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A B S T R A C T

This research utilized a typical solvothermal approach, by employing Na2PdCl4 as the synthetic precursor, L-
ascorbic acid (AA) as the reductant agent, and polyvinylpyrrolidone (PVP) as the practical surfactant, palladium
(Pd) octahedra was finally effectively synthesized by the hydrothermal and solvothermal methods. Subsequently,
characterizations of Pd octahedra were conducted by using TEM, XPS, XRD, and other analytical methods.
Whereafter, Pd octahedra displayed a consistent shape and size, featuring a distinctive tip-shaped structure,
which conferred upon them outstanding optical absorption properties within the near-infrared (NIR) region.
Consequently, under NIR laser exposure, Pd octahedra could elevate local reaction temperature via in-situ
photothermal conversion, thereby stimulating the formation of active sites of Fenton catalysts. The Photo-
Fenton catalytic activity of Pd octahedra was investigated by using methylene blue (MB) as a model
pollutant. The degradation efficiency of MB reached 94.8 % within 35 min under 808 nm laser irradiation, and
the removal rate of MB by Pd octahedra could still reach more than 90 % after five cycles of use. All the results
manifest that Pd octahedra exhibit excellent purification performance for MB dyestuff wastewater.

1. Introduction

The escalating challenges of global water pollution, driven by eco-
nomic globalization and population growth, have spurred widespread
demand for clean water sources worldwide(Tian et al., 2024; Lushaj
et al., 2024; Yu et al., 2024; Zhang et al., 2024). Effective treatment and
regeneration of organic wastewater is a crucial strategy for addressing
water scarcity and ensuring clean water provision. Advanced Oxidation
Processes (AOPs) could highly output reactive oxygen species substance
(ROS), such as hydrogen peroxide (H2O2), hydroxyl radicals (•OH),
sulfate radicals (SO4- •), singlet oxygen (1O2), and superoxide anion
radicals (•O2–), which directly mineralize organic pollutants or enhance
their biodegradability. AOPs are characterized by their potent oxidation

capacity, high treatment efficiency, and operational simplicity, prom-
ising significant advancements in sustainable water restoration and
purification(Liu et al., 2024; Bi et al., 2024; Lu and Liu, 2024; Yan et al.,
2024; Tian et al., 2024).
Among the array of AOPs, the Fenton reaction, facilitated by Fe2+ to

yield •OH from H2O2, emerges as an eco-friendly, efficient, and energy-
conserving advanced oxidation process has been extensively utilized in
water pollution management(Yu et al., 2024; Liu et al., 2024). None-
theless, conventional Fenton setups confront multiple limitations,
including a restricted pH spectrum, catalyst non-recoverability, gener-
ation of substantial iron sludge, and sluggish iron cycling kinetics. To
address these challenges, scholars have shifted their focus towards
crafting Fenton-like catalytic systems. These reactions leverage non-iron
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transition metal-based catalysts that, upon interaction with H2O2,
engender •OH for degrading organic pollutants(Lian et al., 2024; Zhang
et al., 2023; Wu et al., 2023; Jana and Zhao, 2022). Unlike traditional
Fenton reactions, these Fenton-like catalytic systems exhibit operability
under neutral or even alkaline conditions, thereby broadening their
suitability across a diverse range of water matrices(Yan et al., 2021).
Too often, heat frequently plays a pivotal role in influencing chem-

ical reactions. The in-situ photothermal conversion of near-infrared
(NIR) photothermal Fenton catalysts facilitates localized heating of
catalytic sites, thereby boosting catalytic activity and enhancing the
degradation efficiency of organic pollutants(Zhu Y., Zhao R., Feng L.,
Wang W., Xie Y., Ding H., Liu B., Dong S., Yang P., Lin J., Defect-
Engineered Tin Disulfide Nanocarriers as “Precision-Guided Projectile”
for Intensive Synergistic Therapy, Small Methods, 2024; Zhao et al.,
2024; Wang et al., 2023; Li et al., 2022). However, research on NIR
triggered photothermal Fenton catalysts is still in its developmental
phase, mainly concentrating on semiconductor and carbon materials
with broad spectrum absorption(Zhang et al., 2023; He et al., 2018; Gao
et al., 2023). To broaden the range of catalyst types and extend the
application scope of NIR photothermal Fenton catalysis, exploring
alternative NIR photothermal Fenton catalytic materials holds signifi-
cant importance.
Plasma effect has shown remarkable performance in photothermal

catalysis, leading to the synthesis of various plasma nanoparticles. Gold
and silver nanoparticles are commonly utilized, particularly nano-
spheres and nanorods, which are highly favored in the field of nano-
plasmonics(Yang et al., 2024; Schuknecht et al., 2023; Liao et al., 2024;
Sibug-Torres et al., 2024; Awiaz et al., 2023). For example, gold nano-
rods display robust longitudinal plasmon absorption bands within the
NIR spectrum and exhibit efficient photothermal conversion when
stimulated by NIR light, making them valuable for NIR photothermal
catalysis studies(Skillin et al., 2024; Zhang et al., 2023; Seo et al., 2014;
Zhao et al., 2022). However, chemically synthesized gold nanorods
often lack uniform shapes and sizes, resulting in broad plasma peaks and
limited local electric field enhancement due to rounded or flattened
ends. Consequently, researchers have tailored the longitudinal plasma

wavelengths by synthesizing gold nanobipyramids with sharp tips.
Compared to gold nanorods, gold nanobipyramids offer enhanced the
local strength of electric field, larger optical cross sections, thereby
boosting their photothermal conversion efficiency and optimizing the
utilization of NIR light(Chow et al., 2019; Kesharwani et al., 2023;
Zhang et al., 2023; Palani et al., 2023; Yang et al., 2024; Meng et al.,
2024; Kim et al., 2024; Ali et al., 2023).
Drawing inspiration from this, our project utilized palladium (Pd)

cubes as the starting material, modifying their ends to synthesize Pd
octahedra successfully. With two sharp tips, Pd octahedra exhibit
enhanced local electric field effects and magnify the Local electron
density of photon at the nanoscale, thereby enhancing the efficiency of
converting NIR light. By combining catalytic and photothermal centers,
Pd octahedra demonstrates photothermal and Fenton catalytic proper-
ties, facilitating the efficient oxidation of dye organic pollutants in
wastewater, such as methylene blue (MB) molecules (Scheme 1). This
investigation delves into the NIR photothermal conversion efficiency
and Fenton catalytic activity of Pd-based plasma, further extending their
utility in treating dye wastewater.

2. Experimental methods

2.1. Chemicals and reagents

Sodium tetrachloropalladate (Na2PdCl4, 98 %), poly-
vinylpyrrolidone (PVP, MW≈56,000), methylene blue (MB, ≥98.5 %),
hydrogen peroxide (H2O2, 30 %) and formaldehyde solution (CH2O)
were bought from Aladdin (Shanghai, China). L-ascorbic acid (AA,
99.99 %) and 3,3′,5,5′-tetramethylbenzidine (TMB, ≥99.99 %) were
obtained from Macklin Reagent Company (Shanghai, China). All drugs
and chemical reagents were utilized immediately upon opening,
requiring no additional processing. Deionized water was exclusively
employed in preparing all experimental solutions.

Scheme 1. Synthesis process for Pd octahedra and schematic depiction of its mechanism for degrading MB in wastewater.
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2.2. Preparation of Pd octahedra

Pd nanocubes were synthesized directly by the solvothermal
methods(Zhang et al., 2015). First, 630.0 mg of PVP, 360.0 mg of AA,
and 3600.0 mg of KBr were dissolved in 48.0 mL of water, and then
added the configured solution of Na2PdCl4 (18.0 mL,19.0 mg mL− 1).
After that, the mixed solution was heated under 80 ◦C oil bath for 3 h to
obtain Pd nanocubes.
Subsequently, these Pd nanocubes (1.8 mg mL− 1) were immersed in

a formaldehyde solution containing PVP and heated in a oil bath (90 ◦C)
for 15 min to ensure the complete dissolution of PVP. Then, added
Na2PdCl4 (2.0 mL, 15.0 mgmL− 1) into the preheated solution and finally
the mixed solution was heated under 60 ◦C oil bath for 3 h. After
centrifugation and washing steps, the obtained product was termed Pd
octahedra and dried overnight in vacuum oven.

2.3. Instruments

Transmission electron microscopy (TEM, JEOL JEM-2100, Japan)
and energy dispersive X-ray spectroscopy (EDS) were utilized to
examine the morphological features and surface element distribution of
Pd octahedra catalysts. X-ray diffraction (XRD, Bruker D8-Advance,
Germany) was measured to analyze the crystalline properties and
crystal face information of Pd octahedra. X-ray photoelectron spectros-
copy (XPS, ULVAC PHI X-tool, Japan) was applied for fitting the orbital
states and elemental valence states of Pd octahedra. UV–visible spec-
trophotometer (NanoDrop-1, Thermo Scientific, America) was used to
measure the absorption spectra of Pd octahedra in the NIR region, with
changes in characteristic absorption peaks of TMB and MB indicating
TMB oxidation and MB decomposition. Electron paramagnetic reso-
nance (EPR, Bruker EMXnano, Germany) was employed to further
resolve the type of ROS generated in the Fenton reaction and calculate
the energy of •OH in different catalytic groups.

2.4. Photothermal experiment

To assess the thermal response behavior of the material under illu-
mination, we employed an 808 nm NIR laser to irradiate a solution of Pd
octahedra. A handheld infrared thermometer was used to record the
temperature rise and infrared thermal graphic images of Pd octahedra
under different concentrations. To investigate the photothermal stability
of the catalyst, five consecutive cycles of experiments were conducted
(5 min of laser irradiation followed by 5 min of shutdown), comparing
the temperature variation for each cycle. Real-time recording of the
cooling rate of the photothermal system in the external environment was
carried out to calculate its cooling time constant (τs), the calculation
formula is based on Ren’s report (1)(Ren et al., 2015):

τs = t
− lnθ

θ =
Tsurr − T

Tsurr − Tmax
(1)

In this context, t represents the cooling duration, T signifies the
temperature after t of cooling, Tsurr denotes room temperature, and Tmax
stands for the highest stable temperature.

2.5. Fenton catalytic activity

In this study, TMB was used as a model dye to detect the products of
the •OH in the Fenton reaction between Pd octahedra and H2O2. The
catalyst and H2O2 were added to a hydrochloric acid buffer solution (pH
5.0) containing TMB, and the mixture was allowed to react sufficiently
under appropriate temperature and time conditions. The absorbance of
the reactive solution was measured by using the spectrophotometer, and
any color changes were recorded. By varying the concentration of H2O2
added, the kinetic behavior of the Fenton catalytic reaction involving Pd
octahedra was investigated. According to the Lambert-Beer law

(A=ε•c•l, where A is the absorbance of the solution, ε is the molar ab-
sorptivity with ε = 39000 M− 1 cm− 1, c is the molar concentration of the
solute, and l is the path length with l = 10 mm), the concentration of
TMB was determined and its rate of concentration change was calcu-
lated. A scatter plot was created using Origin software with H2O2 con-
centration as the x-axis and the rate of change of TMB concentration as
the y-axis, and fitted using the Michaelis-Menten equation (2)(Chen
et al., 2021).

y =
Vmax * x
KM + x

(2)

In this equation, y represents the substrate conversion rate, Vmax
represents the maximum reaction rate, x represents the substrate con-
centration, and KM represents the Michaelis constant.
By appropriately rearranging Eq. (2), denoted as Eq. (3)(Chen et al.,

2021), and using the reciprocal of H2O2 concentration and the reciprocal
of the rate of TMB concentration change as the x-axis and y-axis,
respectively, the Lineweaver-Burk plot can be fitted. This approach
provides a more intuitive demonstration of the catalytic activity of Pd
octahedra as peroxidase-like enzyme participating in the Fenton
reaction.

1
y

=
KM
Vmax

*
1
x

+
1

Vmax
(3)

2.6. Degradation experiments of MB

The study investigated the efficiency of Fenton degradation of
wastewater containing MB under different water bath temperatures and
NIR light irradiation. Pd octahedra (125.0 μg mL− 1) were placed in
simulated wastewater containing MB (50.0 mg/L), and the Fenton
degradation process was initiated by adding H2O2 (3 %). The mixed
solution was placed in water bath pots at different temperatures (30 ◦C,
40 ◦C, 50 ◦C), with the laser group continuously irradiated using an 808
nm NIR laser (5 min, 1.6 W). Factors such as solution pH, concentration
of dye and concentration of catalyst were explored for their influence on
the Fenton catalytic reaction to optimize the experimental setup and
determine the optimal reaction conditions for achieving the highest ef-
ficiency of MB degradation. The solution pH was adjusted using HCl and
NaOH, with pH values fixed at 3, 5, 7, 9, and 11. All degradation ex-
periments involved sampling at regular intervals, and changes in
absorbance of the mixed solution were recorded using a spectropho-
tometer. Every experimental group was repeated for 3 times, and the
average value was ultimately ensured as the final result, with error bars
in the graph representing the range of error. The degradation efficiency
of MB was calculated using Eq. (4).

Degradation efficiency (%)

=
(C0 − Ct)
C0

× 100% (4)

The variables C0 and Ct in the equation represent the concentration of
MB before and after degradation, respectively.
To delve deeper into the temperature’s impact on MB degradation

rate, pseudo-first-order kinetics analysis was utilized to evaluate cata-
lytic reaction efficiency across various water bath temperature groups.
By fitting experimental data to Eq. (5), the rate constant k1 can be
determined.

Ct
C0

= exp (− k1*t) (5)

The variable t represents the time during the degradation reaction. C0
and Ct in Eq. (5) has the same meaning as in Eq. (4).

H. Li et al.
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3. Results and discussion

3.1. Morphology and other characterizations

In the preparation of nanocrystPageals, certain substances are typi-
cally required to guide the stacking behavior of atoms on the crystal
nucleus, which are called capping agents, and different capping agents
often yield different growth outcomes. For instance, by employing KBr
as the capping agent, Na2PdCl4 as the synthetic precursor, AA as the

reductant agent, and PVP as the practical surfactant, we successfully
synthesized Pd nanocubes with uniform morphology and average size of
18 nm (Fig. 1A and Fig. 2A).
However, Pd octahedra are synthesized by using the secondary

growth technique, employing PVP as the capping agent, based on the
growth of crystal species such as Pd cubes. That is, under the reduction
of a weakly reducing formaldehyde solution, Pd atoms generated from
the reduction of Na2PdCl4 slowly accumulate to the active sites of Pd
cubes, gradually forming Pd octahedra (Fig. 1B). The size of the formed

Fig. 1. TEM images of (A) Pd cubes and (B) Pd octahedra. (C) HRTEM image of Pd octahedra. (D) The SAED pattern of Pd octahedra (Left: FFT transformation
diagram). (E) Element mapping images of Pd, O, and C of Pd oatahedra catalyst.

Fig. 2. (A) Particle size distribution of Pd octahedra. (B) XRD pattern of Pd octahedra. XPS spectra of (C) Pd octahedra and (D) Pd 3d.

H. Li et al.
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Pd octahedra is 40 nm (Fig. 2A), and with a distance of 0.22 nm between
adjacent (111) lattice planes (Fig. 1C). Both selected area electron
diffraction pattern (SAED, Fig. 1D) and FFT transformation diagram
indicated that the Pd octahedra are single crystals. EDS results (Fig. 1E)
showed uniform distribution of Pd signals on their surface, which
consistent with the analysis results of XPS (Fig. 2C).
XRD revealed that the positions of the (111), (200), (220), (311),

and (222) crystal planes of Pd octahedra and their corresponding
diffraction angles were consistent with Pd (PDF#87–0639) (Fig. 2B).
Peak fitting of the 3d orbitals of Pd octahedra showed the coexistence of
Pd0 and Pd2+ (Fig. 2D). This multivalent property enables Pd octahedra
to undergo transformation between different oxidation states in the
Fenton reaction, providing necessary conditions for the Fenton catalytic
activity of Pd octahedra, and aiding in the understanding of the mech-
anism of Pd octahedra catalysts in the Fenton reaction.

3.2. Photothermal performance

Measurements of the absorption characteristics of Pd octahedra
under different wavelengths of laser were conducted using a UV–vis
spectrophotometer. As illustrated in Fig. 3A, strong and broad

absorption bands were observed in the NIR-I, indicating excellent light
absorption property and photothermal conversion capability of Pd
octahedra. Subsequently, we investigated the effects of concentration of
Pd octahedra and power of laser on the photothermal conversion per-
formance by using an 808 nm NIR laser. As shown in Fig. 3B-D, the
temperature rise performance of Pd octahedra was positively correlated
with the catalyst concentration and irradiated power of laser. Pd octa-
hedra at a concentration of 125.0 μg mL− 1 exhibited rapid temperature
elevation to around 50 ◦C within 5 min by using 1.6 W cm− 2 laser
irradiation, demonstrating its outstanding photothermal conversion
fumblingness.
Furthermore, during five cycles of laser on–off irradiation (1.6 W

cm− 2) experiments, the heating ability of Pd octahedra (125.0μg mL− 1)
remained essentially unchanged, indicating excellent photothermal
stability and the capability to withstand prolonged laser irradiation
while maintaining stable heat generation (Fig. 3E). Finally, heating and
cooling curves of the Pd octahedra photothermal agent were plotted,
and τs of 4.841 min was calculated (Fig. 3F), indicating excellent ther-
mal conductivity and thermal response capability of the photothermal
system.

Fig. 3. (A) UV–Vis absorption spectrum of Pd octahedra in the NIR region. (B) Infrared thermal imaging images and (C) heating curves of Pd octahedra at various
concentrations under 808 nm NIR light (1.6 W•cm− 2, 5 min). (D) Temperature elevation curves of Pd octahedra (125.0 μg mL− 1) by irradiated by 808 nm laser with
different power levels. (E) Temperature elevation-decline curves of Pd octahedra over five cycles. (F) The fitting curve of the cooling process of Pd octahedra.

H. Li et al.
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3.3. Detection of •OH

TMB was utilized to evaluate the Fenton catalytic and degradtion
activity of Pd octahedra. In Fig. 4A, the presence of both Pd octahedra
and H2O2 led to the oxidation of TMB, resulting in the formation of a
blue product and an increase in absorbance at 652 nm, confirming the
generation of •OH. Various molar concentrations of H2O2 were
employed to participate in the Fenton catalytic reaction to examine the
catalytic kinetic behavior of Pd octahedra. As depicted in Fig. 4B, with
the increase of H2O2 concentration, the absorbance at 652 nm exhibited
a more pronounced escalation, suggesting an accelerated •OH genera-
tion rate.
A scatter plot correlating H2O2 concentration with the rate of change

in TMB concentration was constructed (Fig. 4C and 4D). This data was
fitted using the Michaelis-Menten equation and the Lineweaver-Burk
plot, yielding Km and Vmax values of 56.855 mM and 1.904 × 10-6

Ms− 1, respectively. These findings indicated that Pd octahedra demon-
strate a catalytic activity akin to POD enzymes, showcasing robust H2O2
binding capability and high efficacy in Fenton catalytic reaction.

3.4. Photothermal-enhanced Fenton catalytic activity

Studies have shown that appropriately increasing the temperature of
the Fenton catalytic system can enhance the reaction rate. However,
employing heating systems escalates energy consumption and opera-
tional expenses in water treatment endeavors. Hence, opting for Fenton
catalysts endowed with photothermal properties presents considerable
potential for the wastewater treatment sector.
Based on these findings, we investigated the synergistic effect of the

photothermal conversion efficiency and Fenton catalysis for dye
degradation by using Pd octahedra. Initially, we examined MB degra-
dation under various reaction systems. Fig. 4E illustrates that neither the
catalyst alone nor H2O2 alone could initiate MB decomposition. Only
when Pd octahedra and H2O2 were present concurrently, can the
Fenton-like reaction be induced to effectively removeMB. Subsequently,
we subjected the reaction system to 30, 40, and 50 ◦C to investigate the
acceleration effect of temperature on MB degradation rate. UV–vis ab-
sorption spectra and optical images of solutions at different time points
are depicted in Fig. 5A-D. The outcomes demonstrate that the system at

Fig. 4. (A) UV–Vis absorptive spectra depicting the oxidation of TMB by Pd octahedra with H2O2 (Concentration of Pd octahedra: 50.0 μg mL− 1, H2O2: 10 mM, TMB:
1 mM). (B) Changes in absorbance values of TMB at 652 nm under treatment with Pd octahedra and different concentrations of H2O2. (C) Relative Michaelis-Menten
fitting and (D) Lineweaver-Burk fitting. (E) Degradation of MB at various water bath temperatures (Concentration of Pd octahedra: 125.0 μg mL− 1, H2O2: 3 %, MB:
50 mg/L) and (F) the associated catalytic kinetic analysis.

H. Li et al.
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the highest temperature exhibited the most efficient MB degradation.
Moreover, the corresponding reaction rate constants rose with
increasing temperature and the highest reaction rate constant (50 ◦C
water bath group) was 0.0305 min -1 (Fig. 4F).
Next, we used the degradation rate under 50 ◦C water bath group as a

control and investigated the ability of Pd octahedra to remove MB from
solution under 808 nm NIR laser irradiation (1.6 W cm− 2). As illustrated
in Fig. 6A, during the initial 40 min of degradation, the degradation
efficiency of the 808 NIR laser group was inferior to that of the water
bath heating group. This difference could be attributed to the time
needed for Pd octahedra to reach the required temperature. Once
reaching a stable peak temperature state, the degradation efficiency of
MB rapidly accelerated, eventually surpassing that of the water bath
group. The degradation rate of the laser group at 70 min was approxi-
mately 80 %. These results collectively underscore that Pd octahedra,
serving as a stable photothermal adjuvant, can notably enhance the
degradation efficiency of the Fenton reaction toward dye wastewater.

3.5. Influences of various factors on the MB degradation efficiency

To enhance the degradation efficiency of MB and identify the
optimal conditions for the catalytic reaction, we examined the impacts
of catalyst concentration, pH value, and dye concentration. By
employing varying concentrations of Pd octahedra to degrade MB, as
depicted in Fig. 6C, we observed that with an increase in catalyst dosage,
the catalytic efficacy improved, resulting in a corresponding augmen-
tation of the MB removal rate. This improvement can be ascribed to the
heightened concentration of the catalyst, which provides additional
adsorption sites and active sites for the catalytic reaction. Given that
higher doses of Pd octahedra may escalate treatment expenses, we prefer
utilizing lower concentrations of the catalyst. Fig. 6D illustrates that
elevating the MB content in wastewater leads to a reduction in the
removal rate. This decline stems from the limited availability of the
catalyst, once the catalytic activity saturates, the reaction gradually
decelerates, rendering it incapable of completely degrading the MB
components in the system.
The pH level consistently plays a pivotal role in influencing Fenton

catalytic reaction. Thus, our investigation focused on assessing the
impact of initial pH values on the Fenton degradation of MB. As depicted
in Fig. 6B, within the photo-Fenton catalytic system, a pH of 5 demon-
strated the most efficient catalytic degradation facilitated by Pd octa-
hedra. Utilizing 125μg mL− 1 of catalyst, complete removal of MB waste
from the solution was achieved within 35 min. To summarize the
sensitivity of the catalyst to pH, it exhibited heightened catalytic activity
under acidic conditions while displaying diminished activity under
alkaline conditions. This could be attributed to the fact that some of the
Pd octahedra exist in the form of cations, which are prone to form Pd
(OH)2 precipitates under alkaline conditions, thus weakening the Fenton
catalytic reaction.

3.6. Recyclability and stability of Pd octahedra

The recyclability and structural stability of catalysts are critical
factors affecting their industrial application. Therefore, we evaluated
the reusability of Pd octahedra catalysts by cycling experiments. As
shown in Fig. 6E, the degradation efficiency of MB could still reach more
than 90 % even after five cycles, indicating excellent reusability of the
obtained Pd octahedra. In addition, as can be seen in Fig. 6F, the
morphology of Pd octahedra has not changed significantly after reuse for
five times, which further confirming the stability of Pd octahedra.
These results collectively demonstrate the outstanding stability and

reusability of Pd-based catalysts. More importantly, compared to the
recent catalytic systems reported in Table 1, Pd octahedra synthesised in
this study exhibited the best degradation performance of MB.

3.7. Mechanism of Fenton catalytic reaction

We investigated the degradation mechanism of Pd octahedra. EPR
spectroscopy analysis, utilizing DMPO as a spin trapping agent, was
employed to visually track the generation and change of •OH. As
depicted in Fig. 7A, no EPR signal was detected under H2O2-free con-
dition. However, in the Pd octahedra/H2O2 system, a robust quartet
signal with an intensity ratio of 1:2:2:1 was observed, indicating the Pd
octahedra has the capability to activate H2O2 and generate •OH.

Fig. 5. UV–Vis absorption spectra of solutions under various catalytic systems at different periods such as (A) 0, (B) 20, (C) 40, and (D) 60 min.

H. Li et al.
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Furthermore, the •OH signal in the Fenton group under laser irradiation
exhibited higher intensity, consistent with the results obtained from DFT
calculations (Fig. 7B). This suggests that the photothermal performance
of Pd octahedra can significantly augment the •OH generation ability
from Fenton catalytic reaction.
TOC refers to the total amount of carbon contained in dissolved and

suspended organic matter in water. Therefore, we used TOC as an
evaluation index to calculate the TOC removal rate of different waste-
water treatment groups according to Eq. (6), to measure the removal
efficiency of MB. As shown in Fig. 7C, the Photo-Fenton catalytic group
showed the highest TOC removal rate, additionally, the TOC removal
rate of MB aqueous solution surpassed 50 % within 4 h.

TOC removal rate (\%)) =
TOC0-TOCt
TOC0

∗ 100\% (6)

In Eq. (6), TOC0 represents the TOC content in the water before degra-
dation, TOCt represents the TOC content after degradation, and t (h) is
the degradation time.
Based on the aforementioned experimental results, we propose a

potential Fenton reaction mechanism illustrated in Fig. 7D, delineating
the schematic diagram of •OH generation induced by Pd octahedra. Pd
octahedra exist in both Pd0 and Pd2+ form, upon NIR light irradiation,
electron-hole pairs are generated on the surface of Pd octahedra. Pd2+

absorbs the electrons to form the transition state Pd+, which catalyzes
the decomposition of nearby H2O2, initiating the Fenton reaction while
regenerating Pd2+, thus enabling sustained self-catalytic cycling.
Moreover, the photothermal effect of Pd octahedra significantly expe-
dites the Fenton reaction. Throughout this process, a substantial quan-
tity of •OH is continuously produced. Ultimately, the potent oxidative
capacity of •OH decomposes MB into smaller molecules such as CO2 and

Fig. 6. Degradation efficiency curves of MB under varied (A) catalytic systems, (B) pH levels (Concentration of Pd octahedra: 125.0 μg mL− 1, H2O2: 3 %, MB: 50 mg/
L), (C) Pd octahedra concentrations, and (D) MB concentrations. (E) MB degradation efficiency after five cycles. (F) TEM image of Pd octahedra after reuse for
five times.

Table 1
Degradation efficiency between different Fenton catalytic system.

Catalyst MB
(g/L)

H2O2
(%)

Catalyst dosage
(g L-1)

Efficiency
(%)

Time
(min)

Reference

Pd octahedra 0.05 3 0.125 94.8 35 This work
PdCuAu NAs 0.05 6 2 97 35 (Zhang et al., 2023)
NH2-MIL-88B(Fe) 0.02 0.6 0.2 >99 50 (He et al., 2018)
Cu2O@Sn2O@PDA 0.05 5 0.5 >99 120 (Gao et al., 2023)
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H2O. The principal equations involved in this reaction are as follows:

Pd2+ + e- → Pd+ (7)

Pd+ + H2O2 → Pd2+ + •OH + OH– (8)

MB + •OH→CO2 + H2O (9)

3.8. Possible degradation pathways of MB

To further elucidate the Fenton oxidation pathway and degradation
mechanism of MB facilitated by Pd octahedra, we performed GC–MS and
IC analyses on MB solutions degraded for 30 and 60 min, and the in-
termediate products in the degradation of MB were analyzed to include
organic compounds such as toluene, styrene, phenol, p-nitrophenol,
2,4,6-trimethylphenol, and 4-aminobenzenethiol, and anionic com-
pounds such as Cl-, NO3–, and SO32-, as shown in Fig. 8A and 8B. By
examining the interrelations among these intermediates, we proposed a
conceivable degradation pathway for the Fenton catalytic oxidation of
MB.
As delineated in Fig. 8C, upon dissolution of MB molecules in water,

Cl- are initially dissociated. Under the influence of active species like
•OH, involving processes such as electrophilic addition, electron trans-
fer, and electron attack, the N-CH3 bond undergoes cleavage, leading to
the detachment of the chromophoric group (–CH3), oxidation of the N-
dimethylamino group to an amino group (–NH2), and the demethylation
can result in significant decolorization of the MB solution. Concurrently,
the C-S single bond on the central heterocycle of MB is cleaved, with the
S atom possibly oxidized to SO42-. As the reaction proceeds, the amino
group is either eliminated to form NH4+ or oxidized to NO3–. Subse-
quently, under the influence of active species, the generated interme-
diate products undergo benzene ring opening, bond cleavage, and
addition reactions, ultimately undergoing oxidative decomposition into

CO2, H2O, and inorganic ions. All oxidation reaction steps are facilitated
by •OH generated by the Fenton reaction.

3.9. Cellular toxicity assessment

MTT assay is commonly used to assess cell viability and growth, the
detection principle is that the succinate dehydrogenase in the mito-
chondria of living cells can reduce exogenous MTT to formazan, while
dead cells lack this function. The luciferase assay utilizes the “luciferase-
luciferin system” to rapidly detect the ATP levels in living cells, thus
reflecting cell quantity. Therefore, we employed the MTT assay and the
luciferase assay to evaluate the biocompatibility and cytotoxicity of Pd
octahedra. After Pd octahedra and cells were co-incubated in 96-well
plates for 24 h, MTT solution and ATP reaction solution were added
respectively. The absorption value at 490 nm was measured by using
enzyme-linked immunometric meter, and the fluorescence intensity was
detected by using an ATP fluorescence detector, which ultimately led to
the cell number, viability, and cellular energy metabolism after incu-
bation. Results depicted in Fig. 8D and 8E demonstrated that even at
elevated concentrations of Pd octahedra, cellular metabolic activity
remained above 95 %. Hence, the Pd octahedra catalytic system estab-
lished in this study was deemed non-toxic to cells and compatible with
biological systems, posing no secondary pollution to the water body. It
stands as a safe and efficient solution for addressing dye treatment in
wastewater, promoting sustainability and eco-friendliness.

4. Conclusion

In summary, we successfully synthesized Pd octahedra with high
aspect ratio and tip-shaped nanostructure by controlling the shape and
size of Pd cubes. Harnessing the surface plasmon resonance effect of Pd
octahedra, we attained excellent photothermal conversion efficiency in
the NIR region. The inherent peroxidase-like activity of Pd octahedra
qualifies it as Fenton-like reagents, facilitating the catalytic degradation

Fig. 7. (A) EPR spectra and (B) DFT caculation of •OH under different catalytic systems. (C) TOC content remaining in water across varying time intervals. (D)
Schematic diagram illustrating the mechanism of •OH generation in the photo-Fenton catalytic system.
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of MB in wastewater. The integration of catalytic and photothermal
centers within Pd octahedra enhances local temperature during reac-
tion, thereby expediting catalysis and optimizing reaction kinetics. In
conclusion, our Pd-based Fenton catalytic system is biocompatible and
proficiently degrades and mineralizes MB in wastewater.
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