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In this work, hierarchically porous bimetallic zeolitic imidazolate framework (ZIF) particles (etched
Zn33Cog7-ZIF) exhibiting both micropores and mesopores have been designed and prepared through an
ethylene glycol-assisted agueous etching method. The etching process effectively increases the pore
size, surface area, and pore volume of the bimetallic ZIF particles. After the thermal treatment, the
etched Znz3Cog;-ZIF particles are transformed into cobalt and nitrogen co-doped hierarchically porous
carbon (i.e., etched Zns3Cog;—C). Etched Znz3Cog;,—C has an increased mesoporosity, leading to an
approximately 45% increase in its specific capacitance compared to the unetched one. In addition,
etched Zn33Cog,—C displays a higher capacitance retention (67%) than unetched Znz3zCog,—C (41%) over
a range of scan rates from 1 to 100 mV s~% The presented ethylene glycol-assisted aqueous etching
process provides a facile template-free strategy to enlarge the porosity of MOFs and their corresponding
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porous carbons for improving their energy storage performance.
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Introduction

Hierarchically porous carbon materials with controllable size,
shape, and composition have gained significant attention due
to their structure-dependent electrochemical properties. High
surface areas and accessible structures are beneficial for
enhancing their electrochemical performance.™* Porous mate-
rials can involve different classes of nanopores, including
micropores (pore size < 2 nm), mesopores (pore size between 2
and 50 nm), and macropores (pore size > 50 nm).* In electro-
chemical reactions, micropores generally increase the surface
areas of materials. Abundant mesopores are known to promote
a fast mass transport of substances throughout the porous
structure and surface, therefore maximizing the use of potential
active sites. Macropores often serve as reservoirs of the elec-
trolyte ions and other substances, thus shortening the diffusion
distance.*” Hierarchically porous carbon materials are
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frequently synthesized by hard-*® and soft-templating
methods." The template-based approaches, however, require
a specific combination of the carbon sources and templates,
and post-synthetic template removal, making the fabrication
procedures costly and complex.

Metal-organic frameworks (MOFs), which are composed of
metal nodes and organic ligands, have attracted great interest
for the preparation of nanoporous carbons (NPCs) because they
can serve as both carbon sources and self-templates.”*®
Furthermore, MOFs exhibit other attractive characteristics,
including large surface area, high crystallinity, intrinsic
porosity, and good thermal stability. MOF-derived NPCs typi-
cally inherit the morphology and porosity of the parent MOFs,
which are highly advantageous for energy storage
applications."**® Zeolitic imidazolate framework-8 (ZIF-8),
a typical MOF, is formed via the formation of coordination
bonding between zinc (Zn) ions and the imidazole ligands. Due
to its inherent nitrogen (N) content, ZIF-8 can be thermally
converted into N-doped microporous carbon.™*’

Despite the facile preparation and the intrinsic N-doping,
the microporous nature of ZIF-8-derived carbon can hinder
the ion diffusion in electrochemical energy storage devices,
such as supercapacitors.”” Enlarging the pore size of ZIF-8-
derived carbon is, therefore, highly desirable, and it can be
achieved through various chemical modifications.”® For
example, tannic acid was employed to create hollow ZIF-8,
which was subsequently carbonized to obtain hollow nano-
porous carbon. With the hollow center serving as a reservoir of
electrolyte ions, the hollow nanoporous carbon showed a much-
improved rate capability for supercapacitor applications.'®
Alternatively, the pore size of ZIF-derived carbon can be
increased by incorporating cobalt (Co) atoms into the ZIF-8
framework prior to the carbonization process. ZIFs incorpo-
rating Co (ZIF-67) and Zn (ZIF-8) demonstrate the isoreticular
structure with the same sodalite structure and topology, and
similar crystallinity and lattice parameters.” Upon carboniza-
tion, Co atoms in ZIF-67 undergo a severe aggregation to form
Co nanoparticles (NPs), and an acid washing of the Co NPs in
ZIF-67-derived carbons leaves mesopores in the carbon matrix.
Consequently, ZIF-67-derived carbons can have more abundant
mesopores in their structures than ZIF-8-derived carbons,
although ZIF-8 and ZIF-67 share similar morphological and
crystalline features. Furthermore, ZIF-67-derived carbons tend
to exhibit a higher degree of graphitization because Co NPs can
act as thermal catalysts to promote the graphitization of carbon
atoms.” Both core-shell and homogeneously distributed
bimetallic ZIFs can give rise to their carbonaceous forms with
enlarged pores and improved graphitization.'”** The resulting
bimetallic ZIF-derived carbons, however, tend to exhibit richer
micropores with relatively small mesopores (~3 nm) originating
from the removal of small Co NPs after the carbonization
process."’

Etching is a potential strategy to create larger pores in ZIFs.
For instance, ZIF-8 and ZIF-67 have been reported to form
cubes, tetrahedra, and hollow microboxes from the original
truncated and non-truncated rhombic dodecahedral crystals
using pH-controlled etchant solution of xylenol orange sodium
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salt. In the etching process, 2-methylimidazole ligands were
protonated to break their bonds with Zn** or Co”", thus forming
nanopores.*

Herein, we demonstrate a facile template-free method to
enlarge the size of nanopores of bimetallic Zn;;Cos,-ZIF (where
the subscript indicates the feed molar ratio of the respective
metal species) from the micropore range to mesopore range via
the ethylene glycol (EG)-assisted aqueous etching process. Upon
successful etching, obvious mesopores are created on both the
surface and inside of the etched Zn;;Cog,-ZIF particles. The
thermal treatment of etched Zn;;Co¢,-ZIF leads to the forma-
tion of Co and N co-doped hierarchically porous carbon (i.e.,
etched Zn;3Co4,-C) containing both micropores and meso-
pores. As a result of the pore enlargement, etched Zn;;Cos,;—C
shows a 45% higher specific capacitance compared to its
unetched counterpart. Furthermore, the retention rate of
etched Znz3Coe,-C (67%) is higher than that of unetched
Zn;3Co6,-C (41%) at a high scan rate of 100 mV s™'. The pre-
sented work provides a new strategy for increasing the ion
diffusion and therefore the capacitance and retention rate of
ZIF-derived NPCs.

Experimental

Chemicals

Zinc acetate dihydrate (Zn(CH3;CO,),-2H,0, 99%), cobalt
acetate tetrahydrate (Co(CH3CO,),-4H,0, 98%), 2-methyl-
imidazole (CH3C3;H,N,H, 99%), ethylene glycol ((CH,OH),,
99%), hydrochloric acid (HCI, 37%), sulfuric acid (H,SO,, 98%),
methanol (CH3;0H, 99.9%), ethanol (C,HsOH, 99.9%), poly(-
vinylidene fluoride) (PVDF, average molecular weight (M)
~534000), and 1-methyl-2-pyrrolidinone (NMP, 99.5%) were
purchased from Sigma-Aldrich. Carbon black (99.9%) was
purchased from Alfa Aesar.

Preparation of Zn;;Cog,-ZIF and ZIF-8

Zinc acetate dihydrate (0.770 g) and cobalt acetate tetrahydrate
(1.743 g) were dissolved in 100 mL of methanol at room
temperature in a 250 mL beaker and stirred for 10 minutes in an
ice bath. 2-Methylimidazole (13.793 g) was dissolved in 30 mL of
methanol at room temperature in a 500 mL glass reagent bottle
and transferred to a 250 mL separation funnel. The methanolic
solution of 2-methylimidazole was quickly released from the
separation funnel to the methanolic solution containing
a mixture of zinc acetate and cobalt acetate within 2 seconds in
an ice bath. The beaker was swiftly placed into an oil bath,
which has been preheated to 60 °C and stirred for 10 minutes at
400 rpm. Next, it was aged at room temperature for 24 h. The
resulting Zn;;Cog,-ZIF particles were collected by centrifugation
and washed with methanol three times at 15000 rpm for 4
minutes before being dried in a vacuum oven at 60 °C. The
preparation of ZIF-8 particles followed the same procedure as
Zn;3Cog,-ZIF, except that 2.305 g of zinc acetate dihydrate was
used without any cobalt acetate tetrahydrate in the metal
precursor.

This journal is © The Royal Society of Chemistry 2023
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Preparation of etched Zn;;Coe,-ZIF and etched ZIF-8

To obtain the etched Zn;;Cos,-ZIF particles, a mixture of 95 vol%
EG and 5 vol% deionized water (DW) (95EG : 5DW) is used (note:
a mixture of x vol% EG and y vol% DW is denoted as xEG : yDW). A
volume of 240 mL 95EG:5DW was first prepared by ultra-
sonication for 1 hour in a 650 mL plastic bottle. 60 mg of
Zn;;Co6,-ZIF was ground in an agate mortar with a pestle with
60 mL 95EG : 5DW (DW was added in a dropwise manner while
grinding, and EG was subsequently added in the same manner).
The slurry of Zn;;Cog,-ZIF in 60 mL 95EG : 5DW was transferred
to glass vials and sonicated for 3 minutes. Then, the slurry was
added to the 240 mL 95EG : 5DW and sonicated for 3 hours in
a water bath. The water bath was cooled using ice to keep the
temperature below 30 °C. After sonication, the etched Zn3;Coe,-
ZIF particles were obtained by centrifugation at 20 000 rpm for 30
minutes. These particles were subsequently washed with ethanol
several times and dried in a vacuum oven at 60 °C. The etched ZIF-
8 particles were prepared using the same procedure with ZIF-8.

To study the etching mechanism, 60 mg of Zn;3Cog,-ZIF was
ground in EG/DW of varying volume ratios (refer to Fig. 3a and
b) and the resulting etched Zn;;Cos,-ZIF particles were char-
acterized by Fourier-transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM).

Thermal conversion of MOFs

ZIF-8, etched ZIF-8, Zn;;Co4,-ZIF, and etched Zn;;Cogq-ZIF were
thermally pyrolyzed in a tube furnace at 600 °C for 2 h under a N,
atmosphere with a heating rate of 5 °C min™~". Before the start of
the thermal treatment, the MOF powder was ground in an agate
mortar before being placed in an alumina combustion boat,
which was then inserted into the tube furnace and purged with N,
at a rate of 140 mL min " for 30 minutes. After the thermal
treatment, the tube furnace was cooled down to room tempera-
ture. The black powder was acid washed with 2 M HCI at room
temperature for 13 hours to remove the Co NPs. The washed
product was centrifuged at 20 000 rpm for 4 minutes three times
and dried in a vacuum oven overnight at 60 °C. The final products
were labelled as Zn-C, etched Zn-C, Znz;Co4,-C, and etched
Zn33Co6,-C, respectively.

Characterization

The morphology of the samples was checked using field-
emission scanning electron microscopy (FESEM) on a JEOL
JSM-7800F microscope at a working voltage of 1 kV. Trans-
mission electron microscopy (TEM) imaging was performed on
a Hitachi HT7700 microscope with an accelerating voltage of 120
kv. Elemental information was obtained through scanning
transmission electron microscopy (STEM) energy-dispersive X-ray
spectroscopy (EDS) on a Hitachi HF5000 microscope. The
composition and crystal structure of the samples were analyzed
by powder X-ray diffraction (PXRD) on a Bruker D8 Advance MKII
instrument with Cu Ko X-rays. The surface composition and
elemental states of the samples were checked by X-ray photo-
electron spectroscopy (XPS) using a Kratos Axis Ultra photoelec-
tron spectrometer with a monochromatic Al Ko source. The N,

This journal is © The Royal Society of Chemistry 2023
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adsorption—-desorption measurements were conducted using
a BELMaster BELSORP analyzer. The samples were degassed at
120 °C for 12 h under vacuum before nitrogen physisorption
measurements. Inductively coupled plasma-optical emission
spectrometry (ICP-OES) measurements were performed using
a PerkinElmer Optima 8300DV. Raman spectroscopy measure-
ments were performed on a Renishaw Raman microscope and
spectrometer with a 514 nm laser wavelength. Fourier-transform
infrared (FTIR) spectroscopy measurements were conducted on
a Nicolet 5700 ATR-FTIR spectrometer. The thermogravimetric
analysis (TGA) was performed on a Mettler Toledo analyzer under

a N, atmosphere with a heating rate of 5 °C min™".

Electrochemical measurements

The electrochemical performance of the ZIF-derived carbon
products as electrode materials for supercapacitors was tested
in a standard three-electrode electrochemical cell. Platinum
and Ag/AgCl (in 3 M NaCl) were utilized as the counter and
reference electrodes, respectively. The electrode dispersion ink
was prepared by sonicating a mixture of 10.0 mg of etched
Zn33Co6,-C, 1.25 mg of carbon black, 1.25 mg poly(vinylidene
difluoride), and 1 mL of 1-methyl-2-pyrrolidinone for 30
minutes. The working electrode was prepared by drop-casting
100 pL of the homogenized electrode dispersion ink on a pol-
ished flat 1 cm x 1 cm graphite electrode. After drying in an air-
forced oven at 50 °C overnight, the electrode was ready for
measurements. For comparison, Zn;;Cos;-C and Zn-C elec-
trodes, which were derived from Zn;;Cos,-ZIF and ZIF-8,
respectively, were also prepared using the same procedures.
The electrochemical measurements were conducted on a CHI-
760E electrochemical workstation in a 1.0 M H,SO, electro-
lyte. The electrochemical performance was measured using
cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) measurements. The CV scan rate was changed from 1 to
100 mV s~ " and the charge-discharge current density was varied
from 2 to 100 A g '. The specific capacitance was calculated
from the CV curve using the following equation:

! [ v (1)

Cpm
P2 xyx AV xm

where Cy, is the specific capacitance in F g™, v is the scan rate
in vs™! AVis the potential window in V, m is the mass of the
active material in g, and [IdV is the integration of the CV area.
In addition, the specific capacitance can also be calculated from
the GCD curves from the following equation:

I x At

Cp= ——— 2
P mx AV )

where Cj;, is the specific capacitance in F g~', I'is the current in
A, At is the discharge time in s, AV is the potential window in V,
and m is the mass of the active material in g.

Results and discussion
Etching of MOFs

The EG-assisted aqueous etching method was adopted to
introduce larger nanopores in MOFs. The pore enlargement
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strategy on microporous MOFs is to target the water-
decomposable MOF components by utilizing the 95EG : 5DW
complex. Co-based ZIF-67 is more susceptible to degradation in
an aqueous environment than Zn-based ZIF-8.>* To maintain
the ZIF framework structure while allowing partial degradation
by water molecules, a bimetallic MOF (Znz;Cos,-ZIF) was
selected as the starting material (Scheme 1). The Zn33Cog,-ZIF
was prepared by a simple one-pot reaction in a methanolic
solution at room temperature. The composition of this bime-
tallic ZIF can be controlled by varying the molar ratio of zinc
acetate dihydrate and cobalt acetate tetrahydrate, and we used
a fixed feed molar ratio of 1Zn>": 2Co*" in this study.?* From the
FESEM and the TEM images of Zn;;Coe,-ZIF particles, a well-
defined rhombic dodecahedron morphology with an average
particle size of 500 nm is observed (Fig. 1a and b).

The as-synthesized Zn;;Cog;-ZIF particles were then homo-
geneously dispersed in 95EG : 5DW to allow the water molecules
to break the bonding between Co>" and 2-methylimidazole,
hence partially etching the particles. Upon a successful etching
process, the surface of the etched Zn;;Cog,-ZIF particles
becomes much rougher with numerous enlarged nanopores
(Fig. 1c and S1a and bf). In addition, the etching occurs at the
core of the particles to generate an interconnected porosity with
abundant mesopores and micropores (Fig. 1d and Sic and df).
We also examined the effect of the EG : DW ratio on the etching
process and the resulting morphology of Zn;;Cog,-ZIF. With
95EG : 5DW and 50EG : 50DW, larger nanopores are formed on
both the surface and the inside of the particles (Fig. S27). As the
DW ratio increases from 95EG : 5DW to 50EG : 50DW to 20EG :
80DW and to 100DW, however, the particles tend to lose the
rhombic dodecahedral shape (Fig. S31). This is largely due to
the hydrogen bonding between water molecules limiting the
entry of individual water molecules into the small micropores of
Zn3;Co6,-ZIF in the absence of EG. The presence of EG,
however, disrupts the hydrogen bonding between water mole-
cules and allows more individual water molecules to enter and
etch the interior of the particle. In the case of ZIF-67 etched by
the same range of EG:DW ratios, they lose their rhombic

* Highly microporous
« Inefficient diffusion
. 600 °C in N2 » Low capacitance

Zn,;Cog-ZIF

Ethylene glycol (95 vol.%)
+ H,0 (5 vol.%)

= Hierarchically porous
\ Efficient diffusion
. 600 °C in N2  High capacitance

Etched Zn;;Cog;-ZIF
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dodecahedral shape even in 95EG:5DW, and the level of
degradation further increases as the DW ratio increases
(Fig. S47). This observation can be attributed to the fact that ZIF-
67 contains only Co metal and the etching by water molecules
takes place homogeneously across the surface. It is, therefore,
the bonding between Co®" and 2-methlyimidazole in Zn;;Cog-
ZIF that is more readily targeted in the etching process. The
framework of ZIF-67 mostly disintegrates when 100DW is used
due to the hydrolysis process (Fig. S4dt). To further demon-
strate this, ZIF-8, Zne,;C033-ZIF, Zn5,C050-ZIF, Zn,;Co5-ZIF, and
Zn;,Cogy-ZIF (synthesized by changing the feed molar ratio of
Zn*":Co*" to 2:1,1:1, 1:3, and 1:9, respectively) were sub-
jected to 95EG : 5DW etching condition (Fig. 1e and f). After the
etching, only surface nanopores are enlarged in ZIF-8 particles
whereas the inner parts appear dense without the obvious
presence of enlarged nanopores (Fig. 1g and h). All etched
bimetallic ZIFs exhibit enlarged nanopores on both the surface
and the interior, suggesting that the presence of Co species
throughout the framework is important to achieve more
homogeneous nanopore enlargement by the EG-assisted
aqueous etching method (Fig. S57).

Moreover, we have noticed that the sonication time plays an
important role in the formation of the pores. Fig. S67 shows the
TEM images of Zn;;Cos,-ZIF particles obtained in 95EG : 5DW
with a varying sonication time of 1.5, 3, 6, and 9 hours,
respectively. A short sonication time of less than 3 hours (e.g,
1.5 hours) is not sufficient to cause the inside of the particles to
be etched. On the contrary, a longer sonication time (e.g., 6 and
9 hours) is likely to exert a severe physical stress to the particles
to induce the formation of larger nanopores, including macro-
pores. To obtain the hierarchically porous Zn;;Coe,-ZIF with
interconnected and enlarged nanopores to expose the carbon
surface to electrolyte ions and facilitate better ion diffusion,
95EG : 5DW is selected as the optimized etching condition.***

To further confirm the enlargement of the pore size of ZIFs
using the EG-assisted aqueous etching method, the porosity of
unetched and etched ZIF-8 and Zn;;Co4,-ZIF was evaluated
using N, adsorption-desorption isotherms (Fig. 2a). Both ZIF-8

Zn;;Cog-C

.

Etched Zn;;Cog,-C

Scheme 1 Schematic illustration of the formation of Znz3Cog7—C and etched Znz3Cog7—C.
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Fig.1 (a) SEM and (b) TEM images of Znz3Cog7-ZIF. (c) SEM and (d) TEM images of etched Znz3Cog,-ZIF. (€) SEM and (f) TEM images of ZIF-8. (g)

SEM and (h) TEM images of etched ZIF-8.

and Zn33Coe,-ZIF show a sharp uptake of N, at P/P, < 0.1, sug-
gesting their microporous nature. For etched ZIF-8 and
Zn33Co6,-ZIF, small hysteresis loops are observed in the
isotherms, implying that the etching process led to the
enlargement of micropores to mesopores. Furthermore, the
pore size distribution data obtained using the non-local density
functional theory (NLDFT) method confirm the pore size
enlargement (Fig. 2b). The pore size distribution plot of etched
Zn33Coe7-ZIF shows the presence of peaks at 1-2 nm and 4-
8 nm, whereas Zn;3Co¢,-ZIF displays sharp peaks at 1 nm and
2 nm. Furthermore, the etching process is found to greatly
increase the pore volume and surface area from 0.686 cm® g "
and 1843 m® g~ in Zn;5Coe,-ZIF to 1.743 em® g~ ' and 2142 m?
g~ " in etched Zn3;Co4,-ZIF (Table S11). Similarly, etched ZIF-8
also shows an increase in pore volume to 0.822 cm® g™’
compared to ZIF-8 (0.672 cm® g~ '). Additionally, the extent of
the pore volume increase in Zn;;Cog,-ZIF is larger than that
observed in ZIF-8, suggesting that the presence of Co facilitates
the pore enlargement in the EG-assisted aqueous etching
strategy.

The crystallinity of the unetched and etched ZIFs was
analyzed by PXRD. Fig. 2c shows the PXRD patterns of Zn;;C0g6-
ZIF and ZIF-8 before and after the etching process. All samples
exhibit peaks at 7.36°, 10.36°, 12.71°, 14.70°, 16.45°, and 18.01°,
which can be assigned to the (011), (002), (112), (022), (013), and
(222) lattice planes of ZIF-8, respectively. In particular, very
sharp peaks at 7.36° and 12.71° are observed in all samples,
implying that they have high crystallinity. In the Zn;;Coee-ZIF
sample, Co>" partially substitutes Zn>" and causes no structural
damage or alteration due to the similar ionic radii of Zn>* (0.74
A) and Co*" (0.72 A) in the tetrahedral coordination frame-
work.>® The PXRD patterns of Znz;Coe,-ZIF and ZIF-8 are in
good agreement with previously reported data.'®*® In compar-
ison, the peak intensities of the etched ZIF samples are
decreased compared to the unetched ones, implying that the

This journal is © The Royal Society of Chemistry 2023

EG-assisted aqueous treatment affects the crystallinity of the
ZIF samples to some extent.

Moreover, Raman spectroscopy was used to understand the
chemical bonding in ZIFs. Fig. 2d displays the Raman spectra of
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Fig.2 (a) N, adsorption—desorption isotherms of ZIF-8, etched ZIF-8,
Zn33Cog7-ZIF, and etched Znz3Cog7-ZIF. Note: the isotherms of ZIF-8
(black) and Zns3Cog7-ZIF (orange) are similar and largely overlap with
each other. (b) Pore size distribution curves of (1) ZIF-8, (2) etched ZIF-
8, (3) Znz3sCog7-ZIF, and (4) etched Zn33Cog7-ZIF; (c) PXRD patterns of
etched Znz3Cogs-ZIF, Zn33Cog7-ZIF, etched ZIF-8, and ZIF-8; (d)
Raman spectra of etched Znsz3Cog7-ZIF, Zn3z3Cog,-ZIF, etched ZIF-8,
and ZIF-8; (e) HAADF-STEM image and EDS elemental mapping for C
(purple), N (yellow), O (green), Zn (blue), and Co (red) of etched
Zn33C067—Z|F.
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Zn33C0g7-ZIF, etched Zn;3Co¢,-ZIF, ZIF-8, and etched ZIF-8. The
intense Raman bands at 682, 839, 1019, 1145, 1184, 1312, 1387,
1457, 1509, 2928, 3115, and 3130 cm ™" are mainly ascribed to
the methyl group and imidazole ring vibrations (Fig. S7 and
Table S21).”” Both Zn-N stretching (282 cm ') and Co-N
stretching (300 cm ™" and 420 cm™ ') vibrations are observed in
both Zn;;Coe,-ZIF and etched Znjz;Cog,-ZIF, while only Zn-N
stretching vibration is observed in ZIF-8 and etched ZIF-8.>® The
Raman peaks of the etched ZIF samples have the same positions
as those of the unetched ZIF samples. In addition, the STEM
elemental mapping images in Fig. 2e confirm the homogenous
incorporation of Zn>* and Co”** into one crystal for etched
Zn33Cog5-ZIF.

The metal contents in Zn;;Cog,-ZIF and etched Zn;;Cog7-ZIF
were experimentally determined by ICP-OES measurements,
and compared to the feed metal contents.” From Table 1, it can
be observed that the actual Co content in Zn;3Cog,-ZIF (60.9
mol%) is lower than the feed content (67.0 mol%), which is
attributed to the stronger affinity of Zn ions to the 2-methyl-
imidazole ligand compared to Co ions.?**® In addition, etched
Zn33Co67-ZIF has a lower content of Co (48.1 mol%) than its
unetched counterpart (60.9 mol%) based on the ICP-OES data,
suggesting that the Co content is decreased by the EG-assisted
aqueous etching process.

To further understand the role of EG in the etching process,
we examined the FTIR spectra of the O-H stretching and
bending vibrations of a varying EG to DW ratio. The peak of O-
H stretching vibration of DW only is typically located at
3276 cm™'. The peak of O-H stretching vibration gradually
shifts towards a higher wavenumber upon increasing the ratio
of EG in the mixture (specifically, 3280, 3284, 3288, 3292, 3296,
3300, and 3304 cm ' with 100DW, 63.5EG, 83.3EG, 89.3EG,
92.1EG, 93.8EG, and 95EG, respectively) (Fig. 3a). Additionally,
the peak of O-H bending vibration of DW only is observed at
1635 cm™'. The peak of O-H bending vibration also shifts
towards a higher wavenumber with the increased amount of EG
in the mixture (specifically, 1637, 1650, 1654, 1658, 1662, 1666,
and 1670 cm ™" with 100DW, 63.5EG, 83.3EG, 89.3EG, 92.1EG,
93.8EG, and 95EG, respectively) (Fig. 3b). Similar peak shifts
have been observed in previous reports.***° Besides, there are no
O-H stretching and bending peaks in the FTIR spectrum of
vacuum-dried Zn;;Coq,-ZIF (Fig. 3a and b). Based on these
observations, it is suggested that the increase in the EG ratio
leads to more interactions with water molecules.**?** In addi-
tion, Fig. 3c illustrates the morphological changes from the
mixing of Zn;3Cog,-ZIF with 100DW. The rhombic dodecahe-
dral shape with smooth surface structure is observed from SEM,
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Fig. 3 FTIR spectra showing (a) O—H stretching vibrations and (b) O—
H bending vibrations of (i) DW only, (ii) ZnszCog7-ZIF ground in (ii)
100DW, (i) 63.5EG:37.5DW, (iv) 83.3EG:16.7DW, (v) 89.3EG:
10.7DW, (vi) 92.1EG : 7.9DW, (vii) 93.8EG : 6.2DW, (viii) 95EG : 5DW, (ix)
EG only, and (x) Zn33Cog7-ZIF only; SEM images of (c) etched
Zn33Cog7-ZIF with 100DW, (d) etched Znz3zCog7-ZIF with 90.9EG:
9.1DW, and (e) etched Znz3Coe7-ZIF with 95EG : 5DW (60 mL). (f) SEM
images of etched Zns3Cog7-ZIF with 95EG : 5DW (300 mL) and soni-
cation time of 3 hours.

and there is no obvious destruction of the framework. Addi-
tional nanopores are formed with the increase of EG ratio, as
indicated by the bumpier surface contour of the particles
(Fig. 3d and e). Deeper and larger pores are formed by
increasing the volume of 95EG : 5DW (300 mL) and sonication
time of 3 hours (Fig. 1c, d, and 3f). It is noted that the
morphology is similar when there is no replenishment of EG
and water, but with the same sonication time (Fig. S87). Based
on the FTIR spectra and SEM images, we can deduce that EG
facilitates the enlargement of the nanopores of the bimetallic
ZIF particles.”

Thermal conversion of MOFs

FTIR spectra of ZIF-8, etched ZIF-8, Zn;;Cog,-ZIF, and etched
Zn;33Cog,-ZIF show peaks at ~694, 759, 995, 1145, 1309, 1432,
and 1585 cm ™', which are attributed to sp® C-H bending, sp> C-

Table 1 ICP-OES analysis of Znz3Cog7-ZIF and etched Znz3Cog7-ZIF from three repeated experiments®

ICP determined Feed Co content

Sample Co (ppm) Zn (ppm) Co content (mol%) (mol%)
Zn33C0¢,-ZIF 0.685 0.458 60.9 66.7
Etched Zn;3Cos,-ZIF 0.330 0.395 48.1 —

“ Co content (mol%) = mol of Co/(mol of Co + mol of Zn).
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H bending, CC bending, C-N stretching, sp®> C-H bending, sp*
C-H bending, and CN stretching, respectively (Fig. 4a, b and
Table S37).*> The TGA and corresponding first derivative weight
curves of ZIF-8, etched ZIF-8, Zn;;Co0q,-ZIF, and etched
Zn;3;Co6,-ZIF are shown in Fig. 4c. From the first derivative
curves (Fig. 4d), it can be observed that ZIF-8 is stable until
~600 °C with the maximum decomposition rate achieved at 631
°C. The temperature at which the maximum decomposition rate
occurs is reduced from 587 °C for Zn;;Cog,-ZIF to 527 °C for
etched Zn3;Cog,-ZIF. This may be caused by the partial removal
of Co species in etched Zn;;Cog,-ZIF.* Moreover, the maximum
decomposition rate of etched Znj;;Cos,-ZIF is achieved at
a much lower temperature of 527 °C as compared to that of
etched ZIF-8 (629 °C) because the Co substitution leads to
a faster ligand decomposition.”® After decomposition, the
weight of ZIFs decreases dramatically due to the decomposition
of the organic linker (2-methylimidazole) and the production of
gases. It has been investigated that the decomposed gaseous
mixtures under N, flow involve C, C;H,, C,N,, or both, and H,-
C;N,.” Based on these results, the thermal treatment temper-
ature is set at 600 °C for 2 hours with a heating rate of 5 °
C min " for all samples. A higher carbonization temperature at
800 °C results in the collapse of MOF structure; hence, the use
of such high temperature is not further investigated in this
study (Fig. S9a and bt).

The carbonized forms of Zn;;Coe,-ZIF and etched Zn;3Coq7-
ZIF (denoted as Znz3Co4,-ZIF-C and etched Zn;3Cog,-C,
respectively) were obtained using direct-carbonization at 600 °C
followed by the acid washing process. The structural evolution
from Zn;3;Coe,-ZIF to Zn;3Cos,—~C was checked using both SEM
and TEM (Fig. 5a-h). Both Zn;;Cos,-ZIF-C and etched Zn;;Cog,-
C largely inherit the rhombic dodecahedron morphology of
their precursors (Fig. 5a-d). In addition, mesopores are
observed on the surface of Zn;;Cogs,-C, indicating the success-
ful removal of Co NPs after the acid washing process. A more
open structure with enlarged nanopores is obtained in etched
Zn;;Coe,-C as compared to ZnzzCoq,—~C (Fig. 5e-h). In
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Fig. 4 (a) FTIR, (b) the enlarged FTIR spectra, (c) TGA, and (d) TGA first
derivative curves of ZIF-8, etched ZIF-8, Znz3Cog7-ZIF, and etched
Zn33C057-Z|F.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

comparison, without acid washing, large Co NPs are still
observed in the interior of Zn;3Cos,~C (Fig. S9c and dt). Fig. 5i
shows the schematic representation of etched Znj;;Cos,—C.
Bright-field and dark-field STEM images of etched Zn;;Cos,-C
are shown in Fig. 5] and k. The corresponding elemental
mappings confirm the existence of O, C, Zn, N, and Co in etched
Zn33Cos,~C (Fig. 51-p). The high-resolution TEM of etched
Zn33Co4,-C shows graphitic layers (Fig. 5q and r).

As compared to Znz3Cog;,-C, Zn-C derived from ZIF-8 by the
same thermal conversion condition also maintains the original
rhombic dodecahedron morphology but possesses a smooth
surface with no large pores or cracks (Fig. S107). In contrast,
etched Zn-C obtained from the thermal treatment of etched
ZIF-8 exhibits a distorted and bumpy surface, as seen in
Fig. S11.1 Likewise, the N, adsorption-desorption isotherms of
etched ZIF-8 and etched Zn-C confirm the existence of meso-
pores (Fig. S127).

The porosity of Znz;Cos,-C and etched Znj;;Cos,—C was
quantified by the N, adsorption-desorption measurements. The
isotherms of both Zn;;Cos,—C and etched Zn;;Coq,-C demon-
strate a gradual uptake of N,, and the pore size distribution
curves indicate their mesoporous characteristics (Fig. 6a). The
ratio of the micropore volume in etched Zn;;Cog,~C (12%) is
less than that of Zn;3Cos,-C (18%), whereas the percentage of
the mesopore volume in etched Znj;Cos,~C (87%) is higher
than that of Zn;;Cos,-C (81%) (Fig. 6b). The increased ratio of
mesopores is beneficial for enhancing the ion diffusion in
electrochemical applications.”® Etched Zn;3Co6,-C has
a smaller specific surface area (521 m> g ') and pore volume
(0.835 cm® g ") than Zn;3Co6,-C (1339 m” g~ " and 1.616 cm’
g~ "), possibly due to the increased amount of mesopores on the
particles (Table S47).

PXRD patterns of Znz3Cos,—C and etched Zn;3Co4,-C show
a broad peak at around 26°, which corresponds to the (002)
plane of graphite (Fig. 7a). Two sharp peaks at 1346 cm™ " and
1585 cm™ ' observed in the Raman spectra correspond to the
first-order D and G bands, respectively (Fig. 7b). The D band
represents the presence of disordered carbons, while the G
band represents the presence of sp® hybridized graphitic
carbons. The peak intensity ratio between the D and G band (Ip/
I) can give a good insight into the degree of graphitization.**
The results in Fig. 7b reveal that the Ip/I; ratio of etched
Zn33C04,—~C (0.77) is smaller than that of Zn;3Cos,—-C (0.82),
indicating that etched Zn;;Cos,—~C has a greater degree of
graphitization than Zn;;Cogs,—C.

The chemical bonding states in Znz;Cos;,-C and etched
Zn;3Co4,-C were further analyzed by XPS measurements. The
high-resolution (HR) XPS spectrum of C 1s displays five main
peaks of C-C/CC (284.8 eV), C-N (285.6 eV), C-OH (287.0 eV), O-
CO (288.9 eV), and m-1t* (290.2 eV) (Fig. 7c). The HRXPS spec-
trum of N 1s exhibits four main peaks of N species, including
pyridinic N (398.7 eV), pyrrolic N (400.1 eV), graphitic N (401.1
eV), and oxidized N (402.9 eV) (Fig. 7d).>**” Typically, the C-C/
CC carbon of etched Zn;3Cos,-C increases to 62.52 at% as
compared to that of Znz3Co,—~C (53.16 at%) (Fig. 7c and e).**
The graphitic N of etched Zn;3Coe,-C rises to 17.39 at% from
13.78 at% (Fig. 7d and f). The high contents of graphitic carbon
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Fig. 5 (a and b) SEM images of Znz3Coe7—C; (c and d) SEM images of etched Znz3Cog;—C; (e and f) TEM images of Zn33Cog,—C; (g and h) TEM
images of etched Znz3Cog7—C; (i) schematic representation of etched Znz3Cog,—C; HAADF-STEM (j) bright-field and (k) electron images of
etched Zn33Cog,—C; EDS elemental mapping for (1) O (green), (m) C (purple), (n) Zn (blue), (o) N (yellow), and (p) Co (red) of etched Znz3Coe7—C;
(g and r) high-resolution TEM images of etched ZnzzCog;—C. Note: black particles in the TEM images are remaining Co NPs in the carbon matrix.
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Fig. 6 (a) N, adsorption—desorption isotherms (inset: pore size
distribution curves) of Zns3Cog,—C and etched ZnzsCog;—C; (b) the
pore volume ratio between micropores (<2 nm) and mesopores (2 nm
to 50 nm) in Zn33Coe,—C and etched ZnzzCog,—-C.

and nitrogen are beneficial for improving the conductivity for
supercapacitors.*® The wide-scan XPS spectra show that etched
Zn;3Coq,—C has a higher carbon atomic percentage (81.87 at%)
but lower nitrogen atomic percentage (7.86 at%) compared to
Zn;33Co6,-C (79.56 at% and 9.58 at%, respectively) (Table S57).
We have selected four different local areas and taken the
average values of each chemical composition of the unetched
and etched Zn;;Coe,—C particles using EDS elemental analysis
(Fig. S13-S167). It shows that etched Zn;z;3Cos,-C has a nearly

12766 | J. Mater. Chem. A, 2023, 11, 12759-12769

similar average carbon content (86.70 at%) and a slightly higher
average nitrogen content (4.62 at%) as compared to Znz;;Cog,—-C
(C: 86.89 at% and N: 3.83 at%) (Table S6t). The weight
percentage results show a similar trend (Table S77).

Electrochemical performance for supercapacitors

In supercapacitors, electric double-layer capacitors (EDLCs)
store electrical energy by the electrostatic accumulation of
charges on the polarized surface of electrodes.” Carbon mate-
rials are typical electrode materials demonstrating EDLC
properties. Efficient diffusion of electrolyte ions plays a crucial
role in enhancing the power density of EDLC-based super-
capacitors. The electrochemical performance of Zn;;Cos,-C,
etched Zn;;Co,-C, and Zn—-C as electrode materials for super-
capacitors was evaluated by using a three-electrode system in
1.0 M H,S0, solution. Cyclic voltammetry (CV) studies were
conducted in a potential window range of 0.0 to 0.8 V with the
Ag/AgCl reference electrode. As observed in Fig. 8a and S17a-c,f
the quasi-rectangular shape of CV curves reveals the EDLC
behaviors of the ZIF-derived carbons.'” The integrated area of
the CV curve of the etched Zn;;Cog,-C electrode at a high scan
rate of 100 mV s~ ! is larger than those of Zn-C and Zn;3Cos,~C
electrodes, revealing that the increased mesoporosity of the

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) PXRD patterns of Znz3Cog;—C and etched Znz3Cog7—C. (b)
Raman spectra of Znz3Cog;—C and etched ZnzsCog;—C. (c) High-
resolution C 1s spectrum of Znz3Cog,—C. (d) High-resolution N 1s
spectrum of Znz3Cog7—C. (e) High-resolution C 1s spectrum of etched
Zn33Cog;—C, and (f) high-resolution N 1s spectrum of etched
Zn33Cog7—C.

etched Zn;;Co6,~C particles can facilitate better ion diffusion
(Fig. 8a).

The galvanostatic charge-discharge (GCD) curves of Zn-C,
7Zn;;Co4,-C, and etched Zn;;Co4,—C electrodes were collected at
various current densities ranging from 2 to 100 Ag ™" (Fig. S17d-
fT). The linear nature of the curves confirms the EDLC charac-
teristics of these ZIF-derived carbon samples. The symmetric
configuration of the GCD curves of these three samples
demonstrates that the EDLC adsorption and desorption
processes are reversible. The specific capacitance can be ob-
tained from the potential drop over time of the discharge
curves. The etched Zn;;Coq,-C electrode exhibits specific
capacitances of 127, 102, 89, 80, 74, 70, 69, and 61 F g’1 at
current densities of 2, 3, 5, 10, 20, 30, 50, and 100 A g *,
respectively. Moreover, the specific capacitance of the etched
Zn;3Co4,~C electrode (127 F g7') is significantly higher than
that of Znz;Coe,~C (87 F g~ ') and Zn-C electrodes (6 F g~ ) at
2 A g ' (Fig. 8b). It can be inferred that the enhanced specific
capacitance of the etched Zn;3Cos,-C electrode may result from
the increased porosity and higher degree of graphitization, thus
promoting faster electrolyte and ion diffusion and better elec-
trical conductivity.

In addition, the etched Zn;;Co4,—C electrode shows the best
rate capability with a capacitance retention of 67% with the
increasing scan rates from 1 to 100 mV s~ ' as compared to 41%
and 26% for Zn;3;Cos,-C and Zn-C electrodes, respectively
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Fig. 8 Electrochemical performance of Zn-C, Znz3Coe;—C, and
etched Znz3Cog;—C electrodes for supercapacitors. (a) Cyclic vol-
tammograms at a potential scan rate of 100 mV s~ % (b) Charge—
discharge curves at a current density of 2 A g~ (c) Capacitance
retention at varying scan rates from 1 to 100 mV s~ (d) The specific
capacitances of Zn-C, Znz3zCog;—C, and etched Znz3Cog7—C with
varying scan rates from 1 to 100 mV s~1 All measurements were
conducted in 1.0 M H,SO4 solution. (e) Nyquist plots of Zn-C,
Zn33Cog7—C, and etched ZnzsCog7—C (inset: enlarged EIS plots). (f)
Cycling stability of etched ZnzsCog,—C at a current density of 10 Ag ™!
for 5000 cycles (inset: charge—discharge curves for the first five cycles
and last five cycles at a current density of 10 A g™%).

(Fig. 8c). Therefore, the enlarged nanopores by the etching
process play an important role in enhancing the capacitance
retention because the more abundant mesopores in the ZIF
precursors and the derived porous carbons enable more effi-
cient ion diffusion.

Fig. 8d shows the specific capacitance calculated from the CV
curves at scan rates of 1, 2, 5, 10, 20, 30, 50, and 100 mV s~ * for
Zn-C, Zn33Co4,-C, and etched Zn;3;Coq,-C electrodes, respec-
tively. At a low scan rate of 1 mV s, the Zn;3Co4,~C and etched
Zn;3Co4,-C electrodes exhibit specific capacitances of 112 and
109 F g, respectively, which are significantly higher than that
of the Zn-C electrode (19 F g ). Furthermore, the specific
capacitance decreases with the increase of scan rate. This is
because the electrolyte ions have adequate time to interact with
the electrode interface for adsorption and desorption at low
scan rates.®® At a high scan rate of 100 mV s~ ', the specific
capacitance of the etched Zn;;Cos,~C (74 F g~ ') electrode is 1.6-
and 14.8-times higher than that of Zns;Cos,-C (47 F g~ ') and
Zn-C (5 F g7") electrodes, respectively. This shows that the
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increase in the ratio of mesopores allows for faster diffusion of
ions and contributes to the higher capacitance.

Electrochemical impedance spectroscopy (EIS) was used to
analyze the internal charge transfer resistance in the ZIF-
derived porous carbon samples (Fig. 8e). From the equivalent
series resistance obtained from the intercept at the Z’ axis, the
electrical conductivity of the materials can be deduced. The
equivalent series resistance (R;) value of the etched Zn;z3Cos,~C
electrode (0.86 Q) is lower than that of the Zn;;Cog,—C electrode
(1.33 Q), indicating that the increased graphitization in etched
Zn;;Co4,-C enhances its electrical conductivity. The EIS curve
of the etched Zn;3Coe,—-C electrode displays a steeper slope as
compared to the Zn;3;Cos,—C and Zn-C electrodes, implying that
it has the greatest capacitive behavior among the three elec-
trodes. The high capacitive behavior of the etched Zn;;Cos,-C
electrode may be attributed to the interconnected hierarchical
porous structure, which can promote faster and more efficient
ion transport.

Moreover, the stability test of the etched Zn;;Cos,—-C elec-
trode was performed by repeating the charge-discharge cycles
at a current density of 10 A g~ * (Fig. 8f). In the first 1000 cycles,
77% of the initial specific capacitance of the etched Zn;;Cos,-C
electrode is maintained. From 1000 cycles to 5000 cycles, 90% of
the initial capacitance is retained. The increase in the capaci-
tance retention after 1000 cycles may be due to the increased
wetting of the hierarchical porous carbon (etched Zn;3Cos,—-C)
electrode.

Conclusions

In summary, bimetallic ZIF-derived Co and N co-doped
hierarchical porous carbon containing large mesopores has
been achieved by an EG-assisted aqueous etching treatment.
Unlike ZIF-8 which contains only zinc ions, the bimetallic
Zn;3Coe7-ZIF exhibits more mesopores following the etching
process due to the weaker coordination between Co** and 2-
methylimidazole compared to Zn>*. The etched Zn;;Cos,—C
electrode shows the best rate capability with a capacitance
retention of 67% with the increase of the scan rate from 1 to
100 mV s~ ' compared to 41% and 26% for Zn;3Cos,~C and
Zn-C electrodes, respectively. Additionally, it shows a high
capacitance retention of ~90% after 5000 cycles of charge-
discharge at a high current density of 10 A g™, indicating the
good cyclability of the etched Zn;;Cos,-C electrode. It is ex-
pected that the proposed EG-water etching strategy will
provide a useful method for enlarging the porosity of MOF-
derived porous carbons without the need for external
templates.
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