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Abstract 

Current transition alumina catalysts require the presence of significant amounts of toxic, 

environmentally deleterious dopants for their stabilization. Herein, we report a simple and 

novel strategy to engineer transition aluminas to withstand aging temperatures up to 1200°C 

without inducing the transformation to low-surface-area α-alumina and without requiring 

dopants. By judiciously optimizing the abundance of dominant facets and the interparticle 

distance, we can control the temperature of the phase transformation from θ-alumina to α-

alumina and the specific surface sites on the latter. These specific surface sites provide 

favorable interactions with supported metal catalysts, leading to improved metal dispersion and 

greatly enhanced catalytic activity for hydrocarbon oxidation. The results presented herein not 

only provide molecular-level insights into the critical factors causing deactivation and phase 

transformation of aluminas but also pave the way for the development of catalysts with 

excellent activity for catalytic hydrocarbon oxidation. 
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Introduction 

Transition aluminas are critical materials for industrially important catalytic and environmental 

applications(1-3), with the total annual production reaching ~140 million metric tons. For 

industrial application, transition aluminas require the presence of dopants to stabilize their 

surface area (SA) and prevent their transformation into low-surface-area α-Al2O3(4-6), also 

known as corundum, under severe thermal stress conditions typically encountered in the 

industry. These conditions lead to the loss of catalytic and mechanical properties and the 

covering of active metal/oxide nanoparticles. For example, to prevent the transformation of 

high SA nanosized aluminas to low-SA α-Al2O3 at ~1050°C, significant amounts of dopants 

such as barium and rare-earths are added to aluminas(4-6). Unfortunately, these dopants are 

toxic and environmentally deleterious, and their use is obviously undesirable from a modern 

environmental perspective. They also affect the catalytic behavior of aluminas, hindering the 

precise determination of the active sites and a straightforward evaluation of the supported 

catalysts. Despite the significant advances made in understanding transition aluminas and their 

structure and surface(1, 7-14), including our work over the last two decade(15), the 

transformation of transition aluminas into α-Al2O3 is not well understood on a molecular-level. 

α-Al2O3 is formed at high temperatures from various metastable alumina precursors such as 

δ/θ-, θ-, and κ-Al2O3(1, 16). However, gaining insight into the phase transformation to α-Al2O3 

is difficult because of the high-temperature, the presence of mixed phases, and the precipitously 

fast rate of transformation(17-22). Furthermore, the effect of the properties of the starting 

alumina on those of the final α-Al2O3 product, such as morphology, SA, and surface properties, 

and ultimately on its catalytic functions is not well understood. This understanding at a 

molecular-level could eventually lead to the development of approaches to mitigate 
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deactivation, extend thermal aging resistance, and potentially transform inactive materials into 

active ones(23). 

Herein, we judiciously studied the effect of the surface properties and interparticle distance of 

the starting pure-phase θ-Al2O3 on the θ-to-α phase transformation and the characteristics of α-

Al2O3 as a catalyst support. We devised a simple and scalable method that, to the best of our 

knowledge, has not been applied to alumina materials before: after the hydrothermal synthesis 

of uniform boehmite particles with a specific rod-like morphology as precursors of transition 

aluminas, we collected the solid particles by either centrifugation, oven drying, or freeze-drying, 

obtaining final alumina products with different dominant facets (between centrifugation and 

oven drying/freeze-drying) and average interparticle distances depending on the collection 

method. Pure θ-Al2O3 with the same rod-like morphology showed a significantly different 

phase transformation temperature to that of α-Al2O3 depending on the dominant facet. We 

successfully extended the thermal stability of transition alumina to 1200°C–1260°C even in the 

absence of any rare-earth dopants. X-ray diffraction (XRD), transmission electron microscopy 

(TEM), in situ TEM, and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

analyses provided molecular-level insight into the transformation process and the factors 

affecting it. 

Furthermore, DRIFTS and microscopy measurements revealed that the surfaces of θ- and α-

Al2O3 prepared via this simple modification were different. This difference translates into 

notable differences in the ability of these alumina materials as catalyst supports to disperse 

metal particles, paving the way to novel catalytic materials with enhanced activity and thermal 

stability. 
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Results and Discussion 

To provide molecular-level insight into the transformation of transition alumina to α-Al2O3, we 

prepared three pure rod-like θ-Al2O3 samples according to our previous reports(24). We 

selected pure θ-Al2O3 with a rod-like morphology to eliminate the crystalline phase effect on 

the phase transformation and synthesized the samples using the same protocols except for the 

drying method, i.e., centrifugation, oven drying, or freeze-drying. The resulting samples were 

denoted as Al2O3-C, Al2O3-O, and Al2O3-F, respectively. This simple, yet crucial synthetic step 

has not been investigated for transition aluminas to date due to the prevailing assumption that 

it has no bearing on the properties of the resulting material. However, we can now confirm its 

decisive role in the stability and activity of the prepared materials. 

Figure S1–4 and Table S1 summarize detailed information about the samples. TEM observation 

clearly confirmed the formation of a uniform rod-like alumina crystal structure in the three 

cases (Figure 1a–c), and an XRD analysis demonstrated that thermal treatment at 1100°C for 

10 h afforded a pure θ-Al2O3 phase (Figure 1d). The infrared (IR) spectra revealed significant 

differences in the OH stretching region between the three samples (Figure S4). Thus, the OH 

absorption band appearing at 3790 cm−1 in the spectrum of θ-Al2O3-C is much more intense 

than those observed in the spectra of θ-Al2O3-O and θ-Al2O3-F. In addition, the OH band at 

3730 cm−1 is dominant for θ-Al2O3-C, whereas that at 3740 cm−1 prevails for θ-Al2O3-O and 

θ-Al2O3-F. A comparison of the IR spectra of θ-Al2O3-C and θ-Al2O3-O revealed the presence 

of similar bands but with a “mirror” abundance, which indicates that these samples 

preferentially expose different facets, that is, the facets abundant in θ-Al2O3-C are much less 

abundant in θ-Al2O3-O and vice versa, despite their identical XRD patterns (Figure 1e)(9-12). 

In fact, the high-resolution TEM (HRTEM) images showed the presence of rods that cluster 
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preferentially along the (100) facet, which provides better adhesion due to the centrifugal force, 

as typically observed for two-dimensional materials. For θ-Al2O3-C, the macroscopic (110) 

facet is the most abundant, although it is broken into nanosegments as we previously reported 

(hereinafter, this facet will be called reconstructed (110) for simplicity)(25). However, θ-Al2O3-

O and θ-Al2O3-F do not show this behavior, and the (100) facet remains the most abundant one. 

This difference provides a unique opportunity for us to assign the OH bands to specific OH 

groups and facets. In particular, the (100) facets give rise to O5Al(VI)–OH and O3Al(IV)–OH 

bands at 3770 and 3745 cm−1, respectively, whereas the reconstructed (110) facets of Al2O3-C 

produce O5Al(VI)–OH and O3Al(IV)–OH bands at 3790 and 3730 cm−1, respectively(25). This 

is consistent with our initial assignment for alumina samples, where we suggested that the 

bands at 3770 and 3790 cm−1 belong to Al(VI)–OH on the (100) and reconstructed (110) facets, 

although we could not elucidate the individual contribution of each facet before. These new 

data provides an insight into the assignment of individual OH groups on alumina facets. 
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Figure 1 TEM images of (a) θ-Al2O3-C, (b) θ-Al2O3-O, (c) θ-Al2O3-F. (d) XRD diffraction 

pattern of θ-Al2O3-C, θ-Al2O3-O, and θ-Al2O3-F. (e) IR spectra of θ-Al2O3-C and θ-Al2O3-O. 

The IR spectra displayed clear differences in the surface morphology of θ-Al2O3-C and θ-

Al2O3-O/θ-Al2O3-F, whereas θ-Al2O3-O and θ-Al2O3-F showed similar surface OH bands. 

Meanwhile, the HRTEM images of θ-Al2O3-O and θ-Al2O3-F revealed that freeze-drying 

produced more textural mesoporous (voids), which changed the average interparticle distance 

between the crystals. This prompted us to investigate the stability of the three θ-Al2O3 samples, 

among which θ-Al2O3-F contained more voids. We previously reported that pure-phase θ-

Al2O3 prepared via facet engineering of alumina shows enhanced stability and catalytic 

properties(26); however, its transformation into α-Al2O3 and stability against thermal stress 

were not investigated to date because such well-defined pure-phase and facet-engineered 
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materials were not available before. Thus, we conducted multimodal XRD, TEM, IR, and 

Brunauer–Emmett–Teller measurements to gain insight into this transformation (Figure 2–4, 

Figure S4–6), finding striking differences in the thermal behavior of these samples. The XRD 

patterns displayed in Figure 2a show peaks attributable to the (012) and (113) facets of α-Al2O3 

at 2θ = 25.7° and 43.5°, respectively, indicating that the α phase started to develop in θ-Al2O3-

C at 1140°C. At 1200°C, the α-phase peak was fully developed and that of the θ phase peak 

completely disappeared for θ-Al2O3-C. However, the XRD patterns of θ-Al2O3-F revealed that 

the signature peak of the α phase appeared at 1200 °C and that of the θ phase was still observed 

at 1260°C (Figure 2c). The transformation of θ-Al2O3-F to the α phase was complete at 

~1300°C. Meanwhile, θ-Al2O3-O showed an intermediate trend between those of θ-Al2O3-C 

and θ-Al2O3-F (Figure 2b). To obtain more quantitative information, we normalized the amount 

of α phase using the peak intensity at 2θ = 25.7° for the samples treated at 1300°C (Figure 2d). 

When comparing θ-Al2O3-C and θ-Al2O3-F, the temperature at which the phase was completely 

transformed differs by ~100°C. The SA changes (Figure S3a) correspond well to this phase 

transformation because the transformation of θ phase into α phase is not topotactic and results 

in the formation of α-Al2O3 having lower surface area (SA). Notably, Al2O3-F exhibited a 

notable resistance to SA loss; treatment of Al2O3-F at 1200°C resulted in a SA loss of less than 

20% with its value remaining above 40 m2/g. Al2O3-O also showed a SA of ~30 m2/g after such 

an extremely harsh treatment. These results prove that undoped alumina samples can still have 

notable thermal stability (up to 1260°C without full transformation into α-Al2O3). To the best 

of our knowledge, such thermally stable alumina samples have not been reported to date, 

without doping with rare-earths or barium. The SA of α-Al2O3-C decreased precipitously to 6 

m2/g at 1200°C, which is in line with a much easier formation of α-Al2O3, and stabilized at 5 

m2/g thereafter. The difference of the phase transformation temperature between the samples 
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despite their analogous initial rod-like morphology and pure θ phase can therefore be attributed 

to the different stability of the facets toward phase transformation (compare Al2O3-C with 

Al2O3-O and Al2O3-F) and different interparticle distances (between Al2O3-O and Al2O3-F). 

 

Figure 2 XRD diffraction patterns of (a) Al2O3-C, (b) Al2O3-O, and (c) Al2O3-F. (d) The ratio 

of α-phase as a function of temperature. 

To investigate the effect of interparticle agglomeration on the phase transformation, we ground 

θ-Al2O3-F (denote as θ-Al2O3-F-G) and performed the same high-temperature treatment on the 

resulting sample. The temperature at which the phase transformation occurred decreased 

slightly, which suggests that this shift came partly from the decrease in the average interparticle 

https://doi.org/10.26434/chemrxiv-2023-2gmkj ORCID: https://orcid.org/0000-0001-5245-0765 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-2gmkj
https://orcid.org/0000-0001-5245-0765
https://creativecommons.org/licenses/by-nc-nd/4.0/


10 

 

distance. Nevertheless, the ground sample showed a similar tendency to that of Al2O3-F (Figure 

S5a–c). Moreover, the surface property of the final product α-Al2O3-F did not change (Figure 

S5d). These results indicate that the surface property rather than particle agglomeration is the 

main factor affecting the phase transformation temperature. 

To identify the morphology change and phase transformation, we studied the alumina samples 

used for the XRD analysis represented in Figure 2 via TEM. As shown in Figure 3, in the case 

of Al2O3-C, almost all the alumina particles maintained a rod-like shape at 1140°C. Meanwhile, 

the θ and α phases, which show a clearly different morphology, were heterogeneously 

distributed at 1180°C and 1220°C. No single small α-Al2O3 particles were observed in 

HRTEM/high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) images even at a low conversion level (~10%). This suggests that the θ-to-α 

transformation does not proceed through gradual consumption of individual particles by an α-

Al2O3 nucleus; instead, once a nucleus of α-Al2O3 is formed, it immediately consumes nearby 

alumina crystals with the concomitant formation of the α phase(21). In this respect, the 

interparticle distance musts play an important role in the transformation, which would explain 

the lower temperature of the phase transformation of θ-Al2O3-C compared with the other 

samples. At 1220°C, most of the particles were transformed into the α phase, but some of the 

θ phase still remained. At 1300°C, all particles were transformed into the α phase. Apart from 

the phase transformation, no further changes in the morphology of α-Al2O3 were observed upon 

high-temperature treatment, which suggests that no more sintering of the already formed α-

Al2O3 occurred. This also explains the relatively large SA of the formed α-Al2O3 (Table S1) 

even after treatment at 1300°C for 10 h; the SA of α-Al2O3 is typically less than 1 m2/g, whereas 

the SA of the present α-Al2O3 samples was ~5–8 m2/g. The three samples showed the same 
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morphology-changing tendency during the phase transformation (Figure S6). 

 

Figure 3 TEM images of Al2O3-C. 

To confirm that the θ-to-α phase transformation does not occur within individual alumina 

nanocrystals, an individual Al2O3 particle on a high-temperature TEM grid was subjected to 

high-temperature treatment and observed via in situ TEM (Figure S7). During treatment at 

1200°C, the single Al2O3 particle retained its shape but the volume shrank somewhat due to 

the coalescence of the internal pores. However, this single particle did not transform into α-

Al2O3 after prolonged heating even at 1200°C. The fact that a single separated nanocrystalline 

particle does not undergo phase transformation provides direct, unambiguous evidence for the 

first time that interparticle contact is critical for the phase transformation of transition alumina 

to the α phase. 

As mentioned above, the three samples show different surface properties; θ-Al2O3-C shows a 

dominant reconstructed (110) facet, whereas θ-Al2O3-O and θ-Al2O3-F primarily expose the 

(100) facet. Figure 4 shows the changes in the OH region of the IR spectra of the three samples 

https://doi.org/10.26434/chemrxiv-2023-2gmkj ORCID: https://orcid.org/0000-0001-5245-0765 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-2gmkj
https://orcid.org/0000-0001-5245-0765
https://creativecommons.org/licenses/by-nc-nd/4.0/


12 

 

upon increasing the temperature. Interestingly, a significant OH band was observed at 3770 

cm−1 in the IR spectra of α-Al2O3-C despite the drastic reduction of the SA(15). In contrast, 

that OH stretching band was virtually absent in the IR spectra of α-Al2O3-O and α-Al2O3-F. 

Despite their similar band position, the OH bands of α-Al2O3 might be due to different species 

to those of θ-Al2O3. In fact, careful inspection of the HRTEM and HAADF-STEM images 

revealed that the α-Al2O3-C particles exhibited a flatter morphology compared with the α-

Al2O3-O/F particles, which showed a fibril-like morphology. This is most likely due to the 

presence of different dominant facets in α-Al2O3-C and α-Al2O3-O/F. Therefore, α-Al2O3 

nanoparticles with different surface properties and a relatively high SA can be prepared from 

the same rod-like, pure-phase θ-Al2O3 samples. Our simple method enabled the synthesis of 

transition Al2O3 and α-Al2O3 materials with novel properties. Considering that Pd on alumina 

is one of the most important catalysts for industrial hydrocarbon oxidation, we loaded the 

materials prepared in this study with Pd and evaluated the performance of the resulting catalysts 

in hydrocarbon oxidation. We selected CH4 as the most problematic hydrocarbon owing to its 

high greenhouse potential (about 27 times higher than that of carbon dioxide) and low tendency 

to undergo oxidation due to its apolar nature and absence of secondary C–H bonds. 
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Figure 4 IR spectra of (a) Al2O3-C, (b) Al2O3-O, and (c) Al2O3-F from 1100 to 1300 ℃ with 

20 ℃ intervals. 

To investigate the effect of the different surface characteristics of the samples on the catalytic 

behavior, 0.1 wt% Pd was loaded on α-Al2O3-C and α-Al2O3-O, affording 0.1Pd/α-Al2O3-C 

and 0.1Pd/α-Al2O3-O, respectively. According to the TEM images shown in Figure 5a, b, and 

Figure S8, the size of Pd on α-Al2O3-C was around 3 nm and the size distribution was narrower 

than that of Pd on α-Al2O3-O, whose size was around 5 nm. However, the Pd size estimated 

using CO chemisorption measurements was 4 nm for α-Al2O3-C and 12 nm for α-Al2O3-O 

(Table S2). Thus, a considerable difference was observed between the size of Pd on α-Al2O3-

O observed via TEM and that calculated using the CO chemisorption measurements, whereas 

Pd on α-Al2O3-C showed consistent results. This suggests the presence of large Pd particles on 

α-Al2O3-O, which could affect the dispersion significantly. The discrepancy observed for 

0.1Pd/α-Al2O3-O is consistent with our previous reports(15), which demonstrated the 

occurrence of metal aggregation when the number of metal atoms exceeds that of the anchoring 

sites. This specific favorable interaction between metal and support was also confirmed by IR 

spectroscopy. Figure 5c displays the IR spectra of α-Al2O3-C, α-Al2O3-O, 0.1Pd/α-Al2O3-C, 
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and 0.1Pd/α-Al2O3-O. The band at 3770 cm−1 of α-Al2O3-C was notably reduced after Pd 

loading, which suggests that the corresponding OH groups were consumed as a result of their 

interaction with Pd(15). In contrast, the spectra of α-Al2O3-O and 0.1Pd/α-Al2O3-O showed no 

practical difference, demonstrating that the specific interaction of Pd with the OH groups 

producing the band at 3770 cm−1 results in a uniform metal loading and higher dispersion. This 

specific interaction and dispersion were confirmed by loading a higher Pd amount than that of 

the anchoring sites, which led to the formation of large metal clusters (Figure S9, 10, and Table 

S2). 

To examine the influence of these differences in the Pd anchoring sites on the catalytic activity, 

we conducted CH4 oxidation experiments using 0.1Pd/α-Al2O3-C and 0.1Pd/α-Al2O3-O. As 

shown in Figure 5d, the temperature at which the CH4 conversion reached 50% was 10°C lower 

for 0.1Pd/α-Al2O3-C (439°C) than for 0.1Pd/α-Al2O3-O (449°C). However, the turnover 

frequency (TOF) and activation energy of 0.1Pd/α-Al2O3-C (112 kJ/mol) and 0.1Pd/α-Al2O3-

O (114 kJ/mol) were almost the same (Figure S11 and Figure 5e). In particular, their activation 

energies were consistent with reported values(23). 

Since the TOF of the two catalysts gradually increased with time, we performed DRIFTS 

experiments before and after the reaction to unveil the reason for the change in the catalytic 

activity (Figure S12). After 2 h of CH4 oxidation reaction, the intensity of the band at 2140 

cm−1, which corresponds to surface partially oxidized Pd (PdOx), increased slightly for 

0.1Pd/α-Al2O3-C and 0.1Pd/α-Al2O3-O. This demonstrates that the Pd surface changes during 

the CH4 oxidation reaction and corroborates the previous reports showing a correlation between 

surface PdOx and the CH4 oxidation activity(27). 

In summary, our study provides a molecular-level understanding of the phase transformations 
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of alumina and a general method to prepare aluminas with advantageous thermal/catalytic 

properties. 

 

Figure 5 TEM images of (a) 0.1Pd/α-Al2O3-C and (b) 0.1Pd/α-Al2O3-O. (c) IR spectra of 

0.1Pd/α-Al2O3-C and 0.1Pd/α-Al2O3-O, before and after Pd loading. (d) Temperature 

programmed reaction (TPRx) profile of CH4 oxidation on 0.1Pd/α-Al2O3-C and 0.1Pd/α-Al2O3-

O. (e) Arrhenius plots for CH4 oxidation with the reaction temperature of 290-320 ℃. The 

activation energy was calculated using TOF after 2 hours of reaction. 
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