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ARTICLE INFO ABSTRACT

Keywords: The rapid expansion of electrochemical energy storage market has imposed an impending need for low-cost,
Egg sustainable materials for high-performance electrodes, separators, and electrolytes. A rational strategy is to
Biomass derive the electrochemical materials from renewable biomass. However, how to comprehensively and effectively
Graphene ) utilize biomass remains challenging. Here, we report flexible, all-solid supercapacitors constructed with the
/S-\llllp :;;adp acitor materials entirely from eggs. Eggshells and white/yolk were used to produce 2D graphene-like carbon for
Flexible constructing electrodes while egg white/yolk, on the other hand, was found to be a gel-like solid-state electrolyte

with competitive ionic conductivity. With eggshell membrane as a superb separator, flexible, all-solid super-
capacitors were assembled which exhibited superlative electrochemical performance and mechanical flexibility.
The prototypical study inspires a smart approach to comprehensively and effectively use biomass materials for
constructing energy storage devices. The eggshell-enabled graphene-like carbon and protein-derived solid-state
electrolyte should find extensive applications in various fields.

1. Introduction

Continued development of long-range electric vehicles (EVs) and
renewable energy harvesting technologies requires superior energy
storage devices with higher energy density and power density [1,2].
Unlike batteries, whose energy conversion is controlled by the kinetics
of electrochemical reactions, the capacitance of supercapacitors is
achieved by interfacial charge transfer, which enables short-term en-
ergy storage and burst-mode power delivery [3]. Therefore, super-
capacitors can effectively adjust the intermittent energy flow, demon-
strating a huge potential for extensive applications such as wearable
electronic devices, starting/braking of EVs, and grid energy storage
[4-7]. Because of such interface-controlling mechanism, the electrode
materials in supercapacitors need to have a large specific surface area to
achieve electrochemical high-performance [8]. The 2D morphology
renders graphene a high theoretical specific surface area of 2630 m?/g
[9]. Coupling with its outstanding conductivity and mechanical
strength, graphene has been widely employed in batteries and super-
capacitors [10-13]. Graphene alone can be assembled into superior
electrostatic double-layer capacitors (EDLCs), which restore and deliver
energy through the Helmholtz double layer at the interface, leading to
outstanding power density and lifespan [14-17]. Hybrid super-
capacitors with a superior combination of power density and energy
density were realized by compositing electrochemical active materials
with or doping functional groups onto graphene sheets [18-21]. Up to
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now, graphene is often derived from nonrenewable resources, such as
graphite and fossil fuels via complicated procedures with hazardous
chemicals and/or energy-consuming mechanical exfoliation. An alter-
native carbon source for spuercapacitor electrode materials is biomass.
Activated carbon has been fabricated from biomass materials and ex-
hibited competitive properties [22-30]. For instance, flexible and
conductive activated cotton textile has been used to construct super-
capacitors; [23] activated carbon derived from banana peel has an or-
derly arranged porous structure, which not only facilitated electrolyte
permeation but also promoted the deposition of NiCo,0O3 nanowires
[24]. Moreover, carbon materials derived from biomass are usually
doped with various electrochemical active functional groups which
exhibit pseudocapacitance [29,30]. However, biomass-derived acti-
vated carbon often lacks nanostructures and high specific surface area,
leading to limited specific capacitance. Can we synthesize nanos-
tructured, graphene-like carbon materials from biomass by feasible and
low-cost approaches?

In addition to electrochemical properties, future supercapacitors
need to be safe and flexible for wearable electronic devices and car
interior structures [31-33]. Solid electrolytes are essential to achieve
high safety and flexibility. So far, gel-like solid electrolytes are mainly
developed from engineering polymers [34-37]. For instance, a PVA—
LiClO4 gel electrolyte exhibited an ionic conductivity of 48 mS/cm and
a PPDP/LiCl gel electrolyte enabled a feasible ion migration channel,
leading to superior volumetric energy density of the supercapacitors
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Fig. 1. Schematic illustration of deriving all-solid, flexible supercapacitors from eggs. Eggshell membrane was used as the separator after being rinsed by dilute water
and ethanol. Eggshell was calcified at high temperature, forming CaCO3; powders which were used as templates for porous carbon. Egg yolk and egg white were
mixed homogeneously. One part of them was mixed with eggshell derived CaCO; powders and then pyrolyzed, forming graphene-like, egg-derived carbon (EC).
Another part of the egg yolk and egg white was treated by KOH to form a gel-like solid electrolyte. Flexible, all-solid supercapacitors were then assembled.

[34,35]. Intriguingly, gel-like polymers and biofilms widely appear in
biomass, which are able to store liquid and facilitate ion equilibrium,
showing the potential for solid electrolytes [38-40].

Therefore, nature has offered us all essential sources for every
component of supercapacitors, ranging from carbonaceous materials for
electrodes to macromolecular hydrogels and films for solid electrolytes
and separators. However, unlike synthetic materials, biological com-
ponents often consist of different ingredients with distinct properties. If
only one ingredient is used, separating, sorting, disposing, and re-
cycling of the rest will inevitably increase the cost and violate sus-
tainability. Can we achieve comprehensive and effective utilization of
biomass in the fabrication of energy storage devices? Here, we report
flexible, all-solid supercapacitors from eggs (Fig. 1). Along with the
tremendous consumption of eggs is a large amount of inedible eggshell
and broken or expired eggs. It is practically significant if these bio-
wastes can be converted to high-value added products. In this study,
egg white/yolk and eggshell acted as the carbon source and sacrificial
templates for porous activated carbon, respectively. The egg-derived 2D
graphene-like carbon sheets with a thickness of 1.25nm exhibited an
outstanding combination of energy density and power density when
being used in supercapacitor electrodes due to their high specific sur-
face area (1527.2m?/g) and naturally doped functional groups. Egg
white/yolk also reacted with KOH, forming gel-like solid electrolyte
with competitive ionic conductivity and water preservation. With
eggshell membrane as a superb separator, flexible, all-solid super-
capacitors were assembled which exhibited superlative electrochemical
performance and mechanical flexibility. The proof-of-concept study
provides inspirations of comprehensive and effective utilization of
biomass materials for energy storage. The eggshell-enabled 2D gra-
phene-like carbon fabrication and protein-derived solid-state electro-
lytes should find more applications in various fields.

2. Experimental section
2.1. Preparation of eggs

Fresh eggs were cracked in half and the egg white/yolk was sepa-
rated from the eggshell. The egg white/yolk was stirred vigorously for
1h to achieve a homogeneous mixing. The eggshell membrane was
carefully peeled from the eggshell and rinsed by ethanol and dilute

water three times to remove residual egg white.

2.2. Fabrication of egg-derived carbon (EC) and activated egg-derived
carbon (AEC)

The eggshell was heat-treated at 500°C for 1h to eliminate the
organic ingredients. After calcification, the eggshell pieces were grind
into white powders. The calcified eggshell powders were stirred with
liquid egg white/yolk mix for 2 h with a weight ratio of 1:2. The hybrid
slurry was then freeze-dried and pyrolyzed at 550 °C, 650 °C, 750 °C,
850°C, and 950°C for 1h in a tube furnace with the protection of
argon. After the high-temperature treatment, the obtained powders
were rinsed by 0.1 M HCl and dilute water to eliminate CaCO3 and
other impurities. After ultrasonication, graphene-like egg-derived
carbon (EC) was fabricated. A two-step KOH treatment was employed
to further activate the EC. Specifically, the freeze-dried egg white/yolk
with eggshell powders was first heat-treated at 450 °C. The weight of
ECs left after 450 °C treatment was calculated by the results of TGA
tests. KOH solution and 450 °C treated powders were mixed with a
weight ratio between KOH and carbon of 0.3, 1, 2, and 3. The as-ob-
tained suspension was dried at 60 °C for 8 h and further heat-treated at
650 °C after stirred for 10 min. After the activation, the obtained pow-
ders were rinsed by 0.1 M HCl and dilute water, forming activated egg-
derived carbon (AEC) with porous structures.

2.3. Fabrication of egg-derived, all-solid electrolyte

The egg white/yolk mix was mixed with 6 M KOH solution with a
volume ratio of 1:1. Upon mixing, the egg white/yolk reacted with KOH
quickly, forming gel-like clusters. The gel-like clusters were unstable.
After 2-4 h standing, the clusters gradually dissolved, forming a highly
viscous paste. By manipulating the time of drying, the solid-state
electrolyte was synthesized.

2.4. Assembling of supercapacitors

The as-fabricated ECs/AECs were mixed with carbon black and
PVDF with a weight ratio of 80:10:10. NMP was then infilled into the
mixed powders. The formed slurry was homogeneously coated on
stainless steel plates and dried at 60 °C for 8 h. For the construction of
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Fig. 2. Graphene-like egg-derived carbon (EC) and activated egg-derived carbon (AEC). a TEM inspection of EC derived at 650 °C (EC-650), showing thin and wrinkly
morphology. b AFM inspection of EC-650. c-e Thickness of EC-650 sheets at locations 1, 2, and 3 in the AFM image. f EC-650 sheets were dispersed in dilute water,
showing no apparent agglomeration after 10 weeks. g XPS O 1s spectrum of EC-650. h XPS N 1s spectrum of EC-650. i TGA tests of pure egg white/yolk and egg
white/yolk with eggshell derived CaCO3; powders. j Atomic concentration of oxygen, nitrogen, and sulfur of EC derived at different temperatures. k TEM inspection of
KOH activated EC-650 (AEC). The weight ratio between the EC and KOH was 0.3 (AEC-0.3). 1 Close-up inspection of the nanopores and lattice structure. m Nitrogen
adsorption and desorption curves of EC-650, AEC-0.3, and AEC-3. n Atomic concentration of oxygen, nitrogen, and sulfur of AEC treated by different amount of KOH.

the three-electrode system, a piece of EC/AEC electrode was used as the
working electrode, pure Pt plate with the same size was used as the
counter electrode, saturated calomel electrode as the reference elec-
trode, and 6 M KOH solution as the electrolyte. For the assembling of
symmetric two-electrode supercapacitors, two pieces of commensurate
AEC electrodes were used as working electrodes, a piece of filter paper
or eggshell membrane was used as the separator, and 6 M KOH solution
or egg-derived solid electrolyte was used as the electrolyte. Electrodes,
separator, and electrolyte were sealed into 2032 coin cells. For the
assembling of all-solid, flexible supercapacitors, the egg-derived solid
electrolyte was homogeneously painted on the AEC electrodes and
eggshell membrane separators. Stainless steel foils, electrodes, and se-
parator were then sealed together into a flexible plastic cover.

2.5. Materials characterization

The as-prepared ECs/AECs and egg-derived electrolyte were char-
acterized by X-ray diffraction (XRD, a PANalytical X'Pert Pro Multi-
Purpose Diffractometer (MPD) equipped with Cu K, radiation
(A = 0.15406 nm)), scanning electron microscopy (SEM, FEI Quanta
650 with EDS detector), high resolution transmission electron micro-
scopy (HRTEM, FEI Titan), atomic force microscopy (AFM, Bruker
ICON), Raman spectroscopy (a Renishaw inVia Raman microscope at
the wavelength of 514 nm), and X-ray photoelectron spectroscopy (XPS,
ULVAC-PHI, Inc.). Thermogravimetric analysis (TGA) was performed
on a TA Instruments Q50 in an N, atmosphere with a heating rate of
5°C/min to 950 °C. The specific area and pore size of ECs/AECs were
measured using a Quantachrome Autosorb iQ nitrogen adsorption-
desorption analyzer and calculated by the Brunauer-Emmett-Teller
(BET) theory. To measure their zeta potentials, the samples were

homogeneously dispersed in DI water. The zeta potential was measured
using a Malvern Zetasizer Nano ZS.

2.6. Electrochemical characterization

The electrochemical properties of supercapacitor electrodes were
measured with both three-electrode and two-electrode electrochemical
systems using a CHI 660E electrochemical workstation. Cyclic voltam-
metry (CV) was performed at different scan rates. Galvanostatic charge/
discharge curves were obtained at different current densities.
Electrochemical impedance spectra (EIS) were measured in the fre-
quency range from 100 KHz to 0.1 Hz with an AC perturbation of 5mV.

3. Results and discussion
3.1. Synthesis and characterization of egg-derived graphene-like carbon

Eggs from grocery stores were cracked and egg white/yolk was se-
parated from eggshell. The eggshell membrane was carefully peeled
from the eggshell. A close-up inspection of eggshell under scanning
electron microscopy (SEM) revealed a rough surface with micron-sized
pores (Figs. Sla and S1b in Supplementary data). The eggshell was
heat-treated at 500 °C in an open environment to eliminate residual
organic matters, turning it into high-purity CaCO3; powders with a
diameter of ~1.5 um (Figs. Slc and S1d). The egg white and yolk were
homogeneously mixed at room temperature and then blended with the
eggshell derived CaCO3; powders with a weight ratio of 2:1. After stir-
ring 2h, a light yellow paste was obtained. The paste was then frozen
and lyophilized for 6 h, forming a light-yellow cake. The weight loss of
egg white/yolk after freeze-drying was about 75%, suggesting that the
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weight ratio between egg white/yolk and CaCO3; powders in the freeze-
dried cake was 1:2. The cake was subsequently transferred into a tube
furnace and heat treated at different temperatures with the protection
of argon for 1h. The obtained powders were stirred with 0.1 M HCL
After rinsed by dilute water, the final product was fine powders with a
dark black color (Fig. 1). Intriguingly, unlike the directly pyrolyzed egg
white/yolk which exhibited smooth surface (Fig. S2a), the egg white/
yolk carbonized with eggshell-derived CaCO; powders displayed
porous, membrane-like morphology (Fig. S2b). Transmission electron
microscopy (TEM) inspection unveiled that the egg carbon derived at
650 °C (EC-650) were thin films with 2D graphene-like morphology and
wrinkles (Fig. 2a). Atomic force microscopy (AFM) measurement was
carried out to identify the thickness of the EC-650 (Fig. 2b). Most of the
EC-650 sheets were thinner than 10 nm while the thinnest part was only
about 1.25nm (Fig. 2c—e), which is close to the thickness of single-
layered graphene oxide [41,42]. The Raman spectrum of EC-650 films
also exhibited similar features to reduced graphene oxide and activated
carbon: stronger D bond peak and obvious 2D bond peak (Fig. S3),
indicative of a high degree of defectiveness [43-45]. When being dis-
persed in dilute water, EC-650 exhibited outstanding dispersing ability
that no apparent agglomeration occurred even after 10-week standing
(Fig. 2f). The zeta potential of the EC-650 in neutral DI water was
measured to be —45 mV, indicative of good stability. Such outstanding
dispersing ability and high zeta potential suggested that the EC-650 was
naturally doped by functional groups, which can enhance the hydro-
philicity of carbon sheets and thereby prevent agglomeration. This
hypothesis was verified by energy-dispersive X-ray spectroscopy (EDS)
under SEM, in which oxygen and nitrogen were homogeneously dis-
persed on the EC-650 (Fig. S4). X-ray photoelectron spectroscopy (XPS)
tests unveiled that the concentrations of oxygen, nitrogen, and sulfur on
EC-650 were 7.6%, 7.5%, and 0.7%, respectively. The 533.06 eV bond
and 531.48 eV bond in O 1s spectrum indicative of nitrates and car-
bonates, respectively (Fig. 2g); the 399.93 eV bond and 398.51 eV bond
in N 1s spectrum can be ascribed to N-C bonds and N-H bonds, re-
spectively (Fig. 2f). These functional groups, especially nitrogen-con-
taining functional groups, are expected to introduce pseudocapacitance
in the supercapacitors, thereby improving the specific capacitance [29].

A question arises: why the activated carbon synthesized from egg
white/yolk with eggshell-derived CaCO3 powders had the 2D graphene-
like morphology? A rational assumption is that egg white/yolk wrapped
around CaCO3; powders during stirring and carbonized in the following
pyrolysis. However, the TEM image of the EC derived at 550 °C (EC-
550) displayed a different morphology, a chunk of porous carbon (Fig.
S5a). On the contrary, the EC derived at 750 °C (EC-750) exhibited a
similar structure to EC-650 (Fig. S5b) while the EC derived at 850 °C
(EC-850) had more wrinkles (Fig. S5c). Therefore, the temperature had
a notable impact on the final morphology of ECs. Thermogravimetric
analysis (TGA) was carried out to reveal the reactions during heating
(Fig. 2i). The freeze-dried egg white/yolk displayed a drastic decrease
in weight from 300 to 400 °C, indicating that the carbonization of egg
white/yolk mainly occurred at 300-400 °C. The weight was stable from
400 °C to 800 °C, where the weight started decreasing again at a slow
rate. 15.1% and 10.4% weight remained after 650 °C and 950 °C, re-
spectively. On the contrary, the egg white/yolk with CaCO3; powders
sample exhibited staged weight decrease. The corresponding derivative
of weight change plot (blue dash line in Fig. 2i) showed a peak at
~250 °C, which can be ascribed to the dehydration of CaCO3 powders.
The large peak between 300 and 400 °C was the pyrolysis of egg white/
yolk. The peak started at ~500 °C and ended at ~650 °C should con-
tribute to the formation of 2D graphene-like morphology for EC-650
and EC-750 samples. According to the previous studies, this peak is
attributed to the decomposition of CaCOs3: [46,47].

CaCO3 — CaO + CO,

The released gas may blow up the egg white/yolk around the CaCO5
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powders, leading to the formation of the 2D morphology. Finally, a
small peak appeared at ~800 °C. Since both the carbonization of egg
white/yolk and the decomposition of CaCO3; powders had completed,
this small peak should be ascribed to another reaction. The atomic
percentage values of oxygen, nitrogen, and sulfur derived from XPS of
ECs prepared at different temperatures are listed in Fig. 2j. The con-
centration of oxygen and nitrogen decreased rapidly after 800 °C, in-
dicating that the oxygen- and nitrogen-containing functional groups
detached from the ECs, which resulted in the decrease of weight. Such
detachment may also introduce voids and defects, leading to the con-
traction and collapse of carbon sheets, and thereby more wrinkles as
shown in EC-850 sheets (Fig. S5c¢).

The thin film morphology enabled EC-650 a high specific area of
593.1 m?/g measured by nitrogen adsorption and desorption with
Brunauer—-Emmett-Teller (BET) theory, [48] which exceeded most of
the direct-biomass-derived activated carbon materials that have been
reported so far. However, a higher specific surface area with abundant
porosity is required for high-performance supercapacitors. KOH treat-
ment was employed to improve the specific surface area of ECs. Ac-
cording to the microstructure (Fig. 2a and Fig. S5), TGA (Fig. 2i), and
XPS (Fig. 2j) measurements, the carbonization of egg white/yolk oc-
curred between 300°C and 400 °C while the thin-film morphology
formed after 600 °C. In order to activate ECs without damaging the
morphology and surface chemistry, a two-step KOH treatment was
carried out (Fig. S6). Specifically, 5g of freeze-dried egg white/yolk
with CaCO3; powders in which egg white/yolk was 1.65 g were heat-
treated at 450 °C under the protection of argon. Based on the TGA result
(Fig. 2i), the weight of pyrolyzed carbon after 450 °C heat treatment
was 17.6% of the freeze-dried egg white/yolk, which was 0.29 g. The
as-obtained powders were mixed with 17mL 1M, 0.6 M, 0.3M, and
0.1 M KOH solution, respectively (all solution was dilute from 1 M KOH
solution), corresponding to the approximate weight ratio between KOH
and pyrolyzed carbon of 3, 2, 1, and 0.3. The KOH treated powders
were dried at 60 °C and further activated at 650 °C. Fig. 2k and 1 are the
TEM images of EC-650 carbon films activated by KOH with the weight
ratio between KOH and activated carbon of 0.3 (AEC-0.3). A hier-
atically porous structure was created on the graphene-like carbon
sheets. The pores had the sized ranging from ~1 nm to ~120 nm with
walls of multi-layered graphene (Fig. 21). The KOH treatment almost
tripled the specific surface area. When the weight ratio between KOH
and EC was 0.3 (AEC-0.3), the BET specific surface area reached
1485.4 m?/ g; when the weight ratio increased to 3 (AEC-3), the specific
area exhibited minor improvement to 1572.2 m?/g. Moreover, the ab-
sorption/desorption curve of AEC-3 exhibited a bigger hysteresis loop
at intermediate relative pressure, indicative of larger pore size, which
was further demonstrated by the pore size distribution derived from
Barrett-Joyner-Halenda (BJH) theory [49] (Fig. S7). The majority of
nanopores in the AEC-0.3 sample was smaller than 1 nm while the size
of nanopores between 1 and 3 nm increased in the AEC-3 sample. The
tendency was also validated by TEM inspections of AEC-1 (Fig. S8a) and
AEC-3 samples (Fig. S8b), which exhibited a larger pore size than AEC-
0.3 (Fig. 2k and i). A critical question is whether the KOH treatment
changed the surface chemistry of ECs. Atomic concentrations of ni-
trogen, oxygen, and sulfur derived from XPS spectra of samples treated
by different amount of KOH were demonstrated in Fig. 2n. Unlike the
temperature of heat treatments (Fig. 2j), the amount of KOH had almost
no influence on the surface chemistry of egg-derived carbon samples.
This may be because the conversion from egg white/yolk to activated
carbon mainly occurred between 300 and 400 °C (Fig. 2i) while the
powders were treated at 450 °C before being mixed with KOH, leading
to minor influence of KOH treatment on the surface chemistry.

3.2. Electrochemical performance of egg-derived carbon in supercapacitors

To measure the electrochemical properties of the graphene-like
carbon derived from eggs, ECs/AECs were mixed with carbon black and
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polyvinylidene fluoride (PVDF) in a ratio of 80:10:10. The mix was
dispersed in N-Methyl-2-Pyrrolidone (NMP) and the slurry was homo-
geneously coated on a stainless steel plate. The electrodes were baked at
60 °C for 8h and then cut into pieces with desired shapes. Three-elec-
trode system with Pt as the counter electrode, saturated calomel elec-
trode as the reference electrode, and 6 M KOH as the electrolyte was set
up. The cyclic voltammetry (CV) curves of the ECs derived at different
temperatures are shown in Fig. S9a. The electrochemical performance
of EC-650 electrode had a notable improvement compared with EC-550
electrode due to the formation of graphene-like morphology. The CV
curve of EC-650 exhibited a morphology which deviated from quasi-
rectangle, the typical shape of EDLCs. Such deviation without notable
anodic or cathodic peaks is often ascribed to fast, reversible, successive
surface redox reactions and/or insufficient conductivity of the active
materials [50]. It is likely that the functional groups which were found
on ECs (Fig. 2g and h) delivered pseudocapacitance during charging/
discharging. The CV curves of EC-750 and EC-850 showed less devia-
tion from quasi-rectangle, indicative of the detachment of functional
groups and improvement of conductivity due to higher-temperature
pyrolysis. Under the current conditions, EC-650 exhibited the highest
specific capacitance in terms of the area covered by the CV curve. The
specific capacitance of EC-650 electrode is comparable with reduced
graphene oxide (rGO) derived electrode (Fig. 3a). KOH activation lar-
gely improved the electrochemical performance of egg-derived carbon.

Nano Energy 65 (2019) 104045

The area covered by the CV curves of AECs was much larger than that of
EC-650 and rGO (Fig. 3a). The CV curve of AEC-0.3 electrode exhibited
slightly better performance than AEC-1 and AEC-3 electrodes (Fig. 3a).
The tendency that carbon materials treated by higher concentrations of
KOH exhibited lower specific capacitance reported in previous studies
[29]. Fig. 3b shows the CV curves of the AEC-0.3 electrode tested at
different scan rates. With the increase of scan rate, the CV curves
showed larger tilt due to the polarization. The specific capacitance
values were calculated from galvanostatic charge/discharge curves
(Fig. 3c) by equation (1):

| dt
c- Ll

T AVsm 1)

where i is the current, t is the discharge time, AV is the potential dif-
ference, and m is the weight of the active materials. The specific ca-
pacitance of AEC-0.3 derived electrode delivered a specific capacitance
of 420.8 F/g at 0.5 A/g. The specific capacitance decreased to 265.1 F/g
when the current density increased to 10 A/g, corresponding to a ca-
pacitance retention rate of 63%.

Since the three-electrode system focuses on electrochemical prop-
erties of a single electrode and cannot reflect the real-life performance
of an energy storage application, symmetric supercapacitors were as-
sembled to examine the practical utilization of the AEC-based super-
capacitors. Specifically, two pieces AEC-0.3 electrodes with the same

4 0.1
a ——AEC03 b g oAV Cc ——05A4
3k AEC-1 ——0.05V/s 0.0 1Ag
5| ——AEC3 4L 0.1 29
o G _ —5Ag
<40 < 2 02 ——10A/g
E € Of ©
3] L s =
] I g € 03
3 3 -
L -4+ o
= ------Stainless steel -04
—=+1G0 ——0.01V/s
21 b -0.5
- - - EC-650 i ——0.005Vis
% L L L L n I i L L L 1 L 1 L 0.6 L L L !
01 00 -01 -02 -03 -04 -05 -06 -07 01 00 -01 -02 -03 -04 -05 -06 -07 0 200 400 600 800 1000
Potential (V) Potential (V) Time (s)
d 1.0 600 =
wl — 2Vis e —0.1Ag t \ —0—Co,0,/graphene asymmetric supercapacitor|
—1.5VIis —0.2A/g D 500 —%— AEC-0.3 symmetric supercapacitor
—1Vis 08 osag| & 9
L k
@ 20 S 1A/g g 400k, \
< =06 ——2Ag = \ .
= K| —5Aqg [ X R
£ Of B 3 300 \ 0
2 g ——10Ag 3 *_
3 o 04 . i o g
o & & 200 A e
20} 5 ——tr
0.5V/s g
—0.1VI/s 02 ® 100 | 2D HPC symmetric supercapacitor
-40 —0.05V/s —/.— PNCs symmetric supercapacitor
L L . L . 0.0 . \ \ 0 . . L L L
0 0.2 0.4 0.6 08 0 500 1000 1500 2000 0 2 4 6 8 10 12
Potential (V) Time (s) Current density (A/g)
Cycle -
g 100 h 0 1000 2000 3000 4000 5000 10
12 T T T T 300 I —o— 1% cycle —0—5000" cycle
—%— This work 10k — oo 5 sl o
c; rs /j
= o o
£ ~ 08} 4200
S = S g of P-4 -4
> *— I & F ;
= 10} K 2 06} 1 S =
g % ¥ ‘52\* ®, 5 150 8 N FJ_ 5
] G 2 g o4 f
3 O, B Loy S S d
> ° o, o 04f 1% cycle 1100 2 _,535
o 53 m o ;
@ —— 5000 cycle o 2k 5
S 0.2 150 @ fgb
1 i i i 0.0 . L . . 0 0 L L L , \ ,
10 100 1000 10000 100000 0 30 60 90 120 150 0 2 4 6 8 6 8 10
Power Density (W/kg) Time (s) Z'6)

Fig. 3. Electrochemical performance of electrodes derived from ECs and AECs. a CV curves of AECs, EC-650, and rGO electrodes in the three-electrode system
scanned at 0.01 V/s. b CV curves at different scan rates of the electrode derived from AEC-0.3 in the three-electrode system. ¢ Galvanostatic charge/discharge curves
at different current densities of the AEC-0.3 electrode. d CV curves at different scan rates of the symmetric supercapacitor derived from AEC-0.3 electrodes. e
Galvanostatic charge/discharge curves of the symmetric supercapacitor. f Comparative specific capacitance of the symmetric supercapacitors derived from AEC-0.3
and other supercapacitors. g Ragone plots of the as-assembled symmetric supercapacitor derived from AEC-0.3. h Cyclic performance of the symmetric super-
capacitor derived from AEC-0.3. i EIS of the symmetric supercapacitor before cycling and after 5000 cycles.
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Fig. 4. Solid-state electrolyte derived from egg white/yolk. a Photograph of the solid-state electrolyte. b Comprehensive XPS spectrum of the solid-state electrolyte. ¢
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egg-derived solid electrolyte with eggshell membrane. f EIS spectra of egg-derived solid electrolyte with eggshell membrane and after O h, 5h, and 24 h in open air.

size were assembled with a 6 M KOH solution-saturated filter paper as
the separator into a 2032 coin cell. The CV curves exhibited quasi-
rectangular shapes with excellent stability even at a high scan rate
(Fig. 3d). No anodic and cathodic peaks were observed in the CV curve
scanned at 0.01 V/s (Fig. S9b). The galvanostatic charge/discharge
curves displayed triangular shapes (Fig. 3e). The specific capacitances
of single electrodes at different current density were calculated by the
equation:

Cc= 4 % 0% At

AV s m @
where m is the total weight of active materials in both electrodes. At
low current density regime, the specific capacitance was comparable to
supercapacitors derived from metal oxides (Fig. 3f) [18,51]. The spe-
cific capacitance decreased with the increase of current density. At high
current density regime, the specific capacitance of AEC-0.3 derived
symmetric supercapacitor was close to other supercapacitors derived
from 2D carbon materials with a similar specific surface area [29,52]. A
rational explanation is that the pseudocapacitance from functional
groups mainly enhanced the specific capacitance of the symmetric

supercapacitor at the low current density regime while electron double
layer capacitance mainly contributed to the specific capacitance at the
high current density regime. The energy density and power density of
symmetric supercapacitor system were calculated by the following
equations:

1

E = =CAV?
8 3
E

p==
At 4)

where C is the specific capacitance of a single electrode, AV refers to the
potential change within the discharge time At. Ragone plots of the as-
assembled symmetric supercapacitor derived from AEC-0.3 showed an
excellent combination of power density and energy density (Fig. 3g). At
low current density regime, the symmetric supercapacitor exhibited an
energy density outperformed most of the graphene or carbon-based
symmetric supercapacitors [53-60], indicating that the high specific
surface and naturally grafted functional groups mutually promoted,
making 2DGC-derived supercapacitors single-phase hybrid super-
capacitors. The as-assembled symmetric supercapacitor exhibited
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almost no capacitance decay after 5000 cycles at a current density of 1
A/g (Fig. 3h). Electrochemical impedance spectroscopy (EIS) was then
used to validate the changes of internal impendence of the super-
capacitor before and after cycling (Fig. 3i). The intercept between the
EIS curve and the Z’ axis is the equivalent series resistance (Rg), which
stems from the electrolyte resistance, the intrinsic resistance of the
active material, and the interfacial contact resistance between elec-
trodes and current collectors. The semicircle in the intermediate fre-
quency regime indicates the impedance of the charge transfer between
the electrodes and electrolyte (R.), which is mainly influenced by the
ion/electron transfer on the surface of the electrodes. After 5000 cycles,
Rg remained the same, about 1<, while the R, increased. The self-
discharging test was carried out to reveal the chronic stability of the
symmetric supercapacitor. The potential of the symmetric super-
capacitor decayed to 50% (0.4 V) after 1290s; 0.22 V remained after
10000 s (Fig. S8c). Therefore, although the functional groups provided
pseudocapacitance to the supercapacitor, they also accelerated the self-
discharging rate.

3.3. Synthesis of egg white/yolk-derived solid electrolyte

In addition to electrode materials, solid electrolytes also can be
fabricated from eggs. When mixing 6 M KOH with egg white, a hydrogel
formed as shown in Fig. S10a. This hydrogel was not stable and de-
composed to liquid after several hours. When mixing 6 M KOH with egg
yolk, a viscous suspension formed (Fig. S10b). The yellow suspension
could not sustain the shape and would dry within several hours. In
order to utilize their advantages and overcome the drawbacks, as well
as to simplify the fabrication procedures, 6 M KOH solution was
homogeneously stirred with liquid egg white/yolk with a volumetric
ratio of 1:1. After drying the mix at room temperature for 24 h, the
formed paste was highly viscous. The gel-like paste can sustain the
shape and be spread into thin films (Fig. 4a). The thin film can reserve
moist in an open environment for hours. The comprehensive XPS
scanning unveiled that the dried egg-derived electrolyte contains ele-
ments including C, O, K, N, and minor Cl, Na, P (Fig. 4b). EDS elements
analysis further validated the results (Fig. S11). XRD spectrum revealed
that the egg-derived electrolyte contained KOH, KCL, and K,COs3 (Fig.
S12). The XPS O 1s spectrum (Fig. 4c) exhibited peaks at the binding
energy of 533.10 eV and 531.36 eV, indicative of the existence of -OH
bonds and -CO bonds. The K 2p spectrum showed two distinctive peaks
at 295.95eV and 292.98 eV, indicating that the K-O bonds and K-H
bonds formed (Fig. 4d). The C 1s peak can be divided into three peaks
located at 288.93 eV, 286.58 eV, and 285.37 eV, corresponding to C-O,
C-Cl, and C-P bonds (Fig. 4d). After baked at 80 °C for 24 h, the weight
of the egg-derived gel-like paste reduced by 72%, indicative of over
70% water content, which is close to that of pure egg white/yolk.

Eggshell membrane was then employed as the separator. The egg-
shell membranes were carefully peeled from eggshells and rinsed by
water and ethanol to remove residual egg white and egg yolk. As shown
in Fig. S13, the eggshell membrane displayed interlaced fibers ranging
in diameter from 0.5 to 1 pm, which constructed an interwoven, mac-
roporous network with a thickness of about 50 um. Such interleaved
fibular structure is expected to be able to facilitate ion transfer and
maintain mechanical robustness. Previous studies have demonstrated
that eggshell membrane can be a qualified separator for energy storage
devices [39,40]. The eggshell membrane derived separators starts de-
composition at over 200 °C and has a tensile strength of 6.59 MPa, in-
dicating competitive thermal and mechanical stability. The egg white/
yolk derived solid electrolyte was then coated on the eggshell mem-
branes, showing no noticeable degradation, indicating that they are
mutually compatible.

A critical question is: what is the ionic conductivity of the egg-de-
rived, all-solid-state electrolyte with eggshell membrane separator?
Fig. 4e lists the comparative EIS plots of dilute water with filter paper,
6M KOH solution with filter paper, egg white/yolk derived solid
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electrolyte, and egg white/yolk derived solid electrolyte with the egg-
shell membrane separator. All the plots exhibited similar single-line
morphology at intermediate and low-frequency regimes (Warburg im-
pendence) without semicircles at high-frequency regime (charge
transfer impendence), indicative of diffusion-controlled processes [61].
The slopes of the Warburg lines were affected by the finite-thickness
effects of electrolytes. The ionic conductivity o can be calculated via
equation (5): [62,63].

d
g =
A% R, )

where d is the thickness of electrolyte, A is the contact area, and R, is
the resistance of the electrolyte. The resistance of the electrolyte can be
derived from the intercept of Z’ axis and the straight line obtained by
the linear regression of the EIS plot in the high-frequency regime. Ap-
parently, dilute water had a much larger resistance than the other
electrolytes. If we consider the thickness of 6 M KOH electrolyte is equal
to the thickness of filter paper and the thickness of egg white/yolk
derived solid electrolyte is equal to that of the eggshell membrane, the
ionic conductivity of 6 M KOH-saturated filter paper was calculated to
be 26.9 mS/cm. The ionic conductivity of solid electrolyte derived from
egg white/yolk was 9.3 mS/cm. When the eggshell membrane was used
as the separator, the ionic conductivity decreased to 3.8 mS/cm.
Therefore, the egg white/yolk-derived solid electrolyte exhibited an
ionic conductivity comparable with other hydrogels from engineering
polymers [34-37]. Worth mentioning is that the ionic conductivity of
the egg-derived electrolyte/eggshell membrane hybrid exhibited no
notable degradation even after 24 h in an open environment (Fig. 4f),
indicative of outstanding moist preservation ability. The egg-derived,
all-solid-state electrolyte thin film dried out at room temperature in
about 40 h.

3.4. Electrochemical performance of whole egg-derived all-solid
supercapacitor

Excitingly, all-solid, flexible supercapacitors were successfully as-
sembled by the AEC-based electrode, egg white/yolk-derived solid
electrolyte, and eggshell membrane separator (Fig. 5a). The solid
electrolyte provided the supercapacitors outstanding flexibility. As
shown in Fig. 5b, the CV curves of the flexible, all-solid supercapacitor
had no distortion in flat, bend, and twist conditions. Similarly, the
specific capacitance remained unchanged when bending or twisting the
supercapacitor (Fig. 5¢). When connecting two all-solid supercapacitors
in series, the supercapacitor pack enlightened a LED for hundreds of
seconds (Fig. 5d), implying a potential for practical applications. 2032
coin cells were used to identify the electrochemical performance of
symmetric supercapacitors assembled with AEC-0.3 electrodes and egg-
derived solid electrolyte (Fig. S14). Comparing with the supercapacitors
used the liquid electrolyte, the galvanostatic charge/discharge curves of
the all-solid supercapacitor exhibited IR drop at the early stage of dis-
charge, especially at high current density regime (Fig. S14a). The IR
drop may be because of the relatively low ionic conductivity of egg
white/yolk derived all-solid electrolyte, which also deteriorated the
rate ability. At low current density regime, the specific capacitance of
the all-solid supercapacitor was comparable with that of the liquid
supercapacitors (Fig. S14b). The all-solid supercapacitor had a capaci-
tance retention rate of 80% after 5000 cycles at the current density of 1
A/g (Fig. Sl4c). Comparing with the results of symmetric super-
capacitors constructed with liquid electrolyte (Fig. 3h), the decay of the
specific capacitance was mainly ascribed to the degradation of the solid
electrolyte. After 5000 cycles, the equivalent series resistance (Rg) and
charge transfer resistance (R.;) both decreased due to the closer contact
between active materials and electrolyte (Fig. S14d). However, the ion
conductivity of the solid electrolyte reduced from 3.8 mS/cm to 2.1 mS/
cm.
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Fig. 5. All-solid, flexible symmetric supercapacitors assembled by AEC-0.3 electrodes, egg-derived solid electrolyte, and eggshell membrane separator. a Schematic
illustration of the as-assembled all-solid supercapacitor. b CV curves of the all-solid, flexible supercapacitor in flat, bend, and twist conditions. ¢ Cyclic charge/
discharge curves of the all-solid, flexible supercapacitor in flat, bend, and twist conditions. d Two egg-derived, all-solid supercapacitors in series enlightened LEDs.

4. Conclusion

In summary, individual components of an egg were used to con-
struct all-solid, flexible supercapacitors. The eggshell was calcified,
forming high-purity CaCO; powders. Egg white/yolk was homo-
geneously mixed with the eggshell-derived CaCO; powders. After
freeze-drying and pyrolysis, graphene-like egg-derived carbon (EC)
sheets were synthesized with the thinnest thickness of only 1.25nm.
After KOH activation, the specific surface area of activated egg-derived
carbon (AEC) was further increased to 1572.2 mz/g. The hierarchically
porous structure and the naturally grafted functional groups rendered
the supercapacitors derived from AECs a high specific capacitance and
an outstanding combination of energy density and power density. KOH
treated egg white/yolk mix served as the solid-state electrolyte with
competitive ionic conductivity (9.3 mS/cm). Eggshell membrane was
found to be an excellent natural separator. As a result, a whole egg-
derived, all-solid, flexible supercapacitor was developed with super-
lative performance. The prototypical study opens up a new opportunity
for comprehensively utilizing biomass materials for energy storage. The
eggshell-enabled graphene-like carbon and protein-derived solid elec-
trolyte are expected to find more applications in extensive fields.
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