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Abstract:

The zeolitic-imidazolate-framework-8 (ZIF-8) is one of the extensively studied metal-organic
frameworks (MOF) materials because of its unique structure. For its potential applicability in
numerous fields, it becomes crucial to have detailed studies on the structural stability of ZIF-8,
especially in aqueous environments. A number of studies have been conducted to investigate the
breakdown process of the ZIF-8 structure in water; which is known as the hydrolysis of ZIF-8.
However, those studies reported different opposing experimental observations on the role of
water on the structural stability of ZIF-8, which created obscurity in understanding this
phenomenon. This study explored the effects of different water-derived species on the structural
stability of ZIF-8; specifically, examined the effects of only water and water with different
oxidative species that may be generated by water molecules’ dissociation under external energy
or catalyst presence. To this effort, we experimentally probed the physical and chemical
structural changes of ZIF-8 in DI water and three different solutions of hydrogen peroxides
(H20»); taking H>O» as the source of oxidative species. To assess the changes in elemental
compositions, chemical bonds, functional groups, crystal structure, and morphology, all the
samples were analyzed by X-ray photoelectron spectroscopy (XPS), energy-dispersive x-ray
(EDX) spectroscopy, Fourier Transform Infrared (FTIR) spectroscope, X-ray diffractometer
(XRD), and scanning electron microscope (SEM). Significant structural changes in ZIF-8
occurred mainly in the presence of oxidative species in water. Notably, oxidative species’

concentration exceeding 1 M heightened the deformation of the ZIF-8 structure.

Keywords: Zeolitic-imidazolate-framework-8 (ZIF-8), ZIF-8 stability; ZIF-8 hydrolysis; Effect

of oxidative species on ZIF-8; ZIF-8 crystal structure.



1. Introduction:

Metal-organic frameworks (MOFs) are a class of material where different framework structures
are formed by a variety of orientations of transition metal atoms (Zn, Cu, Co, Fe, etc.) and their
organic linkers [1-5]. Such structural coordination induces different properties in the material
such as high porosity, extended surface area, various electrochemically active sites, etc. which
are appealing for versatile applications such as CO; capturing [6—8], hydrogen storage [9-11],
natural gas storage [12,13], water purification [14,15] catalysis [16—19], magnetism [20,21],
chemical and biosensing [22] biomedical applications [23-26], and so on. Zeolitic imidazolate
frameworks (ZIFs) are a specific type of MOF where the framework structures resemble the
microporous crystal structure of zeolites. Zeolitic imidazolate framework-8 (ZIF-8) is the most

familiar of the ZIF materials. In ZIF-8, the tetrahedrally coordinated zinc atoms bond with the
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Figure 1: Schematics of ZIF-8 crystal unit cell; sodalite shape of the unit cell; formation of
ZIF-8 crystal from unit cells; and ZIF-8 crystal with planes denoted with miller indices from an

arbitrary reference coordinate. Schematics are not in actual size scales.



nitrogen sites of organic linkers 2-methylimidazole (HMIM) and form unit cells of sodalite
structure; unit cell side length is around 16.99 A [27]. These unit cells coordinate among
themselves to form truncated rhombic dodecahedron or rhombic dodecahedron crystal structures.
Figure 1 presents the chemical structural form of the ZIF-8’s unit cell and its crystal structures.
Such unique structural characteristics of ZIF-8 hint at its applicability in diversified areas; hence,

numerous research communities have invested focus on the material.

Numerous studies reported the application of ZIF-8 as a carbon dioxide (CO;) absorber,
hydrogen and natural gas storage, photocatalysts, electrochemical catalysts, water-purifying
materials, biomedical materials, etc. [28—36]. Many such applications require the material to
operate in different aqueous environments. Hence, investigating the material’s stability in
different water-based environments became a concern [37]. A number of studies have been
conducted on the structural and chemical stability of ZIF-8 in water-based environments.
However, the stability of ZIF-8 in water remained largely debated to this date. Compiling
experimental studies have been reported in recent years showing both the structurally stable and
unstable nature of ZIF-8 in the aqueous medium. The disintegration of the ZIF-8 structure in

contact with water is known as ZIF-8 hydrolysis in literature.

Different experimental observations suggested high structural stability of ZIF-8 in water. In a
study by Park et al. [38], ZIF-8 powder was suspended in boiling water for 1-7 days. The powder
x-ray diffraction (PXRD) patterns of the sample indicated no crystal structural changes of the
material over the test period. Sheng et al. [39] reported that the water stability of ZIF-8 has a
dependency on the type of zinc salts used in the synthesis process of the material. ZIF-8
produced from zinc acetate salt exhibited much higher hydrothermal stability than the ZIF-8
produced with zinc nitrate salt which is most commonly used. They suspended four ZIF-8
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samples (synthesized with four different zinc salts) in water at 80 °C for up to ten days. While all
of the samples maintained structural stability for seven days in terms of morphological and
crystal structure, the ZIF-8 sample produced with zinc acetate could maintain its structural
stability for full ten days. No further details were provided in this study to understand why the
same material synthesized from different zinc salts showed different stability in water. More
recently, while investigating the applicability of ZIF-8 as a means of drug delivery, Ahmed et al.
reported through absorption-based experiments that ZIF-8 samples maintained a high thermal
and aqueous stability [25]. Li et al. and Jiang et al. investigated the applicability of ZIF-8 for the
removal of arsenate and benzotriazoles respectively from aqueous environments [14,15]. From
their experiments, it was seen that ZIF-8 did not lose its adsorption capacity for a considerable

time frame and the material was also reusable.

Contrary to the above-mentioned reports, different studies implicated the vulnerability of ZIF-8
structure in aqueous environments. Taheri et al. reported that the ZIF-8 structure decomposes in
the presence of water to some degree, however, the process is accelerated in the presence of UV
light [40]. In multiple accounts, Zhang et al. reported the hydrolysis of ZIF-8 occurring in
elevated temperatures as well as ambient conditions [41-43]. They also reported that when the
hydrolyzed ZIF-8 is condensed back to the solid state by evaporating water, a new substance
with an almost identical composition as ZIF-8 is formed but with an altered crystalline structure.
Tanaka et al. presented that the pristine ZIF-8 could maintain its structural form after being
immersed and stirred in water at room temperature for seven days [44]. However, as the same
experiments were performed at an elevated temperature of 90° C, the sample structurally
decomposed to a degree. They also reported that when the outermost layer of ZIF-8 can be made

carbon-rich, the material exhibits higher hydrothermal stability and absorptivity.



From the above-mentioned group of studies we can note some postulations on the hydrothermal
stability of ZIF-8: the type of precursor materials and synthesis process may have an effect on
the water stability of ZIF-8; the experimental conditions to examine the material’s stability in
water such as experiment time, ZIF-8 to water ratio, supplied external energy, etc. may have
influences on the structural stability of ZIF-8 in the aqueous environment; doping of integrations
of other materials also influences the hydrothermal stability of ZIF-8; the stability of ZIF-§ in

aqueous medium may be tuned by functionalizing the imidazolate linker with different anions.

Asides from reaching any conclusions on the ZIF-8 hydrolysis process these postulations
generate further intriguing questions on the key influencing factors of this process. Nonetheless,
the most anticipated path of the ZIF-8 hydrolysis process was reported as the breakdown of Zn-N
(metal-ligand) bonds, and the formation of Zn-OH moieties or ZnO species in contact with water
[41]. However, only a very few studies are found that focused on this process. Besides,
seemingly no compiling reports were found to probe whether the water molecules alone could
break off the Zn-N bonds without being assisted by externally supplied energy to the test
environments. Nonetheless, the studies on ZIF-8 hydrolysis provide an indication that in the test
environments, different oxidative species may be formed upon the dissociation of water
molecules in presence of externally supplied energy, impurities remained from the ZIF-8
synthesis process, and different electronically active parts of the ZIF-8 structure [39,40]. These
species may intensify the Zn-N bond breakdown process. Furthermore, in different practical
applications of ZIF-8-based materials, especially in electrochemical environments, the presence
of different oxidative species is obvious. It is therefore essential to investigate the ZIF-8
hydrolysis process from this perspective of the presence of oxidative species in the aqueous test

environment to achieve a clearer perception.



In this study, we attempted to understand the ZIF-8 hydrolysis process from the perspective of
the presence of different oxidative species in the aqueous test environment. To this effort, we
have treated ZIF-8 with DI water and aqueous solutions of hydrogen peroxide (H20:) of three
different concentrations as H>O» can be readily decomposed in water and produce a variety of
oxidative species and radicles such as HO-, OHe, He, and OOHe* [45,46]. The treated ZIF-8
samples were examined for elemental composition changes, chemical bond changes, functional
group changes, crystal structure changes, and morphological changes. The experimental findings
of this study should aid concerned research communities to gain a clearer view of the ZIF-8

hydrolysis process.

2. Materials and Methods:

2.1 Sample preparation:

ZIF-8 was purchased from Aldrich (Basolite Z1200) which is a white powder; used as the base
sample; the rest of the samples were compared with it for structural and chemical properties. For
the hydrolysis investigation, first, 80 mg of ZIF-8 powder was mixed with 1 ml of deionized
water. The mixture in the sealed container was subjected to vortex mixing for two hours at room
temperature so that the effect of water on the structural changes of ZIF-8 can be observed. Then
the mixture was dried out and the water treated ZIF-8 samples were collected in powder form. In
a similar manner 80 mg of ZIF-8 was mixed with (1 ml each) three different concentrations of
H>O:> solutions 0.01 M, 0.1 M, and 1 M and subjected to vortex mixing During the vortex mixing
process of ZIF-8 and H>O, mixtures color changes were noticed, apparent the mixtures reacted

exothermically; at a much higher rate for ZIF-8 and 1 M H20O» container forming gas bubbles.



After two hours of mixing, the samples were dried out in a vacuum chamber (in ~ -50 kPa) to
remove any possible guest molecules in the pores of ZIF-8, then the samples were collected for
characterization. As it was intended to examine only the effects of water and hydrogen peroxide
solutions on the structure of ZIF-8, the samples were not subjected to any further thermal or
chemical process after the water and H>O; treatment step. A 5 M H>O, ZIF-8 sample preparation
was also attempted, however, the reactivity was too high and exothermic for that mixture, so it

was discarded.

2.2 Elemental composition and chemical bonds and functional group evaluation method:

The chemical structural changes of the ZIF-8 samples in terms of elemental compositions and
relative ratios of different major elements C, N, and Zn were evaluated by x-ray photoelectron
spectroscopy (XPS) survey scan spectra analysis and element-specific narrow scan spectra
analysis through fitting peaks on them for different chemical bonds. The XPS investigations
were carried out in an ultrahigh vacuum (UHV) system with base pressures below 5x10-9 Torr.
The system is equipped with a twin anode X-ray source (SPECS, XR50). Al Ka (1486.7 eV)
radiation was used at 10 kV and 30 mA and a hemispherical electron energy analyzer (SPECS,
PHOIBOS 100). The angle between the analyzer and X-ray source is 45° and photoelectrons
were collected from the sample surface perpendicularly. The adventitious carbon located at 284.5

eV was used to calibrate the XPS peak positions. XPS data were analyzed using Casa XPS.

Taking into account that XPS is primarily a method for characterizing surfaces, probing only a
few nanometers beneath the material's surface, the elemental composition of ZIF-8's bulk was

additionally determined through energy-dispersive x-ray (EDX) spectroscopy. This was carried



out using a JEOL JSM-7600F scanning electron microscope (SEM) equipped with an EDS

analyzer.

In order to further validate the major chemical changes identified in the ZIF-8's chemical
structure as indicated by the XPS analysis due to the influence of water and H»>O, the samples
were further analyzed using a Fourier Transform Infrared (FTIR) spectroscope (Nicolet 6700 FT-
IR spectrometer); especially to detect the changes in the chemical functional groups on the ZIF-8

structure due to water and H,O, treatments.

2.3 Crystal structure evaluation method:

The ZIF-8 samples were analyzed by an EMPYREAN, Philips multipurpose X-Ray
Diffractometer (XRD) system to determine the changes in the crystal structures caused by water
and H,O; treatments. To avoid data noise the samples were mounted on the XRD system by
placing them on a zero-background detraction holder of pure silicon (9N). The diffraction peaks
of ZIF-8 samples were analyzed with reference to the ZIF-8 diffraction data from International

Centre for Diffraction Data (ICDD).

2.4 Morphological evaluation method:

To evaluate the changes in morphology from the pure ZIF-8 to water-treated ZIF-8 to H2O»-
treated ZIF-8 samples SEM imaging was employed to observe the material structures up to 100

nm scale. The submicron scale SEM images were obtained by a JEOL JSM-7600F SEM system.



3. Results and Discussion:

3.1 Elemental composition changes:

Table 1: Surface elemental composition of ZIF-8, DI water treated ZIF-§, and 0.1, 0.1, and 1 M

H>0, treated ZIF-8 samples; obtained by UHV-XPS survey scan.

Samples Nitrogen (N) Zinc (Zn) Carbon (C) Oxygen (O)
relative atomic relative atomic  relative atomic  relative atomic
ratio ratio ratio ratio
(%) (%) (%) (%)

ZIF-8 25.87+0.85 3.45+0.09 62.94 + 1.35 7.74 +0.58

ZIF-8 + HoO (Water) 24.59 +0.50 3.23+0.19 63.69 + 0.82 8.49 + 0.40

ZIF-8 +0.01 M H202 25.76 £0.31 3.12+0.28 64.95 + 0.85 6.17 £0.94

ZIF-8 +0.1 M H,02  26.64 £1.95 3.19+£0.09 64.01 £ 0.53 6.16 £1.96

ZIF-8 + 1 M H20» 2491 +£0.38 2.84 £0.09 55.34+2.27 16.91 £2.11

To determine the changes in the relative elemental ratios of the major elements on the ZIF-8
samples’ surfaces due to the effect of water and H>O> solutions, three sets of pure ZIF-8, water-
treated, and H,O»-treated ZIF-8 samples were analyzed by UHV-XPS. A set of XPS survey
measurements spectra are provided in the supplementary file (Figures S-1 to S-5). Table 1
presents the averaged (with a standard deviation) relative elemental ratios of nitrogen, zinc,
carbon, and oxygen of the samples obtained by the XPS survey scan. The data appeared to be
consistent with previously reports [47,48]. The possible source of the oxygen content in the pure
ZIF-8 sample are physorbed/particulate oxygen appeared during the sample preparation process
for XPS analysis [15,41,44]. It's important to highlight that the XPS analysis often faces issues
with surface oxygen content. Additionally, because XPS (as well as EDX) cannot identify
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hydrogen (H) atoms, the relative elemental ratio of ZIF-8 may deviate from what is calculated
based on the standard chemical formula of ZIF-8 (Zn(MIM), or CsH12N4Zn). Nevertheless, it is
reasonable to assume that since all ZIF-8 samples (both untreated and treated) encountered the
same experimental issues, the effects of water and H>O; treatments on ZIF-8 can still be
reasonably discerned from these data. The elemental ratios of the pure ZIF-8 and water-treated
ZIF-8 appeared similar indicating that the material’s elemental composition did not change
considerably in contact with water for two hours. A drop in the oxygen content was observed in
the 0.01 M HxO»-treated ZIF-8 sample indicating that the species from H>O> may have removed
the oxygen contents from the ZIF-8 surface at the treatment condition. The ratio of zinc slightly
declined to indicate the removal of zinc atoms from the material surface on a smaller scale most
like in the form of zinc oxide [41]. An increase in the carbon contents also suggests the removal
of oxygen species from the ZIF-8 surface. Treatment with 0.1 M H>O, also indicate the removal
of the oxygen contents from the ZIF-8 surface and no other significant changes were observed.
In the 1 M H>O»-treated ZIF-8, a dramatic increase in the oxygen contents was observed; raised
approximately little more than two times from ~ 7.74% to 16.91%. This indicates that at this
treatment condition, the species from H>O, may have reacted with different parts of ZIF-8 and
originated the material surface. The reduction of carbon, nitrogen, and zinc contents of ZIF-8 at
this condition also indicates that a layer of oxygen-containing species formed on the material’s
surface. However, considering the margin of error, these data can not conclusively suggest
significant chemical alterations in the ZIF-8 structure. Hence, additional analysis of these

samples through XPS narrow scans and FTIR spectroscopy is discussed in subsequent sections.

To assess the bulk elemental composition changes in the ZIF-8 samples, relative elemental ratios

were obtained by EDX analysis as presented in Table 2; measured at least three times for each
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sample. A set of original EDX measurements data are provided in the supplementary file

(Figures S-1 to S-5).

Table 2: Bulk elemental composition of ZIF-8, DI water treated ZIF-8, and 0.1, 0.1, and 1 M

H>O: treated ZIF-8 samples; obtained by EDX measurements.

Samples Nitrogen (N) Zinc (Zn) Carbon (C) Oxygen (O)
relative atomic relative atomic  relative atomic  relative atomic
ratio ratio ratio ratio
(%) (%0) (%0) (%0)

ZIF-8 29.37 +4.06 7.51 +1.08 61.88 £3.10 1.24+0.41

ZIF-8 + H,O (Water) 27.86 +2.62 6.32 £1.24 64.54 + 3.43 1.28 £0.68

ZIF-8 +0.01 M H2O, 24.76 £ 1.67 10.27 £2.38 63.74 £ 1.06 1.40 +0.50

ZIF-8 +0.1 M H,O, 30.87+1.72 5.47+0.76 62.30 £2.12 1.35+0.48

ZIF-8 + 1 M H,0, 29.87+0.84 7.07 £0.87 58.22 £0.37 4.85+0.07

The relative elemental ratio of major elements (N, Zn, C) in the pure ZIF-8 sample, as
determined by EDX, closely aligns with the elemental ratio calculated from ZIF-8's standard
chemical formula (N : Zn : C = ~ 30.7 : 7.7 : 61.53, excluding H atoms). However, EDX
measurements notably differ from those obtained by XPS, particularly concerning the relative
percentage of oxygen. This discrepancy arises because XPS primarily analyzes the elemental
ratio at the material's surface, where a significant amount of physisorbed/particulate oxygen is
present. In contrast, EDX probes the elemental ratio from the material's bulk, which helps
normalize the impact of physisorbed/particulate oxygen of the ZIF-8’s surface on the relative
elemental composition data. However, these observations suggest that, in the pure ZIF-8

samples, a substantial portion of the oxygen content was concentrated on its surface especially
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on the ones prepared for XPS analysis. The relative ratios of Zinc in the ZIF-8 samples, as
measured by EDX, are considerably higher than those obtained through XPS measurement. Such
difference between XPS and EDX data is due to two factors: (1) within the framework structure
of ZIF-8, the Zn content is substantially lower than the C and N contents, and the Zn atoms are
surrounded by C and N atoms, as well as O atoms, particularly at the material's surface. This
lower Zn content and the specific structural arrangement of Zn atoms in ZIF-8 significantly
attenuate the energy of emitted photoelectrons from Zn atoms during XPS analysis, resulting in a
lower detection of the Zn content in the material by XPS compared to EDX. Such an effect is not
significant for the C and N because of their relative abundance in ZIF-8. (2) Additionally, the
decrease in the relative ratio of oxygen in the EDX measurement, in contrast to the XPS data
(achieved by normalizing the counts of physisorbed/particulate oxygen on the material's surface),

also contributes to an increase in the relative ratios of Zn.

However, changes in the relative elemental ratios observed through EDX due to the impact of
water and H>O» treatments mirrored the trends indicated by XPS measurements. Considering the
standard deviation in the data, no definitive changes were observed between the pure ZIF-8 and
water-treated ZIF-8 samples. Consistent with XPS findings, EDX measurements clearly showed
that the relative elemental ratios of ZIF-8 underwent significant changes following 1 M H>O»
treatment, with a notable increase in the oxygen's relative ratio and a decrease in the carbon's
relative ratio. EDS data revealed that the oxygen's relative ratio increased approximately fourfold
from ~1.24% to 4.85%, while this increase was roughly twofold in XPS data. This suggests that
the rise in oxygen content due to the 1 M H20O: treatment not only affected the surface of ZIF-8

but also increased oxygen content in the material's bulk.
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The alterations in elemental composition observed through both XPS and EDX measurements,
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Figure 2: XPS C 1s narrow scan spectra of (a) ZIF-8; (b) DI water treated ZIF-8; (c-e) 0.01 M,

0.1 M, and 1 M H,O» treated ZIF-8. The Data obtained from UHV-XPS experiments.
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considering both the surface and bulk of the ZIF-8 samples, suggest that water treatment did not
bring about significant changes in the material's composition. The most noticeable changes

occurred with the 1 M H,O» treatment.

3.2 Chemical bond changes:

To observe the changes in different chemical bonds of carbon, nitrogen, and zinc XPS narrow
scans were obtained for C 1s, N 1s, and Zn 2p. Considering the relatively lower ratio of zinc and
nitrogen, 30 scans were obtained consecutively to construct the Zn 2p and N 1s spectra. The
relative ratios of the bonds were quantified by fitting peaks corresponding to the bonds. The
Shirley background was used to construct the synthetic peaks. Peak fittings were completed by
obtaining reasonable residual standard deviation between the experimental data curve and overall

synthetic data envelop.

3.2.1 Changes in the Carbon bonds:

Figure 2 shows the C 1s narrow scan spectra of pure ZIF-8, water-treated ZIF-8, and three
samples of H,O»-treated ZIF-8. To analyze the C 1s spectra by fitting peaks of major bonds of
carbon in the material, the bonding energy of the C-C, C-N, C-O, and C-metal (carbides) bonds

were considered 284-284.5 eV, 286 eV, 285 eV, and 282-283.5 eV respectively.

It is observed that the ratio of the C-C bond decreased by around 6% from the pure ZIF-8 sample
to the water-treated ZIF-8 sample while the C-O bond ratio increased by around 4%. The ratio of
C-N bonds was increased slightly. The C-C bonds in the ZIF-8 mainly represent the bond
between the pentagonal ring of the imidazole and the methyl (-CHs) group. The observed decline
in the relative ratio of C-C bonds and the corresponding increase in the C-O and C-N bonds
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indicate the probable dissociation of -CH3 from the imidazolate ring of ZIF-8 structure and being
replaced by oxygen-containing groups on a small scale; most possibly by the -OH group from
water [26]. To verify such indication for the chemical changes, the samples were subjected to
FTIR analysis, presented in a later section. The presence of the -CH3 group in the ZIF-8 structure
rationalizes the hydrophobic nature of the material and the water adsorption property of ZIF-8
can be tuned by linker functionalization with different anions [49]. Studies also showed that the
nonpolar -CH3 group can improve the MOF materials' stability and aqueous environments by
shielding the material from the attack of aqueous species [50]. In this regard, it can be asserted
that the replacement of -CH3 of the ZIF-8 by polar groups such as -OH changes the hydrophobic
nature of the ZIF-8 structure and makes it vulnerable to further structural deformation. The XPS
C 1s data comparison of water-treated ZIF-8 with pure ZIF-8 sample suggests that the treatment
of ZIF-8 with DI water for two hours at room temperature did not decrease the C-C bond ratio
significantly, hence, did not significantly affect the structural stability of ZIF-8. This observation

is supported by the crystal structural and morphological data presented in the later section.

However, in different previous studies, it was observed that the different ZIF-8 samples did go
into structural deformation in water contact [26,41-43]. In this regard, it was also interesting to
notice that in the ZIF-8 samples that were hydrolyzed even at room temperature, a considerable
ratio -OH species were already present in the pristine form of those ZIF-8 samples which may
have aided the hydrolysis process. Obviously, more specific studies are required to elucidate this

issue which is beyond the scope of this current study.

Compared to the pure and water-treated sample, in the 0.01 M H>O»-treated ZIF-8 while the C-C
and C-N bond ratio remained almost unchanged however the ratio of C-O bonds decreased

slightly. This indicates that the oxygen contents were removed to a degree from the ZIF-8
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surface; most likely by the H' ions from the H>O; solution. A peak between 282-283.5 eV
corresponding to the carbon-metal bond (C-metal) was observed for this sample suggesting the
formation of bonds between carbon and zinc atoms. These observations suggest that the
treatment of ZIF-8 with 0.01 M H>O; solution did not affect the structural stability significantly.
For the 0.1 M H>O»-treated sample, the ratio of C-O bonds further decreased slightly however no

drastic changes were observed in the ratio of other carbon bonds.

In the 1 M H2O»-treated ZIF-8 sample, a dramatic decrease in the C-C bonds and an increase in
the C-O bonds were observed which indicates a drastic change in the structure of the ZIF-8. The
C-Zn bond ratio is found highest at the condition. In the pristine form of ZIF-8, it is expected that
the Zn atoms form bonds with the N atoms of the imidazole linkers. The increase in the Zn-C
bonds suggests the possible breakdown of Zn-N bonds which can lead to the destruction of the
pristine form of the ZIF-8’s unit cells. These observations together suggest that the oxidative
species from 1 M H>O> may have replaced the -CH3 groups with -OH to a much higher degree.
Also, the presence of polar -OH moiety in the ZIF-8 may have weakened the Zn-N bonds leading
to their breakdown, ultimately causing a drastic alteration of the ZIF-8’s structure. A clearer
view on this indication may be found from the changes in the nitrogen and zinc bonds in the

samples.

3.2.2 Changes in the Nitrogen bonds:

In the ZIF-8 structure, the nitrogen atoms prominently form bonds with zinc and carbon atoms.
Especially the state of N-Zn bonds is purported to be one of the main indicators of the stability of
the entire molecular and crystal structure of ZIF-8 in aqueous environments. To this aspect, it

was essential to evaluate the changes in the nitrogen bonds of ZIF-8 due to water and H20:
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treatments in this study. The XPS N Is narrow spectra of the ZIF-8 sample are presented in
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Figure 3: XPS N Is narrow scan spectra of (a) ZIF-8; (b) DI water treated ZIF-8; (c-e) 0.01 M,

0.1 M, and 1 M H,O» treated ZIF-8. The Data obtained from UHV-XPS experiments.
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figure 3. Each of the N 1s spectra is fitted with three peaks corresponding to N-Zn, N-C
(pyrrolic), and adsorbed-N on the surface of the material. The nitrogen atoms forming the
pentagonal imidazole ring exhibit binding energy in the XPS analysis very close to the ones in
the pyrrole ring, thus, for N-C bonds binding energy around 400.7 eV was considered. The peaks
for N-Zn bonds correspond to around 399.4 eV [51,52]. The peaks correspond to adsorbed or

particulate nitrogen with binding energies around 396.5 —397.5 eV.

In the pure ZIF-8 sample, the N Is spectrum is mainly composed of the N-Zn bonds followed by
the N-C bonds. In the water-treated ZIF-8 sample, the nitrogen bonds were almost unchanged
compared to the ones of pure ZIF-8. The N-Zn bonds were found to slightly decreased while the
adsorbed nitrogen content increased slightly; which indicates that the water mildly affected the
ZIF-8 structure. In the 0.01 M H;O,-treated ZIF-8, the N-Zn bond relative ratio slightly
decreased further thus increasing the relative ratio of N-C bonds and the ratio of adsorbed
nitrogen decreased compared to the water-treated ZIF-8 sample. These observations suggest that
the ZIF-8 could maintain its structural integrity at this level of oxidative specie in the test
environment. In the 0.1 M H2O:-treated ZIF-8 sample again the N-Zn bonds decreased slightly
while the N-C bonds increased compared to the previous sample. However, these changes were
not significant enough to conclude any drastic changes in the ZIF-8’s structure at this test
condition. The changes in the Zn-N and N-C bonds from pure ZIF-8 to 0.1M H2O:-treated ZIF-8
sample found by these XPS N 1s spectra analysis can not certainly suggest the structural changes

of ZIF-8.

However, changes in the nitrogen bonds in the 1 M HyO»-treated ZIF-8 sample were obvious.
The relative ratio of N-Zn bonds drastically dropped while a dramatic increase in the adsorbed

nitrogen content was observed. This indicates a considerable change in the ZIF-8 structure by the
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effect of 1 M HxO»-derived species. The XRD data and SEM image, presented in the later
sections, also show a drastic change in the ZIF-8 structure for this sample. The oxidative species
from 1 M H>O> most likely started attacking N-Zn bonds at a much higher degree [41]; the
nitrogen atoms remained on the material’s surface in an adsorbed form. Besides, at this point, it
1s also reasonable to correlate the simultaneous dramatic increase in the C-O bond ratio,
observed in the C 1s spectra analysis, and the considerable decrease in the N-Zn bond ratio in
this sample. The degree of the breakdown of N-Zn bonds may be influenced by the degree of
increase in the -OH group in the ZIF-8 structure. If the nonpolar -CHs moiety of ZIF-8 is
replaced by the polar -OH group, it is obvious that a shift in the electronic structures of the
adjacent C, N atoms will occur which may play a role in the weakening of the N-Zn bond
[53,54]. Further targeted investigations may be conducted on this aspect which is beyond the

scope of this study.

3.2.3 Changes in the Zinc bonds:

For complimentary confirmation of the changes in carbon and nitrogen bonds, Zn 2p narrow
scan spectra of the ZIF-8 samples were obtain ed. Two peaks corresponding to Zn 2p 1/2 and Zn
2p 3/2 were observed at the bonding energy around 1045 eV and 1021 eV respectively. The Zn
2p 3/2 peak was fitted with Zn-N, Zn-O or Zn-OH, and Zn-C bonds correspond to the bonding
energy around 1021.4 eV, 1022.1 eV, and 1019 eV respectively. The Zn 2p spectra are shown in

figure 4.

For the pure ZIF-8 sample, the Zn 2p 3/2 is dominated by the Zn-N bonds. Also, the XPS data

indicate the existence of Zn-O/Zn-OH and a trace amount of Zn-C bond in the material. The Zn-
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N bonds are found to be in a slightly declining trend from pure ZIF-8 to water treated ZIF-8 to
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Figure 4: XPS Zn 2p narrow scan spectra of (a) ZIF-8; (b) DI water treated ZIF-8; (c-e) 0.01

M, 0.1 M, and 1 M H>O; treated ZIF-8. The Data obtained from UHV-XPS experiments.
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0.01 M and 0.1 M H;O»-treated ZIF-8. And the Zn-O/Zn-OH and Zn-C bonds appeared almost
the same from pure ZIF-8 to 0.1 M H,O,-treated ZIF-8 samples. However, a sharp drop in the
Zn-N bond and an increase in the Zn-O/Zn-OH and Zn-C bonds were found in the 1 M H>0»-
treated ZIF-8 sample. The observation of the Zn-N and Zn-C bonds at this condition corroborates
the analysis of the N-Zn and C-Zn bonds from N 1s and C 1s spectra. The rapid increase in the
Zn-O/Zn-OH bond at this condition follows the ZIF-8 hydrolysis mechanisms previously
proposed [41]. Nonetheless, comparing the change in the zinc bonds it may be postulated that the
water did not cause a drastic change in the ZIF-8 structure, however, the oxidative species from

H>O> noticeably affected the ZIF-8 structure when its concentration reached 1 M.

3.3 Functional group changes:

FTIR spectroscopy was employed to analyze ZIF-8 samples and discern alterations in chemical
functional groups resulting from DI water and H>O» treatments. Figure 5 provides a comparison
of FTIR spectra for the samples, starting with pure ZIF-8 at the top, followed by the DI water-

treated sample, and subsequently the H>O»-treated ZIF-8 samples.

In the FTIR spectra of pure ZIF-8, the peak around 3135 cm™ and 2930 cm™ corresponds to the
stretching vibrational mode of C-H bonds of the methyl group (-CH3) of the imidazole linker and
the entire imidazole ring. The peak around 2145 cm™ corresponds to the -N=C=N- bonds of the
imidazole ring. The peak around 1584 cm™ corresponds to the C=C and/or C-N bonds. The
peaks around 1427-1460 cm™ also correspond to the entire imidazole ring. The peak at 1384 cm’!
corresponds to the C-C bonds which is most likely the bond between the pentagonal ring and

methyl group of the imidazole ring.
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Evidently, the FTIR spectra exhibit only subtle changes between the pure ZIF-8 sample, DI
water-treated sample, and the samples treated with 0.01 M and 0.1 M H>O,. Despite the XPS
analysis suggesting a gradual decrease in C-C bonds in these samples, the FTIR spectra still
clearly display peaks corresponding to C-C bonds (at ~ 1384 cm™) in these samples. This
observation implies that, although C-C bonds may have experienced some breakage by the effect
of 0.01 M, and 0.1 M HxO; treatments, they remained intact in enough quantity to show their
characters peak in FTIR spectra. Notably, for the 1 M H>O,-treated sample, this peak was

reduced, indicating a significant alteration in C-C bonds and the chemical structures surrounding

them.
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Figure 5: FTIR spectra comparison of pure ZIF-8 (top), DI water-treated ZIF-8, 0.01 M, 0.1 M,

and 1 M (bottom) H>O; treated ZIF-8.
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Upon comparing the FTIR spectra of pure ZIF-8 and the 1 M H;O»-treated sample, various
changes are evident in terms of different peak intensities, and the emergence of new peaks

indicates the chemical changes resulting from the H>O» treatment

In the FTIR spectra of 1 M H,O»-treated samples, a distinct peak appears at 3618 cm™,
characteristic of the -OH functional group. This peak is notably more intense compared to the
other treated samples. This finding aligns with the XPS analysis presented earlier. Additionally, a
significant decrease in the intensity of the C-H peak around 3135 cm™ is observed in the 1 M
H>O»-treated sample compared to the other samples, implying a potential dissociation of the
methyl (-CH3) group from the imidazole ring. Furthermore, the reduction in peak intensity
around 1384 cm! (corresponding to C-C bonds) also suggest a potential dissociation of -CHj

from the imidazole ring by the 1 M H»O»> treatment.

The peak at 2145 cm! (-N=C=N-) notably diminishes in the 1 M H,O»-treated sample in
comparison to the other samples. Simultaneously, a new peak emerges around 2241 cm,
corresponding to the -N=C=0 bond. These two alterations, along with the seemingly unchanged
peak around 1584 c¢cm” (C=C/C-N) in comparison to other samples, indicate a potential
breakdown of the imidazole ring, which could also lead to the breakdown of N-Zn bonds. The
broadening of peaks in the ranges 1576-1668 cm™ and 1423-1460 cm™' additionally suggests

structural deformation of the imidazole ring due to the effect of 1 M H20sx.

In summarizing the FTIR analysis of the ZIF-8 samples, no significant chemical structural
changes were observed among the pure, DI water-treated, 0.01 M H>O»-treated, and 0.1 M H>0»-
treated ZIF-8 samples. However, notable chemical structural changes are evident in the 1 M

H>O»-treated ZIF-8 samples compared to the others. These changes include the presence of the -
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OH group, potential dissociation of the -CH3 group from the imidazole linker, deformation of the
imidazole ring, and potential dissociation of the N-Zn bond. These observed changes in the FTIR
spectra are consistent with the findings from the XPS analysis in the preceding section.
Nevertheless, in various instances, literature has indicated that the ZIF-8 structure may be
susceptible to water exposure [41]. While the hydrolysis process of ZIF-8 is not fully understood,
the root of its structural instability in aqueous environments can be traced back to the choice of
the Zinc salt used in ZIF-8 synthesis and the type of functional groups attached to the imidazole
ring of the material [39, 47]. In light of existing literature and our current experimental
observations, it may be hypothesized that the presence of preexisting hydroxyl (-OH) groups in
synthesized ZIF-8, potentially rendering the material somewhat hydrophilic, could be a crucial
factor contributing to ZIF-8's structural instability in water-based environments. However,
further investigations are necessary to comprehend such processes, which fall beyond the scope

of this study.

3.4 Crystal structural changes:

The changes in the crystal structure of the pure, water-treated, and H>O»-treated ZIF-8 samples
were observed by taking the XRD patterns of the samples. The XRD patterns of each of the
samples are normalized by the highest peak intensity for comparison shown in figure 6. In the
XRD pattern of pure ZIF-8 sample, the prominent peaks are found at 7.3°, 10.4°, 12.7°, 14.7,
16.2, 18.1°, 26.7° which corresponds to the (011), (002), (112), (022), (013), (222), and (134)
planes [5,55,56]. These diffraction peaks represent the sodalite structure’s lattice planes; the

XRD pattern confirms the structural purity and high crystallinity of the ZIF-8 sample.
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Figure 6: XRD patterns comparison of ZIF-8, DI water treated ZIF-§8, 0.01 M, 0.1 M, and 1 M

H>0; treated ZIF-8.

The XRD pattern of the water-treated ZIF-8 sample appeared almost identical to the pure ZIF-8
one indicating that the water treatment for two hours did not alter the crystal structure of the
material significantly. The XPS patterns of 0.01 M and 0.1 M H>O»-treated ZIF-8 sample also
appeared identical with slightly increased intensity. This can be correlated with the observation
of the changes in the elemental composition (table 1 and table 2), where it was seen that oxygen
contents were reduced by 0.01 M and 0.1 M H;O»; the removal of oxygen content from ZIF-8

structure improved the degree of structural order/crystallinity of the material.

The XRD pattern of the 1 M H;O»-tread ZIF-8 sample shows a reduction in different peaks’
intensities. Especially the peaks at 7.3° (011), 12.7° (112), and 18.1° (222) which correspond to

the most exposed crystal planes of ZIF-8 are deformed significantly.
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3.4 Morphological changes:
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Figure 7: Morphology of (al, a2) ZIF-8, (b) DI water treated ZIF-8; (c-e) 0.01 M, 0.1 M,

and 1 M H,O treated ZIF-8 from the SEM images.



Material structural or morphological changes that occurred in ZIF-8 samples due to the water and
H>O> treatments were realized by comparing their SEM images in figure 7. Figure 7 (a and b)
shows the morphological structure of pure ZIF-8 on a submicron scale. The well-defined crystal
supper cells are observed with approximate diameters around 150 — 400 nm. These cells are
composed of ZIF-8 unit-cells with porous frameworks as shown in figure 1. Figure 7 (b) shows
the structure of water treated ZIF-8 sample. The crystal cells of ZIF-8 are still in a well-defined
form which indicates that the DI water at room temperature did not cause significant changes in

the ZIF-8 structure. Figure 7 (c) shows the submicron structure of 0.01 M H,O»-treated ZIF-8.

While the crystal units are visible some deformations in the shape of the crystal units are noticed.
This indicates that the oxidative species from the H>O; affected the chemical structure of ZIF-8.
Figure 7 (d) shows the morphology of the 0.1 M H;O,-treated ZIF-8 sample. The degree of
structural deformation is much high in this sample compared to the previous one. It appears that
the crystal units are infused among each other to some degree and the shape edges of the cells
became smoother. The material structure of the 1 M HxO»-treated ZIF-8 sample is presented in
Figure 7 (e). The crystal unit ZIF-8 is almost totally altered in this condition. It can be inferred
that the oxidative species from H>O> at this high concentration broke the chemical bonds of the
ZIF-8 structure to a high degree so that the pure structural form could not be retained. Additional

images are provided in the supplementary file (Figure S-6).
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4. Conclusion:

In this investigation into the structural stability of ZIF-8 when exposed to oxidative species in an
aqueous environment, pure ZIF-8 samples underwent treatment with DI water and aqueous
solutions containing three distinct concentrations of H2O». All ZIF-8 samples, both untreated and
treated, were subjected to analysis to discern alterations in elemental compositions, chemical
bonds of major elements, functional groups, crystal structures, and morphology. The findings
indicated that the ZIF-8 structure remained largely unchanged when in contact with water for
two hours. Treatment with 0.01 M and 0.1 M H>O» resulted in a marginally purer composition
and crystal structure. However, the most significant physical and chemical changes in ZIF-8
were observed following treatment with 1 M H>O.. According to the XPS data, the treatment
resulted in the breakdown of Zn-N bonds and the formation of Zn-O/Zn-OH. The 1 M H20:
treatment led to a reduction in C-C bonds and an increase in C-O bonds, suggesting the
elimination of the methyl group (-CH3) from the ZIF-8 chemical structure by oxygen-containing
groups. The FTIR spectra reveal a notable increase in the -OH functional group and a likely
dissociation of -CHj3 groups in the 1 M H20»-treated sample when compared to both the pure and
water-treated ZIF-8 samples. Additionally, the XRD data indicate that H>O> at a concentration of
1 M significantly affects four predominantly exposed lattice planes. These crystal structural
changes are also reflected in the morphological alterations observed in the SEM images of the
material. While the experimental evidence in this study offers valuable insights into
understanding the structural stability of ZIF-8 in aqueous environments, these findings are
expected to inform and guide future research endeavors exploring the diverse applications of

ZIF-8.
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Tables:

Table 1: Surface elemental composition of ZIF-8, DI water treated ZIF-§, and 0.1, 0.1, and 1 M

H>0, treated ZIF-8 samples; obtained by UHV-XPS survey scan.

Samples Nitrogen (N) Zinc (Zn) Carbon (C) Oxygen (O)
relative atomic relative atomic  relative atomic  relative atomic
ratio ratio ratio ratio
(%0) (%0) (%0) (%0)

ZIF-8 25.87 £ 0.85 3.45+0.09 62.94 + 1.35 7.74 £0.58

ZIF-8 + H,O (Water) 24.59 +0.50 3.23+£0.19 63.69 +0.82 8.49 +0.40

ZIF-8 +0.01 M H>O, 25.76 £0.31 3.12+£0.28 64.95 £0.85 6.17 £ 0.94

ZIF-8 + 0.1 M H,O0,  26.64 £1.95 3.19+0.09 64.01 +£0.53 6.16 £ 1.96

ZIF-8 + 1 M H,0, 2491 +£0.38 2.84 +0.09 55.34£2.27 16.91 +2.11

Table 3: Bulk elemental composition of ZIF-8, DI water treated ZIF-8, and 0.1, 0.1, and 1 M

H>0, treated ZIF-8 samples; obtained by EDX analysis.

Samples Nitrogen (N) Zinc (Zn) Carbon (C) Oxygen (O)
relative atomic relative atomic  relative atomic  relative atomic
ratio ratio ratio ratio
(%) (%0) (%0) (%0)

ZIF-8 29.37 +4.06 7.51 +1.08 61.88 £3.10 1.24+0.41

ZIF-8 + H,O (Water) 27.86 +2.62 6.32 £1.24 64.54 + 3.43 1.28 £0.68

ZIF-8 +0.01 M H2O, 24.76 £ 1.67 10.27 £2.38 63.74 £ 1.06 1.40 +0.50

ZIF-8 +0.1 M H,O, 30.87+1.72 5.47+0.76 62.30 £2.12 1.35+0.48

ZIF-8 + 1 M H,0, 29.87+0.84 7.07 £0.87 58.22 £0.37 4.85+0.07
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Figure Captions:

Figure 1: Schematics of ZIF-8 crystal unit cell; sodalite shape of the unit cell; formation of ZIF-8
crystal from unit cells; and ZIF-8 crystal with planes denoted with miller indices from an

arbitrary reference coordinate. Schematics are not in actual size scales.

Figure 2: XPS C 1s narrow scan spectra of (a) ZIF-8; (b) DI water treated ZIF-8; (c-e) 0.01 M,

0.1 M, and 1 M H,O» treated ZIF-8. The Data obtained from UHV-XPS experiments.

Figure 3: XPS N 1s narrow scan spectra of (a) ZIF-8; (b) DI water treated ZIF-8; (c-e) 0.01 M,

0.1 M, and 1 M H,O» treated ZIF-8. The Data obtained from UHV-XPS experiments.

Figure 4: XPS Zn 2p narrow scan spectra of (a) ZIF-8; (b) DI water treated ZIF-8; (c-e) 0.01 M,

0.1 M and 1 M H;O; treated ZIF-8. The Data obtained from UHV-XPS experiments.

Figure 8: FTIR spectra comparison of pure ZIF-8 (top), DI water-treated ZIF-8, 0.01 M, 0.1 M,

and 1 M (bottom) H»O; treated ZIF-8.

Figure 6: XRD patterns comparison of ZIF-8, DI water treated ZIF-8, 0.01 M, 0.1 M, and 1 M

H>0; treated ZIF-8.

Figure 7: Morphology of (al, a2) ZIF-8, (b) DI water treated ZIF-8; (c-¢) 0.01 M, 0.1 M, and 1

M H»O» treated ZIF-8 from the SEM images.
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Figures:

ZIF-8 crystal unit cell
(sodalite structure)

Metal-ligand bonds
in ZIF-8

Sodalite structure
of ZIF-8 unit cell

ZIF-8 crystal formation
from unit cells

ZIF-8 crystal
(rhombic dodecahedron shape)
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Intensity, a.u.

—ZIF-8 + 1 M Hydrogen Peroxide
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ZIF-8 + 0.1 M Hydrogen Peroxide

ZIF-8 + 0.01 M Hydrogen Peroxide

—ZIF-8 + DI Water
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—Pure ZIF-8
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