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Abstract

The mixed metal oxides (MMOs) derived from layered double hydroxides (LDHs) are a
typical class of porous materials and have attracted significant attention across various
fields due to their high surface area, rich porous structures and various compositions.
Regulating the pore structure of MMOs remains an urgent need because of the growing
demand for numerous applications including adsorption, catalysis, and energy conversion.
Controlling the lateral size of the lamellar crystals in the Co–Al LDH precursor allowed
us to engineer the pore structure of Co–Al MMO, an architecture formed by the stacking
of these lamellar flakes. The pore size distribution of the Co–Al MMO has been adjusted
in the range from several nanometer to hundreds of nanometers. The sample with the
optimized pore sizes exhibited a much higher catalytic reaction rate in the aerobic oxidation
reaction of benzyl alcohol, about 4.2 times that of the control sample. Further research
demonstrated that the high activity was favored by the improved mass transfer rate in the
optimized pore architecture. Moreover, sodium silicate was employed as a cross-linking
agent to enhance the cohesion within the secondary particles, which consist of stacked
lamellar flakes. The resulting silicate-modified Co–Al MMO demonstrated significantly
improved catalytic durability, maintaining stable performance over five consecutive reuse
cycles—the performance that substantially exceeded that of its un-modified counterpart.

Keywords: layered double hydroxide; pore structure; pore modification; catalytic oxidation

1. Introduction
The mixed metal oxides (MMOs), derived from the thermal decomposition of layered

double hydroxides (LDHs), have attracted significant attention across various fields, such
as catalysis [1–3], wastewater decontamination [4], electrode materials [5,6], and drug
delivery [7,8]. MMOs usually present a nano-lamellar morphology with features of their
high surface area, rich pores, and various compositions [2,9,10]. The nano-lamellar flakes
of MMOs are constructed by stacking metal oxide nano-particles with a planar shape,
which inherits the two-dimensional structure of LDH precursors [11,12]. The stacking of
metal oxide nano-particles within the nano-lamellar flake generates numerous microp-
ores and mesopores, while the subsequent stacking of lamellar flakes usually produces
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a large amount of mesopores and macropores [13,14]. These hierarchical pores of MMO
interconnect with each other and provide a large accessibility surface area and abundant
tunnels for mass transfer, supplying excellent conditions to serve as porous function materi-
als [15,16]. The fine tuning of MMO porosity is essential for achieving enhanced application
performances [17–19].

The primitive strategy for tuning MMO porosity involves modifying the morphology,
crystal size, and decomposition conditions of LDH precursors during the preparation pe-
riod [18,20,21]. Jung et al. prepared a series of Mg–Al MMO samples with varying pore size
distributions using different synthesis methods, which also exhibit different morphologies
and particle sizes [22]. By adopting Pluronic F127 as a soft template, mesoporous Ni–Al
MMO and Mg–Al MMO samples were successfully synthesized and exhibited excellent
catalytic activity in the Knoevenagel condensation [15,23]. The study showed that the
decomposition temperature of Ni–Al LDH precursors played a significant role in the pore
size distribution of Ni–Al MMO [15]. Moreover, the pore sizes of mesoporous Mg–Al MMO
were tuned by varying the concentrations of tris(hydroxymethyl) aminomethane, since
the growth of Mg–Al LDH crystals could be effectively suppressed by this additive [23].
Guo et al. have also reported that the pore sizes of mesoporous Mg–Al MMO could be
tailored by tuning sodium tartrate dosages in the co-precipitation process [24].

In addition, some specific treatment techniques have been applied to control the
aggregation of LDH’s lamellar flakes, allowing them to tune MMO’s textural properties.
The drying process can substantially influence the stacking structure of s MMO and its
precursors (LDH) [20]. Freeze-drying and supercritical drying methods have been reported
to successfully achieve higher porosity and/or tunable pore sizes for MMOs [20]. Control-
ling the reassembly of exfoliated LDH nanosheets has been extensively investigated as an
effective way to modify the textural porosity of MMOs, which usually endues the MMO
with ultrahigh surface areas and large pore volumes [20,25–27].

Despite the advances in regulating MMO pore structure described above, the tunable
range of pore sizes remains too narrow to meet the demands, and the required proce-
dures are often complex. Fine tuning MMO porosity remains an urgent need due to the
growing demand for various applications including adsorption, catalysis, and energy
conversion [17,20]. In this study, by controlling the lateral size of the lamellar crystals
in the Co–Al LDH precursor, we successfully modulated the textual pore structure of
the resulting Co–Al mixed metal oxide (MMO), which is composed of stacked lamellar
flakes. This modification enabled the broad tuning of the pore size distribution in the
Co–Al MMO. The optimized sample exhibited a significantly higher catalytic reaction
rate in the aerobic oxidation of benzyl alcohol (BA), attributable to an enhanced mass
transfer rate. Furthermore, sodium silicate was introduced as a cross-linking agent to
strengthen the cohesion within the secondary particles composed of stacked lamellar flakes
(Figure S1). The silicate-modified Co–Al MMO demonstrated markedly improved catalytic
durability, maintaining stable performance over five consecutive reuse cycles—substantially
outperforming its unmodified counterpart.

2. Results and Discussion
All Co–Al LDH samples were prepared by a modified coprecipitation method similar

to our earlier reports [11,28]. The coprecipitation process was implemented by simulta-
neously pumping the salt solution and the alkaline solution into the NaHCO3 solution
at the same flow rate. A series of Co–Al LDH samples were synthesized by changing
the pumping flow rate of the precursor solutions, named as CoAl-LDH-x, in which the
x symbol represents the precursor addition rate (mL·min−1). The calcined CoAl-LDH-x
sample was correspondingly labeled as CoAl-MMO-x.
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The powder X-ray diffraction (XRD) patterns of the Co–Al LDH and Co–Al MMO
samples are shown in Figures 1a and S2, respectively. All the Co–Al LDH samples displayed
a variety of distinct diffraction peaks at 2θ values of 11.4◦, 23.1◦, 34.6◦, 38.9◦, 46.2◦, 59.9◦,
and 61.2◦, corresponding to the (003), (006), (012), (015), (018), (110), and (113) facets of
the LDH (JCPDS #51-0045) [27,29]. No diffraction signals corresponding to phases other
than Co–Al LDH were observed in Figure 1a, indicating that all samples consist of a
high-purity Co–Al LDH phase. Additionally, the diffraction intensity, especially for (003)
facets, obviously decreases with increasing pumping flow rates of precursor solutions
during coprecipitation. This phenomenon should be closely correlated with the essential
roles of the supersaturation level of ionic precursor (metal cations and OH–) during the
LDH crystal formation [30,31]. Specifically, the high precursor addition rate induces a
high supersaturation level in the coprecipitation solution, thereby kinetically favoring the
formation of LDH crystals with diminished crystallinity and particle sizes [30].

Figure 1. The characterization and catalytic performance of the Co–Al MMO samples and their LDH
precursors. (a) XRD patterns of the Co–Al LDH samples; (b) SBET and pore volumes of the Co–Al
MMO samples; (c) pore size distributions of the Co–Al MMO samples; and (d) the conversions and
reaction rates for aerobic BA oxidation in low (left column and left dot of each sample) and high
(right column and left dot of each sample) BA concentrations. The corresponding N2 adsorp-
tion/desorption isotherms data for (b,c) are provide in Figure S4 in the Supporting Informa-
tion. Catalytic reaction conditions for low concentrations: 20 mL N,N-dimethylformamide (DMF),
1.00 mL BA, 100 mg catalyst, 1.0 MPa O2 pressure, 120 ◦C, 4 h; all conditions for high concentrations
are identical to that of low concentration except for increasing the BA dosage to 4.00 mL.

The Co–Al MMO was obtained via thermal decomposition of Co–Al LDHs through
calcination in a tube furnace, with more details provided in the Experimental Section
(Section 3) below. The XRD patterns show that Co3O4 is the predominant crystalline
phase in all the Co–Al MMO samples (Figure S2). No characteristic diffraction peaks
were detected for Al-containing oxides or other phases (Figure S2), which suggests the
amorphous nature of the Al species or particles with dimensions beyond the XRD detection
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threshold. The specific surface areas (SBET) of the Co–Al MMO samples are not much
different, all close to 100 m2·g−1 (Figure 1b). Notably, the pore volumes decreased from
1.17 to 0.77 mL·g−1 with increasing precursor flow rate from 2 to 50 mL·min−1 (Figure 1b),
indicating significant differences in pore structure.

The pore size distributions of the Co–Al MMO samples are presented in Figure 1c.
The CoAl-MMO-2 sample exhibits a broad pore size distribution spanning from sev-
eral nanometers to several hundred nanometers. The CoAl-MMO-10 sample displays a
distribution predominantly ranging from several nanometers to approximately 100 nm,
with an increase in mesopore content (2–50 nm) and a significant decrease in macropore
content relative to the CoAl-MMO-2 sample. The pore sizes of the CoAl-MMO-30 and
CoAl-MMO-50 samples show a continuous decreasing trend, demonstrating an inverse cor-
relation with the precursor addition rate. Interestingly, the CoAl-MMO-50 sample exhibits
predominantly mesoporous structures, which suggests a viable synthesis pathway for
mesoporous materials.

To investigate the influence of pore size distribution on mass transfer, we employed
the aerobic oxidation of BA as a probe reaction and measured the catalytic reaction rates
of all samples at a low conversion. As shown in Figure 1d, the CoAl-MMO-10 sample
displayed the highest BA conversion, about 4.2 times higher than that of the CoAl-MMO-
50 sample. Considering that the two catalysts exhibited a nearly identical composition,
structure, SBET, and synthesis method, yet exhibited significant differences in catalytic
reaction rate, we hypothesized that the reaction rates were determined by mass transfer
rate, rather than intrinsic catalytic activity. To verify this hypothesis, we increased the
initial BA concentration fourfold, thereby increasing the mass transfer rate and minimizing
the influence of mass transfer on the reaction rates. The experimental results showed that
the reaction rates of the two catalysts became relatively close (8.7 and 8.0 mmol·g−1

cat ·h−1)
(Figure 1d). This indicates that BA mass transfer is the limiting factor for the reaction rate
at low BA concentrations (the former reaction conditions). Furthermore, after grinding the
CoAl-MMO-50 sample to the secondary particle size smaller than 25 µm, the reaction rate
incresed to about 13 mmol·g−1

cat ·h−1, which should be close to the intrinsic catalytic activity
(Figure S3a). Additionally, the reduced O2 pressure condition also led to approximate
reaction rates between the two catalysts, which was accompanied by much slower reaction
rates and therefore diminished the requirements of mass transfer (Figure S3b). The catalytic
performances of other catalysts displayed similar change trends (Figures 1d and S3). These
results confirm that BA mass transfer is a decisive factor for the reaction rate. A fully
quantitative analysis of diffusion limitations could further substantiate this conclusion
and benefit catalyst engineering. However, we reserve such an analysis for future work
to maintain a focus on modifying the pore structure of the Co-Al MMO. In brief, the
CoAl-MMO-10 sample exhibited the highest catalytic activity mainly due to its higher mass
transfer rate, which should be attributed to the optimized pore structure. In contrast, the
CoAl-MMO-2 sample presented lower catalytic activity, owing to its underdeveloped pore
structure, which featured the least amount of mesopores (Figure 1c).

Figure 2 presents the scanning electron microscope (SEM) and transmission electron
microscope (TEM) images characterizing the morphology of the Co–Al MMO samples.
As shown in Figure 2a–d, all the Co–Al MMO samples exhibit a well-defined porous
structure consisting of stacked lamellar flakes, which is typical feature of LDH-derived
MMO materials. Figure 2a–d demonstrate a significant progressive reduction in stacking
pore dimensions, consistent with BJH analysis results (Figure 1c). Moreover, the mean
lateral sizes of the lamellar flakes gradually decrease from 336 to 64 nm when increasing
the precursor flow rate from 2 to 50 mL·min−1 during coprecipitation (Figure 2e–h). This
illustrates that the lateral crystal dimensions of LDH flakes are inversely related with the
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precursor feed rates, since the lamellar morphology of MMO inherits the LDH crystal flakes.
Additionally, the TEM images also show similar change trends (Figure 2i–l). In brief, the
lateral sizes of the lamellar MMO flakes are controllable through tuning precursor addition
rates in coprecipitation and thereby achieve regulation of the pore size distribution.

Figure 2. Microscopic characterization of the Co–Al MMO samples. (a–d) SEM images, (e–h) lateral
size histograms of lamellar flakes, and (i–l) TEM images of the CoAl-MMO-2, CoAl-MMO-10, CoAl-
MMO-30, and CoAl-MMO-50 samples, respectively. The lateral sizes of the MMO lamellae were
determined by measuring 300 particles from the SEM images.

The regulation of the pore distribution has substantially enhanced the mass transfer
rate of the Co–Al MMO material and consequently improved the catalytic reaction rate in
the aerobic oxidation of BA. However, the lamellar flakes of MMOs tend to delaminate from
the secondary particles under vigorous stirring in the liquid phase [2,20,25]—a condition
routinely indispensable in gas–liquid-solid catalysis systems for enhancing gas–liquid mass
transfer rates. This structural instability not only triggers catalytic deactivation but also
complicates post-reaction filtration separation [32]. We tried to use sodium silicate, which
is widely employed as a binder [33,34], to improve the stacking cohesion of lamellar flakes,
thereby enhancing the structural stability of the secondary particles of the Co–Al MMO.

The silicate-modified Co–Al MMO samples were synthesized by washing the LDH
precursors with a sodium silicate solution of different concentrations after deionized wa-
ter washing, without changing the synthesis method and other conditions mentioned
above (details seen in Experimental Section (Section 3)). Four modified samples were
prepared using sodium silicate solutions at different concentrations (0.02, 0.04, 0.06, and
0.08 mol·L−1), designated as CoAl-LDH-Sx (x = 1–4), where “S” denotes sodium sili-
cate modification and “x” indicates the relative concentration gradient. The XRD peak
intensities of the silicate-modified Co-Al LDH samples gradually decreased with increas-
ing sodium silicate solution concentration, although no distinct silica-containing crys-
talline phase was detected (Figures 3a and S5). The energy dispersive X-ray spectroscopy
(EDX) mapping data confirms the successful incorporation of silica-species into the MMO
sample (Figure S6).
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Figure 3. The characterization and catalytic performances of the silicate-modified Co–Al MMO
samples and their LDH precursors. (a) XRD patterns of the silicate-modified Co–Al LDH samples;
(b) SBET and pore volumes of the silicate-modified Co–Al MMO samples; (c) pore size distributions of the
silicate-modified Co–Al MMO samples; (d) the conversions and benzaldehyde (BzH) selectivity for aero-
bic oxidation of BA. The corresponding N2 adsorption/desorption isotherms data for (b,c) are provide in
Figure S4 in the Supporting Information. Catalytic reaction conditions: 20 mL N,N-dimethylformamide
(DMF), 0.50 mL BA, 100 mg catalyst, 0.2 MPa O2 pressure, 130 ◦C, 12 h. The XRD pattern, SBET, pore
volume, pore size distribution, BA conversion, and BzH selectivity for the CoAl-MMO-10 sample from
Figure 1 are replotted in Figure 3a, b, c, and d for comparison, respectively.

The SBET and pore volumes of the silicate-modified Co–Al MMO samples showed
a concentration-dependent correlation with the sodium silicate solution. Samples with
lower concentrations (CoAl-MMO-S1 and CoAl-MMO-S2) exhibited higher SBET and pore
volumes than the control sample (CoAl-MMO-10), whereas higher-concentration samples
(CoAl-MMO-S3 and CoAl-MMO-S4) displayed considerably reduced values (Figure 3b).
Furthermore, silicate modification obviously increased mesopore density while reducing
the macropore content compared to the control sample (Figure 3c). Except for the CoAl-
MMO-S4 sample, the silicate-modified samples exhibited relatively high catalytic reaction
rates as compared with the un-modified control sample (CoAl-MMO-10) in aerobic BA
oxidation (Figure 3d). Notably, the CoAl-MMO-S2 catalyst, with the highest mesopore
content (10–40 nm), achieved the highest catalytic reaction rate (Figure 3c,d). Given that the
previous results showed that mass transfer is the determining factor for the catalytic reaction
rate, these results illustrate that mesopores significantly influence mass transfer. In other
words, the optimized hierarchical pore structure (including mesopores and macropores) of
the MMO is beneficial for improving the mass transfer rate and reaction rate. Moreover, the
CoAl-MMO-S2 catalyst also demonstrated well catalytic performance for other substrates
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(Table S1). Additionally, the CoAl-MMO-S4 sample exhibited the lowest catalytic reaction
rate, which was primarily due to its reduced pore volume and SBET (Figure 3d).

Figure 4 illustrates the microscopic structure and morphology of the silicate-modified
CoAl-MMO-S2 sample. The SEM (Figure 4a), TEM (Figure 4b), and high-angle annular
dark-field TEM (HAADF-TEM) (Figure 4c) images clearly demonstrate a well-defined
porous structure, with no obvious differences observed relative to the control sample (CoAl-
MMO-10). The nano-lamellar flakes of the MMO were clearly observed in the images
(Figure 4a–d), which are composed of randomly stacked Co3O4/Al2O3 nano-particles
with a planar shape (Figure 4d,e). The EDX mapping images (Figure 4g–k) of the CoAl-
MMO-S2 sample reveal that the distribution of Co, Al, and Si elements well match with
the morphology observed by the corresponding HAADF-TEM image (Figure 4f). This
shows that the various elements in the sample are all uniformly dispersed, especially for
silicon species.

 

Figure 4. Microscopic characterization of the CoAl-MMO-S2 sample. (a) SEM image, (b) TEM
image, (c) HAADF-TEM image, (d) TEM image, (e) high-resolution TEM image (the area marked
by the yellow box in d), and (f–k) HAADF-TEM and corresponding EDX mapping images of the
CoAl-MMO-S2 sample.

To examine the impact of silicate modification on the structural stability of the Co–Al
MMO, the catalytic performances of the un-modified and modified samples were evaluated
over five consecutive reuse cycles. The results demonstrate divergent evolution trends:
the modified sample (CoAl-MMO-S2) exhibited sustained BA conversion efficiency, in
contrast to the progressive degradation observed in the un-modified counterpart (CoAl-
MMO-10) (Figure 5a). To investigate the mechanism of catalytic stability improvement
by silicate modification, the evolution trend of secondary particle sizes over cycles for the
two samples was measured by the laser diffraction method. Notably, significant changes in
the secondary particle sizes were detected for both samples after use (Figure 5b), indicating
the exfoliation of lamellar flakes from the secondary particles. A large number of isolated
lamellar flakes were observed in the TEM and SEM images of the used un-modified sample
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(Figures 5c and S7a), confirming the lamellar delamination from the secondary particles
(Figure 5c,d). Furthermore, particle size distribution analysis revealed a more pronounced
reduction in the un-modified sample (from 1.5 to 1.8 µm to 0.8–1.1 µm after a single
use) compared to the silicate-modified counterpart (from 1.4 to 2.0 µm to 1.0–1.7 µm).
These results demonstrate that silicate modification significantly enhances the mechanical
stability of the MMO’s structure, thereby suppressing its deterioration under vigorous
stirring in the liquid phase under the catalytic reaction condition. Moreover, the TEM and
SEM images also suggest that the modified sample has better structural stability, based
on substantially fewer delaminated flakes in the used sample (Figures 5c,d and S7). The
enhanced structural stability endowed the modified MMO with stable catalytic activity in
the reaction (Figure 5a). Nevertheless, after five reaction cycles, the secondary particle size
of the modified sample has significantly reduced, showing only a marginal improvement
compared to the un-modified sample (Figure 5b). This strategy still cannot meet the needs
of practical applications, so further studies are required.

 

Figure 5. The BA conversion and structural characterization of the un-modified and silicate-modified
Co–Al MMO samples over five consecutive reuse cycles. (a) BA conversions; (b) particle size
distributions of secondary particles measured by laser diffraction method; (c,d) TEM images of the
CoAl-MMO-10 (c) and CoAl-MMO-S2; and (d) samples after a single use, respectively.

3. Experimental Section
3.1. Preparation of Samples

All Co–Al LDH samples were prepared by a modified coprecipitation method, in
which the operated processes were similar to our earlier reports [11,28]. Typically, the salt
solution was prepared by dissolving a mixture of Co(NO3)2 and Al(NO3)3 (the total metal
amount is 0.06 mol with Co/Al molar ratio of 75/25) in 120 mL of deionized water. The
alkaline solution was obtained by dissolving 0.12 mol of NaOH in 120 mL of deionized
water. Then, 0.018 mol of NaHCO3 was dissolved in 150 mL of deionized water within a
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three-necked flask. After the temperature increased to 80 ◦C, the salt solution and alkaline
solution were simultaneously pumped into the flask (using two Series II pump from Lab
Alliance, NY, USA) at the same flow rate of x mL/min (x = 2, 10, 30, or 50). The slurry
was stirred gently at 80 ◦C for 10 h. The resulting precipitate was filtered, washed with
deionized water, and dried at 80 ◦C for 10 h. The obtained Co–Al LDH sample was ground
into a fine powder and labeled as CoAl-LDH-x. Each Co–Al LDH sample was calcined at
500 ◦C for 2 h in a tube furnace under air flow (500 mL·min−1). After naturally cooling to an
ambient temperature, the Co–Al MMO sample was obtained and named as CoAl-MMO-x.

The silicate-modified Co–Al LDH samples were synthesized under identical method
and conditions, except for an additional rinsing step. Specifically, after washing with
deionized water, the filter cake was washed once with 200 mL sodium silicate solution at a
specified concentration (0.02, 0.04, 0.06, or 0.08 mol·L−1) and then dried under the same
conditions. The resulting four samples, prepared with these different concentrations, were
designated as CoAl-LDH-Sx (x = 1–4).

3.2. Catalyst Characterization

XRD measurements were conducted on a TD-3500 X-ray diffractometer (Dandong
Tongda Instrument Co., Dandong, China, λCu Ka = 0.15418 nm, 35 kV, and 25 mA). The
N2 adsorption/desorption isotherm data were recorded on a surface area and pore size ana-
lyzer of Nova 2000e (Quantachrome, Boynton Beach, FL, USA). All samples were degassed
under vacuum at 200 ◦C for 12 h before measurement. The Brunauer–Emmett–Teller specific
surface areas (SBET) were calculated using adsorption branch data, and the Barrett–Joyner–
Halenda (BJH) model was utilized to calculate pore size distributions. The pore volumes
were determined from the last point of the adsorption branch data (P/P0 ≈ 0.995). TEM
and high-resolution TEM images were obtained with a Talos F200S instrument operated at
an accelerating voltage of 200 kV (Thermo Fisher, Waltham, MA, USA). HAADF-TEM and
corresponding EDX mapping images were recorded on a SUPER X detector. SEM images were
achieved on a Zeiss-Sigma 300 instrument at an accelerating voltage of 30 kV (Carl Zeiss Jena,
Jena, TH, Germany). The particle sizes of Co–Al MMO’s secondary particles were measured
using a Nanobrook 90 Plus zeta potential and particle size analyzer (Brookhaven, NY, USA)
with a detection mode covering particle sizes of 0.3–15 µm. Prior to testing, all samples were
diluted with deionized water and dispersed via ultrasonication.

3.3. Catalytic Testing

The liquid-phase oxidation of BA was performed in a 60 mL stainless steel reactor.
First, 100 mg catalyst, 0.50/1.00/4.00 mL BA, and 20 mL DMF were added to the reactor.
Then, the reactor was sealed and purged with O2 for several cycles to remove air. After
the temperature of the reactor rose to the setting value (120 or 130 ◦C), the O2 pressure
was elevated to 0.2/1.0 MPa and the liquid mixture was stirred magnetically at 600 rpm.
After 12 h of reaction, the reactor was cooled to room temperature naturally. The liq-
uid mixture was filtrated in a glass funnel. The catalyst was subsequently washed with
5 mL ethanol and dried at 80 ◦C for 10 h for reuse. Finally, the filtrated liquid (1.00 mL of
reaction products with 100 mg of biphenyl as internal standard) was analyzed by a gas
chromatography system (Qiyang GC9860) equipped with a flame ionization detector and
an AT-PONA capillary column (50 m × 0.20 mm, df = 0.5 µm). The error in repeated testing
of catalytic performance is small (Table S2). The catalytic stability was evaluated over
five reuse cycles of the spent catalyst, with all other operating procedures and conditions
identical to those described above, except for the addition of a small amount of fresh
catalyst to maintain a total catalyst mass of 100 mg.
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4. Conclusions
The lateral size of the Co–Al LDH’s lamellar flakes have been effectively regulated

by modulating precursor addition rates during coprecipitation. This dimensional control
enabled systematic modification of the textural pore structure of the derived Co–Al MMO,
which is composed of lamellar flake stacking. The modification of pore size distribution
significantly enhanced mass transfer efficiency, leading to a multi-fold increase in catalytic
reaction rates for BA aerobic oxidation compared to control samples. To improve mechani-
cal stability of the Co–Al MMO’s structure, sodium silicate was employed as a cross-linking
agent to reinforce cohesion within the secondary particles. The silicate-modified Co–Al
MMO exhibited exceptional catalytic durability, maintaining activity stability over five
consecutive reuse cycles—a performance markedly superior to the unmodified counterpart.
This study presents a scalable methodology for tailoring the MMO pore structures, offering
a viable pathway for the structural optimization in catalytic applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal15111002/s1, Figure S1: Schematic illustration of the proposed
hierarchical structure of Co–Al MMO; Figure S2: The XRD patterns of the Co–Al MMO samples;
Figure S3: The catalytic reaction results for aerobic BA oxidation under different reaction conditions;
Figure S4: The N2 adsorption/desorption isotherms data of the Co–Al MMO and silicate-modified
Co–Al MMO samples; Figure S5: The XRD patterns of the silicate-modified Co–Al MMO samples;
Figure S6: The EDX mapping results of the CoAl-MMO-S2 sample; Figure S7: SEM images of the
CoAl-MMO-10 and CoAl-MMO-S2 samples after a single use; Table S1: Aerobic oxidation of various
substrates using the CoAl-MMO-S2 sample; Table S2: Three repeat experiment results of the aerobic
oxidation of BA.
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