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1. Introduction
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A Pd-functionalized p-ketoenamine COF for
efficient hydrogen sensing under
ambient conditions

Sujith Benarzee Nallamalla,® Raja Karreddula,” Balaji Rao Ravuri® and
Surendra Babu Manabolu Surya (2 *°

Hydrogen sensing materials are vital for energy and environmental safety, as hydrogen's high energy
density and flammability demand rapid and reliable detection at low concentrations under ambient
conditions. Here, we report a palladium nanoparticle-functionalized B-ketoenamine-linked covalent
organic framework (Pd@TAPT-COF) that enables efficient room-temperature hydrogen sensing.
Structural analyses (solid-state *C CP-MAS NMR, FTIR, and XPS) confirm successful Pd incorporation
into the TAPT-COF, with characteristic shifts in C—0 and C—N peaks evidencing strong Pd—TAPT COF
interactions. The C NMR spectra show a shift in the C=0 peak signal from 182 ppm to 190 ppm and
the appearance of a new peak at 22 ppm, confirming Pd interactions with keto carbons. FTIR showed a
C=0O0 stretching shift from 1622 cm* to 1613 cm * and a C=N shift from 1497 to 1499 cm* after Pd
doping. XPS O1s spectra exhibited distinct peaks at ~530.8 eV (C—=0) and ~532.5 eV (Pd-0O), providing
further evidence of Pd coordination with oxygen-containing groups. The Pd@TAPT-COF exhibited
exceptional chemiresistive performance toward H,, attaining a response (R,/Rg) of 10, with a fast
response time (T,es) of 4 s and a recovery time (T,c) of 3 s at 1 ppm, along with superior selectivity and
stability. Density functional theory (DFT) calculations support these results, revealing strong H, binding
energies (—484.57 kJ mol™), a narrowed HOMO-LUMO gap (~2.82 eV), increased orbital hybridization
near the Fermi level, and efficient charge transfer from Pd—H interactions. These results indicate that the
integration of Pd catalytic sites within the pristine TAPT-COF facilitates rapid, selective, and reversible H,
detection, making the Pd@TAPT-COF a strong sensing material for future energy and safety sensor
applications.

of achieving net-zero emissions. Yet, the same promise is
accompanied by a paradox: the more hydrogen that is stored,

Hydrogen (H,) is a pivotal energy carrier in the global transition
toward sustainable energy and low-emission energy system
options." With the world energy sector transitioning to low-
carbon fuel, hydrogen (H,) has arrived not just as a fuel but as a
de-carbonization tool in aviation and long-distance transport
hard-to-abate sectors.>® Its gravimetric energy density of
120 MJ kg™' combined with its use in fuel cells with no
combustion emissions makes it one of the few feasible ways
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transported, and combusted, the greater the risk of undetect-
able, explosive, and environmentally harmful leaks.* Hydro-
gen’s atmospheric lifetime is approximately two years, and it
ranks as the second most abundant reactive gas in the tropo-
sphere after methane. Hydrogen leakage not only poses safety
risks but also affects atmospheric chemistry, with potential
climate impacts.>® While not a direct greenhouse gas, H,
indirectly contributes to climate change by extending metha-
ne’s lifetime through hydroxy radical (OH®) depletion and
increasing stratospheric water vapour levels, which impact
radiative forcing. With the rising acceptance of hydrogen world-
wide with more than 200 large-scale projects in the pipelines in
recent years, sensor technologies fall behind in preparation,
particularly for ambient, trace-level detection.” This necessi-
tates the development of highly sensitive and selective hydro-
gen sensors capable of detecting leaks early and preventing
accidents.” Despite advancements in developed hydrogen
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sensing technologies, including metal-oxide semiconductor
sensors, palladium-based resistive sensors, electrochemical
sensors, and optical sensors, significant challenges remain in
achieving highly efficient, selective, and low-power consump-
tion sensors for real-world applications.®'® While conventional
metal-oxide sensors demand high temperatures and excessive
energy consumption, and exhibit limited long-term stability,
electrochemical sensors, although sensitive, exhibit perfor-
mance degradation under humid conditions, making them
less reliable for industrial and environmental monitoring.'"?
Moreover, most commercially available sensors suffer from
poor selectivity, leading to interference from other reducing
gases. Additionally, many conventional sensors lack selectivity,
as they are susceptible to interference from gases such as
methane, ammonia, and volatile organic compounds (VOCs).
These limitations highlight the need for hydrogen sensors that
operate efficiently at room temperature (RT) with high sensi-
tivity, selectivity, and long-term stability. This problem has
rekindled interest in molecularly engineered sensing materials,
specifically in covalent organic frameworks (COFs)."*™*> These
are 2D or 3D polymeric crystals formed from organic linkers
via dynamic covalent chemistry. Their modular structure,
n-conjugation, and porous nature enable researchers to control
gas accessibility and electronic response.'®'® COFs are,
however, poor conductors and do not contain active sites to
catalyze processes such as H, dissociation, a requirement for
efficient chemiresistive sensing.'®>' Herein, palladium nano-
particles (Pd NPs) are incorporated into the backbone of a
B-ketoenamine-linked COF, combining catalytic function and
framework transport into a single sensing material.>>** Pd is
famously known for its spillover mechanism, breaking down H,
into atomic hydrogen (H) that diffuses through surfaces and
forming PdH, species, which change electronic properties
quantifiable through resistance changes.** Incorporating Pd
into the COF not only activates the material toward hydrogen
but also amplifies the signal through charge delocalisation in
the conjugated framework. In the case of the PA@TAPT-COF,
this synergy is especially strong.>® Recently, Chu et al. demon-
strated an atomically dispersed Pd sub-metallene on a 2D
Mo,TiC, MXene that achieved ultrafast hydrogen response
(4.8 s) and recovery (1.6 s) at room temperature due to syner-
gistic Pd-Pd interactions, facilitating rapid H, dissociation.>®
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This highlights the importance of atomic-level Pd coordination
in accelerating hydrogen activation, a principle also underlying
the design of the present work. The TAPT (1,3,5-tris-(4-
aminophenyl)triazine) core provides high nitrogen coordina-
tion and a stable backbone, whereas B-ketoenamine linkages
provide chemical stability and m-conduction. Pd coordination
at keto and imine sites, established through C NMR, FTIR,
and XPS, leads to a material with an engineered electronic
landscape and high surface accessibility.>”>° The sensor reacts
to 1 ppm of H, within a mere 4 seconds and recovers in 3
seconds, performing better than the majority of known Pd-
based sensors (Table 1), due to synergistic interactions between
Pd and COFs, which enhance charge transport, reduce sensor
drift, and improve selectivity by minimizing cross-sensitivity to
interfering gases.*>*' The DFT-based calculations reveal strik-
ing changes in binding energies (from —69.96 kJ mol " for the
pristine COF to —484.57 k] mol ™" after Pd functionalization),
band-gap narrowing (from 3.56 eV to 2.82 eV), and a higher
density of states at the Fermi level, indicating real electronic
hybridization. These results not only demonstrate the sensor’s
performance but also provide a rationally designed framework
for application in next-generation molecular sensors, where
active site tuning, orbital engineering, and framework adjust-
ment can be systematically controlled by computational
methods.

In this work, we present a PA@TAPT-COF that uniquely
combines a chemically stable B-ketoenamine linkage with a
nitrogen-rich TAPT core, providing a robust framework sup-
porting highly dispersed Pd nanoparticles. This framework
enables ultrafast and sensitive hydrogen sensing at ambient
temperature, outperforming most previously reported Pd-
functionalized COFs. Complementary experimental character-
izations coupled with DFT calculations provide detailed mecha-
nistic insights into the catalytic and electronic interactions,
developing the PA@TAPT-COF as an advanced material that
advances Pd-based hydrogen sensor technology.

2. Results and discussion
2.1. Synthesis and morphological analysis

This study involved the synthesis of a covalent organic frame-
work (COF) using a Schiff base condensation reaction between

Table 1 Summary of the literature on COF-based chemiresistive H, gas sensors

S. no. COF material Response time (fyes) Recovery time (trec) T (°C) Target gas Conc. (%) Ref.
1 Pd nanopattern 1.5s 12's RT H, 1 52
2 eNT COF 5.15 s 39s 200 H, 1 55
3 Pd, sPT, 5 bimetallic NPs 7.58 92's RT H, 1 56
4 Pd/Pt nanopattern 2s 20 s 40 H, 1 57
5 Pd@WS, nanosheets 119 s 370 s 7.8 H, 5 58
6 Pt/g-C5N, 39s 55 RT H, 1 59
7 Pd@MoS, nanosheets 40 s 83 s 100 H, 5 28
8 Pd@CVD-graphene 2.1s 463 s 4.1 H, 0.05 60
9 PdII@CrPy 13.2's 10.3 s RT H, 1 16
10 Pd@graphene nanoribbon 60 s 90 s 25 H, 0.1 61
11 Pd@amicPT 53s 3.5s 30 H, 1 42
12 Pd@TAPT-COF 4s 3s RT H, 0.0001 This work
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Fig. 1 Schematic representation of the synthesis of the TAPT-COF and
Pd@TAPT-COF.

aldehyde- and amine-based linkers under solvothermal condi-
tions with slight modifications.** Specifically, the TAPT-COF
was synthesized using 2,4,6-trihydroxybenzene-1,3,5-tricarbal-
dehyde and 1,3,5-tris-(4-aminophenyl) triazine, an amine-based
linker. To enhance its H, sensing properties under ambient
conditions, palladium nanoparticles (Pd NPs) were incorpo-
rated into the TAPT-COF via post-synthetic modification,** and
the detailed synthesis procedures are provided in Fig. 1 and
Section S1 (SI).

To confirm the successful incorporation of Pd into the TAPT-
COF and its impact on the structural and electronic properties,
we have performed *C CP-MAS solid-state NMR (Fig. 2a (pris-
tine TAPT-COF) and Fig. 2b (Pd@TAPT-COF)), which revealed a
significant structural modification upon Pd functionalization.
In the pristine TAPT-COF, characteristic peaks were observed at
182 ppm (C=0), 168-146 ppm (aromatic C—N/C—C), 129 ppm
(sp® carbons), and 60 ppm (C-O or C-N functional groups).
Upon Pd incorporation, notable spectral shifts occurred,
including the C=0 peak shift from 182 ppm to 190 ppm and
the aromatic carbon shift to 150-138 ppm, indicating electronic
perturbations.®® Additionally, the appearance of a new peak at
22 ppm (potential aliphatic species from Pd coordination in the
TAPT-COF) and the absence of the 60 ppm peak suggested Pd
interactions with oxygen- or nitrogen-containing sites in the
TAPT-COF structure. These spectral shifts confirmed the suc-
cessful Pd incorporation, likely through forming keto (C—0)
and imine (C=N) groups, thereby modifying the electronic
environment of the TAPT-COF while maintaining its overall
structural integrity.*® Fourier transform infrared (FTIR) spectral
analysis was employed to elucidate the structural characteris-
tics and the impact of Pd incorporation on the functional
groups of the pristine TAPT-COF and Pd@TAPT-COF (Fig. 2c).
The spectrum of the pristine TAPT-COF exhibited a prominent
peak at 1622 cm ™", attributable to the stretching vibration of
the keto (C—=O0O) group, and this indicates that the enamine

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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bond formation in the aldehyde monomer transforms
the (—C-OH) group into a (=C=O) group. The peak at
1497 ecm™ ' corresponds to the (C=N) stretching within the
imine linkages, thus confirming the successful formation of the
TAPT-COF. Additionally, the C=C stretching peak at 1575 cm ™"
indicated the presence of a conjugated n-m system inherent to
the COF’°. Following Pd doping, noticeable shifts in these
vibrational bands were observed, with the C—=0O peak shifting
to 1613 cm™ " and the C=N peak shifting to 1499 cm™".>” These
peak shifts suggested electronic interactions between Pd and
the imine groups of the TAPT-COF. The observed spectral shifts
confirmed Pd-induced electronic modifications, which make
the TAPT-COF stable and efficient for H, sensing at room
temperature. To further support these findings, PXRD analysis
confirmed the crystallinity and structural integrity of the COFs
(Fig. 2d). PXRD analysis was performed to evaluate the crystal-
linity and structural changes upon palladium incorporation
into the TAPT-COF. The pristine TAPT-COF exhibited reflec-
tions at ~5.73°, ~9.89°, ~18.70°, and ~26.41°, corresponding
to the (100), (110), (210), and (001) planes, with calculated
d-spacings of 15.42 A, 8.94 A, 4.74 A, and 3.37 A, respectively
(Table S1, SI), while a broader diffraction peak at ~26.4° was
assigned to the (001) plane, indicating n-n stacking between
adjacent 2D layers of COFs.**?*%3° These peaks confirm the
formation of a highly ordered 2D framework with eclipsed AA
stacking.® Upon incorporation of the PA@TAPT-COF (Fig. 2d),
the TAPT-COF related peaks remained but showed reduced
intensity and slight shifts (the (110) peak shifted to 10.08°,
d = 8.77 A), indicating lattice distortion due to Pd incorpora-
tion. Additionally, new peaks appeared at ~30.66°, ~40.02°,
~46.76°, ~50.84°, and ~68.11°, with the corresponding
d-spacings of 2.91 A, 2.25 A, 1.94 A, 1.74 A, and 1.37 A. These
match the (111), (200), (220), (311), and (222) planes of face-
centered cubic (FCC) Pd consistent with JCPDS No. 46-1043.*"
The presence of these Pd-specific reflections indicates success-
ful formation of crystalline Pd NPs within the TAPT-COF,
enhancing its functional potential for H, sensing. The XPS
survey spectrum of the TAPT-COF and Pd@TAPT-COF con-
firmed the presence of C, N, O, and Pd, aligning well with the
above results (**C CP-MAS NMR and FTIR analyses).”> The
details of the C1s and N1s spectra of both the pristine TAPT-
COF and PA@TAPT-COF are shown in Fig. S1a, b and S2a, b.
The deconvoluted spectra of Ol1s with two different binding
energy peaks of the TAPT-COF at ~535 eV (C-O interaction)
and ~531 eV (C=0) (Fig. 2e) confirmed that the TAPT-COF is
primarily in the enol form. Quantitative analysis (Table S2, SI)
revealed that the TAPT-COF exhibits a C—=O peak area percen-
tage of 65.1% and a C-O percentage of 34.8%, giving a C—0/C-
O ratio of 1.87. Similarly, the O1s spectra of the PdA@TAPT-COF
(Fig. 2f) exhibited distinct peaks corresponding to C=O at
~530.8 eV and Pd-O interaction at ~532.5 eV.** Notably,
the C—=O contribution increased to 79.6% with a corres-
ponding decrease in C-O to 20.4%, resulting in a significantly
higher C=0/C-O ratio of 3.90 (Table S2, SI). The shifts in
binding energy compared to the pristine TAPT-COF suggest
strong interactions between Pd and the -C=O- form of
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Fig. 2 (a) Solid-state ¥*C CP-MAS NMR spectra of the TAPT-COF. (b) Solid-state *C CP-MAS NMR spectra of the Pd@TAPT-COF, confirming framework
formation and Pd incorporation; (c) FT-IR spectra showing characteristic vibrations of C—=N, C=0, and C—C in the TAPT-COF and their shifts in the
Pd@TAPT-COF, indicating Pd incorporation; (d) PXRD patterns of the TAPT-COF and Pd@TAPT-COF showing retained crystallinity with indexed peaks;
(e) and (f) O 1s XPS spectra showing C-O and C=O0 in the TAPT-COF, with an additional Pd—O peak in the Pd@TAPT-COF, confirming successful

incorporation of Pd.

the TAPT-COF. Additionally, the PA@TAPT-COF (Fig. S2c, SI)
showed two distinct peaks at ~335.6 eV and ~340.8 eV,
corresponding to Pd 3ds,, and 3dj,,, respectively, indicating
Pd coordination with oxygen and nitrogen sites. These results
collectively indicated successful Pd integration into the TAPT-
COF.*

The synthesised pristine TAPT-COF and Pd@TAPT-COF
exhibited exceptional surface morphologies that play a crucial
role in their H, sensing performance. The FESEM images of the

Mater. Chem. Front.

pristine TAPT-COF (Fig. 3a—c) showed a highly porous and
fibrous network-like morphology, characteristic of the well-
ordered TAPT-COF structure. After Pd doping in the TAPT-
COF, significant morphological changes were observed in the
FESEM image of the PA@TAPT-COF (Fig. 3e-g), which exhib-
ited a granular morphology with the fibrous network partially
masked by Pd nanoparticles. The HR-TEM images show uni-
formly dispersed dark contrast regions corresponding to Pd
nanoparticles embedded within the TAPT-COF. In addition,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 3 (a)—(c) FESEM images of the TAPT-COF at different magnifications
showing a fibrous and porous network morphology; (d) AFM image of the
TAPT-COF indicating uniform surface roughness; (e)—(g) FESEM images of
the PdA@TAPT-COF revealing aggregated and granular morphology due to
Pd incorporation; and (h) AFM image of the Pd@TAPT-COF showing
increased surface roughness after Pd loading.

elemental mapping (Fig. 4a-f and Fig. S3, SI) confirms a
homogenous Pd distribution throughout the framework,
indicating that the nanoparticles are primarily incorporated
within the internal pore channels rather than only on the
external surface. The slight decrease in BET surface area and
pore volume after Pd loading further supports partial occu-
pancy of the intrinsic pore network by Pd. This morpho-
logical change suggests that Pd NPs have been successfully
doped into the TAPT-COF, potentially through coordination
interactions with the keto group in the TAPT-COF structure.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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The low-magnification images (Fig. 4a-c) illustrate a network-
like structure with particle sizes ranging from ~500 nm to
50 nm, indicative of hierarchical porosity. The high-resolution
TEM (HRTEM) image (Fig. 4d) further confirmed its crystal-
linity, displaying lattice spacings of 0.62 nm and 2.69 nm,
corresponding to the (001) and (100) planes, respectively.**
The SAED pattern (Fig. 4e) provides additional evidence of its
polycrystalline nature, characterised by distinct diffraction
rings that reflect good ordering within the framework. The
HAADF-STEM image (Fig. 4f) exhibited uniform contrast,
reflecting the elemental homogeneity of the TAPT-COF, con-
sistent with its composition. Following Pd incorporation,
Fig. 4¢g and h shows the TEM images of the PdA@TAPT-COF,
which exhibited a denser morphology with dark contrast
regions indicating that Pd NPs were uniformly distributed
within the TAPT-COF matrix. The TEM-derived pore size dis-
tribution (Fig. 4i) shows a dominant mesopore size of ~7 nm
with a narrow distribution, along with a few larger pores,
confirming hierarchical porosity. Such a porous network, com-
bined with well-dispersed Pd NPs, can enhance gas diffusion
and increase active site accessibility. The high-resolution TEM
image (Fig. 4j) provided further structural validation, showing
well-defined lattice fringes with spacings of 0.89 nm, 2.32 nm,
and 2.89 nm, corresponding to the (110), (210), and (111)
planes, respectively.””

The SAED pattern (Fig. 4k) further supported the polycrystal-
line nature of the Pd@TAPT-COF, as evidenced by sharp
diffraction rings characteristic of metallic Pd. The HAADF-
STEM image (Fig. 41) distinctly highlights atomic-scale contrast,
where the bright regions correspond to Pd NPs, confirming
their homogenous dispersion within the TAPT-COF matrix
through Z-contrasting. Elemental mapping (Fig. S3a-d, SI)
demonstrates a homogeneous distribution of carbon, nitrogen,
oxygen, and palladium throughout the TAPT-COF, confirming
uniform incorporation of Pd. The high resolution Pd mapping
in Fig. S3 provides clearer contrast, indicating that Pd nano-
particles are present within the internal pore channels rather
than only on the external surface. Such uniform Pd dispersion
within the porous COF facilitates efficient H, diffusion and
increases the number of active sites, thereby enhancing H,
sensing performance. The surface morphology of the TAPT-
COF and Pd@TAPT-COF samples, examined through atomic
force microscopy (AFM) at magnifications of 10 pm” x 10 pm?,
is illustrated in Fig. 3d and Table S3 (SI). The AFM contact
mode was used to measure the area roughness parameters of
the TAPT-COF, yielding a mean surface roughness (Sa) of
14.39 nm for the TAPT-COF and 16.23 nm for the PA@TAPT-
COF, respectively. This increase in surface roughness after Pd
incorporation confirms successful doping, likely due to the
deposition of Pd nanoparticles on the TAPT-COF, which in turn
may influence the porosity characteristics. To further under-
stand the impact of Pd incorporation on the porous structure,
nitrogen adsorption-desorption studies (Fig. S4a-d and Table
S4, SI) were carried out. Both the TAPT-COF and PA@TAPT-COF
showed type IV isotherms with H3-type hysteresis loops, which
are typical of mesoporous materials with slit-shaped pores. The

Mater. Chem. Front.
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Fig. 4
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(a)—(c) TEM images of the TAPT-COF, depicting the overall particle distribution and structure; (d) HRTEM image of the TAPT-COF, highlighting lattice

fringes; (e) SAED pattern of the TAPT-COF, exhibiting crystallinity; (f) HAADF image of the TAPT-COF confirming homogenous contrast; (g) and (h) TEM images
of the Pd@TAPT-COF showing the dispersion of Pd NPs on the COF surface; () TEM image of the Pd@TAPT-COF integrated with the TEM-derived pore size
distribution histogram, confirming a uniform mesoporous structure (~7 nm) and well-dispersed Pd NPs on the TAPT-COF surface; (j) HRTEM image of the
Pd@TAPT-COF revealing lattice fringes corresponding to Pd (110), (111), and (210) planes, confirming Pd NP incorporation; (k) SAED pattern of the TAPT-COF,
exhibiting sharp diffraction rings, indicating improved crystallinity; and () HAADF image of the PA@TAPT-COF showing dense Pd distribution.

TAPT-COF showed a higher nitrogen uptake (~200 m* g™ ' at
P/P, =1.0) and a larger average pore diameter of 45.7 nm, with a
total pore volume of 0.271 cm® g~ ", whereas the PA@TAPT-COF
exhibited a slightly lower surface area (~150 m* g~ '), an average
pore size of 42.1 nm, and a pore volume of 0.229 cm® g, likely
due to partial pore filling by Pd NPs. Despite this reduction, the
preserved hysteresis loops and mesoporosity confirm that the
intrinsic porous network of the TAPT-COF remains largely
intact after Pd functionalization.*”> Although Pd incorporation

Mater. Chem. Front.

causes a moderate reduction in surface area and pore size due
to partial pore filling by Pd NPs, the preserved mesoporosity
ensures sufficient gas diffusion; however, this reduction may
limit adsorption capacity and sensitivity at very low hydrogen
concentrations. To further elucidate the pore characteristics,
t-plot and NLDFT analyses were performed (Fig. S5a and b, SI).
The ¢-plot revealed a positive intercept, confirming the presence
of micropores in both the TAPT-COF and Pd@TAPT-COF,
with corresponding micropore volumes of 0.031 cm® g~ ' and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qm00681c

Open Access Article. Published on 02 December 2025. Downloaded on 12/24/2025 2:50:32 PM.

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

(cc)

Materials Chemistry Frontiers

0.024 cm® g7, respectively. The NLDFT pore size distribution
(Fig. S5c and d, SI) exhibited a dominant peak below ~2 nm,
along with a broader peak around ~3-4 nm, indicating a
combined micro-mesoporous structure. After Pd incorpora-
tion, a slight reduction in pore size and volume was observed,
suggesting partial filling of micropores by Pd NPs, while the
preserved mesoporosity ensures adequate diffusion pathways
for gas sensing. UV-Vis DRS (Fig. S5 and S6) revealed that the
PAd@TAPT-COF shows higher absorbance, a red shift in the
main transition (380 nm to 393 nm), and an extended absorp-
tion edge (348 to 440 nm), leading to a reduced band gap
(3.56 eV to 2.82 eV) compared to the TAPT-COF. Following the
characterisation of surface and porosity, thermogravimetric
analysis (TGA) was performed to evaluate the thermal stability
of both frameworks (Fig. S7, SI). The TAPT-COF exhibited an
initial weight loss starting at 150 °C, with major decomposition
occurring between 400 and 650 °C, leading to nearly complete
mass loss at 700 °C.*® In contrast, the PA@TAPT-COF showed a
more gradual decomposition profile with a residual mass of
~30% remaining at 800 °C. This improved thermal resistance,
along with the presence of residual Pd content, confirms
successful metal incorporation and indicates enhanced struc-
tural stability of the COF upon Pd doping.

2.2. Hydrogen sensing performance of the pristine TAPT-COF
and PA@TAPT-COF at ambient temperature

Hydrogen gas sensors are essential for ensuring safety in
industrial and domestic environments due to the flammable
nature of H, and its wide use as a clean energy carrier.”’
However, room temperature H, sensing remains a signi-
ficant challenge owing to the low kinetic energy and reduced
molecular reactivity of H, under ambient conditions. Most
existing sensors require highly elevated operating tempera-
tures, sufficient sensitivity, and rapid response, which limit
their practicality for real-world and low-power consumption
applications.”® Therefore, the development of materials cap-
able of detecting H, efficiently at room temperature with quick
response and recovery is critical for enabling portable, energy-
efficient, and real-time sensing technologies.*>*° In this con-
text, we tested the H, sensing behaviour of the TAPT-COF and
its Pd-incorporated derivative (Pd@TAPT-COF) under ambient
conditions, which showed fast response (4 s) and recovery
times (3 s). These sensors exhibited distinct structural features
of COFs, including keto groups, surface area, and porosity,
which enhanced gas sensing by influencing the electronic
properties and adsorption behaviour. This study evaluated
the chemiresistive response of these COFs to H, at various
concentrations of 1, 5, 10, 25, and 50 ppm (Fig. S8, SI). The H,
sensing characteristics of these materials were further assessed
by monitoring the changes in electrical resistance upon expo-
sure to different H, concentrations at room temperature. The
sensing response is represented by the ratio R,/R,, where R, is
the sensor resistance in air and R, is the resistance under an H,
gas environment. This ratio provides a measure of sensitivity,
with higher values indicating a stronger sensor response. The
response and recovery times are defined as the times required

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

View Article Online

Research Article

to reach 90% of the maximum resistance change upon expo-
sure and 10% to the baseline after gas removal, respectively®"
(Fig. S9, SI). Additionally, current measurements under an
applied voltage were used to monitor dynamic behaviour,
with the saturation current indicating the steady-state value
upon full hydrogen adsorption. A detailed explanation of
these measurements and calculation methods is provided in
Sections S2 and S3, SI.

The H, gas-sensing responses at 1, 5, 10, 25, and 50 ppm at
ambient temperature for the chemiresistive pristine TAPT-COF
material and PA@TAPT-COF were found to be 1.14, 1.21, 1.34,
1.68, and 5.83 and 1.4, 1.6, 1.4, 1.7, and 10, respectively.
Interestingly, it is observed from this study that the
Pd@TAPT-COF showed an H, sensing response of 10 at
50 ppm, which is better than that of the pristine TAPT-COF.
The TAPT-COF and Pd@TAPT-COF sensors’ dynamic response
and recovery characteristics are depicted in Fig. 5a and b for H,
concentrations of 1, 5, 10, 25, and 50 ppm. The PdA@TAPT-COF
sensor exhibited superior H, sensing response compared to the
TAPT-COF at ambient temperature. Upon comparison of COFs’
thin films at varying hydrogen concentrations, the sensor
exhibited a detection limit of 1 ppm for H,. The TAPT-COF
sensor exhibited responses of 1.14, 1.21, 1.34, 1.68, and 5.83 to
various H, concentrations, with the corresponding response
times of 6 s, 8 s, 22 s, 20 5, and 18 s, respectively. The recovery
times were 4 s, 12 s, 21 s, 22 s, and 17 s, respectively, as
illustrated in Fig. 5a and Table S5 (SI). Similarly, the Pd-
incorporated COF (Pd@TAPT-COF) sensor’s response was
found to be 1.4, 2.2, 3.2, 5.3, and 10 at various H, concentra-
tions. The response times of the PA@TAPT-COF were 4 s, 5 s,
10s, 11 s, and 16 s, and the recovery times were found to be 3 s,
6s,12s,14 s, and 18 s (Fig. 5b and Table S8, SI). The response
and recovery times of the COFs at 1 ppm - pristine TAPT-COF
(tres =68, trec =4 s at 1 ppm) and PA@TAPT-COF (tres =4 S, trec =
3 s at 1 ppm) - indicated that the PA@TAPT-COF shows super-
ior sensing results compared to the TAPT-COF (Fig. 5c and d).
The average recovery percentage of the TAPT-COF was 99.56%,
and that of the PA@TAPT-COF was 99.70% (Tables S5 and S6,
SI). The enhanced recovery percentage of the PA@TAPT-COF
might be attributed to the catalytic and electronic properties of
palladium. Based on the available literature on Pd-based H,
sensors (Table 1), we observed that our material, PA@TAPT-
COF, showed exceptional sensitivity and a fast recovery time at
room temperature at low concentrations of H, gas. In pre-
viously reported literature, Pd-decorated nanoribbons exhibited
a relatively slow response and recovery (60 s and 90 s) even at a
low concentration of 0.1% H,>* (Table 1), while Pd@MoS,
nanosheets showed a response time of 40 s and a recovery
time of 83 s at a higher concentration of 5% H, and an
operating temperature of 100 °C.>® In contrast, our COF mate-
rial, PdA@TAPT-COF, showed a significantly faster response of
4 s and a recovery time of 3 s at an ultra-low hydrogen
concentration of 0.0001% under ambient conditions. This
superior performance is attributed to the high surface area,
efficient conjugated framework, and well-dispersed Pd NPs in
the TAPT-COF, which collectively facilitate rapid H, adsorption,
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Fig. 5 Resistance curves of the (a) TAPT-COF and (b) Pd@TAPT-COF with H, gas sensing at concentrations of 1, 5, 10, 25, and 50 ppm at room
temperature. (c) and (d) Enlarged resistance profiles of the Pd@TAPT-COF at 1 ppm H, showing the measured response and recovery times. Resistance
vs. time curves of the (e) TAPT-COF and (f) Pd@TAPT-COF at 1 ppm H, at different temperatures (50 °C, 100 °C, and 150 °C) showing enhanced response

at higher temperatures.

dissociation, and charge transport. A comprehensive perfor-
mance comparison with other Pd-based hydrogen sensors is
presented in Table 1.

Also, the enhanced sensing performance of the PA@TAPT-
COF compared to the pristine TAPT-COF can be attributed to
the catalytic properties of palladium, which play a crucial
role in improving hydrogen adsorption and electron transfer
processes. Palladium nanoparticles facilitate the dissociation
of molecular hydrogen (H,) into atomic hydrogen even at
room temperature, significantly enhancing gas-material
interactions.’® This dissociative adsorption increases sensitivity
and accelerates the response and recovery times. Additionally,
the hydrogen spillover effect from Pd onto the COF expands the

Mater. Chem. Front.

number of active sites, while the porous structure of the TAPT-
COF supports efficient gas diffusion. The synergistic effect
between Pd catalysis and COF porosity leads to an improved
chemiresistive response, faster sensing kinetics, and high
reversibility, making the Pd@TAPT-COF a highly promising
material for room-temperature hydrogen sensing.>*

2.3. Hydrogen sensing performance of the pristine TAPT-COF
and PA@TAPT-COF at different temperatures

To evaluate the influence of temperature on H, sensing beha-
viour, TAPT-COF and Pd@TAPT-COF sensors were tested at
three different temperatures of 50 °C, 100 °C, and 150 °C at
1 ppm H, concentration. The corresponding response (R./Ry),

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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recovery times, and recovery percentages are summarized in
Tables S7 and S8, and illustrated in Fig. 5e and f. The response
(Ra/Ry) values of the TAPT-COF sensor at 50 °C, 100 °C and
150 °C were 2, 4, and 6 at 1 ppm, the response times were 4 s,
20 s, and 18 s, and the recovery times were 5 s, 13 s, and 15 s
(Fig. 5e). Across all temperatures (50-150 °C), the sensor main-
tained a high average recovery efficiency of 99.6%, indicating
stable and reversible sensing behaviour. Similarly, the
Pd@TAPT-COF sensor exhibited superior performance com-
pared to the pristine TAPT-COF at all temperatures. The
response values were 3 at 50 °C, 5 at 100 °C, and 8 at 150 °C;
the response times were 4 s, 13 s, and 17 s, and the recovery
times were 6 s, 15 s, and 15 s (Fig. 5f). The highest recovery
percentage of 99.8% was also recorded at 150 °C, reflecting
excellent regeneration capability. This enhancement can be
attributed to the catalytic activity of Pd NPs, which likely
facilitates more efficient H, adsorption-desorption processes.
The chemiresistive sensing behaviour of the pristine TAPT-
COF and Pd@TAPT-COF toward H, gas was further system-
atically evaluated. The dynamic response-recovery behaviour of
the PA@TAPT-COF at 1 ppm H, (Fig. 6a) reveals stable and
repeatable resistance changes over multiple exposure cycles,
indicating excellent reproducibility at 1 ppm H, and reversible
interactions. The sharp decrease and recovery of resistance
upon H, exposure suggest a rapid adsorption-desorption
mechanism facilitated by the “Pd” sites. A comparative
concentration-dependent (1-50 ppm) sensing study showed
that the Pd@TAPT-COF exhibited a significantly enhanced
response (R./Ry) toward H, compared to the pristine COF
(Fig. 6b), which can be attributed to the catalytic role of Pd
NPs in facilitating H, dissociation and charge carrier modula-
tion. This was followed by selectivity studies (Fig. 6¢c and d) at a
fixed concentration of 1 ppm for acetylene, xylene, toluene,
ammonia, and hydrogen. The increase in sensing response
with temperature can be understood from the temperature
dependence of the Pd-H, interaction and H, spill-over kinetics.
The comparable response at 25 °C and 50 °C suggests that Pd-
assisted H, dissociation and the initial spill-over step have low
activation energies, whereas at 150 °C, the activation barrier for
H, dissociation and interaction is more effective, which pro-
motes faster hydrogen spill-over and stronger charge-transfer
interactions within the TAPT-COF, thereby producing a signifi-
cantly higher response.®” While the TAPT-COF showed moder-
ate selectivity toward H,, the Pd@TAPT-COF demonstrated
remarkably enhanced selectivity, showing a significantly stron-
ger response to H, compared to other interfering gases.
Although the Pd@TAPT-COF shows a higher sensing
response at elevated temperatures (50-150 °C), the practical
operating conditions for H, leak detection are room tempera-
ture because H, leakage typically occurs under uncontrolled
ambient environments without an external heating source.®®
The higher response at elevated temperatures arises from faster
Pd-catalysed H, dissociation and accelerated hydrogen spil-
lover into the m-conjugated TAPT-COF, which enables charge
transfer interactions. At 150 °C, thermal energy sufficiently
overcomes the activation barriers for both dissociation and
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migration, accelerating hydrogen spill-over and enabling dee-
per penetration into the COF’s conjugated framework. How-
ever, a continuous high-temperature operation can lead to
more power consumption, baseline drift due to Pd — PdH,
cycling, reduced selectivity, and possible structural strain in the
porous organic framework.**

The influence of relative humidity (RH) on sensor perfor-
mance was assessed at 1 ppm H, under different RH levels (10-
75%) (Fig. 6e and f). A gradual decrease in sensor response was
observed with increasing RH for both COFs, which could be
due to the viable adsorption of water molecules occupying the
active sites.® Interestingly, the PdA@TAPT-COF showed a higher
response under all humidity levels, suggesting improved moist-
ure tolerance owing to stronger Pd-H, interactions.®® Finally,
long-term operational stability, a critical factor for practical
sensing applications, was monitored for up to 15 days at 1 ppm
(Fig. 62 and h). Both sensors exhibited minimal variations in
their response values. This confirms the structural integrity and
stability of the sensing interface under ambient conditions.
Notably, the PdA@TAPT-COF maintained a consistently higher
and more stable response over the entire duration, confirming
its superior durability and reliability for long-term H, detec-
tion. These results collectively highlighted the Pd@TAPT-COF
as a highly sensitive, selective, and stable sensor for low-
concentration H, detection at room temperature for real-time
environmental and industrial safety monitoring applications.

To evaluate the chemical, structural, and morphological
integrity of the synthesised materials after hydrogen gas expo-
sure, FTIR, PXRD, and SEM analyses were performed. The FTIR
spectra of the TAPT-COF and Pd@TAPT-COF post-H, sensing
revealed that the fundamental chemical framework remains
largely unaffected. The prominent absorption band at 1622 cm™*
corresponds to the C=O stretching vibration of the keto
group, confirming the presence of the f-ketoenamine linkage
even after gas exposure. The peak around 1570-1580 cm *
corresponds to the C=N stretching of the enamine group.®’
This suggests that the enamine group remains intact, suggest-
ing the framework maintains its conjugated structure with
observation of minor shifts or intensity reduction in the
C—=N and C-N stretching bands in the PA@TAPT-COF (Fig.
S10, SI). This could be due to weak interactions between Pd
active sites and adsorbed hydrogen molecules (physisorption)
without permanent disruption of the chemical structure. The
powder X-ray diffraction patterns of both the TAPT-COF and
Pd@TAPT-COF (Fig. S11, SI) after H2 sensing exhibited reflec-
tions consistent with the pristine samples. The dominant
diffraction peak near ~4.7°, corresponding to the (100) plane,
remains visible. This indicates the preservation of a 2D periodic
layered structure. Additional peaks at ~8.1° (110) and ~13.1°
(210), and higher-angle reflections confirmed the retention of
long-range order. However, in the case of the PA@TAPT-COF, a
slight reduction in intensity and minor broadening of the (100)
peak were observed after sensing, suggesting a modest decrease
in crystallinity.®””°® This can be attributed to framework flex-
ibility and local rearrangement caused by interactions with
hydrogen molecules at the Pd sites. The SEM analysis provides
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Fig. 6 (a) Reproducibility of the PA@TAPT-COF sensor at 1 ppm, (b) sensing comparison of the TAPT-COF and Pd@TAPT-COF at different H, gas
concentrations, (c) and (d) selectivity studies (acetylene, xylene, toluene, ammonia and hydrogen) of the TAPT-COF and Pd@TAPT-COF at different
concentrations, (e) and (f) the response (R./Rg) of the TAPT-COF and Pd@TAPT-COF sensors to 1 ppm H, gas under varying relative humidity (RH) levels,
and (g) and (h) long-term stability response of the TAPT-COF and Pd@TAPT-COF (up to 15 days).

insights into the morphological changes post-H, sensing. The
TAPT-COF (Fig. S12a and b, SI) retains its characteristic flaky
sheet-like morphology with a porous and interlinked network
structure, and the PA@TAPT-COF (Fig. S12c and d SI) also
retains its layered sheet morphology. The sheets appeared
slightly more compact and aggregated compared to the pristine

TAPT-COF. The slight compaction of the layers is likely due to
the weak hydrogen physisorption on Pd nanoparticles, leading
to minor shrinkage or reorganization of the COF layers.®®
These post-sensing analyses collectively confirmed that
both the TAPT-COF and Pd@TAPT-COF retained their struc-
tural and chemical integrity after hydrogen exposure, with the
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PA@TAPT-COF exhibiting slight framework reorganisation, sup-
porting a reversible physisorption-driven sensing mechanism.>”*’

2.4. Hydrogen sensing mechanism

The superior H, sensing performance of the PA@TAPT-COF at
ambient temperature can be attributed to a synergistic mecha-
nism involving catalytic dissociation, charge transfer, and spil-
lover effects.>>”° Upon exposure to H, gas, molecular hydrogen
diffuses through the porous COF matrix and interacts with the
incorporated Pd NPs. Due to palladium’s high affinity for
hydrogen, H, undergoes dissociative chemisorption on the Pd
surface to form adsorbed atomic hydrogen:

Hy(g) = 2H(ads) 1)

Pd + XH(ads) = PdH, (2)

These atomic hydrogens are subsequently adsorbed into the
palladium matrix, forming palladium hydride (PdH,) through a
reversible adsorption process.”" The formation of PdH, reduces
the work function of palladium, enabling electron transfer from
PdH, to the surrounding TAPT-COF in the Pd@TAPT-COF,
leading to increased charge carrier density and improved
conductivity.”* Moreover, a portion of the dissociated hydrogen
undergoes surface transfer from the Pd sites onto the TAPT-
COF structure, a process known as hydrogen spillover. The
atomic hydrogen interacts with electron-rich sites within the
TAPT-COF, particularly keto groups and triazine nitrogen
atoms, leading to localised polarization and further electronic
perturbation. These interactions are efficiently transmitted
through the extended m-electron system of the TAPT-COF (n-
conjugated system), facilitating rapid charge delocalisation.
While the strong interaction between Pd and H, allows low
concentration detection under ambient conditions, the high
surface area and porous structure of the PdA@TAPT-COF ensure
rapid diffusion and accessibility to active sites. In comparison,
the pristine TAPT-COF exhibited only weak physisorption inter-
actions with H,, resulting in minimal conductivity changes.
Therefore, the superior sensing response of the PA@TAPT-COF
arises from the supportive effects of Pd-catalysed H, activation
(eqn (1) and (2)), spillover-induced polarization, and the intrin-
sic charge transport properties of the COF’°. It is also impor-
tant to note the concentration-dependent sensing behaviour
observed for the PA@TAPT-COF. At low gas concentrations, the
available Pd active sites are not fully occupied; therefore,
the interactions between the Pd@TAPT-COF and different
analyte gases are dominated by weak physisorption, resulting
in similar response values across gases. However, at higher
H, concentrations, Pd catalytically dissociates H, into atomic
hydrogen, which subsequently undergoes spillover onto the
COF. This spillover process leads to stronger charger transfer
and a greater change in electrical conductivity compared
to other gases, which do not undergo catalytic dissociation on
Pd. Therefore, the Pd@TAPT-COF exhibits comparable
responses to different gases at low concentrations, but exhibits
markedly enhanced selectivity toward H, at higher concentra-
tions (Fig. 7).
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Fig. 7 Schematic representation of the hydrogen gas sensing mechanism.

Furthermore, comprehensive density functional theory
(DFT) calculations were performed using the Gaussian 16 soft-
ware package to support and understand the enhanced
hydrogen sensing behaviour observed experimentally for the
TAPT-COF and Pd@TAPT-COF.”> Geometry optimisations and
single-point energy calculations for the pristine COFs and their
H,-adsorbed counterparts were carried out using the B3LYP
functional and the 6-311+G(d)* basis set’*’* (Fig. S13a-d and
Table S9, SI). GD3B] was applied to improve the accuracy of
non-covalent interaction modelling, particularly for the weakly
bound H, molecule.”>”® Three adsorption sites were studied:
the keto-group site (site-1, C—O0- - -H, region), the triazine-rich
site (site-2, C-N- - -H, region), and, in the case of the PdA@TAPT-
COF, the embedded Pd centre acts as site-3. These adsorption
sites are illustrated in Fig. S14a, b and S15a, b (SI). The binding
energies were calculated using eqn (1) (Section S4, SI) and are
summarized in Tables S10 and S11 (SI). To assess the adsorp-
tion affinity and site selectivity, binding energy (E.qs) values
were calculated at site-1 and site-2 for both the TAPT-COF and
PAd@TAPT-COF. In the pristine TAPT-COF, the adsorption ener-
gies were found to be —57.77 k] mol " (—0.599 eV) at site-1 and
—69.96 k] mol* (—0.725 eV) at site-2, suggesting weak physi-
sorption primarily driven by van der Waals interactions. How-
ever, in the PA@TAPT-COF, the binding energies at these sites
increased dramatically to —484.57 k] mol " (—5.022 eV) and
—275.30 k] mol™' (—2.853 eV), indicating strong chemi-
sorption. This enhancement is attributed to the catalytic activ-
ity of Pd, which facilitates dissociative adsorption of H, into
surface-bound hydrogen atoms, forming PdH, species and
enabling charge redistribution across the framework. Although
the binding energy at the Pd centre (site-3) was not directly
computed, the substantial increase in E,qs at nearly COF sites
suggests a synergistic effect, where Pd not only acts as a
catalytic site but also enhances adsorption at adjacent func-
tional groups. These results clearly demonstrated that the
PAd@TAPT-COF presents three distinct hydrogen interaction
sites, with the Pd centre serving as a catalyst that enhances
adsorption energies and electronic response. This was further
analysed using HOMO-LUMO energy levels, partial density of
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Fig. 8 HOMO and LUMO plots of the (a) Pd@TAPT-COF and (b)
Pd@TAPT-COF-H,. Electrostatic potential graphs of the (c) Pd@TAPT-
COF and (d) Pd@TAPT-COF-H,.

states (PDOS), natural bond orbital (NBO) analysis, and non-
covalent interaction (NCI) mapping via reduced density gradi-
ent (RDG) plots. These theoretical studies offer molecular-level
insight into the interaction of hydrogen with the framework
and reveal how Pd incorporation modulates adsorption ener-
getics and electronic structure.

To further understand the effect of Pd incorporation and H,
interaction on the electronic structure of the TAPT-COF,
HOMO-LUMO and electrostatic potential (ESP) analyses were
performed. As shown in Fig. 8a and b, the HOMO and LUMO of
the PA@TAPT-COF and Pd@TAPT-COF-H, are predominantly
localized over the m-conjugated framework and the Pd-
interacting sites. The calculated energy gap (AE,) for the
Pd@TAPT-COF is found to be 2.82 eV, which is slightly
increased to 2.83 eV upon H, adsorption. This slight variation
in band gap is attributed to the formation of Pd-H species and
the redistribution of electron density across the framework
upon H, interaction.”” Table $12 (SI) further confirmed this
trend, where the pristine TAPT-COF showed a relatively larger
band gap (3.56 eV), consistent with its lower conductivity and
physisorptive nature. In contrast, the PdA@TAPT-COF exhibited
a narrowed gap due to strong orbital interactions introduced by
Pd doping. Notably, the Pd@TAPT-COF-H, systems at both
site-1 and site-2 maintain similar gaps (~2.81-2.83 eV), high-
lighting their electronic stability under hydrogen exposure
(Fig. S16a-d, SI). Electrostatic potential maps (Fig. 8c, d and
Fig. S17a-d, SI) further revealed the distribution of electron-
rich (red) and electron-deficient (blue) regions across the sur-
face of the TAPT-COF and PA@TAPT-COF in its H,-adsorbed
state. The ESP surface of the PA@TAPT-COF showed localized
negative potential around keto and nitrogen atoms, indicating
favourable sites for hydrogen interaction. After H, adsorption,
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noticeable changes in the ESP intensity and distribution
were observed, particularly near the active sites, suggesting
polarization effects and localized charge redistribution
induced by chemisorption.”® Together, the HOMO-LUMO and
ESP analyses proved that Pd incorporation decreases the
energy gap and improves conductivity and H, electronic
interactions.”®

Building upon the HOMO-LUMO and ESP results, PDOS
analysis further elucidated the electronic effects of H, adsorp-
tion on the TAPT-COF. As shown in Fig. 9a, the TAPT-COF-H,
showed minimal changes near the Fermi level, consistent with
the weak physisorption suggested by its low binding energy and
limited orbital overlap. In contrast, Fig. 9b revealed that
Pd@TAPT-COF-H, exhibits an increased density of states near
the Fermi level, with noticeable contributions from Pd and H,
orbitals.®® This points to stronger orbital hybridization and
enhanced electronic interaction at the Pd site. Comparable
trends were observed at site-2 (Fig. S18a and b, SI), further
supporting the catalytic and electronic role of Pd in enhancing
H, adsorption. The NBO analysis was performed for the
PAd@TAPT-COF to gain deeper insights into its electronic struc-
ture and charge transfer behaviour during H, adsorption. The
corresponding data are provided in Table S13, SI (Pd@TAPT-
COF), Table $14, SI (site-1, -C—0-H, region), and Table S15, SI

(@) .30 ‘ . ‘ ‘ . ‘ ‘ ‘ ‘ |
—— TAPT-COF-H2 (Site-1) :
2.07 TAPT-COF
—— Activesite-1
1.84 - H2
1.61

Density-of-
o
©
IS
N

-21.77 -19.05 -16.33 -13.61 -5.44 272 0.00 2.72 544

-10.88 -8.16
Energy (eV)
(b) 1.10 | L L L L L I I L L ]
. —— Pd@TAPT-COF-H2 (Active site-1)
0.99 Pd@TAPT-COF :
— Active site-1 :
0.88 - Pd F

H2
0.77 +

.66 -
0.55 -
0.44

Density-of-states

0.33 4
0.22

0L I WL T

-21.77 -19.05 -16.33 -13.61 -10.88 -8.16 -5.44 -2.72 0.00 2.72 5.44
Energy (eV)

Fig. 9 (a) Projected density of states (PDOS) analysis of H, adsorption on
the TAPT-COF. The PDOS of the TAPT-COF (black), TAPT-COF-H, (red),
active site-1 (blue), and H, molecule (green) indicates a weak interaction
between H, and the pristine COF. (b) Projected density of states (PDOS)
analysis of H, adsorption on the Pd@TAPT-COF. The PDOS of the
Pd@TAPT-COF (black), Pd@TAPT-COF-H, (red), active site-1 (blue), Pd
(magenta), and H, molecule (green) indicates significant changes in
electronic states upon H, adsorption.
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(site-2, -C-N-H, region). The analysis revealed strong donor-
acceptor interactions, particularly from the lone pair (LP)
orbitals of oxygen atoms to the antibonding orbitals of the Pd
center [LP(O) — LP*(Pd)],*' with high second-order stabili-
zation energies (E* values exceeding 150 k] mol ™), confirming
significant charge delocalization toward Pd. Moreover, n(N-Pd)
— 1*(C-C) and n(C-N) — n*(C-C) interactions were observed
across the conjugated framework, especially at both adsorption
sites, which promote intramolecular charge redistribution.
These interactions facilitate efficient electronic transfer
between the Pd site and the TAPT-COF, enhancing the charge
carrier density and electronic conductivity upon H, adsorption.
These findings are consistent with the experimental sensing
results and confirm that Pd plays a crucial role in facilitating
charge transfer within the PA@TAPT-COF during hydrogen
sensing.

To further elucidate the nature of non-covalent interactions
between hydrogen molecules and the COFs, reduced density
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gradient (RDG) analysis was performed®*®* (Fig. 10). The RDG
vs. sign(4,)p plots for the TAPT-COF and PA@TAPT-COF, both
before and after H, adsorption at two active sites (site-1:
—-C—O0-H, and -C-N-H,), provided key insights into the inter-
action strengths and types. In the pristine TAPT-COF (Fig. 10a),
the RDG plot exhibited broad green regions near zero sign(4,)p
values, indicating weak van der Waals interactions with mini-
mal charge redistribution. The incorporation of Pd into the
framework (Fig. 10b) results in an enhanced negative sign(/,)p
region, which corresponds to the stronger attractive interac-
tions between the framework and hydrogen molecules. This
enhancement can be indicated by weak Pd-H coordination,
occurring at the catalytically active Pd sites. For TAPT-COF-H,
at site-1 and site-2 (Fig. 10c and e), the green spikes persist, but
their intensities remain moderate, confirming physisorption
dominated by non-specific interactions. In contrast, PdA@TAPT-
COF-H, (Fig. 10d and f) showed significantly enhanced spikes
in the negative region of sign(4,)p, reflecting stronger attractive
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Fig. 10 Reduced density gradient (RDG) vs. sign(4,)p plots representing non-covalent interaction (NCI) analysis for the (a) TAPT-COF, (b) Pd@TAPT-
COF, (c) TAPT-COF-H, at site-1, (d) PA@TAPT-COF-H, at site-1, (e) TAPT-COF-H, at site-2, and (f) Pd@TAPT-COF-H, at site-2. The color scale indicates
the strength and nature of interactions: blue (strong attractive interactions such as H-bonding), green (van der Waals interactions), and red (strong

repulsion).
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interactions, particularly near the Pd centre. These features
correspond to chemisorption through partial electron transfer
and hydrogen dissociation mechanisms. Overall, the RDG
analysis confirmed that Pd doping enhances the strength and
nature of non-covalent interactions in the TAPT-COF, support-
ing the observed increases in adsorption energy and improved
sensing performance.

The DFT calculations revealed that Pd incorporation signifi-
cantly enhances hydrogen sensing capability. The adsorption
energies increase markedly in the PA@TAPT-COF, indicating
strong chemisorption compared to weak physisorption in the
pristine TAPT-COF. A reduced HOMO-LUMO gap (—2.82 eV)
intensified PDOS near the Fermi level and polarised ESP
surfaces confirmed improved electronic interactions. NBO
and RDG analyses further supported the enhanced charge
transfer and stronger non-covalent interactions at Pd sites.
These theoretical insights align well with experimental results,
validating Pd’s crucial role in boosting H, adsorption and
sensing performance.

The enhanced sensing performance of the PA@TAPT-COF
over the pristine TAPT-COF arises from three synergistic effects
introduced by Pd functionalisation: (i) palladium’s intrinsic
catalytic activity facilitates the dissociative chemisorption of H,
molecules into atomic hydrogen, forming PdH, species that
lower the local electronic structure by lowering the work func-
tion and facilitating charge transfer to the TAPT-COF; (ii) the
hydrogen spillover effect facilitates further interaction with
nearby functional groups such as keto and triazine moieties,
enhancing polarisation and conductivity; (iii) Pd incorporation
of orbital hybridisation, as confirmed by PDOS and HOMO-
LUMO analyses, improves electronic coupling and increases
charge carrier density. These combined effects lead to faster
response, higher sensitivity, and greater selectivity toward H,
under ambient conditions, validating the PA@TAPT-COF as an
advanced material for practical hydrogen sensing applications.

3. Conclusion

In conclusion, this work highlights the PA@TAPT-COF as a
high-performance, room-temperature H, sensor through the
rational integration of catalytically active Pd sites into a che-
mically robust B-ketoenamine COF. Post-synthetic functionali-
zation introduced Pd nanoparticles that strongly coordinate to
keto and imine moieties, as confirmed by solid-state '*C NMR,
FTIR, and XPS analyses. Nitrogen sorption analysis revealed
that, despite a moderate reduction in surface area (from 200 to
150 m? g ') and pore size (from 45.7 to 42.1 nm), the meso-
porous network and slit porous structure were preserved,
ensuring efficient gas diffusion. This structural optimization
translated into outstanding sensing performance, with the
Pd@TAPT-COF attaining a response (R,/Rg) of 10, ultrafast
response/recovery times (4 s/3 s at 1 ppm H,), excellent selec-
tivity against competing gases, and operational stability over
repeated cycles. Post-sensing characterization revealed no
structural degradation, supporting a reversible adsorption
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mechanism. The origin of the enhanced performance was
further elucidated through DFT calculations, revealing a higher
binding energy compared to the pristine COF (—5.022 eV), a
reduced HOMO-LUMO gap (3.56 eV to 2.82 eV), and hybridized
Pd-H states near the Fermi level. NBO, PDOS, and RDG
analyses confirmed efficient Pd-framework charge transfer
and non-covalent interactions from hydrogen spillover onto
keto and triazine sites. This synergy of Pd catalysis, mesopor-
osity, and electronic tunability positions make the PA@TAPT-
COF a versatile, high-performance material for rapid, selective,
and reusable hydrogen sensing, offering a strong potential
sensor for deployment in energy safety and environmental
monitoring applications.
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