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Table S1. Electrochemical properties of various metal oxide-graphene materials composite electrodes
explored in aqueous electrolytes

Pseudocapactive Graphene Electrolyte V. vs. Ag/AgCl Cn Method Ref.
material materials (F/g)
MnO, microparticles EG 1 M Na,SO, -0.08 t0 0.92 124 GS 23
0.1 A/g
MnO; nanorods EG 2 M (NH4),SOy4 -0.08 t0 0.92 158 GS 4
2 mA/cm?
ZnO nanoparticles rGO 1 M KCI -0.58-0.42 11.3 (O\Y 5
10 mV/s
SnO, nanoparticles rGO 1 M H,SO, Oto1 43.4 CvV 6
2mV/s
MnO, nanoneedles GO 1 M Na,SO, -0.08 t0 0.92 216 GS 7
0.15 A/g
Ni(OH), nanoplates GS 1 M KOH 0to 0.55 935 GS 8
2.8 Alg
Mn;0,4 nanoparticles rGO 1 M Na,SO,4 -0.28 t0 0.72 175 CvV 9
6 M KOH -0.58 t0 0.42 256 SmV/s
MnOQO, nanoparticles rGO 1 M Na,SO, -0.18 t0 0.82 310 Ccv 10
2mV/s
Co;04 nanoparticles rGO 6 M KOH -0.08 to 0.32 243.2 CV 11
10 mV/s
Co(OH), rGO 6 M KOH -0.28 t0 0.42 972.5 GS 12
nanoparticles 0.5 A/g
Fe;04 nanoparticles rGO 1 M KOH -0.88 t0 0.12 480 GS 13
5A/g
ZnO nanoparticles rGO 0.1 M Na,SO4 -0.08 t0 0.92 308 GS 14
1 Alg
[Coo.66Al.34(OH),] - GO 1 M KOH 0to 0.55 1031 GS 15
nanosheets 1 Alg
a-Ni(OH), rGO 6 M KOH 0to 0.45 1215 CVv 16
nanoparticles 5SmV/s
CeO; nanoparticles rGO 6 M KOH -0.08 to 0.42 208 GS 17
1 Alg

EG: exfoliated graphite; GO: graphene oxides; rGO: reduced graphene oxides; GS: graphene sheets
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Experimental Section

Synthesis of rGO, a-Fe;O3 nanotubes (NTs), and a-Fe;O; NTs-rGO composites

GO used in this work was prepared by the Hummers method. a-Fe,O3; NTs were synthesized by
a hydrothermal treatment of FeCl; solution in the presence of NH4H,PO, at 220°C. Detailed procedures
have been reported [1]. For the synthesis of a-Fe,O3; NTs-rGO composites, ~20 mg of GO was added to

0.4 mmol of a-Fe,O; NTs and dispersed in 40 mL of deionized water. The dispersion was then
hydrothermally treated at 180 °C for 24 h.
Characterizations

The morphologies of the as-synthesized nanocomposites were examined with a JEOL JSM-
6400F field emission scanning electron microscope (FESEM) operating at 5 kV in high vacuum. TEM
and HRTEM analysis, selected-area electron diffraction (SAED), and energy dispersive X-ray
spectroscopy (EDS) were performed with a field-emission transmission electron microscope (TEM,
JEOL, JEM 2010, accelerating voltage 200 kV). The crystal structure of the materials were analyzed by
a Bruker D/MAX 2500 X-ray diffractometer with Cu K, radiation A = 1.54056 A. Raman spectrum was
recorded by a micro-Raman system (Jobin-Yvon T64000) with a typical laser power of 0.2 mW under
ambient conditions. Elemental analyses were carried out on a Perkin-Elmer 2400 elemental analyzer.
Based on elemental analyses, the weight percentage of rGO content is 16 wt % in the a-Fe,O3 NTs-rGO
composite.
Preparation of working electrodes

The electrodes for the electrochemical studies were prepared by the doctor-blade technique using
a mixture of the active materials (Fe;O3 NTs; rGO; Fe,O3 NTs-rGO), Super P carbon (MMM Ensaco)
and binder (Kynar 2801) in the mass ratio 70:15:15, using N-Methylpyrrolidone (NMP) as the solvent
for the binder. The slurry was pressed on an etched-copper foil (thickness, 15 um, Alpha Industries Co
Ltd., Japan) as current collector. The electrode area and mass of active material were 2 cm” and 3—4 mg.

A Shimadzu Libror AEM 5200 electronic microbalance was used for weighing of the electrodes.



Electronic Supplementary Material (ESI) for Nanoscale
This journal is © The Royal Society of Chemistry 2012

Electrochemical studies

An electrochemical half-cell was assembled in a three-electrode configuration with Pt wire as
the counter electrode, Ag/AgCl (3 M KCl) as the reference electrode, and the above-mentioned prepared
materials as working electrodes. In the setup of working electrode, the conductive side of the copper foil
was placed on a gold plate connected to a Teflon-sealed copper rod. The front side of the copper foil
(with active materials) was sealed with a Teflon cell with an O-ring. Thus the working electrode had a
geometric area exposed to electrolyte of 0.785 ¢cm® and contained about 1.2-1.5 mg of the above
mentioned mixed slurry. All electrochemical measurements were carried out in 1 M Na,SOy solution as
electrolyte. Cyclic voltammetry (CV), galvanostatic charge-discharge (GS) studies, and electrochemical
impedance spectroscopy (EIS) were conducted using an Autolab PGSTAT 30 potentiostat/ galvanostat
at room temperature (~24 °C).

The specific capacitances C,, were calculated from the CV curved based on the following
equation:

1
= 1V)dv
" mRAVI )

where m is the mass of active material, R is the scan rate, AV is the potential window of scanning, and
the integral area under the CV curve.
The specific capacitances C,, were also calculated from the galvanostatic discharge curves using

the equation as follows:

I
€m=w

Ac™
where AV/At is the average slope of the discharge curve after the IR drop, 4t is the discharge time, m is
the active mass and / is the discharge current.

The energy density and power density can be further evaluated from the GS results using the

following equations:
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1
E= E -m(ﬁv)z
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| bt

where E is the energy density and C,, is the specific capacitance, AV is the potential window, P is power

density and ¢ is the discharging time.
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Fig. S1. UV-Vis absorption spectra of GO and rGO
The UV-vis absorption spectra show that the absorption peak (227 nm) of GO corresponding to 1 — 7*
transitions of aromatic C=C bonds red-shifts to 257 nm after hydrothermal treatment at 180°C for 24 h.
Together with the increase in absorption in the whole spectral region, these show that the hydrothermal
treatment restores the electronic conjugation within the G nanosheets is restored. The small red shift of
the Plasmon excitation peak of rGO from 257 to 266 nm in the a-Fe,O; NTs composite indicates
interaction between the © -electrons in r-GO and the a-Fe;O3; NTs in the resultant composite. The band

at 427-437 nm is attributed to ligand to metal charge-transfer transitions of a-Fe,Os.
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X-ray Photoelectron Spectroscopy Analysis
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Fig. S1 High resolution Fe 2p core-level XPS spectra of the a-Fe,O3 and a-Fe,Os3 -rGO.
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Fig. S3 High resolution C 1s core-level XPS spectra of (a) GO and (b) a-Fe,O3;—rGO.

Table S2. Percentage of various oxygenated functional groups

C-C C-0 Cc=0 C(0)0
(epoxy)
B. E. (eV) 284.8 286.3 287.8 289.0
GO 52.1% 31.5% 9.4% 6.9%
Fe,05;-rGO 60.3% 26.5% 6.4% 6.9%

The Fe 2p spectral line shapes for the a-Fe,O; and a-Fe,Os; —rGO are equivalent. The two major

components at binding energies of 711.6 and 724.8 eV accompanied by a satellite are attributed to 2ps3.

7
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and 2p;,, core levels for a-Fe,Os. Figure S3 shows high-resolution narrow scans from the carbon region
of GO and a-Fe,O; —rGO, with the four most prominent deconvoluted components of the C 1s envelope
shown in each panel, as summarized in Table S2. The original GO signal shows two separated peaks, as
expected, due to the high percentage of oxygen functionalities. After the hydrothermal treatment, tailing
at the higher binding energy region is reduced, which suggests that the decrease in relative content of

carbon species bound to oxygen.
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Fig. S4. Ragone plot (power density vs. energy density) of a-Fe,O; NTs and a-Fe,O3 NTs-rGO
composites. The energy and power densities were derived from GS data at various current densities.

Energy density and power density are two essential key factors for evaluating the power applications of
ECs. In principle, calculation of energy and power density should base on electrochemical performance
from full cells for practical means. This study focuses on development of negative electrode for
asymmetric ECs and electrochemical data were obtained from half cells. Energy density and power
density of a-Fe;O3; NTs and a-Fe,O3; NTs-rGO composites are calculated mainly for comparison and by
no means to provide practical values. It must be noted that calculation of energy and power density
based on capacitances measured from half cells often leads to overestimation of energy and power
output (e.g. overall capacitance of a full cell should not exceed a quarter of that from a single electrode).

Fig. S4 shows the Ragone plot for the a-Fe,Os NTs and a-Fe,O3 NTs-rGO composite in the
potential window of 0 to -1 V in 1 M Na,SOj4 aqueous electrolyte. Due to the high specific capacitance
and wide working potential range, the a-Fe,O3 NTs- rGO composite provided a much higher energy and

power density than the a-Fe,O3 NTs.
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Supplementary discussion: Electrochemical capacitance performance of various iron oxides and
iron oxide based composite materials in aqueous electrolyte compared with present study

In order to further evaluate the performance of this hybrid composite in a broader view, Table S3
summarizes the reported electrochemical capacitance performances of various iron oxide and iron
oxide-based composite materials in aqueous electrolyte. As far as the electrolytes are concerned, in
comparison with organic electrolytes, aqueous electrolyte used in ECs have the advantages of high ionic
conductivity, low cost, non-flammability, good safety, and convenient assembly in air. Prior studies on
the electrochemical capacitance of various iron oxide or hydroxide based electrodes in aqueous

electrolytes have reported the specific capacitances ranging from 5 to 150 F/g. A few exceptions were

L 23 1'27

reported by Wu et al. ©” and Zhitomirsky et al.”" Zhitomirsky et al. achieved high specific capacitance of
210 F/g for porous y-Fe,O3; in Na,S;03 electrolyte, under very strict conditions: at very low weight
loading of 0.1 mg/cm®. Wu et al.  achieved a specific capacitance of 170 F/g for electroplated Fe;Oy4
granules in Na,SOs; electrolyte. However, sulfite based aqueous electrolyte is not ideal for asymmetric
ECs due to interference from the electrochemical oxidation of the sulfite anion, which will limit the
available potential window at the positive electrode of an asymmetric EC (see supporting information in
Ref. 34). Moreover, iron oxide-based ECs commonly suffered from cycling stability due to the
reductive dissolution of the iron oxides when cycled to progressively negative potentials, especially
when weak acidic Li;SOy electrolyte was used.”*>%** Long ef al. proposed the use of borate-buffered
Li,SOj4 to reduce this problem**

To further optimize the capacitance, cycling stability, and high rate property of iron oxide
compounds, it is a current research trend to fabricate composites of iron oxides with electroactive and
conducting materials (e.g. conducting polymers and carbon nanomaterials). Zhao et al.?® demonstrated
that by treating Fe;O4 nanowires with pyrrole, the specific capacitance in 0.1 M Na,SOj; electrolyte can

be improved by 84 % from 106 F/g to 190 F/g, as well as better capacitance retention upon 500 cycles

(from 75 % to 84 %). In addition, PANI-Fe;O04 in 1 M H,SO, electrolyte was able to exhibit high

10
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specific capacitance of 213 F/g and 146 F/g at current density of 1 mA/cm® and 5 mA/cm®. However,
the capacitance was found to reduce to to 85 % after 300 cycles, probably due to the unfavorable strong
acidic electrolyte. Most recently, Yan et al.”® reported a markedly high specific capacitance of 890 F/g
and 480 F/g at current density of 1 A/g and 5 A/g, respectively, for the spray deposited Fe;04-rGO
composite. However, all the above examples used both corrosive KOH and H,SO4 which are not
compatible for MnO,-based positive electrodes or Na,SO; with limited positive potential window.
Herein, our o-Fe,O; nanotubes-rGO composite electrodes in neutral electrolyte with high specific
capacitance (181 F/g), high energy (90.8 Wh/kg) and high power density (1500 W/kg) at current density
of 3 A/g, remarkably long cycle life, become a competitive alternative for their ultimate use as negative
electrodes in aqueous asymmetric ECs. Besides, neutral electrolytes Na,SO4 used in our study,
possesses additional advantages of environmental friendliness and convenience for end-user disposal

than ECs based on strong acidic or alkaline electrolytes

11
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Table S3. Electrochemical capacitance performance of various iron oxides and iron oxide based
composite materials in aqueous electrolytes.

Iron oxides Electrolyte V range Cun Method Cycle life Ref.
(V vs. Ag/AgCl) | (F/g)
Fe;04 1 M Na,SO, -0.75t0 0.50 53 GS -- 18
electrocoagulated 15 mA/g
powder
Fe;0y4 1 M Na,SO; 0to1.2 27.0 GS 2000 19
electrocoagulated 1 M Na,SO, 5.7 15 mA/g (78 %)
powder 1 M KOH 5.3
Fe;O4 precipitated 0.1 M Na,SO, -0.80to 0.25 75 CV - 20,
powder 10 mV/s 21
Fe;0,4 electrodeposited 1 M Na,SOy4 -0.60to 0 105 CV -- 22
porous film 20 mV/s
Fe;0, electroplated 1 M Na,SO; -0.70 to -0.20 170 CcvV -- 23
granules 1 M Na,SO, 25 2mV/s
1 M KOH 3
Fe;O4 nanoparticles 1 M Na,SOq4 -0.08 to 0.92 82 CV 1000 24
50 mV/s (~60 %)
Fe;0y4 1 M Na,S0; -1.28t0 0.12 118 GS 500 (~89 %) 25
octadecahedrons 6 mA
Fe;O4 nanoparticles 0.1 M Na,SO; -1.28 to -0.08 12 GS - 26
Fe;04nanowires 106 0.1 mA/cm’ 500 (~75%)
Pyrrole treated-Fe;O,4 190 500 (~84%)
nanowires
y-Fe O3 porous film 0.25 M Na,SO, -0.98 t0 -0.18 43 | CV 100 mV/s 100 27
0.25 M Na,S,0; 82 (~68 %)
0.25 M Na,S,0; 210 CV 2 mV/s
0-Fe, O3 1 M Li,SO, -0.98 t0 -0.18 135 CVv 500 (~70 %) i 28,
electrodeposited 10 mV/s 29
nanosheets
a-Fe,O; mesoporous 1 M Li,SOy4 -0.68 to -0.08 116 GS 1000 30
nanostructures 0.75 A/g (~74 %)
B-FeOOH 1 M Li,SO, -0.93 t0 -0.18 116 GS -- 31
nanocolumns 0.5A/g
a-LiFeO2 0.5 M Li,SOq4 -0.78 to0 -0.08 50 CvV 500 32
nanoparticles 10 mV/s (~100 %)
PANI-Fe;0, 1 M H,SO, -0.08 to 0.67 213 GS 300 33
composites 1 mA/cm’ (~85 %)
FeOOH-coated carbon | 2.5 M Li,SO;4 -0.80 to 0.20 84 CvV 200 (~58 %) 34
nanofoams Buffered 2.5 M 72 5mV/s 1000 (~81%)
Li,SO,
Fe;O4 nanoparticles 1 M KOH -0.88 t0 0.12 104 GS5A/g 10000 13
rGO 139 GS5A/g (~100 %)
Fe;04-rGO 480 GS5A/g
Fe;04-rGO 890 GS1A/g
a-Fe,O; nanotubes 1 M Na,SO, -1.00to 0 30 Ccv 2000 (~92%) | this
o-Fe, O3 NTs-rGO 216 2.5mV/s 2000 study
(~100%)

12
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