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ABSTRACT: Developing rapid room-temperature synthesis is key
to sustainable manufacturing of metal—organic frameworks
(MOFs). Using layered compounds such as hydroxy double salts
(HDSs) as precursors significantly promotes the reaction kinetics
and lowers the required synthesis temperature. However, limited

understanding of the reaction mechanism impedes the further s »
exploration of new routes for MOF synthesis. Here, we report for o0s::is
the first time the use of combined in-situ synchrotron X-ray A
diffraction and X-ray absorption spectroscopy to monitor the ,G;ng’fg ~ Hydroxy double salt 44 Metakorganic framework
dynamic processes to form MOFs in solution. The conversion ‘)'f‘( _)(5-()' : ;'ﬁh‘
from a (Zn,Co) HDS to a mixed-metal zeolitic imidazolate  intercatation with e LTXERT L
framework-8 (mmZIF-8) was chosen as our model reaction. Time- "¢ ¢-spacing 5,1*’2;::

8 4

resolved diffraction patterns exclude the presence of intercalated
HDS structures with altered d-spacing and any other crystalline
intermediate phase during the synthesis. The activation energies of
nucleation and growth were found as 25.5 + 2.5 and 64.0 + 7.9 kJ-mol ™/, respectively. In addition, we captured the evolution of local
structures from mixed coordination states in the HDS to tetrahedral coordination in the mmZIF-8. Furthermore, two possible
reaction pathways were proposed to account for the fast conversion from HDS to mmZIF-8. The fundamental understanding
towards the HDS-based synthesis obtained in this work is expected to guide future development of new fabrication methods for
MOF materials.
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Surface-initiated etching

B INTRODUCTION Up to now, several research works have investigated the
dynamic process involved in the HDS-based synthesis. Zhao et
al.>” pioneered the study of HKUST-1 formation from
(Zn,Cu) HDS using in-situ time-resolved attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectros-
copy. This technique excels in real-time monitoring of bond
formation and anion exchange. However, ATR-FTIR falls short
in probing the dynamic changes in crystal structures, leaving
key kinetic information during the nucleation and growth
periods unexplored. Chen et al.” found an intercalation state in
ex-situ X-ray diffraction (XRD) patterns during the conversion
from (Zn,Co) HDS to mixed-metal zeolitic imidazolate

Rapid room-temperature synthesis of metal—organic frame-
works (MOFs) has been highly desired for industrial
implementation of MOFs and MOF-functionalized compo-
sites."”” Using hydroxy double salts (HDSs) as precursors for
MOF synthesis possesses advantages including facile process-
ing at room temperature and high space—time yield.’
Additionally, the HDS-based method has been demonstrated
on various substrates and enabled fast fabrication of functional
MOF structures such as hierarchical pores MOFs," MOF-
coated fibers,” and MOF membranes.” However, the detailed
reaction mechanism and kinetics involved in the conversion
from HDS to MOF is still not fully understood, mainly due to
the difficulty in obtaining direct evidence in this fast Received:  October 29, 2023 B
heterogeneous process. Accordingly, new HDS-based synthesis Revised:  December 21, 2023 '
routes developed in recent years are limited. In-depth study of Accepted:  January 28, 2024
the transformation mechanism is therefore key to promoting Published: February S, 2024
further advances in new fabrication methods for MOF

materials.
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Figure 1. Schematic of the custom-built flow system for in-situ
synchrotron measurements.

frameworks-7 (mmZIF-7) and thus proposed a two-step
mechanism involving the intercalated intermediate. Sun et
al.” also used ex-situ XRD to study the transformation from
(Co,Co) HDS to ZIF-67. Their work revealed that the
(Co,Co) HDS enabled faster nucleation than the alternatives
like (Co,Al) layered double hydroxide (LDH) and Co(OH),.
Nevertheless, the ex-situ approaches present limitations. Data
from quenched materials may suffer from potential deviations,
as there is no foolproof way to instantly halt the reaction
during quenching. Residual reactants may lead to irrelevant
products in the collected samples, complicating the validation
of intermediate states during synthesis. These limitations

underscore the urgent need for developing in-situ character-
ization techniques to reliably capture the dynamic conversion
from HDS to MOF.

Previously, several in-situ measurements have been
employed to investigate MOF synthesis, including energy-
dispersive'”"" and angle-dispersive'»'* XRD, small-angle X-ray
scattering,'* static light scattering,'” X-ray absorption spec-
troscopy (XAS),'®"” liquid cell transmission electron micros-
copy,18 atomic force microscopy,lg quartz crystal micro-
balances,” surface plasmon resonance,” and magic-angle
spinning nuclear magnetic resonance.”” Most of these studies
have primarily focused on solvothermal and layer-by-layer
synthesis which only involved homogenous reagent solutions.
On the contrary, the HDS-based synthesis starts with a
heterogeneous mixture, thereby adding complexity to the
design of our in-situ apparatus. The rapid conversion rate also
necessitates avoiding the pre-mixing between the HDS and the
ligand before data collection, in order to capture the early stage
of the synthesis. Furthermore, synchronized data acquisition
has emer§ed for obtaining consistent and corroborative
evidence.”” While the previous works carried out combined
SAXS/WAXS to investigate the changes in size, shape and
crystallinity during MOF formation,">'”**™*® simultaneous X-
ray diffraction and absorption measurements are still yet to
explore for unveiling the mechanisms for MOF synthesis.

Here, we reported for the first time the combination of in-
situ synchrotron XRD and XAS techniques to monitor the
changes in structures and coordination environment during the
dynamic transformation from HDS to MOF. We chose the
conversion from (Zn,Co) HDS to mmZIF-8 as our model
system to investigate. In a typical process, (Zn,Co) HDS well
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Figure 2. (a) Schematic of the layered structure of (Zn,Co) HDS. Color code: gray, Zn polyhedron; purple, Co polyhedron; silver, N atom; red, O
atom. (b) XRD patterns of the obtained (Zn,Co) HDS and the reported (Zn,Zn) HDS.* (c) Zn K-edge EXAFS (points) and the curve fit (line)
for (Zn,Co) HDS shown in R-space (FT magnitude and imaginary component). (d) Co K-edge EXAFS (points) and the curve fit (line) for
(Zn,Co) HDS shown in R-space (FT magnitude and imaginary component). The data in (c) and (d) are k*-weighted and not phase-corrected.
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Figure 3. In-situ synchrotron XRD patterns for the conversion from (Zn,Co) HDS to mmZIF-8 measured at (a) 286.05 K, (b) 290.25 K, (c)
294.05 K, and (d) 298.65 K. (e,f) Reaction extent represented by normalized integrated peak area for (e) the mmZIF-8 (211) peak and (f) the

(Zn,Co) HDS (200) peak.

dispersed in a mixed solvent of deionized water and ethanol
reacted immediately upon mixing with the ethanolic solution
of 2-methylimidazole (2-mIm) and rapidly converted to
mmZIF-8 within minutes at room temperature. Carefully
considering the challenges posed by this rapid heterogeneous
system, we developed a custom-built flow system with a
capillary cell (Figure 1). The small inner diameter of the
capillary tube (1 mm) ensured sufficient XAS signal.”” The
external circulation system, positioned off the beam path,
provides freedom of reactor customization to accommodate
complicated synthesis processes. Specifically, such design
allows us to add a magnetic stirrer and a timer-gated funnel
to the temperature-controlled jacketed beaker. The timer-
controlled solenoid valve was devised to automatically initiate
the quick addition of the ligand solution from the funnel to the
beaker with dispersed HDS, triggering the synthesis immedi-

ately without unnecessary pre-mixing. Taking advantage of this
apparatus, we investigated the HDS-based synthesis for
mmZIF-8 at different temperatures and performed kinetic
analysis for the nucleation and growth periods. In addition, we
studied the changes in local coordination environment and
morphology and further proposed two possible pathways for
the conversion from HDS to MOF.

B RESULTS AND DISCUSSION

Structure Characterization of the HDS Precursor. We
first characterized the structure of the (Zn,Co) HDS precursor
prepared for MOF conversion using XRD and XAS measure-
ments. The (Zn,Co) HDS was synthesued by hydrolyzing
ZnO in an aqueous solution of Co(NO;),.”* The XRD pattern
of our (Zn,Co) HDS (Figure 2b) is similar to the reported
pattern for (Zn, Zn) HDS,” confirming the layered structure.

608 https://doi.org/10.1021/cbe.3c00078
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Figure 4. Fitting of the mmZIF-8 formation curve (blue circles) to the Gualtieri model (blue curve) and the resulting probability for nucleation Py
(red curve) at (a) 286.05 K, (b) 290.25 K, (c) 294.05 K, and (d) 298.65 K.

Table 1. Kinetic Parameters Obtained by Fitting mmZIF-8
Formation Curves via the Gualtieri Model

Temp (K) a b ky (min™") kg (min™")
286.05 0.83 + 0.17 0.81 + 0.12 121 + 0.25 122 = 0.11
290.25 0.69 + 0.14 0.73 + 0.0 145 + 0.29 1.67 + 0.10
294.05 0.62 + 0.02 0.30 + 0.07 1.61 + 0.06 3.23 + 0.37
298.65 0.51 + 0.03 0.23 + 0.03 195 + 0.11 3.67 + 0.14
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Figure 5. Arrhenius plot for the temperature-dependent rate
constants of nucleation and growth obtained from the Gualtieri
model.

Specifically, the peak at 20 = 9.12° corresponds to (200)
planes with a d-spacing of 9.68 A, which agrees with the
literature.”® Previously, the structures of HDSs were mainly
deduced by the stoichiometric ratios and the XRD

609

patterns.”*™*> Here, we identified the mixed coordination

environment for Zn and Co in the cationic layers of (Zn,Co)
HDS by fitting the extended X-ray absorption fine structure
(EXAFS) data. Notably, the Zn?' in the obtained HDS
possesses about 68% tetrahedral coordination states and 32%
octahedral coordination states. In contrast, the Co*" in the
(Zn,Co) HDS possesses approximately 35% tetrahedrons and
65% octahedrons, respectively. Our results reveal that cobalt
doping modulates the coordination environment for Zn, which
is not easily detectable by stoichiometric analysis.
Time-Resolved XRD for the Dynamic Conversion. In
order to investigate the dynamic process to convert (Zn,Co)
HDS to mmZIF-8 in solution, we developed a custom-built
flow system for combined in-situ synchrotron XRD and XAS
measurements. Figure 3a—d depict the time-resolved XRD
data obtained at 286.05, 290.25, 294.05, and 298.65 K,
respectively. In Figure 3a—d, the (200) peaks at g = 0.64 A™!
associated with the HDS precursor exhibit high signal-to-noise
ratio, sufficient for obtaining quality in-situ data. The rapid
decrease of intensity for the HDS (200) peak within the first 2
min suggests the quick consumption of the (Zn,Co) HDS.
Concurrently, the peaks at g = 0.51 A™' and q = 0.90 A™'
evolved with increased intensity as the reaction progressed.
The two peaks are related with the (210) and (211) planes of
mmZIF-8. Energy dispersive X-ray (EDX) mapping images
(Figure S3) show a uniform distribution of Zn and Co in the
resulting mmZIF-8. Inductively coupled plasma-optical
emission spectroscopy (ICP-OES) also reveals that the
Zn:Co ratio in our mmZIF-8 (1.8:1) agrees well with the
(Zn,Co) HDS precursor (Table S7), suggesting a stoichio-
metric transformation.® Previously, the expansion of the
interlayer spacing has been commonly found in the HDSs
intercalated by various organic linkers®>** and observed in the
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Figure 6. (a) Normalized in-situ Zn K-edge XANES spectra of the
conversion from (Zn,Co) HDS to mmZIF-8 at 288.85 K. (b)
Processed in-situ Zn K-edge XANES spectra of the conversion from
(Zn,Co) HDS to mmZIF-8 at 288.85 K. The green dot-dash lines
refer to the mixed octahedral and tetrahedral coordination in (Zn,Co)
HDS. The black dash lines refer to the tetrahedral coordination in
mmZIF-8.

(a)

Figure 7. TEM images of the solids collected after the HDS was
exposed to the ligand solution for (a) 30 s (agglomerates and
fragments highlighted in red and yellow dashed circles, respectively),
(b) 1 min (mmZIF-8 particles along the HDS edges highlighted in
blue dashed circles; mmZIF-8 structures on the surface of the HDS
sheets as well as the pit and hole structures highlighted in red dashed
circles.), (c) 3 min, and (d) S min at 298.65 K.
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collected solid species by ex-situ XRD measurements.” In
contrast, no change in d-spacing was found in our work,
indicating negligible intercalation by 2-mIm linkers prior to the
conversion of the HDS to mmZIF-8. This finding further
suggests a possible diffusion-controlled process, where the
reaction rate to form mmZIF-8 was substantially faster than the
diffusion rate of 2-mIm linkers into the interlayer spaces of the
(Zn,Co) HDS.

We further performed quantitative analysis to study the
reaction kinetics. Here, we define t as the reaction time (in
units of min), the extent of mmZIF-8 formation, a(t), as the
integrated peak area I(f) normalized by the maximum
integrated peak area I, 7;p for the mmZIF-8 (211) peak (eq
1), and the extent of HDS consumption, f(t), as the integrated
peak area Iypg(t) normalized by the maximum integrated peak
area I, yps for the HDS (200) peak, respectively (eq 2).

alt) = Lp(t)

max, ZIF (1)
ﬂ(t) — IHDS(t)

max,HDS (2)

Figure 3 panels e and f show that a(t) increases rapidly in the
first few minutes before reaching a plateau at all the four
temperatures while J(t) decreases simultaneously until the
HDS is fully converted during the synthesis. Notably, the
extent of reaction reached 95% in just ca. 3 min, even at
temperatures as low as 286.05 K. Compared to conventional
solvothermal synthesis®® which takes hours to days, this HDS-
based synthesis exhibits advantages in rapid conversion and
low synthesis temperatures.

Kinetic Modeling. To further explore the kinetic
information of the reaction, mathematical models were
employed to analyze the nucleation and growth behaviors.
Previously, several models have been proposed by Avrami and
Erofeev,”° ** Sharp and Hancock,” and Gualtieri*’ for
describing crystallization processes. Here, the Gualtieri model
(eq 3) was chosen because of its capability to describe
heterogeneous reactions and decouple the nucleation and
growth processes.”’ Analyses carried out using other models
were also given in the Supporting Information (Figures S7—
S10, Tables S1 and S2) for comparison.

1 —(kgt)"
a(t) = ——————[1 — e "]
1 4 e o)/ (3)
dN —(t—a)?/2b"
P = — =
NTg TS 4)
1
kg = —
N g Q)

In the Gualtieri equation, a(t) depends on the rate constant
of growth (kg, in units of min™"), the fitting parameter a and b,
along with the dimensionality of crystal growth (n), which is
set to 3 in most cases of MOF crystallization.'”""*>*" The
probability of nucleation (Py) is defined as the amount of
nuclei (N) found at time t and is given as a function of the
parameter a and b (eq 4). Furthermore, the rate constant of
nucleation (ky, in units of min~") is given as the reciprocal of
the parameter a (eq ).

Figure 4 panels a—d show the fitting plots of a(t) and Py
versus time f at four different temperatures. The corresponding
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Figure 8. Schematic of two proposed reaction pathways. The layered structures of the HDS are simplified as planar sheets consisting of octahedral

coordination nodes only. H atoms are omitted for clarity.

kinetic parameters in these cases are summarized in Table 1.
We found that the rate constants for nucleation and growth
both increase with the rise of temperature. The narrower peak
widths in these Py — t profiles, along with earlier Py
maximums, also indicate the temperature dependence of the
nucleation rates.*

We obtained the activation energy E, of nucleation and
growth by applying a linear fitting to the Arrhenius equation
(eq 6), and found E,(N) and E,(G) during the HDS-based
synthesis to be 25.5 + 2.5 and 64.0 + 7.9 kJ-mol ™!, respectively
(Figure S). The activation energy of nucleation obtained here
is lower than common synthesis reactions to prepare MOFs in
literature,' 3> ~** suggesting a reduced energy barrier for
MOF formation by our method.

k= Ae B/RT (6)

Local Structure Evolution During the HDS Con-
version. Furthermore, in-situ X-ray absorption spectroscopy
reveals the changes in the local coordination environment for
the metal nodes during the transformation from (Zn,Co) HDS
to mmZIF-8. Since the raw data exhibit low signal-to-noise
ratio with a temporal resolution of 9.5 s, we superposed every
three neighboring spectra to enhance the signal quality (Figure
6a, details provided in the Supporting Information). Figure 6b
shows the processed X-ray absorption near edge structures
(XANES) data collected at Zn K-edge in the first 6.5 min of
reaction. The energy position of the rising edge, associated
with the 1s to 4p electron transition, is closely related to the
valence state of the corresponding metal in the material.*>*°
We found that the edge positions remained unchanged during
the entire HDS conversion, indicating no redox to the zinc
ions. The first spectrum in the series of processed in-situ
spectra (Figure 6b) shows a major peak at 9665.2 eV, followed
by a minor peak at 9670.2 eV. These peaks represent the mixed
octahedral and tetrahedral coordination for Zn** in (Zn,Co)
HDS, which also agree well with the XANES spectrum
collected ex situ (Figure S13a). Notably, these peaks
significantly diminished after ca. 1 min of reaction, which
indicates the fast consumption of the sheet structure in HDS.
Simultaneously, the evolution of new peaks at 9662.2 and
9668.7 eV was observed, confirming the formation of
tetrahedrally coordinated species identical to the secondary
building units (SBUs) in ZIF-8."”** Previously, in homoge-
neous solutions for solvothermal synthesis, the formation of
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ZIF-8 has been generally considered to involve assembly of
linkers and free Zn aqua ions that possess octahedral
coordination identified with a single peak at 9667 eV.'"**
However, our results suggest that tetrahedral-coordinated
SBUs are more likely generated via direct conversion from
the HDS cationic hydroxide sheets rather than free aqua ions.

Morphological Changes and Proposed Mechanism.
The transmission electron microscopy (TEM) images in
Figure 7 reveal the morphological changes during the
conversion from HDS to ZIF at 298.65 K. We isolated these
solids by quenching the reaction after predetermined time
intervals. The sheet-like morphology of pristine HDS is shown
in Figure S3a. We observed agglomerates of irregular shapes
formed around the HDS in the solids collected after 30 s of
reaction (Figure 7a), which possibly correspond to nascent
mmZIF-8 based on the above-mentioned in-situ XRD results.
Additionally, fragments with size of ca. 20 nm were found in
Figure 7a. Due to the TEM contrast similar to the HDS, we
infer that these fragments were generated from the scissoring
of HDS sheets by 2-mIm ligands. Such a process may
accelerate the transformation into mmZIF-8. In Figure 7b, we
found continuously grown mmZIF-8 particles along the HDS
edges. Such growth behavior provides further evidence of a
diffusion-controlled process as proposed in the in-situ XRD
analysis. Moreover, we identified pit and hole structures on the
surface of the HDS, accompanied by small mmZIF-8 nuclei
(Figure 7b). These features suggest a surface-initiated etch
process, likely to expose more reactive sites in the HDS sheets
to the ligands and contribute to the formation of numerous
SBUs. Figure 7 panels ¢ and d show a substantially decreased
fraction of HDS in the collected solids as the reaction
progressed. Concurrently, the formed mmZIF-8 particles
evolved into well-faceted rhombic dodecahedral shapes,
resembling the morphology of monometallic ZIF-8.** Based
on the TEM observation and the above-mentioned in-situ
synchrotron characterization results, we have proposed two
possible reaction pathways as shown in Figure 8, which both
contribute to the fast conversion rate: (1) In Pathway 1, linkers
diffusing into the interlayer spacing react with the cationic
hydroxy sheets to form MOF SBUs. (2) In Pathway 2, surface-
initiated etching induces the fragmentation of HDS sheets and
exposes more sites for SBU formation and MOF nucleation.
The general transformation of (Zn, Co) HDS to mixed-metal
ZIFs has been reported,” and was further substantiated by a

https://doi.org/10.1021/cbe.3c00078
Chem Bio Eng. 2024, 1, 606—614


https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00078/suppl_file/be3c00078_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00078/suppl_file/be3c00078_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/cbe.3c00078/suppl_file/be3c00078_si_001.pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00078?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00078?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00078?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00078?fig=fig8&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.3c00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chem & Bio Engineering

pubs.acs.org/ChemBioEng

new synthesis route to form mixed-metal ZIF-65 (Figure S15)
developed in this work.

Bl CONCLUSION

In summary, we have reported for the first time the use of
combined synchrotron XRD and XAS techniques for in-situ
monitoring a MOF synthesis. A custom-built flow system has
been designed and installed on the beamline for investigating a
model reaction to convert (Zn,Co) HDS to mmZIF-8. Time-
resolved diffraction patterns show that, even at temperatures as
low as 286.05 K, over 95% conversion was achieved in 3 min.
In contrast to the findings obtained by past ex-situ measure-
ments, our in-situ XRD results exclude the presence of
intercalated HDS structure as an intermediate state during the
synthesis. Kinetic analysis using the Gualtieri model reveals
that the activation energies of nucleation and growth are 25.5
+ 2.5 and 64.0 + 7.9 kJ-mol™!, respectively. In addition, we
found a transformation of local structure from mixed
coordination state in the HDS to tetrahedral coordination in
the mmZIF-8 via in-situ XANES. Based on the structural and
morphological changes, we proposed two possible reaction
pathways facilitating the formation of mmZIF-8. Our results
provide important insights into the HDS-based synthesis and
are expected to promote further advances of new fabrication
routes for MOF materials.
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