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MATERIALS & METHODS

Materials. Natural graphite flakes (300 um) were obtained from Asbury Graphite Mills USA.
KMnO,, HI acid (55%), CaCl,, AlCl;, and FeCl; were purchased from Sigma-Aldrish and used
as received. Concentrated H,SO4 (98%), HNO3, HCI (36.5%), glacier acetic acid, ethanol and
H,0, (30%) were purchased from Fisher Chemical.

Synthesis of GO. GOs were prepared from graphite powders following a modified Hummers’
method.!"> Graphite powder (2 g) was added to a H,SO4 (98%, 100 mL) and HNO; (33 mL)
mixture, stirring for 24 hours at room temperature. Then, the mixture was poured slowly into
1 L de-ionized (DI) water, followed by filtration to collect the solid. The solid was washed
using DI water to neutralize pH and dried at room temperature to obtain the intercalated
graphite compounds.

The intercalated graphite compounds were thermally expanded using a microwave (750
W) for 5 seconds to obtain worm-like expanded graphite (EG). EG was added to a 500 mL
flask containing H,SO,4 (98%, 267 mL) in an ice bath (0°C). KMnO, (10 g) was then added
slowly to the mixture under continuous stirring. After the introduction of KMnO,, the mixture
was kept at room temperature and stirred for 12 hours. 1.5 L water was then added slowly to
an ice bath (0°C). Shortly after the dilution with DI water, 30 mL H,0, (30%) was added to the
mixture, resulting in a bright yellow, bubbling solution.

We left the mixture to settle for 2 days after we decanted the clear supernatant. The
remaining mixture was washed with HCI solution (10 %) and DI water successively until
neutral, followed by dialysis for 2 weeks.

Fabrication of rGO fibers. With a lab-scale, home-built wet-spinning apparatus depicted in
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Fig. 1, a GO spinning dope (15 mg mL-") was extruded through a spinneret (24 gauge) into the
rotating coagulation bath, yielding a draw ratio of 1.3. The coagulation baths tested include 0.5
M AICl;, 0.5 M FeCls, 0.5 M CaCl, in H,O/ethanol (3/1 v/v), and glacier acetic acid,
respectively.

Subsequently, as-spun wet-state GO fibers from AlCl;, CaCl,, and FeCl; coagulation baths

were washed with DI water. The reduced GO (rGO) fibers were prepared with hydroiodic acid
(HI) reduction at 80°C for 12 hours, followed by cleansing with water and ethanol, and drying
at 60 °C in vacuum for 8 hours.
Structure Characterizations. The morphology of rGO fibers were characterized using a
scanning electron microscope (SEM). Electrical conductivity of rGO fibers were measured by
standard four-probe method. Mechanical properties were measured using a Q-test system with
I mm/min extension rate and 1 cm gauge distance. All the electrical conductivity and
mechanical properties were the average results of at least 5 samples. The orientation degree of
rGO sheets was evaluated by polarized Raman spectroscope (BaySpec Nomadic Raman
Spectrometer) with 785 nm laser excitation. The intensity ratios of Ty FL were calculated by
averaging five positions along fiber axis.

The SSA of rGO fibers were measured by methylene blue adsorption method.>* Generally,
around 10 mg of rGO fibers were put into a flask and 100 pL of 1 mg/mL of MB solution were
added at regular time. Then the remnant concentration of MB was measured by UV-Vis
spectrophotometer at 664 nm. The SSA was calculated by the equation:
5S4 = (mMB/MMB)AVAMB(l/mfibeT), where ™MB is the mass of the adsorbed MB, Mg is
the molar molecular weight (319.87 g mol!) of MB, Ay is Avogadro’s number (6.02 X
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1023/mol), AMB is the area covered by one MB molecule (assumed to be 1.35 nm?) and ""fiber

is the mass of rGO fibers.
Electrochemical Performance Characterizations. Electrochemical measurements, including
the CV, GCD, and EIS were conducted in the solid state using electrochemical workstation
(Autolab, Metrohm, USA). Two rGO fibers were aligned in parallel, soaked with gel electrolyte
of H,SO,/polyvinyl alcohol (PVA)/H,0 (1/1/10 in weight), and dried at room temperature.
The specific volumetric capacitance (C,), and area capacitance (Ca) of the electrode in a
two-electrode cell was calculated according to Cy=2¢/ Vs tber, and Ca=2¢/ S fiber
respectively, where C is the measured two-electrode configuration FSC capacitance, Ve, and

Ssver are the volume, mass and surface area of the single fiber respectively. C could be obtained

C=(1/2v) x éldU/AU ) ) .
, where v is the scan rate, | is the instantaneous current,

C=tx1/(AU - Uy,

from CV test:

AU is the voltage range. C could also be from GCD test: , where t is

the discharge time, ! is the discharge current, AU is the potential window, Udrop is the voltage
drop in the discharge curve.

For the solid-state FSC, the volumetric capacitance (Cy_gevice) Of the device was derived from

C

the equation: “V - device = ¢/ Vdevice, where Vyevice 1S the volume of two fiber electrodes. The

volumetric energy density (Ey) and power density (Py) of the FSC can be obtained from
E,=C x U%/7200 P, =E,x 3600/t

v - device
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Figure S1. Size distribution of Graphene Oxide (GO) sheets. (a) an SEM image of GO sheets
drop-casted onto a silica wafer; (b) the corresponding size distribution of the GO sheets. The

average size of GO sheets is calculated to be ca.16 um.
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Figure S2. SEM images with high magnification of rGO fibers. (a) acetic acid coagulated rGO

fiber; (b) Ca?" coagulated rGO fiber; (c) Fe3* coagulated rGO fiber; (d) AI** coagulated rGO

fiber.
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Density functional theory calculations. The revised Perdew-Burke-Ernzerhof (RPBE)’
generalized gradient approximation (GGA)® functionals in conjunction with the projector
augmented wave (PAW)’ pseudopotentials were employed in our density functional theory
(DFT)®!! calculations using the Vienna Ab Initio Simulation package (VASP)!'?-15. The plane-
wave cutoff energy was set as 500 eV. The atomistic structures in our calculations were allowed
to relax to the tolerance of atomic force at 0.01 eV/A. Our graphene-oxide (GO) model was
constructed from a perfect graphene structure (Fig. S3). A GO layer was placed in a simulation
cell with a size of 12.82 A x 12.34 A in the basal plane and with at least 13 A vacuum in the
normal direction. A 3x3x1 Monkhorst-Pack grid'® was used to sample the Brillouin zone in
our calculations.
The binding energy of hydrated cation on GO surface (Eb) was calculated as:

Ey=Ep~Ey_on

where, Eror is the DFT calculated energy of the optimized structure with metal hydrated cation

adsorbed on GO and £M - 0H is the DFT calculated energy of an isolated hydrated cation (i.e.,

ion chelated by two OH groups).

To evaluate the strength of the cross-link formed by Al, Fe, and Ca between two GO layers,
we calculated the energies of breaking the crosslink through removal of the bonds linked to
either the upper or the lower GO layer. Namely, we performed the following two calculations
for each crosslink.

Egpwp=Em-60-down T Eco-up = Etor
Egp _down=Em-6o-uwp T Eco - down = Etot

E

where, ~BD -up and Epp - down denote the energies for breaking the bonds with the upper and
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E - 6o - down and Em-60-wp are the DFT calculated energies of the relaxed

lower GO layer,
lower and upper GO layer with metal atom adsorbed on, and Ego-up and Eo - down are the

DFT calculated energy of the relaxed upper and lower GO layer, respectively. Thus, the

activation energy to break the crosslink is defined as the lower value of Epp-wp and

EBD - down,

Figure S3. Atomistic structure of (a) single-layer graphene and (b) optimized structure of
single layer graphene oxide (GO). In the figure, carbon, oxygen and hydrogen atoms are plotted

as the black, red and white balls, respectively.

Figure S4. Top view (top) and lateral view (bottom) of metal cations adsorption configuration

on a graphene layer through cation-n interaction and optimized by DFT method.
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Table S1. Physicochemical Properties of the Cations'’-!8

Metal cations Ionic radius Hydration electronegativit Charge density
A) shell thickness y (C mm™)
A)
Ca** 1.00 1.71 1.01 52
Fe3* 0.65 2.88 1.83 349
AP* 0.50 3.24 1.61 770
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Figure S5. TOF SIMS secondary ion images of (a) Ca**, (b) AI** and (c) Fe*" acquired from
corresponding rGO fibers along fiber axis direction, confirming the existing of cations in rGO
fibers. TOF-SIMS measurements were conducted with an ION-TOF TOF-SIMS V instrument

with bismuth beam for analysis and cesium beam for sputtering.
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aQ rGOF-Acetic acid rGOF-Ca?* rGOF-Fe3* rGOF-Al3

Figure S6. (a) Schematic illustration of the wrinkling direction of rGO sheets in each rGO
fibers. (b) Cross-sectional SEM images of rGO fibers. rGOF-AI** has the most wrinkled
structure through fiber cross-section (perpendicular to fiber axis), but still maintain good
alignment along fiber axis.
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Figure S7. Typical polarized Raman spectroscopy of rGOF-AI** fiber with the incident laser
beam parallel and perpendicular to the fiber axis, respectively. The Raman ratio, which is

determined from the ratio between the G peak intensities of the two spectra (parallel Iy ys.

perpendicular Iy ), provides a useful probe for the relative degree of alignment.

Table S2. G peak intensities ratios (parallel Iy vs. perpendicular Il) of rGO fibers. The

ratio is the average of five measurements made over different positions of each fiber.

Sample 1GO-AB* GO-Fe3* 1GO-Ca?* rGO-Acetic
acid
Iy /L1 ratio 2.36+1.03 1.80+0.97 1.6740.37 1.9240.45
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Figure S8. XRD patterns of rGO fibers. Fixed Time mode, step size 0.05 degree, dwell time 4

second. Wavelength to compute d-spacing 1.54059 A, Cu/K-alpha 1.
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Figure S9. Equivalent circuit for fitting Nyquist plots in the high frequency region by Z-view.

Table S3. Z-view fitting results for Nyquist plots in Figure 3d with the equivalent circuit shown

in Figure S6.

Fitting Ry/ W, CPEy
Parameters Q Ry/Q Tw/s « Yo/F a
rGOF-AP* 227 889 20.13 0.53 0.51 0.92
rGOF-Fe** 349 1046 50.18 047 0.49 0.89
rGOF-Ca?* 285 3379 299 099 0.14 0.65

rGOF-acetic acid 424 3890 357 099 0.08 0.59
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Figure S10. The calculated specific capacitance of rGOF-AP* FSC at different current density.
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Table S4. Comparison of specific capacitance (based on a single electrode) and energy density

(based on device) of solid-state FSC.

Fiber electrode Ca Cy Cum CL | N Ev
(mF cm™?) Fem?) (Fg") @mFcm') (uWh (mWh
cm?) cm?)
GO@H,0, AICl; bath, HI 286.59 @0.53 382.12 2.7 13.26
reduced (this work) mA cm?
GO@NMP, ethyl acetate bath, 149.5 199.4 69.5 1.4 5.12 6.8
HI reduced"’ @0.15A g, @10
0.35 mA cm™ mVs’!
NL GO@H,0, acetic acid 78.7 226 185 / / 7.26
bath, HI reduced * @02 A g!', @02 A @02A
0.085 mA cm? g, 0.085 g,
mA cm?
GO&CNT@H,0, CaCl, bath, 177 158 / / 3.5
HI reduced?® @0.1 mA cm?  @0.1 mA
cm?
CNT coated carbon fiber by 86.8 14.1 11.1 / / 0.14
spray coating?' @0.38mAcm @5 mV @5mV
2 ¢! 1
GO@H,0, CaCl, bath, 800°C 391.2 @0.1 8.7
annealed followed by dip mA cm?
coating & carbonization??
GO&CNC@H,0, AA bath, HI 155.8 123.3 5.1
reduced? @0.126 @ 0.1
A cm? Ag!
GO@H,0, CaCl, bath, 800°C 36.25 @0.1 0.8
annealed, plasma?* mA cm?
GO&PEDOT:PSS, VC 115 @0.1 mA 46 4.55 1.8
reduced® cm-2 @0.02
mA cm-2
GO&CNT, chitosan/AA bath, 388 @ 0.35 1
HI reduced?® mA cm-3
GO&PPy&CNF, FeCl&HCl 218 @0.1 mA 334 42 7.4 7.4
bath, HI reduced?’ cm?
GO&Mn;0,@DMF, ethyl
acetate bath?®
GO@H,0, NaOH/methanol 16.7@ 1 A g! 245
bath, 650°C reduced, coating
MnO,%®
GO&MnO,@H,0, acetic acid 82.6 @60 mA 66.1 5.8
bath, hydrazine reduction’® cm

Note: in wet spinning method, unless other mentioned, the spinning dopes are aqueous pure GO dispersion.
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