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In this article, halloysite nanoclay (Hal) was used as porogen for the synthesis of nitrogen doped porous
carbon material with high specific surface area and pore volume. To this purpose, polymerization of
melamine and terephthalaldehyde (MT) was performed in the presence of amine-functionalized carbon
coated Hal (Hal@Glu-2N) that was prepared from hydrothermal treatment of Hal and glucose. Then,
the prepared nanocomposite was palladated and carbonized to afford Pd@Hal@C. To further improve
the textural properties of the nanocomposite, and introduce more pores in its structure, Hal nanotubes
were etched. The characterization of the resulting compound, Pd@C, and comparing it with Pd@
Hal@C, showed that etching of Hal significantly increased the specific surface area and pore volume
in Pd@C. Pd@C was successfully used as a heterogeneous catalyst for promoting hydrogenation
of nitroarens in aqueous media using hydrogen with atmospheric pressure as a reducing agent. The
comparison of the structural features and catalytic activity of the catalyst with some control catalysts,
including, Pd@Hal, Pd@Hal@Glu, Pd@Hal@Glu-MT and Pd@Hal@C confirmed that nitrogen groups
in C could improve the Pd anchoring and suppress its leaching, while etching of Hal and introduction of
more pores could enhance the catalytic activity through facilitating the mass transfer.
Carbon materials are among the most used compounds for diverse range of applications such as electrode materials, energy storage, catalysis and water treatment1–5. The function of carbon materials is strongly dependent
on their physical and chemical properties such as specific surface area, porosity and the presence of heteroatoms in the carbon structure. According to the literature, doping of heteroatoms such as nitrogen atoms in the
carbon structure can improve the electric and chemical properties of carbon materials and expand their applications2,3,6–10. To achieve nitrogen doped carbon, carbonization of heteroatom-containing substrates has been
suggested. However, the control of the textural properties of the carbon material through simple carbonization is
challenging. To furnish a solution to this issue, use of template and structural guides such as KIT and mesoporous
silica has been suggested11,12. However, most of the templates are synthetic and use of them is costly and lingers
the synthetic process of carbon materials13.
Halloysite is a natural clay mineral (imperial formula of Al2Si2O5(OH)4·nH2O) with tubular morphology and
chemistry similar to Kaolin14–23. This nanoclay has been successfully applied for various applications such as
material chemistry, catalysis and smart delivery18,24–26. It should be noted that the specific geological origin of Hal
affects the morphological features and size polydispersity of nanotubes27. Moreover, the chemistry of the surface
of Hal is readily tuned-able and can be modified through surface functionalization15,16,27.
Reduction of nitro group to amine functionality is an industrially attractive chemical transformation that is
mostly accomplished in the presence of hydrogen gas as reducing agent and precious metals as catalysts28. Using
this reaction, diverse range of chemicals such as anilines can be synthesized. The precious metals are mostly
immobilized on the convenient catalyst supports to afford heterogeneous catalysts29–32. As the support may affect
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Figure 1. The TG analyses of (a) pristine Hal, (b) Hal@Glu-MT, (c) Pd@Hal@C, (d) Pd@C and Hal@Glu.
the catalytic activity and/or suppress the leaching of the precious metal, wise choice of the catalyst support is
imperative.
In the continuation of our interest in disclosing the utility of Hal 33–37, we have reported synthesis of
Hal-melamine based polymer hybrid system38. Moreover, we successfully developed several hybrid of Hal-carbon
materials that exhibited excellent catalytic activity37,39. Taking these results into account and considering the fact
that melamine-based polymers possess high content of nitrogen40, in this study, we aim to use Hal as porogen
for tuning the textural features of nitrogen doped carbon materials. To the best of our knowledge, although Hal
was previously used for the synthesis of carbon nanotubes41, there is no report on the use of Hal as a porogen
for improving porosity of carbon sheets. In this study, melamine-based mesoporous polymer network as a carbon precursor was formed in the presence of amine-functionalized Hal coated with glucose-derived carbon.
Subsequently, the resulting nanocomposite was applied for the immobilization of Pd nanoparticles. The latter was
then carbonized to afford palladated carbon material that contained Hal. To modify the surface properties of the
carbon material and introducing more porosity, Hal was etched by washing with HF. The resulting catalyst, Pd@C,
exhibited excellent catalytic activity, selectivity and recyclability for the hydrogenation of nitroarene. Using several control catalysts and comparing their Pd loading, leaching, specific surface area and catalytic activity with
those of the catalyst, the roles of carbonization and Hal etching in the catalytic activity were studied.

Result and Discussion

Catalyst characterization. The XRD pattern of each intermediate material that was obtained in the course

of synthesis of Pd@C as well as the XRD pattern of the final catalyst were recorded and compared with that of
pristine Hal, Figure S1. It was found that, the characteristic bands of Hal were appeared at 2θ = 11.5°, 20.2°, 26.7°,
35.4°, 55.6° and 62.1°, JCPDS No. 29–1487 (labelled as *))42,43. In the XRD pattern of Hal@Glu, the Hal characteristic bands were observed. However, their intensities decreased remarkably. This observation is in good accord
with the previous reports44. In the XRD pattern of Pd@Hal@C, three types of characteristic bands were detected.
First, the characteristic bands of Pd nanoparticles (the bands at 2θ = 41.1 °, 45.5°, 68.7°, 79.6°, and 87°, labelled as P)
that can be assigned to the {111}, {200}, {220}, {311} and {222} planes of Pd (JCPDS, No.46-1043))45. Moreover,
the characteristic bands of Hal with very low intensities were observed. According to the literature, upon thermal
treatment, Hal begins to destruct and its characteristic bands start showing lower intensities and disappearing44,46.
In the XRD pattern of Pd@Hal@C, this issue is observable. However, the presence of Glu shell that surrounded
the Hal tubes render them more stable against thermal treatment. Therefore, the Hal characteristic bands can be
still detected44. The third type of the characteristic bands in the Pd@Hal@C XRD pattern is the bands that can
be assigned to the carbon material. More precisely, the bands at 2θ = 25.2°, 42.5°, 43.4°, 73.8°, can indicate the
diamond–lonsdaleite system47. The disappearance of the small characteristic bands of Hal in the XRD pattern
of Pd@C can confirm the successful etching of Hal. Furthermore, the observation of the characteristic bands of
carbon can prove that the carbon material was stable in the course of etching.
FTIR spectroscopy was also applied to verify the formation of Pd@C and the compounds prepared in the
course of synthesis of Pd@C, Figure S2. According to the literature44, the characteristic bands of pristine Hal can
be listed as the bands at 3694 and 3627 cm−1 that can be assigned to the internal -OH functionality, 1031 cm−1
that is representative of Si–O stretching and 540 cm−1 that is due to the Al-O-Si vibration. The FTIR spectrum of
glucose exhibited the characteristic bands at 3411 cm−1 (-OH functionality), 2942 cm−1 (-CH2) and 1461 cm−1.
The FTIR spectrum of Hal@Glu exhibited the characteristic bands of Hal, implying that Hal preserved its structure upon hydrothermal treatment. The FTIR spectrum of Pd@C is significantly distinguished from that of Hal@
Glu and does not show the characteristic bands of Hal. This observation is quite expectable, as Hal has been
etched in the course of catalyst preparation. In the case of Pd@Hal@C, in which Hal is still present, some of the
Hal characteristic bands are absent. The disappearance of some of the Hal characteristic bands is due to thermal
treatment at high temperature.
In Fig. 1, the TGA thermograms of pristine Hal, Hal@Glu-MT, Pd@Hal@C, Hal@Glu and Pd@C are compared. As shown, the pristine Hal possessed high thermal stability and showed only the weight loss due to the
loss of structural water and Hal dehydroxylation (~160 °C and 550 °C respectively)25,48. On the contrary, Hal@Glu
exhibited lower thermal stability. The comparison Hal@Glu with that of Hal indicates that apart from the weight
losses of pristine Hal, an additional weight loss at 450 °C can be detected that can be attributed to the degradation
of Glu. In the case of Hal@Glu-MT, one more weight loss step at 320 °C can be observed that indicates the successful formation of MT in the structure of the catalyst. Considering the thermograms of Pd@Hal@C and Pd@C,
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Figure 2. The N2 adsorption-desorption isotherms of Pd@C and Pd@Hal@C (A and C) and BJH plot of Pd@C (B).
it can be concluded that these two samples exhibited significantly higher thermal stabilities compared to that of
Hal@Glu-MT and Hal@Glu, confirming the successful carbonization.
Raman spectroscopy was also applied for the characterization of the prepared porous carbon material,
Figure S3. The observation of two bands at 1359 (D-band) and 1605 cm−1 (G-band) can confirm the graphitic
nature of the catalyst. In more detail, the D-band is indicative of the sp3 configuration due to the presence of
intrinsic defects and the observed G-band can be attributed to the graphitic carbon49–51. Notably, the calculated
ID/IG was measured to be 0.83, confirming high amounts of defective or disordered graphitic structures52.
In the next step, the effect of etching of Hal on the textural properties of the catalyst was studied. To this purpose, the N2 adsorption-desorption isotherms of Pd@Hal@C and Pd@C were recorded and compared, Fig. 2. As
depicted, the isotherms of two samples are distinguished. More precisely, Pd@Hal@C exhibited type II isotherm,
while Pd@C showed type IV. To further verify this issue, the specific surface area of two catalysts were calculated
and compared, Table S1. It was found that, this value for Pd@C is significantly larger than that of Pd@Hal@C.
The comparison of total pore volume of two samples also showed the effect of Hal etching. More precisely, this
value for Pd@C was much higher than that of Pd@Hal@C, indicating the removal of Hal resulted in the formation
of pores, Table S1. Moreover, the pore size distribution curves of the Pd@C was obtained by the BJH method.
As shown, two types of pores, i.e. mesopores (2 nm) and micropores (~8 and 10.5 nm) were observed in Pd@C.
Hence, it can be concluded that in the structure of the catalyst large pores exist that can facilitate the mass transfer.
Water contact angle experiments were also conducted on Pd@Hal@C and Pd@C in order to explore the influence of the Hal etching on the wettability properties of the nanomaterials. Figure 3a displays the images of the
water droplets immediately after their deposition on the surface of the nanomaterials.
It was detected that Pd@Hal@C presents a hydrophobic surface being as evidenced by its initial contact angle
(67.1°), which is much larger compared to that (20°) of pristine Hal50. These results indicated that the hydrophobic coverage of Hal outer surface induced by the synthetic procedure. As concerns Pd@C, a slight decrease of the
initial water contact angle (55.2°) was observed. This value agrees with the carbonaceous composition of Pd@C.
Further information on the wettability and structural characteristics of Pd@C and Pd@Hal@C were obtained by
monitoring the time evolution of the contact angle (Fig. 3b). According to the literature27,53, the evolution of the
water contact angle (θ) on time (t) can be described by the following empiric equation:
θ = θi ⋅ exp(−k θ ⋅ t n)

(1)

Where θi corresponds to the initial contact angle, kθ and n are fitting parameters related to the kinetics and the
mechanism of the process. As shown in Fig. 3b, equation 1 was successful in the fitting of the θ vs t experimental
trends. Accordingly, kθ and n parameters were determined for both Pd@Hal@C and Pd@C (kθ and n for Pd@C
were 3.5 ± 0.4 s−1 and 0.78 ± 0.09 respectively, whereas these values for Pd@Hal@C were 0.364 ± 0.019 s−1 and
0.43 ± 0.05 respectively). In this line, n values were estimated between 0 and 1, highlighting that both absorption
and spreading contribute to the θ decrease over time. Interestingly, kθ is much larger (one order of magnitude) for
Pd@C respect to that of Pd@Hal@C. The faster kinetic evolution of the contact angle might be attributed to the
enhanced porosity of Pd@C evidenced by BET data.
Based on CHN elemental analysis, the percent of C, N, and H of the catalyst were calculated to be 68.31, 7.64,
and 2.92 wt%, respectively. This result indicated that carbonization of Pd@Hal@Glu-MT result to N-doped carbon with relatively good nitrogen content.
In the following, the morphology of the catalyst was studied. In the TEM images of the catalyst, Fig. 4A, the
carbon sheet can be observed. Furthermore, the tiny black spots that are indicative of Pd nanoparticles can be
detected. It was also found out that the Pd nanoparticles were distributed on the porous carbon homogeneously.
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Figure 3. (a) Images of the water droplets just after their deposition on the surface of Pd@Hal@C and Pd@C.
The corresponding θi are reported within the images. (b) The water contact angle as a function of time for Pd@
Hal@C and Pd@C. The solid red line represents the fitting based on the equation 1.
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Figure 4. TEM images (A) and size distribution histogram (B) of the Pd@C.

To estimate the average Pd particle size, the size of ~ 200 nanoparticles found in an arbitrarily chosen area of the
TEM images were estimated via ImageJ program and the size distribution curve was drawn via Origin software,
Fig. 4B. The Gaussian-fitted curve shows the mean diameter (d) as 6.34 nm with a standard deviation (r) of
±3.24 nm.

Investigation of the catalytic activity.

To initiate the investigation of the catalytic activity of Pd@C,
hydrogenation of nitroarenes was targeted as a model Pd-catalyzed chemical transformation and among various substrates, nitrobenzene was considered as a model nitroarene. In the following, the reaction condition was
optimized to achieve the highest yield of aniline as the desired product. To this purpose, the reaction variables
(catalyst amount, reaction solvent and temperature) were varied and their effects on the yield of aniline were
disclosed. The results showed that the optimum reaction condition was performing the hydrogenation reaction
in water as environmentally-benign solvent, at 50 °C in the presence of 0.85 mol% Pd@C, under which quantitative conversion and yield could be achieved. In the next step, the scope of the reaction was examined to verify
the generality of the presented method. In this line, substituted nitrobenzenes as well as 1-nitro naphthalene and
4-nitro acetophenone were applied as substrates, Table 1. As tabulated, Pd@C could successfully promote the
hydrogenation reaction of sterically demanding 1-nitro naphthalene. However, the yield of the reaction was lower
than that of small nitrobenzene. Moreover, 4-nitro acetophenone that possesses two unsaturated functionalities
(-C=O and –NO2) just led to the reduction of nitro group in high yield, but not –C=O functionality, confirming
the high selectivity of Pd@C towards hydrogenation of –NO2 functionality. In addition, it can be observed that
the presence of electron-donating group (-NH2) led to decrease of the yield of the reaction due to the stabilization
of resonance effects to the nitro functionality54. According to the literature, in the case of halogen substituted
reagent, dehalogenation may be responsible for low yield55.
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Entry

Reagent

Product

Time (h:min) Yieldb (%)

1

0:45

100

2

2:35

85

3

1:40

90

4

3:00

55

5

3:45

60

Table 1. Pd@C catalyzed Hydrogenation reaction of nitro arenesa. aReaction condition: nitro arene (1 mmol),
Pd@C (0.85 mol%) in water (5 mL) at 50 °C under 1 atm. H2 gas. bIsolated yield.

Entry

Catalyst

Yieldb (%)

Time (min)

Loading of Pd Leaching of Pd NPs
NPs (mmol/g) (mmol/g) after 10 recycling

SBET (m2g−1)

1

Pd@C

100

45

0.052

0.0016

1761

2

Pd@Hal@C

95

45

0.044

0.0019

132

3

Pd@Hal@Glu-MT

70

45

0.042

0.0095

46

4

Pd@Hal@Glu

58

45

0.013

0.012

34

5

Pd@Hal

60

45

0.013

0.011

43

Table 2. Comparison of the Pd loading and leaching and the catalytic activity of the present catalyst with the
other prepared catalysts in the hydrogenation reactiona. aReaction condition: nitrobenzene (1 mmol), catalyst
(0.85 mol%) in water (5 mL) at 50 °C under 1 atm. H2 gas. bIsolated yield.

In the following, the effects of carbonization of MT, Glu shell and Hal etching on the catalytic activity were
studied. In this line, four control catalysts, including, Pd@Hal, Pd@Hal@Glu, Pd@Hal@Glu-MT and Pd@Hal@C
were prepared (see the Experimental section) and their catalytic activities for promoting model reaction were
examined and compared with that of Pd@C, Table 2. To provide more insight into the differences of the catalytic
activity of the samples, their specific surface area and Pd loading and leaching were also measured and compared,
Table 2.
As shown in Table 2, the five samples showed not only different catalytic activities, but also different Pd loading, leaching and specific surface area. As tabulated, the catalytic activity decreased in the order of Pd@Hal@
Glu < Pd@Hal < Pd@Hal@Glu-MT < Pd@Hal@C < Pd@C. The order of Pd loading is very similar to that of the
catalytic activity (Pd@Hal@Glu = Pd@Hal < Pd@Hal@Glu-MT < Pd@Hal@C < Pd@C). Regarding the specific
surface area, it can be seen that the specific surface areas of three samples of Pd@Hal@Glu, Pd@Hal and Pd@Hal@
Glu-MT are in the same range (34–46 m2g−1), while Pd@Hal@C showed higher specific surface area (132 m2g−1).
In the case of Pd@C this value significantly increased and reached to 1761 m2g−1.
This observation can indicate that the different structure of the catalyst can result in the different Pd loading
and specific surface area and consequently catalytic activity. In more detail, in Pd@Hal@Glu that Hal surface is
covered with Glu, the specific surface area is slightly reduced compared to Pd@Hal. However, the introduction
of Glu did not affect the loading of Pd and two catalysts that possessed almost similar specific surface area and
Pd loadings exhibited similar catalytic activity. Moreover, the Pd leaching of two samples are almost similar. As
shown, the specific surface area of Pd@Hal@Glu-MT is comparable to that of Pd@Hal. However, the Pd loading
in this sample is significantly higher than that of the aforementioned catalysts, implying that the presence of MT
polymer that is enriched in nitrogen functionality can remarkably improve Pd anchoring. This can be achieved
through the electrostatic interactions of nitrogen containing functionalities in MT with Pd nanoparticles. The
higher Pd loading can justify the superior catalytic activity of this sample compared to the two previous ones.
Moreover, comparing the Pd leaching of this sample with the two other samples confirms that MT can suppress
Pd leaching. In the case of Pd@Hal@C, the specific surface area increased but the Pd loading is comparable to that
of Pd@Hal@Glu-MT. This observation can indicate that carbonization and consequently increase of the specific
surface area can lead to the enhancement of the catalytic activity. Notably, the Pd leaching in Pd@Hal@C was
dramatically suppressed. Finally, in the catalyst, Pd@C, that possesses the highest specific surface area and Pd
loading, the best catalytic activity was observed. In fact, apart from higher Pd loading, etching of Hal and introduction of more pores (see the BET results), can facilitate the mass transport in this sample. Moreover, this sample
exhibited the best recyclability (vide infra).
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Figure 5. The FTIR spectra (A) of the fresh and recycled Pd@C and TEM image (B) of the recycled Pd@C after
ten runs of the model reaction under optimum reaction condition.

Hot filtration test.

Next, the heterogeneous nature of the catalysis was verified by hot filtration method56.
In this line, the model reaction was held after a short period of time and the catalyst was filtered off. Then, the
hydrogenation was continued in the filtrate. To elucidate whether the reaction can proceed in the absence of the
catalyst, the reaction was monitored. The lack of progress of the reaction confirmed the heterogeneous nature of
the catalysis.

Catalyst recyclability.

To elucidate whether Pd@C can be considered as a recyclable catalyst, the recycling
test was carried out for the model hydrogenation reaction. As described in the Experimental section, the recovered catalyst was washed and dried and re-used for the next run of hydrogenation reaction under exactly similar
condition. The results of the recycling experiment up to ten reaction runs are illustrated in Figure S4. It was found
that, Pd@C maintained its high catalytic activity on the second reaction run with no loss of the catalytic activity.
Upon further recycling up to seven reaction runs, slight decrease in the catalytic activity was observed. Further
recycling, however, led to recognizable loss of the catalytic activity and upon ten recycling the yield of aniline
reached 69%.
To investigate the effects of recycling on the structure and morphology of the catalyst, FTIR spectra and TEM
image of the recycled catalyst were recorded and compared with that of the fresh catalyst. The study of the catalyst
recycled for ten reaction cycles via FTIR spectroscopy, Fig. 5A, showed that the FTIR spectrum of the recycled Pd@C
exhibited the characteristic bands of the fresh Pd@C. However, there are some difference between two spectra. This
may be due to the disposition of nitrobenzene on the surface of the catalyst. Notably, as tabulated in Table 2, the
leaching of Pd nanoparticles after 10 reaction runs was negligible. Moreover, the TEM image of the reused catalyst
was obtained and compared with that of the fresh catalyst, Fig. 5B. The similarity of both images could be considered
as another proof for the stability of the reused catalyst. All these analyses can confirm that the catalyst was stable upon
reusing and can be reused for the successive reaction runs. Considering these results, the drop of the catalytic activity
after ten reaction runs was attributed to the coverage of C that is catalytically active with the reagent.

Methods

Synthesis of the catalyst.

Synthesis of Hal@Glu. Inspired by the previous reports, Hal@Glu nanocomposite was synthesized by hydrothermal method57. First, a well dispersed suspension of Hal (1 g) in deionized
water (40 mL) was prepared by using ultrasonic irradiation (power 100 W, 15 min). Next, glucose (6 g) was introduced in the obtained suspension and the mixture was transferred into a Teflon-lined stainless steel autoclave
(150 mL). The container was then, sealed and maintained at 200 °C for one day. At the end of the hydrothermal
treatment, the reactor was cooled down to room temperature and the product was filtered, rinsed with ethanol,
centrifuged for five times and dried in oven at 80 °C.
Preparation of Hal@Glu-2N. The amine functionalized Hal@Glu was obtained by adding 3-N-(2 (trimethoxysilyl)ethyl)methanediamine (3 mL) as a functionalization group and Et3N (3 mL) as a catalyst in the stirring
suspension of Hal@Glu (2.5 g) in toluene (50 mL), followed by refluxing at 140 °C overnight. Upon completion
of the reaction, the resulting solid was filtered off, washed with toluene repeatedly and dried at 100 °C overnight.
Synthesis of Hal@Glu-MT. Hal@Glu contained melamine-based mesoporous polymer network was prepared
based on the previous reported work with slight modification58,59. Briefly, 500 mL single-necked flask, fitted with
a condenser and a magnetic stirring bar was charged with Hal@Glu-2N (1 g), melamine (2.485 mmol), terephthalaldehyde (3.728 mmol) and DMSO (15.5 mL). The flask was then completely deoxygenated by bubbling purified
argon for 30 min. Upon heating the flask from ambient temperature to the boiling temperature in an oil bath, the
polymerization process initiated and continued for 96 h. Upon completion of the reaction, the obtained Hal@Glu
contained melamine-based mesoporous polymer network (Hal@Glu-MT) was filtrated off and washed with a mixture of acetone, THF and dichloromethane. Finally, the solvent was removed to afford the product as a gray powder.
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Figure 6. The procedure for the synthesis rout of the Pd@C.
Immobilization of Pd nanoparticles on Hal@Glu-MT. To immobilize Pd nanoparticles on the Hal@Glu-MT, a
solution of Pd(OAc)2 (0.02 g) in MeOH (10 mL) was added to the solution of suspended Hal@Glu-MT (1 g) in
toluene (50 mL) in a drop wise manner under stirring condition overnight. In the following, a solution of NaBH4
in MeOH (12 mL, 0.2 N) was added under inert atmosphere to the above-mentioned suspension. Subsequently,
the resulting mixture was stirred for 6 h. The obtained Pd@Hal@Glu-MT, was filtrated off, washed with toluene
and MeOH and dried in an oven at 80 °C for 12 h.
Synthesis of Pd@Hal@C. In this step, Pd@Hal@Glu-MT (5 g) was placed in a quartz container and heated up to
450 °C for 1 h under argon flow and heating rate of 30 °C min−1. The sample was held at this temperature for 6 h.
After cooling to room temperature, the product (3 g) was recovered as a black powder.
Synthesis of Pd@C. For the removal of the Hal, etching method by using HF was applied. In this regard, the as
synthesized Pd@Hal@C (3 g) was placed in an acid-resistant plastic vessel and then, 250 mL of HF solution was
drop-wisely added and the mixture was allowed to cool to room temperature and kept in the acidic solution for
24 h. Upon completion of the etching process, the product was washed with distilled water to remove the acid.
Upon reaching the neutral pH, the solid was collected and then dried in an oven at 80 °C overnight. The schematic procedure for the synthesis of the catalyst is illustrated in Fig. 6. Noteworthy, synthesis of control catalysts,
Pd@Hal@Glu-MT, Pd@Hal@Glu, and Pd@Hal were performed in similar ways, except Hal@Glu-MT, Hal@Glu
and Hal were used as catalyst support for Pd immobilization respectively. In the case of Pd@Hal@C, Hal was not
etched and the catalyst contained Hal.

Hydrogenation of nitrobenzene. In a typical procedure, Pd@C catalyst (0.85 mol%), nitrobenzene
(1.0 mmol) and deionized water as an environmentally-benign solvent were placed in a flask (5 mL). The reaction vessel was then heated up to 50 °C and H2 (1 atm.) was purged as a reducing agent. Upon completion of the
reaction (traced by TLC), the reactor was slowly cooled and depressurized and Pd@C was filtered off by simple
filtration, washed with EtOH/H2O several times and dried in oven at 70 °C for 7 h. To afford the hydrogenated
product, the solvent was evaporated and the resulting aniline was characterized by comparing its melting/boiling
point as well as FTIR spectrum with those of the known compounds.

Conclusion

A novel N-doped mesoporous carbon, Pd@C, was prepared through preparation of Pd@Hal@Glu-MT via coating of Glu carbon shell on Hal, functionalization, growth of MT polymer, Pd immobilization and carbonization,
followed by etching of Hal. The resulting hybrid exhibited high catalytic activity and selectivity for the hydrogenation of nitroarenes. The comparison of the catalytic activity of Pd@C with that of Pd@Hal, Pd@Hal@Glu,
Pd@Hal@C and Pd@Hal@Glu-MT, confirmed higher catalytic activity of the former. This result was attributed
to the increasing the interactions of Pd with the nitrogen atoms of the support and consequently increasing of Pd
loading as well as suppressing the Pd leaching. Moreover, as etching of Hal can dramatically increase the specific
surface area and pore volume, the superior catalytic activity of Pd@C can also be assigned to the improved mass
transport in Pd@C. The recyclability test confirmed high recyclability of Pd@C with slight Pd leaching and no Pd
aggregation. Moreover, the hot filtration test indicated the heterogeneous nature of the catalysis.

Scientific Reports |

(2020) 10:2039 | https://doi.org/10.1038/s41598-020-59003-5

7

www.nature.com/scientificreports/

www.nature.com/scientificreports

Received: 8 November 2019; Accepted: 23 January 2020;
Published: xx xx xxxx

References

1. Wei, J.-S. et al. Robust Negative Electrode Materials Derived from Carbon Dots and Porous Hydrogels for High-Performance Hybrid
Supercapacitors. Adv. Mater. 31, 1806197–1806203, https://doi.org/10.1002/adma.201806197 (2019).
2. Hoang, V. C. & Gomes, V. G. High performance hybrid supercapacitor based on doped zucchini-derived carbon dots and graphene.
Mater. Today Energy 12, 198–207, https://doi.org/10.1016/j.mtener.2019.01.013 (2019).
3. Fu, X., Chen, A., Yu, Y., Hou, S. & Liu, L. Carbon Nanotube@N-Doped Mesoporous Carbon Composite Material for Supercapacitor
Electrodes. Chem. Asian J. 14, 634–639, https://doi.org/10.1002/asia.201801865 (2019).
4. Zhang, Y. et al. Honeycomb hard carbon derived from carbon quantum dots as anode material for K-ion batteries. Mater. Chem.
Phys. 229, 303–309, https://doi.org/10.1016/j.matchemphys.2019.03.021 (2019).
5. Salinas-Torres, D., Navlani-García, M., Mori, K., Kuwahara, Y. & Yamashita, H. Nitrogen-doped carbon materials as a promising
platform toward the efficient catalysis for hydrogen generation. Appl. Catal. A: Gen. 571, 25–41, https://doi.org/10.1016/j.
apcata.2018.11.034 (2019).
6. Paraknowitsch, J. P. & Thomas, A. Functional Carbon Materials From Ionic Liquid Precursors. Macromol. Chem. Phys. 213,
1132–1145, https://doi.org/10.1002/macp.201100573 (2012).
7. Mao, S., Wang, C.-P. & Wang, Y. The chemical nature of N doping on N doped carbon supported noble metal catalysts. J. Catal. 375,
456–465 (2019).
8. Li, Z.-P. et al. Tandem Nitrogen Functionalization of Porous Carbon: Toward Immobilizing Highly Active Palladium Nanoclusters
for Dehydrogenation of Formic Acid. ACS Catal. 7, 2720–2724 (2017).
9. Cao, Y., Zhao, B., Bao, X. & Wang, Y. Fabricating Metal@N-Doped Carbon Catalysts via a Thermal Method. ACS Catal. 8, 7077–7085
(2018).
10. Chen, Y., Wang, Z., Mao, S. & Wang, Y. Rational design of hydrogenation catalysts using nitrogen-doped porous carbon. Chin. J.
Catal. 40, 971–979 (2019).
11. Karimi, B., Behzadnia, H. & Vali, H. Palladium on Ionic Liquid Derived Nanofibrillated Mesoporous Carbon: A Recyclable Catalyst
for the Ullmann Homocoupling Reactions of Aryl Halides in Water. ChemCatChem 6, 745–748, https://doi.org/10.1002/
cctc.201300893 (2014).
12. Karimi, B., Behzadnia, H., Bostina, M. & Vali, H. A Nano-Fibrillated Mesoporous Carbon as an Effective Support for Palladium
Nanoparticles in the Aerobic Oxidation of Alcohols “on Pure Water”. Chem.: Eur. J. 18, 8634–8640, https://doi.org/10.1002/
chem.201200373 (2012).
13. Zhang, S., Dokko, K. & Watanabe, M. Carbon materialization of ionic liquids: from solvents to materials. Mater. Horiz. 2, 168–197,
https://doi.org/10.1039/C4MH00141A (2015).
14. Deng, L. L. et al. Effects of microstructure of clay minerals, montmorillonite, kaolinite and halloysite, on their benzene adsorption
behaviors. Appl. Clay Sci. 143, 184–191, https://doi.org/10.1016/j.clay.2017.03.035 (2017).
15. Liu, Y. et al. Preparation of bimetallic Cu-Co nanocatalysts on poly (diallyldimethylammonium chloride) functionalized halloysite
nanotubes for hydrolytic dehydrogenation of ammonia borane. Appl. Surf. Sci. 427, 106–113, https://doi.org/10.1016/j.
apsusc.2017.08.171 (2018).
16. Massaro, M. et al. Halloysite nanotubes as support for metal-based catalysts. J. Mater. Chem. A 5, 13276–13293 (2017).
17. Ma, W., Wu, H., Higaki, Y. & Takahara, A. Halloysite Nanotubes: Green Nanomaterial for Functional Organic-Inorganic
Nanohybrids. Chem. Rec. 18, 1–15 (2018).
18. Vinokurov, V. et al. Core/shell ruthenium-halloysite nanocatalysts for hydrogenation of phenol. Ind. Eng. Chem. Res. 56,
14043–14052, https://doi.org/10.1021/acs.iecr.7b03282 (2017).
19. Glotov, A. et al. Mesoporous Metal Catalysts Templated on Clay Nanotubes. Bull. Chem. Soc. Jpn. 92, 61–69 (2019).
20. Vinokurov, V. et al. Halloysite nanotube-based cobalt mesocatalysts for hydrogen production from sodium borohydride. J. Solid
State Chem. 268, 182–189 (2018).
21. Lvov, Y., Wang, W., Zhang, L. & Fakhrullin, R. Halloysite Clay Nanotubes for Loading and Sustained Release of Functional
Compounds. Adv. Mater. 28, 1227–1250 (2016).
22. Yuan, P., Tan, D. & Annabi-Bergaya, F. Properties and applications of halloysite nanotubes: recent research advances and future
prospects. Appl. Clay Sci. 112-113, 75–93, https://doi.org/10.1016/j.clay.2015.05.001 (2015).
23. Wei, Y. et al. Activation of natural halloysite nanotubes by introducing lanthanum oxycarbonate nanoparticles via co-calcination for
outstanding phosphate removal. Chem. Commun. 55, 2110–2113, https://doi.org/10.1039/C8CC10314C (2019).
24. Das, T. K. et al. Mussel inspired green synthesis of silver nanoparticles-decorated halloysite nanotube using dopamine:
characterization and evaluation of its catalytic activity. Appl. Nanosci. 8, 173–186 (2018).
25. Zatta, L., da Costa Gardolinski, J. E. F. & Wypych, F. Raw halloysite as reusable heterogeneous catalyst for esterification of lauric acid.
Appl. Clay Sci. 51, 165–169 (2011).
26. Papoulis, D. et al. Halloysite–TiO2 nanocomposites: Synthesis, characterization and photocatalytic activity. Appl. Catal., B. 132–133,
416–422, https://doi.org/10.1016/j.apcatb.2012.12.012 (2013).
27. Bertolino, V., Cavallaro, G., Lazzara, G., Milioto, S. & Parisi, F. Halloysite nanotubes sandwiched between chitosan layers: novel
bionanocomposites with multilayer structures. New J. Chem. 42, 8384–8390 (2018).
28. Gelder, E. A., Jackson, S. D. & Lok, C. M. The hydrogenation of nitrobenzene to aniline: a new mechanism. Chem. Commun.,
522–524 (2005).
29. Bouchenafa-Saib, N., Grange, P., Verhasselt, P., Addoun, F. & Dubois, V. Effect of oxidant treatment of date pit active carbons used
as Pd supports in catalytic hydrogenation of nitrobenzene. Appl. Catal. A: Gen. 286, 167–174 (2005).
30. Yu, X., Wang, M. & Li, H. Study on the nitrobenzene hydrogenation over a Pd-B/SiO2 amorphous catalyst. Appl. Catal. A: Gen. 202,
17–22 (2000).
31. Li, C.-H., Yu, Z.-X., Yao, K.-F., Ji, S.-F. & Liang, J. Nitrobenzene hydrogenation with carbon nanotube-supported platinum catalyst
under mild conditions. J. Mol. Catal. A: Chem. 226, 101–105 (2005).
32. Arora, N., Mehta, A., Mishra, A. & Basu, S. 4-Nitrophenol reduction catalysed by Au-Ag bimetallic nanoparticles supported on
LDH: Homogeneous vs. heterogeneous catalysis. Appl. Clay Sci. 151, 1–9 (2018).
33. Bahri-Laleh, N., Sadjadi, S. & Poater, A. Pd immobilized on dendrimer decorated halloysite clay: Computational and experimental
study on the effect of dendrimer generation, Pd valance and incorporation of terminal functionality on the catalytic activity. J.
Colloid Interf. Sci. 531, 421–432 (2018).
34. Sadjadi, S. & Atai, M. Ternary hybrid system of halloysite nanotubes, polyacrylamides and cyclodextrin: an efficient support for
immobilization of Pd nanoparticles for catalyzing coupling reaction. Appl. Clay Sci. 153, 78–89, https://doi.org/10.1016/j.
clay.2017.12.013 (2018).
35. Sadjadi, S. Palladium nanoparticles immobilized on cyclodextrin-decorated halloysite nanotubes: Efficient heterogeneous catalyst
for promoting copper- and ligand-free Sonogashira reaction in water–ethanol mixture. Appl. Organomet. Chem. 32, e4211, https://
doi.org/10.1002/aoc.4211 (2018).

Scientific Reports |

(2020) 10:2039 | https://doi.org/10.1038/s41598-020-59003-5

8

www.nature.com/scientificreports/

www.nature.com/scientificreports

36. Sadjadi, S., Lazzara, G., Heravi, M. M. & Cavallaro, G. Pd supported on magnetic carbon coated halloysite as hydrogenation catalyst:
Study of the contribution of carbon layer and magnetization to the catalytic activity. Appl. Clay Sci. 182, 105299–105305, https://doi.
org/10.1016/j.clay.2019.105299 (2019).
37. Sadjadi, S., Lazzara, G., Malmir, M. & Heravi, M. M. Pd nanoparticles immobilized on the poly-dopamine decorated halloysite
nanotubes hybridized with N-doped porous carbon monolayer: A versatile catalyst for promoting Pd catalyzed reactions. J. Catal.
366, 245–257, https://doi.org/10.1016/j.jcat.2018.08.013 (2018).
38. Sadjadi, S., Akbari, M., Monflier, E., Heravi, M. M. & Leger, B. Pd nanoparticles immobilized on halloysite decorated with
cyclodextrin modified melamine-based polymer: a promising heterogeneous catalyst for hydrogenation of nitroarenes. New J.
Chem. 42, 15733–15742 (2018).
39. Sadjadi, S., Akbari, M., Léger, B., Monflier, E. & Heravi, M. M. Eggplant-Derived Biochar-Halloysite Nanocomposite as Supports of
Pd Nanoparticles for the Catalytic Hydrogenation of Nitroarenes in the Presence of Cyclodextrin. ACS Sustain. Chem. Eng. 7,
6720–6731, https://doi.org/10.1021/acssuschemeng.8b05992 (2019).
40. Schwab, M. G. et al. Catalyst-free Preparation of Melamine-Based Microporous Polymer Networks through Schiff Base Chemistry.
J. Am. Chem. Soc. 131, 7216–7217 (2009).
41. Liu, W. et al. Controllable synthesis of nitrogen-doped carbon nanotubes derived from halloysite-templated polyaniline towards
nonprecious ORR catalysts. Appl. Surf. Sci. 469, 269–275 (2019).
42. Zhu, H., Du, M. L., Zou, M. L., Xu, C. S. & Fu, Y. Q. Green synthesis of Au nanoparticles immobilized on halloysite nanotubes for
surface-enhanced Raman scattering substrates. Dalton Trans. 41, 10465–10471 (2012).
43. Yuan, P. et al. Functionalization of Halloysite Clay Nanotubes by Grafting with γ-Aminopropyltriethoxysilane. J. Phys. Chem. C 112,
15742–15751 (2008).
44. Jin, J., Fu, L., Yang, H. & Ouyang, J. Carbon hybridized halloysite nanotubes for high-performance hydrogen storage capacities. Sci.
Rep. 5, 12429–12439 (2015).
45. Hao, D. et al. Synthesis of monodisperse palladium nanocubes and their catalytic activity for methanol electrooxidation. Chin. Phys.
B 19, 106101–106104 (2010).
46. Zhang, J., Mu, B. & Wang, A. Halloysite nanotubes induced synthesis of carbon/manganese dioxide coaxial tubular nanocomposites
as electrode materials for supercapacitors. J. Solid State Electr. 19, 1257–1263 (2015).
47. Denisov, V. N. et al. First-principles, UV Raman, X-ray diffraction and TEM study of the structure and lattice dynamics of the
diamond–lonsdaleite system. Diam. Relat. Mater. 20, 951–953 (2011).
48. Bordeepong, S., Bhongsuwan, D., Pungrassami, T. & Bhongsuwan, T. Characterization of halloysite from Thung Yai District,
Nakhon Si Thammarat Province, in Southern Thailand. Songklanakarin J. Sci. Technol. 33, 599–607 (2011).
49. Hou, J., Cao, C., Idrees, F. & Ma, X. Hierarchical Porous Nitrogen-Doped Carbon Nanosheets Derived from Silk for UltrahighCapacity Battery Anodes and Supercapacitors. ACS Nano 9, 2556–2564 (2015).
50. Yang, F. et al. Dopamine derived nitrogen-doped carbon sheets as anode materials for highperformance sodium ion batteries.
Carbon 91, 88–95 (2015).
51. Esmaeili, A. & Entezari, M. H. Facile and fast synthesis of graphene oxide nanosheets via bath ultrasonic irradiation. J. Colloid Interf.
Sci. 432, 19–25 (2014).
52. Tong, J. et al. One-Step Synthesis of Dicyanobenzene-Derived N-doped Porous Carbon Monolayers: Porosity and NIR Photoactivity.
ChemCatChem 9, 4043–4048 (2017).
53. Cataldo, V. A., Cavallaro, G., Lazzara, G., Milioto, S. & Parisi, F. Coffee grounds as filler for pectin: Green composites with
competitive performances dependent on the UV irradiation. Carbohyd. Polym. 170, 198–205 (2017).
54. Campos, C. et al. Hydrogenation of substituted aromatic nitrobenzenes over 1% 1.0wt.%Ir/ZrO2 catalyst: Effect of meta position and
catalytic performance. Catal. Today 213, 93–100, https://doi.org/10.1016/j.cattod.2013.03.037 (2013).
55. Sassykova, L. R. et al. Studying the Mechanisms of Nitro Compounds Reduction (A-Review). Orient. J. Chem. 35, 22–38 (2019).
56. Lamblin, M., Nassar-Hardy, L., Hierso, J.-C., Fouquet, E. & Felpin, F.-X. Recyclable Heterogeneous Palladium Catalysts in Pure
Water: Sustainable Developments in Suzuki, Heck, Sonogashira and Tsuji–Trost Reactions. Adv. Synth. Catal. 352, 33–79 (2010).
57. Jin, J., Fu, L., Yang, H. & Ouyang, J. Carbon hybridized halloysite nanotubes for high-performance hydrogen storage capacities. Sci.
Rep. 5, 12429, https://doi.org/10.1038/srep12429 https://www.nature.com/articles/srep12429#supplementary-information (2015).
58. Mobinikhaledi, A., Moghanian, H., Ghazvini, S. M. B. H. & Dalvand, A. Copper containing poly(melamine-terephthaldehyde)magnetite mesoporous nanoparticles: a highly active and recyclable catalyst for the synthesis of benzimidazole derivatives. J. Porous.
Mater. 25, 1123–1127 (2018).
59. Liu, L., Li, P.-Z., Zhu, L., Zou, R. & Zhao, Y. Microporous polymelamine network for highly selective CO2 adsorption. Polymer 54,
596–600 (2013).

Acknowledgements

The authors appreciate the partial supports from Iran Polymer and Petrochemical Institute and Palermo
University. S. Sadjadi and Heravi appreciate Iran National Science Foundation (INSF) for the Individual given
grant, No. 97009384. Mmh is also thankful to insf for granted individual research chair. The work was financially
supported by Progetto di ricerca e sviluppo “AGM for CuHe” (ARS01_00697) and University of Palermo.

Author contributions

Samahe Sadjadi wrote the article, revised the article, supported the work financially and designed the catalytic
system. Majid M. Heravi supported the work financially. Masoumeh Malmir did the experimental work, drew
Figure 6 that is an original figure and help for revising the article. Giuseppe Lazzara did some experiments
Giuseppe Cavallaro did some experiments All authors reviewed the manuscript.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-59003-5.
Correspondence and requests for materials should be addressed to S.S. or 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.
Scientific Reports |

(2020) 10:2039 | https://doi.org/10.1038/s41598-020-59003-5

9

www.nature.com/scientificreports/

www.nature.com/scientificreports

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 license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license 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 license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2020

Scientific Reports |

(2020) 10:2039 | https://doi.org/10.1038/s41598-020-59003-5

10

