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ABSTRACT: The urgent need for sustainable development has forced
material scientists to explore novel materials for next-generation energy storage
devices through a green and facile strategy. In this context, yeast, which is a
large group of single cell fungi widely distributed in nature environments, will
be an ideal candidate for developing effective electrode materials with
fascinating structures for high-performance supercapacitors. With this in
mind, herein, we present the first example of creating three-dimensional (3D)
interpenetrating macroporous carbon materials via a template-free method,
using the green, renewable, and widespread yeast cells as the precursors.
Remarkably, when the as-prepared materials are used as the electrode materials
for supercapacitors, they exhibit outstanding performance with high specific
capacitance of 330 F g−1 at a current density of 1 A g−1, and good stability, even
after 1000 charge/discharge cycles. The approach developed in this work
provides a new view of making full use of sustainable resources endowed by
nature, opening the avenue to designing and producing robust materials with great promising applications in high-performance
energy-storage devices.
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1. INTRODUCTION

One of the greatest and most important tasks facing the
scientific community in the 21st century is to achieve a
paradigm shift for the fabrication of materials from the
traditional acute way to a green and low-cost approach, to
meet the demand for sustainable development.1−3 In this
context, it is required to search for a series of secure, renewable,
and sustainable sources as the precursors. Yeasts, which are a
large group of single cell fungi, are widely distributed in the
nature environments including plant leaves, flowers, and
fruits.4,5 In fact, ∼4000 years ago, yeasts were widely employed
as the leavening agent in bakery products and alcoholic
fermentation. Based on the above information, on the
perspective of materials researchers, we cannot help wondering
whether these micro-organisms close to our daily life could
open the door to developing the novel materials with amazing
structures and fascinating properties?
Currently, a growing global energy demand has driven the

exploration of new energy systems.6 Among those, super-
capacitors are considered to be promising candidates, because
of their high power performance, long cycle, and low
maintenance cost.6−22 Generally, the design of high-perform-
ance supercapacitors is mainly dependent on the development
of efficient electrode materials. Carbon materials, from the early
activated carbon to mesoporous carbon, carbon nanotubes, and,
very recently, graphene, have already been reported to act as
the electrode materials for supercapacitors, because of their

large surface areas, high electrical conductivity, and low
cost.7−13,20 Despite this progress, the practical use of
supercapacitors based on carbon materials is greatly hindered
by their low specific capacitance, especially at the high charge/
discharge rate.21 Scientists never give up their attempts to
perfect these new energy systems. Recent advances have
demonstrated that the electrode materials consisting of three-
dimensional (3D) interpenetrating structures, especially 3D
interpenetrating macroporous networks, could provide a good
solution to the issue by improving the poor ionic transport of
electrolytes in electrode materials. Examples include the
preparation of 3D graphene networks for supercapacitor
applications by using nickel foam as a sacrificial template and
the fabrication of 3D macroporous graphene films via a well-
known replicating and embossing technique.18,21 Furthermore,
very recently, our group also reported the preparation of 3D
macroporous carbon materials for high-performance super-
capacitors by the ice template.3 However, these 3D inter-
penetrating macroporous carbon materials were generally
prepared using a template-directed approach, which involved
elaborate synthesis steps. Until now, how to produce 3D
interpenetrating macroporous carbon materials though a simple
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template-free strategy has remained a great challenge, because
of the lack of appropriate carbon precursors.
With these in mind, herein, we demonstrate the first example

of creating 3D interpenetrating macroporous carbon materials
by a template-free strategy using the green, renewable, and
widespread yeast cells as the precursors. Importantly, when the
as-prepared products are used as the electrode materials for
supercapacitors, they exhibit excellent performance with high
specific capacitance of 330 F g−1 at the current density of 1 A
g−1, and good stability even after 1000 charge/discharge cycles.

2. EXPERIMENTAL SECTION
Synthesis. In a typical experiment, 1 g of yeast cells (S. cerevisiae

cells, purchased from Angel Yeast Co., Ltd., China) was first washed
three times with acetone, to remove the protoplast inside the cells, and
then dried in an oven at 30 °C for 4 h (the products were denoted as
HY). Subsequently, HY were dispersed in the glutaraldehyde aqueous
solution (3% (v/v), 100 mL) and stirred for 12 h at room temperature
(the products were denoted as HYC). The HYC was centrifuged and
washed with distilled water for three times. Then they were mixed with
KOH solution (3 g KOH, 50 mL H2O) and stirred for 2 h. After
centrifugation, the precipitate was dried and the HYC/KOH mixture
(denoted as HYCA) were obtained. Finally, the HYCA were
carbonized under the insert atmosphere at the temperature of 650−
850 °C and washed by distilled water, and the final 3D macroporous
carbon materials (named as HYCA-temperature) were created.
Characterization. SEM measurement of the samples was

investigated using a FEI/Philips XL30 ESEM FEG field-emission
scanning electron microscopy (SEM) system. Transmission electron
microscopy (TEM) and high-angle annular dark-field scanning TEM
(HAADF-STEM) images were recorded on a Hitachi H-8100 TEM
system with an accelerating voltage of 200 kV. The effective electron
probe size and dwell time used in HAADF-STEM energy-dispersive
spectroscopy (EDS) mapping experiments were 1−2 nm and 40 ms
per pixel, respectively. Infrared spectra were collected on a VERTEX

70 Fourier transform infrared (FTIR) spectrometer (Bruker). X-ray
diffraction (XRD) spectra were obtained using a Bruker D8
ADVANCE diffractometer (Germany) using Cu Kα (1.5406 Å)
radiation. The Raman spectrum was obtained using a Renishaw Raman
system model 2000 spectrometer. X-ray photoelectron spectroscopy
(XPS) measurement was performed on an ESCALAB-MKII
spectrometer (VG Co., U.K.) with Al Kα X-ray radiation as the X-
ray source for excitation. Nitrogen adsorption and desorption
isotherms were measured at 77 K with a Quadrachrome adsorption
instrument. Thermogravimetric analysis (TGA) curves of the samples
were performed on a Pyris Diamond TG/DTA thermogravimetric
analyzer (Perkin−Elmer Thermal Analysis). Samples were heated
under a N2 atmosphere from room temperature at a rate of 5 °C
min−1. Mercury intrusion test was performed with a Micromeritics
AutoPore IV 9500 Series pore size analyzer.

Electrochemical Measurements. In a three-electrode electro-
chemical cell, the reference electrode and the counter electrode were
Ag/AgCl and Pt, respectively. The suspension of the materials with a
concentration of 2.0 mg mL−1 was prepared by ultrasonically
dispersing them (10 mg) in a mixture (5 mL) of ethanol and Nafion.
The suspension (5 μL) was then dropped onto the glassy carbon
electrode and dried thoroughly in air. The glassy carbon electrode
coated with the as-prepared materials was used as the working
electrode and 1 M KOH was used as the electrolyte. Cyclic
voltammograms and galvanostatic charge/discharge curves of the
samples were measured by a CHI 660D electrochemical workstation
(Shanghai CH Instruments Co., China). Electrochemical impedance
spectroscopy (EIS) measurements were carried out with Solartron
1255B frequency response analyzer (Solartron, Inc., U.K.). The
frequency range for the impedance spectra was from 0.01 Hz to 150
kHz with a voltage amplitude of ±10 mV. All the electrochemical tests
were performed in a three-electrode system, except that in Figure S9 in
the Supporting Information. In Figure S9 in the Supporting
Information, a symmetrical two-electrode electrochemical cell was
fabricated to get the galvanostatic charge/discharge curves of HYCA-
750 °C.

Scheme 1. Schematic Illustration of the Synthesis of 3D Interpenetrating Macroporous Carbon Materials, Taking HYCA-750 °C
as an Example
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3. RESULTS AND DISCUSSION
The strategy for the fabrication of 3D interpenetrating
macroporous carbon materials was schematically illustrated in

Scheme 1. First, raw yeast cells were washed with acetone, to
remove the protoplast inside the cells (the products were
named as HY; see Figures S1a−c in the Supporting
Information).23 Subsequently, glutaraldehyde was used to act
as a cross-linking agent through covalently bonding to aldehyde
or amide groups in the polysaccharide networks of yeast cell
wall (the cross-linked HY were denoted as HYC; see Figures
S1d and S1e in the Supporting Information).4 Then, HYC was
mixed with KOH to form a HYC/KOH mixture (denoted as
HYCA). Finally, 3D interpenetrating macroporous carbon
materials were produced by a simple carbonization of HYCA
under insert atmosphere (named as HYCA-temperature).
Figures 1a and 1c showed SEM images of the as-prepared

products. It was noted that these materials possessed the
characteristic 3D open porous architectures, as well as a
monolithic shape. At higher magnification, another interesting
feature was evident, i.e., the pores with sizes ranging from
submicrometer to several micrometers were interconnected and
not simply and completely separated (see Figures 1b and 1d).
Such structural features were further confirmed by TEM images
(Figure 1e). A closer examination revealed that the walls of 3D
macroporous carbon materials were composed of highly
disordered wormlike pores with diameters ranging from a few
nanometers to tens of nanometers (see Figure 1f). These pores
in nanometer scale could have resulted from the KOH
activation process and the pyrolysis of the yeast cell walls at
high temperature.24

More direct evidence for the formation of macroporous
structures was provided by mercury intrusion analysis. It clearly
revealed that the as-prepared materials possessed abundant
mesopores (2−50 nm) and macropores (>50 nm) (Figure 2a).

Figure 1. (a−d) Scanning electron microscopy (SEM) and (e,f)
transmission electron microscopy (TEM) images of HYCA-750 °C.

Figure 2. (a) Pore size distribution of HYCA-750 °C measured by
mercury porosimetry. (b) Energy-dispersive X-ray (EDX) analysis of
HYCA-750 °C.

Figure 3. (a) High-angle annular dark-field scanning TEM (HAADF-
STEM) image of HYCA-750 °C; (b−d) energy-dispersive spectros-
copy (EDS) mapping images of C, N, O of HYCA-750 °C.
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Such features would be beneficial to the ion diffusion and the
contact of electrode materials with electrolyte, thus leading to
high performance when they were used as the electrode
materials for supercapacitors.3,18,21 The porous architectures of
the as-prepared materials were further verified by a high-angle
annular dark-field scanning TEM (HAADF-STEM) image
(Figure 3a). In particular, the HAADF-STEM EDX mapping
images clearly showed that a large amount of N and O elements
were uniformly distributed in the 3D carbon materials (Figures
3b−d), indicating the existence of abundant foreign atoms in

the as-prepared materials. This result was very consistent with
the energy-dispersive X-ray (EDX) analysis (see Figure 2b).
The structure and composition of the materials were

investigated by means of FTIR spectroscopy, XRD, and
Raman spectroscopy. FTIR spectrum of HYCA-750 °C showed
a dramatic decrease in the intensity of absorption bands
assigned to the oxygen functional groups, compared with that
of HY and HYC, indicating that most of the oxygen functional
groups were removed after carbonization.25−27 Moreover, the
appearance of the absorption band at 1580−1650 cm−1,

Figure 4. The total XPS spectra of (a) HY, HYC, and HYCA-750 °C, and C 1s, N 1s, and O 1s spectra of (b−d) HY, (e−g) HYC, and (h−j)
HYCA-750 °C.
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corresponding to the CC stretching vibration, demonstrated
the aromatization of HYCA during the carbonization process
(see Figure S2a in the Supporting Information).4 These
features would be propitious to improve the electronic
conductivity of the as-prepared materials.3 The XRD pattern
of the final materials (Figure S2b in the Supporting
Information) showed two characteristic peaks, located at
∼25° and ∼43°, which could be indexed to the (002) and
(100) planes of graphite, respectively.28 However, the broad
and low intensity of the peaks indicated that the as-prepared
materials possessed a low degree of graphitization.29 The typical
Raman spectrum of HYCA-750 °C exhibited two remarkable
Raman shiftsa broad D band (peak at 1375 cm−1) and a G
band (peak at 1609 cm−1)suggesting the appearance of a
high degree of structural disorder in the 3D carbon materials
associated with the porous structures (see Figure S2c in the
Supporting Information).30

XPS was then used to determine the surface chemical
properties of the 3D interpenetrating macroporous carbon
materials.25−27 The fully scanned spectrum of the final product
demonstrated three peaks, at 284.8, 399.6, and 531.9 eV,
corresponding to C 1s, N 1s, and O 1s, respectively, further
confirming the existence of abundant foreign atoms in HYCA-
750 °C (Figure 4a).30 To understand the electronic states of
the elements, we paid more attention to the higher-resolution
spectra. A deconvoluted C 1s spectrum of the as-prepared
material was fitted with four peaks. The main peak at 284.6 eV
could be assigned to sp2 hybridized carbon, indicating that most
of C atoms are aromatic carbon (Figure 4h).24 It was well in
agreement with the FTIR results. The N 1s spectrum of

HYCA-750 °C had three components: the pyridinic nitrogen at
398.4 eV, the pyrrolic/pyridinic nitrogen at 400.1 eV, and the
graphitic nitrogen at 401.7 eV (Figure 4i).31 It was noteworthy
that the peak intensity of graphitic nitrogen was weaker than
that of pyridinic nitrogen and pyrrolic/pyridinic nitrogen,
implying that pyridinic nitrogen and pyrrolic nitrogen were
dominant in the as-prepared materials. The pyridinic and
pyrrolic nitrogens located at the edge of the carbon materials
induced more disorders of the final carbon materials, well
elucidating the phenomena for the broad D band in Raman
spectrum.30

To shed light on the possible formation mechanism of the
final products, we conducted a series of control experiments. It
was noted that both cross-linking and mixing with KOH were
crucial for the successful fabrication of 3D macroporous carbon
materials. On the one hand, if the yeast cells were treated under
the same conditions but without mixing with KOH, only
microspheres ∼2 μm in size were obtained (denoted as HYC-
750 °C; see Figure S3a in the Supporting Information). On the
other hand, if the precursors were not cross-linked by
glutaraldehyde, the products exhibited relatively disordered
structures with fragmented carbon materials (denoted as HYA-
750 °C; see Figure S3b in the Supporting Information).
Moreover, TGA also revealed that HYC had better thermal
stability than HY (see Figure S4 in the Supporting
Information). These results indicated that the cross-linking by
glutaraldehyde could efficiently enhance the strength of the
polysaccharide networks of the yeast cell wall, thus avoiding the
undesired breaking.4 In addition, previous studies demonstrated
that KOH had been widely used on the activation of carbon
nanotubes, graphene, carbon nanofibers, and biomasses to
obtain porous carbon materials.10,20,24,28 It was suggested that
the activation of carbon with KOH proceeded as 6KOH + C↔
2K + 3H2 + 2K2CO3, followed by decomposition of K2CO3
and/or reaction of K/K2CO3/CO2 with carbon.

10 Furthermore,
during the activation process, KOH could also change the
original structures of the precursors. For example, it could
change microspheres to irregularly shaped platelets.20 Based on
the above discussions, the mechanism for transforming the
precursors to the final 3D macroporous carbon material was
rationalized as follows. Under high-temperature conditions, the
carbonization and the activation of carbon occurred. During
this process, KOH could integrate the walls of two hollow yeast
cells abutting each other to form the 3D interpenetrating
macroporous carbon materials. Importantly, thanks to the
cross-linking process, the precursors were substantial enough to
ensure the construction of the final 3D interpenetrating
macroporous carbon materials, other than the irregular
structures.
It is known that the carbonization temperature of materials

has an important influence on their electrochemical behavior.32

Prior to using the products as the electrode materials for
supercapacitors, we first optimized the carbonization temper-
atures. SEM images of HYCA-650 °C and HYCA-850 °C
showed no obvious difference from that of HYCA-750 °C
(Figure S5 in the Supporting Information). However, the cyclic
voltammograms (CV) and galvanostatic charge/discharge
experiments revealed that HYCA-750 °C had the largest
encircled area and longest discharge time, implying that HYCA-
750 °C had the best capacitance behavior (Figure 5).33 The
specific capacitance of HYCA-750 °C measured was calculated
to be 330 F g−1 at a current density of 1 A g−1, according to the
discharge time, via the following equation:

Figure 5. (a) Cyclic voltammetry (CV) curves at 5 mV s−1 and (b)
galvanostatic charge/discharge curves at 1 A g−1 of the samples.
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= Δ
Δ

C
I t

Vm (1)

where I is the applied current, Δt the discharge time, ΔV the
potential drop during discharge, and m the mass of electrode
material.34 The value was higher than that of HYCA-650 °C
(276 F g−1), HYCA-850 °C (274 F g−1), HYC-750 °C (115 F
g−1; see Figure S6 in the Supporting Information), HYA-750
°C (284 F g−1; see Figure S6 in the Supporting Information),
the previously reported 3D graphene networks (163 F g−1), and
other carbon materials.3,7,20,32,33

To ascertain the origin of the exceptional performance of
HYCA-750 °C, nitrogen adsorption/desorption measurement
was conducted (see Figure S7 and Table S1 in the Supporting
Information). Generally, the sample with larger surface area
exhibited higher performance.32 It could give a good reason for
higher specific capacitance of HYCA-750 °C (with a surface
area of 1227 m2 g−1) than that of HYCA-650 °C (with a surface
area of 1002 m2 g−1). However, it could not explain the low
performance of HYCA-850 °C (with a surface area of 2011 m2

g−1). Previous reports demonstrated that elemental nitrogen
and oxygen would considerably improve the wettability of
electrode materials with electrolytes, as well as introduce large
additional pseudo-capacitance through the faradic reactions at
the electrode interfaces.3,35 Inspired by this, we turned to
investigate the compositions of the samples. EDX analysis
revealed that HYCA-750 °C contained a larger amount of
foreign atoms than HYCA-850 °C (see Figure 2b, as well as
Figure S8 and Table S2 in the Supporting Information). Hence,

we concluded that the lower specific capacitor of HYCA-850
°C, compared with that of HYCA-750 °C, might be attributed
to the reduction of foreign atoms (N and O) with the increase
of carbonization temperature.
As stated above, HYCA-750 °C as electrode materials

exhibited a specific capacitance as high as 330 F g−1 (280 F g−1

when measured by two-electrode system; see Figure S9 in the
Supporting Information), we thus proceeded to investigate the
electrochemical properties of HYCA-750 °C in details. All CV
curves of HYCA-750 °C presented a rectangular-like shape
without a very oblique angle, even at a scan rate of 200 mV s−1

(Figure 6a). Furthermore, the voltage−time (V−t) curves of
HYCA-750 °C were all similar to a linear shape within the
potential window between −1.2 V and −0.2 V (see Figures 6b
and 6c). They were in accordance with the performance of the
electrical double-layer capacitors.7,11 Importantly, the as-
prepared material possessed good rate capability and a specific
capacitance of 175 F g−1 could be obtained, even at a fast
charge/discharge rate of 100 A g−1 (Figure 6d). It suggested
that the as-prepared material had great promise in practical
applications.
The excellent electrochemical behavior of HYCA-750 °C was

further confirmed by the electrochemical impedance spectros-
copy (EIS) analysis and the cycle stability measurement (Figure
7). The Nyquist plot showed a straight line in the low-
frequency region and an arc in the high-frequency region. The
projected length of the Warburg-type line (the slope of 45°
portion of the curve) on the real axis was short, implying fast
ion diffusion in the 3D interpenetrating macroporous carbon

Figure 6. (a) CV curves and (b) galvanostatic charge/discharge curves of HYCA-750 °C at different scan rates and current densities, respectively;
panel c shows a magnified view of the short time range in panel b, and panel d shows the specific capacitance of HYCA-750 °C at different current
densities.
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materials.11 In addition, in the high-frequency region, the
intercept of the semicircle with the real axis was also very short,
indicating the excellent operation rate of the capacitor.35

Furthermore, the charge/discharge cycle stability experiment
showed that the specific capacitance had no obvious decreases,
even after 1000 cycles at the current density of 5 A g−1. It was
probably due to the superior structural stability of the as-
prepared 3D materials (see the SEM image shown as Figure
S10 in the Supporting Information).

4. CONCLUSIONS
In summary, a novel, facile, template-free strategy had been
proposed to prepare three-dimensional (3D) macroporous
carbon materials using the green, renewable, and widespread
yeast cells as the precursors. It was found that the steps
including cross-linking and activation with KOH have an
important influence on the morphology and structure of the
final products. Importantly, when used as the electrode
materials for supercapacitors, the as-prepared 3D interpenetrat-
ing macroporous carbon materials exhibited excellent electro-
chemical properties with high specific capacitance of 330 F g−1

at a current density of 1 A g−1, and good stability even after
1000 charge/discharge cycles. The approach that was
developed in this work provided a good example for making
full use of a series of sustainable resources endowed by nature,
opening the avenue for designing and producing a variety of
novel materials with great promising applications in high-
performance energy storage devices.
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