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Abstract: The ring-opening polymerization of L-lactide is a crucial route for producing biodegradable
polylactides (PLAs). Developing an efficient catalyst for this process poses significant challenges.
Herein, we report the successful incorporation of nickel during the crystallization of ZIF-67, the
derivation of the abundant and stable CoO source, to obtain the composite magnetic Ni@CoO@ZIF-67
using the solid-state thermal (SST) method. The characterization of the resulting materials revealed
that nickel atoms are well dispersed in the composite CoO@ZIF-67, imparting additional magnetic
properties. The composite Ni@CoO@ZIF-67 demonstrated superior performance as a heterogeneous
catalyst for the ring-opening polymerization of L-lactide compared to reference materials such as
Ni-Hmim, CoO, ZIF-67, and CoO@ZIF-67. Furthermore, the magnetic property of Ni@CoO@ZIF-67
offers practical advantages, enabling easier separation and recycling of the catalyst. Notably, the SST
method facilitates the single-step synthesis of composite magnetic Ni@CoO@ZIF-67 under solvent-
free conditions, representing a significant advancement in catalyst development. This approach
not only simplifies the synthesis process but also inspires further developments of heterogeneous
magnetic catalysts for a variety of effective and diverse reactions.

Keywords: zeolitic imidazole frameworks; solid-state thermal method; solvent-free synthesis; ring-
opening polymerization; polylactic acid; bioplastic material

1. Introduction

Plastic or polymeric materials have become increasingly popular and are commonly
used in modern life. These materials are typically produced from petroleum-based sources,
which are non-renewable and have a significant environmental impact. The production
process of plastic materials requires a large amount of energy and contributes to carbon
emissions. Additionally, plastic waste takes hundreds or thousands of years to degrade,
leading to severe environmental pollution [1]. Therefore, bioplastic or biopolymer materials
offer a more sustainable alternative to traditional plastic materials. Bioplastics are derived
from bio-based sources and are biodegradable in natural environments. One example of a
bioplastic material is polylactic acid (PLA), produced from lactic acid or lactide monomer.
PLA can be used in various applications such as drug delivery, packaging, compost bags,
and other environmentally friendly products [2-4]. One of the advantages of the PLA (poly-
lactic acid) polymer is its hydrolytic degradation, which is primarily due to its renewable
origin [5-7]. PLA can be broken down by microorganisms such as fungi or bacteria under
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natural conditions. This characteristic renders PLA products bioassimilable, making them
green and environmentally friendly materials.

The synthesis of PLA can be achieved by directly converting the lactic acid monomer
into a polymer through polycondensation. However, this method typically results in
a low-molecular-weight PLA product. An alternative and more practical approach is
the ring-opening polymerization (ROP) of lactide, which yields high-molecular-weight
PLA products. In the ROP mechanism, the catalyst plays a crucial role in converting the
lactide monomer into high-molecular-weight PLA through internal transesterification [8,9].
Stannous octoate and tin (II) chloride are commonly used catalysts for ROP [10,11]. The
organo-Sn(Il) is the most widely used complex for the industrial preparation of PLA.
However, many other active catalysts (e.g., Zn, Ln, Al, Y, and alkaline earth metals) are
also used for LA polymerization [12-14]. However, these catalysts are homogeneous,
meaning they are dissolved and mixed in the solution, resulting in non-recyclability or
complicated recycling processes. Heterogeneous catalysts, which have different phases in
the reaction, offer greater environmental and economic benefits. However, the development
of heterogeneous catalysts for ROP has been rarely reported in the literature [15,16].

Among the heterogeneous catalysts, metal-organic frameworks (MOFs) or zeolitic
imidazole frameworks (ZIFs) have recently been proposed as efficient heterogeneous
catalysts for PLA synthesis from L-lactide [17-22]. Their high density of metal ions in
the uniform framework of organic ligands provides bi-functional acidic and base active
sites for the ROP reaction. For example, ZIF-8, based on zinc ions and 2-methyl imidazole
ligands, has been applied as a heterogeneous catalyst for the polymerization of L-Lactide
to cyclic poly(lactide) [17,18,22]. The Lewis acid deriving from open zinc sites initiates
monomer (LA) propagation. Meanwhile, the basic sites deriving from the imidazole
ligand promote zinc alkoxide formation to facilitate chain growth, eventually undergoing
intramolecular transesterification to release cyclic polylactide and liberate a free catalyst.
Moreover, catalysts related to metal-organic frameworks (MOFs), Porous organic polymers
(POPs), or Covalent organic frameworks (COFs) have been applied for the polymerization
and copolymerization of various cyclic esters [23-26].

Zeolitic imidazole frameworks (ZIFs) belong to a new class of materials known as
metal-organic frameworks (MOFs). These materials are formed when organic imidazole
ligands coordinate with metal ions or clusters to create ordered frameworks in two or
three dimensions. However, the ZIFs are classified as having a unique name from MOFs
due to their structure, which is analogous to the zeolite structure topology. The unique
framework structure of ZIFs, a mixed structure of an MOF and a zeolite, results in diverse
compositions and properties. Additionally, the large porosity and stability of ZIFs provide
a high potential for diverse applications [27,28]. Moreover, post-synthetic modification
(PSM) with different components can be carried out to modify properties and thus further
extend the applications of ZIFs.

The solvothermal method is a traditional method for synthesizing ZIFs. Initially, the
metal and ligand source are dissolved in the organic solvent, followed by thermal treatment
for a specified period. Although the organic solvent can be replaced by water or the
synthesis can be conducted at room temperature, this method has evolved to accommodate
various solvent-free techniques. These include mechanochemical, ball-milling, and thermal
synthesis from metal oxides. However, challenges such as solvent waste formation, post-
processing treatment, high energy consumption, and time requirements hinder the scalable
and large-scale synthesis of ZIFs. Thus, a facile and green synthesis route is essential for
the practical and industrial-scale production of ZIFs.

Recently, a solvent-free synthesis method known as the in situ thermal (IST) or solid-
state thermal (SST) method has been reported. This method enables the direct use of
synthesized ZIFs for further applications without the need for post-treatment or activa-
tion [24,29,30]. The SST method successfully produced ZIF-8 (zinc-based) and ZIF-67
(cobalt-based) frameworks. Additionally, iron (III) atoms were incorporated into crystalline
ZIF-67 (Fe@ZIF-67) through the SST method to create hybridized Fe/Co ZIF-67. This
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hybridization improved the chemical properties and significantly enhanced the catalytic
activity for CO, fixation compared to monocobalt ion-based ZIF-67. Inspired by previous
reports on different metal complex catalysts for ring-opening polymerization (ROP), the
nickel complex has shown high potential as a homogeneous catalyst for PLA synthesis
among various metal complexes [31-33].

In this study, a simple method for incorporating nickel into a composite magnetic
material named Ni@CoO@ZIF-67 was developed. This strategy involved a single-step,
solvent-free process using the SST method, presenting an innovative approach to synthe-
sizing composite magnetic materials. Different ratios of nickel to cobalt (x) in the precursor
were used to create Nix@CoO@ZIF-67. The impact of nickel content on the structure and
properties was studied using various analytical techniques. The resulting Nix@CoO@ZIF-
67 was then used as a catalyst for the ring-opening polymerization (ROP) of polylactic acid
(PLA). The magnetic properties of the optimal Nil0@CoO@ZIF-67 catalyst allowed for easy
separation and recycling using an external magnet, with no significant decrease in catalytic
efficiency for at least five cycles. It is important to note that having an abundant and stable
source of CoO was beneficial for creating the crystalline ZIF-67 and achieving the desired
magnetic properties in the Ni@CoO@ZIF-67 catalyst. Additionally, the incorporation of
nickel significantly improved the catalytic performance of ROP in synthesizing PLA.

2. Results and Discussion
2.1. Material Synthesis and Characterization

The straightforward solid-state thermal (SST) method was employed to synthesize Ni-
doped composite magnetic Ni@CoO@ZIF-67. The key strategy of the SST method involves
the thermal treatment of a solid precursor composed of mixed metals (Co and Ni) and
Hmim ligand sources. The precursor undergoes thermal treatment at a mild temperature of
200 °C under solvent-free conditions (Scheme 1). The abundant and stable structure of the
CoO source is utilized to form ZIF-67, contributing to the composite’s magnetic properties
from unreacted CoO. Meanwhile, Ni is simultaneously incorporated into the structure
during the crystallization of the composite materials.

@ Solid-statg tl“ '.’
200°C 1 h . .

o ] Ni@CoO@ZIF-67

Scheme 1. The solid-state thermal method (SST) used to synthesize Ni@CoO@ZIF-67.

This facile, single-step synthesis method requires no post-treatment or activation,
offering advantages over other solvent-free methods. The SST method eliminates waste
organic solvents, reduces energy consumption due to its low-temperature operation, and
shortens synthesis duration. Additionally, the solvent-free approach overcomes the limita-
tions of metal source solubility, enabling high metal loading. The SST method’s simplicity
and efficiency hold high potential for the scalable synthesis and large-scale production of
composite materials.

The nickel-free CoO@ZIF-67 was initially synthesized following the procedure de-
scribed in previous reports [24]. The diffraction pattern of CoO@ZIF-67 exhibited mixed
diffraction peaks of ZIF-67 and CoO patterns (Figures 1a and S1), confirming the successful
synthesis of composite magnetic CoO@ZIF-67 using the SST method. Following this, vari-
ous nickel sources (nickel (II) acetylacetonate) with different ratios (x: 5, 10, 20, 30, and 50%
mol based on CoO) were introduced into the synthetic precursor to obtain Nix@CoO@ZIF-
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67. The diffraction peaks of CoO at 36.5°, 42.4°, 61.5°, and 73.7°, corresponding to the
crystal planes (111), (200), (220), and (311), respectively (JCPDS 43-1004), were observed
in all Ni ratios of the synthesized materials. The presence of CoO diffraction indicated
that unreacted CoO was maintained and composited in all synthesized Nix@CoO@ZIF-67
samples.
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Figure 1. (a) Diffraction patterns of Nix@CoO@ZIF-67, ZIF-67, CoOO@ZIF-67, and Ni-Hmim. (b) The
metal content measured by ICP-OES in Nix@CoO@ZIF-67.

Additionally, the characteristic crystal planes (001), (002), (112), (022), (013), and
(222) of ZIF-67 were clearly observed for different Ni ratios in Nix@ CoO@ZIF-67 [34,35].
However, the peak ratios of the diffractive ZIF-67 pattern appeared to be slightly different
for the 30% and 50% Ni ratios (Ni30@CoO@ZIF-67 and Ni50@CoO@ZIF-67). In comparison,
the nickel source mixed with Hmim under the SST method, denoted as Ni-Hmim, displayed
a broad peak in its diffraction pattern, which did not match the diffraction patterns of
CoO@ZIF-67 and Nix@CoO@ZIF-67. Notably, the diffraction intensity of Ni-Hmim was
much weaker, indicating a smaller crystal size compared to other synthesized materials.
Due to its small crystal size, further characterization of Ni-Hmim, such as single crystal
analysis, was not feasible.

The XRD results indicate that Ni was incorporated into the crystal structure of
Nix@CoO@ZIF-67 at specific nickel ratios. At low Ni ratios (<30% Ni based on CoO),
the addition of Ni had an insignificant effect on crystallization However, at higher Ni ratios
(>30% Ni), an excess of Ni interfered with crystal formation, similar to the effect observed
with ZIF-67 under the SST method. Replacing the cobalt source with a nickel source mixed
with Hmim under the SST method produced a different diffraction pattern (Ni-Hmim).
These diffraction patterns suggest that Co and Ni exhibit distinct coordination behaviors
with the imidazole ligand during material formation.

The metal content in the synthesized materials was determined using Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES). During the synthesis of Nix@CoO@ZIF-67,
it was observed that the cobalt content decreased as the Ni ratios in the mixed precursor
increased (Figure 1b). Conversely, the nickel content in Nix@CoO@ZIF-67 exhibited an
increasing trend. Notably, a higher Ni ratio led to a decrease in the total metal content of
Nix@CoO@ZIF-67. At high Ni ratios, the Ni ions competed to coordinate with Hmim to
form a complex like Ni-Hmim or Ni-(Hmim)y, where y is 1-4 molecules of Hmim, without
growing a framework. The crystallization decreased with higher Ni ratios, as evidenced
by the decreasing intensity of XRD (Figure 1a). The complex Ni-Hmim formation and de-
creased crystallization resulted in a diluted total metal content in the synthesized materials.
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In the synthesis process of Nix@CoO@ZIF-67, an excess ratio of imidazole (Hmim)
to CoO (6:1) was used in the mixed precursor, which exceeds the theoretical formula of
ZIF-67 (2:1). Throughout the synthesis of different Nix@CoO@ZIF-67 samples, the cobalt
source (CoO) in the precursor remained constant. The results suggested that the imidazole
linker coordinated with additional Ni, resulting in a more extensive M-ligand (M: Co, Ni)
framework. Therefore, the metal content analysis (ICP-OES) indicated that both cobalt and
nickel ions promoted metal coordination with the imidazole ligand during the synthesis of
Nix@CoO@ZIF-67.

The framework of ZIFs is formed by a metal-coordinated imidazole ligand, which
provides variable pore space and a large surface area, resulting in unique porosity prop-
erties. Using the SST method, CoO reacted with Hmim to produce the porous material
CoO@ZIF-67, as previously reported [24]. In this study, varying nickel content was incorpo-
rated into the structure of Nix@ CoO@ZIF-67, affecting its porosity and surface area, which
were determined by N, adsorption at 77 K.

The N; adsorption isotherm revealed sharp Nj adsorption at low pressures (P/P0 < 0.05),
indicating a predominant micropore structure (Isotherm type I) in Nix@CoO@ZIEF-67
(Figure 2). In contrast, Ni-Hmim showed significant N, adsorption at high relative pres-
sures (P/P0 > 0.85). The specific surface area was calculated from N, adsorption at 77 K. It
was found that the specific surface area remained relatively unchanged with Ni incorpora-
tion from 5% to 20% in CoO@ZIF-67, as summarized in Table 1. However, the surface area
slightly decreased with an over 30% Ni ratio (Ni30@CoO@ZIF-67 and Ni50@CoO@ZIF-67).
A very low surface area (107 m?/g) was observed when Co was completely replaced with
Ni in the synthetic precursor (Ni-Hmim).
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Figure 2. (a) N adsorption isotherms and (b) the DFT pore size distribution of Nix@CoO@ZIF-67,
CoO@ZIF-67, and Ni-Hmim.

The decreased surface area at high Ni ratios (30-50% Ni ratio) was correlated with
the reduced pore volume and pore size (Table 1). The DFT pore size distribution further
confirmed the presence of micropores in Nix@CoO@ZIF-67 (pore size < 2 nm), as shown in
Figure 2b. In contrast, the pore size distribution of Ni-Hmim indicated that the material
predominantly contained large pores (>10 nm) with a slight mixture of micropores.
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Table 1. The specific surface area and porosity properties of the synthesized materials.

2 1

Material B?;;face Area (Iil;n/ggr)nuir Port(’.c\rﬁ)sl;;r)ne Pore Size 1 (nm)
CoO@ZIF-67 1353 1432 0.48 1.25
Ni5@CoO@ZIF-67 1351 1437 0.48 1.25
Nil0@CoO@ZIF-67 1367 1440 0.47 1.25
Ni20@CoO@ZIF-67 1312 1399 0.45 1.25
Ni30@CoO@ZIF-67 1290 1371 0.46 1.25
Ni50@CoO@ZIF-67 753 797 0.30 1.23
Ni-Hmim 107 124 0.03 2.17

1 Pore volume and pore size were calculated from the HK method.

The morphology of the nickel composite magnetic Ni@CoO@ZIF-67 was examined
using scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Among the synthesized Nix@CoO@ZIF-67 samples, Ni10@CoO@ZIF-67 exhibited the best
catalytic performance. Therefore, the impact of nickel integration on the structure was
investigated by comparing Nil0@CoO@ZIF-67 with CoO@ZIF-67.

SEM images of Ni10@CoO@ZIF-67 revealed a non-uniform shape (Figure 3b). Typ-
ically, the SST method for synthesizing ZIF-67 and CoO@ZIF-67 results in a rhombic
dodecahedral shape (Figure 3a). The irregular shape of Nil0@CoO@ZIF-67 suggests the
influence of competing coordination between cobalt ions and nickel ions in bonding with
Hmim during the SST method. The solvent-free conditions and short synthesis process
in the SST method resulted in the imperfect crystallization of Nil0@CoO@ZIF-67. Ad-
ditionally, TEM provided a more detailed understanding of the structure, shape, and
elemental dispersion of Nil0@CoO@ZIF-67. A combination of CoO particles (dark spots)
was observed within the Nil0@CoO@ZIF-67 particles, with crystalline ZIF-67 covering the
CoO particles (Figure 3c). Elemental mapping revealed that nickel was homogeneously
dispersed along with cobalt within the ZIF-67 framework (Figure 3d—g). The TEM images
suggest that nickel and cobalt were well-dispersed, with nanoparticle CoO composites
embedded in the Ni10@CoO@ZIF-67.

500nm
——

500nm
—

Figure 3. SEM Images of CoOO@ZIF-67 (a) and Nil0@CoO@ZIF-67 (b), TEM images (c), and elemental
mapping of Nil0@CoO@ZIF-67 on cobalt (d), nickel (e), nitrogen (f), and carbon (g).
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To study the chemical coordination of functional groups in the synthesized mate-
rials, Fourier transform infrared (FTIR) spectroscopy was performed. The FTIR spectra
for Ni10@CoO@ZIF-67 and CoO@ZIF-67 were similar, as shown in Figure S2. The spec-
tra exhibited stretching and bending vibrations of the imidazole ligand [36]. Peaks at
1456-1410 cm ! and 1300-992 cm ! corresponded to the stretching vibrations of the C=N
and C-N bonds, respectively. Peaks at 750-690 cm ™! indicated the bending vibration of
the C-N bond of 2-methylimidazole. The adsorption signal of the M-N bond (M: Co or Ni)
was observed at 425 cm ! [37]. Additionally, the stretching vibration peaks of the Co=0
bond at 561 cm ™! and 659 cm~! further confirmed the presence of CoO in the materials.
Broad spectral bands at 3300-3600 cm ™! indicated the stretching vibration of -OH in H,O
molecules [38]. These IR spectra confirm the formation of ZIF-67 and the partial adsorption
of HyO molecules, aligning well with the XRD results.

The elemental composition and electronic valence states of the materials were further
investigated using X-ray photoelectron spectroscopy (XPS). The survey spectra revealed
common peaks corresponding to Co 2p, N 1s, C 1s, and O 1s for both Nil0@CoO@ZIF-67
and CoO@ZIF-67 (Figure 4a). Additionally, the presence of the Ni 2p peak exclusively in
Nil0@CoO@ZIF-67 indicated successful Ni incorporation (Figure 4b). To further analyze the
chemical state of each element, the high-resolution spectra of each element were compared
between Nil0@CoO@ZIF-67 and CoO@ZIF-67. The Co 2p spectra were deconvoluted into
Co 2p3/2 with a peak at 781.2 eV, a satellite peak at 786.4 eV, and Co 2p1/2 with a peak at
796.7 eV and a satellite peak at 802.4 eV (Figure 4c) [36,39]. These peaks were assigned to
the Co?* species in the synthesized materials, indicating that the nickel incorporation did
not influence the chemical state of the cobalt species.

(a) CoO@ZIF-67 (b) Ni 2p Ni2p3r2

Ni

Ni 2p172

Ni10@CoO@ZIF-67
Cis

Intensity (a.u.)
Intensity (a.u.)

1200 1000 800 600 400 200 ] 890 880 870 860 850

Binding Energy (eV) Binding Energy (eV)

Co2p CoO@ZIF-67 O1s CoO@ZIF-67

(c)

—~
Q
~

Ni10@CoO@ZIF-67
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Figure 4. XPS Spectra of the composite magnetic Nil0@CoO@ZIF-67 compared to CoO@ZIF-67,
(a) survey spectra, (b) Ni 2p, (c) Co2p, and (d) Ols.
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For the oxygen element, the binding energies were deconvoluted into spin states of
O 1s, with distinct peaks at 533.3 eV and 531.3 eV. The peak at 533.3 eV represented the
presence of O?~ originating from CoO, which was significantly reduced in Ni1l0@CoO@ZIF-
67 compared to CoO@ZIF-67. This reduction suggests that the surface of Nil0@CoO@ZIF-
67 contained less CoO than CoO@ZIF-67, implying that more CoO in the precursor was
converted in Nil0@CoO@ZIF-67.

Nickel incorporation was confirmed by the binding energies of the Ni 2p spectra
(Figure 4d). The Ni10@CoO@ZIF-67 showed characteristic peaks of Ni 2p3/2 at 854.8 eV
and Ni 2p1/2 at 872.1 eV, indicating the presence of Ni?* [37,40]. It is important to note
that the nickel source used in the synthetic precursor was Ni?*, validating that the state of
Ni was maintained during the SST method.

The CoO source provided a bifunctional precursor, serving both as the cobalt source
for the formation of ZIF-67 and as a composite material to impart magnetic properties
to Ni@CoO@ZIF-67. The magnetization of the materials was measured using a vibrating
sample magnetometer (VSM). The magnetization curve revealed a highly symmetrical
curve without a hysteresis loop, passing through the zero point (Figure 5). The coer-
civity and remanence were approximately zero, indicating that the materials exhibited
superparamagnetism.

—
<)
f—

—— CoO - (
2 CoO@ZIF-67 ; —
— Nil0@CoO@ZIF-67, P—

Magnetization(emu/g)

-3

T T T 1 T T T
-15,000 -10,000  -5,000 0 5000 10,000 15,000

Magnetic Filed(Oe)

Figure 5. (a) VSM curves of CoO, Coo@ZIF-67, and Nil0@CoO@ZIF-67. (b) Images of catalyst
dispersion, and (c) the external magnet to separate the Nil0@CoO@ZIF-67 from the reaction mixture.

However, the incorporation of Ni led to a significant decrease in saturation magnetiza-
tion: from 2.58 emu/g for CoO to 1.67 emu/g for COO@ZIF-67, and further to 1.67 emu/g
for Nil0@CoO@ZIF-67. The weaker magnetization is likely due to the sacrificial conversion
of CoO (a magnetic material) to coordinate with Hmim, forming ZIF-67. Additionally, the
introduction of Ni promoted the formation of metal-ligand bonds (Co-N and Ni-N), which
further diluted the magnetic strength of Nil0@CoO@ZIF-67. Nevertheless, the magneti-
zation of Nil0@CoO@ZIF-67 was still sufficient to enable easy separation from a mixed
solution after an applied reaction using an external magnet.

2.2. Ring-Opening Polymerization of L-Lactide

The synthesized materials were applied as heterogeneous catalysts for the ring-
opening polymerization (ROP) of L-lactide (LA). Under similar reaction conditions, the
incorporated Ni catalyst demonstrated an improvement in catalytic performance compared
to the non-nickel functionalized catalyst (CoO@ZIF-67), as shown in Figure 6a. Specifi-
cally, Nil0@CoO@ZIF-67 exhibited the highest catalytic conversion of LA at 90%, which is
approximately 20% higher than that of CoO@ZIF-67. However, further increasing the Ni



Catalysts 2024, 14, 490 9of 14

content in the catalysts (Ni20@CoO@ZIF-67, Ni30@CoO@ZIF-67) did not result in a signifi-
cant change in catalytic performance, and a decrease in conversion was observed with the
highest Ni content catalyst (Ni50@CoO@ZIF-67). Meanwhile, the Ni-Hmim catalyst, which
replaced cobalt with nickel in the synthetic precursor, resulted in the lowest conversion of
LA (40%) under similar reaction conditions.
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Figure 6. (a) The catalytic comparison for L-lactide conversion, (b) the kinetic study of different
catalysts, and (c) the catalytic performance of the recycled Nil0@CoO@ZIF-67 catalyst. Reaction
conditions entailed 4 mg of catalyst, monomer/catalyst ratio (M/C) of 100/1, reaction temperature of
160 °C for 3 h.

Additionally, the kinetic study of the chemical reaction was elucidated by perform-
ing reactions at different times (Figure 6b). Initially, after 1 h, CoOO@ZIF-67 exhibited
slightly better catalytic performance among the synthesized catalysts. However, the Ni-
incorporated catalysts showed a marked improvement in catalytic activity after 2 h com-
pared to CoO@ZIF-67 and Ni-Hmim catalysts. The NiS0@CoO@ZIF-67 catalyst achieved
the highest conversion of LA after a reaction time of 3 h. In contrast, the Ni5S@CoO@ZIF-67
and Ni20@CoO@ZIF-67 catalysts required an extended reaction time of 4 h to achieve
high conversion, similar to Nil0@CoO@ZIF-67. Ni30@CoO@ZIF-67, Ni50@CoO@ZIF-67,
and CoO@ZIF-67 required significantly longer times to reach maximum conversion. The
Ni-Hmim catalyst exhibited the lowest catalytic rate among the synthesized catalysts.

Furthermore, the formation of macrocyclic PLA showed that the number average molec-
ular weight (Mn) values and polydispersity (PDI) for CoOO@ZIF-67 and Nil0@CoO@ZIF-67
catalysts were insignificantly different (Mn: 17.04 and 17.41 kg/mol and PDI: 1.86 and 1.71,
respectively), as shown in Figures S5 and S6. These results indicate that incorporating Ni
into the composite magnetic Ni@CoO@ZIF-67 catalysts enhances the catalysts’ reactivity
for the ROP of LA. The synergistic effect of Ni and Co, along with high metal dispersion
on a large surface area catalyst, is proposed to contribute to the excellent performance of
Nil0@CoO@ZIF-67 in catalyzing L-lactide polymerization.

The recycling ability of a catalyst to maintain catalytic performance is a crucial charac-
teristic of heterogeneous catalysts. Given its excellent performance, the Nil0@CoO@ZIF-67
catalyst was further tested to determine its recycling ability for the ring-opening polymer-
ization (ROP) of L-lactide (LA). Utilizing the composite magnetic nature of the catalyst, an
external magnet was employed to separate the Nil0@CoO@ZIF-67 catalyst from the reaction
mixture. To remove any residual compounds (such as LA or PLA) that might be trapped in
the catalyst’s pores, dichloromethane (DCM) was used as a solvent. The DCM was replaced
3-4 times, and the catalyst was then dried in a vacuum oven at 80 °C overnight.

The reused Nil0@CoO@ZIF-67 catalyst was subjected to the ROP of LA under identical
conditions: 4 mg of catalyst, a monomer-to-catalyst ratio (M/C) of 100:1, and a reaction
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temperature of 160 °C for 3 h. The results demonstrated that the Nil0@CoO@ZIF-67
catalyst could be recycled while maintaining a high conversion rate of LA for at least five
cycles (Figure 6¢). Despite minor variations in LA conversion that were less than 5% in
each cycle, these fluctuations suggest an insignificant change in the catalytic activity of
Nil0@CoO@ZIF-67. The minor variations in conversion could be attributed to the residual
trapping of LA, PLA, or solvent within the catalyst’s pores, affecting the catalyst’s weight
in each cycle.

The excellent recyclability of the Nil0@CoO@ZIF-67 catalyst was further characterized
using various techniques. The crystal structure of the reused catalyst was examined
using X-ray diffraction (XRD). The diffraction pattern of the reused Nil0@CoO@ZIE-67
catalyst was compared with that of the fresh catalyst, as shown in Figure S3. The reused
catalyst exhibited a diffraction pattern similar to the fresh catalyst, although a decrease in
crystallinity or peak intensity was observed. This reduction in crystallinity is likely due to
the agglomeration and coverage of residual compounds (e.g., LA, PLA) on the surface or
within the pores of the catalyst.

The chemical state of the elements in the catalyst was analyzed using X-ray photo-
electron spectroscopy (XPS). The survey spectra indicated a similar elemental composition
in both the fresh and reused Nil0@CoO@ZIF-67 catalysts (Figure S4a). The deconvoluted
spectra of the Ni 2p region showed that the Ni species remained consistent in both fresh and
reused catalysts (Figure S4b), confirming that nickel was chemically coordinated within the
structure of the Nil0@CoO@ZIF-67 catalyst. High-resolution spectra of the Co 2p region
also showed similar spectra for both fresh and reused catalysts (Figure S4c), indicating that
the chemical states of cobalt and nickel remained unchanged after the reaction.

However, some changes were observed in the oxygen spectrum of the reused catalyst
compared to the fresh one (Figure S4d). The O 1s peak at 533.3 eV showed increased
intensity in the reused catalysts. This increase may be attributed to the exposure and
subsequent washing of CoO and uncovered (non-magnetic) ZIFs with the organic solvent
DCM during the recycling process. Despite this change in the oxygen spectrum, it did
not significantly affect the reactivity of the catalyst, which maintained excellent catalytic
performance for at least five cycles.

In summary, the chemical environment of the Nil0@CoO@ZIF-67 catalyst remained
relatively stable after the reaction, reflecting the overall stability of this heterogeneous
catalyst. This stability, combined with its high catalytic performance and effective re-
cyclability, underscores the potential of Nil0@CoO@ZIF-67 for practical applications in
industrial processes.

3. Materials and Methods
3.1. Chemicals and Catalyst Synthesis

All chemicals and solvents used for the synthesis of catalysts and the ring-opening
polymerization (ROP) of polylactic acid (PLA) were purchased from Shanghai Aladdin
Chemical Company (Shanghai, China). The purity of the chemicals was of an analytical
grade (AR), and they were used directly without any further purification or extraction.
The cobalt (II) oxide (CoO) is commercial, purchased from Shanghai Aladdin Chemical
Company (Shanghai, China), and directly used without further purification or extraction.
The powder CoO was non-uniform at the micro-scale (10-100 pm).

Nix@CoO®@ZIF-67: The Nix@CoO@ZIF-67 was synthesized using a modified solid-
state thermal (SST) method based on previously reported procedures [20]. The process
involved physically mixing cobalt oxide (CoO, 1 mmol) and 2-methylimidazole (Hmim,
6 mmol) with different amounts of nickel (II) acetylacetonate (x of Ni(acac): 5, 10, 20, 30,
and 50% mol based on CoO) in a mortar under solvent-free conditions. The uniformly
mixed solid precursor was then transferred into a ceramic boat and placed into a tubular
furnace (TL 1200, Nanjing Bo Yun Tong Instrument Technology Co. Ltd., Nanjing, China).

The precursor in the furnace was purged with an argon flow of 50 cc/min for 5 min
before the thermal treatment. The thermal treatment was controlled with a programmable
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temperature profile: the temperature was ramped from room temperature to 100 °C within
30 min, and then to 200 °C within 20 min. The sample was held at 200 °C for 60 min
before naturally cooling to room temperature. The resulting products (referred to as
NiX@CoO@ZIF-67) were used directly for catalytic applications or characterization without
requiring additional post-purification or activation. Notably, the NiX@CoO@ZIF-67 could
be stored in dry conditions to prevent water adsorption.

Ni-Hmim: A similar SST method was applied to synthesize Ni-Hmim, with the
modification of replacing CoO with nickel (II) acetylacetonate (1 mmol), which was mixed
with 2-methylimidazole (6 mmol). After proceeding with the SST method, the obtained
product was denoted as Ni-Hmim.

3.2. Characterization

The crystalline structure of the synthesized materials was determined using powder
X-ray diffraction (PXRD) with a Bruker D8 Advance diffractometer (Billerica, MA, USA) in
Bragg—Brentano geometry. The instrument was operated at 40 kV and 45 mA with Cu Ko
radiation, and the scan rate was set at 0.1° per second over an angular range of 5° to 80°.
The morphology of the materials was investigated using Scanning Electron Microscopy
(SEM) on a JEOL JSM-5610LV instrument (Akishima, Japan), operated in the range of
0.5—35 kV, and High-Resolution Transmission Electron Microscopy (HRTEM) on a JEOL
JEM-2100 instrument with an electron beam energy of 200 kV. The chemical bonding and
functional groups were analyzed using Fourier-transform infrared (FI-IR) spectroscopy
with a Bruker Vertex 80 V spectrometer. X-ray photoelectron spectroscopy (XPS) was
conducted using a Thermo Fischer ESCALAB 250Xi spectrometer (Waltham, MA, USA). The
adventitious carbon located at 284.8 eV was used to calibrate the samples. The porosity and
surface area of the materials were measured using a Micromeritics ASAP 2020 instrument
(Norcross, GA, USA), with samples activated at 200 °C under a dynamic vacuum for
200 min before measuring N, adsorption at 77 K. Thermal stability was assessed using
thermogravimetric analysis (TGA) with a NETZSCH STA-449C simultaneous TG-DTA
apparatus (Selb, Germany), heating at a rate of 10 °C/min under a flowing air atmosphere
at 50 cc/min. Magnetic properties were characterized using a Superconducting Quantum
Interference Device-Vibrating Sample Magnetometer (SQUID-VSM) instrument (Quantun
Design GmbH, Pfungstadt, Germany). The qualitative and quantitative examination of
the elemental composition was performed using an Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES) manufactured by Agilent (Santa Clara, CA, USA).

3.3. ROP for Synthesis PLA

The synthesized NiX@CoO@ZIF-67 was directly applied as a catalyst for the ring-
opening polymerization (ROP) to synthesize polylactic acid (PLA). The NiX@CoO@ZIF-67
catalysts (4 mg) and L-Lactide (L-LA, 260 mg) were mixed in a molar ratio of 100/1
(monomer/catalyst) and transferred into a 10 mL high-pressure glass tube in a glove box
under an argon (Ar) atmosphere. The reactor containing the solid mixture (catalyst and
L-LA), filled with inert Ar gas and free from oxygen and solvent, was transferred to a pre-
heated oven set at 160 °C for a specific reaction time. After cooling to room temperature, the
obtained crude polymer was dried under a vacuum. The conversion rate of the monomer
was determined by 'H NMR spectroscopy (CDCl3) (integration of methine resonances at
4 =5.05 ppm for the monomer vs. § = 5.16 ppm for the polymer).

To terminate the reaction, the reactor was quenched in cold water, and then placed in
a refrigerator at 5 °C for 3 h before further processing. A large amount of dichloromethane
(DCM) was added to the reactor to dissolve the polymer. The catalyst was then recovered
for recycling by centrifugation (9000 rpm, 3 min) and washed with fresh DCM four times
before being dried at 80 °C in a vacuum oven. This dried catalyst is referred to as the
reused catalyst.
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4. Conclusions

A facile method was reported to incorporate Ni into composite magnetic Ni@CoO@ZIFE-
67-6 through the solid-state thermal method (SST). The different Ni incorporation that
affected the structure and properties of materials was verified using several analysis tech-
niques. The iso-structure and properties as no-nickel incorporation were obtained at a
low Ni ratio (<30%Ni ratio based on the cobalt source). The Ni ions were homogeneously
well dispersed in the composite magnetic Ni@CoO@ZIF-67. However, the high induced
Ni ratio (>30% Ni ratio) interfered with the crystal formation and the properties of the
obtained materials. Further, the series of the Ni incorporation on Nix@CoO@ZIF-67 was
applied to catalyze the ring-opening polymerization of L-lactide to synthesize PLA. The
Ni-functionalized catalyst significantly improved the catalytic performance of the applied
reaction. The Ni incorporation suggests exposing more active sites and thus, more available
sites to initiate the ring-opening of the LA monomer. Among the synthesized materials,
Nil0@CoO@ZIF-67 exhibited the highest catalytic activity under comparable conditions.
Additionally, the Ni10@CoO@ZIF-67-6 catalyst maintained its high catalytic activity over
at least five cycles, facilitated by simple separation using an external magnet.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14080490/s1, Figure S1. XRD spectra of Hmim, CoO, CoO@ZIF-
67, and ZIF-67; Figure S2. FTIR spectra of Nil0@CoO@ZIF-67 and CoO@ZIF-67; Figure S3. XRD
spectra of fresh and reused Ni;g@CoO@ZIF-67 catalyst; Figure S4. XPS Spectra of fresh Ni@CoO@ZIF-
67 compared to reused Ni@CoO@ZIF-67 catalyst; Figure S5. Mn value using the CoO@ZIF-67 catalyst,
Notably the reaction condition entailed 4 mg of catalyst, a monomer/catalyst ratio (M/C) of 100/1,
and a reaction temperature was 160 °C for 3 h; Figure S6. Mn value using Nil0@CoO@ZIF-67 catalyst,
Notable: reaction condition of 4 mg of catalyst, monomer/catalyst ratio (M/C) of 100/1, reaction
temperature of 160 °C for 3 h; Figure S7. TEM images of elemental mapping on Nil0@CoO@ZIF-67:
(a) carbon, (b) nitrogen, (c) nickel, (d) cobalt; and Table S1. Precursor amount to the synthesis of
Nix@CoO@ZIF-67 catalysts.
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