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Abstract Carbon materials enriched with nitrogen and
oxygen surface functional groups were obtained by pyro-
lyzing strained beer yeast at 750 °C under an inert
atmosphere. Physical and surface properties of the carbon
obtained were characterized by X-ray powder diffraction,
transmission electron microscopy, high-resolution transmis-
sion electron microscopy, Raman spectrometry, and X-ray
photoelectron spectroscopy. Results show that the carbon
possesses an amorphous structure, a spherical morphology,
and a high density of surface functional groups. Electro-
chemical properties were evaluated by cyclic voltammetry,
a galvanostatic charge—discharge technique, and electro-
chemical impedance spectroscopy. The carbon has
989.65 mAh-g™' of initial discharge capacity and a stable
cycle performance for a Li—C cell. A specific capacitance of
120 F-g ™' was obtained for a single carbon electrode and
good cycle performance was achieved for a symmetrical
supercapacitor fabricated using this carbon. These carbons
derived from strained beer yeast have promising applica-
tions in energy storage and conversion systems.
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Introduction

The demands for advanced energy conversion and storage
devices such as fuel cells, lithium-ion batteries, and super-
capacitors have resulted in many recent studies on finding
suitable advanced carbon materials. Various carbon materi-
als, which differ in microstructure, morphology, particle
size, pore size, and surface physicochemical characteristics,
have distinct electrochemical properties for a wide range of
applications, e.g., in sensors, energy storage and conversion
systems, catalytic reactions, and absorption. It has been
previously shown in many papers that surface functional
groups (or complexes) anchored on or within carbon were
responsible for the variety in physicochemical and catalytic
properties of the material [1, 2]. Accordingly, how to
modify and characterize surface functional groups to
improve or extend practical applications of carbon was
considered to be a subject of interest in this area.

Among many surface functional groups, the most
common species on the surface of carbon contain oxygen
and nitrogen. These significantly influence electrochemical
performance of carbon. Some methods, such as mechanical
[3], chemical [4], and electrochemical routes [5], have been
successfully used to introduce oxygen-containing function-
al groups onto or into carbon. Various nitrogen-containing
functional groups can be introduced by heating suitable
polymeric precursors [6]. However, there are a few reports
that both oxygen- and nitrogen-containing functional
groups simultaneously exist on a carbon surface, and these
species jointly contribute to the electrochemical behavior of
carbon.

Waste products containing beer yeast can generally be
used as an absorbing agent, drying agent, soil conditioner,
catalyst, etc. To broaden industrial utilization of this kind of
product, new research is necessary. In the present work, a
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class of carbon with various surface functional groups was
directly derived from carbonizing strained beer yeast for the
first time. The suitability of the carbon obtained for a
lithium-ion battery and supercapacitor was evaluated by
using a series of electrochemical techniques. Experimental
results are discussed in detail below.

Experimental

Heat treatment of strained beer lees (provided by HuangHe
Beer Company, Lanzhou) was performed at 300 °C for 1 h
then at 400 and 550 °C for 2 h, finally at 750 °C for 4 h in
argon atmosphere. The resulting carbon was ground to a
fine powder by ball-mill method and then activation was
conducted using potassium hydroxide solution. The sample
was mechanically mixed with fourfold amounts of 6-M
potassium hydroxide solution (weight ratio, KOH solution—
carbon=4) and then dried at 120 °C for 5 h under an inert
argon flow of 500 ml'min_". The resulting activated product
was cooled to room temperature and then washed repeatedly
with deionized water to remove the potassium hydroxide
until the pH of the filtrate reached approximately 7.
Physical and surface properties of the carbon obtained
were characterized by X-ray powder diffraction (XRD,
MAC Science M18XCE with Cu K, radiation, Japan),
transmission electron microscopy (TEM, Hitachi-600,
Japan), high-resolution transmission electron microscopy
(HRTEM, JEM-3000F, Japan), Raman spectrometry
(Renishaw System with a 632.8 nm, 25 mW He—Ne laser,
UMA), and X-ray photoelectron spectroscopy (XPS, V.G.
ESCALab 2201-XL with Cu K, radiation, UK).
Electrochemical characterization was carried out using a
CHI 660A electrochemical workstation (CH Instruments,

Cordova, TN, USA) and a galvanostatic charge—discharge
unit (Arbin AT2042, College Station, TX, USA). Lithium—
ion intercalation—deintercalation into or out the carbon was
examined with the usual two-electrode system, which
consisted of metallic lithium negative electrode and a
carbon electrode (electrode area 2 cm?®) separated by a
Celgard 2400 porous polypropylene film (Charlotte, NC,
USA). The carbon electrode was made by mixing the
carbon, acetylene black (AB), and polyvinylidene fluoride
in a ratio of 80:15:5 by weight. The mixture was coated
onto a copper disk sheet and then dried at 100 °C for 24 h
in a vacuum oven before use. The electrolyte was 1 M
LiPF in ethylene carbonate and dimethyl carbonate (50:50
by volume). All cells were assembled in an argon-filled
glove box. Capacitive characterization of the carbon was
performed with a three-electrode system in which the
carbon was used as positive electrode (0.2 cm? 6 mg),
platinum foil as counter electrode, Hg—HgO electrode as
reference electrode, and 6-M KOH solution as electrolyte.
A symmetrical capacitor was fabricated with the carbon as
electrodes. The carbon electrode was prepared according to
the following steps. The mixture containing 80 wt.% carbon
sample, 15 wt.% AB, and 5 wt.% polytetrafluoroethylene
was well mixed and then pressed onto a nickel grid (1.2x
107 Pa) that served as a current collector.

Results and discussion
XRD and Raman spectroscopy
XRD patterns of the carbon samples heat-treated at 300,

400, 550, and 750 °C were shown in Fig. 1. The patterns
clearly change as temperature increases. The pattern at each
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Table 1 Structural parameters of the carbon

Temperature (°C) (002) 26(°) dgoo/nm Lo/nm L,/nm
300 25.60 0.357 1.083 2215
400 25.44 0.359 1.028 2.103
550 23.82 0.383 1.026 2.096
750 23.55 0.388 1.025 2.095

temperature possesses a broad diffraction peak at around
25°, which can be assigned to the (002) crystal plane
diffraction peak, showing presence of amorphous carbon
and a low degree of graphitization. At 750 °C, a broad
diffraction peak appears at 20 angle of ~43°, which can be
ascribed to convolution of the (10) hk bidimensional lines
[7]. It has been reported by Inagaki [8] that the existence of
hk lines resulted from turbostatic stacking of hexagonal
layers reflects regularity along the c-axis, confirming the
formation of a disordered carbon. The crystal structural
parameters can be calculated by Lyg = ki/Bcos@ and
doop = 1/2sin 0. Tt can be seen from Table 1 that the (002)
crystal plane diffraction angle shifts to a lower position
with the rise of temperature. The corresponding crystal
panel space (doop) also increases gradually. These trans-
formations illuminate that crystallinity and disordered
nature of the carbon is enhanced as temperature increases.
The broader width and lower position of the (002) crystal
plane diffraction peak than that of graphite (dpor=
0.335 nm) indicate the low crystallinity of the carbon
(dp0>=0.356 nm, L.=2.56 nm) [9]. The difference in the
interlayer distances (dgg,) between the carbon and graphite
can be ascribed to some substitution of nitrogen atoms and
arises from smaller diameter of nitrogen (1.50 A) than that
of carbon (1.54 A) [10].

Its Raman spectrum may provide more convincing
information about the crystallography of the carbon. For
the first-order Raman scattering in Fig. 2, two bands at
approximately 1,360 and 1,600 cm ' may be analogs of the
D- and G-bands of graphite, which are attributed to defect
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Fig. 2 Raman spectroscopy of the carbon

and disorder-induced mode, respectively [11]. The peak at
1,600 cm ! is the G-band [12], attributed to vibration of
sp’-bonded carbon atom in a two-dimensional hexagonal
lattice [13], namely, the stretching mode of the C=C bond
of typical graphite. The peak at around 1,360 cm ' is the D-
band associated with vibration of the carbon atom with a
dangling bond in plane termination graphite and is also
related to defects and disorder of carbon. It is worth noting
that the peak positions of G- and D-band shift to a higher
wavelength number in comparison with that of single
crystal, suggesting a structural imperfection of the graphene
sheets of material [14]. The relative intensity of the two
peaks (Ig/Ip) is 0.99, and Avg value (the full width at half-
maximum (fwhm) of the G-band is 71 cm ', which is
closely related to structural regularity [15]. The relative
intensity ratio combined with high Avg value reflects a low
degree of graphitization of the carbon.

Morphology and XPS analysis

It can be seen from Fig. 3a that the carbon displays a
perfectly bead-like shape and smooth particle surface. The
diameter of individual particle is between 5 and 20 nm. In
addition, the representative HRTEM image (Fig. 3b) shows
clear lattice distance of approximately 3.56 A that corre-
sponds to the (002) crystal plane of the carbon.

XPS spectra of the carbon indicate the presence of three
distinct peaks, which can be explained by existence of
carbon, nitrogen, and oxygen atoms. Fitting of the Cl
spectrum (Fig. 4a) can be resolved into five individual
component peaks at binding energy of 281.6, 284.5, 288.4,
291.3, and 292.9 eV, representing carbidic carbon, graphitic
carbon, carbonyl group, carboxyl or ester group, and shake-
up satellite peak on account of n-rc* transition in aromatic
rings or relative structure of C—N [16], respectively.

Fitted Nls regions indicate several different species
present on the carbon surface (Fig. 4b). Nitrogen exists
mainly in three states. Every individual component peak
can be ascribed to pyridine-like structure [17] (398.7 eV),

100nm

Fig. 3 TEM micrograph (a) and HRTEM image (b) of the carbon
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Fig. 4 X-ray photoelectron spectra of the carbon; a Cls, b Nls, and ¢ Ols

pyridine-N-oxide (402.6 eV), and chemisorbed nitrogen
oxide [18] (404.3 eV).

Various oxygen-containing functional groups existing on
the carbon surface were also confirmed through XPS
measurement (Fig. 4c). Ols core level spectrum reveals
presence of four peaks, corresponding to C-O group
(529.7 eV), C-OH and/or C-O-C group (532.5 eV), and
chemisorbed oxygen and/or water (534.2, 535.6 ¢V) [19].

Electrochemical properties of the carbon for C—Li cell

It has been reported that many factors, such as morphology,
surface area, and particle size, may significantly influence
the electrochemical performance of carbon. The carbon
obtained shows bead-like morphology and nanoscale
particle size, with especially abundant surface functional
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groups existing on the carbon surface. Therefore, it was
necessary to examine electrochemical properties of the
carbon. The charge—discharge profile in Fig. 5a for a C-Li
cell shows significant irreversible capacity, which can be
attributed to electrolyte decomposition and the possible
formation of a solid electrolyte interface (SEI) film [20].
The carbon electrode delivers initial discharge capacity of
989.65, 726.98, and 619.77 mAh-g " at 0.1, 0.3, and 0.5 C.
The initial discharge capacity is much higher than that of
graphite (theoretical value 372 mAh-g ). What is more
interesting is that subsequent cycles (Fig. 5b) show only a
small capacity loss, which means stable charge—discharge
performance. Moreover, under high current (0.5 C),
cyclability is obviously better than at low current rate
(0.1, 0.3 C), and cycle capacity efficiency reaches 99% at
the 90th cycle. This phenomenon can be attributed to the
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Fig. 5 a The first discharge—charge curves at 0.1, 0.3, and 0.5 C. b Cycle behaviors of C—Li cell at 0.1, 0.3, and 0.5 C. ¢ Cycle voltammogram at
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Fig. 6 Electrochemical impedance spectra of C—Li cell a during discharge, b during charge, and ¢ equivalent circuit

special morphology, particle size, and surface functional
groups of the carbon. In particular, the existence of various
types of nitrogen confirmed by XPS may play a critical role
in determining the reversible capacity. The higher electro-
negativity of nitrogen (3.5) than that of carbon (3.0) and the
smaller diameter of nitrogen than that of carbon may lead to
strong intercalation between carbon and lithium ion, and
thus more lithium ion may be intercalated. At the same
time, a significant amount of oxygen has been reported to
increase cycling hysteresis [21]. It is possible that deposi-
tion of metallic lithium occurred, which may also contribute
to deterioration of cycle performance.

To examine charge—discharge behavior, we examined a
cyclic voltammogram for the C—Li cell at a scan rate of
0.1 mV-s ' between 0 and 3.5 V, shown in Fig. 5c. The
shape of the curve is similar to that reported in the literature
[22], but the positions of anode and cathode peaks are
different. This is a pair of single anodic and cathodic peaks,
corresponding to intercalation—deintercalation of lithium
into and from the carbon.

Electrochemical impedance spectroscopy was carried out
to gain insight into the reason for the irreversible capacity.
The spectrum was recorded at different voltages (vs. Li-Li';
Fig. 6a, b). The voltage (vs. Li-Li") used in these measure-
ments correspond to a region where it did not have Faraidaic
contribution. During charge—discharge, the Nyquist plots
gradually show two semicircles as the voltage is changed,
indicating lithium-ion intercalation—deintercalation into or

out of the carbon electrode. The Nyquist spectra were
modeled using a Randles equivalent circuit, as is shown in
Fig. 6¢. The first semicircle, observed at high frequency, may
be accounted for by the resistance of lithium-ion migration
through the surface film (Ryp), i.e., SEI film, and
corresponding capacitance, Cyz The second semicircle in
the middle-to-low frequency range may be ascribed to the
charge transfer resistance, R., and Cg, the double-layer
capacitance. Z,, is the Warburg impedance related to
diffusion of lithium ion into bulk of the carbon electrode.
R, is the electrolyte resistance. As reported by Lery et al.
[23], the main component in the outer part of the SEI is LiF,
associated with a small amount of CH;0CO,Li and probably
Li,CO3. The formation of SEI film is irreversible, but a
dissolution—reprecipitation process for these species appar-
ently occurs. Thus, SEI film formation associated with
solvent decomposition results in significant irreversible

capacity.

Electrochemical capacitive behavior of the carbon
for supercapacitor

A significant presence of functional groups or complexes
on the surface of carbon provides widespread possibilities
for reversible chemisorption of active ions, which gives rise
to extra capacitance [24]. Hence, the capacitive behavior of
the carbon was investigated. The shape of a cyclic
voltammogram (Fig. 7a) of the carbon electrode in 6-M
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Fig. 7 Electrochemical capacitive characterization of the carbon a cycle voltammogram, at 5 mV-s '; b charge—discharge, at 2, 5, and 10 mA;

¢ charge—discharge of C—C symmetric capacitor at 2 mA
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KOH solution is not rectangular, and a slight slop can be
observed, which indicate some deviations from ideal
double-layer capacitor behavior. The observed deviations
can be attributed to a pseudo-capacitive contribution, which
should be considered as a consequence of the presence of
nitrogen incorporated in carbon. It was previously sug-
gested that pyridinic nitrogen at the periphery of the
graphene layers provides a pair of electrons, introducing
electron donor properties to the layer [25]. The nitrogen
species confirmed by XPS are located at accessible edges of
the grapheme layers, and therefore they can easily
contribute to total capacitance via a pseudo-capacitive
effect [26]. It is also worth noting that current increases at
the same time as potential shifts to more negative values,
showing an increase in capacitance. This behavior was
generally reported when KOH was used as the electrolyte
[27].

Typical potential-time curves (Fig. 7b) of the carbon
electrode were not the well-shaped triangles typical of ideal
capacitive behavior. This result is in very good agreement
with the cyclic voltammogram and may be ascribed to
redox pseudo-capacitance affected by the ohmic resistance
of the electrode. The specific capacitance of the carbon was
calculated from galvanostatic discharge—charge at 2, 5, and
10 mA to be 120, 98, and 83 F-g '. The capacitance is
higher than that of an active carbon (110 F-g ') reported in
literature [28]. However, oxygen-containing surface func-
tional groups contribute a great deal of surface capacitance
by holding more surface charge, and the existence of
nitrogen also contributes to total capacitance via its pseudo-
capacitive effect.

After the above experiments, a representative symmetri-
cal supercapacitor was assembled, and a 2 mA galvano-
static discharge—charge test was conducted. As Fig. 7c
shows, a good cycle performance was achieved with it,
using the good pseudo-capacitive behavior resulted from
the special physical and surface characteristics of the
carbon.

Conclusions

The carbonization of a material containing beer yeast in
argon produced a bead-like carbon, which consists of low
graphitic and amorphous carbons with abundant surface
functional groups. This carbon has the capability of lithium-
ion intercalation—deintercalation. At 0.1 C, it showed an
initial discharge capacity of 989.65 mAh-g ', and good
charge—discharge cycle performance was obtained, even at
higher rates. Both the initial and reversible charge capac-
ities are higher than that of other carbon, which may be

@ Springer

attributed to the presence of surface functional groups. The
presence of these oxygen- and nitrogen-containing groups
gives the carbon effective capacitive behavior. These
surface properties make the use of this carbon advantageous
for energy storage and conversion systems. From an
economic viewpoint, the carbonization of waste containing
beer yeast may be considered as a promising route for
producing a carbon with surface functions.
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