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In the present study, a facile strategy has been proposed for generating bimodal porosity in porous

carbons, by using sacrificed metal organic framework (ZIF-8) as the precursor and additional silica
colloids as extra porogenes via their further self-assembly. The details in the formation of hierarchical
structures are studied by time-dependent XRD and TEM characterizations. As-synthesized hierarchical
porous carbons possess micropores (1.0 nm) and mesopores (3~20 nm), which are verified by TEM and
N,-sorption measurements. The specific information on carbon structures is supplied by XRD and
Raman data. The electrochemical properties have been briefly investigated by cyclic voltammetry and
impedance spectroscopy. A highest capacitance of 181 F g and lowest resistance of 0.21 © cm? are
obtained between a series of ZIF-8 derivative carbons, both of which along with high electro-stability
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endow a promising application of these nanoporous carbons in supercapacitors.

1 Introduction 29 accessibility, which has to be taken into account during the
30 designed synthesis of nanoporous carbons. Therefore, the
2 With increasing scarcity of energy resources, tremendoB4 creation of pores with precise control over pore size and shape
3 attention has been attracted to the development of energ32 isof great interests for scientists and engineers.
4 storage devices or systems for capturing any possible energy 33 Up to now, several synthetic methods to prepare porous
5 ensure their long-last uses. Among many energy-stora8d carbons have been established, including laser ablation,?
6 systems, supercapacitors or electric double-layer capacit3§ eclectrical arc,'* chemical vapor decomposition (CVD)," and
7 (EDLCs) ' as an appealing representative are catching up 086 chemical or physical activation'® as well as template
8 eyes owing to their high efficiency, ultralong cycle life aB¥ carbonization.'”"'® In the former several routine routes, pores in

9 greenness. Since the electrode material plays a prime role in38 the size range of nano to micrometers can be created inside
10 supercapacitor, a variety of materials have been investigated f88 carbon skeletons. The resultant porous carbons possess high
11 making electrodes.”” Porous carbon with diversified micrd® surface area; however, their structures are disordered and
12 textures has been widely accepted to be the potential candid4d random pores with broad pore size distributions, thereby losing
13 for electrode materials mainly due to their lightweigh® their advantage in molecular recognition. In the latter template
14 properties, excellent chemical inertness, large specific surfadd route, the creation of micro- or mesoporous carbons involves
15 area (SSA), and high conductivity etc.®!! Although great effort selecting appropriate carbon gels and templates followed by
16 have been made, there are still some hurdles to be overcom#5 further carbonization. The typical examples include hard or
17 for example, to construct an excellent supercapacitor with hidl soft-template methods by impregnation or chemical deposition
18 energy as well as power density. In this regard, we can resort4¥ of carbon sources within ordered porous solids (e.g. zeolites,
19 design better porous carbon materials with superior properti4§ mesoporous  silica)'®?° or self-assembly of carbon gels by
20 in terms of high porosity, controllable pore size, and tunat4§ polymerizing around surfactants.’>* Although ordered porous
21 interconnected pore structure.® '> Porosity is the fundamen0 carbons can be prepared via this method, single-modal pores
22 characteristic of nanoporous carbons. High porosity means54 (either micro or mesopores) are obtained in one specific carbon
23 large number of voids in carbons, providing large space f62 entity. In addition, only a few stable carbon gels have been
24 guest accommodation, especially for electrons. MeanwhiB3 found to be suitable; and the preparation process is quite
25 pore size is another important parameter, because uniq6# complicated and unfavorable for large-scale production of
26 interaction between molecules or ions within the nanospatigh porous carbons.

27 network is due to size selection effect. Additionally, the pore
28 structure plays a crucial role for guests’ mobility and space
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Very recently, microporous carbons can be derived frobd
metal organic frameworks (MOFs),** evidenced by severab
examples (MOF-5, AI-PCP, ZIF-8).>*® MOFs are considerb®
as alternative precursors for constructing nanoporous carbohy
due to their periodic structures, adjustable pores, high specifsd
surface areas and abundant carbon atoms in skeletons, whibl9
can broaden the library of porous carbons with novel structur6f
and functions.?’ The preparation of porous carbons with bof
micro and mesopores in the frameworks is still a big challeng@
using MOFs as precursors, because multi-modal porosity cfB
bring benefits in high capacitance and low transport resistande4
Based on the considerations above, herein, our interests rely @b
proposing a new and facile strategy to simultaneously generate
micro-meso porosities in carbons from cheap precursors,
siliba
nanoparticles inside the zeolite imidazolate framework crysti8
(Z1Fs, a subclass of MOFs). Typically, ZIF-8 [Zn(MeIMB9
MeIM=2-methylimidazolate]*° is selected as the host materi&0
to introduce microporosity because it possesses quite thermal

exemplified by loading commercially available

stability to ensure complete carbonization before ligadd®
decomposition (structure collapse), 3-D open framework, larg3
surface area and high carbon content. Additionally, small silid4}
particles with size falling in the mesopore range (2-50 nhS
TUPAC) are introduced to generate supplementary pores inf®
ZIF-8 entities by removing these porogenes. Further, a7
prepared nanoporous carbons are explored in the application 88
electrode materials as supercapacitors. High capacitance of 1§89
F g' and low electrochemical impedance of 0.21Q cm? 89
obtained, benefited from well-balanced micro-meso porosities81

82
Experimental 83
84
Materials and methods 85
Zinc nitrate  hexahydrate (Zn(NOs), 6H,0, Sinophar%ﬁ

Chemical Reagent Shanghai Co., Ltd., China, AR), 87
methylimidazole (MeIM, Chengdu Kelon Chemical Reage&g
Factory, AR), colloidal silica (Ludox AS-30, Sigma-Aldrich, Y
wt.% suspensions in water), n-butylamine (C4H;;N, Tianjj
Fuchen Chemical Reagent Factory, AR), fumed silica AS-2
(SiO,, Shenyang Chemical Co., Ltd., China, 99%), anhydroag-
methanol (CH3;O0H, Tianjin Guangfu Chemical Rescar&?
Institute, GR), ethanol and hydrofluoric acid (40% HF, Xilo&g”
Chemical Co., Ltd., AR) were used as received without a%
further purification. 95
The powder X-ray diffraction (PXRD) measurements wedb
performed by using Riguku D/MAX2550 diffractometer wi/
Cu-Kao radiation (50 kV, 200 mA, A = 1.5418A) and a scanni&@
step of 0.02°. The morphologies and structures of all sampl%g
were obtained by transmission electron microscopy (TQIQQ
JEOL JSM-3010). Particle size distributions of silica wkod
examined by means of dynamic light scattering (DLS) analil&g
using a Malvern Zetasizer-Nano instrument. Raman spect
were recorded on a Micro-Raman system from Renishaw
using an Ar ion laser with an excitation wavelength of 532 A4

The silica amounts in ZIF-8 crystals were determined by XS
106

This journal is © The Royal Society of Chemistry 2012

on a Scienta ESCA 200 spectrometer. Thermogravimetric
analyses of the samples were performed on a Netzch Sta 449c¢
thermal analyzer with a heating rate of 10 K min™' under air
atmosphere. Nitrogen adsorption and desorption experiments
were carried out at 77 K on an Autosorb iQ2 adsorptometer,
Quantachrome Instrument. Prior to the tests, the samples were
degassed at 423 K overnight under vacuum. Specific surface
areas were calculated by using the Brunauer-Emmett-Teller
(BET) equation;
distributions were determined by applying t-plot and BJH, and
the non-local density functional theory (NL-DFT) methods
respectively.

and the pore volumes and pore size

Synthesis of silica/ZIF-8 nanocrystals

Nanocrystals of neat ZIF-8 were prepared according to the
previous report with a slight modification.’® Typically, solution
A was prepared by dissolving 0.147 g Zn(NO3),-6H,0 in 10
mL CH;0H, meanwhile 0.081 g 2-methylimidazole and 0.195
mL n-butylamine were dispersed in another 10 mL CH;0H to
form solution B. And then, both solutions were mixed together
under stirring for 12 hours at room temperature. The yielded
ZIF-8 powder was purified by repetitive centrifugations (10000
rpm, 3 minutes) using CH;OH as the solvent with subsequent
drying in air.

For the preparation of silica/ZIF-8 crystals (L-ZIF-8 and F-
ZIF-8), solution C (total 10 mL) instead of solution B was
prepared by separately dissolving 0.081 g 2-methylimidazole
and 0.195 mL n-butylamine in 5 mL CH3OH, and 1 g fumed
silica aqueous solution (0.3 g fumed silica in 0.7 g water) in
another 5 mL CH3;OH. Solution C was homogeneously mixed
with 10 mL solution A containing zinc source (F-ZIF-8). The
similar procedure was also employed for the synthesis of L-
ZIF-8 by simply substituting fumed silica with 1 g Ludox
solution (30 wt. %, the silica mass of 0.3 g is the same as in F-
ZIF-8). The following procedures including room-temperature
crystallization, powder purification and sample drying were
exactly the same as stated above for that of ZIF-8.

Preparation of porous carbons

As-prepared silica/ZIF-8 or ZIF-8 samples were introduced
inside a quartz boat, which was placed at the center of a quartz
tube with both ends connected to argon gas. The tubular
furnace was heated up at 1073 K for 5 hours with a ramp of 1 K
min" under continuous argon flow of 50 mL min"'. The
carbonized products were further treated thoroughly with HF
aqueous solution (10 wt. %) to remove residual inorganic
matters and washed extensively with deionized water until
neutral pH. The completion of silica removal was confirmed by
the disappearance of Si (2p) associated peaks (103 eV) in XPS
spectra of Fig. S1 (X-ray photoelectron spectroscopy). The
resultant carbons were dried at 373 K overnight.

Electrochemical measurements

Electrochemical measurements were performed on a Zennium
electrochemical workstation (Zahner, Germany) in a standard
three-electrode system at room temperature. A platinum gauze
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electrode and a saturated calomel electrode (SCE) were servdd
in 6 M KOIb
electrolytes, respectively. All the working electrodes wedld

as the counter and reference electrodes

fabricated by firstly mixing 75 wt. % powdered active carbon
materials (C-ZIF-8, LC-ZIF-8, FC-ZIF-8), 15 wt. % acetylene
black and 10 wt. % polytetrafluoroethylene (PTFE) dispersed in
ethanol solvent to form slurry, and then depositing onto nickel
foam with an area of effective area around 1.0 cm? and a film
thickness of 0.14-0.16 mm (the apparent electrode density is
about 0.56 g cm™). The foam was dried overnight at room
temperature and then pressed under 25 MPa as a working
Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were used for the evaluation of

electrode.
electrochemical performances of the electrode materials.

Results and discussion

XRD studies

The crystalline structures of fresh-prepared MOFs (labeled a
ZIF-8, L-ZIF-8, F-ZIF-8 for neat ZIF-8, ludox-ZIF-8, fum
silica-ZIF-8 samples) and their corresponding derivative carbon
materials (labeled as C-ZIF-8, LC-ZIF-8, and FC-ZIF-8) we
determined using powder X-ray diffraction (XRD). As depicte?
in Fig. la, hybrid materials of L-ZIF-8 and F-ZIF-8 exhibitéd
similar diffraction patterns to that of neat ZIF-8, indicating bod?
samples possess the same structure as ZIF-8 with hi§13
crystallinity and free of other impure crystalline phases. Witho4
close look, small broad peaks are detected in 20 of 20-25° in thé
patterns of L-ZIF-8 and F-ZIF-8 originating from amorpho§§
silica. This point out small silica particles from ludox and
fumed silica are incorporated in ZIF-8 crystals. Fig. 1b displa§§
XRD patterns of carbon derivatives, which are obtained by th®
carbonization of as-synthesized ZIF-8 samples with subsequeé@J
silica removal using HF solution. Peaks centered at aroufd
24.5° and 44° are ascribed to the diffractions of (002) and (106)7-
planes of carbon (JCPDS 01-0640), respectively. The peak 63
presence at 44° also tells us that graphitization in some extentG4
taking place during the carbonization process.

(a) — LZIF-8 /
—F-ZIF-8
amuvflluj.lf gilici —ZIF8 A 8
; : 9
£ ! z 0
5 i :
£ ! 1 £
: ! = 1
' i
_____ ; 2
5 10 15 20 25 30 35 40 10 20 30 - 50 3
2 0 (degree) 20 (degree) 74
Fig. 1 XRD patterns of prepared ZIF-8 hybrids and the corresponding carbgon
materials. 75
76
77

Raman studies
78

Raman spectroscopy is generally used for probing loc-fé
structures of graphitic carbon species. As shown in Fig. 2, vy
major bands are observed in all prepared carbons, assigning 9
the vibration modes of D and G bands.*' By deconvolution of

This journal is © The Royal Society of Chemistry 2012
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the two superimposed bands, about 25% graphitic carbons
(calculated from G band areas) are present in the samples after
carbonization, in couple with ~75% amorphous carbons.

D-band G-band

——LC-ZIF-8
——FC-2ZIF-8
——C-ZIF-8

deconvolution

T T T T T
1200 1400 1600 1800 2000

Raman shift (cm™)

Fig. 2 Raman spectra of ZIF-8 derived carbons.

T T
800 1000

TEM studies

The morphologies of as-synthesized ZIF-8 hybrids and carbons
are visualized by transmission electron microscopy (TEM). As
seen in Fig. 3a, ZIF-8 crystals exhibit spherical shapes with an
average size of 25 nm. Also, ZIF-8 hybrids have similar
morphology to neat ZIF-8 (Fig. S2). The carbon particles (Fig.
3d) merge together after carbonization, which are different
from the discrete ZIF-8 crystals (Fig. 3a). With zooming, many
small voids of around 1.0 nm are visible in C-ZIF-8 particles
(Fig. 3d), the size of which coincides with the cavity diameter
of ZIF-8 crystals (1.1 nm).*® For LC-ZIF-8 (Fig. 3e), besides
the small pores, some large voids of about 2.7 nm are observed
as well. These big pores are generated by removing silica
colloids of 4 nm embedded in L-ZIF-8 crystals (Fig. 3b); and
this size also matches well with the particle size distribution of
colloidal silica in solution (Fig. S3). For FC-ZIF-8 (Fig. 3f),
similar large voids of 14 nm are detected by TEM within
carbon particles. The creation of defined big pores falling in
mesopore scale (similar to the size of fumed silica, see Fig. S3)
is benefited from the encapsulated silica in F-ZIF-8 crystals
(Fig. 3¢).

Porosity studies

The porosity and specific surface areas in all prepared samples
are investigated in details by nitrogen adsorption measurements.
Fig. 4 shows adsorption-desorption isotherms of C-ZIF-8, LC-
ZIF-8 and FC-ZIF-8, typical for Type IV isotherms. A steep
uptake at low relative pressures followed by a plateau is
recorded, suggesting that many micropores exist in the carbons.
To be noted, a distinct hysteresis at high relative pressures is
also detected, shedding light on the occurrence of mesopores.
The textural data including specific Brunauer-Emmett-Teller
surface area (Sggt) and micropore-mesopore volumes are

J. Name., 2012, 00, 1-3 | 3
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20 nm
—— V)

Fig. 3 Representative TEM images of prepared neat ZIF-8 (a), silica-ZIF-8 hybrids of L-ZIF-8 (b), F-ZIF-8 (c); and their corresponding carbon materials of C-ZIF-8 (d), LC-
ZIF-8 (e), and FC-ZIF-8 (f).

4  summarized in Table SI. It can be found that the obtained

1000

N i~ carbons are highly porous with surface areas above m- g,

: (@ 5 carb highl h surf: bove 700 m* g'

< 8004 g "g 6 a largest surface area of 1026 m*> g™ and pore volume of 1.71
8 Z;., olg 7 cm’® g is obtained for LC-ZIF-8, because of its three-fold pore
§ 600 %"" — uf 8 structure of 1.0, 3.2 and 8.0 nm. The corresponding pore size
s :: _“s 9 distributions for all three samples are shown in insert pictures
s ™ e = s 10 of Fig. 4. All samples exhibit almost identical micropore size of
-.':—;' .| 11 1.0 nm. This expectation can be explained with the inherent
g 12 micropores stemmed from the well-ordered cavities of ZIF-8
o . . i , | 13 crystals, consistent with XRD and TEM results. Interestingly,

0.0 0.2 0.4 0.6 02 10 14  the sizes of present mesopores vary differently from C-ZIF-8 to

Relative pressure (P/Po) . A .

oo 15 LC-ZIF-8 and FC-ZIF-8. Typically, the mesopore size is about
Jape 7 "% (b) 16 8 nm for C-ZIF-8, which is derived from self-aggregating effect
“-3 o 3 17 of carbon nanoparticles. For LC-ZIF-8, in addition to large
%1000- 1 s g 18 pores (8.0 nm), small mesopores around 3 nm are generated.
2 80043 -5; 19 The pore size is in good agreement with visible voids in the
E ey 2 20 TEM image as displayed in Fig. 3e. For FC-ZIF-8, the
; 21 mesopore size is shifted to a high value of 17 nm. This means
"E = 22 these secondary pores are coming from the removal of colloidal
g 200 23 silica with specific diameters, which are evidenced by their

: : _ : 24  particle size distributions (Fig. S3). Additionally, the ratios
00 0.2 0.4 06 08 10 25

e = between micropore and mesopore volumes can be tuned in a

1200 1— - 26 range of 0.1-0.4 by varying the amounts of extra silica colloids,
_ = © 27 which is exemplified by the ratio values of 0.1, 0.23 and 0.38 in
"o 10007 “1 28 LC-ZIF-8 sample with 0.015, 0.0075, 0.00375 ¢ mL™" silica in
§- 800 “i 29 ZIF-8 precursors.
g 170m 04 é
S 600- » g / 30 Formation mechanism
b ’ VLI
; 400 P e T : 31 To briefly investigate the formation mechanism of hierarchical
€ g 32 ZIF-based porous carbons, combined techniques of XRD and
g 33 TEM are used to follow its process. Time-dependent XRD
ok : . . , ' 34 patterns are shown in Fig. 5. ZIF-8 undergoes a rapid
1 00 e Relatl:: pmssu"r‘: (PIPs) . 10 35 crystallization and its crystallinity reaches almost 100% after 30
2 Fig. 4 N, adsorption isotherms and pore size distribution curves of C-ZIF-8 (a), ,_%_6 minutes (Calculated from their respective XRD patterns in Fig'
3 zIF-8(b) and FC-ZIF-8 carbons (c). 37 S4). As seen from the morphology changes in TEM images,

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 4
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more discrete ZIF-8 particles with regular shapes are forméd
with a prolonged crystallization time. However, tAd
crystallization of L-ZIF-8 is much slower than that of ZIF-42
and the full crystallinity can be gained after 360 minutes. Silid3
colloids and ZIF-8 crystals are merged together as seen from
TEM pictures. These observations suggest that colloidal silica
in ZIF-8 precursors largely inhibits the crystallization of ZIF-8
crystals, while this inhibition can assist the co-assembly of
silica and ZIF-8 precursor into a hierarchical composite.

100 -

80 -

=X
2 60
£
g 40 -
g
3)

20 - aviy
= ZIF-8 A5
® L-ZIF-8

0 - | T .
0 200 400 600 satb

Reaction Time (mins) 47

Fig. 5 The changes of relative ZIF-8 crystallinity in function of time (assuming tng
crystallinity of 100% for the samples after 12 h), and representative TEM pictu&§
=y

with corresponding time (2, 30, 120 minutes, scale bar of 50 nm).
0

For clear illustration, the process of pores formation 3d
proposed in Scheme 1. ZIF-8 frameworks or sub-nano crystali;
are formed after immediately mixing their precursors of Zn and
methylimidazole at room temperature. The crystallinity of 7194
8 crystals is increasing with time, and micropores
spontaneously formed during the crystallization perioléls
Meanwhile, colloidal silica is embedded in the precursor witl
subsequent incorporation inside or between aggregated crysta§§
as crystallization progresses on (Scheme 1). Upon heating
high temperatures (>973 K), the ligands of 2-methy1imidazola@9
start to be decomposed, immediately with the subsequem-
carbonization; leaving the internal voids of crystals intRe
(micropores). Due to self-aggregation, some big por@§
(mesopores) are formed between carbon particles during B
carbonization stage. In an alternative way, new supplementa
mesopores are yielded with a further removal of resided silibh
in the carbons. Based on the observations above, one B
conclude that the micropores in porous carbons are inheritd®
from the intrinsic ZIF-8 cavities; while mesopores are produc@@
during self-assembly or extraction of extra silica porogenes.

Thermal stability 72

The thermal stability of porous carbons was evaluated 1%3
thermogravimetric analysis (TGA) in air. Fig. 6 shows the T4
curves of C-ZIF-8, LC-ZIF-8 and FC-ZIF-8 samp1Z§
respectively. The curves exhibit similar shapes, with a smdlP
weight loss of ~15 wt. % in the temperature of 25-120 of7

This journal is © The Royal Society of Chemistry 2012
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which is attributed to the removal of adsorbed water. A big
weight loss is observed from onset temperature around 500 °C,
which corresponds to the combustion of carbons. These results
confirm that obtained porous carbons are stable up to 500 °C.

——LC-ZIF-8
100 ——FC-ZIF-8
——C-ZIF-8
80
)
= 60 |
=y
]
= 40-
20
0

1 1
400 600
Temperature (°C)
Fig. 6 TG curves of C-ZIF-8, LC-ZIF-8 and FC-ZIF-8 carbons

1
200 800

Electrochemical characteristics

It is widely accepted that hierarchical porous carbons can bring
many Dbenefits to the electrochemical properties of
supercapacitors, including high capacitance and fast ions
transport in the electrodes.”® Motivated by the bimodal
porosity of as-prepared porous carbons, electrochemical
capacitive performances are studied, exemplified by cyclic
voltammetry  (CV) and  electrochemical impedance
spectroscopy (EIS) techniques. The CV profiles of porous
carbons at various sweep rates from 5 to 100 mV s are
collected in Fig. 7. All samples exhibit relatively good
rectangular curves at 5 mV s, and retain quasi-rectangular
shapes at high sweeping rates; demonstrating effective double
charged layers of K' ions (0.66 nm)*>* are built along the
pores of 1.0 nm, and thus resulting in high gravimetric
capacitances. The specific capacitances of C-ZIF-8 to LC-ZIF-8
and FC-ZIF-8 are calculated to be 181, 175 and 164 F g at a
sweep rate of 5 mV s respectively, the values of which
coincide with a similar trend of their micropore volumes (0.23,
0.16, 0.15 cm® g”! for C-ZIF-8, LC-ZIF-8, FC-ZIF-8; Table S1).
Such finding points out micropores of 1.0 nm in obtained
carbons play a crucial role in charge storage, while the
introduction of silica slightly contribute to the capacitances.
Meanwhile, the high capacitances guarantee these ZIF-8
derived carbons to be excellent electrode materials.

Besides, the resistance for ion transportation is another
important parameter in carbon-based electrodes. In this respect,
the impedance spectrum can be used to estimate the ion
transport/diffusion ability within the pores. Fig. 8 provides
Nyquist plots for all the carbon samples in frequencies between
10° Hz and 0.1 Hz at an open circuit voltage. Apparently, the
impedance plots show an increasing trend with a nearly vertical

J. Name., 2012, 00, 1-3 | 5
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Self-assembly k) ¢ Crystallization Carbonization
3 > '
h {
.® v"{:?",
A '..’
@ A -
'y Y4 0 4 ZIF-8 single crystal
e’
(P} ]
a
@ Melm o Zn?*
:'40 < Crystallization 3 _ Carbonization Silica removal
{ 510 by o = Y =
Assist-assembly .
with silica 7:
Scheme 1 Formation process of porous carbons with bimodal porosity via self and assisted assembly approaches
3 line in the low frequency region, which indicates a good
4 (@) 4 capacitive behavior, in accordance to CV results. The inserted
PO 5 sub-plot in Fig. 8b depicts the magnified impedance spectrum
':’ 10+ 6 at the high frequency region. Obviously, equivalent series
‘5 7 resistance (ESR) of LC-ZIF-8 and FC-ZIF-8 are 0.21 and 0.25
g .| 8 Q cm?’ respectively, which is much lower than that of C-ZIF-8
'E 9 (0.42 Q cm®. The lower resistance can be attributed to the
E ) 10 existence of big pores, as proven by high mesopore volumes for
= 404 ——5mVs .
37 i 11 LC-ZIF-8 and FC-ZIF-8 samples in Table S1.
—20mVs’
——50mVs’'
-20 ——100mV s’ 1.0
42 A0 08 06 04 02 00 (a) (b) i Y
Potential (V) vs. SCE 34 0.8 T .
20 [ Lot
. gos] .o
=
— L] s - e
"o 10 —_ iy 0.4+ ESR=0.25 4 .
s E 24 A ° " al . :'
g -g 0.2 ot .-'. .
2 ] = ', ESR=0.21 4" o0* F
3 N te 0.0 / - .
- L 0.2 0.4 0.6 08
s 1 fe Z' (ohm)
£ -0+ T 4o
o A
] A LC-ZIF-8
wl = v o FC-ZIF-
42 10 08 06 04 -02 00 = C-ZIF-8
Potential (V) vs. SCE 0 T T T y T y T y
20 0 1 2 3 5
4]
(c) 12 Z' (ohm)
— 13 Fig. 8 Nyquist plots of obtained porous ZIF-8 derived carbons at different
‘o 10 14  frequencies.
<
G g 15 This observation gives us a sound proof that large pores provide
3 16 highways for ions to access the pore surface, thus enhance the
E G 17 ion diffusion rate. Moreover, the partial graphitization makes
3 104 —tomvs’ 18 some contributions to electrical conductivity. To support this
—20mvs’ . . . s .
_w:v : 19 hypothesis, three samples with varied extents of graphitization
204— - - 4. 20 were prepared simply by changing the carbonization
42 10 -08 06 -04 02 00 . . .
1 Potential (V) vs. SCE 21 temperatures (i.e. 1073-1273 K); and their corresponding

2 Fig. 7 CV curves of C-ZIF-8 (a), LC-ZIF-8 (b) and FC-ZIF-8 (c) at different scan rat&2 results are shown in Table S2. As shown in Table S2, the
23  contents of graphitic carbons in C-ZIF-8 samples are increasing

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 6
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(from 25.0% to 34.2%) with carbonizatid?
temperatures, thereby decreasing the ESR values (from 0.42 23
0.28 Q cm?). On the basis of electrochemical results, it can B¢l

concluded that bimodal porosity in hierarchical porous carbo25

elevated

not only improves charge storage in small pores but al2®

27

facilitates electrolyte ion diffusion via large-pore channels.

Electrochemical performances
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To further evaluate the rate performances of these materia
films with ZIF-8 derived carbons were tested with differe
scan rates. Specific capacitances obtained at increasing sc
rates are shown in Fig. 9a. When a low scan rate of 5 mV s i
applied to the electrodes, the specific capacitances of 181, 1 3
164 F g are obtained for C-ZIF-8, LC-ZIF-8 and FC-ZIF-3;
When the scan rate is increased to 200 mV s™', the capacitancg
decay to 55%, 74% and 70% of their initial values. LC-ZIFz
and FC-ZIF-8 retain larger capacitances than C-ZIF-8 at hi
scan rates; benefited from higher ion mobility in lar§e8
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mesopore volumes (Table S1).
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The stability of these electrodes was also examined with
repetitive tests. Fig. 9b shows times-resolved capacitances upon
tests at 100 mV s, As can be seen, all the samples exhibit good
capacitance retention (92-97%) after 2000 consecutive cycles.
Overall, ZIF-8 based porous
performance and stability.

carbons retain good rate

Conclusions

In conclusion, a new concept on how to introduce multi-
porosity in porous carbons has been demonstrated, which is
exemplified by a series of ZIF-8 derived carbon materials. We
have found that the micropores around 1.0 nm are inherited
from the intrinsic cavities of ZIF-8 crystals; while mesopores
with pore size range of 3~20 nm are produced with an
assistance of self-extra porogenes. The mesopore sizes as well
as volumes can be simply varied by employing either ZIF-8
nanocrystals or added silica colloids with particular particle
sizes and changing the introduced amounts, respectively. XRD
and Raman results reveal that as-obtained porous carbons
possess both graphitic The
electrochemical properties on these three types of carbons are

and amorphous phases.
studied by measuring their cyclic voltammetry and impedance
behaviors. The obtained results show that as-prepared porous
carbons exhibit high capacitance and low resistance, which are
benefited from high surface areas, high microporosity, and a
large portion of mesoporosity in these carbons. Moreover, the
electrodes made of these porous carbons exhibit good rate
performance and stability. This new concept not only provides
a strategy for the syntheses of hierarchical porous carbon
materials from economic resources, but also offers a direction
to design multi-porosity within carbons for improving their

electrochemical performances as supercapacitor eclectrode
materials.
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Creation of hierarchical pores is achieved by introducing self and extra porogenes in
MOF-based porous carbons. In this strategy, the micropores and mesopores are
inherited from well-ordered cavities of MOF crystals, and additional silica colloids
with defined sizes. The bimodal porosities bring benefits to high storage capacitance
and low charge-transport resistance, both of which make as-prepared nanoporous

carbons as promising electrode materials in supercapacitors.



