developed in this work is
particularly noteworthy in that it does not rely on hybridization
with external photothermal materials such as in powdery
nanomaterials. Instead, it adopts a substrate-supported MOF
structure, which is easier to integrate into practical use.

The cyclic adsorption-desorption test was carried out with
repeated treatments of 20 h of adsorption in 23 ppm ambient
NH; concentration and the subsequent 2 h desorption under N,
ambient condition. This adsorption-desorption process was
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continued for up to 7 cycles. In the cyclic test, the accumulated
NH;, which represents the NH; retained on the MOF, was
calculated using eqn (3), where Q,4 denotes the NH; adsorption
amount per cycle, Qq. represents the desorbed NH; per cycle,
and n corresponds to the cycle number.

Accumulated NH; (umol g™') =

n n—1
z; Qad - 2} Qde
Weight of Cu;(HHTP),@Cu

(3)

Fig. 8a shows the results of the cyclic adsorption-desorption
test conducted under various adsorption (Ad) and desorption
(De) conditions as illustrated in Table 1. Under all treatments,
the additional NH; adsorption per cycle decreased as the cycles
progressed, and the amount of NH; desorbed under each
condition reached a plateau in the accumulated NH; amount.
In Fig. S6a and S6b,t it is evident that the adsorption and
desorption amounts approach a steady state after the 4th cycle.
Fig. 8a demonstrates that, in the first two cycles, all conditions
exhibited comparable adsorption performance. However, as the
cycles progressed, the adsorption and desorption performance
began to diverge depending on the adsorption and desorption
treatment conditions. Compared to the control treatment of
Cu;(HHTP),@Cu-C, higher amount of NH; was desorbed for
Cu3(HHTP),@Cu-T1 and Cuz(HHTP),@Cu-T2 (which under-
went NH; adsorption without electric voltage) attributed to
thermal and photothermal desorption mechanism, and exhib-
iting higher NH; adsorption performance in subsequent
adsorption cycles than the control treatment of Cus(-
HHTP),@Cu-C. The adsorption and desorption amounts for
each treatment conditions in the 7th cycle were as follows:
Cu;(HHTP),@Cu-C (Ad 7.9 umol g™, De 6.5 umol g~ '), Cus(-
HHTP),@Cu-T1 (Ad 23 pmol g%, De 19 pmol g '), Cus(-
HHTP),@Cu-T2 (Ad 24 pmol g ', De 21 umol g%,
Cus(HHTP),@Cu-T3 (Ad 17 pmol g !, De 7.2 pmol g ).
Particularly, NH; desorption via photothermal conversion
(Cu3(HHTP),@Cu-T2) was over three times higher than that of
control stored at room temperature (Cuz(HHTP),@Cu-C),
resulting in three times higher adsorption capacity for Cus(-
HHTP),@Cu-T2 than control.

In contrast, Cuz(HHTP),@Cu-T3, despite its enhanced
adsorption performance with voltage application, exhibited
significantly lower desorption efficiency. In the 7th cycle, the
accumulated NH; amount was highest for Cu;(HHTP),@Cu-T3,
reaching 146 pmol g~ . This is attributed to the enhanced NH;
adsorption performance induced by the applied electric voltage
during the adsorption processes. To note, the adsorption
experiment conducted under 46 ppm ambient NH; concentra-
tion (Fig. 2b) also demonstrated the same tendency of enhanced
adsorption with external voltage application. However, the
desorption performance of Cuz(HHTP),@Cu-T3 was as low as
that of control, Cuz(HHTP),@Cu-C. In comparison, the accu-
mulated NH3; amount for Cuz(HHTP),@Cu-T2 and Cus(-
HHTP),@Cu-T1 were 108 pmol g~' and 107 pmol g},
respectively (Fig. 8a), showing similar adsorption-desorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Cyclic process of NH3 adsorption—desorption, (b) accumulated NHsz retained under different treatment conditions, (c) total NHz

adsorption per cycle (without desorption), (d) total NHs desorbed per cycle, (e) photothermal effect with and without 1V, (f) X-ray diffraction
(XRD) patterns of Cuz(HHTP),@Cu. (g) Infrared images after 1 V application.
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behavior. Among all conditions, the control sample of Cus(-
HHTP),@Cu-C exhibited the lowest NH; accumulation of 97
umol g~

The relationship between the accumulated NH; and des-
orbed NH; in each cycle is illustrated in Fig. 8b. The highest
accumulation of NH; was observed in Cu;(HHTP),@Cu-T3,
which exhibited superior adsorption but poor desorption
performance, producing a steeper slope. Conversely, Cuj;(-
HHTP),@Cu-T2 and Cuz(HHTP),@Cu-T1 displayed similar
adsorption-desorption behavior, as reflected in their nearly
identical slope. These results confirm that NH; desorption via
photothermal conversion is primarily driven by the heat con-
verted from the sunlight.

To establish a strategy for repeated use of Cu;(HHTP),@Cu
as a gas adsorbent, the total adsorbed and desorbed amounts of
NH; were evaluated from the cyclic tests, using eqn (4) and (5).
In the total adsorption calculation, the adsorption in each cycle
was all added up without subtracting the desorption amount. As
shown in Fig. 8c, during 7 cycles, Cuz(HHTP),@Cu-T2 showed
the highest total NH; adsorption (210 wmol g~'), and the
control showed the lowest total NH; adsorption (131 pmol g™ %).
The thermally desorbed sample of Cu;(HHTP),@Cu-T1 showed
a comparable amount in total adsorption (199 pmol g™ ') as
Cu3(HHTP),@Cu-T2. The Cus(HHTP),@Cu-T3 achieved total
adsorption of 179 pmol g~ " throughout 7 cycles.

Total adsorbed NH;(pmol g') =

Z Qad
s @
Weight of Cus(HHTP),@Cu

Total desorbed NH; (pmol g™') =

; Qde
Weight of Cu;(HHTP),@Cu

(5)

Despite Cuz(HHTP),@Cu-T3 retaining the highest accumu-
lated NH; within the MOF after 7 cycles (146 pmol g™ "), Cus(-
HHTP),@Cu-T2 demonstrated the highest total NH;
adsorption, when desorbed amount is ignored. This discrep-
ancy suggests that while electric voltage application enhances
overall NH; adsorption in Cuz(HHTP),@Cu-T3, it simulta-
neously deteriorates the photothermal-induced desorption
efficiency, limiting the available adsorption sites and reducing
the additional adsorption in the next cycle. Consequently, the
total adsorption of NH; was lower for Cuz(HHTP),@Cu-T3 than
Cu3(HHTP),@Cu-T2. Fig. 8d presents that the desorption
performance of Cuz(HHTP),@Cu-T3 decreased as low as that of
control, Cuz(HHTP),@Cu-C. In contrast, Cuz(HHTP),@Cu-T2
showed the highest amount in total desorption ~123 pmol
g™, three times higher than that of Cuz;(HHTP),@Cu-T3 (39
umol g~ ).

To explain the deteriorated desorption performance of
Cu3(HHTP),@Cu after electric voltage application, the photo-
thermal conversion efficiency of Cuz(HHTP),@Cu was exam-
ined after 1 V was applied to the sample (Fig. 8e). Unlike the
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original sample that demonstrated efficient photothermal
conversion (temperature increase up to ~55 °C), Cus(-
HHTP),@Cu after 1 V application deteriorated photothermal
effect, exhibiting only about 75% of temperature increase (up to
~42 °C). It is noted that Cuz(HHTP), is grown on the
Cu(OH),@Cu surface, and the photothermal performance at
the level of Cu(OH),@Cu indicates the complete loss of pho-
tothermal effect induced by the Cus;(HHTP),. Due to this
decreased photoconversion capability, the desorption perfor-
mance of Cuz(HHTP),@Cu was significantly reduced to the level
of control treatment.

The XRD analysis was conducted on Cuz(HHTP),@Cu to
examine whether any structural deformation is observed after
voltage application, which might be the reason for the deteri-
orated photothermal conversion (Fig. 8f). The X-ray diffraction
patterns of Cuz(HHTP),@Cu-T2 revealed that, while the peak
intensities corresponding to 4.86 [100], 9.76 [200], 12.68 [210],
and 28.24 [002] decreased slightly due to the corrosive nature of
NH;, the overall crystalline structure remained intact. However,
Cu;(HHTP),@Cu-T3 exhibited significant structural deforma-
tion, with all diffraction peaks except 28.24 [002] disappearing.
This result implicates that the application of 1 V induced
structural modifications in Cuz(HHTP),. Due to the structural
modification, the interactions in -7 conjugation of the HHTP
ligands may be weakened, consequently impairing photo-
thermal conversion efficiency and desorption performance.
Notably, despite the deformed -crystalline structure, Cus(-
HHTP),@Cu-T3 (after voltage application) demonstrated higher
BET surface area, allowing the high capacity for NH; adsorp-
tion, than Cuz(HHTP),@Cu-T2 (without voltage application).
While electric applications increased the BET and enlarged the
adsorption capacity, it deteriorated the photothermal conver-
sion efficiency. Thus, for the long-term use of Cuz(HHTP),@Cu
adsorbents, minimized structural modification of MOF would
be beneficial to maintain efficient photothermal conversion and
gas desorption performance. The results demonstrate that
Cuz(HHTP),@Cu can be photothermally recyclable, which is
a sustainable and energy-efficient strategy for NH; release,
ensuring the effective regeneration of adsorption sites over
multiple cycles.

4. Conclusions

This study demonstrates the potential of Cu;(HHTP),@Cu as
a recyclable NH; gas adsorbent by leveraging its photothermal
conversion for efficient and minimally invasive gas desorption.
The in situ synthesis of Cuz(HHTP), employs a Cu mesh
substrate as both a structural support and a Cu metal precursor.
Given that Cuz(HHTP), had porous characteristics and unsat-
urated Cu sites, Cuz(HHTP),@Cu exhibited adsorption perfor-
mance for NH;. When an electric voltage of 1 V was applied,
NH; adsorption performance was further enhanced by
increasing the proportion of coordinatively unsaturated Cu sites
and strengthening the interaction between NH; and Cus(-
HHTP),@Cu. Additionally, Cus(HHTP),@Cu, supported by the
metal mesh, demonstrated higher photothermal conversion
performance than Cuz(HHTP), crystalline, attributed to the
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high thermal conductivity of the Cu substrate. This photo-
thermal conversion facilitated efficient NH; desorption under
light exposure, eliminating the need for heating conditions or
energy input. Cyclic adsorption-desorption tests showed that
photothermal desorption significantly improved the long-term
usability of Cus(HHTP),@Cu for NH; adsorption. While
applied voltage improved an initial NH; uptake of Cus(-
HHTP),@Cu, it also induced irreversible structural deformation
that hindered efficient desorption. The DFT simulation reveals
that NH; binds more strongly to Cus(HHTP), under electron-
rich conditions, implying a charge-mediated adsorption
mechanism. This study presents a promising approach for the
repeated use of Cuz(HHTP),-based adsorbents with efficient gas
desorption strategies. By enabling efficient regeneration of
adsorption sites via photothermal conversion, Cuz(HHTP),@Cu
demonstrates strong potential for sustainable and energy-
efficient NH; removal systems, offering an informative discus-
sion for further advancing photothermal-assisted gas desorp-
tion technologies.
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