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Single-atom catalysts were widely used to treat atmospheric pollution and alleviate energy crises through
photocatalysis. However, how to prevent the aggregation of single atoms during the preparation and cat-
alytic processes remained a great challenge. Herein, a novel ultrathin two-dimensional porphyrin-based
single-atom photocatalyst Ti-MOF (abbreviated as TMPd) obtained through a simple hydrothermal syn-
thesis strategy was used for photocatalytic hydrogen evolution and NO removal, in which the single-
atom Pd tightly anchored in the center of porphyrin to ensure single-atom Pd stable existence. Com-
pared with most reported MOFs-based photocatalysts, the TMPd showed an excellent hydrogen evolution
rate (1.32mmol g-! h~1) and the NO removal efficiency (62%) under visible light irradiation. Aberration-
corrected high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) and
synchrotron-radiation-based X-ray absorption fine-structure spectroscopy (XAFS) proved that pd in TMPd
existed in an isolated state, and the atomic force microscope (AFM) proved the ultrathin morphology of
TMPd. DFT calculations had demonstrated that single-atom Pd could serve as the active center and more
effectively achieve electron transfer, indicating that single-atom Pd played a vital role in photocatalytic
hydrogen evolution. In addition, a possible photocatalytic pathway of NO removal was proposed based on
ESR and in-situ infrared spectra, in which the catalysts anchored with single-atom Pd could produce more
active substances and more effectively oxidize NO to NO,~ or NO;~. The results suggested that coordi-
nating single-atom metal species as the active site in the center of porphyrin could be a feasible strategy
to obtain various ultrathin porphyrin-based single-atom photocatalysts to acquire excellent photocatalytic

performance further.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

With the rapid development of the human economy and social
civilization, the demand for energy, especially fossil fuels, is gradu-
ally increasing, leading to growing severe problems of air pollution
(NOy, SOx) and energy shortages, which have attracted the vio-
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lent attention of the general public [1-5]. A series of “end-of-pipe”
technologies have been developed to deal with the existing pol-
lutants and significantly contribute to improving the environment
[6]. However, many of these “end-of-pipe” technologies merely di-
vert pollutants and do not completely eliminate them, which is
just a treatment for symptoms rather than a cure [7]. The most
fundamental approach is to control the production of contaminants
at the source, i.e., a “source control” strategy, thereby reducing the
pressure on the subsequent treatment of pollutants [2,8]. The de-
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velopment and utilization of clean energy can reduce the need for
fossil fuels, decrease the production of pollutants and improve en-
ergy shortages [9,10]. Therefore, to solve the problem of environ-
mental pollution and energy shortage, we should seek a technol-
ogy that could realize both “end-of-pipe treatment” and “source
control” simultaneously. Photocatalysis, the use of light energy to
facilitate catalytic reactions [11,12], provides a reliable pathway for
treating pollutants and developing clean energy [13]. However, in
the photocatalytic reaction, most of the photocatalysts have poor
photocatalytic effects due to the low carrier separation and trans-
fer efficiency [14-17]. Therefore, the search for an efficient photo-
catalytic material is particularly urgent.

Single-atom photocatalysts (SAPs), a multifunctional material
prepared by dispersing the isolated metal atom on relevant semi-
conductor carriers, have recently received increasing attention be-
cause of their maximum atom utilization and excellent catalytic
performance [18]. Compared with corresponding nanoclusters or
nanoparticles, in addition to the well-known maximum atom-
utilization efficiency and well-defined active site, the special elec-
tronic structures and unsaturated sites would endow single-atom
more excellent activity and selectivity [19]. Zhang et al. synthesized
tungsten single-atom photocatalyst by direct calcination, which can
significantly promote the conversion of CH, into highly selective
oxidation products [20]. However, the higher specific surface en-
ergy usually makes these isolated atoms easier to aggregate, espe-
cially in the synthesis process, which hinders the extensive fabri-
cation of SAPs [21]. To our knowledge, the semiconductor carriers
that the isolated atoms are anchored on are very important in hin-
dering the individual atoms’ aggregate. Therefore, it is very criti-
cal to adopt an effective semiconductor carrier that could stabilize
these isolated atoms.

Metal-organic frameworks (MOFs) [22,23] is a novel type of
photocatalytic materials, which are widely used in areas such as
water decomposition, NOy removal [22,24]. It is known that the
organic ligands with various heteroatoms could be perfect attach-
ment sites for individual metal atoms via forming the effective
chemical bond, which could reduce the migration and aggrega-
tion by stabilizing these isolated atoms in the synthesis process
[25,26]. The porphyrin molecule, a very famous skeleton with four
pyrroles N, has been widely used as the organic ligand to fabri-
cate the multifunctional porphyrin-based MOFs, in which four pyr-
role N could coordinate with the isolated metal to further obtain
confined single-atom for catalysis. Compared with bulk porphyrin-
based MOFs, the confined single-atom in 2-dimensional MOFs (2D
MOFs) can expose more available active sites due to the ultra-thin
thickness [27,28], which is conducive to the transfer of photogen-
erated charge carriers and significantly inhibits the recombination
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efficiency of photoinduced electron-hole pairs, thus improving the
photocatalytic performance [29,30].

Herein, the Pd(Il) tetrakis (4-carboxyphenyl) porphyrins
(PATCPP) as organic ligands and Ti-oxo clusters as metal nodes
are adopted to synthesize the ultra-thin 2D porphyrin-based MOFs
for photocatalytic hydrogen evolution and NO removal, in which
single-atom Pd has been anchored by the four nitrogen atoms
on the pyrrole at the center of the porphyrin ring. Moreover, as
the PATCPP has a broad visible light harvesting ability and Ti-oxo
clusters could serve as the famous TiO,, the TMPd (The ligand
in the synthesized sample is TCPP, abbreviated as TMH, and the
ligand is PdTCPP, abbreviated as TMPd.) exhibits excellent pho-
tocatalytic performance in hydrogen evolution and NO removal.
Under the irradiation of visible light, the hydrogen evolution rate
can reach 1.32mmol g~! h~!, and NO removal efficiency can reach
62%, which suggests the coordination of single-atom metal species
as the active site in the center of porphyrin really could be a
feasible strategy to obtain various 2D single-atom porphyrin-based
photocatalysts to further enhance photocatalytic performance

Fig. S1 (Supporting information) showed the X-ray diffraction
(XRD) patterns of TMH and TMPd, which exhibited an obvious
diffraction peak near at 26 =4.5° and could be attributed to the
(002) facet [31]. At the same time, there was no characteristic
diffraction peak that could be attributed to pd nanoparticles (stan-
dard card PDF #87-0645) in TMPd, indicating that Pd in TMPd had
no obvious aggregation. In addition, the content of Pd in TMPd
measured was 2.79% by ICP-OES. Surprisingly, the specific surface
area of TMH was 331.7 m2/g and 377.2 m2/g for TMPd (Fig. S3 and
Table S1 in Supporting information). It was probable that the co-
ordination of Pd in the center of porphyrin made the synthesized
TMPd have more microporous channels and increase the specific
surface area concurrently. At the same time, the pore size distri-
bution showed that the pore size distribution of TMH and TMPd
were approximately the same. The transmission electron micro-
scope (TEM) image of TMPd (Fig. 1a) exhibited the thin layer mor-
phology with lateral size up to hundreds of nanometers. As dis-
played in the Fig. 1b, the AFM image of TMPd demonstrated that
the thickness of the catalyst was less than 4nm, and it had a rel-
atively smooth planar structure [31]. High-resolution transmission
electron microscopy (HRTEM) image (Fig. 1c) revealed that there
was no periodic lattice stripe of Pd nanoparticles in TMPd, further
indicating that no Pd nanoparticles were formed unambiguously,
which is in line with the XRD. In addition, the elemental mapping
images (Fig. 1d) demonstrate the elements of C, N, O, Ti, and Pd
are evenly spread around the TMPd nanosheets. In summary, XRD,
Fourier transform infrared (FT-IR) (Fig. S2 in Supporting informa-
tion), Brunauer-Emmett-Teller (BET) and HRTEM analysis could in-
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Fig. 1. (a)TEM, (b) AFM, (c) HRTEM and (d) elemental mapping images of TMPd.
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Fig. 2. Characterizations of the single-atom Pd. (a) Aberration-corrected HAADF-STEM image of the TMPd. (b) Statistical size distribution of 100 bright spots in (a). (c) The
normalized Pd K-edge XANES spectra for Pd foil, PdO, and TMPd. (d) Fourier transform K-edge EXAFS spectra for Pd foil, PdO, and TMPd.

dicate that the sample TMH/TMPd had been successfully synthe-
sized. In addition, AFM and TEM demonstrated the ultra-thin struc-
ture of TMPd.

As mentioned above in Fig. 23, it could be clearly observed that
a large number of small bright spots were distributed in the figure
through an aberration-corrected high-angle annular dark-field
scanning transmission electron microscope (HAADF-STEM). Mean-
while, as shown in Fig. 2b, the particle size was mainly distributed
between 0.2 and 0.4 nm, which further proved that Pd existed as
the isolated single atom [32]. By comparing the normalized Pd
K-edge XANES spectra for the Pd element (Fig. 2c), it could be
seen the Pd element in the sample existed in the oxidation state.
The fitting results (Fig. S4 and Table S2 in Supporting information)
and the analysis of Fourier transform extended X-ray absorption
fine structure spectroscopy (EXAFS) (Fig. 2d) confirmed the main
oxidation characteristics of Pd at 1.53A, and revealed the Pd-N
coordination in the TMPd [33]. Meanwhile, it could be clearly seen
from the figure that there was no obvious metal Pd-Pd bond at
2.54A [33], which indicated that the TMPd unambiguously con-
tained the Pd single-atom form. The results of X-ray photoelectron
spectroscopy (Fig. S5 in Supporting information) indicated that
Pd in TMPd coordinates with the N atom in the porphyrin center,
further proving that it was anchored at the porphyrin center in
a single-atom form. It was worth noting that the optical and
electrochemical properties (Fig S8 in Supporting information) of
TMPd were much better than TMH, due to its ultra-thin structure
and anchoring of single-atom Pd.

The photocatalytic hydrogen evolution and NO removal exper-
iments were conducted separately in different reaction systems.
The catalytic hydrogen evolution results of the materials were
shown in Fig. 3a. TMH showed few photocatalytic hydrogen evolu-
tion performances, while TMPd showed a hydrogen evolution rate
of up to 1.32mmolg 'h~!, indicating that the complexation of
single-atom Pd at the center of the porphyrin ligand could greatly
enhance the photocatalytic hydrogen evolution performance. In
order to investigate whether the enhanced photocatalytic hy-
drogen evolution performance was ascribed to the metal Pd or
the complex PATCPP, the TMH photocatalytic hydrogen evolution
system was evaluated by adding the same amount of Pd ion as
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Fig. 3. (a) Photocatalytic hydrogen evolution diagram of TMH, TMPd and TMH + Pd
(aq). (b) Stability tests of photocatalytic hydrogen evolution of TMPd. (c) Photocat-
alytic NO purification performance of TMH and TMPd. (d) Stability test of NO pu-
rification of TMPd.

the Pd content (2.79%) in TMPd under the same photocatalytic
process. It was found that the photocatalytic hydrogen evolution
process could be achieved at a rate of 0.39mmol g~! h~!, which
was only 29.5% of the TMPd evolution rate, suggesting that the
higher utilization of Pd can be achieved by embedding single-atom
Pd into the center of TCPP. Fig. 3b displayed the results of several
consecutive photocatalytic hydrogen evolution cycles of TMPd,
which demonstrated that the hydrogen evolution rate only slightly
decreased after five cycles, indicating good cycling stability for fur-
ther practical application. Moreover, the photocatalytic NO removal
performance of TMH and TMPd was shown in Fig. 3c. The removal
rate of NO for TMH was about 44%, while the removal rate of
TMPd could be as high as 62%, an improvement of 18%. And the
NO removal process was repeated with TMPd and the NO removal
rate did not decrease much after several repetitions of the test
(Fig. 3d), indicating that the TMPd had a relatively good stability in
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the photocatalytic NO removal process. Surprisingly, the XPS and
TEM images of TMPd after the photocatalytic experiment showed
little change in the chemical state and surface morphology of
TMPd, indicating its good stability (Figs. S14 and S15 in Supporting
information). Meanwhile, compared with other reported literature
(Tables S3 and S4 in Supporting information), TMPd also has an
excellent photocatalytic hydrogen production and NO removal
effect.

The electron spin resonance (ESR) tests of TMH and TMPd were
shown in Fig. S9 (Supporting information). Under the no-light con-
dition, and there was no production of both ‘O,~ and *OH for both
TMH and TMPd, while after turning on the light, two sets of signals
were detected with signal intensities of approximately 1:2:2:1 and
1:1:1:1, which could correspond to radical species of *OH and "0,~
respectively. It was also found that both sets of signal intensities
were stronger for TMPd than for TMH, suggesting that TMPd could
produce more abundance of ‘O,~ and "OH. Meanwshile, the NO re-
moval experiments with free radical capture were shown in Fig.
S10 (Supporting information), in which the NO removal efficiency
for TMPd decreased after the addition of either PBQ or IPA, and the
addition of p-benzoquinone (PBQ) could strongly inhibit the photo-
catalytic activity of TMPd, indicating the superoxide radical (*0,™)
played a major role in the process of photocatalytic removal of NO.

The results of in-situ infrared spectra (DRIFTS) were shown in
Fig. S11 (Supporting information). In Fig. S11a, the NO adsorption
process for the TMH before turning on the light was represented,
which mainly showed two signal peaks, located at 1341 cm~! and
1418 cm~!, that were attributed to the partial oxidation of NO
to form nitrite [34]. At the same time, it could be found that
the intensity of these two signal peaks was gradually increasing
with the accumulation of adsorption time, indicating that more NO
was oxidized to nitrite. In Fig. S11c, the signals at 1341 cm~! and
1418 cm~! were still clearly detected after the light was switched
on, and the intensity increased more obviously with time, espe-
cially the signal peak at 1418 cm~!, showing that the oxidation
process was proceeding rapidly. The spectrum of TMPd displayed
a distinct difference relative to the in-situ FT-IR spectrum of TMH
during NO adsorption and reaction processes. Specifically, in Fig.
S11b, the in-situ FT-IR spectrum of TMPd for NO adsorption before
the light was switched on, a signal peak attributed to nitrite with a
gradual increase in intensity with time was detected at 1418 cm~!
and two signal peaks were detected at 1016 cm~! and 1069 cm!
that could be attributed to monodentate nitrate and nitrite, re-
spectively [35]. Following the visible light irradiation, a number
of new signal peaks appeared in the in-situ FT-IR spectrogram of
TMPd (Fig. S11d), including signals at 1154 cm~!, 1179 cm~!, and
1371 cm™!, which could be classified as nitrate and nitrite [15,36].
Therefore, the ultra-thin 2D Ti-based porphyrin MOFs with single-
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atom Pd anchored in the center of porphyrin could enhance the
ability to adsorb and oxidize NO

We further understand the potential mechanism of photocata-
lyst TMPd through density functional theory (DFT) calculations, as
shown in Fig. 4. We study the electron transfer in TMPd by using
the difference charge density distribution. In Fig. 4a, the electron
aggregation area was in red, and the electron dissipation area was
in blue. It can be observed that the charge redistribution mainly
occurs near the single-atom Pd interface in the porphyrin cen-
ter. In contrast, the charge density near the Ti-oxo cluster changes
slightly, indicating that the single-atom Pd can receive photogener-
ated electrons from Ti-MOF. The local electrons generated near the
catalytic active site are beneficial to the photocatalytic hydrogen
evolution activity [37,38]. Moreover, Gibbs free energy of hydro-
gen adsorption (AGy+) is an effective physical quantity calculation
of photocatalytic hydrogen evolution activity [39]. By comparing
their Gibbs free energy (AGy+) and further investigating the effect
of single atom Pd on photocatalytic hydrogen evolution activity, as
shown in Fig. 4b, the AGy+ values of TMPd and TMH are 0.198 eV
and 0.32eV, respectively. This indicates that TMPd can achieve ef-
fective proton/electron transfer and is more conducive to the re-
lease of molecular hydrogen [28]. In summary, DFT calculations
can indicate that single atom Pd plays a positive role in electron
transfer and H* conversion. TMPd has good photocatalytic hydro-
gen evolution activity, which is consistent with the experimental
results.

On the basis of the above-mentioned analysis and literature re-
search, a possible mechanism of photocatalytic hydrogen evolution
and NO removal of TMPd was proposed, shown in Fig. 4c and Table
S5 (Reactions S1-S10, Supporting information). Firstly, the TMPd
absorbed photons under visible-light irradiation and excited to
produce photogenerated electron-hole pairs (Reaction S1), which
were further utilized in the photocatalytic system. In the photo-
catalytic hydrogen evolution reaction, the photogenerated electrons
could be quickly diverted to the single-atom Pd in the porphyrin
center, which in turn was passed to H,O and completes the H,
production process (Reaction S10) [40,41]. At the same time, the
ascorbic acid (AA) would continuously consume photogenerated
holes into dehydroascorbic acid (DHA) [42] to accelerate the charge
carriers separation process. In the photocatalytic NO removal reac-
tion, the active species involved in the NO oxidation process were
mainly ‘O,~ and *OH. As shown in Fig. S13 (Supporting informa-
tion), because the Ecg of the TMPd was —0.68 eV, which was more
negative than ‘O, /0, redox potential (—0.33eV) [43] *O,~ should
mainly originate from the adsorbed O, on the material surface re-
duced by photogenerated electrons. However, the Eyg of the TMPd
was 1.19eV, which was more negative than OH~/°OH redox po-
tential (1.99eV) [44], it could not be directly oxidized to obtain
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Fig. 4. (a) The differential charge density of TMPd (The equivalence surface takes the value of 0.002eV/A3). (b) Hydrogen adsorption free energies of TMPd and TMH. (c)

Possible mechanism for photocatalytic hydrogen evolution and NO removal of TMPd.
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‘OH, which needed to be obtained by Reactions S4 and S5. We de-
tected that TMPd could generate H,0, under illumination through
fluorescence testing, proving that ‘OH was generated from H,0,
(Fig. S16 in Supporting information). Subsequently, the two active
species (*O,~ and ‘OH) further converted NO to NO,~ or NO3~
(Reactions S6-S9).

In this paper, the ultra-thin 2D Ti-based porphyrin MOFs with
single-atom Pd anchored in the center of porphyrin were prepared
by a simple hydrothermal method for photocatalytic H, evolution
and NO removal. Under illumination, the TMPd showed an excel-
lent hydrogen evolution rate (1.32mmol g-! h~') and the NO re-
moval efficiency (62%), which could be ascribed to the very high
charge carrier separation efficiency that came from the highly effi-
cient single-atom Pd. In addition, the ESR test displayed the main
active species ("0~ and ‘OH) produced under visible light irradi-
ation, and the DRIFTS spectrum showed that TMPd was more ef-
fective than TMH in the oxidation of NO to NO,~ or NO3~ and
can effectively suppress the production of intermediate toxic by-
products. This work inspired us that the exploitation of single-
atom non-precious metal species as the active center could be a
more economical avenue to obtain outstanding photocatalytic per-
formance in the future.
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