Nanosized Cr(OH)3 as catalyst in the Thermal Decomposition of Ammonium Perchlorate
Ammonium perchlorate (AP) is the most common oxidizer in composite solid propellants. The thermal decomposition characteristics of the propellant influencegovern its combustion behaviorthe combustion behavior of the propellant. AP is extremely sensitive to metal oxide additives: these accelerate the rate of thermal decomposition of AP at low temperature. A specific feature of thermal decomposition of AP is extremely high sensitivity to metal oxide additives, which accelerates the rate of low-temperature thermal decomposition of AP[1-2]. 
The thermal decomposition of AP occurs in the presence of a catalyst. The mechanism of catalyzed AP thermal decomposition can be understood by a pProton transfer process and an electron transfer processes are the fundamental pathways of the mechanism through which the thermal decomposition of AP proceeds. TheIt has been proposed that the thermal decomposition of AP is catalyzed by metal oxide additives through the electron transfer process electron transfer process is believed to explain thermal decomposition of AP catalyzed by metal oxide addditives. When p-type semiconducting additives are involved in the thermal decomposition of AP, Tthe rate controllingdetermining step in the thermal decomposition of AP isinvolves the transfer of an electron from the perchlorate ion to a positive hole of the semiconducting additivein p-type semiconducting additives. The thermal decomposition of AP is enhanced through the annihilation of positive holes in the valence band of metal oxides , enhances the thermal decomposition of AP[3]. In the thermal decomposition of AP, Some of the p-type metal oxides, such as Cu2O, Mn3O4, etc., serve as efficient catalystwere proved to be efficient catalyst of the AP thermal decomposition. BesidesMoreover, recent investigations have shownproved that nanoparticles of these metal oxides, can increase the burning rate of the AP. The efficiency of catalytic action increases sharply as the size of oxide particles increases from micrometers to nanometers in nanosize oxide particles than micro scale oxide particles[4].	Comment by admin: Please check this change. Do you mean that the catalytic efficiency increases as the particle size increases sharply from micrometers to nanometers?
Chromic oxides (Cr2O3) are widely studiedused forin a variety ofvarious catalytic applications, such as hydrogenation, dehydrogenation, and isomerization, etc.[5]. According to the data of worksrecent research studies, Cr2O3 is the most activesuitable catalyst ofthat is used in the decomposition of perchloric acid (HClO4) decomposition is Cr2O3[6]. The It is interesting to note that Cr2O3 is also an excellent catalyst in the decomposition of NH3 catalyst., In this reaction, catalyzingCr2O3 stimulates the decomposition of NH3 to form N2 and H2O at 240oC. because of the effect ofFactors such as active oxygen, imperfect structure, and hydroxyl groups play a pivotal role in accelerating this reaction [7]. HoweverBut, the chromium oxide (Cr2O3) is an n-type semiconductor, so it is was unbelievable proved to be a less efficient catalyst of in the AP thermal decomposition of AP  due to its n-type semiconductor structure[8,9]. 	Comment by admin: Please check this change. I hope you mean “decomposition of NH3”	Comment by admin: Please check this change. Do these factors: active oxygen, imperfect structure, and hydroxyl group play a vital role in the reaction?
HereinIn this research study (有鉴于此), a kind of chromium based oxides, Cr(OH)3,which was designed as nanosized, active oxygen, imperfect structure, hydroxyl characteristics, was prepared to study its we investigated the catalytic efficacy catalytic effect of Cr(OH)3 onin the AP thermal decomposition of AP. Cr(OH)3 is a nano-sized catalyst that is characterized with several typical features, such as active oxygen, imperfect structure, and hydroxyl characteristics. The Cr(OH)3 catalyst accelerated the low temperature thermal decomposition of AP at low temperature. In summary,, demonstrating that the catalytic effect is determined bythe catalytic efficacy of Cr(OH)3 is enhanced by its several features, such as the nanosize, active oxygen, imperfect structure, and hydroxyl characteristics. The catalytic mechanism of Cr(OH)3 was also discussedelaborated extensively in this study.	Comment by admin: Please delete this Chinese text











Fig.1 DSC curves of the AP catalyzed by different amount of Cr(OH)3 samples (S1, S2, S3, S4, S5, S6, S7: AP catalyzed by 1%,5%,10%, 25%, 40%, 50%, 100% of Cr(OH)3)
As catalytic additives, metal oxidesMetal oxides serve as catalytic additives as they mainly accelerate or decelerate the process of low-temperature thermal decomposition of AP. Fig. 1 shows Tthe DSC curves forexhibiting two important instances: pure AP and, AP in presence of different amounts of Cr(OH)3 particles are shown in Fig. 1. The DSC curve for pure AP thermal decomposition is characterized by the following peaks: includes one endothermic peak at 245oC, the crystallographic transition temperature, and two exothermic peaks at about 347 oC and 450 oC. The endothermic DSC peak at 245oC is accompanied byhas been associated with zero weight loss. At this temperature, This represents the transition from orthorhombic to cubic AP occurs [10]. In Fig.1, the decomposition of AP in the presence of Cr(OH)3 showed exhibited a noticeable change in the decomposition pattern in the presence of Cr(OH)3. The addition of 5%, 10%, 25%, 50%, and 100% Cr(OH)3 lowered the thermal decomposition temperature of AP by 30, 120, 150, and 190 oC, respectively. FollowingAs the quantity of Cr(OH)3 additives increasewas increased gradually, we witnessed a gradual shift in the two exothermic peaks shifted gradually towards the lower temperature. AddingWhen 100% of Cr(OH)3 particles were added to AP, the overlapping of two exothermic peaks overlapped atwas observed at about 260 oC., andUnder these circumstances, the decomposition just begins just after the phase transition:, whichthis stage is close to the crystallographic transition temperature. AdditionallyBut, the Cr(OH)3 additives had no effects ondo not influence  the crystallographic transition temperature:, the exothermic peak at 440oC in Fig. 1(7) represented crystallographic transition of Cr2O3[11].	Comment by admin: Do you mean “Differential scanning calorimetry” Kindly spell out.	Comment by admin: Mention the numeric temperature	Comment by admin: Do you mean that phase transition temperature is close to the crystallographic transition temperature? 
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               Fig. 2 Mass spectra of the sample S4
To disclosedetermine the products of AP thermal decomposition, we studied the mass intensity of molecules evolved from the sample S4 was studied (Fig. 2). In the sample S4 thermal decomposition process of sample S4, we discovered several gaseous molecules, such as NH3, H2O, N2O, NO, N2, Cl2. were discovered, In addition, we also discovered a molecular complex NH4ClO4 and an intermediate ClO2. However, the existence of which NH4ClO4 and ClO2 were assumed in previous investigations was not reported in previous research studies investigating ofthe thermal decomposition of AP was not detected[12]., nNo new materials were formed with the addition of the Cr(OH)3 catalysts to the reaction mixtureaddition. 	Comment by admin: Do you mean both these compounds or only the intermediate ClO2? 
Compared to the pure AP, indifferent decomposition reactions were reported during the thermal decomposition process of the sample S4 thermal decomposition process,. In this case, AP is decomposed to ammonia (NH3) and HClO4., Subsequently, NH3 is first oxidized to nitrous oxide (N2O) firstly:	Comment by admin: Consider representing this decomposition chemical reaction for better clarity of content.
2NH3 + 2O2  N2O + 3H2O   (1)
NO, NH3, H2O, Cl2 formed secondly:
4NH3 + 5O2  4NO + 6H2O   (2)
BecauseOwing to the detection limitations  of MS detectabilitymass spectrometry, it is difficult confirm whether N2 is formed or not. The Aappearance of Cl2 demonstratesendorses that scheme:
HClO4  H2O + Cl2 +O2      (3)
Both N2O, N2, and NO are the important gaseous molecules that entirely originated from NH3 and O2.; NO is formed from NH3 and O, whilewhereas N2 is produced either by the subsequent decomposition of N2O or by the reduction of N2O with NH3. Amongst different metal oxides, these catalysts exhibit the highest activity and selectivity in N2O [13]. First generation of N2O provesexhibits high catalyticst activity from another side.














Fig. 3 XPS of residue of the sample S5
As shown in Fig. 3, To investigate the surface chemical states of the most active catalyst, the XPS spectra of the Cr2p3/2, Cr2p1/2, O1s, N1s, and C1s in residue of the sample S5 were obtained. These XPS spectra were used to investigate the surface chemical states of the most active catalyst, as shown in Fig. 3. It has been reported thatAccording to previous research studies, the binding energy of Cr3+ has a value in the range 576.3-–576.9;, and hencetherefore, the peak with 576.3 eV could be assigned to Cr3+[14]. No trace of Cr6+ could be detected afterwhen the thermal decomposition of AP was carried out with the 50% Cr(OH)3. This indicates, implying that the Cr6+ didwas not involved in this particulare catalyticsis process. Burcat was the first researcher to firstly prove thatd the catalytic action of the Cr2O3 additive on thermal decomposition of AP remains untransformed during the thermal decomposition of APacting as a catalyst[15]. Fig. 3 also shows photoelectron spectra in the binding energy regions of the N 1s and C 1s core levels taken at 773 k. The N 1s XPS spectra confirmed the existencecoordination of a nitrogen ligand with the metal (399.1 eV)[16]. These results suggestindicate that nitrogen atoms are inserted into the crystal lattice of the catalysts to form the chromium nitride compounds onduring the ammonia decomposition of ammonia. The C1s XPS spectra exhibitedrevealed the occurrence of carbon deposition onduring the thermal decomposition of AP., which maybeThis kind of carbon deposition probably contaminatesd the catalyst, leading to a greater requirement of catalytic dosageso that more catalyst dosage was needed.	Comment by admin: Ligands are involved in coordinate bonds. 
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Fig. 4 SEM and TEM of residue of the samples S4, EDX of residues of the samples S4 and S6, RM of residue of the samples S4 and pure Cr(OH)3.
It is tThe surface properties and electronic structure of the Cr(OH)3 that play the important roleimmensely influence on the catalytic activity and the mechanism of AP thermal decomposition. Figure 4 shows evolution of the phase, composition, and morphologies of the Cr(OH)3 catalysts before and after AP thermal decomposition. The initial Cr(OH)3 particles wereas amorphous: these particles were, spherical in shape, having a size in the range of with 50-80 nm size ( Fig. 4a). After thermal decomposition of AP, the particles retained their spherical shape but a sintering of certain particles sintering took placewas detected ( Fig. 4b). 
Fig. 4d summarizes the Rresults of Raman spectroscopic measurements that are, obtained before and after the catalysis of the Cr(OH)3, are summarized in Fig. 4d. The Bband at 538cm-1 , is ofrepresents A1g symmetry. The intensity of the bBand at 538cm-1 gain intensityincreases after the thermal decomposition of AP. This indicates that, implying a structural deformation corresponding occurs due to the movement of Cr and O atoms. Eg symmetry is characterized by Bbands at 303 cm-1, 343 cm-1, and 600cm-1 are of Eg symmetry. In agreement with previous results[17], bBands at 538 cm-1, 303 cm-1, 343 cm-1, and 600cm-1 are characteristic of Cr2O3:, the Cr(OH)3 is transformed to Cr2O3 with the loss of hydroxyl group. These findings are in good agreement with those reported in previous studies [17]. Compared with the Cr2O3 reported byin literature [18], a novel low-frequency shift of 5-10 cm-1 is observed in this study. Such red shift effect is either due to the moregreater interatomic distances or the nanoeffect disappearance onassociated with the thermal decomposition. 
For the samples S4 and S6, EDX mappings showed illustrated that the mole ratios of O to Cr were 10 and 15, respectively., implying thatThese mole ratios suggested that moregreater oxygen content helped in loweredlowering the temperature of the thermal decomposition temperature of AP. It can be concluded that inIn conclusion, we can infer that during the thermal decomposition of AP, the nanosized Cr(OH)3 changedgot converted to Cr2O3 with the loss of hydroxyl group., During this conversion process, nanoeffect disappearance, structurale rearrangement, and oxygen feeding were some of the key characteristics of the transformation. 
CombinedIn this study, we have investigated with the decomposition products of AP. We have also studied andthe phase, structurephase and structural transformation of the catalyst Cr(OH)3 during this decomposition process,. Based on the findings of our research study, we it can be presumed that the AP firstly undergoes decomposition to formtransformed to NH3 and HClO4., considering thatGiven that the decomposition of the HClO4 happens easily, the NH3 oxidization is the restrictive step of this process. The oxidation of NH3 over solid catalysts can proceed by way ofthrough three main paths and form three reaction products: N2, N2O, and NO[19]. 	Comment by admin: Consider revising to oxidation
In this study, the oxygen anion (O2-) which was provided by the Cr(OH)3. This anion lost electron on the surface of the Cr(OH)3 andin order to get transformed to O2:
O2-  1/2 O2 + 2e                    (4)	Comment by admin: Consider including the negative sign on electron e
Thereafter, O2 reacted with NH3 to form N2O;, N2O subsequently adsorpbed on the surface of the Cr(OH)3 and reacted with the released electron andto finally yield transformed to N2 or NO:
N2O + e  N2 (NO) + O-                (5)
In this decomposition reaction, Tthe catalyst Cr(OH)3 was capable of providedproviding O and reaction interface dueowing to its characteristic features, such as nanoeffect, hydroxyl, lattice defect, and oxygen content. Based on these reactions, It can be imaged it can be deduced that the not P-type semiconductor or N-type semiconductor which determined catalytic capability is governed, butby the average energy of the outermost electron, which simply correlates with the binding energy of oxygen towith metal surfaces[20]. Thus, P-type or N-type semiconductors do not determine the catalytic capability in this decomposition reaction. 	Comment by admin: Please check these extensive changes. I hope to convey the intended meaning with better clarity.
In summary, the thermal decomposition temperature of AP decreased to 260oC with the addition of Cr(OH)3 catalyst. HighThe superior catalytic capability of the Cr(OH)3 is originated from originates fromthe characteristics of its typical characteristic features: its nanosize, hydroxyl, lattice defect, and oxygen content. These characteristic features of Cr(OH)3  which probably weakens the binding energy of oxygen to chromium surfaces. In the thermal decomposition process of AP, Tthe catalytic ability of the Cr(OH)3 in the AP thermal decomposition process should be valuableholds significant importance as it has stimulated researchers forin revaluating re-understanding of the AP thermal decomposition mechanism catalyzed by n-type metal oxides. In the thermal decomposition of AP, the catalytic ability of Cr(OH)3 has introduced a novel perspective with great insights for development. 
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