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Abstract

:

In order to reduce the noble metal palladium dosage in the preparation of CL-20 so as to reduce its production cost, several carbon supports were prepared successfully using the hydrothermal carbonization method in the absence or presence of urea using microcrystalline cellulose (MC) as the carbon source, and the corresponding Pd(OH)2/C catalysts were fabricated using the deposition–precipitation method, which showed high activity in the debenzylation reaction of hexabenzylhexaazaisowurtzitane (HBIW) and tetraacetyldibenzylhexaazaisowurtzitane (TADB). It was found that all the catalysts showed a high efficiency in the debenzylation of HBIW, indicating that the structure of the used carbon supports had a limited impact on the catalyst performance in this reaction. On the contrary, the activities of the catalysts in the debenzylation of TADB were quite different. The results of the nitrogen sorption isotherm measurement (BET), scanning electron microscope (SEM), scanning transmission electron microscopy (STEM), powder X-ray diffraction (XRD), element analysis and temperature programmed desorption (TPD), as well as X-ray photoelectron spectra (XPS) characterizations of the supports and catalysts, showed that the relatively high activity of Pd/HTC in the debenzylation of TADB was related to the high Pd dispersion and novel mesoporous structure, while the further higher activity and stability of Pd/HTC-N1:1 in the same reaction were related with its high Pd dispersion, high total oxidized Pd species, and high surface pyridinic N contents as well as the eggshell distribution of Pd species on the support.
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1. Introduction


The benzyl group has been one of the most broadly employed protecting groups for O- and N-based functionalities in fine chemical synthesis and organic transformations [1]. The introduction of the benzyl group is usually easier, but its removal is sometimes a thorny problem, especially for the removal of a few N-benzyl groups. The reported benzyl removal methods included a direct catalytic hydrogenation with H2 [2,3], transfer hydrogenation with NaBH4 or ammonium formate [4,5], acid catalysis using AlCl3 or triflic acid [6,7], etc. Among them, Pd/C or Pd(OH)2/C catalyzed hydrogenolysis for N-debenzylation using H2 has been the most commonly used one due to its high efficiency, atom economy, and easy-to-recycle active component [8]. Hexabenzylhexaazaisowurtzitane (HBIW) was an important precursor for the synthesis of hexanitrohexaazaisowurtzitane (HNIW or CL-20, Scheme 1) [9,10,11], one of the most important molecules in high-energy-density materials’ area, hence the hydrogenolytic debenzylation of HBIW and tetraacetyldibenzylhexaazaisowurtzitane (TADB) became a key step for the fabrication of CL-20 [12,13]. However, this step needs to be carried out under mild conditions due to the relatively low stability of the hexanitrohexaazaisowurtzitane cage skeleton. There is an urgent requirement to develop catalysts with a high efficiency at near room temperature to meet the catalytic transformation of HBIW.



In the past decades, several efficient catalysts, such as Pd(OH)2 nanoparticles [14], Pd/C [15,16,17], Pd(OH)2/C [18,19,20,21,22,23], Pd/TiO2 [24,25], Pd/DOWEX [26], Pd/mpg-C3N4 [27], and PdFe bimetallic catalysts [28,29] have been reported except the traditional commercial Pearlman catalyst and Degussa E101 NE/W [10,11]. It is well known that the textural and surface chemical properties of carbon carrier have significant effects on the catalytic performance of palladium-based catalysts, which influenced not only the Pd dispersion, particle size, and morphology, as well as the electronic structure of Pd species, but also the adsorption and diffusion of substrate and product molecules in the catalyst framework [30,31]. In this regard, there is a growing need to develop novel carbon supports that are suitable for the preparation of high-efficiency Pd/C or Pd(OH)2/C catalysts. In recent years, biomass-based carbon materials have attracted much attention due to their cheap, renewable, and abundant raw materials source [32,33]. Cellulose is the main component of biomass, which makes up 40–60 wt% of plant cell wall besides hemicellulose and lignin. In the past decade, many cellulose-derived porous carbons have been prepared from cellulose nanocrystals [34,35,36], nanofibrils [37], and bacterial nanocellulose [38,39] as well as microcrystalline cellulose (MC) [40,41,42,43,44,45,46]. Among them, MC was a cheaper and more readily available substrate. In terms of cost and sustainable development, MC was considered a promising carbon precursor, and several MC-derived carbon materials have also been reported for their electrode materials [41,44] and catalyst supports [43] due to their easy structure regulation. In addition, hydrothermal carbonization has been demonstrated as an effective way for biochar production, commonly named hydrochar. Moreover, hydrochar has a relatively lower ash content and higher C recovery compared to the biochar produced by traditional pyrolysis or gasification [47]. In this work, a series of carbon supports were fabricated using the hydrothermal carbonization method in the absence or presence of urea using MC as the carbon source, and the corresponding Pd(OH)2/C catalysts were prepared using a traditional deposition–precipitation method, which showed a high activity in the debenzylation reaction of HBIW and TADB, particularly, the Pd/HTC-N1:1. The high activity and stability of Pd/HTC-N1:1 were related to its high Pd dispersion, high total oxidized Pd species, and high surface pyridinic N contents as well as the eggshell distribution of Pd species on the support.




2. Results and Discussion


2.1. Synthesis and Characterization of the Carbon Supports


Five carbon supports were prepared using a hydrothermal method in the absence or presence of urea using MC as the carbon source. The SEM images of the carbon samples were summarized in Figure 1. For all the carbon samples, a lot of carbon microspheres were produced on the surface of their main blocky skeletons due to the hydrothermal conversion of cellulose [48]. However, the microsphere radiuses of HTC-Nx were much larger than that of HTC due to the condensation reaction between glucose and urea molecules in the hydrothermal process, leading to the formation of a large carbon nucleus, revealing the influence of nitrogen doping on the hydrothermal process of MC.



The N2 adsorption–desorption isotherms and the pore size distributions of the carbon supports are shown in Figure 2, while the BET surface areas and textural properties are summarized in Table 1. The HTC sample showed a type Ⅳ nitrogen adsorption isotherm and a H3 type hysteresis loop, indicating the existence of meso- and macro-pores within the carbon skeleton. The relatively high total surface area (449 m2/g) and micropores surface area (334 m2/g) of HTC demonstrated a porous structure. The shape of the adsorption isotherm of HTC-N1:1 was similar to that of HTC, but its N2 adsorption amount and surface area were much lower compared to HTC (Table 1), which could be attributed to the decrease in the micropore ratio, implying that nitrogen doping inhibited significantly the formation of micropores. For HTC-N3:1, HTC-N2:1, and HTC-N1:2 (Figure S1), this inhibition phenomenon is more obvious, and their surface areas were lower than 10 m2/g, inferring their deficient micropore structures. The pore-size distribution curves and the significant differences of pore volumes further demonstrated the porous structure of HTC and the low porosity of and HTC-Nx (Figure 2b). The relatively large pore width (6.6–9.5 nm) suggested the existence of piled mesopores.



The crystalline structures of the carbon carriers were characterized by XRD (Figure S2). The presence of a broad diffraction peak and a weak peak at around 2θ = 23° and 44° corresponding to the (002) and (100) diffractions of graphitic carbon (JCPDS No. 41-1487) revealed the main amorphous structure and the relatively low degree of graphitization of these carbon samples [49]. The diffraction peak positions of the (002) crystal face of the HTC-Nx samples shifted slightly to the higher angle range than that of HTC, which could be attributed to the shrinkage of the carbon–carbon layer space due to the nitrogen atom doping [50]. Raman spectra were also used to investigate the graphitization degree of the received carbon samples (Figure S3). Two well-defined bands centered at 1350 and 1590 cm−1 were observed, known as the D and G bands, corresponding to the disordered carbon (associated with defects) and ordered carbon (related to graphitic carbon), respectively [51]. Compared with HTC, the G peak of the HTC-Nx samples presented evidently a red shift to 1570 cm−1, indicating a higher disorder in the carbon skeleton of HTC-Nx [52]. The intensity ratio of the D and G band (ID/IG) was also an indicator of the level of graphitic degree of carbon materials. The ID/IG ratio of the HTC-Nx samples were slightly higher than that of HTC, further demonstrating that there were more defects in the HTC-Nx skeleton due to nitrogen doping, which led to the disorder of the carbon matrix and the increase in defect sites. The chemical compositions of the carbon supports are listed in Table 2. The HTC sample had a negligibly low N content of 0.3 wt%, which was due to pyrolyzation under a N2 atmosphere, while the HTC-Nx samples possessed much higher N contents from 7.6 to 9.6 wt%. The N contents of the resulting carbon were lower compared to that of the actual urea doses, and this could be attributed to the direct decomposition of partial urea molecules before the hydrothermal reaction and the removal of partial-nitrogen-containing groups in the calcination process. As expected, the N contents of the carbon support increased as the initial urea quantity. Meanwhile, the O contents of carbon samples also increased gradually in the same order, revealing that some oxygen functional groups were introduced at the same time.



To further insight the surface chemical properties of the carbon carriers, the temperature programmed desorption (TPD) was carried out under an inert atmosphere. The TPD patterns of the carbon supports are presented in Figure 3. For the HTC sample, there was a distinct CO2 desorption peak at the temperature range of 150–650 °C, which was attributed to the decomposition of carboxylic acid and anhydride groups [53], while the four HTC-Nx samples had two CO2 desorption peaks at 150–400 °C and 700–900 °C, which could be assigned to the decomposition of carboxylic acid/anhydride groups and stable lactone groups [53]. Figure 4b displays the CO spectra of the carbon supports. The CO desorption curves of the carbon materials were similar. Distinct signals were detected at above 700 °C, which could be attributed to the decomposition of high stable phenol and quinonoid groups [54]. The TPD data further revealed the difference in the oxygen-containing groups and their distributions on HTC and HTC-Nx.




2.2. Catalytic Performance Characterization of the Catalysts


A series of Pd(OH)2/C catalysts were prepared by traditional deposition–precipitation method using the above mentioned carbon materials as supports (Scheme 2). The catalytic activities and the hydrogen consumption amounts as a function of the reaction times in the hydrogenolytic debenzylation reaction of HBIW and TADB are shown in Table 3 and Figure 4, respectively. It was found that the hydrogen consumption rates over the catalysts were fast in the earlier reaction stage (0–5 h), and then decreased gradually in the debenzylation of HBIW, which was similar to the reported reaction process [17]. Pd/HTC-N1:1 and Pd/HTC-N2:1, that had middle nitrogen contents in their supports, showed slightly faster reaction rates in the first 5 h than the other catalysts, indicating the slight difference in their catalytic activity. However, all the TADB yields of the various catalysts were high (Table 3), demonstrating that all the catalysts were highly efficient in the debenzylation reaction of HBIW. These activities were much better than the most reported catalysts, such as Pd/ST-2.5, Pd/mpg-C3N4, and Pd5Fe1/Si-CODP, and comparable to Pd/TiO2-2 (Table 4). It was known that the removal of benzyl groups in TADB molecule required a relatively more stringent condition compared to HBIW [21,26], in which an acid assistant was commonly needed, thus TADB was a better substrate to evaluate the catalyst activity. The kinetic curves clearly showed that the hydrogen consumption rates of the catalysts decreased in different degrees after the first hour (Figure 4b), indicating the difference in the activity and stability, which was also reflected in the hydrogen reaction amounts. The total hydrogen consumption amount of Pd/HTC-N1:1 within 12 h was similar to that of Pd/HTC, which was higher than that of the other catalysts. The TADB conversions of the catalysts were in the order of Pd/HTC-N1:1 > Pd/HTC > Pd/HTC-N1:2 > Pd/HTC-N2:1 > Pd/HTC-N3:1, which was consistent with the total hydrogen consumption amounts, indicating the difference in the activity. For Pd/HTC-N1:1, when the Pd dosage increased from 2.0 ‰ to 2.35 ‰, a TADB complete conversion could be realized stably (Table 3 entry 4). This was the lowest Pd dosage for the debenzylation reaction of TADB compared to the reported catalysts (Table 4) [22,24,26,27,28]. For the reported Pd/TiO2-2 and Pd5Fe1/Si-CODP catalysts, 4.0% and 10.0% Pd dosages were needed to attain TADB complete conversion (Table 4 number 2 and 4). Considering the similar reaction condition, it implied that Pd/HTC-N1:1 showed a much high activity in the TADB debenzylation. The result was useful to reduce the consumption of precious metal palladium and the production cost of CL-20.



In order to further understand the effect of the nitrogen doping of a carbon support on the catalytic performance of the Pd(OH)2/C catalysts, the recycling experiments of Pd/HTC and Pd/HTC-N1:1 in the debenzylation of TADB were performed under an identical condition, and the recovered catalyst was used for the next reaction run after filtration without any further purification. Figure 5 presents the hydrogen consumption curves as a function of time over Pd/HTC and Pd/HTC-N1:1 during the three cycles. For the Pd/HTC catalyst, the hydrogen consumption rate decreased obviously in the recycling experiments, and the TADB conversions in the second and third runs decreased to 76% and 56%, respectively (Table S1). On the contrary, the hydrogen consumption rate of Pd/HTC-N1:1 in the second run was comparable to the first run, and the substrate still realized the full conversion. Moreover, the TADB conversion in the third run was still up to 86%. The result indicated that the introduction of nitrogen into the carbon matrix enhanced significantly the stability of the corresponding Pd(OH)2/C catalyst due to the strong interaction between Pd and N atoms on the carbon carrier surface.




2.3. Characterization of the Catalysts


The XRD patterns of different catalysts are shown in Figure 6. Compared to the XRD data of carbon supports (Figure S2), one additional weak and wide peak at around 34° could be observed for all the catalysts, which was attributed to the PdO species, indicating a high Pd dispersion and the main existing form of Pd. However, for Pd/HTC, three sharp peaks at 2θ of ∼40, 46, and 68° could also be found, which were assigned to the (111), (200), and (220) diffractions of the Pd0 species, respectively, demonstrating the present of a few crystal Pd0 particles on its surface [55]. While the Pd0 signal on the Pd/HTC-Nx catalysts was much weaker, implying the low ratio of the Pd0 species or an amorphous structure.



To obtain the dispersion information of Pd species, STEM analysis was conducted. The STEM images and the Pd particle size distribution of the catalysts are shown in Figure 7. As Figure 7a,g show, the palladium species were well dispersed on Pd/HTC and Pd/HTC-N1:1, in which most Pd particles were less than 3 nm and their average particle sizes were 2.83 nm and 2.55 nm, respectively. The Pd average particle sizes of Pd/HTC-N1:1 was even smaller than that of Pd/HTC. Combining the large difference in the surface areas between HTC and HTC-N1:1 (Table 1), it indicated that the introduction of the N atom into the carbon matrix was instructive to improve the Pd dispersion due to the interaction between Pd and N atoms. The elemental mappings of carbon (C), oxygen (O), nitrogen (N), and palladium (Pd) in Pd/HTC-N1:1 further revealed the uniform distribution of Pd, O, and N atoms over the entire carbon skeleton (Figure 7k,l). For the Pd/HTC-N3:1, Pd/HTC-N2:1, and Pd/HTC-N1:2 catalysts, their statistical average particle sizes of Pd particles were 3.43 nm, 3.41 nm, and 3.11 nm, respectively, but a few aggregates larger than 6 nm could be observed clearly in the images, showing the decline of Pd dispersion on them. It could be attributed to the much low specific surface areas of the three carbon supports. The average Pd particle sizes of the five catalysts were in the order of Pd/HTC-N1:1 > Pd/HTC > Pd/HTC-N1:2 > Pd/HTC-N2:1 > Pd/HTC-N3:1, which was consistent with their activities in the debenzylation of TADB, revealing that the Pd dispersion might be a main reason as to why the catalyst activity was affected. In addition, the low specific surface area and lack of micropores of the nitrogen doping carbon led to the Pd/HTC-Nx catalyst with an eggshell distribution of Pd species on the support (Figure S4). It was also favorable to the catalytic debenzylation reaction. The relatively strong diffraction signal of Pd0 species in the SAED pattern revealed a higher Pd0 density in microregion within Pd/HTC-N1:1 compared to Pd/HTC (Figure 7a,g insets), which was in accordance with the eggshell distribution of the Pd species.



The SEM images of the recovered Pd/HTC and Pd/HTC-N1:1 samples after three cycles in the hydrogenolysis reaction of TADB indicated that there was no obvious change in catalyst morphology (Figure S5). The STEM images of the recovered Pd/HTC and Pd/HTC-N1:1 as well as the histograms of Pd particle size distribution of the samples showed the growth of Pd particles in a certain degree due to the aggregation of Pd species in the reaction (Figure S6). This might be one reason for the deactivated the catalysts. However, the growths of the Pd particle size of Pd/HTC and Pd/HTC-N1:1 were quite different. The change in the Pd size of Pd/HTC-N1:1 (2.55 to 3.04 nm) was much lower than that of Pd/HTC (2.83 to 4.16 nm), suggesting that the aggregation of Pd species in the reaction was significantly inhibited due to the relatively strong interaction between Pd and N atoms on the carbon matrix.



To insight the surface composition and chemical states of the catalysts, XPS analysis was performed, and the XPS survey spectra corroborated the existence of Pd, C, N, and O in the catalysts (Figure S7). The surface atomic concentrations of Pd, N, O, and C were determined using the Peak-Fit program (Table S2). The order of the surface N concentrations was in agreement with the total N contents of the nitrogen-containing catalysts. Meanwhile, the order of the surface Pd concentrations was consistent with the surface O concentrations, which further demonstrated the main PdO form of Pd species on the catalyst surface. The large difference in the concentrations of surface Pd from 1.55% of Pd/HTC to 7.66% of Pd/HTC-N2:1 might be related to the different surface areas and surface-oxygen-containing and nitrogen-containing groups’ concentrations.



The high resolution of Pd 3d and N 1s XPS spectra of Pd/HTC, Pd/HTC-N3:1, Pd/HTC-N2:1, Pd/HTC-N1:1, and Pd/HTC-N1:2 is shown in Figure 8. The Pd 3d signals could be fitted to three pairs of peaks represented with different colors. The Pd 3d3/2 peak at around 340.8 eV, 343.0 eV, 344.6 eV, and Pd 3d5/2 peak at about 335.7 eV, 337.7 eV, and 338.8 eV were assigned to Pd0, PdO, and Pd2+ species, respectively [56,57]. A certain amount of Pd2+ ion existence reflected the strong interaction between Pd2+ and the carbon support. Considering no reducing agent existed in the preparation process, the presence of Pd0 was possibly due to electron transfer between the Pd2+ and the carbon support. The ratio of Pd0 species in the nitrogen-containing catalysts was much lower than that of the Pd/HTC sample (Table S3), suggesting that the coordination of Pd2+ to N-doped carbon made its reduction difficult [58]. The high PdO ratios demonstrated that PdO was the main form of Pd species on the catalysts (72.3–78.5%). Compared to Pd/HTC, the peak position of the PdO species on the nitrogen-containing samples moved to the low bonding energy range by 0.2–0.4 eV (Table S3). This is because the electron density of the N-doped carbon supports is higher than that of the N-free support, resulting in a reduction in the Pd oxidation state [59]. The ratios of total oxidized Pd species, PdO and Pd2+, of the nitrogen-containing catalysts were in the order of Pd/HTC-N1:1 > Pd/HTC-N1:2 > Pd/HTC-N2:1 > Pd/HTC-N3:1, which was consistent with their activities in the debenzylation of TADB, implying that oxidic Pd species might be beneficial for the debenzylation reaction.



As presented in Figure 8b, three different components could be identified, centered at 398.7 eV, 400.3 eV, and 401.5 eV, corresponding to pyridinic N, pyrrolic N, and graphitic N, respectively [60]. It was known that the Pd nanoparticles can be strongly modified by the electronic effect of nitrogen-doped carbons, especially by the surface pyridinic N sites [61]. In the nitrogen-containing samples, the contents of pyridinic N (37.3–42.5%) were comparable to that of pyrrolic N (41.2–46.7%), while the graphitic N contents were relatively low (15.0–18.3%) (Table S4). Among the four nitrogen-containing catalysts, Pd/HTC-N1:1 had the highest pyridinic N content (42.5%). Combining the surface atomic contents of different catalysts (Table S2), one could find that the calculated surface pyridinic N contents of the nitrogen-containing samples were in the order of Pd/HTC-N1:1 > Pd/HTC-N1:2 > Pd/HTC-N2:1 > Pd/HTC-N3:1 (Table S5), which was consistent with their Pd dispersions as well as the activities in the hydrogenolysis reaction of TADB, implying that the surface pyridinic N content might be one reason dominating the Pd dispersion and activity. The high resolution of the O 1s and C 1s spectra (Figure S8, Tables S6 and S7) further revealed the existence of different oxygen-containing groups.



The above characterization results revealed that the Pd dispersion was the main reason that affected the debenzylation activity of the catalysts; meanwhile, the high total oxidized Pd species and high surface pyridinic N contents, as well as the eggshell distribution of the Pd species, were also beneficial to improve the catalyst activity. The high stability of Pd/HTC-N1:1 was attributed to the relatively strong interaction between Pd and N atoms on the carbon matrix.





3. Materials and Methods


3.1. Chemicals


All chemicals were of an analytical grade and were used as received without a further purification. Microcrystalline cellulose (MC) was purchased from Beijing Enokai Technology Co., Ltd. (Beijing, China). Palladium chloride (PdCl2, Pd 59.5 wt%) was purchased from Shanghai Jiuyue Chemical Co., Ltd. (Shanghai, China). Urea was purchased from Shanghai Meirell Chemical Technology Co., Ltd. (Shanghai, China). Glacial acetic acid (CH3COOH) was purchased from Beijing Mairuida Technology Co., Ltd. (Beijing, China). Hydrochloric acid (HCl), perchloric acid (HClO4), and acetic anhydride (AC2O) were purchased from Beijing Yili Fine Chemical Co., Ltd. (Beijing, China). N,N-dimethylformamide (DMF) and bromobenzene (PhBr) were provided by Tianjin Fuchen Chemistry Co., Ltd. (Tianjin, China). Alcohol (C2H6O), sodium hydroxide (NaOH), and sodium bicarbonate (NaHCO3) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China). HBIW was an industrial product provided by the Qing Yang Chemical Industry Corporation (Liaoyang, China).




3.2. Synthesis of Carbon Supports


In a typical process, MC (13 g) was dissolved in 100 mL of deionized water, and then the suspension was poured into the Teflon-line stainless steel autoclave and heated at 220 °C for 24 h. After it was cooled to room temperature, the brown solid precipitate was recovered by filtration, washed with deionized water, and dried at 80 °C overnight. This brown solid was further calcinated at 700 °C for 2 h with the heating rate of 10 °C/min in a tube furnace under a N2 atmosphere (100 mL/min). The received product was washed with 10 wt% HCl solution and deionized water and was dried at 80 °C for 12 h, providing the hydrothermal carbon sample, which was denoted as HTC. The nitrogen-containing carbon samples were prepared by a similar hydrothermal process in the presence of urea with the amounts of 4.3, 6.5, 13, and 26 g, respectively, and they were calcined under the same condition. According to the mass ratios of MC/urea, the resulting products were denoted as HTC-N3:1, HTC-N2:1, HTC-N1:1, and HTC-N1:2, respectively.




3.3. Catalysts Preparation


The Pd(OH)2/C was prepared trough a simple deposition–precipitation method (Scheme 2). In a typical preparation, a carbon carrier (2 g) was dispersed in 20 mL deionized water through vigorous stirring to form a carbon black suspension. Meanwhile, PdCl2 (0.168 g) was dissolved in a 1 mL concentrated HCl solution and was diluted with 5 mL of deionized water to form homogeneous H2PdCl4 solution. Then, the H2PdCl4 solution was introduced to the carbon suspension. Under vigorously stirring, the NaOH solution (5 wt%) was added dropwise into the mixture until the system pH value increased up to 10. The slurry was filtered, washed extensively with deionized water until no chloride ion in the filtrate could be detected, and was dried at 60 °C overnight, providing the catalyst sample. All the catalysts were prepared under a similar condition, which were denoted as Pd/HTC, Pd/HTC-N3:1, Pd/HTC-N2:1, Pd/HTC-N1:1, and Pd/HTC-N1:2, respectively, according to the support names.




3.4. Catalytic Activity Tests


The debenzylation of HBIW was conducted under a condition reported by Wardle [12]. In a typical process, HBIW (20 g), catalyst (0.588 g), DMF (40 mL), AC2O (20 mL), and PhBr (0.36 mL) were added into the reactor. Then, the reactor was immediately purged three times with hydrogen. The system was vigorously stirred under a H2 atmosphere with 1 atm at room temperature until a small amount of solid product precipitated. Then, the system was heated to 43 °C and reacted continually for about 12 h. The TADB crude product was obtained by filtration and washed three times with alcohol (Figure S9). The yield was calculated using the following formula:


  Yield =     m   T A D B   -   m   C a t       m   H B I W     ×     M   H B I W       M   T A D B     × 100 %  








where mCat, mTADB, and mHBIW are the mass of the catalyst, product TADB, and substrate HBIW, respectively, and MTADB and MHBIW are the molar mass of TADB and HBIW.



The debenzylation of TADB. The TADB crude product was used directly. In a typical process, TADB (20 g), catalyst (0.838 g), CH3COOH (80 mL), perchloric acid (0.4 mL), and H2O (20 mL) were added into the reactor. Then, the reactor was immediately purged three times with hydrogen. The system was vigorously stirred under H2 with 1 atm at 43 °C for 12 h. After that, the catalyst was filtered, and the filtrate was concentrated under a vacuum. The resulting viscous material was washed with ethanol, providing a white solid product, hexanitrohexaazaisowurtzitane (TAIW). The cyclic experiments were performed under a similar condition as described above, in which the fresh catalyst (1.092 g) was added just in the first cycle, and reused after filtration.




3.5. Characterization and Instrumentation


The morphology and microstructure of the as-prepared material were characterized using scanning electron microscopy (SEM, JEOL JSM-35C) and scanning transmission electron microscopy (STEM, JEOL JEM-2010). The palladium particle sizes on STEM graphs were measured using the Nano Measurer software and the average particle sizes were calculated according to the size data of 200 particles. Nitrogen adsorption–desorption isotherms were detected on a Micrometrics ASAP 2460 analyzer at 77 K. The surface area and pore size distribution were determined using the Brunauer–Emmett–Teller (BET) method and the Barrett–Joyner–Halenda (BJH) method, respectively. Prior to the measurements, the sample (about 100 mg) was degassed under a vacuum at 150 °C for 6 h. The powder X-ray diffraction was conducted on a Bruker/AXS D8 Advance instrument operating at 40 kV and 40 mA using Cu Kɑ radiation (λ = 1.5406 Å). The samples were scanned from 10° to 80° (2θ) with the scanning step size of 0.02°. The X-ray photoelectron spectroscopy (XPS) studies were finished on Thermo Scientific K-Alpha equipment with Al Kɑ (hν = 1486.6 eV) as the excitation source, and the binding energy data of all the catalysts were determined using the C1s binding energy (284.8 eV) as a calibration. Raman spectra were received on a Horiba LabRAM HR Evolution using the excitation wavelength of 532 nm. The temperature-programmed desorption (TPD) spectra were performed on a platform combining a chemisorbent analyzer (Micromeritics, AutoChem II 2920) with a mass spectrometer (HIDEN QGA). For each experiment, about 50–100 mg of sample was loaded into a U-shaped tube, purged with He gas (40 mL/min) at room temperature, and preprocessed at 120 °C for 30 min with a heating rate of 10 °C/min under the disconnection of a mass spectrometer. After that, the mass spectrometer was turned on, and the sample was continued to be purged with He gas (40 mL/min) at room temperature for 60 min until the baseline remained unchanged, and then the sample was heated at a programmed temperature range of 20–900 °C with a heating rate of 10 °C/min. The desorbed CO and CO2 were measured online using a HIDEN QGA mass spectrometer to obtain the CO-TPD and CO2-TPD spectral lines. The products (TADB and TAIW) were analyzed using Agilent Technologies 6100 high-performance liquid chromatography (HPLC). The sample was dissolved in acetonitrile, followed by filtration to remove particulates. The mobile phase was 75% methanol in water at a 0.8 mL/min flow rate, and a UV/vis detector operating at 230 nm was employed. The chemical structure of TADB and TAIW were determined by 1H-NMR using Bruker ARX-400 spectrometers with DMSO solution and D2O solution, respectively, using tetramethylsilane as an internal standard (Figures S10 and S11).





4. Conclusions


In summary, a series of Pd(OH)2/C catalysts using microcrystalline cellulose-derived carbon as supports were fabricated. The effects of the nitrogen doping on the carbon support structures as well as the activities of the corresponding catalysts in the debenzylation reaction of HBIW and TADB were investigated. It was found that the carbon structure changed significantly, including the decreases in the specific surface area and the changes in the pore structure and surface-oxygen-containing and nitrogen-containing groups’ concentrations due to the nitrogen introduction. All the nitrogen-containing and nitrogen-free catalysts showed high activities in the debenzylation of HBIW, revealing that the structure of the resulting carbon supports had a limited impact on the catalyst performance in this reaction, while the activities of various catalysts in the debenzylation of TADB were quite different. Among them, Pd/HTC-N1:1 showed a much higher activity compared to the reported catalysts. The relatively high activity of Pd/HTC was related to the high Pd dispersion and novel mesoporous structure. The further high activity and stability of Pd/HTC-N1:1 was associated with its high Pd dispersion, high total oxidized Pd species, and high surface pyridinic N contents, as well as the eggshell distribution of the Pd species on the support. The result was useful to reduce the consumption of precious metal palladium in the debenzylation reaction so as to decrease the production cost of CL-20.
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Scheme 1. Synthetic route of CL-20. 
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Figure 1. SEM images of the samples of HTC (a), HTC-N3:1 (b), HTC-N2:1 (c), HTC-N1:1 (d), and HTC-N1:2 (e). 
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Figure 2. N2 absorption–desorption isotherms (a) and pore-size distribution curves of the carbon supports (b). 
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Figure 3. CO2-TPD (a) and CO-TPD (b) profiles of the resultant carbon supports. 
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Figure 4. Hydrogen consumption amounts as functions of reaction times during the hydrogenolysis reaction of HBIW (a) and TADB (b) over various catalysts. 
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Figure 5. Hydrogen consumption amounts as functions of time during the hydrogenolysis reaction of TADB over Pd/HTC (a) and Pd/HTC-N1:1 (b) catalysts in the cycling experiments. 
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Figure 6. XRD patterns of the different catalysts. 
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Figure 7. STEM images and the Pd particle size distributions of Pd/HTC (a,b), Pd/HTC-N3:1 (c,d), Pd/HTC-N2:1 (e,f), Pd/HTC-N1:1 (g,h), and Pd/HTC-N1:2 (i,j), and the elemental mapping of Pd/HTC-N1:1 (k,l). Insets in (a,g) shows the corresponding SAED patterns. 
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Figure 8. High resolution of Pd 3d (a) and N 1S (b) XPS spectra of the catalysts. 
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Scheme 2. Process of catalyst preparation. 
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Table 1. Textural and structural properties of the carbon supports.
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	Sample
	SBET (m2·g−1)
	Smic (m2·g−1)
	Vtot

(m2·g−1)
	Average Pore Width (nm)





	HTC
	449.0
	334.0
	0.735
	6.6



	HTC-N3:1
	9.3
	0.0
	0.016
	7.0



	HTC-N2:1
	9.2
	0.6
	0.018
	7.7



	HTC-N1:1
	35.0
	0.0
	0.083
	9.5



	HTC-N1:2
	9.9
	0.0
	0.018
	7.3
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Table 2. Elementary compositions of the carbon samples.
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Samples

	
Elemental Analysis (wt%)




	
N

	
C

	
H

	
O






	
HTC

	
0.3

	
91.3

	
1.8

	
6.6




	
HTC-N3:1

	
7.6

	
82.6

	
1.4

	
8.4




	
HTC-N2:1

	
8.2

	
81.9

	
1.2

	
8.7




	
HTC-N1:1

	
8.8

	
80.9

	
1.4

	
8.9




	
HTC-N1:2

	
9.6

	
77.0

	
1.3

	
12.1
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Table 3. Activities of the catalysts in the debenzylation reactions of HBIW and TADB.
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Number

	
Catalysts

	
Pd/Substrate (‰)

	
Results (%)




	
Pd/HBIW

	
Pd/TADB

	
TADB Yields

	
TADB

Conversions






	
1

	
Pd/HTC

	
1.4

	
2.0

	
90

	
94




	
2

	
Pd/HTC-N3:1

	
1.4

	
2.0

	
89

	
64




	
3

	
Pd/HTC-N2:1

	
1.4

	
2.0

	
89

	
75




	
4

	
Pd/HTC-N1:1

	
1.4

	
2.0/2.35

	
90

	
97/100




	
5

	
Pd/HTC-N1:2

	
1.4

	
2.0

	
89

	
88
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Table 4. Comparison of the catalyst’s activities in the debenzylation reactions of HBIW and TADB.
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No.

	
Catalysts

	
Pd/Substrate (‰)

	
Results (%)

	
Ref.




	
Pd/HBIW

	
Pd/TADB

	
TADB Yields

	
TADB

Conversions/TAIW Yields






	
1

	
Pd/ST-2.5

	
7.0

	
-

	
82

	
-

	
[24]




	
2

	
Pd/TiO2-2

	
1.0

	
4.0

	
89

	
100/88

	
[25]




	
3

	
Pd/mpg-C3N4

	
10.0

	
-

	
81.7

	
-

	
[27]




	
4

	
Pd5Fe1/Si-CODP

	
4.0

	
10.0

	
79

	
100/84

	
[29]




	
5

	
Pd/HTC

	
1.4

	
2.0

	
90

	
94/81

	
this work




	
6

	
Pd/HTC-N1:1

	
1.4

	
2.0//2.35

	
90

	
97/82//100/87

	
this work
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