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ABSTRACT: The crystal−liquid−glass phase-transition behavior
of coordination polymers (CPs) endows them with unique
processing and mechanical properties to prepare functional CP
glass films. However, their potential applications are still waiting to
be explored. In this study, flawless [Zn(HPO4)(H2PO4)2](H2Im)2
(abbreviated as ZnP-H2Im) glass films are facilely prepared
through rapid hot casting coupled with melt quenching. Relying
on the grain-boundary-free structure of the film and nonporous
structure of the coordination network, undesired diffusion of guest
molecules in ZnP-H2Im glass films can be effectively prohibited,
which is advantageous for gas permeation and liquid leakage
prevention. Gas permeation test results indicate that the barrier
efficiency of the ZnP-H2Im glass film to gas molecules reaches 100%, while polarization curve and EIS results imply that prepared
ZnP-H2Im glass film possesses excellent corrosion resistance in salt aqueous solution with a protection efficiency up to 99.98% for
metallic substrate. Our research demonstrates that CP glasses hold great potential to serve as competent gas barrier layers and
corrosion-resistant coatings.

■ INTRODUCTION
The new-emerging coordination polymer (CP) glasses, which
are obtained by melting and vitrifying corresponding crystalline
precursors, have provided prospective alternatives for solving
the dilemma in the easy processing and mechanical
strengthening of CP crystals.1−3 Compared to their periodic
crystalline counterparts, CP glasses are formed by the same
building blocks but featured with locally ordered network
structure.4,5 The flexibility of reticular chemistry allows fine-
tuning of the composition, topology, and functionality of CP
glasses, while short-range ordered amorphous structure
endows them with sufficient mechanical strength to overcome
the risk of framework damage upon exposure to harsh
environments.6−8 More importantly, CP glasses possess
excellent processability and moldability due to the crystal−
liquid−glass phase transition in their formation process, which
is advantageous for the elimination of nanoscale defects at
grain boundaries.3,9−11

Numerous efforts have been devoted to exploring potential
applications of CP glasses in proton conduction, optical
transmission, electrode catalysis, molecular/ion storage, and
gas separation in view of their unique and versatile proper-
ties.12−19 For instance, Jiang et al. pioneered the fabrication of
porous α-Al2O3-supported ZIF-62 glass membrane. Benefiting
from the grain-boundary-free structure, the prepared mem-
brane exhibited excellent H2/CH4 separation performance;20

Wang et al. designed a series of CP (agM-P-dmbIm) glasses
and molded them into free-standing membranes, which were

also suitable for light gas purification.21 Benefiting from the
dense network structure at the microscopic scale and grain-
boundary-free film structure at the mesoscopic scale as well as
the excellent processability, plasticity, and adhesivity,22,23

nonporous CP glasses hold great promise to serve as
competent gas barrier layers and corrosion-resistant coatings,
which, however, has not been explored so far.

In this study, we processed nonporous CP glasses into
supported thin films by melt quenching and explored their
potential applications as impermeable barrier layers and
protective anticorrosion coatings (shown in Figure 1a and
1b). Zinc phosphate-imidazole, which is representative of CPs
with the chemical formula [Zn(HPO4)(H2PO4)2](H2Im)2
(abbreviated as ZnP-H2Im), consists of negatively charged
one-dimensional (1D) coordination chains and interchain
charge-compensating H2Im+ cations, where 1D chains are
formed by Zn2+ ions tetrahedrally coordinated with two types
of phosphorus ligands (i.e., HPO4

2− and H2PO4
−) along the a-

axis (see Figure 2a, as well as Figure S1 in the Supporting
Information).24 ZnP-H2Im crystals will split into dissociative
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fragments of Zn2+, HPO4
2−, H2PO4

−, and H2Im+ to form
quasi-ionic liquids as the temperature increases to 154 °C.

ZnP-H2Im glass is subsequently formed upon further rapid
quenching treatment (Figure 1c). In the process of

Figure 1. Schematic illustrations of (a) the fabrication of melt-quenched CP (ZnP-H2Im) glass film, (b) the superiority of nonporous CP glass film
over porous MOF film as impermeable barrier layer and protective corrosion-resistant coating, and (c) the crystal−liquid−glass phase transition of
ZnP-H2Im.

Figure 2. (a) Crystal structure of ZnP-H2Im. (b) SEM image of prepared ZnP-H2Im crystals. (c) XRD patterns of simulated ZnP-H2Im, ZnP-H2Im
crystals and ZnP-H2Im glass. (d) DSC and TG curves of ZnP-H2Im crystals. (e) FTIR spectra of ZnP-H2Im crystals and ZnP-H2Im glass. (f) N2
adsorption isotherms of ZnP-H2Im crystals and ZnP-H2Im glass at 77 K.
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vitrification, fragmented building blocks are irregularly
assembled to form nonporous entangled network structure
through reformed cohesive forces including coordination
bonds, hydrogen bonds, and Coulomb attraction.25 Since the
melting temperature (Tm) of ZnP-H2Im crystals is much lower
than that of other CP crystals (e.g., ZIF-62 with Tm = 434
°C),26 it is much easier to process the former into adhesive CP
glass films. In the present work, we took the initiative to
fabricate grain-boundary-free ZnP-H2Im glass films via hot-
casting molten ZnP-H2Im liquid, followed by rapid quenching
and vitrification. Their competency as impermeable barrier
layers and protective corrosion-resistant coatings was then
verified by relevant gas permeation and electrochemical tests,
respectively.

■ EXPERIMENTAL SECTION
Materials. Nanosized zinc oxide (ZnO, 99%, ≤100 nm) was

purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Imidazole (C3H4N2, Im, 99%), 1,2,4-triazole (C2H3N3, 99%), and
phosphoric acid (H3PO4, ≥85 wt % in H2O) were purchased from
Shanghai Macklin Biochemical Co., Ltd. Ethanol (CH3CH2OH,
99.5%) was purchased from Sinopharm Chemical Reagent Co., Ltd.
All gases (H2, CO2, N2, CH4, and He) with purity of 99.999% were
supplied by Dalian Junfeng Gas Chemical Co., Ltd. All reagents were
used as received without further purification.
Preparation of ZnP-H2Im Crystals. Ball milling was employed

for the synthesis of ZnP-H2Im crystals. In a typical process, 1.215 g
ZnO (15 mmol), 2.04 g C3H4N2 (30 mmol), and 3.1 mL H3PO4 were
added to 7.5 mL of CH3CH2OH and sealed in a 150 mL ball milling
jar. The jar was then fixed in a ball mill (MITR, YXQM-0.4), and the
mixture was reacted under wet ball milling at a steady speed of 300
rpm for a certain time. The jar counter-rotated every 2 min. After
reaction, the obtained solid products were washed by centrifugation at
3000 rpm for 5 min with ethanol and finally dried in a vacuum oven at
room temperature overnight. Following the same procedure as above,
[Zn(H2PO4)2(HTr)2] (abbreviated as ZnP-HTr) crystals were
synthesized by ball milling a mixture of 1.62 g of ZnO, 2.76 g of
1,2,4-triazole, and 2.68 mL of H3PO4.
Preparation of ZnP-H2Im Glass Film on Porous α-Al2O3

Substrate. Prepared ZnP-H2Im crystals were heated in a tube
muffle furnace under N2 condition at 180 °C for 30 min to obtain a
melted, high-viscosity liquid. Subsequently, the above ZnP-H2Im
liquid was subjected to rapid hot casting on porous α-Al2O3 substrate,
followed by rapid cooling for vitrification into a ZnP-H2Im glass film.
Preparation of Thin ZnP-H2Im Glass Film on UiO-66-

Modified α-Al2O3 Substrate. In order to prevent excessive
infiltration, the porous α-Al2O3 substrate was premodified with a
highly permeable UiO-66 buffer layer, according to a well-established
method.27 Subsequently, the above ZnP-H2Im liquid was rapidly hot-
casted on the UiO-66-modified α-Al2O3 substrate followed by rapid
cooling for vitrification into a thin ZnP-H2Im glass film. Following the
same procedure as above, the α-Al2O3-supported ZnP-HTr glass film
was prepared, except that the melting temperature was changed to
200 °C.
Preparation of ZnP-H2Im Glass Coating on Metallic Al Plate.

Before use, the Al plate was sanded with fine sandpaper and
sequentially cleaned with deionized water, 3.0 wt % HCl, and ethanol.
The procedure for preparing Al-supported ZnP-H2Im glass coating
was the same as above. In addition, the metallic Al-supported UiO-66
film and ZnP-HTr glass film were also prepared for comparison.
Characterization. X-ray diffraction (XRD) patterns were

collected on a Rigaku SmartLab diffractometer with Cu Ka radiation
(λ = 0.15418 nm) at 45 kV and 200 mA. Scanning electron
microscopy (SEM) images coupled with energy-dispersive Xray
spectrometry (EDXS) were obtained on a Hitachi FlexSEM 1000
instrument with an acceleration voltage of 5 kV. Thermogravimetric
analysis (TGA) was performed on a Netzsch Model TG 209 thermal
analyzer in a nitrogen atmosphere at a ramping rate of 10 °C min−1. A

differential scanning calorimetry (DSC) curve was obtained on a
Netzsch Model DSC 204 instrument in a nitrogen atmosphere at a
ramping rate of 10 °C min−1. N2 adsorption isotherms were measured
on a Micromeritics ASAP 2020 PLUS HD88 instrument at 77 K.
Infrared data were obtained using a Fourier transform infrared
(FTIR) spectrometer (Thermo Fisher iN10, America) in the range of
∼400−3600 cm−1.
Gas Permeation Test. The prepared ZnP-H2Im glass film was

fixed in a module and sealed with O-rings. The volume flow rate of
the single gas on the feed side was kept constant at 50 mL min−1, and
the permeated gas was removed from the permeate side by a He
sweep gas. A calibrated gas chromatograph (Agilent, Model 7890B)
was employed to measure the concentration of single gas on the
permeate side. The gas permeance of the permeated component i (Pi,
given in units of mol m−2 s−1 Pa−1) is described by eq 1:

=
×

P
N

A Pi
i

i (1)

where Ni (mol s−1) is the molar flow rate of the permeated
component i, A (m2) the effective film area, and ΔPi (Pa) the
transmembrane partial pressure difference of component i.
Electrochemical Test. Potentiodynamic polarization and electro-

chemical impedance spectroscopy (EIS) tests were performed on an
Autolab electrochemical workstation with a standard three-electrode
setup, in which freshly prepared samples were used as the working
electrode, the Ag/AgCl electrode was used as the reference electrode,
the Pt plate was used as the counter electrode, and the 3.5 wt % NaCl
solution was used as the corrosive medium. Before the test, prepared
samples were immersed in a corrosive medium to measure the open-
circuit potential (OCP). The polarization test was conducted from
−2.0 to −0.4 V at a sweep rate of 10 mV s−1. The EIS test was
performed at the OCP from 105 to 10−2 Hz using an AC signal with
an amplitude of ±10 mV. The polarization resistance (Rp) is defined
as eq 2:

=
+

R
i2.303( )a c

p
a c

corr (2)

where βa is the anode slope of the Tafel curve, βc the cathodic slope of
the Tafel curve, and icorr the corrosion current density of the sample.
The corrosion rate (CR) is defined as eq 3:

=
i
k
jjjj

y
{
zzzzK

Mi
nA

CR corr

(3)

where K is the corrosion rate constant (K = 1.288 × 105 milli-
inches1), M the weight of the formula, n the chemical valence, ρ the
density of the substrate, and A the area of the sample. The corrosion
protection efficiency (PE) is described by eq 4:

= ×
i i

i
PE (%) 100sub corr

sub (4)

where isub is the corrosion current density of the bare Al plate.

■ RESULTS AND DISCUSSION
Vitrification of ZnP-H2Im Crystals. Initially, well-crystal-

lized ZnP-H2Im crystals with an irregular blocklike morphol-
ogy were synthesized by ball milling a mixture containing ZnO,
Im, H3PO4, and ethanol for 0.5 h (Figure 2b). During the
sustained mechanical milling reaction, ZnP-H2Im crystals
always maintained high crystallinity, thus revealing a long-
range ordered structure (see Figure 2c, as well as Figure S2 in
the Supporting Information). The DSC curve showed a sharp
endothermic peak accompanied by a melting heat of 99.21 J/g
at Tm of 154 °C, which was consistent with previous reports.25

Relevant TGA further implied that ZnP-H2Im crystals
underwent a melting process around Tm without any weight
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loss before reaching the decomposition temperature (Td)
(Figure 2d).

Aiming at evaluating the glass-forming ability and process-
ability of ZnP-H2Im crystals, their temperature-dependent
morphological and textural properties were further inves-
tigated. It was observed that ZnP-H2Im crystals first melted
into a viscous liquid, and then transformed to the glassy state
during the melting-quenching process (Figure 1c). The
relatively low Tm, adhesive liquid state, and controllable
crystal−liquid−glass phase transition endowed ZnP-H2Im with
facile processability, strong adhesivity, and high plasticity. The
simultaneous disappearance of diffraction peaks derived from
pristine ZnP-H2Im crystals confirmed the formation of
amorphous glass structure (Figure 2c). Meanwhile, FT-IR
spectra of ZnP-H2Im crystals and glass exhibited almost
identical signature absorption peaks, indicating that obtained
ZnP-H2Im glass maintained consistent coordination condition
after vitrification regardless of structural changes (Figure 2e).
In addition, negligible N2 adsorption on both ZnP-H2Im
crystals (∼12 cm3/g) and glass (∼8 cm3/g) at 77 K was
indicative of their nonporous coordination network at the
microscopic scale (Figure 2f), which was advantageous for
their potential applications as impermeable barrier layers and
protective anticorrosion coatings.
Gas Barrier Ability of ZnP-H2Im Glass Film. Sub-

sequently, the ZnP-H2Im glass film was prepared by direct hot
casting of molten liquid on porous α-Al2O3 substrate (Figures
3a−c), and its barrier ability to subnanometer-sized gas
molecules was evaluated by the single-gas permeation test.
Relevant SEM image indicated that prepared glass film
exhibited smooth surface morphology with no discernible
grain boundaries (Figure 3d). Cross-sectional SEM image and

EDXS pattern implied that its effective thickness reached 85
μm (Figures 3e and 3f), because of the excessive penetration of
molten ZnP-H2Im liquid into underlying substrate pores
before quenching. The subsequent gas permeation results
confirmed that the barrier efficiency of prepared ZnP-H2Im
glass film to gas molecules (including 2.9-Å-sized H2
molecules) reached 100%. However, we suspected that it was
the excessive thickness rather than the intrinsic barrier ability
of the ZnP-H2Im glass film that contributed to complete gas
isolation.

In view of this concern, in the next step, a 2-μm-thick UiO-
66 buffer layer was epitaxially grown on the α-Al2O3 substrate
before ZnP-H2Im glass film processing (Figures 3g and 3h).27

After hot casting and vitrification treatment with molten ZnP-
H2Im liquid, the thickness of prepared ZnP-H2Im glass film
sharply reduced to 7.9−8.8 μm while maintaining a smooth
surface morphology with no discernible grain boundaries (see
Figures 3i−k, as well as Figures S3 and S4 in the Supporting
Information). The cross-sectional EDXS pattern confirmed
that few Zn elements were present in the substrate pores, thus
indicating that severe downward shift of the ZnP-H2Im liquid
had been prohibited (Figure 3l). Gas permeation results
indicated that, in contrast to a high H2 permeance through the
UiO-66 buffer layer (1.24 × 10−6 mol m−2 s−1 Pa−1), the H2
permeance through the ZnP-H2Im glass film remained near
zero (Table 1), thereby confirming that, irrespective of
thickness, the thin ZnP-H2Im glass film retained superb gas
isolation capability, because of its nonporous coordination
network at the microscopic scale and grain-boundary-free film
structure at the mesoscopic scale.
Corrosion Resistance of ZnP-H2Im Glass Film. Inspired

by the above results, following the same procedure, we further

Figure 3. (a) Top and (b) cross-sectional views of porous α-Al2O3 substrate. (c) XRD patterns of porous α-Al2O3 substrate and α-Al2O3-supported
ZnP-H2Im glass film. (d) Top view, (e) cross-sectional view, and (f) corresponding EDXS mappings of α-Al2O3-supported ZnP-H2Im glass film
(color code: green for Zn and magenta for Al). (g) Top and (h) cross-sectional views of UiO-66 buffer layer. (i) XRD patterns of UiO-66 buffer
layer and UiO-66-modified α-Al2O3 supported ZnP-H2Im glass film. (j) Top view, (k) cross-sectional view, and (l) corresponding EDXS mappings
of UiO-66-modified α-Al2O3 supported ZnP-H2Im glass film.
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justified its capability as protective anticorrosion coatings for
Al plates (see Figure S5 in the Supporting Information). As
shown in Figure 4a, the surface of prepared melt-quenched
ZnP-H2Im glass film remained highly smooth without any
distinguishable grain boundaries. The cross-sectional SEM
image indicated that the film thickness reached 9.3−10.6 μm
(see Figure 4b, as well as Figure S6 in the Supporting
Information). In addition, relevant XRD pattern showed no
any diffraction peaks derived from the above film, thereby
confirming its amorphous structure in nature (Figure 4c).

Initially, potentiodynamic polarization test was performed to
evaluate the corrosion resistance of prepared ZnP-H2Im glass
film. For comparison, both bare and UiO-66-modified Al plates

were also fabricated and subjected to the same measurements
(see Figures S7 and S8 in the Supporting Information). The
corrosion current density (icorr) and corrosion potential (Ecorr)
of the aforementioned samples were obtained by Tafel
extrapolation of corresponding polarization plots (Figure 4d).
Our results indicated that, compared to the bare Al plate, the
icorr value of the UiO-66-modified Al plate was reduced by 2
orders of magnitude, while that of the ZnP-H2Im glass-coated
Al plate was sharply reduced by 4 orders of magnitude, which
was indicative of a significantly reduced electrochemical
corrosion rate. To the best of our knowledge, this value not
only easily exceeded that of porous MOF and zeolite coatings,
but also was superior to most nonporous inorganic
anticorrosive coatings reported previously (see Table 2).28−38

Simultaneously, Ecorr of the ZnP-H2Im glass-coated Al plate
was shifted to a higher potential (−1.24 V), implying that the
Al plate became more thermodynamically stable in corrosive
environments after surface modification. The concurrent
reduction in icorr and increase of Ecorr were clear signals for
effective inhibition of the ZnP-H2Im glass coating against
electrochemical corrosion.39−41 Moreover, in comparison with
the bare and UiO-66-modified Al plates, surface coating with
the ZnP-H2Im glass resulted in much higher polarization
resistance (Rp, 3.90 × 106 Ω) and corrosion protection
efficiency (PE, 99.98%), as well as a 4 orders of magnitude
reduction in corrosion rate (CR, 4.94 × 10−3 mpy), thereby

Table 1. Single-Gas Permeances of the UiO-66 Buffer Layer
and ZnP-H2Im Glass Film Measured under Ambient
Conditions

Permeance (mol m−2 s−1 Pa−1)

gas
molecule

kinetic diameter
(nm)

UiO-66 buffer
layer

ZnP-H2Im glass
filma

H2 0.29 1.24 × 10−6 /a

CO2 0.33 1.21 × 10−6 /a

N2 0.36 0.81 × 10−6 /a

CH4 0.38 0.69 × 10−6 /a

a/ means no gas permeance.

Figure 4. (a) Top view, (b) cross-sectional view, and (c) XRD pattern of Al plate-supported ZnP-H2Im glass coating. (d) Potentiodynamic
polarization plots, (e) polarization resistance (Rp), and corrosion rate (CR) of bare, UiO-66-modified, and ZnP-H2Im glass-coated Al plates. (f)
Nyquist plots of bare, UiO-66-modified, and ZnP-H2Im glass-coated Al plates, and relevant (g) partial enlargement. (h) Impedance−frequent Bode
plots, and (i) phase−frequency Bode plots of bare, UiO-66-modified, and ZnP-H2Im glass-coated Al plates.
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demonstrating its superiority in preventing the Al plate from
being corroded (see Figure 4e, as well as Table S1 in the
Supporting Information).

The anticorrosion performance of prepared ZnP-H2Im glass
film was further characterized by electrochemical impedance
spectroscopy (EIS) tests. Compared with bare and UiO-66-
modified Al plates, the ZnP-H2Im glass-coated Al plate
exhibited the largest semicircle diameter of capacitive reactance
arc on the Nyquist plot, thus indicating a higher impedance
value (see Figures 4f and 4g); simultaneously, relevant Bode
plots showed the largest impedance modulus at 0.01 Hz with a
maximum phase angle at higher frequency (see Figure 4h and
4i). All above results indicated that the ZnP-H2Im glass film
possessed much higher electrochemical resistance, which was
indicative of superior anticorrosion ability. In addition, the
equivalent circuits were fitted as shown in Figure S9 in the
Supporting Information, and the simulated parameters are
listed in Table S2 in the Supporting Information. It was found
that the coating resistance (Rc) and charge-transfer resistance
(Rct) were associated with the coating porosity and interface
reaction, respectively.34,42 Compared with the UiO-66 film, a
much larger Rc value (1.05 × 104 Ω cm2) of the ZnP-H2Im
glass film implied a nonporous coordination network of the
latter, while a much larger Rct (2.09 × 106 Ω cm2) indicated
that the ZnP-H2Im glass film was quite effective in preventing
the charge-transfer reaction and, therefore, protecting the Al
plate from corrosion.

The superiority of the ZnP-H2Im glass film over UiO-66 film
as a corrosion-resistant coating could be interpreted as follows.
Because of the dense coordination network and vitrification
process, the prepared ZnP-H2Im glass film was featured with
both a nonporous network structure on a microscopic scale
and a grain-boundary-free film structure on a mesoscopic scale,
which effectively prevented the diffusion of corrosive species
(i.e., NaCl) through the film, thereby leading to superior
anticorrosion performances. In contrast, the UiO-66 film not
only possessed an open framework structure (pore size = 0.6
nm; cage size = 1.1 nm) incapable of preventing the diffusion
of corrosive species on a microscopic scale,43−45 but also was
inevitable to generate grain-boundary defects (e.g., cracks,
gaps, and pinholes), because of the well-faceted grains on a

mesoscopic scale.46−48 Therefore, the UiO-66 film exhibited
poor corrosion resistance as evidenced by previous reports.49

This work demonstrated that synergistic regulation of
multiscale structures of anticorrosive coatings was quite
beneficial for their performance enhancement.
Adhesion Strength of ZnP-H2Im Glass Film and

Generality of CP Glasses. The adhesion strength of
prepared ZnP-H2Im glass films was further investigated. It
was observed that, even after 1 h of ultrasonic treatment in
solvent, ZnP-H2Im glass films remained firmly bound to both
porous α-Al2O3 and Al substrates (see Figure S10 in the
Supporting Information), thereby confirming their high
adhesion strength and superior antiexfoliation ability. In
addition, ATR-IR spectra of ZnP-H2Im glass films were
measured to reveal the interaction between ZnP-H2Im glass
and substrates. By comparing the ATR-IR results of ZnP-H2Im
glass with the corresponding films, we noticed that neither new
peaks appeared nor did peak shifts occur (see Figure S11 in the
Supporting Information), thus indicating that no chemical
bonds were formed between ZnP-H2Im glass layers and
underlying substrates. The high adhesion strength could be
attributed to the high viscosity of the ZnP-H2Im liquid formed
during the melt-quenching process, which resulted in the
strong attachment to versatile substrates.

To examine the generality of CP glasses as impermeable
barrier layer and protective anticorrosion coating, we further
prepared porous α-Al2O3 and Al-supported ZnP-HTr glass
films via similar melt-quenching method (Figure S12 in the
Supporting Information). The subsequent gas permeation
results indicated that ZnP-HTr glass film still held excellent gas
barrier ability without any signs of H2 permeation, while
electrochemical corrosion tests (Figure S13 in the Supporting
Information) showed a significant decrease in corrosion
resistance due to a higher conductivity of ZnP-HTr (1.4 ×
10−6 S cm−1) than that of ZnP-H2Im (3.3 × 10−8 S cm−1) at
low temperature.24,50 In addition, some other recently reported
CP glasses, such as ZIF-62 and TIF-4, were also processed into
grain-boundary-free membranes exhibiting excellent light gas
permselectivity.20,51 Therefore, we concluded that the dense
network structure and unique physicochemical properties of
ZnP-H2Im made it a competent candidate for insulating
protective coatings.

■ CONCLUSIONS
To summarize, flawless ZnP-H2Im glass films were facilely
prepared from corresponding crystals through combining hot
casting with a melt-quenching process in this study. Benefiting
from the dense coordination network and crystal−liquid−glass
formation process, ZnP-H2Im glass films possessed nonporous
network structure on a microscopic scale and grain-boundary-
free film structure on a mesoscopic scale, which cooperatively
prevented undesired diffusion of guest molecules. Therefore,
prepared ZnP-H2Im glass films exhibited not only 100% barrier
efficiency for subnanometer-sized gas molecules but also
excellent corrosion resistance in aqueous salt solution with a
protection efficiency up to 99.98% for metallic plates. Through
combination with their excellent processability, formability,
and mechanical properties, we believe that CP glasses could be
promising candidates as impermeable barrier layers and
protective anticorrosion coatings.

Table 2. Comparison of Anticorrosion Performance of the
ZnP-H2Im Glass Film with Other Inorganic Films

inorganic film
icorr(bare)
(A cm−2)

icorr(modified)
(A cm−2)

icorr(modified)/
icorr(bare) ref

MIL-101/EP 3.50 × 10−6 7.94 × 10−7 2.27 × 10−1 28
Silica/Cu-BTC 1.96 × 10−5 2.10 × 10−6 1.07 × 10−1 29
UiO-66 4.30 × 10−7 2.67 × 10−8 6.21 × 10−2 30
AlPO4-11 ∼10−6 ∼10−8 ∼10−2 31
MFI ∼10−5 ∼10−9 ∼10−4 32
MgAl-CO3

LDH
5.9 × 10−5 4.5 × 10−6 7.6 × 10−2 33

ZIF-8/PVDF/
LDH

4.55 × 10−3 2.26 × 10−6 4.97 × 10−4 34

Graphene 6.50 × 10−6 3.40 × 10−7 5.23 × 10−2 35
Sol−gel hybrid

coating
2.41 × 10−4 5.75 × 10−6 2.39 × 10−2 36

SiO2/Al layer 2.24 × 10−4 5.00 × 10−6 2.23 × 10−2 37
AEJO/ZnO 1.38 × 10−6 1.29 × 10−9 9.35 × 10−4 38
UiO-66 4.68 × 10−5 1.06 × 10−6 2.26 × 10−2 this

work
ZnP-H2Im

glass
4.68 × 10−5 1.15 × 10−8 2.5 × 10−4 this

work
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