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HIGHLIGHTS
Pinewood is pyrolyzed,
generating bioliquids

Pinewood

These solar-derived bioliquids are
rich in phenols

Binder-free electrodes prepared
from bioliquids exhibit excellent
flexibility

The electrochemical properties of
CNF derived from these
bioliquids are evaluated

Bioliquid Supercapacitor

The development of cost-competitive and environmentally friendly CNFs is
imperative. Wang et al. report the application of solar energy for generation of
bioliquid from pinewood. Carbon nanofibers derived from these bioliquids are
used for the fabrication of flexible binder-free electrodes with notable
electrochemical properties.
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SUMMARY

Solar pyrolysis of renewable biomass has huge potential for sustain-
able production of fuel or chemical feedstock for the activated car-
bon materials. Here, we report a method for producing high-quality
carbon nanofiber (CNF) precursor and subsequently CNFs as a low-
cost and eco-friendly energy storage material. Specifically, pine-
wood is pyrolyzed with solar energy to generate a phenol-rich
bioliquid precursor that is found to be a strong candidate for synthe-
sizing binder-free flexible electrode materials via electrospinning.
The CNFs prepared with 30% solar-driven bioliquids and 70% poly-
acrylonitrile have a high specific surface area and rich microstruc-
ture, which are the key to its electrochemical performance in terms
of specific capacitance (349 F g " at the current density of 0.5A g™ ")
with notable rate performance, reversibility, and cycling stability in
6 M KOH aqueous electrolyte. Thus, solar bioliquids are feasible
CNF precursors, and such derived CNFs have potential to be applied
in energy storage devices.

INTRODUCTION

The development and utilization of green and renewable energies, such as solar en-
ergy,’ wind energy,” and geothermal energy,” have been increasing to partly
replace fossil energy. Therefore, energy storage devices, such as supercapacitors,
batteries, or hybrid systems, are in in high demand.” Among them, supercapacitors
attract much attention as an energy reservoir or a power buffer due to their high po-
wer density, fast charging ability, superior low-temperature performance, and long
cycle life. Compared with lithium-ion batteries, supercapacitors exhibit lower energy
density, limiting their applications as primary power devices.” * Thus, supercapaci-
tor electrodes made of porous and nanotextured carbon-based materials are gain-
ing more and more interest, owing to their competitive properties, including high
specific area, high conductivity, formation of porous network structures, and physi-

cochemical stability.'%""

12-14

Nanostructured carbon materials, including activated carbons (ACs), carbon

1819 and carbon nanofibers

black,"™"” carbon nanotubes (CNTs),"%"" graphene,
(CNFs), have been studied to meet the demand in high energy density supercapaci-
tor electrodes. ACs have a small specific capacitance <200 F g~', even with a fairly
high specific surface area of 1,000-3,000 m? g~".?° CNTs have unique pore struc-

tures with excellent electrical and mechanical properties, but their specific
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capacitance <100 F g~' is limited by the small specific surface area of 120-
500 m? g~".2""?? The specific capacitance of graphene is restricted by the exfoliation
approach.?® The investigation of supercapacitors prepared with chemical vapor
deposition (CVD)-based CNFs began in 2006 using materials fabricated from
ethanol over Fe-Ni alloy catalyst.”” CVD-derived supercapacitors are low in specific
capacitance of 10-50 F g " due to their small specific surface area (10-50 m? g .#
However, the aforementioned supercapacitors are not flexible, which is a critical
characteristic for wearable devices.”” Electrospun CNFs can overcome these disad-
vantages due to their self-supporting characteristics, which allow the preparation of
high-conductivity binder-free electrodes without the need for insulting adhesives,
such as polyvinylidene fluoride and polytetrafluoroethylene.'”?*?” The majority of
precursors for electrospun CNFs are prepared from synthetic organic reagents,”®?
leading to not only high cost but also potential environmental pollution issues. Haz-
ardous HCN is released during the stabilization and carbonization processes.?®*”
Hence, the development of cost-competitive and environmentally friendly CNFs
synthesized precursors is desirable.

At the same time, inexpensive renewable biomass materials, such as sawdust, rice
husk, and corn stover, are available in large quantities as waste from forestry and
agriculture. These have been considered as promising candidates for CNFs precur-
sors."" The conventional method of conversion to bioliquids is thermal pyrolysis,
requiring electricity as a heat source.®*® This conversion process is not necessarily
environmentally friendly. A renewable alternative would be to exploit heat from
concentrated solar energy,®® a sustainable, clean, renewable energy source. The so-
lar pyrolysis of biomass was researched and analyzed.*” However, the application of
solar-pyrolysis-derived bioliquids from biomass in energy storage has not been re-
ported in the literature to the best of our knowledge.

Pinewood is a promising bio-renewable resource for producing CNFs precursors
because bioliquid derived from pinewood contains a high concentration of the aro-
matic compounds desired for CNFs precursor synthesis.* Also, the CNFs derived
from the bioliquids differ in quality to those produced with state-of-the-art thermal
and solar pyrolysis processes.*” The prepared CNFs composed of 70% solar-driven
bioliquids and 30% polyacrylonitrile (PAN) have a high specific surface area of 747.8

-1

m?g~". They show a superior specific capacitance of 349 F g~ with notable rate per-

formance, reversibility, and cycling stability in 6 M KOH aqueous electrolyte.

RESULTS AND DISCUSSION

Properties of Bioliquids

The thermogravimetric analyzer (TGA) and derivative thermogravimetric (DTG) pro-
files in Figure 1A demonstrate the individual devolatilization behaviors of pinewood
particles and dewatered solar-derived bioliquid (DWSDBL) and dewatered thermal-
derived bioliquid (DWTDBL). The TGA curves of DWSDBL and DWTDBL show similar
trends, which involve a feature of a single reaction stage embodied as an apparent
DTG peak during the thermal decomposition process, resulting in the fixed carbon
yields of 6.16 wt % and 17.47 wt %, respectively. Particularly, the weight loss of
DWTDBL is faster than DWSDBL, as shown in Figure 1A. The boiling temperature
range of DWSDBL is higher than that of DWTDBL. The temperatures of DTG curve
peaks of DWSDBL and DWTDBL are 85.2°C and 244.6°C, respectively. Both TGA
and DTG curves show that there are considerable amounts of light compounds in
both bioliquids. The average molecule weight of DWSDBL is higher than that of
DWTDBL. Also, molecules released at low temperatures are not useful to CNFs
synthesis.
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Figure 1. Comparison of Thermogravimetric and Structural Characteristics of DWSDBL and DWTDBL
(A-C) (A) Thermogravimetric analysis (TG) and its negative first derivative thermogravimetric (DTG) curves, (B) FTIR spectra, and (C) distribution of
compounds with different functional groups identified with GC-MS.

Fourier transform infrared (FTIR) analyses were performed on DWSDBL and
DWTDBL to study their different organic species and functional groups shown in Fig-
ure 1B and Table S1. The abundant phenolic and alcoholic hydroxyl groups in
DWSDBL and DWTDBL are proved by the broad absorption bands for O-H stretch-
ing at the range of 3000-3600 cm~". The conclusion is confirmed by the peaks of
1,704,1,122, and 1,080 cm~" (C-O stretching of alcohol and |oheno|).‘”'42 Typically,
the strong and sharp peaks of 1,704 and 1,415 cm™" in DWTDBL illustrates it is rich of
alcohol-containing com|oounds.43 The strong peaks around 2,958, 2,925, 2,870,
2,851, and 1,450 cm™" assigned to alkane C-H stretching vibration suggest the
aliphatic moieties are generated in the DWSDBL and DWTDBL. The anhydride
CO-O-CO stretching vibration band at 1,045 cm™" and N-O stretching vibration
at 1,516 cm™" mean the aldehyde and nitro compounds are generated in DWSDBL
and DWTDBL.** The intensity of peak at 1704 cm™" for conjugated aldehyde C=0
stretching vibration is higher in DWTDBL than that in DWSDBL, which means
ketone, ester, and acid anhydride compounds are abundant in DWTDBL. The inten-
sive peak of 1,271 cm™" belonging to ring vibration of aromatic highlights the abun-
dant aromatic content in DWSDBL. Besides, the stronger signal of C-O stretching
vibration related to 1,228 cm™" is detected in the DWTDBL.*>~*’ It is seen that aro-
matic C=C bonds (1,678-1,600 cm~") and C-H bending vibration absorption bands
(880-730 cm™ ") are present in the DWSDBL and demonstrate that aromatic struc-
tures are rich in the bioliquids. Based on the above analysis, solar and thermal pyrol-
ysis are a process of degradation of pinewood particles (PPs) and the derived
DWSDBL and DWTDBL are affluent in the oxygen-containing functional compounds
in the formation of the carbon-oxygen bond (C-O) in ether, ester, and hydroxyl
group (C-OH) in alkanol and phenol, which could enhance the energy storage per-

formance in electrochemical supercapacitors and electrolyte wettability.*®*?

Gas chromatography-mass spectrometry (GC-MS) was used for further investigating
the composition differences of DWSDBL and DWTDBL resulting from solar and ther-
mal pyrolysis, and the results are shown in Figures 1C and S1. The compounds and
their molecular formula, masses, and relative concentrations in both DWSDBL and
DWTDBL are listed in Tables S2 and S3. Both bioliquids contain acid anhydride, al-
kanol, ether, alkene, ketone, carboxylic acid, arene, ester, phenol, aldehyde, and
N-containing compounds (NCCs), although alkanol, ether, and ketone as well as
phenol dominate. The GC-MS results indicate that the reactions in both DWSDBL
and DWTDBL production processes are quite complex. However, the differences
between the two bioliquids are obvious. First, DWSDBL contains much higher con-
centrations of aromatic compounds, showing peaks mainly at 12.263, 19.293, and
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Figure 2. Morphology Difference of PAN- and Bioliquids-based Supercapacitor Electrodes

(A-P) (A) Photograph and (E) TEM image of prepared DWSDBL30PAN70 CNF, SEM, and AFM images of CNFs (B and F) DWSDBL10PAN90, (C and G)
DWSDBL30PAN70, (D and H) DWSDBL50PANSO, (I and M) PAN, (J and N) DWTDBL10PAN90, (K and O) DWTDBL30PAN70, and (L and P)
DWTDBL50PANSO. Inset of SEM images: corresponding fibers diameter distribution is shown; the scale bar of SEM is 5 um. The scale bar of AFM is
300 nm.

38.946 min, including those of phenols at 12.263 and 19.293 min. Aromatic com-
pounds in DWSDBL account for ~28% among those with relative areas being
more than or equal to 3%, and 81.5% of the aromatic compounds are phenols. More-
over, the relative areas of non-aromatic compounds, including ester, alkyne, ketone,
and aldehyde in DWTDBL, are up to 84%. The major characteristic peaks of ester,
alkyne, ketone, and aldehyde in DWTDBL are at 3.061, 9.254, 12.538, and
22.457 min. The results measured with GC-MS are in agreement with those obtained
from FTIR observations.

Characteristics of Bioliquid-based Supercapacitor Electrodes

The morphologies and structures of fabricated CNFs based on PAN after two ther-
mal treatments, stabilization, and carbonization were characterized using scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and atomic
force microscopy (AFM) in Figures 2 and S2. According to the SEM images in Fig-
ure 2, continuous and smooth CNFs without the presence of any bead defects
were prepared with the bioliquids-PAN mixtures containing 10 wt %, 30 wt %, and
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50 wt % bioliquids, respectively. Thus, adding the proper amounts of bioliquids to
PAN does not affect the physical continuity of CNFs. The diameters of PAN,
DWSDBL10PAN90, DWSDBL30PAN70, and DWTDBL10PANY0 CNFs are 330 nm,
500 nm, 650 nm, and 420 nm, respectively. The introduction of bioliquids increased
the diameters of CNFs, which is not beneficial to the increase in the capacities of
CNFs. In other words, bioliquids and PAN mixtures can be used for successfully pre-
paring CNFs with conjugated ladder structure®® via peroxidation, cyclization,
aromatization, and cross-linking reactions. The CNFs are randomly distributed and
cross-linked with each other. However, they are not intimately interconnected, which
could impede electrical conductivity reflected in the electrochemical impedance
spectroscopy (EIS) tests. The CNFs of DWSDBL50PAN50, DWTDBL30PAN70, and
DWTDBL50PANS50 CNFs show obviously fuse and melt together, and their diameter
increased to 950 nm, 670 nm, and 1,010 nm, respectively. This resulted in the
restricted movement among CNFs, which is problematic when they are used as flex-
ible energy storage materials due to their brittle properties. Compared to the SEM
images of the bioliquids-PAN-mixtures-based CNFs, those PAN-based CNFs show
smaller diameters.

The surface of PAN CNF presents a poor depth of field, +4.6 to —4.7 nm, based on
the observation with AFM shown in Figure 2M. Apparently, bioliquids-PAN-mix-
tures-based CNFs have more pores and rougher surfaces of fields with various
depths, resulting from the evolutions of light components as the gases from the
nanofiber surface during the stabilization and carbonization processes.
DWSDBL30PAN70 CNF shows the deepest surface from +42.9 to —42.9 nm in Fig-
ure 2C, indicating its high specific surface areas required for the high special capac-
itance as a supercapacitor electrode. Besides, the TEM image of DWSDBL30PAN70
CNF shows the turbostratic carbonaceous structures and haphazardly folded carbon
sheets ascribed to the amorphous CNF prepared under carbonization temperature
of 800°C.""

X-ray diffraction (XRD) patterns in Figure 3A show two board diffraction peaks
centered at 20 angles of 25° and 43°, belonging to (002) and (100) reflections of
graphitic carbon, respectively, attributed to the destructions of PAN and bioliquid
structures during carbonization or graphite formation processes.”'>” The character-
istic diffraction peak of PAN-based CNFs appears at ~25.16° ascribed to (002) crys-
tallographic plane of graphite crystallites, although those of DWSDBL10PAN90,
DWSDBL30PAN70, DWSDBL50PAN50, DWTDBL10PAN90, DWTDBL30PAN70,
and DWTDBL50PANSO0 CNFs show at 24.49°, 24.46°, 24.44°, 24.98°, 24.76°, and
24.60°, respectively, indicating that the addition of bioliquids can enlarge the inter-
layer spacing in the CNFs for their complex and oxygen-containing functional com-
pounds. Furthermore, the interlayer spacings of CNFs obtained from DWSDBL-PAN
are smaller than those from DWTDBL-PAN due to the higher aromatic degrees of
DWSDBL.

The Raman spectra in Figure 3B of the CNFs commonly show as a broadband peak at
1,582 cm ™' (G band) relative to the ordered graphitic crystallites and another band
at 1,360 cm ™" (D band) relative to the disordered carbon structures. The intensity
ratio (R value) of D band to G band (Ip/lg) determines the degree of crystallization
and defect in carbon materials.>® PAN-based CNF shows the lowest R value of
1.007 due to its uniform molecular structure. The R values of DWSDBL10PAN90,
DWSDBL30PAN70, DWSDBL50PAN50, DWTDBL10PAN90, DWTDBL30PANTYO,
and DWTDBL50PAN50 CNFs are 1.015, 1.027, 1.040, 1.045, 1.049, and 1.052,
respectively. The R values of bioliquids-PAN-mixtures-based CNFs are higher than

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 1, 100079, June 24, 2020 5




Cell Reports

: - -
¢? CelPress Physical Science
OPEN ACCESS
A ——PAN B PAN 5
(OIOZ) —— DWSDBL10PAN90| DWSDBL10PAN90 G
—— DWSDBL30PANT70| — DWSDBL30PAN70
—— DWSDBL50PANS50| — DWSDBL50PAN50
~——DWIDBL10FANSO —— DWTDBL10PAN90
-~ === DWIDBLAORPANTO —— DWTDBL30PAN70
= (010, PWIDBLORANGD S | — DWTDBL50PANS0
~— ! (]
= S
2 =
= (2]
g 8
= €
J/W/v : P\\’\</'~'\»Mrr\‘\v\~“‘~"\" 'A/ /\AWVWIV‘M
d 1 1 1
60 3200 2400 1600 800
Raman shift (cm™)
c D 025
—— PAN 2 —=— PAN
100 —— DWSDBL10PAN90 ; o DWSDBL10PAN90
—— DWSDBL30PAN70 A e~ DWSDBL30PAN70
Isotheral ——— DWSDBL50PAN50 020 & . L DWSDBL50PANS0
—— DWTDBL10PAN90 —_ --4-- DWNTDBL10PAN90
sol — DWTDBL30PAN70 | o ---- DWTDBL30PAN70
: ——— DWTDBL50PAN50 % 045 ¢ -4-- DWTDBLS0PAN50
E 8
5 £
2 60} = 0.10 |
= S
Isothermal o
(=}
€ 0.05 |
40}
0.00 |
20 1 1 1 1 1 1 1 1
200 400 600 800 1 2 3 4 5 10

Temperature (°C)

Figure 3. Characterization of PAN- and Bioliquid-based Supercapacitor Electrodes

Pore diameter (nm)

(A-D) (A) XRD profiles, (B) Raman spectra, (C) TGA curves, and (D) the pore size distribution curves using the NLDFT method of PAN, DWSDBL10PAN90,
DWSDBL30PAN70, DWSDBL50PANS50, DWTDBL10PAN90, DWTDBL30PAN70, and DWTDBL50PANS50 CNFs. TGA profile: stabilization: 300°C for 3 h

(1°C min™' ramp rate); carbonization: 270°C-800°C (5°C min~" ramp rate).

those of PAN-based CNFs and increase with the quantities of introduced bioliquids
in PAN. The structure changes of CNFs and the formation of defects result from the
increase in functional groups of bioliquids. The introduced residual oxygen and
other heteroatoms in CNFs distort the ordered sp2 bonding carbon atoms (relative
to G-band) into disordered sp3 tetrahedral hybridized state (relative to D-band).
Moreover, the more porous structures of bioliquid-mixture-based CNFs led to
more disorders and defects, which is consistent with the observations with AFM
and Brunauer-Emmett-Teller (BET). Obviously, compared with CNFs derived from
DWTDBL, the DWSDBL-based CNFs have lower R values and better graphite
strctures due to highconcentrations of arene compounds. The fact reveals the
advantage of solar pyrolysis for producing bioliquids and the subsequent CNFs.

The thermal characteristics of the as-spun nanofibers with TGA analysis are shown in
Figures 3C and S3. The rate of weight loss of as-spun nanofibers decreases with tem-
perature due to the releases of small gaseous molecules during the oxidation pro-
cess. The yields of PAN, DWSDBL10PAN90, DWSDBL30PAN70, DWSDBL50PANS0,
DWTDBL10PAN90, DWTDBL30PAN70, and DWTDBL50PANS50 CNFs after stabili-
zation stage are 75.76%, 73.75%, 69.67%, 59.78%, 72.74%, 64.77%, and 52.53%,
respectively. The TGA data show that the structure of PAN is more stable than those
of bioliquids. The weight-loss rates of as-spun PAN-DWTDBL nanofibers are signif-
icantly higher than those of as-spun DWSDBL-PAN nanofibers because the DWTDBL

6 Cell Reports Physical Science 1, 100079, June 24, 2020
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Table 1. Structural Characteristics of CNFs

Sample G G V, Pore Volume in cm® g~' and
m?g")  (m?g")  (emg™") Pore vol %
V <2 nm V2 om

PAN 343.7 288.0 0.306 0.089 (29.1%) 0.217 (70.9%)
DWSDBL10PANS0 549.4 505.7 0.445 0.168 (37.8%) 0.277 (62.2%)
DWSDBL30PAN70 747.8 629.7 0.645 0.195 (30.2%) 0.450 (69.8%)
DWSDBL50PANS50 490.5 485.4 0.366 0.170 (46.4%) 0.196 (53.6%)
DWTDBL10PAN9O 427.0 427.9 0.306 0.152 (49.7%) 0.154 (50.3%)
DWTDBL30PAN70 580.7 470.2 0.476 0.157 (33.0%) 0.319 (67.0%)
DWTDBL50PAN50 450.9 358.4 0.421 0.103 (24.5%) 0.318 (75.5%)

Pore size distribution and volume are calculated using the NLDFT method. Sget represents specific sur-
face area by BET method; Sper is specific surface area calculated by DFT method; V, denotes total pore
volume of the pores; V -, ., is total pore volume of the pores with their diameter less than 2 nm; and V
-2 nm is total pore volume of the pores with their diameter larger than 2 nm.

contains more light molecules. The yields of established PAN, DWSDBL10PAN?0,
DWSDBL30PAN70, DWSDBL50PAN50, DWTDBL10PAN90, DWTDBL30PAN70,
and DWTDBL50PAN50 CNFs after temperature ramping from 300°C to 800°C at
10°C min™" and carbonization at 800°C for 1 h are 18.11%, 24.14%, 25.44%,
27.34%, 23.95%, 25.21%, and 26.10%, respectively. The stabilized PAN-based
nanofiber shows the highest weight loss, although stabilized DWSDBL50PANS50
nanofiber has the lowest loss due to its highest percentage of aromatic compounds.

The specific surface areas of supercapacitor electrodes, mainly determined by the
characteristics of micropores, are critical to their energy storage capacities.”” The
non-localized density functional theory (NLDFT) method was used to determine
pore size distribution.”>>® The specific surface areas and pore sizes are plotted in
Figures 3D and S4, and other parameters of the supercapacitor electrodes are sum-
marized in Table 1. All the CNF samples show VI type adsorption isotherm, indi-
cating the coexistence of micropores, mesopores, and macropores in the materials.
The PAN-based CNFs exhibit the lowest specific surface area (343.7 m? g™') and
pore volume (0.306 cm® g~"), although DWSDBL30PAN70 possesses the highest
specific surface area (747.8 m? g’1) and pore volume (0.645 cm? g’1). The specific
surface area or Sger (580.7 m? 971) and pore volume or V; (0.476 cm® 971) of
DWTDBL30PAN70 CNFs are between those of PAN-based CNFs and
DWSDBL30PAN70 CNFs. According to the literature,” the higher the specific sur-
face area is, the higher the specific capacitance is. Thus, the specific capacitances
(Cs) of the just-mentioned materials should be in the order of DWSDBL30PAN70 >
DWTDBL30PAN70 > PAN-based CNFs. Also, the Sprrand V <5 nm aswell asV o5 o
values of those three materials follow the same order. It should be mentioned that
the V 55 nm value of the DWSDBL50PANS0 CNF is the lowest, resulting from the
fusing of its CNFs, which can be observed from its SEM image.

X-ray photoelectron spectroscopy (XPS) tests were used to further investigate the
detailed elemental compositions and bonding configurations of the prepared
CNFs. The results are shown in Figure 4 and Table S4. The three typical peaks of
C and N as well as O of all the CNFs are located at 284.8, 401.0, and 532.6 eV,
respectively. The PAN-based CNF shows the lowest C contents of 83.9% and
the highest N content of 12.9%, due to its N-rich precursor. The C contents
in  bioliquid-PAN-mixtures-based CNFs increase with the quantities of the
introduced bioliquid in DWSDBL10PAN90, DWSDBL30PAN70, DWSDBL50PANSO0,

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 1, 100079, June 24, 2020 7




Cell Reports

¢? CelPress Physical Science
OPEN ACCESS

A[—ran cis | B c D

ZowsosLsopanto —— Spectrum — Spectrum — Spectrum

—— DWSDBL50PANS50 c-c/ic=C c-cic=C [ c-cic=Cc
| —owrosLiopansd oS 3| EEc-oN < | EEc-oN S| EEconN
& | Zowroatsapansd & | CJc=on & | CJc-on & | Cc=on
2z 2z 0=C-0 > 0=C-0 > 0=c-0
; | S Z| m—— 2| El
4 c c 2
1) s k) @
= = = =

.

L L L L L L L L L L L
1000 800 600 400 200 294 292 290 288 286 284 282

294 292 290 288 286 284 282

294 292 290 288 286 284 282

Binding energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

E F G H

—— Spectrum —— Spectrum —— Spectrum —— Spectrum

[ c-cic=c c-cic=C c-c/c=C c-c/c=C
< | EEc-oN 7| I c-oN 7| EEc-oN | EEc-oN
s | [_]c=0/N s | [_]C=0OIN s | [_]c=0IN s | [_]C=ON
= 0=C-0 > 0=Cc-0 = 0=c-0 > | o=co
’§ e E e § e 2 |
g g g g
< = < <

294 292 290 288 286 284 282
Binding Energy (eV)

294 292 290 283 286 284 282
Binding Energy (eV)

Figure 4. XPS Analysis of the Fabricated Supercapacitor Electrodes
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(A-H) (A) XPS survey and high-resolution C1s spectra of (B) DWSDBL10PAN90, (C) DWSDBL30PAN70, (D) DWSDBL50PANSO0, (E) PAN, (F)

DWTDBL10PAN90, (G) DWTDBL30PAN70, and (H) DWTDBL50PANS50 CNFs.

DWTDBL10PANY0, DWTDBL30PAN70, and DWTDBL50PANS50 CNFs, correspond-
ing to 85.2%, 87.1%, 92.2%, 86.6%, 87.4%, and 88.5%, respectively, an indication of
their richness in aromatic groups in bioliquids-PAN mixtures that are more stable
during the thermal treatment process. N contentions start to decrease with quanti-
ties of the PAN added to the bioliquid-PAN mixture. The high-resolution spectra of
C1s were collected to further investigate the oxygen-associated functional groups
that could promote the electrochemical performance of the CNFs.>’ 7 The five
peaks located at 284.8 eV, 286.0 eV, 287.3 eV, 288.9 eV, and 290.9 eV should be as-
signed to C-C/C=C, C-O/N, C=0/N, O=C-0, and m-rc* respec’cively.éo’62 The con-
tents of C-C/C=C and m-w* in bioliquids-PAN composite CNFs increase with the
amounts of the added bioliquids. Typically, the contents of m-7* in DWSDBL-
PAN-mixtures-based CNFs are higher than those of DWTDBL-PAN-mixtures-based
CNFs for their rich aromatic structures, which is beneficial to the improvement of
their conductivities."" The C-O/N, C=0/N, and O=C-O groups on the surfaces of
bioliquids-PAN-mixtures-based CNFs could enhance the pseudofaradaic behaviors
and wettability and thus hydrophilic properties.®® The introduction of O from bio-
liquids into CNFs could promote the Faradaic reactions at the interface of the elec-

trolyte/electrode interface and improve their energy storage abilities.””¢*4°

The cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and EIS were
collected for comparing the electrochemical performances of the supercapacitor
electrodes, and the results are presented in Figure 5. All the curves of bioliquids-
PAN-composite-based CNFs with symmetric rectangular-like shapes commonly
show one pair of broad Faradaic peaks, typically appearing in an S-shaped CV curve
at anodic scale, which is a CV character of the oxygen-containing group in carbon
material in alkaline solution. The electrochemical double-layer capacitances (EDLCs)
are mainly determined by specific surface area, although the pseudocapacitive
effect results from the reversible reduction/oxidation of C-O/N, C=O/N, and
O=C-0 in DWSDBL30PAN70 CNF. The oxygen-containing functional groups, like
carboxyl and phenol groups, react with hydroxyl ions (OH™) in 6 M KOH aqueous
electrolyte depicted in Equations 1 and 2.°” Bioliquids-based CNFs have larger
CV areas than PAN-based CNFs. Therefore, the introduction of bioliquids leads to
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Figure 5. Electrochemical Performances of CNFs Measured in a Three-Electrode System

(A-F) (A) CV profiles at scan rates of 5mV s~ (B) galvanostatic charge-discharge profiles at the current density of 0.5 A g’1, (C) EIS spectra from 100 kHz

to0 0.01 Hz, (D) specific capacitance versus current density, (E) specific capacitance at the current density of 0.5 A g~', and (F) the cycling performance of

DWSDBL30PAN70 CNF at the current density of 10 A g™".

an increase in capacitance. The similarity in the S sections of the CV curves in Fig-
ure 5A reveals all DWSDBL30PAN70-composite-based CNFs contain similar oxy-
gen/nitrogen-containing functional groups.

/OH

+ H0 + ¢
\O 20

. ~
—¢ . - C\O (Equation 1)

N\

_c—on + OH C(=—0 + H0 + €

> (Equation 2)

In Figure 5B, the GCD plots of all CNF supercapacitor electrodes show the quasi-
triangular shape at the current density of 0.5 A g~". The calculated specific capaci-
tance of the PAN-based CNF shows the lowest value, 156.57 F 9_1, which is
consistent with that in literature.®® Those of bioliquids-PAN-mixture-based CNFs
are significantly higher than that of PAN-based CNF. The calculated specific
capacitances of DWSDBL10PAN90, DWSDBL30PAN70, DWSDBL50PANSO,
DWTDBL10PANY, DWTDBL30PAN70, and DWTDBL50PAN50 CNFs are 213.64,
346.19, 210.5, 185.95, 250.01, and 202.51 F g_1, respectively. The changing trend
of specific capacitances of bioliquids-PAN mixture CNFs is in accordance with those
of the specific surface areas and micropores volume confirmed by BET in Table 1.
Thus, the DWSDBL30PAN70 CNF shows the highest specific capacitance, 121%
and 38.5% increases compared to those of PAN-based CNF and DWTDBL30PAN70
CNF, respectively. The results indicate that surface functional groups contribute to
the pseudocapacitance, although specific surface area plays a more important
role in increasing specific capacitance of bioliquids-PAN-mixture-based CNFs via
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the suitable light compounds in DWSDBLs and their impacts during the subsequent
preparation of CNFs.

Each Nyquist plot of all seven CNFs in Figure 5C used for studying the electron/ion
transport process of prepared CNFs as electrodes has a typical small semicircle in
the high-frequency region and a straight line at low frequency.”>*” Also, the Nyquist
impedance plots were fitted and results are shown in Figure S5 and Table S5.° The
cell resistances correspond to the intercept of the semicircle on the real axis at the
frequency of 10 kHz. The PAN-based CNF has the highest resistance (0.495 Q)
with the lowest relative m-m* bonds. The resistances of DWSDBLT10PAN90,
DWSDBL30PAN70, DWSDBL50PANS50, DWTDBL10PAN90, DWTDBL30PANT7O0,
and DWTDBL50PAN50 CNFs are 0.431, 0.390, 0.361, 0.459, 0.385, and 0.376 Q,
respectively. The resistance change trend is in line with that of the relative m-rt*
bonds. Based on the diameters of the semicircles on the real axis in the high-fre-
quency range, the bioliquids-PAN CNFs show the smallest diameter representing
the resistances or the electron transport at the interface of the collector/CNFs during
the charge and discharge process, resulting from the lowest concentration of oxy-
gen-containing functional compounds on the surface. The slopes of straight lines
at the low-frequency region reflect the diffusion resistance or the degree of difficulty
in entering of electrons into the pores on CNFs. The slopes of PAN-based CNF are
almost vertical. The slopes of DWSDBL-PAN-mixtures-based CNFs are lower than
those of DWTDBL-PAN-mixtures-based CNFs, indicating the high concentrations
of oxygen-containing functional groups in DWSDBL, which can increase the ionic
diffusion impedance in the pores of the CNFs.>’

The three-electrode CV and GCD curves of DWSDBL30PAN70 CNF in 6 M KOH
electrolyte at different scan rates and current density are shown in Figure 5F. The
DWSDBL30PAN70 CNF demonstrates the excellent cycling stability with 97.7%
retention after 5,000 cycles at a current density of 10 A g~". It is worth noting that
the specific capacitance increases by 5% after 1,000 cycles, which resulted from
the activation process that allows the trapped ions to gradually diffuse out.””? A
two-electrode symmetrical capacitor device was also assembled using two
DWSDBL30PAN70 CNF samples with the same sizes and weight to further investi-
gate its electrochemical performances in 6 M KOH electrolyte, and the results are
given in Figure 6. The CV profiles retain the rectangular-like shape, even at a high
scan rate of 100 mV s, and GVD profiles exhibit a quasi-triangular shape at
different current densities, showing its remarkable rate performance and revers-
ibility. The electrochemical performance of the DWSDBL30PAN70 CNF was evalu-
ated using the Ragone plot shown in Figure 6C. Its maximal energy density (5.11
Wh kg~") and power density (5,000 W kg~") are comparable to the highest values
recently reported,®®’%’" which is significantly higher than those of commercial car-
bon-based supercapacitors.”? Moreover, the capacitance retention after 5,000 cy-
cles at a current density of 10 A g~" is 99.3%, which is also comparable to the
best performance in literature.®>’"””? The capacitance retention after the first
3,000 cycles is higher than 100%, which can be attributed to the increase in the active
sites due to the gradual infiltration of electrolytes during the charging and discharg-
ing process.®>*? The comparison between this work and those reported in the liter-
ature is summarized in Table Sé.

In summary, solar pyrolysis is a promising method for producing flexible CNF precur-
sors from biomass. It was used for processing pinewood particles, and the obtained
bioliquid was successfully used for fabricating superior-capacity CNF synthesized
via bioliquid electrospinning, stabilization, and carbonization. The structure
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Figure 6. Electrochemical Performances of DWSDBL30PAN70 CNF Measured in a Two-Electrode
System

(A-D) (A) CV profiles at scan rates from 5 to 100 mV s~ (B) galvanostatic charge-discharge profiles

-1 -1

at the current density from 0.5to 5A g~ ', (C) Ragone plots, and (D) cyclic performance at 10 A g

characteristics of the obtained DWSDBL, including appropriate light fractions and
oxygen-rich compounds, including phenols, ethers, ketone, and ester, are desirable
for preparing high micropores and thus high specific area, which lead to the high
performance of the CNFs in terms of specific capacitance, capacitance retention,
and power and energy densities.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Prof. Dr. Maohong Fan (mfan@uwyo.edu).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability

All data associated with the study are included in the paper and the supplemental
information. Additional information is available from the Lead Contact upon reason-
able request.

Materials

Pinewood was collected from beetle-killed pine trees of the Snowy Range in the
state of Wyoming, a portion of the Rocky Mountains. Acetone (> 99.5%, high-perfor-
mance liquid chromatography [HPLC]), potassium hydroxide (KOH) (>85.0% KOH
basis), N,N-dimethylformamide (DMF) (> 99.9%, HPLC), and PAN (average Mw
150,000 g mol~") were purchased from Sigma-Aldrich. Ultra-zero grade air (total
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hydrocarbons <0.1 ppm) and ultra-high purity grade nitrogen gas (Ny) (99.999%)
were purchased from United States Welding. All materials were used as received.

Preparation of CNFs Precursors

Prior to all tests, the raw pinewood was chopped and milled into particles with an
average size of 0.5 mm and dried overnight at 120°C. Pyrolysis degradation of pine-
wood particles was conducted in a quartz glass reactor heated by a solar simulator
manufactured by a calibrated high-power xenon bulb as an energy source instead of
the real sun to produce SDBL shown in Figure S6. About 2 g pinewood particles were
loaded into a cylindrical, quartz glass reactor with an inner diameter of 29 mm. The
solar flux was kept constant at 355 suns (the temperature is 750°C). Then, the reactor
was placed at the focus of the solar simulator for 30 min.

Also, TDBL was generated by using a thermal pyrolysis setup shown in Figure S7. The
furnace (Lindberg/Blue M tube furnace, Thermo Scientific) was heated to 750°C.
About 2 g pinewood particles were loaded into the constant temperature area of
the quartz tube reactor (inner diameter: 10 mm) and purged with 100 mL/min Ny.
Then, the reactor was put into a furnace for 30 min.

Salt (anhydrous sodium sulfate) and bioliquids were blended in the ratio of 1:1 to
make the bioliquid-water mixture in a sealed container, followed by putting the
mixture in an ultrasonic bath for 20 min at room temperature, filtering out the
mixture for removal of the salt and other solids, and collecting the oil (with acetone).
The acetone in the oil was removed under the pressure of 556 mbar at a temperature
of 60°C. The dewatered SDBL and TDBL were abbreviated as DWSDBL and
DWTDBL, respectively.

Synthesis of Supercapacitor Electrodes

In this research, the mixtures of DWSDBL or DWTDBL and 7.8 wt % PAN solutions
were used for synthesizing fresh CNFs. 7.8 wt % PAN solution was prepared by dis-
solving PAN into DMF. The ratios of DWSDBL or DWTDBL to PAN in the DWSDBL-
PAN or DWTDBL-PAN mixtures used for electrospinning are listed in Table S7. The
custom-made electrospinning setup was made up of three parts: a high-voltage
power supply (Gamma High Voltage, ES30P-5W); a single syringe pump (Fisher
Scientific); and a collector (Figure S8). Electrospinning was performed under the
operation voltage of 15 kV with a distance of 15 cm between needle tip and col-
lector at the flow rate of 0.6 mL h™'. The obtained fresh nanofibers were placed
into a ceramic crucible boat. Those samples were stabilized by heating from
25°C to 300°C with a ramping rate of 1°C min~' under an airflow of 100 mL
min~" and holding for 3 h in a Lindberg/Blue M tube furnace (Thermo Scientific).
Then, the stabilized samples were carbonized at 800°C at a heating rate of
10°C min~" for 1 h with a 100 mL min~" N flow.

Electrochemical Performance Evaluation

The electrochemical properties of the finished CNFs were evaluated with an electro-
chemical workstation (CHI 6203D, CH Instruments, Japan). 6 M KOH solution was
used as an electrolyte, while Hg/HgO electrode and a 5 cm? platinum foil as well
as a 1.0 X 1.0 cm CNFs with pressed nickel foams on both sides were employed
as the reference electrode, counter electrode, and working electrode, respectively.
The mass loading of the active electrodes is ~1.5 mg cm~2. CVs of the DWSDBL-
PAN- or DWTDBL-PAN-derived supercapacitor electrodes were obtained with a po-
tential window of —0.9 to 0V versus Hg/HgO at scan rates of 5-100mV s~ ". Also, the
GCD characteristics of the supercapacitor electrodes were observed under the
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current densities 0.5-20 A g™". Their EISs were measured within the frequency range
of 10,000-0.01 Hz. The specific capacities (C) of the supercapacitor electrodes were

calculated using GCD curves via the following equation:*”

C (F g’w) = %, (Equation 3)

where C; is the specific capacitances (F 971); | is the discharge current (A); V is the
potential window (V); and m is the loading mass (g).

The setup used for evaluating the electrochemical performance of DWSDBL30PAN70
CNFs or supercapacitor electrodes is given in Figure S9. The specific capacity (Cy) of
the single electrode and the specific capacitance (Cs,) of the supercapacitor cell
were calculated using GCD curves Equations 4 and 5, respectively. The energy density
(E) was calculated using Equation 6, although power density was calculated with
Equation 7.40

2 X | X At

1y .
C(Fg')= XAV (Equation 4)
Csr (F g’1) =4 x C,, (Equation 5)

2

E (Wh Kgq) = w, (Equation 6)

. E x 3600 .
PWKg')= g (Equation 7)

where C, is the specific capacitance (F g~") of a single electrode, m represents the
loading mass (g) of a single electrode, Cy, denotes the specific capacitance
(F 971) of the supercapacitor cell, AV is the potential window (V), | is the discharge
current (A), and td is the discharge time (s).

Materials Characterization

The proximate and ultimate analyses of pinewood were determined by ASTM
D5142-02, and the results are provided in Table S8. FTIR spectroscopy (Nicolet
iS50, Thermo Scientific) with non-destructive attenuated total reflectance tech-
nique and Agilent Technology 7890B/5977B GC-MS system was used to charac-
terize the chemical properties of bioliquid prepared from the solar pyrolysis sys-
tem. A TGA (SDT-Q600, TA instrument) was applied to quantitatively determine
the mass loss characteristics of bioliquids and the final carbon yield of the pre-
pared CNFs. The morphology of the fibers was studied by using a SEM (Quanta
250, FEIl), an AFM (Asylum Research MFP-3D, Oxford), and a high-resolution trans-
mission electron microscopy (HR-TEM) (JEM-2100, JEOL). The specific surface area
and pore size distribution of the prepared samples were measured with a BET
(Quantachrome, Autosorb-iQ system) analyzer. XRD (Smartlab diffraction system,
Rigaku) measurement and Raman (Sierra IM-52, Snowy Range Instruments) were
conducted to verify the phase expression and the presence of graphitic carbon.
XPS (5800, Physical Electronics’) was performed with a monochromatic AlKa as
an X-ray source. The binding energy scales were calibrated with C1s peak at
284.8 eV being the reference.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.
2020.100079.
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