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Ionothermal synthesis of magnetic 
N‑doped porous carbon 
to immobilize Pd nanoparticles 
as an efficient nanocatalyst 
for the reduction of nitroaromatic 
compounds
Sahar Taheri 1, Majid M. Heravi 1* & Asma Saljooqi 2

Carbon materials play important roles as catalysts or catalyst supports for reduction reactions 
owing to their high porosity, large specific surface area, great electron conductivity, and excellent 
chemical stability. In this paper, a mesoporous N‑doped carbon substrate (exhibited as N–C) has been 
synthesized by ionothermal carbonization of glucose in the presence of histidine. The N–C substrate 
was modified by  Fe3O4 nanoparticles (N–C/Fe3O4), and then Pd nanoparticles were stabilized on 
the magnetic substrate to synthesize an eco‑friendly Pd catalyst with high efficiency, magnetic, 
reusability, recoverability, and great stability. To characterize the Pd/Fe3O4–N–C nanocatalyst, 
different microscopic and spectroscopic methods such as FT‑IR, XRD, SEM/EDX, and TEM were 
applied. Moreover, Pd/Fe3O4–N–C showed high catalytic activity in reducing nitroaromatic compounds 
in water at ambient temperatures when  NaBH4 was used as a reducing agent. The provided 
nanocatalyst’s great catalytic durability and power can be attributed to the synergetic interaction 
among well‑dispersed Pd nanoparticles and N‑doped carbonaceous support.

Amines, particularly aniline and its derivatives, have an enormous market section in the organic chemical 
 industry1,2. Aromatic amines are important intermediates in the construction of different chemicals such as 
polymers, pigments, drugs, chelating agents, and  surfactants3–6. Reducing nitroaromatics is not only an ordi-
nary and straight way to achieve amines but also one of the most important chemical processes in  industries7,8. 
Variant hydrogen donors including  H2

9, sodium  borohydride10,11, formic  acid12, and  N2H4
13 have been utilized a 

lot to hydrogenate nitroaromatics with diverse  catalysts3. Hence, metal-based heterogeneous and homogeneous 
catalysts have extensively been applied for reduction reactions of nitroaromatic  compounds14,15. Till now, differ-
ent kinds of heterogeneous catalysts utilizing noble metals such as  Pd16–18, Au, Pt, and Rh, as well as non-noble 
metal catalysts like Cu, Ni, Fe, and Co, have been reported to the direct reduction reaction of nitroaromatic 
 compounds19–21.

Between variant heterogeneous catalysts, supported metal nanocatalysts have gained substantial attention 
in hydrogenation reactions because of their high catalytic performance, reusability, and  stability22–24. How-
ever, appropriate support is necessary to earn the intended catalytic capability by forming strong interactions 
with metal  nanoparticles25,26. Plenty of solid supports, particularly silica, polymers, MOF, metal oxides, and 
mesoporous carbon, are used for immobilizing nanoparticles. Nevertheless, in the meantime, carbon-based mate-
rials have been extensively used as support for many chemical  reactions27,28. Mesoporous carbons are supreme 
supports because of their outstanding properties, such as large specific surface areas, excellent chemical stability, 
porosity, great electron conductivity, and high mechanical  strength29.

Heteroatom doping is an efficient technique to improve the useful properties and coordinate the elec-
tronic states of carbon-based materials. As an example, this strategy leads to improved catalytic stability and 
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modification of geometric and electronic structures of carbon  materials30,31. Embedment of heteroatoms 
such as B, P, S, and N into the carbon materials framework introduces multiple active sites for immobilizing 
 nanoparticles32. Among these heteroatoms, N is the rational option for carbon-based materials, as the atomic 
sizes of C and N are alike. N-doped porous carbons can be prepared by utilizing diverse N-rich precursors like 
 NH3

33,  melamine34,  pyridine35,  urea36,  thiourea37,  cyanamide38, L-lysine, tyrosine, and L-cysteine39. In addition, 
N-doped porous carbon substrates are prepared and synthesized by various methods, including hard and soft 
 templates40, thermal  polymerization41, post-treatment42, and chemical vapor deposition (CVD)43, solvothermal 
and ionothermal  methods44,45.

The synthesis of N-doped porous carbons by the ionothermal method proceeds from the suggested proce-
dures by Morris and co-workers in 2004. They synthesized new classes of zeolites utilizing eutectic compounds 
or ionic liquids as structure-directing agents and  solvents46,47. The preparation of carbonaceous materials such 
as N-doped carbons following the principles of ionothermal has been reported in the literature as ionothermal 
and molten-salt synthesis  processes48,49. In further studies in ionothermal approaches, the use of different kinds 
of salt like  ZnCl2, LiCl, KCl, LiBr, and KBr as reaction-directing agents became common and admitted as a hard 
 template50–52. The ionothermal method makes it possible to synthesize porous carbons with a super high surface 
area, hierarchical structure, and high heteroatom  doping53,54.

In this paper, we used the good solvability of zinc chloride in water (green solvent) and developed a simple 
‘‘wet chemistry’’ ionothermal method to prepare N-doped porous carbon substrate with high N-rich content 
(N > 6 wt%). Also, we utilized glucose and histidine as inexpensive and sustainable carbon and nitrogen pre-
cursors. Finally, Pd nanoparticles were synthesized and immobilized on the magnetic N-doped porous carbon 
substrate. The Pd/Fe3O4–N–C nanocatalyst has been synthesized, and the catalytic performance has also been 
studied in reducing different aromatic compounds bearing the nitro group.

Experimental
Materials
Zinc Chloride (ZnCl2), glucose  (C6H12O6), histidine  (C6H9N3O2), palladium (II) chloride  (PdCl2, 99%), ammo-
nium hydroxide solution  (NH4OH, 25%), ferrous chloride tetrahydrate  (FeCl2·4H2O, 98%), ferric chloride hexa-
hydrate  (FeCl3·6H2O, 97%), acetonitrile  (CH3CN) and hydrazine hydrate  (N2H4.H2O, 80% solution in water) 
were all procurement from Merck and Sigma-Aldrich.

Synthesis of Pd/Fe3O4–N–C nanocatalyst
Synthesis of nitrogen‑doped carbon substrate (N–C substrate)
To prepare a nitrogen-doped carbon substrate, in the first step, glucose (33.3 mmol), zinc chloride (66.03 mmol), 
and histidine (20 mmol) were blended well in a mortar to procure a homogeneous composition. Subsequently, 
20 mL of water was added to the mixture and was mixed well. Next, the resulting combination was decanted into 
a 50 mL-Teflon autoclave and was placed in an oven at 180 °C for 20 h. After cooling to the ambient tempera-
ture, the admixture was rinsed with distilled water multiple times and immersed in hydrogen chloride (0.25 M) 
overnight. Subsequently, the black residue was washed with ethanol and water to eliminate the excess salt and 
hydrogen chloride. Eventually, the resulting product was collected by centrifuge and dried at 40 °C.

Synthesis of the magnetic substrate (N–C/Fe3O4)
Briefly, 0.5 g of the obtained sample (N–C substrate) was dispersed in distilled water (120 mL). A blend of 
2.5 mmol of  FeCl2.4H2O and 5 mmol of  FeCl3.6H2O were added and stirred for 1 h at room temperature. Then 
under reflux conditions, the reaction temperature was brought to 60 °C while 10 mL of  NH4OH was added 
dropwise to the above mixture and was continuously stirred for another 1 h. Later, the magnetic sediment was 
separated by an external magnet, washed three times with distilled water, and dried up at room temperature.

Synthesis of Pd nanoparticles on the magnetic substrate (Pd/Fe3O4–N–C)
In the final step to synthesize Pd nanoparticles on the magnetic nitrogen-doped carbon substrate, 0.2 mmol 
palladium (II) chloride, and 60 mL acetonitrile were initially constantly stirred at 55 °C for 1 h. Afterward, 
250 mg of the previous step precipitate was added to the above solution and stirred at the same temperature 
for another 30 min, and then 0.5 mL of a solution of hydrazine hydrate (0.5 mL) in deionized water (2 mL) was 
added dropwise and stirred for 24 h. The final catalyst was magnetically separated, deterged multiple times 
with distilled water, and dried at room temperature. The procedure of Pd/Fe3O4–N–C nanocatalyst synthesis is 
demonstrated in Fig. 1.

Performances of Pd/Fe3O4–N–C nanocatalyst in the hydrogenation reaction
The prepared Pd/Fe3O4–N–C nanocatalyst by this ion-thermal method had high catalytic efficiency toward 
the hydrogenation of nitroaromatics. In an aqueous solution, reduction reactions were conducted at ambient 
temperature, with  NaBH4 as the reducing agent. Accordingly, 3 mL of water and 0.5 mmol of nitroaromatic 
compounds in a round-bottom flask (10 mL) were stirred potently at room temperature. Afterward, 5 mg of 
Pd/Fe3O4–N–C and three mmol sodium tetrahydroborate were added to the mixture and stirred as long as the 
reaction was complete. Thin-layer chromatography was used to monitor the progress of the reduction reaction 
(n-hexane: ethyl acetate 7:3). At the end of the reaction, Pd/Fe3O4–N–C nanocatalyst was removed using an 
external magnet, washed out with distilled water and ethanol, and dried to reuse for the next cycle. Additionally, 
the final product was recrystallized for purification.
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Results and discussion
Characterization of Pd/Fe3O4–N–C nanocatalyst
FT‑IR Spectroscopy of Pd/Fe3O4–N–C
For a more detailed peruse of the structure of the Pd/Fe3O4–N–C nanocatalyst, the FT-IR spectrum of its con-
struction steps of (a) N–C substrate, (b) N–C/Fe3O4 (c) Pd/Fe3O4––N–C were investigated which is shown in 
Fig. 2. As shown in Fig. 2a, the absorption bands in 814  cm−1 and 1065  cm−1 are related to the N–H bending 
vibration and the C–O stretching vibration, respectively. The peak occurring in the 1434  cm−1 mainly belongs 
to the stretching vibrations of the C–N bond. The two absorption bands observed in 1559  cm−1 and 1621  cm−1 
correspond to the stretching vibration of the C=N bond. The absorption bands at 2854  cm−1 and 2924  cm−1 
indicate the stretching vibration of the C-H bond. The broad peak at 3400  cm−1 refers to the stretching vibration 
of N–H and O–H. Therefore, these outcomes reveal the presence of nitrogen in the carbonaceous framework. 
In Fig. 2b, the band that developed at 577  cm−1 characterized vibration of the Fe–O bond, representing the 
 Fe3O4 formation. In Fig. 2c, it is observed that by adding palladium nanoparticles to the surface of the magnetic 
substrate, no significant change has been made, which indicates that the N–C/Fe3O4 substrate was stable during 
the synthesis of palladium  nanoparticles55.

X‑ray diffraction of Pd/Fe3O4–N–C
The XRD pattern was accomplished to characterize the crystalline and phase composition of the Pd/Fe3O4–N–C 
nanocatalyst, illustrated in Fig. 3. The peaks at 2Ɵ = 70.9°, 62.5°, 56.92°, 53.39°, 43.04°, 35.41°, and 30.06° cor-
responded to the (620), (440), (511), (422), (400), (311) and (220) planes of  Fe3O4, respectively (JCPDS card 
no. 39–1346)56. The five diffraction peaks appeared at 86.12°, 81.64°, 67.76°, 46.43°, and 39.92° are respectively 
relevant to (222), (311), (220), (200), and (111) planes of Pd (JCPDS No. 01–087–0639)57.

Information obtained from the XRD pattern confirmed the constitution of  Fe3O4 and Pd nanoparticles. Based 
on Debye-Scherer’s equation, the crystallite size of Pd and  Fe3O4 nanoparticles was computed to be 29.5 nm and 
17.2 nm.

FESEM, TEM and HRTEM
SEM, TEM and HRTEM images of the Pd/Fe3O4–N–C nanocatalyst surface, as depicted in Fig. 4, were studied 
to assess its morphology of surface, particle size, and uniformity. Figure 4a,b reveals that  Fe3O4 and Pd nanopar-
ticles immobilized on the amorphous carbon support possess a spherical morphology with nanoscale particle 
size, and the estimated size of nanoparticles is 35–40 nm. These images also exhibit a well-decorated N-doped 
carbon substrate with nanoparticles of Pd and  Fe3O4. The magnetostatic interaction between the particles led 

Figure 1.  The process of Pd/Fe3O4–N–C nanocatalyst synthesis.
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to some aggregation of  Fe3O4 nanoparticles. According to the TEM images (4c, d), a good dispersion of  Fe3O4 
and Pd nanoparticles on the surface of Pd/Fe3O4–N–C nanocatalyst is apperceived, and the average size of the 
nanoparticles is 25–30 nm. Figure 4e shows an HRTEM image of a Pd/Fe3O4–N–C nanocomposite with two 
different planes. One of them is the (111) planes of  Fe3O4 with 0.49 nm lattice spacing and the other is (111) 
planes of Pd with 0.23 nm lattice spacing. The particle size histogram is shown in Fig. 4f. As can be seen, the 
average particle size is 6–7 nm.

EDS‑Mapping and ICP‑MS
The results obtained from EDX mapping analysis in Fig. 5 confirmed the presence of carbon, nitrogen, oxygen, 
iron, and palladium elements in the Pd/Fe3O4–N–C nanocatalyst. Additionally, the presence of nitrogen and 
carbon in elemental analysis indicates that the nitrogen-doped carbon substrate is successfully composed. Thus, 
the synthesis of the new catalyst is confirmed wholly. Moreover, the ICP-MS test was used to prove the exact 
amount of Pd. This analysis illustrates that its concentration is 4.11%. To investigate the synthetic nanocatalyst 
stability, the used nanocatalyst by EDS-Mapping analysis and ICP was studied. The results showed that during 
several uses, palladium’s percentage as the main center of the nanocatalyst decreased slightly (3.81%), indicating 
the suitable stability of the synthesized nanocatalyst.

N2 adsorption–desorption isotherm
Using the Brunauer–Emmett–Teller (BET) method,  N2 adsorption–desorption isotherms were measured to 
assign the specific surface area of the nitrogen-doped carbon substrate (N–C) and Pd/Fe3O4–N–C nanocatalyst. 
As shown in Fig. 6a, isotherms were determined as type IV, which corresponds to the porous structure of the 

Figure 2.  FT-IR spectra of (a) N–C substrate, (b) N–C/Fe3O4, and (c) Pd/Fe3O4–N–C.

Figure 3.  XRD pattern of Pd/Fe3O4–N–C nanocomposite.
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compounds. The BET-specific surface areas and pore volume of N–C substrate and Pd/Fe3O4–N–C nanocata-
lyst were computed (43.22  m2  g−1, 0.16  cm3  g−1) and (12.87  m2  g−1, 0.03  cm3  g−1), respectively. Pd/Fe3O4–N–C 
demonstrated a lower surface area and pore volume than the N–C substrate because some of the pores were 
occupied by Pd and  Fe3O4 nanoparticles. Also, in Fig. 6b, the average pore size distribution of N–C substrate and 
Pd/Fe3O4–N–C nanocatalysts were obtained as 4.7 nm and 2.4 nm, respectively. Notably, the structure of pores 
is mesopores (2–50 nm). Also, the data produced from adsorption isotherms are given in Table 1.

Figure 4.  (a, b) FESEM images, (c, d) TEM images, (e) HRTEM, and (f) particle size distribution of Pd/Fe3O4–
N–C nanocomposite.
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Figure 5.  EDX-Mapping and ICP-MS analysis (a) fresh and (b) used of Pd/Fe3O4–N–C nanocomposite.



7

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17566  | https://doi.org/10.1038/s41598-023-35998-5

www.nature.com/scientificreports/

Figure 5.  (continued)
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Table 1.  BET and  N2 adsorption/desorption isotherms data.

Sample Surface area  (m2  g−1) Pore volume  (cm3  g−1) Average pore size (nm)

N–C substrate 43.22 0.16 4.7

Pd/Fe3O4–N–C 12.87 0.03 2.4
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Figure 7.  Magnetization curve of Pd/Fe3O4–N–C nanocomposite.

Figure 8.  XPS of Pd/Fe3O4–N–C nanocatalyst.
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Compound Pd%

Pd/Fe3O4–N–C 3.81

Vibration sampling magnetometer (VSM) analysis
Utilizing the VSM technique, the magnetic feature of the Pd/Fe3O4–N–C nanocatalyst was assessed and illustrated 
in Fig. 7. Based on the curve, Pd/Fe3O4–N–C has magnetic properties with a saturation magnetization  (Ms) value 
of 40.3 emu/g. Also, this nanocatalyst exhibited superparamagnetic properties owing to its lack of a hysteresis 
loop. The superparamagnetic behavior of Pd/Fe3O4–N–C affords particles to collect quickly in the attendance of 
an outer magnetically field. Anyway, as soon as the outer field is deleted the particles are easily diffuse.

An effective approach for examining the electron characteristics of the species generated on the surface is 
X-ray photoelectron spectroscopy (XPS), which can reveal information on the environment of the electrons, 
their oxidation state, and the binding energy of the metal’s core electron. The Pd/Fe3O4–N–C XPS spectrum is 
displayed in Fig. 8. Fe 2p’s XPS spectrum has two peaks in it. At 712.6 and 726.2 eV, respectively, there are two 
significant peaks that correspond to the usual Fe 2p1/2 and Fe 2p3/2 XPS signals of magnetite. Furthermore, 
the Pd nanoparticles are stable in their metallic form in the nanocomposite structure, as shown by peaks for Pd 
3p3/2 and Pd 3p1/2 at 531.8 and 553.4 eV, respectively, in the Pd/Fe3O4–N–C study at the Pd 3p level. The Pd 
peaks in the Pd/Fe3O4–N–C shifted to lower binding energies than Pd0 standard binding energies (Pd 3p3/2 
of about 532.4 eV and Pd 3p1/2 of about 560.2 eV). It has been reported that the position of the Pd 3p peak is 
usually influenced by the local chemical/physical environment around Pd species besides the formal oxidation 
state, and shifts to lower binding energy when the charge density around it increases. In the XPS elemental scan 
of the catalyst, the peaks for oxygen (O 2 s), carbon (C 1 s), and nitrogen (N 1 s) are also clearly discernible.

Optimum conditions for the nitro compounds reduction reaction
As a model reaction to optimize the nitroaromatic compounds reduction conditions, the reduction of 4-nitro-
phenol (0.5 mmol) was assessed. Therefore, the amount of the Pd/Fe3O4–N–C nanocatalyst, type of solvent, and 
temperature were evaluated, as shown in Table S1. To this end, outset, nanocatalyst was discussed in various 
amounts. The experiments illustrated that in the absence of the catalyst, a reduction reaction did not occur, so 
the presence of Pd/Fe3O4–N–C nanocatalyst is necessary to perform the reaction (Table S1, Entry 1). In line 
with the results, 5 mg of Pd/Fe3O4–N–C was selected as the optimal amount of nanocatalyst (Table S1, Entry 
2–5). Moreover, the increased amount of nanocatalyst caused an increment in yield and a shorter reaction time.

In addition, the activity of the nanocatalyst before and after the addition of  Fe3O4 nanoparticles was inves-
tigated, the efficiency of the nanocatalyst did not change significantly with the addition of  Fe3O4 nanoparticles, 
which indicates that  Fe3O4 nanoparticles only facilitate the separation of the nanocatalyst from the reaction 
medium and have no significant effect on catalytic activity.

After determining the optimal amount of Pd/Fe3O4–N–C nanocatalyst, to peruse the effect of temperature 
on reaction progress, the model reaction was conducted at 25 °C and 50 °C (Table S1, Entry 6). The proper and 
ideal reaction temperature was 25 °C owing to the green chemistry laws and less energy expenditure.

Eventually, the model reaction was accomplished with several solvents (Table S1, Entries 7–13). As determined 
by the results, water represented the best performance with a 98% yield and was selected as the optimal solvent 
because of being environmentally friendly and inexpensive.

Following the determination of optimal conditions, to verify the effectiveness of Pd/Fe3O4-N–C nanocatalyst, 
the reduction reaction of various types of nitroaromatics was investigated under optimal conditions, and the 
results are indicated in Table 2.

Comparison of Pd/Fe3O4–N–C catalytic activity and other catalytic systems reported in the 
hydrogenation of 4‑nitrophenol
Catalytic performance of Pd/Fe3O4–N–C was compared to some recent catalysts, and the results were reported 
in Table 3. As can be seen, all catalysts illustrated admissible performance toward hydrogenation of nitroaro-
matics, however, Pd/Fe3O4–N–C nanocatalyst exhibited more notable activity than reported catalysts. One of 
the remarkable benefits of this catalyst is using glucose and histidine as bio-friendly and green precursors. This 
work has some benefits compared to the reported catalyst—for instance, mild reaction conditions such as green 
solvent, low temperature, and short reaction time.

Reusability study of the Pd/Fe3O4–N–C nanocatalyst in the hydrogenation of nitroaromatics
In a study on the reusability and recyclability of the Pd/Fe3O4–N–C catalyst for the reduction of nitroarenes, the 
catalyst displayed remarkable recyclability. A magnet was used to separate the catalyst from the reaction mixture, 
and then it was repeatedly cleaned in ethanol before being used in the following cycle. Figure 9 showed that 
catalysts may be recycled up to six times without significantly altering their weight or performance.

Conclusion
In order to create a new reusable magnetic nanocatalyst that is N-doped porous and magnetic and immobilized 
by Pd nanoparticles, a straightforward and effective ionothermal approach has been developed in this research. 
The porous N–C substrate used to make this nanocatalyst offered a large number of active sites for the even 
distribution of Pd nanoparticles. The Pd/Fe3O4–N–C was effectively synthesized and employed as an effective 
heterogeneous nanocatalyst in reducing nitroaromatic compounds based on the results of the various charac-
terization procedures. In the presence of a Pd/Fe3O4–N–C nanocatalyst (5 mg), 4-nitrophenol in an aqueous 
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Table 2.  The reduction of nitroaromatic compounds utilizing Pd/Fe3O4–N–C. a Reaction Condition: Nitro 
compounds (0.5 mmol), Catalyst (5 mg),  H2O (3 mL),  NaBH4 (3 mmol), 25 °C. b Isolated yield. c EtOH/H2O 
(1:2).

G G

Pd/Fe3O4-N-C

H2O, NaBH4, r.t

NO2 NH2

 

Entry Nitroaromatic Product Time (min) Yield (%)b Melting point /m.p.Lit (°C)6

1
  

7  > 99 186/187–190

2

  

10  > 99 173–174/170–174

3
  

35  > 98 148/145–147

4

  

80 90 101/102–104

5

  

45 97 93–95/94–98

6

  

40 97 105–107/103–106

7

  

30  > 98 76–78/77–79

8

  

15 97 60–64/64–66

9
  

25 95 Oil/-6

10
NO2

Cl

 
NH2

Cl

 

40 98 Oil

11
NO2

Br

 
NH2

Br

 

45 97 229/226–228
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medium was reduced with an efficiency of > 99% over a period of 7 min. The Pd/Fe3O4–N–C nanocatalyst could 
be separated using an external magnet and reused up to six times without significant changes in performance. 
The synergetic Fe and N active sites in Pd/Fe3O4–N–C gave it a higher efficiency than other known catalysts. 
Because of these benefits, catalyst provision is quite valuable for real-world applications.

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 26 October 2022; Accepted: 27 May 2023

References
 1. Formenti, D., Ferretti, F., Scharnagl, F. K. & Beller, M. Reduction of nitro compounds using 3d-non-noble metal catalysts. Chem. 

Rev. 119(4), 2611–2680. https:// doi. org/ 10. 1021/ acs. chemr ev. 8b005 47 (2019).
 2. Thombal, P. R. et al. Efficient metal-free catalytic reduction of nitro to amine over carbon sheets doped with nitrogen. Catal. Lett. 

152(2), 538–546. https:// doi. org/ 10. 1007/ s10562- 021- 03651-3 (2022).
 3. Song, J. et al. Review on selective hydrogenation of nitroarene by catalytic, photocatalytic and electrocatalytic reactions. Appl. 

Catal. B Environ. 227, 386–408. https:// doi. org/ 10. 1016/j. apcatb. 2018. 01. 052 (2018).
 4. Li, M. et al. Origin of the activity of Co–N–C catalysts for chemoselective hydrogenation of nitroarenes. ACS Catal. 11(5), 3026–

3039. https:// doi. org/ 10. 1021/ acsca tal. 0c054 79 (2021).
 5. Hao, C.-H. et al. Synergistic effect of segregated Pd and Au nanoparticles on semiconducting SiC for efficient photocatalytic 

hydrogenation of nitroarenes. ACS Appl. Mater. Interfaces 10(27), 23029–23036. https:// doi. org/ 10. 1021/ acsami. 8b040 44 (2018).
 6. Taheri, S., Heravi, M. M. & Mohammadi, P. Sulfur-doped graphitic carbon nitride decorated with starch,  Fe3O4, and Ag nano-

particles: As efficient and magnetic recoverable nanocatalyst for hydrogenation of nitroaromatics in aqueous media. Diam. Relat. 
Mater. 126, 109078. https:// doi. org/ 10. 1016/j. diamo nd. 2022. 109078 (2022).

 7. Xu, D., Xiong, M. & Kazemnejadi, M. Efficient reduction of nitro compounds and domino preparation of 1-substituted-1 H 
-1,2,3,4-tetrazoles by Pd(ii)-polysalophen coated magnetite NPs as a robust versatile nanocomposite. RSC Adv. 11(21), 12484–
12499. https:// doi. org/ 10. 1039/ D1RA0 1164B (2021).

 8. Goswami, A. et al. Fe(0)-embedded thermally reduced graphene oxide as efficient nanocatalyst for reduction of nitro compounds 
to amines. Chem. Eng. J. 382, 122469. https:// doi. org/ 10. 1016/j. cej. 2019. 122469 (2020).

 9. Zhou, P., Li, D., Jin, S., Chen, S. & Zhang, Z. Catalytic transfer hydrogenation of nitro compounds into amines over magnetic 
graphene oxide supported Pd nanoparticles. Int. J. Hydrog. Energy 41(34), 15218–15224. https:// doi. org/ 10. 1016/j. ijhyd ene. 2016. 
06. 257 (2016).

 10. Mohammadi, P., Heravi, M. & Daraie, M. Ag nanoparticles immobilized on new magnetic alginate halloysite as a recoverable 
catalyst for reduction of nitroaromatics in aqueous media. Sci. Rep. 11(1), 17124. https:// doi. org/ 10. 1038/ s41598- 021- 96421-5 
(2021).

 11. Abedian-Dehaghani, N., Heravi, M. M. & Sadjadi, S. Pd on the composite of perlite and allylamine-N-isopropylacrylamide copoly-
mer: A thermo-responsive catalyst for hydrogenation of nitroarenes under mild reaction condition. Catalysts 11(11), 1334. https:// 
doi. org/ 10. 3390/ catal 11111 334 (2021).

Table 3.  Comparison of the catalytic activity of Pd/Fe3O4–N–C and other reported catalytic systems in 
4-nitroaniline hydrogenation.

Entry Catalyst (mg) Reaction condition Time/h Conv. (%) [ref]

1 Pd/ox-CEINs (50) EtOH,  HCOONH4, 70 °C 1 9758

2 SiO2@APTES@β-CD@Pd-PDR (20) H2O,  NaBH4, rt 3 9359

3 Pd@NH2-HMONs (10) EtOH,  H2, 25 °C 1 10060

4 Fe3O4@SiO2/Schiff base/Pd(II) (20) EtOH, hydrazine hydrate, reflux 1.5 9061

5 RGO–Ni (10) NaBH4,  H2O, 30 °C 3:10 9362

6 GO–Chit–Pd (3) NaBH4,  H2O, 50 °C 20 min 9263

7 Pd/B-CP-HIm (30) EtOH/H2O,  H2, 50 °C 1.5 10064

8 Pd/CNT-P (10) EtOH/H2O,  H2, 40 °C 2 9517

9 Pd/Fe3O4–N–C (5) NaBH4,  H2O, r.t 35 min  > 99 [this work]

0

50

100

1 2 3 4 5 6

99 99 97 94 94 94

T
im

e
&

 Y
ie

ld

Run

Catalyst reusability

Figure 9.  Reusability of Pd/Fe3O4–N–C nanocatalyst.

https://doi.org/10.1021/acs.chemrev.8b00547
https://doi.org/10.1007/s10562-021-03651-3
https://doi.org/10.1016/j.apcatb.2018.01.052
https://doi.org/10.1021/acscatal.0c05479
https://doi.org/10.1021/acsami.8b04044
https://doi.org/10.1016/j.diamond.2022.109078
https://doi.org/10.1039/D1RA01164B
https://doi.org/10.1016/j.cej.2019.122469
https://doi.org/10.1016/j.ijhydene.2016.06.257
https://doi.org/10.1016/j.ijhydene.2016.06.257
https://doi.org/10.1038/s41598-021-96421-5
https://doi.org/10.3390/catal11111334
https://doi.org/10.3390/catal11111334


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17566  | https://doi.org/10.1038/s41598-023-35998-5

www.nature.com/scientificreports/

 12. Gowda, D. C., Prakasha Gowda, A. S., Baba, A. R. & Gowda, S. Nickel-catalyzed formic acid reductions. A selective method for 
the reduction of nitro compounds. Synth. Commun. 30(16), 2889–2895. https:// doi. org/ 10. 1080/ 00397 91000 80874 39 (2000).

 13. Xu, Z., Lu, G. & Cai, C. Palladium nanoparticles stabilized by aqueous vesicles self-assembled from a PEGylated surfactant ionic 
liquid for the chemoselective reduction of nitroarenes. Catal. Commun. 99, 57–60. https:// doi. org/ 10. 1016/j. catcom. 2017. 04. 051 
(2017).

 14. Lakshminarayana, B., Satyanarayana, G. & Subrahmanyam, C. Bimetallic Pd–Au/TiO 2 nanoparticles: An efficient and sustainable 
heterogeneous catalyst for rapid catalytic hydrogen transfer reduction of nitroarenes. ACS Omega 3(10), 13065–13072. https:// doi. 
org/ 10. 1021/ acsom ega. 8b020 64 (2018).

 15. Guo, W., Xu, L., Feng, P., Gu, Y. & Shuai, C. In-situ growth of silica nano-protrusions on halloysite nanotubes for interfacial rein-
forcement in polymer/halloysite scaffolds. Appl. Surf. Sci. 30(513), 145772 (2020).

 16. Kou, J. et al. Precisely controlled Pd nanoclusters confined in porous organic cages for size-dependent catalytic hydrogenation. 
Appl. Catal. B 15(315), 121487 (2022).

 17. Song, Q. et al. Three-dimensional hydrophobic porous organic polymers confined Pd nanoclusters for phase-transfer catalytic 
hydrogenation of nitroarenes in water. Chem. Eng. J. 1(415), 128856 (2021).

 18. Zhu, Y. et al. Palladium nanoclusters confined in MOF@ COP as a novel nanoreactor for catalytic hydrogenation. ACS Appl. Mater. 
Interfaces. 12(6), 7285–7294 (2020).

 19. Li, W. et al. Enhanced cocatalyst-support interaction and promoted electron transfer of 3D porous g-C3N4/GO-M (Au, Pd, Pt) 
composite catalysts for hydrogen evolution. Appl. Catal. B Environ. 288, 120034. https:// doi. org/ 10. 1016/j. apcatb. 2021. 120034 
(2021).

 20. Liu, L., Concepción, P. & Corma, A. Non-noble metal catalysts for hydrogenation: A facile method for preparing Co nanoparticles 
covered with thin layered carbon. J. Catal. 340, 1–9. https:// doi. org/ 10. 1016/j. jcat. 2016. 04. 006 (2016).

 21. Rahman, T., Borah, G. & Gogoi, P. K. Activated Mont K10-Carbon supported  Fe2O3: A versatile catalyst for hydration of nitriles 
to amides and reduction of nitro compounds to amines in aqueous media. J. Chem. Sci. 133(1), 20–22. https:// doi. org/ 10. 1007/ 
s12039- 021- 01888-4 (2021).

 22. Wu, X. et al. Unravelling the role of strong metal-support interactions in boosting the activity toward hydrogen evolution reaction 
on Ir nanoparticle/N-doped carbon nanosheet catalysts. ACS Appl. Mater. Interfaces 13(19), 22448–22456. https:// doi. org/ 10. 1021/ 
acsami. 1c033 50 (2021).

 23. Wang, Q. et al. scalable solid-state synthesis of highly dispersed uncapped metal (Rh, Ru, Ir) nanoparticles for efficient hydrogen 
evolution. Adv. Energy Mater. 8(31), 1801698. https:// doi. org/ 10. 1002/ aenm. 20180 1698 (2018).

 24. Wang, X., Yuan, W., Yu, Y. & Li, C. M. Synthesis of cobalt phosphide nanoparticles supported on pristine graphene by dynamically 
self-assembled graphene quantum dots for hydrogen evolution. Chemsuschem 10(5), 1014–1021. https:// doi. org/ 10. 1002/ cssc. 
20160 1761 (2017).

 25. Yang, X., Zhao, Z., Yu, X. & Feng, L. Electrochemical hydrogen evolution reaction boosted by constructing Ru nanoparticles 
assembled as a shell over semimetal Te nanorod surfaces in acid electrolyte. Chem. Commun. 55(10), 1490–1493. https:// doi. org/ 
10. 1039/ C8CC0 9993F (2019).

 26. Daraie, M., Heravi, M. M., Mohammadi, P. & Daraie, A. Silver incorporated into g-C3N4/Alginate as an efficient and heterogeneous 
catalyst for promoting click and A3 and KA2 coupling reaction. Sci. Rep. 11(1), 1–13. https:// doi. org/ 10. 1038/ s41598- 021- 93239-z 
(2021).

 27. Nakhate, A. V. & Yadav, G. D. Palladium nanoparticles supported carbon based graphene oxide monolith as catalyst for sonogashira 
coupling and hydrogenation of nitrobenzene and alkenes. ChemistrySelect 1(13), 3954–3965. https:// doi. org/ 10. 1002/ slct. 20160 
0819 (2016).

 28. Prekob, Á. et al. Palladium decorated N-doped carbon foam as a highly active and selective catalyst for nitrobenzene hydrogena-
tion. Int. J. Mol. Sci. 23(12), 6423. https:// doi. org/ 10. 3390/ ijms2 31264 23 (2022).

 29. Lam, E. & Luong, J. H. T. Carbon materials as catalyst supports and catalysts in the transformation of biomass to fuels and chemi-
cals. ACS Catal. 4(10), 3393–3410. https:// doi. org/ 10. 1021/ cs500 8393 (2014).

 30. Wang, Q. et al. Coordination engineering of iridium nanocluster bifunctional electrocatalyst for highly efficient and pH-universal 
overall water splitting. Nat. Commun. 11(1), 4246. https:// doi. org/ 10. 1038/ s41467- 020- 18064-w (2020).

 31. Ebbesen, T. W. et al. Electrical conductivity of individual carbon nanotubes. Nature 382(6586), 54–56. https:// doi. org/ 10. 1038/ 
38205 4a0 (1996).

 32. Xu, S. et al. Size control and electronic manipulation of Ru catalyst over B, N co-doped carbon network for high-performance 
hydrogen evolution reaction. Nano Res. 27, 1–8 (2022).

 33. Li, X. et al. Fe, N-doped graphene prepared by  NH3 plasma with a high performance for oxygen reduction reaction. Catal. Today 
337, 97–101. https:// doi. org/ 10. 1016/j. cattod. 2019. 04. 032 (2019).

 34. Yao, J. et al. Melamine-assisted synthesis of porous  V2O3/N-doped carbon hollow nanospheres for efficient sodium-ion storage. 
Dalt. Trans. 50(11), 3867–3873. https:// doi. org/ 10. 1039/ D1DT0 0047K (2021).

 35. Wang, X., Fei, Y., Wang, W., Yuan, W. & Li, C. M. Polymer-mediated self-assembly of amorphous metal-organic complexes toward 
fabrication of three-dimensional graphene supported CoP nanoparticle-embedded N-doped carbon as a superior hydrogen evolu-
tion catalyst. ACS Appl. Energy Mater. 2(12), 8851–8861. https:// doi. org/ 10. 1021/ acsaem. 9b018 61 (2019).

 36. Zhao, J., Qin, R. & Liu, R. Urea-bridging synthesis of nitrogen-doped carbon tube supported single metallic atoms as bifunctional 
oxygen electrocatalyst for zinc-air battery. Appl. Catal. B Environ. 256, 117778. https:// doi. org/ 10. 1016/j. apcatb. 2019. 117778 (2019).

 37. Xing, X., Huang, L., Zhao, S., Xiao, J. & Lan, M. S, N-Doped carbon dots for tetracyclines sensing with a fluorometric spectral 
response. Microchem. J. https:// doi. org/ 10. 1016/j. microc. 2020. 105065 (2020).

 38. Mane, G. P. et al. Highly ordered nitrogen-rich mesoporous carbon nitrides and their superior performance for sensing and 
photocatalytic hydrogen generation. Angew. Chemie Int. Ed. 56(29), 8481–8485. https:// doi. org/ 10. 1002/ anie. 20170 2386 (2017).

 39. Wang, M. et al. Heteroatom-rich porous carbons derived from nontoxic green organic crystals for high-performance symmetric 
and asymmetric supercapacitors with aqueous/gel electrolyte. ACS Sustain. Chem. Eng. 8(36), 13634–13647. https:// doi. org/ 10. 
1021/ acssu schem eng. 0c032 67 (2020).

 40. Kadi, M. W., Mohamed, R. M., Ismail, A. A. & Bahnemann, D. W. Soft and hard templates assisted synthesis mesoporous CuO/g-
C3N4 heterostructures for highly enhanced and accelerated Hg(II) photoreduction under visible light. J. Colloid Interface Sci. 580, 
223–233. https:// doi. org/ 10. 1016/j. jcis. 2020. 07. 001 (2020).

 41. Wei, J. et al. Electrochemiluminescence for characterizing the polymerization process during graphitic carbon nitride synthesis. 
ChemElectroChem 6(14), 3742–3746. https:// doi. org/ 10. 1002/ celc. 20190 0987 (2019).

 42. Horikawa, T. et al. Preparation of nitrogen-doped porous carbon by ammonia gas treatment and the effects of N-doping on water 
adsorption. Carbon N. Y. 50(5), 1833–1842. https:// doi. org/ 10. 1016/j. carbon. 2011. 12. 033 (2012).

 43. Mansourkhani, F., Badiei, A., Rashidi, A. M. & Khajehmandali, S. Value-added utilization of pyrolysis heavy distillate for the syn-
thesis of nitrogen doped graphene with chemical vapor deposition. Fuller. Nanotub. Carbon Nanostruct. 27(7), 525–530. https:// 
doi. org/ 10. 1080/ 15363 83X. 2019. 15941 98 (2019).

 44. Li, M. et al. Solvothermal conversion of coal into nitrogen-doped carbon dots with singlet oxygen generation and high quantum 
yield. Chem. Eng. J. https:// doi. org/ 10. 1016/j. cej. 2017. 03. 090 (2017).

 45. Xie, Z. L., White, R. J., Weber, J., Taubert, A. & Titirici, M. M. Hierarchical porous carbonaceous materials via ionothermal car-
bonization of carbohydrates. J. Mater. Chem. 21(20), 7434–7442. https:// doi. org/ 10. 1039/ c1jm0 0013f (2011).

https://doi.org/10.1080/00397910008087439
https://doi.org/10.1016/j.catcom.2017.04.051
https://doi.org/10.1021/acsomega.8b02064
https://doi.org/10.1021/acsomega.8b02064
https://doi.org/10.1016/j.apcatb.2021.120034
https://doi.org/10.1016/j.jcat.2016.04.006
https://doi.org/10.1007/s12039-021-01888-4
https://doi.org/10.1007/s12039-021-01888-4
https://doi.org/10.1021/acsami.1c03350
https://doi.org/10.1021/acsami.1c03350
https://doi.org/10.1002/aenm.201801698
https://doi.org/10.1002/cssc.201601761
https://doi.org/10.1002/cssc.201601761
https://doi.org/10.1039/C8CC09993F
https://doi.org/10.1039/C8CC09993F
https://doi.org/10.1038/s41598-021-93239-z
https://doi.org/10.1002/slct.201600819
https://doi.org/10.1002/slct.201600819
https://doi.org/10.3390/ijms23126423
https://doi.org/10.1021/cs5008393
https://doi.org/10.1038/s41467-020-18064-w
https://doi.org/10.1038/382054a0
https://doi.org/10.1038/382054a0
https://doi.org/10.1016/j.cattod.2019.04.032
https://doi.org/10.1039/D1DT00047K
https://doi.org/10.1021/acsaem.9b01861
https://doi.org/10.1016/j.apcatb.2019.117778
https://doi.org/10.1016/j.microc.2020.105065
https://doi.org/10.1002/anie.201702386
https://doi.org/10.1021/acssuschemeng.0c03267
https://doi.org/10.1021/acssuschemeng.0c03267
https://doi.org/10.1016/j.jcis.2020.07.001
https://doi.org/10.1002/celc.201900987
https://doi.org/10.1016/j.carbon.2011.12.033
https://doi.org/10.1080/1536383X.2019.1594198
https://doi.org/10.1080/1536383X.2019.1594198
https://doi.org/10.1016/j.cej.2017.03.090
https://doi.org/10.1039/c1jm00013f


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17566  | https://doi.org/10.1038/s41598-023-35998-5

www.nature.com/scientificreports/

 46. Mestre, A. S. & Carvalho, A. P. Nanoporous carbon synthesis: An old story with exciting new chapters. In Porosity ‑ Process, Tech‑
nologies and Applications (ed. Ghrib, Taher) (InTech, 2018).

 47. Cooper, E. R. et al. Ionic liquids and eutectic mixtures as solvent and template in synthesis of zeolite analogues. Nature 430(7003), 
1012–1016. https:// doi. org/ 10. 1038/ natur e02860 (2004).

 48. Lee, J. S., Mayes, R. T., Luo, H. & Dai, S. Ionothermal carbonization of sugars in a protic ionic liquid under ambient conditions. 
Carbon N. Y. 48(12), 3364–3368. https:// doi. org/ 10. 1016/j. carbon. 2010. 05. 027 (2010).

 49. Liu, W. Catalyst technology development from macro-, micro- down to nano-scale. China Particuol. 3(6), 383–394. https:// doi. 
org/ 10. 1016/ S1672- 2515(07) 60219-X (2005).

 50. Wei, S.-M. et al.  ZnCl2 enabled synthesis of highly crystalline and emissive carbon dots with exceptional capability to generate  O2. 
Matter 2(2), 495–506. https:// doi. org/ 10. 1016/j. matt. 2019. 12. 029 (2020).

 51. Shi, E. et al. Direct synthesis of hierarchical porous polymer nanoparticles from nitrile monomers and its application for methylene 
blue adsorption. Mater. Res. Express 8(3), 035001. https:// doi. org/ 10. 1088/ 2053- 1591/ abe73b (2021).

 52. Schipper, F., Vizintin, A., Ren, J., Dominko, R. & Fellinger, T. P. Biomass-derived heteroatom-doped carbon aerogels from a salt 
melt sol-gel synthesis and their performance in Li-S batteries. Chemsuschem 8(18), 3077–3083. https:// doi. org/ 10. 1002/ cssc. 20150 
0832 (2015).

 53. Ma, L.-L. et al. Ionothermal carbonization of biomass to construct sp2/sp3 carbon interface in N-doped biochar as efficient oxygen 
reduction electrocatalysts. Chem. Eng. J. 400, 125969. https:// doi. org/ 10. 1016/j. cej. 2020. 125969 (2020).

 54. Kuhn, P., Antonietti, M. & Thomas, A. Porous, covalent triazine-based frameworks prepared by ionothermal synthesis. Angew. 
Chemie ‑ Int. Ed. 47(18), 3450–3453. https:// doi. org/ 10. 1002/ anie. 20070 5710 (2008).

 55. Tomskaya, A. E. et al. Synthesis of luminescent N-doped carbon dots by hydrothermal treatment. Phys. Status Solidi 255(1), 
1700222. https:// doi. org/ 10. 1002/ pssb. 20170 0222 (2018).

 56. Sadjadi, S., Malmir, M. & Heravi, M. M. A green approach to the synthesis of Ag doped nano magnetic γ-Fe2O3@SiO2-CD core-
shell hollow spheres as an efficient and heterogeneous catalyst for ultrasonic-assisted A3 and KA2 coupling reactions. RSC Adv. 
7(58), 36807–36818. https:// doi. org/ 10. 1039/ c7ra0 4635a (2017).

 57. Çalışkan, M. & Baran, T. Immobilized palladium nanoparticles on Schiff base functionalized ZnAl layered double hydroxide: A 
highly stable and retrievable heterogeneous nanocatalyst towards aryl halide cyanations. Appl. Clay Sci. 15(219), 106433 (2022).

 58. Yang, F., Chi, C., Wang, C., Wang, Y. & Li, Y. High graphite N content in nitrogen-doped graphene as an efficient metal-free catalyst 
for reduction of nitroarenes in water. Green Chem. 18(15), 4254–4262. https:// doi. org/ 10. 1039/ c6gc0 0222f (2016).

 59. Emadi, F., Nemati, F. & Elhampour, A. Silver nanoparticles supported on mesoporous triazine carbon material: A versatile catalyst 
for reduction of nitroaromatic compounds. ChemistrySelect 5(14), 4328–4336. https:// doi. org/ 10. 1002/ slct. 20200 0645 (2020).

 60. Wang, K. et al. Bi-functional catalyst of porous N-doped carbon with bimetallic FeCu for solvent-free resultant imines and hydro-
genation of nitroarenes. Mol. Catal. 465, 43–53. https:// doi. org/ 10. 1016/j. mcat. 2018. 12. 029 (2019).

 61. Yun, R. et al. Fe single atoms and  Fe2O3 clusters liberated from N-doped polyhedral carbon for chemoselective hydrogenation 
under mild conditions. ACS Appl. Mater. Interfaces 12(30), 34122–34129. https:// doi. org/ 10. 1021/ acsami. 0c091 24 (2020).

 62. Patil, N. M., Sasaki, T. & Bhanage, B. M. Immobilized iron metal-containing ionic liquid-catalyzed chemoselective transfer hydro-
genation of nitroarenes into anilines. ACS Sustain. Chem. Eng. 4(2), 429–436. https:// doi. org/ 10. 1021/ acssu schem eng. 5b014 53 
(2016).

 63. Advani, J. H. et al. Bio-waste chitosan-derived N-doped CNT-supported Ni nanoparticles for selective hydrogenation of nitroarenes. 
Dalt. Trans. 49(30), 10431–10440. https:// doi. org/ 10. 1039/ d0dt0 1708f (2020).

 64. Zhang, G. et al. Co, N-codoped porous carbon-supported CoyZnS with superior activity for nitroarene hydrogenation. ACS Sustain. 
Chem. Eng. 8(15), 6118–6126. https:// doi. org/ 10. 1021/ acssu schem eng. 0c013 00 (2020).

Acknowledgements
The author would like to thank Alzahra University for its partial financial support. M.M.H. also thank the Iran 
National Science Foundation (INSF) for the grants given to individuals.

Author contributions
S.T. synthesized catalysts and identified spiro-chromenes. M.M.H. and A.S. wrote the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 35998-5.

Correspondence and requests for materials should be addressed to M.M.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/nature02860
https://doi.org/10.1016/j.carbon.2010.05.027
https://doi.org/10.1016/S1672-2515(07)60219-X
https://doi.org/10.1016/S1672-2515(07)60219-X
https://doi.org/10.1016/j.matt.2019.12.029
https://doi.org/10.1088/2053-1591/abe73b
https://doi.org/10.1002/cssc.201500832
https://doi.org/10.1002/cssc.201500832
https://doi.org/10.1016/j.cej.2020.125969
https://doi.org/10.1002/anie.200705710
https://doi.org/10.1002/pssb.201700222
https://doi.org/10.1039/c7ra04635a
https://doi.org/10.1039/c6gc00222f
https://doi.org/10.1002/slct.202000645
https://doi.org/10.1016/j.mcat.2018.12.029
https://doi.org/10.1021/acsami.0c09124
https://doi.org/10.1021/acssuschemeng.5b01453
https://doi.org/10.1039/d0dt01708f
https://doi.org/10.1021/acssuschemeng.0c01300
https://doi.org/10.1038/s41598-023-35998-5
https://doi.org/10.1038/s41598-023-35998-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ionothermal synthesis of magnetic N-doped porous carbon to immobilize Pd nanoparticles as an efficient nanocatalyst for the reduction of nitroaromatic compounds
	Experimental
	Materials
	Synthesis of PdFe3O4–N–C nanocatalyst
	Synthesis of nitrogen-doped carbon substrate (N–C substrate)
	Synthesis of the magnetic substrate (N–CFe3O4)
	Synthesis of Pd nanoparticles on the magnetic substrate (PdFe3O4–N–C)

	Performances of PdFe3O4–N–C nanocatalyst in the hydrogenation reaction

	Results and discussion
	Characterization of PdFe3O4–N–C nanocatalyst
	FT-IR Spectroscopy of PdFe3O4–N–C
	X-ray diffraction of PdFe3O4–N–C
	FESEM, TEM and HRTEM
	EDS-Mapping and ICP-MS
	N2 adsorption–desorption isotherm
	Vibration sampling magnetometer (VSM) analysis

	Optimum conditions for the nitro compounds reduction reaction
	Comparison of PdFe3O4–N–C catalytic activity and other catalytic systems reported in the hydrogenation of 4-nitrophenol
	Reusability study of the PdFe3O4–N–C nanocatalyst in the hydrogenation of nitroaromatics

	Conclusion
	References
	Acknowledgements


