
Bimetallic ZIF‑8 from Hydroxide Double Salts for Efficient Cu2+

Removal in Wastewater
Yixin Chen, Zexi Chen, and Sheng Chu*

Cite This: ACS Omega 2025, 10, 4326−4335 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Metal−organic frameworks (MOFs) hold significant potential for applications in gas adsorption and separation,
catalysis, chemical sensing, and drug delivery. Zeolitic imidazolate frameworks (ZIFs) are a type of MOF composed of metal ions
and imidazolate ligands, structurally similar to zeolite structures. ZIF-8, a widely studied ZIF material, is composed of zinc ions
(Zn2+) and 2-methylimidazole as fundamental building blocks featuring unique porous structures, a high specific surface area, and
excellent thermal and chemical stability. This study introduces a rapid room-temperature synthesis method for bimetallic ZIF-8
through the hydroxide double salt (HDS) precursor. Various characterization techniques confirmed that the synthesized bimetallic
ZIF-8 exhibits uniform particle size and high crystallinity. Experimental results indicate that the HDS precursor provides numerous
active sites, facilitating rapid nucleation and resulting in uniformly sized bimetallic ZIF-8 particles. By optimizing the ultrasonic time
of HDS, the concentration of 2-methylimidazole, and the reaction time, the synthesis conditions were refined, producing bimetallic
ZIF-8 particles with an average size of 135.0 nm and a minimum polydispersity index (PDI) of 0.024. Additionally, the copper ion
adsorption performance was evaluated, with the synthesized bimetallic ZIF-8 showing the highest adsorption capacity of 1196.82
mg/g at pH 6, demonstrating its effectiveness in heavy metal removal.

1. INTRODUCTION
Metal−organic frameworks (MOFs) have extensive application
prospects in areas such as gas adsorption and separation,
catalysis, chemical sensing, and drug delivery.1 Zeolitic
Imidazolate Frameworks (ZIFs), a type of MOF, are composed
of metal ions and imidazolate ligands, resembling the structure
of zeolites.2 Among these, ZIF-8 is a common ZIF material,
composed of zinc ions (Zn2+) and 2-methylimidazole. It
possesses unique porous structures, high specific surface areas,
and excellent thermal and chemical stability,3 making it highly
suitable for diverse applications in heavy metal adsorption,4−7

gas separation, catalysis, and energy storage.8−12

In recent years, bimetallic ZIF materials have garnered
significant attention due to the synergistic effects between two
metal ions that can enhance their performance in various
applications.13−15 For instance, introducing a second metal ion
into ZIF-8 can adjust the material’s adsorption properties,
improve its chemical stability, and enhance its selectivity
toward specific metal ions.16,17 In the case of copper ion
adsorption,18−20 the combination of zinc ions with another
transition metal, such as cobalt ions, can significantly increase
the adsorption capacity and recyclability, making bimetallic
ZIF-8 a promising candidate for wastewater treatment.21,22

Furthermore, the design incorporating multiple metal centers

offers opportunities to tailor the electronic and structural
properties of the material, thereby expanding its potential
applications.23−25

Nanomaterials with uniform particle sizes typically exhibit
better dispersibility, higher specific surface areas, and more
stable physicochemical properties.26,27 The self-assembly of
particles into three-dimensional ordered superstructures is
crucial for designing materials such as plasmonic sensors,
energy or gas storage systems, catalysts, and photonic
crystals.28 For ZIF-8, uniform particle size can facilitate the
formation of regular self-assembled structures, enhancing its
performance in gas adsorption, catalysis, and separation
applications.29,30 Studies combining experimental and simu-
lation data have demonstrated that truncated rhombic
dodecahedral ZIF-8 particles can self-assemble into milli-
meter-sized superstructures with underlying three-dimensional
rhombic lattices, functioning as photonic crystals.31 These
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superstructures can adjust photonic band gaps by controlling
the particle size of ZIF-8 and interacat with guest substances in
the micropores of ZIF-8 particles. Uniformly distributed ZIF-8
nanoparticles are expected to form these ordered super-
structures, potentially advancing the application of three-
dimensional photonic materials.32−34

these methods. To better illustrate the strengths and
limitations of various ZIF synthesis methods, Table 1 provides
a comparative summary of their advantages and disadvantages.

T h e H D S f o r m u l a i s s u m m a r i z e d a s
M1−x

2+(M′)x2+(OH)2−yAy/n
n−·mH2O, where M and M′ are

divalent metal cations like Co, Cu, Zn, Mn, Ni, Mg, Cd, and
Fe. Anions (A−) such as CH3COO−, NO3

−, Cl−, SO4
2−, and

CO3
2− balance the positively charged layers, which consist of

metal hydroxides interconnected by inorganic/organic inter-
layer anions.42 HDS compounds exhibit excellent anion
exchange properties due to the exchange of bound anions
within the hydroxide layers.

The transformation of HDS into MOFs follows a typical
pathway: (1) interlayer anions exchange with organic ligands;
(2) the positively charged layers facilitate molecular transport;
(3) high mobility of interlayer anions allows rapid coordination
with metal cations. For example, the transformation of HDS
into HKUST-1 can occur in under 1 min at room temperature,
with a high space-time yield (STY) of >3.6 × 104 kg·m−3·d−1.43

This demonstrates the potential of HDS-based MOF synthesis
for green and efficient industrial production. Additionally, this
method can be used to create MOF composites with
specialized structures like MOF fibers, hierarchical porous
MOFs (HP-MOFs), and MOF membranes.44,45 The rapid
transformation of CuZnHDS into HKUST-1 at room temper-
ature remains the most common example, though further
system development is needed.

This study proposes a rapid room-temperature synthesis
method for ZIF-8 based on HDS precursors. The multiple
reactive sites of HDS precursors lead to the formation of
uniformly sized bimetallic ZIF-8 particles, creating ideal
conditions for self-assembly. We conducted detailed morpho-
logical, structural, and specific surface area characterizations to
investigate the uniformity and potential self-assembly proper-
ties of bimetallic ZIF-8 particles synthesized from HDS
precursors. By adjusting the synthesis conditions, we

controlled the particle size distribution of bimetallic ZIF-8,
producing a series of uniformly sized bimetallic ZIF-8
nanoparticles. The results demonstrate that this novel synthesis
method not only simplifies the ZIF-8 preparation process but
also enhances particle size uniformity, underscoring its
potential for practical applications.

2. EXPERIMENTAL SECTION
2.1. Materials. In this experiment, unless otherwise

specified, all reagents used were commercially available
analytical grade and used as received. The specific reagents
and materials used are as follows: zinc oxide (ZnO, 99%
purity) was purchased from Macklin; cobalt nitrate hexahy-
drate (Co(NO3)2·6H2O, 99.99% purity) was purchased from
Aladdin; zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99%
purity) was purchased from Aladdin; 2-methylimidazole
(C4H6N2, 98% purity) was purchased from Macklin; ethanol
(CH3CH2OH, 99.7% purity) was purchased from Macklin.
2.2. Sample Preparation. 2.2.1. Synthesis of CoZnHDS

via the Hydrolysis Method. First, 1.0 g (12.28 mmol) of ZnO
powder was dispersed in 10 mL of deionized water using
ultrasound treatment for 10 min. Next, 4.465 g (15.34 mmol)
of Co(NO3)2·6H2O was dissolved in 15 mL of deionized
water. Under vigorous stirring at room temperature, the
Co(NO3)2·6H2O solution was slowly added to the ZnO
suspension. The mixture (molar ratio Co/Zn = 1.25:1) was
stirred magnetically at room temperature for 12 h. After
vacuum filtration, the pink powder was collected and stirred at
room temperature in 25 mL of 0.64 M Co(NO3)2 solution.
After 12 h of continuous stirring, ZnO was completely
converted to HDS. The HDS powder was collected by
vacuum filtration and washed with 50 mL of ethanol for 6 h.
The resulting slurry was then centrifuged at 6000 rpm for 5
min, and the resulting powder was dried overnight in a vacuum
oven at 25 °C. The HDS synthesized via the hydrolysis
method is designated as CoZnHDS.

2.2.2. Conversion of CoZnHDS to Bimetallic ZIF-8. First,
0.05 g of CoZnHDS was dispersed in 10 mL of a mixed solvent
of deionized water and ethanol (v%/v% = 50:50) using
ultrasound treatment for 10 min. Then, 0.5 g (6.1 mmol) of 2-
methylimidazole was dissolved in 5 mL of ethanol and added
to the HDS slurry under magnetic stirring. After reacting for 10

Table 1. Advantages and Disadvantages of Various ZIF Synthesis Methods

methods advantages disadvantages

microwave-assisted synthesis method35,36 rapid reaction high energy cost
phase selectivity thermally assisted
small product size specialized reaction apparatus

ultrasonic chemical synthesis method37,38 simple operation difficult to control the reaction
product selectivity high energy cost
short reaction time expensive reaction apparatus

mechanochemical synthesis method39 solvent-free conditions limited synthesis systems
economical and environmentally

electrochemical synthesis method40 mild reaction conditions complex reaction apparatus
simple operation only applicable to redox reactions
avoids anion formation insufficient theory and process development

flow chemistry method41 scalable production some inherent risks
green and economical some limitations

requires precise control
layered compound transformation method rapid reaction still in the early research stage, requiring further investigation into more systems

high space-time yield
versatility
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min, the product was separated by centrifugation at 6000 rpm
for 3 min and washed three times with 50 mL of ethanol. All
operations were conducted at room temperature. The collected
purple powder was dried in a vacuum at 60 °C for 12 h, and
the resulting product was designated as bimetallic ZIF-8.

2.2.3. Synthesis of One-pot ZIF-8/67. First, dissolve 0.1 g
(0.386 mmol) of Zn(NO3)2·6H2O and 0.1 g (0.339 mmol) of
Co(NO3)2·6H2O in 20 mL of deionized water, and use
ultrasound treatment for 10 min to ensure complete
dissolution. Next, dissolve 1 g (12.25 mmol) of 2-
methylimidazole in 10 mL of ethanol and slowly add it to
the metal ion solution. Magnetically stir at room temperature
for 30 min to ensure the reaction proceeds fully. Centrifuge the
reaction product at 6000 rpm, wash three times with ethanol,
and dry the collected Onepot-ZIF-8/67 under vacuum at 60
°C for 12 h.

2.2.4. Synthesis of ZIF-8. Dissolve 0.1 g (0.386 mmol) of
Zn(NO3)2·6H2O in 10 mL of deionized water using
ultrasound treatment for complete dissolution. Next, dissolve
0.5 g (6.1 mmol) of 2-methylimidazole in 10 mL of ethanol
and slowly add it to the Zn ion solution. Magnetically stir for
10 min at room temperature, then centrifuge at 6000 rpm to
separate the solid product, washing three times with ethanol.
Dry the collected ZIF-8 powder under vacuum at 60 °C for 12
h.

2.2.5. Synthesis of ZIF-67. Dissolve 0.1 g (0.339 mmol) of
Co(NO3)2·6H2O in 10 mL of deionized water using
ultrasound treatment to ensure complete dissolution. Next,
dissolve 0.5 g (6.1 mmol) of 2-methylimidazole in 10 mL of
ethanol and slowly add it to the Co ion solution. Magnetically
stir for 10 min at room temperature, Centrifuge at 6000 rpm to
separate the solid product, and wash three times with ethanol.
Dry the collected ZIF-67 powder under vacuum at 60 °C for
12 h.

2.2.6. Control of Bimetallic ZIF-8 Particle Size. 0.05 g of
CoZnHDS was dispersed in a mixture of deionized water and
ethanol (v%/v% = 50:50) using ultrasound treatment for a
specified duration. Then, 0.5 g (6.1 mmol) of 2-methyl-
imidazole was dissolved in an appropriate amount of ethanol
and added to the HDS slurry under magnetic stirring. After
reacting for the specified time, the product was separated by
centrifugation at 6000 rpm for 3 min and washed three times
with 50 mL of ethanol. The particle size and dispersibility of
the obtained product are provided in the Supporting
Information Table.

2.2.7. Copper Ion Adsorption Experiment Procedure and
Calculation Formulas. To evaluate the copper ion adsorption
capacity, 30 mg of the sample was used as the adsorbent. A
standard copper solution was prepared by dissolving copper

acetate in distilled water to achieve a concentration of 1000
mg/L. The adsorption experiment was conducted by adding
the 30 mg of adsorbent to 50 mL of the copper solution and
stirring the mixture at 60 °C. Samples were taken at varying
time intervals, approximately every 30 s, to monitor the copper
concentration using UV−vis spectroscopy at a wavelength of
750 nm.
2.3. Characterization. X-ray diffraction (XRD) was

performed using a PANalytical X’Pert PRO X-ray diffrac-
tometer (Cu Kα radiation source) at an operating voltage of 40
kV, with a scanning range of 5−50° and a scanning speed of
4°/min. Scanning electron microscopy (SEM) images were
taken with a Hitachi SU-8010 SEM. Before imaging, the
powder samples were dispersed in ethanol, dropped onto
polished silicon wafers, and coated with platinum by
sputtering. Energy-dispersive X-ray (EDX) analysis was
performed using an Oxford energy-dispersive X-ray spectrom-
eter (X-max80) equipped on the SU-8010 SEM. Transmission
electron microscopy (TEM) images were taken with a Hitachi
HT-7700. Before imaging, the powder samples were dispersed
in ethanol and dropped onto a carbon support film. The Co:Zn
ratio in HDS and ZIF powders was determined by inductively
coupled plasma optical emission spectrometry (ICP-OES,
Varian-730ES). 0.020 g of powder sample was dissolved in 1
mL of HNO3 (65% to 68%, Sinopharm) and diluted to 100
mL (<20 ppm). Before ICP-OES analysis, the sample solution
was filtered using a 0.2 μm filter. The BET surface area was
calculated from N2 adsorption measurements performed at 77
K using a Quantachrome Autosorb-IQ2-MP gas adsorption
analyzer. Particle size and size distribution were measured
using a Zetasizer 3000HSA (Marven) nanoparticle size
analyzer. Fourier transform infrared spectroscopy (FTIR)
was measured using a Thermo Nicolet 5700 spectrometer.
The thermal stability of the samples was measured using a
Mettler TGA/DSC3+ simultaneous thermal analyzer (TGA).
Ultraviolet−visible diffuse reflectance spectroscopy (UV−vis)
was measured using a PerkinElmer Lambda 750 spectrometer.

3. RESULTS AND DISCUSSION
Figure 1 illustrates the room temperature conversion route of
the HDS method for synthesizing bimetallic ZIF-8. In this
process, zinc oxide first reacts with cobalt nitrate to form HDS,
followed by the addition of an organic ligand to convert it into
ZIF-8 structure. Morphological analysis of the synthesized
HDS was conducted using SEM, TEM, and AFM, revealing a
typical layered structure with a thickness of approximately 3
nm. The morphology of bimetallic ZIF-8 synthesized from
HDS precursors was analyzed by SEM, which showed uniform
particle morphology (Figure 3e). SEM images revealed that

Figure 1. Schematic illustration of the HDS conversion method for bimetallic ZIF-8.
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bimetallic ZIF-8 particles exhibited a regular polyhedral
structure with smooth surfaces. TEM images (Figure 3f)
revealed the internal structure and crystalline morphology of
the bimetallic ZIF-8 particles, showcasing clear crystal
boundaries and uniform internal structures. Measurement of
particles in SEM images indicated that the particle size of
bimetallic ZIF-8 was 136.5 ± 12 nm, demonstrating good size

uniformity. To further verify the size distribution of bimetallic
ZIF-8 particles, dynamic light scattering (DLS) tests were
conducted. The DLS results showed an average particle size of
135 nm with a polydispersity index (PDI) of 0.024, indicating
a very narrow size distribution. It was consistent with the SEM
measurements, confirming that the synthesis method based on

Figure 2. (a) XRD and (b)FTIR patterns of the intermediates collected during the conversion of CoZnHDS in 2-methylimidazole solution at
different reaction time.

Figure 3. Morphological and Structural Characterization of ZIF-8 Synthesized from HDS Precursor. (a) SEM of HDS; (b) TEM of HDS; (c) AFM
of HDS; (d) Thickness of HDS; (e) SEM of bimetallic ZIF-8; (f) TEM of bimetallic ZIF-8; (g) DLS of bimetallic ZIF-8.
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HDS precursors effectively produces uniformly sized bimetallic
ZIF-8 particles.

We investigated the transformation mechanism of
CoZnHDS to bimetallic ZIF-8, as demonstrated by a series
of semi-in situ XRD and FTIR analyses. Figure 2a shows the
XRD patterns of samples at different reaction times, indicating
a rapid transformation of CoZnHDS into bimetallic ZIF-8
within 5 min. During this process, the diffraction peak at 9.08°,
associated with HDS(200), gradually disappeared, confirming
the conversion to bimetallic ZIF-8. The transient appearance
of a peak at 9.57°, followed by its disappearance, suggests the
formation of an intermediate phase, likely a modified HDS
structure with reduced interlayer spacing due to anion
exchange. This intermediate phase supports the hypothesis
that anion exchange is the initial step in the transformation of
HDS into the MOF structure.

Further insights are provided in Figure 2b, which displays
FTIR spectra at different reaction times. A peak at 1732.8
cm−1, corresponding to an intermediate phase, appears briefly
and then vanishes, mirroring changes seen in the XRD
patterns. The increasing intensity of absorption peaks in the
1300−1400 cm−1 range indicates the penetration and reaction
of 2-methylimidazole within the HDS interlayers. Moreover,
the emergence of peaks in the 420−450 cm−1 range, indicative
of Co/Zn−N bonds, confirms the coordination of 2-

methylimidazole with Zn2+ and Co2+ ions, leading to the
formation of bimetallic ZIF-8.

Additionally, SEM imaging was used to examine the
morphology of the intermediates during the reaction. SEM
images (Figure S1, complemented by Figure 3) reveal the
material’s morphological evolution from the layered structure
of HDS to finely dispersed mm-sized ZIF-8 particles. Notably,
the SEM image of the sample reacted for 3 min shows
intermediates where ZIF particles are emerging within the
layered structure, interconnected by partially unconverted
HDS, providing a visual confirmation of the transformation
process.

The EDX mapping (Figure S3) and ICP-OES results
confirm that the metal ratio in both CoZnHDS and bimetallic
ZIF-8 is approximately consistent (Co/Zn ≈ 1:2). These
characterization results indicate that the rapid room-temper-
ature method of producing bimetallic ZIF-8 from HDS
precursors has significant advantages, resulting in high-quality
and uniformly sized bimetallic ZIF-8 particles.

Structural and performance characterization of bimetallic
ZIF-8 synthesized from HDS precursor are illustrated in Figure
4. The XRD patterns (Figure 4a) of simulated ZIF-8,
synthesized bimetallic ZIF-8, and CoZnHDS are shown. The
XRD pattern of HDS exhibits a distinct peak at 9.05°,
consistent with the characteristic peak of HDS reported in the
literature.46,47 The XRD pattern of synthesized bimetallic ZIF-

Figure 4. Structural and Performance Characterization of bimetallic ZIF-8 Synthesized from HDS Precursor. (a) XRD patterns of simulated ZIF-8,
synthesized bimetallic ZIF-8, and HDS; (b) FTIR spectra of bimetallic ZIF-8 and HDS; (c) TGA curves of bimetallic ZIF-8 and HDS; (d) UV−vis
spectrum of bimetallic ZIF-8.
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8 shows multiple characteristic peaks at 7.3, 10.4, 12.7, and
14.7°, which match well with those of simulated ZIF-8,
indicating that the synthesized material is ZIF-8 structure with
good crystallinity. This confirms the successful conversion of
CoZnHDS precursor to ZIF-8 and that ZIF-8 possesses the
expected crystalline structure.

The FTIR spectra (Figure 4b) of bimetallic ZIF-8 and
CoZnHDS are also presented. The FTIR spectrum of HDS
shows distinct peaks at 1381.94, 3482, and 3571.4 cm−1. The
sharp peaks at 3482 and 3571.4 cm−1 are attributed to −OH
stretching vibrations, while the peak at 1381.94 cm−1 is likely
associated with the characteristic vibrations of the hydroxide
double salt in HDS. The FTIR spectrum of bimetallic ZIF-8
shows multiple characteristic peaks, reflecting its complex
molecular structure. The main peaks are assigned as follows:
425 cm−1 is related to Zn−N or Co−N stretching vibrations;
689.7 and 755.8 cm−1 are possibly due to Zn−N or Co−N
coordination vibration modes; 958.3 and 996.94 cm−1 are
likely associated with imidazole ring deformation vibrations;
1142.8 and 1173.9 cm−1 are assigned to C−N stretching
vibrations; 1306.1 and 1426.7 cm−1 are linked to C−H
bending vibrations within the imidazole ring; 1584.2 cm−1 is
related to C�C or C�N stretching vibrations; and the broad
peak at 3450.8 cm−1 is due to hydrogen bonding and residual
water molecules in the ZIF-8 structure. These FTIR peaks
indicate that the synthesized bimetallic ZIF-8 possesses the
expected chemical bonds and molecular structure.

Figure 4c shows the thermogravimetric analysis (TGA)
curves of bimetallic ZIF-8 and HDS. The TGA curve of HDS
shows two weight loss stages before 200 °C, corresponding to
the removal of adsorbed water and structural water, with a
decomposition temperature around 450 °C. In contrast, the
TGA curve of bimetallic ZIF-8 shows a single weight loss
plateau at 350 °C, corresponding to the decomposition of the
ZIF-8 framework, indicating that the product is a uniform
bimetallic ZIF-8 framework, rather than the mixture of ZIF-8
and ZIF-67. The UV−vis spectrum (Figure 4d) of bimetallic
ZIF-8 displays multiple absorption peaks. The absorption peak
at 224 nm typically corresponds to π−π* transitions, indicating
the presence of a conjugated system in ZIF-8; the peak at 321
nm possibly corresponds to n-π* transitions, reflecting the
transition of nonbonding electrons in the ZIF-8 structure; the
peak at 418 nm is likely related to metal-to-ligand charge
transfer (MLCT) in ZIF-8;48 and the absorption peaks at 530
and 569 nm are possibly related to d-d transitions of metal ions
in bimetallic ZIF-8, particularly the electronic transitions of Co
and Zn elements doped in bimetallic ZIF-8. These absorption
peaks indicate that the synthesized ZIF-8 has a complex
electronic structure and promising optical properties, making it
potentially valuable in photocatalysis and optical materials
applications.

Shown in Figure 5 is the nitrogen adsorption isotherm of
bimetallic ZIF-8 synthesized from CoZnHDS. The BET
surface area calculated from this adsorption isotherm of ZIF-
8 is 1463.78 cm2/g, which is consistent with the BET surface
area of bimetallic ZIF-8 reported in the literature.49 Using the
aforementioned characterization techniques, we confirmed that
the bimetallic ZIF-8 synthesized from HDS precursors has
uniform particle size, good crystallinity, and stable structure.
Additionally, it exhibits self-assembly properties and excellent
optical characteristics.

The different self-assembly methods of bimetallic ZIF-8 are
displayed in Figure 6. Illustrated in Figure 6a is the three-

dimensional self-assembly achiedved by depositing the sample,
at a concentration of 20 mg/mL, onto a silicon wafer and
allowing the solvent to evaporate slowly at room temperature.
The bimetallic ZIF-8 particles exhibit a rhombic dodecahedron
structure and form an ordered three-dimensional arrangement
through facet-to-facet attraction. Figure 6b shows the planar
self-assembly formed by adding 20 μL of oleic acid to 1 mL of
the same sample as in (a), then depositing it onto a silicon
wafer and allowing the solvent to evaporate slowly at room
temperature. This method results in the ZIF-8 particles
forming an ordered two-dimensional planar arrangement on
the surface. Figure 6c presents a schematic diagram of the self-
assembly potential, visually illustrating the structures formed
by the different self-assembly methods of the bimetallic ZIF-8
particles. Figure S2 shows the sample prepared by dispersing in
DMF, which also exhibits a tendency for planar self-assembly
on the surface. These results indicate that by adjusting solvent
evaporation conditions and additives, the self-assembly
morphology of bimetallic ZIF-8 can be controlled, thereby
influencing its performance in different applications.

The HDS conversion method can produce uniformly sized
nanoparticles for the following reasons: Crystal formation
involves nucleation and crystal growth.50 Using HDS as an
intermediate provides numerous active sites for the coordina-
tion of organic ligands,43,51 effectively reducing the nucleation
time to almost zero. Therefore, the growth time of all crystals
can be considered the same within a certain range, resulting in
uniformly sized crystals.

We also investigated the effect of synthesis conditions on the
particle size distribution of bimetallic ZIF-8 by altering the
synthesis parameters. A series of synthesis conditions were
designed based on a reaction time of 30 min and a 2-
methylimidazole concentration of 0.41 mol/L. As shown in
Table S1, with the increase in ultrasonic time, the PDI of the
product initially decreased from 0.103 to 0.024, but then
sharply increased to 0.260 when the ultrasonic time exceeded
40 min. This trend is primarily due to the influence of
ultrasonic time on the thickness and dispersibility of the HDS
layers. During the initial extension of ultrasonic time, thin HDS
layers may exfoliate from the bulk structure, forming uniformly
thick and well-dispersed precursors. However, with prolonged
ultrasonic time, excessive ultrasonic energy may lead to the
destruction of the nanosheet structure or the aggregation of
nanoparticles. Through extensive repeated experiments, it was
found that an ultrasonic time of 40 min resulted in the lowest

Figure 5. N2 physisorption isotherm at 77 K for the bimetallic ZIF-8
obtained from HDS.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06512
ACS Omega 2025, 10, 4326−4335

4331

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06512/suppl_file/ao4c06512_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06512/suppl_file/ao4c06512_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06512?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06512?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06512?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06512?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PDI of 0.024 and a particle size of 135.0 nm. Therefore, an
ultrasonic time of 40 min was adopted for subsequent studies.

In addition to ultrasonic time, different concentrations of 2-
methylimidazole were also used: 0.20 mol/L, 0.41 mol/L, and
0.81 mol/L, with the ultrasonic time for HDS prepared by the
hydrolysis method set to 40 min and a reaction time of 30 min.
As shown in Table S2, the PDI of the product initially
improves and then worsens with increasing reactant concen-
tration. The main reason is that at higher reactant
concentrations, the formation rate of bimetallic ZIF-8 particles
is too rapid, while at lower concentrations, the conversion of
CoZnHDS to bimetallic ZIF-8 is too slow or incomplete. After
numerous repetitive experiments (each set of experiments
repeated more than three times), it was found that at a 2-
methylimidazole concentration of 0.41 mol/L, the product had
the lowest PDI of 0.024 and a particle size of 135.0 nm.

We further investigated the effect of different reaction times
(ranging from 5 to 45 min) on the particle size distribution of
bimetallic ZIF-8, with the ultrasonic time for HDS prepared by
the hydrolysis method set to 40 min and a 2-methylimidazole
concentration of 0.41 mol/L. As shown in Table S3, with
increasing reaction time, the PDI of the product initially
decreases from 0.632 to 0.024, but then increases to 0.083
when the reaction time exceeds 30 min. At a reaction time of
30 min, the product has the lowest PDI of 0.024 and a particle
size of 135.0 nm. At shorter reaction times, CoZnHDS has not
fully or has just converted to bimetallic ZIF-8 particles,
resulting in a relatively wide PDI. When the reaction time is
too long, Ostwald ripening or aggregation due to nanoparticle
collisions may cause the PDI to widen.52

Using the aforementioned characterization techniques, we
confirmed that the bimetallic ZIF-8 synthesized from HDS
precursors exhibits uniform particle size, good crystallinity, and

Figure 6. Three-dimensional and planar self-assembly potential of bimetallic ZIF-8: (a) Three-dimensional self-assembly after depositing the
sample at a concentration of 20 mg/mL onto a silicon wafer and allowing the solvent to evaporate slowly at room temperature; (b) Planar self-
assembly after adding 20 μL of oleic acid to 1 mL of the same sample as in (a), then depositing it onto a silicon wafer and allowing the solvent to
evaporate slowly at room temperature; (c) Schematic diagram of the self-assembly.

Figure 7. (a) Adsorption curves of bimetallic ZIF-8, Onepot-ZIF-8/67, ZIF-8, and ZIF-67 for copper ions at pH 6; (b) Adsorption curves of
bimetallic ZIF-8 for copper ions under various pH conditions.
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a stable structure. Additionally, its self-assembly performance
and excellent optical properties were demonstrated. These
results indicate that the rapid room-temperature synthesis
method of bimetallic ZIF-8 from HDS precursors has
significant advantages, enabling the production of high-quality
and uniformly sized bimetallic ZIF-8 particles. This provides a
solid foundation for their application in catalysis, gas
separation, and energy storage. With further optimization
and control, this method is expected to play an important role
in the broader synthesis of MOF materials.

The adsorption performance of different ZIF structures for
copper ions at pH 6 is shown in Figure 7a. ZIF-67 exhibited
the lowest adsorption capacity, while ZIF-8 showed a moderate
improvement. The Onepot-ZIF-8/67, synthesized via a one-
pot method, further enhanced adsorption capacity, reflecting
the synergistic effect of incorporating both Zn and Co.
Notably, bimetallic ZIF-8 achieved the highest adsorption
capacity of 1196.82 mg/g, indicating that the presence of
multiple active sites significantly improves copper ion removal
efficiency.

We also evaluated the adsorption performance of bimetallic
ZIF-8 across different pH levels (Figure 7b). The highest
capacity was observed at pH 6, with slightly lower but
comparable results at pH 7. Adsorption efficiency decreased at
pH 5 and was lowest at pH 8, likely due to copper hydroxide
precipitation in alkaline conditions, which reduces the
availability of free copper ions for adsorption. These results
suggest that slightly acidic to neutral pH conditions are optimal
for copper ion uptake by bimetallic ZIF-8. Figure S4 presents
the SEM and EDS analysis of ZIF-8 after Cu2+ adsorption at
pH 7. The SEM images reveal that the samples have
undergone some degree of aggregation after Cu2+ adsorption.
However, the XRD results indicate no significant changes in
the crystallographic structure of ZIF-8 after the adsorption
process, suggesting that the integrity of the material is largely
maintained despite the observed aggregation.

In order to provide a comprehensive evaluation of our
bimetallic ZIF-8’s performance in Cu2+ adsorption, we have
compared it with other widely reported composite materials,
such as Alginate-chitosan/hydroxyapatite and Sodium algi-
nate/sodium humate @ Polyacrylamide.18−20 As shown in
Table 2, our material demonstrates significantly higher

adsorption capacity. However, these composite materials
exhibit superior recyclability due to their inherent biodegrad-
able and structural properties. Compared to previously
reported ZIF-8-based materials, our bimetallic ZIF-8 shows
comparable adsorption efficiency, emphasizing the benefits of
the HDS transformation strategy employed in our study.

4. CONCLUSIONS
Using various characterization techniques, we confirmed that
ZIF-8 synthesized from HDS precursors possesses uniform
particle size, good crystallinity, and a stable structure. Further
studies revealed that ultrasonic time, 2-methylimidazole
concentration, and reaction time are key factors affecting the
size and dispersibility of ZIF-8. Under optimized conditions,
the synthesized ZIF-8 particles have a size of 135.0 nm and a
PDI of 0.024. Additionally, the copper ion adsorption
experiments highlighted the material’s strong performance at
slightly acidic to neutral pH levels, further emphasizing its
potential in environmental applications. In summary, the rapid
room-temperature synthesis method for ZIF-8 using HDS
precursors has significant advantages, enabling the production
of high-quality and uniformly sized ZIF-8 particles. This
provides a solid foundation for their application in catalysis, gas
separation, and energy storage and heavy metal remediation.
With further optimization and control, this method is expected
to play an important role in the broader synthesis of MOF
materials.
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