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ABSTRACT

A facile new route for fabricating carbon/zinc oxide (carbon/ZnO) hybrid materials suitable for pseu-
docapacitor electrodes with high cycling stability is presented. The synthesis of carbon/ZnO nano-
composites involved the uniform dispersion of octylamine (OA) capped ZnO nanocrystals into
poly(styrene-r-acrylonitrile) (PSAN) copolymers and the subsequent pyrolysis of the nanocomposite
precursor material to form the carbon/ZnO hybrid. PSAN copolymers with two different chain lengths
were prepared to illustrate the effect of chain length on structure and properties of the composites. For
all cases, the pyrolysis of ZnO-OA/PSAN precursor blends resulted in the formation of disperse ZnO/
carbon core-shell hybrid structures. The accessible surface area was found to increase with molecular
weight of matrix chains. The ZnO/carbon composites exhibited a specific capacitance of 145 Fg~' at the
scan rate of 2mV s~ L In addition, 91% of the initial capacitance was obtained after 10,000 charge/
discharge cycles. The versatility of the synthetic process should render the presented method attractive

for the fabrication of a wide range of carbon/transition metal oxide hybrid materials.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The development of benign energy resources as well as storage
systems presents one of the most pressing societal needs [1—4].
Electrochemical capacitors (ECs) are among the key technological
systems that define the state of the art in electrical energy storage
systems [ 1—6]. Electric double-layer capacitors (EDLCs), also known
as supercapacitors, have garnered particular interest. This is
because they offer high power density (1—2 orders of magnitude
higher than that of batteries), fast charging and discharging, short
response time, superior cycle lifetime (2—3 orders of magnitude
better than that of batteries), and high reliability [1—7]. A sign of the
reliability and utility of supercapacitors is their use in a variety of
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applications, including portable consumer electronics, computer
memory backup systems, power for the next generation all electric
vehicles, industrial-scale power and energy management [8].
However, a major bottleneck that limits the acceptance of existing
supercapacitors in many high value applications, including energy
storage devices, is their low energy storage density, generally an
order of magnitude lower than that of batteries. Therefore,
improving the energy density, while maintaining the high power
density and cycling stability for supercapacitor devices, remains the
primary challenge in the field [3,9].

As another type of ECs, pseudocapacitors utilize fast and
reversible redox reactions at the surface of the electroactive ma-
terial for charge storage [10—12]. In fact, in addition to capacitive
improvements, pseudocapacitive materials are able to provide
much higher energy density than carbon based materials in electric
double layer capacitors, resulting in increased interest in these
systems [10—12]. Several active pseudocapacitive materials,
including transition metal oxides and conducting redox polymers,
have been developed [13—20]. Their high energy density along with
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fast and reversible redox reactions at the electrode surface can
significantly enhance the specific capacitance [18,19,21]. The ability
of pseudocapacitors based on hybrid composite materials with a
porous carbon structure to maintain high power density and fast
charge—discharge rate has drawn significant research attention.
Recently, hybrid composites based on transition metal oxides,
including iron oxide (Fe;03) [22,23], cobalt oxide (CoO, Co304)
[24,25] and manganese oxide (MnO5;) [26,27], have been evaluated
as pseudocapacitor electrodes [28]. Unfortunately, most of these
specific metal oxides suffer poor cycling stability and reversibility
during the charge—discharge process.

Zinc oxide has drawn interest as transition metal oxide for the
fabrication of pseudocapacitors due to its low-cost, environmental
friendliness, and ease of synthesis [29—31]. Integration of ZnO with
other pseudocapacitive materials resulted in remarkable capaci-
tance performance. However, existing materials were shown to
suffer from poor cycling stability. One strategy to address this
shortcoming is the integration of ZnO with materials that exhibit
high cycling stability. In particular, ZnO/carbon hybrid materials
have been pursued since carbon materials usually display excellent
rate performances, reversibility, and stability [23,32—42]. However,
although experiments on ZnO/carbon hybrids did show promising
results, the cycling stability of tested materials was found to be a
challenge. This was interpreted to be a consequence of the non-
uniform and phase separated structure of the hybrid material.
High capacitance values (>300Fg~') and generally superior per-
formances were reported for ZnO/carbon nanotubes and ZnO/gra-
phene nanofiber hybrids [43,44]. However, the costs of materials
and complexity of the synthesis limit the application of these type
of materials [28]. Thus the development of effective strategies for
the preparation of ZnO/carbon composites with high degree of
morphological control for use as electrochemical capacitors re-
mains an important goal.

In this contribution, we report a facile method to fabricate ZnO/
carbon composites based on the pyrolysis of uniformly structured
ZnO/polymer nanocomposites. Octylamine (OA) capped ZnO
nanocrystals were prepared by thermal decomposition of zinc 2-
ethylhexanoate in the presence of octylamine [45—48]. Poly(-
styrene-r-acrylonitrile) copolymers (PSAN) were synthesized
through ARGET ATRP (Activator ReGenerated by Electron Transfer
Atom Transfer Radical Polymerization) [49—56]. The AN units in the
copolymers can efficiently crosslink and form porous carbon
structures [57,58]. ZnO/PSAN hybrid materials with uniform
microstructure were prepared by solution casting from THF. The
uniform microstructure was retained during subsequent pyrolysis
of the nanocomposite template to form the final carbon/ZnO hy-
brids. The electrochemical performance of carbon/ZnO hybrid
electrodes was determined by evaluation of the specific capaci-
tance and cycling stability. Gravimetric capacitance of 145 Fg~! was
achieved and 91% of the initial capacitance was maintained after
10,000 charge—discharge cycles. The viability of material synthesis
and processing, along with the performance and lifetime of the
materials in pseudocapacitor applications suggest the potential of
these novel materials as candidates for electrochemical
applications.

2. Experimental

Materials and Methods Monomers: styrene (S, 99%, Aldrich)
and acrylonitrile (AN, 99%, Aldrich) were purified by passing
through a column filled with basic alumina to remove the inhibitor.
Tris(2-dimethylaminoethyl)amine (MegTREN, 99%, Alfa), zinc 2-
ethylhexanoate (Zn(EH);, 80% in mineral spirits, Alfa), anisole
(99%, Aldrich), methylene chloride (DCM, 99.5%, Fisher), carbon
black, acetylene (100% compressed, 99.9%, Alfa), N-

methylpyrrolidone (NMP, 99.5%, Sigma-Aldrich), poly(vinylidene
fluoride) (My~180,000, M,~71,000, Aldrich), zinc oxide (ZnO,
18 nm, 99.95%), tetrahydrofuran (THF, 99%, VWR), methanol (99%,
VWR), hexane (99%, VWR), acetone (99%, VWR), N,N-dime-
thylformamide (DMF, 99%, VWR), ethyl 2-bromoisobutyrate (EBiB,
98%, Aldrich), copper(Il) bromide (CuBr,, 99%, Aldrich), diphenyl
ether (DPE, 99%, Aldrich), tin(Il) 2-ethylhexanoate (Sn(EH), 95%,
Aldrich), and octylamine (OA, 99%, Aldrich) were used as received
without further purification.

Synthesis of OA-capped ZnO nanoparticles OA-capped ZnO
NPs were synthesized as reported by Epifani and Weber [45,46], by
the procedure illustrated in Scheme 1. The resulting product was
dispersed in THF and a stock solution was prepared for use in
further experiments. ZnO NPs are stabilized by surfactant octyl-
amine (OA) ligands. The binding of OA ligands likely involves a
coordination bond between the amino group and positively
charged Zn?* on the particle surface.

Synthesis of PSAN copolymers The copolymerization of S and
AN by ATRP had been well studied in previous work [56,59]. Low
molecular weight (MW) PSAN (M,, = 1800 with M,,/M, = 1.18) and
high MW PSAN (M, = 8000 with M,/My = 1.21) were synthesized
via ARGET ATRP using EBiB as an initiator, CuBr,/MegTREN as pre-
cursor of the catalytic complex and Sn(EH); as reducing agent using
the following general procedure. Styrene (S) (16 mL, 139.85 mmol),
acrylonitrile (AN) (5.5mlL, 83.91 mmol), MegTREN (0.075 mlL,
0.28 mmol), anisole (7.2mlL), EBiB(1.37mL, 9.32 mmol), and
0.03 mol L-1 solution of CuBr; in DMF (0.5 mL, 0.015 mmol) were
added to a dry 50 mL Schlenk flask. After the flask was sealed, the
resulting solution was bubbled with N; for 30 min. Then, 300 mM
of Sn(EH), solution in anisole (1 mL, 0.30 mmol) was slowly added
to the flask to reduce a fraction of the CuBr, and activate the
polymerization. The flask was subsequently placed in an oil bath set
at 60 °C, and the reaction mixture was kept at that temperature for
the desired time. Then the reaction mixture was exposed to air to
stop the polymerization and the product was precipitated by
addition of the solution to cold hexane, filtered and dried in air.

The synthesis of the copolymers with different molecular
weights was similar to the procedure described above, but with
different targeted degrees of polymerization, as reported previ-
ously [56,59,60].

Synthesis of ZnO/carbon nanocomposites A typical procedure
for synthesizing ZnO/carbon composite precursors consisted of
dissolving PSAN copolymers and of OA-Capped ZnO NPs in 100 mL
THF in a 200 mL beaker. To achieve uniform and homogenous solid
powder mixtures, the beaker was covered with Al foil with pin
holes on the top allowing the THF solvent to slowly evaporate
under ambient condition over 2 days. The mixture was then
transferred to a vacuum oven set at 100 °C for 2 days to remove all
residual solvent. Yellow powders were obtained for use in further
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Scheme 1. Synthesis of OA-capped ZnO NPs using two step pyrolysis reaction of zinc
2-ethylhexanoate in the presence of OA.
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experiments. The intimate mixture of PSAN/OA-capped ZnO pow-
ders were pyrolyzed in a tube furnace at 800 °C for 3 h under N,
flow with 10°C min~! heating rate. Nanocomposite mixtures with
distinct molecular weight of the polymer matrix were compared.
PSAN with M, = 8000 was identified as the ideal polymer molec-
ular weight to enable both dispersion of ZnO and material integrity
during pyrolysis. The final products were prepared by pyrolysis of
mixtures with different compositions of ZnO and PSAN, which were
named by ZnO-Cyy4 (synthesized by 4 g of M,~2000 PSAN), ZnO-
Cgk.2 (synthesized by 2 g of M,~8000 PSAN), ZnO-Cgy_2 5 (synthe-
sized by 2.5 g of M;~8000 PSAN), respectively, are listed in Table 1. A
pure carbon sample was prepared by pyrolysis of M,~8000 PSAN
under same conditions for comparison.

Characterization Transmission electron microscopy (TEM) was
carried out using a JEOL 2000 EX electron microscope operated at
200 kV. Scanning electron microscope (SEM) was carried out using
a quanta 600 environmental scanning electron microscope. The
average sizes of the ZnO NPs were determined from statistical
analysis of TEM micrographs using Image] software. Dynamic light
scattering (DLS) using a Malvern Zetasizer Nano ZS was performed
to confirm the results obtained from TEM analysis. It was also
employed to determine volume-weighted average hydrodynamic
diameters and distribution. A Philips X'Pert (Philips Analytical,
Netherlands) X-ray diffractometer (XRD) (Cu-Ko radiation) was
operated at 45kV and 40 mA in grazing incidence mode to char-
acterize the structure and crystallinity of the formed composite
materials. Thermogravimetric analysis (TGA) with TA Instruments
2950 was used to measure the fraction of ZnO in the hybrids. The
data were analyzed with TA Universal Analysis. The TGA plots were
normalized to the total weight after holding the samples at 120 °C.
The copolymers were characterized by size exclusion chromatog-
raphy (SEC) and nuclear magnetic resonance (NMR) spectroscopy,
the glass transition temperature (Tg;) of PSAN polymers with
different molecular weight were measured by differential scanning
calorimetry (DSC) with TA Instrument QA-2000, the same pro-
cedure was run three times, each involving the following steps: (1)
hold at 25 °C for 2 min, (2) heat to 160 °C at a rate of 10 °C/min, (3)
hold for 2 min, and (4) cool to 25 °C, the DSC data were analyzed
with a TA Universal Analysis instrument, and T; was directly ac-
quired, the detailed information is included in the Supporting
Information. Surface areas of ZnO/carbon nanocomposite were
measured by a Brunauer-Emmett-Teller (BET) Gemini VII 2390
Surface Area Analyzer.

Electrochemical Measurements A symmetric two-electrode
system was applied in the electrochemical tests. The electrodes
were prepared by mixing 85 wt% of the ZnO/carbon samples, 5 wt%
acetylene black as conductive additive, and 10wt% of poly(-
vinylidene fluoride) as binder. The mixture was homogenized in N-
methylpyrrolidone (NMP) by sonication for 10 min and the slurry
was deposited on carbon paper with a diameter of 13 mm and dried
at 100°C in a vacuum oven over 24 h. For comparison, ZnO-Cg_o,
Zn0-Cgr25 and ZnO-Cgko were made into electrodes. And to
determine the contribution of ZnO and C and synergistic effect of
the composite, ZnO nanoparticles and carbon made from PSAN
polymers were made into electrodes separately. Electrochemical

Table 1

Preparation of nanocomposites from OA-capped ZnO and PSAN precursors.
Entry OA capped ZnO (g) PSAN (g) M,? Mw/My?
Zn0-Cax-a 3 4 1800 1.18
ZnO-Csy-2 3 2 8000 1.21
Zn0-Csk-25 3 2.5 8000 1.21

2 Number-average molecular weights (M,) and molecular weight distributions
(Mw/M,) of the polymer ligands were measured by SEC.

cells were prepared using a Teflon Swagelok. 1 M KOH was used as
electrolyte and a porous polyolefin separator (Celgard Inc.) was
soaked with KOH electrolyte and placed between the electrodes.

The electrochemical measurements were carried out on a
potentiostat (Biologic SP-300). The cyclic voltammetry (CV) curves
were obtained at various scan rates from 2mVs~! to 2000 mV s~}
in the range of 0—1 V. Galvanostatic charge-discharge (GCD) curves
were obtained at various current densities from 0.1Ag~! to
20A g~ L. Electrochemical impedance spectroscopy (EIS) measure-
ments were performed in the frequency range of 0.1 Hz—800 kHz
with sinusoidal signal of 10 mV. For each sample, 10 measurements
were repeated to confirm its reproducibility [61].

For samples containing ZnO, the possible mechanisms of pseu-
docapacitance derives from redox reactions which are governed by
the intercalation and deintercalation of K™ from electrolyte into
ZnO [42]: ZnO + K+ + e~ & ZnOK

The gravimetric capacitance of each electrode, Csp, is then
determined from the cyclic voltammetry (CV) via the following
equation:

1dv

(1)

The gravimetric capacitance of each electrode, Csp, from the
galvanostatic charge-discharge (GCD) curves is determined via
equation (2):

Csp =

Csp =7 (2)

In the equations, [ IdV is the area of CV curves; v (V s~ 1) is the
voltage scan rate; At (s) is the discharge time; I/m is the scan rate (A
g’l) where m (g) is the mass of each electrode and I (A) is the
current applied}; V (V) is the voltage window.

3. Results and discussion

ZnO/carbon hybrids were prepared by pyrolysis of a mixture of
OA-capped ZnO nanoparticles and PSAN copolymer. The OA-
capped ZnO nanoparticles were synthesized by the thermal
decomposition of zinc 2-ethylhexanoate in a mixture of OA and
diphenyl ether at 220 °C. The ZnO nanoparticles obtained by this
method have narrow particle size distribution and good solubility
in tetrahydrofuran (THF) or hexane as seen in Figure S2. Poly-
acrylonitrile (PAN) is well established as a precursor for carbon
composite materials than can be obtained from the polymer via
pyrolysis [62,63]. However, PAN polymers are not soluble in non-
polar solvents, such as THF or hexane, which are good solvents
for OA-capped ZnO nanoparticles. To achieve miscibility with the
Zn0-0A nanoparticle system, a random copolymerization of AN
with the unpolar monomer styrene (S) was performed. PSAN co-
polymers with a molar composition of S:AN = 3:1 were synthesized
by ARGET-ATRP and found to be soluble in THE. Solvent cast
methods could now be applied to obtain well-dispersed ZnO/
polymer mixtures suitable as a precursor of the desired hybrid
carbon materials. Two different copolymers with narrow molecular
weight distributions were prepared, one with M, =1800 and
another with My = 8000 to evaluate the role of matrix molecular
weight on structure formation during pyrolysis (see Fig. S1). Three
dilute THF solutions, with different polymers and compositions
were prepared and the ratios are listed in Table 1. After removing all
solvent by atmospheric evaporation followed by vacuum annealing,
yellow powders for low molecular weight (MW) PSAN-based
mixtures and films for higher MW PSAN were obtained, which
were further characterized by TGA. The three ZnO/carbon
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composite samples had similar carbon contents, between 7.6 and
8.4 wt%, Fig. S3.

We note that the choice of appropriate temperatures for suc-
cessful pyrolysis of materials is relevant in the process described
above. For example, Lee and coworkers reported the formation of
elemental zinc (via carbothermic reduction of ZnO) are tempera-
tures in excess of 1000 °C [64,65]. Thus, to avoid the formation of
elemental zinc pyrolysis was performed at 800 °C. XRD patterns of
ZnO/carbon nanocomposite samples from the different precursors
are shown in Fig. 1; the results suggest the exclusive presence of
ZnO. Similar XRD patterns were obtained from ZnO-Cyk-4, ZnO-Cgy-
2, and ZnO-Cgx.25. The patterns can be interpreted as Wurtzite
structure for the ZnO (JCPDS No. 36—1451) with no diffraction peak
attributable to the carbon species. The well-fitted ZnO peaks in the
patterns demonstrate that carbon formation does not influence the
crystal structure of the ZnO. However, ZnO-Cyy_4 exhibited much
broader peaks than those observed from ZnO-Cgg_» and ZnO-Cgi_3 5.
We can estimate the crystallite size D of ZnO-Cyy_4, ZNO-Cgy.» and
Zn0O-Cgio5 particles from the (110) plane diffraction peak
(260 =56.6°), by using the Scherrer equation D=0.9(4/8) cosf
(where 2 =0.154 nm is the wavelength of X-rays and ( is the true
half peak width of the X-ray diffraction lines). Following to this
process the sizes of the ZnO nanoparticles follow to be 5 nm, 25 nm,
and 23 nm for ZnO-Cyy4, ZnO-Cg2, and ZnO-Cgy.o 5, respectively
[42]. Since all OA-capped ZnO nanoparticles precursors had the
same size, the different sizes have to be attributed to changes of
crystal size during the calcination process. Specifically, we hy-
pothesize that the different dimensions of particles in the pyro-
lyzed products reflect different levels of aggregation of OA-capped
ZnO particles in the polymer matrix. The results thus suggest that a
low molecular weight matrix supports the stable dispersion of OA-
capped ZnO particles and thus reduces aggregation and crystal
coarsening during the pyrolysis process (although it should be
noted that the lower particle concentration in the ZnO-Cyy_4 system
could also contribute to the reduced aggregation).

Scanning and transmission electron microscopy (SEM and TEM)
were used to further elucidate the microstructure of ZnO-Cyy._4,
Zn0-Cgk, and ZnO-Cgk5 composite materials. SEM images
(Fig. 2a, ¢, and 2e) reveal a distinctive difference on the surface
morphology of the three material systems. Specifically, the SEM
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Fig. 1. XRD patterns of ZnO/carbon nanocomposites. The patterns reveal characteristic
ZnO Waurtzite structure (JCPDS No. 36—1451). The increasing peak width indicates a
decrease of crystallite dimension for samples prepared from lower molecular weight
PSAN precursor (ZnO-Cy.4).

Fig. 2. Microstructural characterization of ZnO/carbon nanocomposites. SEM images
(a), (c), and (e) showing non-porous surface of ZnO-Cyy 4 (a); porous structure of ZnO-
Csi2 (c) and porous structure of ZnO-Cgy» 5 (e). TEM images (b), (d), and (f) showing
small size of particles with non-porous carbon shell in ZnO-Cyi4 (b); large size of
particles with porous carbon shell in ZnO-Cgy.,, but still some non-porous components
exist (d); large size of particles with porous carbon shell in ZnO-Cgy 5 (f).

image of ZnO-Cyi.4 (see Fig. 2a) reveals a more contiguous film with
a smooth non-porous surface. Such a structure is not expected to
benefit applications as supercapacitor electrodes due to the
reduced accessible surface area. In contrast, ZnO-Cg. and ZnO-Cgy-
25 (see Fig. 2¢ and e) exhibited a coarse particulate morphology,
which indicates the formation of a more porous carbon matrix
during the pyrolysis. TEM images (Fig. 2b, d, and 2f) further
confirmed the differences in carbon morphology between low and
high MW matrix materials. TEM images for low MW ZnO-Cyi4 (see
Fig. 2b) reveal a particle size of 4—7 nm for ZnO particles (i.e.
approximately equal to the pristine OA-capped ZnO). Particles
appear uniformly distributed within a dense carbon matrix. In
contrast, TEM images of high MW systems ZnO-Cgy.» and ZnO-Cgy.
2.5 (see Fig. 2d and f) displayed a distinctively larger particle size of
25—-35nm. These results agree with the values obtained from
calculation based on XRD patterns (see Fig. 1) and thus confirm the
more pronounced particle aggregation in the high MW matrix.
Particle aggregation also induces a distinctive change in the
morphology of the ZnO/carbon composite. At similar carbon con-
tents, the ZnO-Cgyy and ZnO-Cgx5 samples exhibited a more
porous microstructure (see Fig. 2d and f).

To rationalize the effect of molecular weight on morphology we
note that the lower MW PSAN polymer, M, — 1,800, has a lower
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Fig. 3. (a) Comparison of N, absorption—desorption isothermal of ZnO-Cyy.4, ZnO-Cgy, ZnO-Cgy2 5, pure ZnO and pure carbon, (b) pore size distribution of ZnO-Cyy.4, ZNO-Cgy.,

Zn0-Cgy.2.5, pure ZnO and pure carbon.

glass transition temperature (Tg1800—58°C, Tgg000—92°C, see
Fig. S6), and thus exhibits greater mobility at a given temperature
(this effect is further enhanced by the molecular weight depen-
dence of the diffusion coefficient) [66]. Furthermore, the entropy
gain associated with particle dispersion is expected to increase
within a lower molecular weight matrix. We therefore hypothesize
that in the heating process, the better dispersion of OA-ZnO in low
molecular PSAN was more effective in preventing the aggregation
or recrystallization of ZnO.

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods were also applied to compare specific surface area
and pore volume of ZnO/carbon nanocomposites. A type IV
isotherm with hysteresis loops at P/Py > 0.4 was obtained for ZnO-
Cgk2 and ZnO-Cgi.2.5, as shown in Fig. 3a. This indicates the exis-
tence of large number of mesopores inside the matrix of the ZnO/
carbon nanocomposites [67]. The specific surface areas (SSA) of
Zn0-Cyk.4, Zn0O-Cgi.2, ZnO-Cgi2.5, pure ZnO and pure carbon were
40m?g!, 106m?g !, 170m?g!, 5m?g!, and 244m’g’},
respectively. Expectedly, pure carbon exhibited the highest high
specific surface area. However, it is important to note that final
composition of ZnO/carbon hybrids contain about 90 wt% ZnO.
Since ZnO particles barely contributes to specific surface area, if we
only consider the specific surface areas from porous carbon struc-
ture, remarkably high values of 482m?g~!, 1382m?g~!, and
2024m?g ! can be estimated for ZnO-Cgj.4, ZnO-Cgi» and ZnO-
Csk-2.5, respectively.

These differences corroborate the expectations based on the
distinct microstructure within the ZnO/carbon nanocomposites. In
addition, BJH pore size distribution illustrated the presence of a
large number of mesopores (with diameter from 2 nm to 50 nm)
and nanopores (with diameter less than 2nm) in the carbon
formed from ZnO-Cgy-2 5. These mesopores could act as electrolyte
reservoirs during the electrochemical tests which should lead to
better capacitive performance. For both pure ZnO and pure carbon
samples, the specific volumes of nanopores were distinctly lower
than ZnO/carbon composites. For ZnO, we attribute this result to
densification as a consequence of particle aggregation. For pure
carbon, we hypothesize that the absence of ZnO particles as hard

Table 2
Summary of ZnO/carbon composites characterization.

temples hindered the formation of nanoporous carbon structure
(see Table 2).

Highly porous, conductive structures are particularly suitable
for the preparation of pseudocapacitor electrodes. The electro-
chemical performance of ZnO/carbon nanocomposites was deter-
mined using a two-electrode system and the results are shown in
Fig. 4. The results were also compared with reference electrodes
consisting of ZnO and porous carbon respectively. In Fig. 4a, the CV
curves were compared at scan rate of 100 mV s~ .. Compared with
Zn0-Cyi4 and ZnO-Cgy.o, the ZnO-Cgy.2 5 system shows symmetric
rectangular CV curves. This was attributed to lower internal resis-
tance of ZnO-Cgk.25. The comparison of the specific capacitances
measured at different scan rate reveals that higher specific capac-
itance and better rate performance were obtained with ZnO-Cgk.25
(Fig. 4b). At 2 mV s, mean specific capacitance of electrodes from
samples ZnO-Cyk.4, Zn0O-Cgy-2, and ZnO-Cgyx.25 reached 49F gfl,
123Fg !, and 145F g™, respectively. Presumably the main reason
of this difference in performance is the presence of a more devel-
oped contact area between ZnO and electrolyte and a larger specific
surface area of electrodes prepared from ZnO-Cgy.25. In addition,
the presence of mesopores inside the ZnO/carbon structure leads to
better ionic diffusion by acting as reservoirs for the electrolyte [6].
As expected, pure ZnO showed low capacitance (30Fg~! at
2mV s~!) which is due to high internal resistance and aggregation
of ZnO particles without porous carbon structure. It leads to low
contact area with electrolyte and long diffusion lengths for ions.
Also, the pure carbon from PSAN exhibited low specific capacitance
as 21Fg ! at 2mVs~! despite of its relatively high specific area
compared with other samples (as shown in Fig. 3). This too is an
expected result that is attributed to the lack of pseudocapacitance
from ZnO. Also without ZnO nanoparticles as template, pure carbon
samples are expected to suffer from shortage of nanopores to
support binding of ions.

Galvanostatic charge—discharge (GCD) tests were applied to
evaluate the performance and cycle-life of materials. The GCD
performances of ZnO-Cyig4, ZnO-Cgrr and ZnO-Cgxos5 were
compared with current density of 0.2 Ag~! (see Fig. 4c). The elec-
trode based on ZnO-Cyy 4 displayed a larger IR drop than ZnO-Cgy

Entry ZnO contents (Wt%)?* Carbon contents (wt%)* Surface area (m? g!)°
Zn0-Cyi-4 91.7 83 40

Zn0-Cgy_2 924 7.6 105

Zn0-Cgie s 916 8.4 170

Pure ZnO 100 0 5

Pure carbon 0 100 244

2 Inorganic content was determined by TGA.
b Surface area was characterized by BET.
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and ZnO-Cgi_» 5 which demonstrated the larger internal resistance
of the electrodes. This is interpreted as a consequence of the
increased fraction of amorphous component and non-porous
structure of the carbon that essentially blocked the ionic and
electrical transportation. The GCD behavior of ZnO-Cgy_,5-based
electrode showed symmetric curves from 01Ag™! to 20Ag™",
illustrating ideal capacitive properties. The reason of higher
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and pure carbon again confirmed the synergistic effect of ZnO/
carbon hybrid materials.

Next, electrochemical impedance spectroscopy (EIS) was used to
evaluate the electrical and ionic transport characteristics of the
ZnO/carbon hybrids as Nyquist plots in Fig. 5a. The shape of Nyquist
plots is consistent with two-electrode configuration. In the high
frequency region, the curves showed negligible cells characteristic
electrolyte resistance (Rs), lower than 0.2 Q. The semicircles in the
middle frequency region demonstrated differences in the internal
resistances of electrodes prepared from ZnO-Cyi4 (15.9Q), ZnO-
Cgr2 (6.4Q), to Zn0-Cgi25 (2.0 Q) [68]. This difference should be
attributed to the mesoporous structure of the ZnO-Cgi.5 based
carbon which led to higher conductivity and better ionic diffusion
in the electrolyte. At low-frequency region, the approximately
vertical trend of the data illustrated ideal ion diffusion of the ZnO-
Cgk.2.5 electrodes in electrolyte.

Finally, lifetime tests were applied with current density of
1Ag ! to access the durability of ZnO/carbon nanocomposites.
Electrodes based on ZnO-Cyi4, ZnO-Cgk2 and ZnO-Cgy > 5 main-
tained 64%, 77%, and 91% of their initial capacitance after 10,000
charge-discharge cycles, respectively (Fig. 5b). Compared with
other ZnO based pseudocapacitors reported in the literature (see
Table S1), the retention of 91% after 10,000 cycles is remarkable.
This high stability is attributed to the synergistic realization of
mechanical stability of nanoporous carbon structures derived by
PSAN copolymers as well as highly porous tunnels for ionic
diffusion.

4. Conclusions

In summary, random co-polymerization of acrylonitrile (AN)
and styrene (S) enables the solution processing of ZnO/PSAN
composite films that can be pyrolyzed to form ZnO/carbon hybrid
materials. Structure formation during pyrolysis is found to be
sensitive to the molecular weight to matrix polymers. More uni-
form microstructures are observed for lower MW matrix polymers
while higher MW PSAN promotes the coarsening of ZnO crystallites
and the formation of more porous hybrid morphologies. Molecular
weight thus provides a gauge to control the microstructure (and
thus electrochemical performance) of ZnO/carbon hybrids. More
porous structures were found to exhibit better performance in
pseudocapacitor applications. ZnO/carbon composite electrodes
derived from high MW PSAN exhibited a maximum specific
capacitance as high as 145 Fg~, at the scan rate of 2mV s~ ! in the
presence of a KOH electrolyte. Furthermore, the specific capaci-
tance was maintained at 91% of its initial values after 10,000 suc-
cessive charge/discharge cycles, which demonstrated its
outstanding cycling stability. The simple synthesis method,
competitive electrochemical capacitance, and high stability indi-
cated its promising prospect as a pseudocapacitor electrode. Finally,
given the wide range of materials that are amenable to SI-ATRP, we
expect the presented approach to be applicable to enable the
synthesis of a wide range of transition metal oxide/carbon hybrids
[69,70].
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