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Abstract

Pseudo-capacitive materials operating with electron-hopping as the charge transfer
mechanism are elaborated by the extensive assembly of fixed redox molecules onto
the surface of graphene-supported mesoporous silica film. Various physico-chemical
techniques are used to characterize the resulting composites. The obtained
GO@Fc-MS electrode (ferrocene functionalized silica film coated onto
electro-exfoliated graphene) can deliver a specific capacity of 196 mC cm™ (326 mF
cm™) at a current density of 2 mA cm™2and a 69% capacity retention even at 3800 C,
which is much better than the traditional faradic materials. The electrochemical
analyses reveal the energy storage behavior of GO@Fc-MS is a fast
surface-controlled redox process. The electrode can be assembled into an asymmetric
device which exhibits excellent cycling stability (no noticeable fading after 10 000
cycles) and competitive energy densities (respectively 17.7 or 9.2 uWh cm™ at power
densities of 0.53 or 13.7 mW cm™?). These results open up new opportunities for
pseudocapacitive materials based on electroactive inorganic frameworks bearing
surface-tethered molecular redox sites with high energy storage capability.

Keywords: Graphene electrode; redox-active mesoporous silica film; ferrocene;
energy storage material; electron hopping.
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1. Introduction

Improved energy storage devices with higher energy density, better rate capability and
prolonged lifespan are ever urgently needed for the keep surging demands.
Supercapacitors featuring high power density and short charge-discharge time appear
as a competitive candidate [1-2]. Two types of materials (i.e., carbonaceous or related
electrically conductive materials and faradic materials) with their respective
advantages and limitations are typically used as the electrodes. Carbonaceous
materials own large surface area and good conductivity, but charges can be stored
only through physical accumulation at the electrode-electrolyte interfaces
(double-layer process), restricting their energy density which can be somewhat
improved by using nanomaterials [1-4]. By contrast, faradic materials can store more
charges through faradic reactions, but the slow reaction rates (both in terms of
electron transfer kinetics or diffusional limitations) restrict their power output, even if
some strategies are proposed to improve the performance of such so-called
pseudocapacitive materials [5,6].

Graphene, a kind of sp? hybrid 2D carbonaceous materials, features large surface area
(~2630 m? g'!), excellent electrical conductivity (~10* S cm™), and robust mechanical
properties (Young's modulus of ~1TP), being deemed as a competitive candidate for
the next generation energy storage material [7]. Currently, one of the research
hotspots is to couple it with faradic materials to further enhance its energy density, but
at the expense of much slower chemical redox reactions, leading to deteriorated
power output [8]. Two main reasons account for the slow redox reaction rate of the
traditional faradic materials are: 1) the sluggish charges transfer kinetics caused by
their isolating natures (e.g., ~10°-10° S cm™ for nickel oxide/hydroxide, for instance
[9]) and high redox activation barriers [10]; 2) the slow counter ions diffusion rate
during the charges compensation process (e.g., diffusion coefficient of ~107!! cm? s™!
for protons in nickel hydroxide [11]). As such, constructing a new type of graphene
hybrid where the redox reaction rate of faradic part is comparable to that of electrical
double layers process would be of great help to break this longtime dilemma.

The covalent bonding of mono/few layers of redox molecules on the surface of
carbonaceous materials has gained more and more research interest in the energy
storage field [12,13], as the artificial redox-active layer could undergo fast redox
reaction, keeping a surface-controlled redox behavior even at a scan rate as high as 1
V 57! [14]. Electro-grafting is a powerful way to achieve such functionalization via the
electrochemical reduction of aryldiazonium derivatives [15] to generate aryl radicals
which can covalently bond to the surface of a variety of substrates including carbon
electrodes [16]. The resulting organic redox-molecules attached to the electrodes offer
a much better rate performance in comparison to the traditional inorganic faradic
species, due to fast redox kinetics, without the need for solid-phase diffusion of
counter ions, thanks to active centers directly exposed to the solution [17]. Even so,
there are still drawbacks hindering the development of such molecular redox systems.
First, the mono/few layers nature of redox molecules restricts the number of active
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sites, and therefore limits the energy density of the composites. Although much denser
oligomers or even polymers can be obtained with prolonging grafting time [18], the
tightly packed molecules without proper structures would impede the counter ions
diffusion to reach the underlying substrates, resulting in a decreased double-layer
capacitance [19]. Besides, electro-grafting appears not so optimal to functionalize the
surface of graphene (preferential reactions at the edge sites [20]), causing
heterogeneous functionalization and conductivity drop [14]. Therefore, it is still
challenging to get a uniform molecular coating with high amounts of redox sites,
while keeping the intrinsic properties of substrates and ensuring fast ions transport
without surface-blocking effects.

This may be achievable by utilizing a different electron conduction mechanism, such
as electron-hopping, through which charges can directly transfer between neighboring
redox molecules, even without direct (covalent) connections between them. At the
condition to be close enough (i.e., a local density of redox centers large enough),
surface-tethered electroactive molecules with flexible linkers can undergo fast charge
transfer reactions, as reported for self-assembled monolayers [21] or large dendrimers
[22,23], for instance. It is however still difficult to ensure fast transport while
increasing the amount and density of redox sites in faradic materials, and the thin-film
technology might be an issue [24] providing it can be adapted to the coverage of
highly porous and large-area electrodes, such as graphene-based ones, without pore
blocking effects.

In our group, we have developed an electrochemically assisted method for the
generation of sol-gel-derived organic-inorganic thin films made of a silica framework
with covalently-anchored organic groups [25]. Compared to the classical sol-gel
deposition methods (i.e., based on evaporation [26]), one definite advantage of the
electrochemically induced film formation is its ability to generate uniform silica
coatings with thicknesses from few to tens nanometers on surfaces with very complex
morphology, such as macroporous electrodes [27], metal microfibers [28] or graphene
nanosheets [29], for instance. When using either hard or soft templates in the
electrodeposition medium, widely open and regular porous structures can be obtained,
exhibiting enhanced pore accessibility and fast mass transport issues, which can be
advantageously exploited for electrochemical applications [30]. In particular, the
electro-assisted self-assembly (EASA) is likely to produce vertically oriented
mesoporous silica films with thicknesses ranging from tens to hundreds of nanometers
on conductive substrates [31,32], offering extremely large internal surface areas easily
accessible for further functionalization with redox molecules, as demonstrated for
metallocene species attached via click chemistry [33,34]. The regular nanochannels
formed by surfactant-assisted cooperative self-assembly can accommodate a high
density of redox-active centers and the resulting organically modified silicate films
are highly electroactive thanks to effective electron hopping between the adjacent
spatially assembled redox molecules [35,36]. These systems thus appear promising
for use as pseudocapacitive materials with good performance (energy capacity
expected to be larger than electroactive monolayers and power density that should be

better than the bulky all-organic redox polymers). However, our previous researches
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mainly focused on mesoporous films preparation by EASA on flat substrates, such as
indium tin oxide or glassy carbon electrodes for electroanalysis purposes [30,37], and
paid less attention to their energy storage potential on the basis of electron-hopping
mechanism for which we only demonstrated very recently a fast electron hopping
process among redox molecules densely packed in a mesoporous silica film coated
onto a transparent flat electrode [36]. With this in mind, one could imagine to achieve
the molecular functionalization of chemically inert graphene with the aid of such
mesoporous film bearing a large number of redox sites to boost its energy density
without sacrificing its intrinsic properties, chemical structure, and power output. It
would represent a novel strategy to increase the capacitance of graphene compared to
anchoring redox moieties, monolayer functionalization or the formation of hybrid
composites with polymers or inorganic phases [38-40].

Here, we thus propose to evaluate the functionalization of a graphite/graphene oxide
electrode with a porous electroactive inorganic framework bearing a high density of
fixed molecular redox sites in view of breaking through the capacity limit of pure
graphene without sacrificing any power output. Therefore, a ferrocene functionalized
mesoporous silica film was generated by EASA and subsequent click coupling on the
surface of an electro-exfoliated graphite foam where few-layers graphene oxide sheets
distributed on the graphite surface provide large area to grow the organic-inorganic
hybrid silicate film and the three-dimensionally porous graphite skeletons offer fast
internal migration channels for both electrons and counter ions. After characterization
of the novel hybrid pseudocapacitive material using various physico-chemical
techniques, its energy storage behavior has been evaluated and tested in an
asymmetric hybrid supercapacitor device.

2. Material and method
2.1. Chemicals and reagents

Tetraethoxysilane (TEOS, 98%) and (3-chloropropyl) triethoxysilane (C1-PTES, 97%)
were purchased from the Alfa Aesar. Cetyltrimethylammonium bromide (CTAB, 99%)
and sodium azide (NaN3, 99%) were obtained from Acros. Acetonitrile (ACN, 99%),
dimethylformamide (DMF, 99%) and cyclohexane (99%) were purchased from Merck.
Sodium sulfate (99%), ethynylferrocene (97%), copper sulfate (99%), sodium
diethyldithiocarbamate trihydrate, and HCl (37%) were purchased from
Sigma-Aldrich. Sodium nitrate (99%), ascorbic acid (97%) and tetrabutylammonium
bromide (TBAB, 99%) originated from Fluka. Graphite foils were purchased from
Shanghai Carbon Co. Ltd. All compounds were used without further purification.

The (3-azidopropyl) triethoxysilane (AzPTES) precursor was synthesized from the
reaction between (3-chloropropyl)triethoxysilane and sodium azide in the presence of
tetrabutylammonium bromide [34,41]. Its preparation was achieved by adding 2.0 g
CI-PTES, 1.08 g NaN3 and 1.29 g TBAB in 100 mL ACN, which was stirred and
refluxed at 90°C for 24 h under nitrogen atmosphere. Then, the ACN solvent was
removed by rotary evaporation at 80°C under a reduced pressure of 0.2 bar. The
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residual mixture was suspended in cyclohexane and filtered with filter paper. The
remaining cyclohexane was removed using the rotary evaporator as above and the oily
AzPTES product can be finally obtained. Yield: ~1.3 g, 65 %. 'H NMR (400 MHz,
CDCls): 80.66 (t, 2H, J = 0.85 Hz), 1.21 (t, 9H, J = 6.88 Hz), 1.66-1.73 (m, 2H), 3.25
(t,2H,J =7.16 Hz), 3.80 (q, 6H, J = 6.88 Hz).

2.2. Preparation and modification of electrodes

The electro-exfoliated graphene oxide on graphite electrode was prepared according
to a slightly modified procedure as those described in the literature [42,43]. The
electro-exfoliation process was performed in 0.1 M Na>SO4 aqueous solution with a
two electrode system, where a piece of graphite foil (0.5 cm x 1 cm) and platinum
mesh (2.5 cm x 2.5 cm) were used as the working and counter electrode, respectively.
The exfoliation was achieved by applying a voltage of 5 V to the graphite foil for 10
minutes and the distance between the two electrodes was 5 cm. The exfoliated
graphene oxide electrode, labeled as GO, was then thoroughly washed with deionized
water and dried at room temperature overnight. Besides, exfoliation times of 1 min, 5
min, 15 min were also applied to further investigate the structural evolution, and the
corresponding products were labeled as GO-1 min, GO-5 min and GO-15 min,
respectively.

The azide functionalized mesoporous silica film was generated onto the exfoliated
graphite/graphene oxide electrode by EASA, following an original protocol (as firstly
reported by our group earlier [33]), which was slightly modified here. The precursor
sol solution was first prepared by adding 0.50 g TEOS, 0.42 g AzPTES and 0.47 g
CTAB into 20 mL ethanol/water mixed-solvent (volume ratio 1:1), along with 0.1 M
NaNOs as electrolyte. The pH of the mixture was adjusted to 3 (using 0.1 M HCI
aqueous solution) and stirred for 2.5 h at room temperature to allow the hydrolysis of
the (organo)silane precursors and proper solubilization of the surfactant. The GO
electrode was then immersed in this solution and a potential of -1.5 V (vs. silver wire)
was applied for 10 s to enable the organosilica film growth around the surfactant
template. The modified electrode was rapidly removed from the solution and rinsed
with water and then dried at 130°C for 2 h. The azide functionalized mesoporous
silica film on exfoliated graphite/graphene oxide electrode was denoted GO@ Az-MS.

Prior to derivatization with ferrocene, the GO@ Az-MS electrode was dipped into an
ethanol solution containing 0.1 M HCI, for 30 min, in order to remove the surfactant
template (this material was labelled as “CTAB-removal GO@Az-MS”). Then, a click
reaction was performed between the azido moieties located onto the silica walls and
the ethynyl groups of ethynylferrocene molecules in order to introduce ferrocene in
the nanochannels. Typically, several pieces of CTAB-removal GO@Az-MS were put
inside a mixed-solvent medium (8 mL H>O + 12 mL DMF) containing 3.5 mg copper
sulfate, 7.5 mg ascorbic acid and 10 mg ethynylferrocene, which was left for 3 days in
dark. After reaction, the electrode materials were collected and rinsed with 1 mM
sodium diethyldithiocarbamate trihydrate ethanol solution to remove the remaining
copper catalyst and the ferrocene functionalized mesoporous silica film on exfoliated
graphite/graphene electrode (denoted GO@Fc-MS) was obtained.
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2.3. Apparatus

Most Electrochemical experiments (cyclic voltammetry measurements and recording
charge and discharge curves) were performed using Biologic VSP potentiostat with a
three-electrode system in 1 M H»SO4. The as-prepared samples on graphite foil fixed
with a platinum clip (GO, GO@Az-MS and GO@Fc-MS), an Ag/AgCl (3.5 M KClI)
electrode and a platinum mesh, were used as the working electrode, reference and
counter electrodes, respectively. The as-prepared hybrid device was tested in a two
electrodes system, where GO@Fc-MS and GO electrodes were fixed with platinum
clips and were immersed in 1 M H>SOs4. The electrochemical impedance spectroscopy
(EIS) measurements were conducted with a Autolab PGSTAT-300 potentiostat in a
three electrodes system (as mentioned above) at the open circuit potential with
frequencies ranging from 100 kHz to 0.1 Hz. (Note that several points at
high-frequency region in the Nyquist plot cannot be considered due to the inductance
interference).

Electrode materials have been characterized by various techniques. Scanning electron
microscopy (SEM) investigation was performed with a JEOL JSM-840 apparatus
equipped with an energy-dispersive X-ray (EDX) microanalyzer and high-resolution
SEM micrographs have been obtained with the model JSM-IT500HR apparatus
(JEOL). The thickness of the graphene oxide nanosheets are measured by processing
the high resolution SEM micrographs with the software “ImageJ”’, which can properly
measure the selected distances. After that, the thickness data are statistically
processed to obtain the thickness distribution graph. X-ray Photoelectron
Spectroscopy (XPS) measurements were performed using the Kratos AxisUltra DLD
apparatus equipped with a monochromatic Al Ko source. Atomic force microscopy
(AFM) analysis was done with Asylum MFP3D-Bio apparatus (Oxford Instrument).
Raman spectroscopy measurements were carried out with a Jobin Yvon T64000
spectrometer with green light laser (514 nm). The N> adsorption - desorption
isotherms were recorded at —196°C on Belsorp system (BEL JAPAN, INC) and the
pore size distribution curves were calculated by the Barrett - Joyner - Halenda (BJH)
method from the adsorption branch.

3. Results and Discussions
3.1. Electrode modification and characterization

The overall synthesis procedure to get the ferrocene grafted mesoporous silica film on
exfoliated graphite/graphene oxide electrode (GO@Fc-MS) is schematically
illustrated in Fig. 1. First of all, an efficient electro-exfoliation method is adopted to
open the channels of the low-cost graphite foil and to separate the surficial graphite
into few-layers of graphene oxide. Compared with the time/energy-consuming or
environment-unfriendly chemical or physical graphene preparation processes, this
method only takes a few minutes without harmful by-products throughout the whole
process [42,43]. Subsequently, the EASA method [33] is used to generate the
mesoporous silica deposits containing azide groups on the electrode surface, which is
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expected to form a hierarchically porous silica/graphene oxide sandwich structure
[29]. Finally, ethynylferrocene molecules acting as the redox active sites are
covalently anchored on the surface of the silica wall, at the highest density compatible
with fast charge transfer processes (as optimized for flat electrodes [35,36]) with the
help of Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) click reaction [33,34].
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The morphology evolution during the preparation is analyzed by SEM. It can be seen
from Fig. S1 that the structure of pristine graphite foil is compact without obvious
channels. However, after electro-exfoliation (Fig. 2A&B), the interlayer of graphite
has been expanded and macrochannels are formed due to the swell effects of inserted
SO4* ions and in-situ generated O, and SO2 gases during the electrochemical process
[65]. The high-resolution SEM micrograph further reveals that the surface of the
graphite skeleton is coated by numerous ultrathin nano-sheets with most of the
thickness distributed at 9+6 nm, proving the formation of few-layers graphene oxide
(Fig. 2B&C). Similarly, AFM results confirm from height profile measurements the
existence of fairly flat nano-sheets (see illustration with an average thickness of 6 nm
in Fig. S2). The exfoliation time plays an important role on the GO morphology,
which can have some effects on the energy storage behavior. As shown in Fig. S3a,
the graphite foil becomes thicker and the channels gradually expand to 780 um as the
exfoliation time reaches 10 minutes. However, the thickness of the porous layer
significantly declines (to 220 pum) when further extending the exfoliation time (to 15
min), since the shedding of graphene oxide flakes into the solution becomes
dominating. As the consequence, the highest current response is also observed for the
10 minutes exfoliated sample on the basis of cyclic voltammetry tests (Fig. S3b).
After coating with a thin layer of ferrocene functionalized silica film, the morphology
of GO@Fc-MS doesn’t change too much, but the serious charge accumulation and
some cracks on its surface indicate there is an isolating silica layer onside.
(Fig. 2D&E and Fig. S4) Besides, compared with that of GO, the sheet thickness of
GO@Fc-MS increases to about 7515 nm (Fig. 2F), which means that the thickness
of the silica layer coated onside is ca. 65-70 nm. The EDS mapping results of
GO@Fc-MS also show uniform distribution of the C, Si, Fe elements (Fig. 2G),
further confirming the rather homogenous coating of ferrocene functionalized silica
layer on its surface. It should be noted that there are some mapping signals from the
outside of the GO@FC-MS flake. This phenomenon, already observed in the
literature [45,46], could be due to the low intensity of Fe signals on the flake, giving a
relative high density of Fe noisy signals outside (the relative Fe content is only 0.58%,
as estimated from EDX data (Fig. S5)).

To identify the structural and compositional evolution of the graphite electrode upon
the various modification steps (leading to the materials GO, GO@Az-MS and GO@
Fc-MS), a series of Raman spectra is presented in Fig. 3A&B. The strong G band
(~1580 cm™), 2D band (~2760 cm™) and negligible D band (~1360 cm™) visible for
the original graphite foil (see curve (a) in Fig. 3A) indicate that it is highly graphitized
with few defects [47]. By contrast, an obvious D band and a small 2G (~2920 cm™)
band, corresponding to the defect signals from the edge sites of graphene, in addition
to the remaining G and 2D bands of graphite can be detected for GO (see curve (b) in
Fig. 3A). This proves that graphene oxide is successfully obtained through the
electro-exfoliation method [43,48]. After deposition of azide functionalized silica, no
significant changes except that several new peaks (marked with green stars on the
images, see curves (c) in Fig. 3A&B) can be observed for GO@ Az-MS, which can be

ascribed to the long alkyl chain of CTAB surfactant [49,50]. Unfortunately, the typical
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Raman signature for azidopropyl-grafted silica materials appearing in the 1250-1500
cm! region [51] cannot be noticed here because it is obscured by the intense D band
of graphene. Nevertheless, a broad band from ~375 cm™! to ~570 cm™ and another one
located at ~2110 cm™ can be attributed to the Si—~O-Si vibrational mode [50] and the
antisymmetric stretching mode of azide group [52], respectively (see curve (c) in Fig.
3B), which verifies the azide functionalized silica film has been formed on the surface
of graphene. The intensities of Raman signals from D and G bands significantly
decrease, which means the existence of silica film on the carbon surface could block
the signals. Besides, the Ip/Ig ratio (i.e., usually used to characterize graphene
functionalization [53]) decreases from 0.86 of GO to 0.78 because the edge/defect
sites of graphene may generate relatively thicker silica film onside during the
electro-deposition process, and thus reduce more intensity of D band, owing to the
well-known electrocatalytic properties of the edge sites of graphene [54]. After CTAB
extraction and click coupling with ethynylferrocene, the signals from CTAB and azide
disappear for GO@Fc-MS (curves (d) in Fig. 3A&B), indicating the surfactant is
removed and most azide groups take part in the click reaction [55]. The Ip/Ig ratio
slightly increase back to 0.81, which may due to the more beam-accessible graphene
oxide/graphite surface, as the intensities of the Raman signals recover back to some
extent.

XPS is further used to complete the materials characterization and to monitor
semi-quantitatively the click reaction. The survey scan spectra of graphite foil, GO,
GO@Az-MS and GO@Fc-MS are given in Fig. S6a and the detailed element ratio is
given in Table S1. It can be seen clearly that an increment of the oxygen contents
occurs, from 5.0% in graphite to 14.8% in GO, indicating the partial surface oxidation
of graphite during the electro-exfoliation process. Besides, the signals from silicon,
nitrogen and iron can be detected in sequence after the silica deposition and click
reaction (Fig. S6b-d). As shown in the high resolution Cis spectra (Fig. 3C), a band
for C-O at ~287 eV and another for C(0)-O at ~288.7 eV can be detected for GO (in
addition to the expected C-C and C=C signals of graphene), which constitutes an
evidence for the existence of hydroxyl and carboxyl groups on the carbon surface [42].
The existence of oxygen-containing groups on the surface may facilitate the
anchoring and stabilize the silica layer being deposited subsequently [48,51]. One can
also see some contribution of C-N (Cjs signal at ~286.6 eV) after deposition of the
silica film (GO@Az-MS sample), which comes from the CTAB surfactant and
disappears while a new one grows at ~286.2 eV for GO@Fc-MS, indicating the
effective removal of the template and the formation of 1, 2, 3-triazole group,
respectively. This is seen more clearly on the high-resolution Nis spectra (Fig. 3D).
For GO@Az-MS, four contributions can be recognized: the neutral and negative
nitrogen species from azide groups (401.0 eV), the positively charged nitrogen
species from CTAB (402.9 eV) and azide groups (404.5 eV), as well as some residual
nitrate ions originating from the electrodeposition electrolyte (406.8 eV), which are
consistent with literature data for the azidopropyl moieties [56,57], the quaternary
ammonium centers of CTAB [58] and nitrate [84]. After being washed with
HCI/EtOH solution, both signals from CTAB and nitrate disappears, and after click
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reaction with ethynylferrocene, the characteristic signals from the azide groups (at
401.0 eV and 404.5 eV, with 2:1 ratio [60]) vanishes and a new broadened peak
emerges (with chemically distinct nitrogen contributions located at 400.2 eV and
401.3 eV), which corresponds to the 1,2,3-triazole groups [61]. A semi-quantitative
estimation of the proportion of azido groups involved in the click reaction can be
roughly obtained from comparing the ratio of azido peak at ~404.5 eV for both
GO@Fc-MS (Fig. 3D) and GO@Az-MS after CTAB removal (Fig. S6d), giving rise
to a yield of 82%. The presence of ferrocene on the GO@Fc-MS electrode is
evidenced by the Fesp signal (Fig. S6c), via its two contributions, 2p12 and 2ps.
transitions respectively located at 721.1 and 708.2 eV, characteristic for ferrocene [62].
Finally, trace amounts of N (0.6%) and S (1.5%) can be also observed for GO (i.e.,
prior to film formation), possibly due to some impurities in the graphite foil (Table
S1). Some previously published works observed Pt-related impurities in products
when using Pt as the counter electrode for the electro-exfoliation process [63],
however this phenomenon was not evidenced here.
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Fig. 3. (A, B) Raman spectra of the graphite foil, GO, GO@Az-MS and GO @Fc-MS;
(C, D) XPS narrow spectra for Cis (C), Nis (D) of GO, GO@Az-MS and GO @Fc-MS;
(E) N> adsorption-desorption and (F) pore distribution curves for the same samples.

Nitrogen adsorption-desorption isotherms for GO, GO@Az-MS and GO@Fc-MS
materials are given in Fig. 3E. Typical IV isotherms with H3 or Hs hysteresis loop can
be observed for the three samples, which means the existence of mesopores formed by
the assembly of plate-like particles [64]. At the relatively high pressure (P/Pp>0.85), a
steep increase of nitrogen adsorption amount occurs for the three samples, a sign of
the existence of macropores resulting from agglomerates of graphene oxide sheets
[65], consistent with the morphology observation (Fig. 2B&E). The corresponding
pore distributions calculated from the Barret-Joyner—Halenda (BJH) model with
adsorption branches are given in Fig. 3F. There is not too much difference for pore
structure of GO and GO@ Az-MS, but a new type of pores located at ~3 nm appears
for GO@Fc-MS due to the removal of CTAB template, which proves the silica layer
coated on the surface of graphene oxide is highly mesoporous.

3.2. Energy storage performance of the electrodes

The energy storage performance of graphite foil, GO and GO@Fc-MS are firstly
compared from cyclic voltammetry experiments in 1 M H>SO4 aqueous electrolyte
with a three-electrode setup. The CV curves of original graphite foil, GO and
GO@Fc-MS, as recorded at a scan rate of 50 mV s’ are shown in Fig. 4A. The
original graphite foil shows a negligible current response due to its compact structure
and low surface area. In contrast, the GO delivers much higher current with an
obvious rectangular shape, a sign of the electrical double layer capacitance,
demonstrating the significantly increased active area from its porous structure and the
wide effective surface area due to the presence of large amount of graphene oxide
sheets. Besides, a pair of weak redox peaks located at ca. 0.38 V can be observed,
which may come from the oxygen containing functional groups on the electrode
surface, such as quinone/hydroquinone functions [66]. After introducing the ferrocene
functionalized silica film, a pair of well-defined redox peaks originating from the
reversible redox reaction of ferrocene molecules can be observed for GO@Fc-MS.
Besides, the double-layer capacitance of this GO@Fc-MS electrode remains similar to
that of GO in the non-faradic potential region from 0.1 V to 0.2 V, demonstrating that
the existence of mesoporous silica thin film on its surface does not cause obvious
resistance for electrolyte transport through the silica-on-graphene oxide layer (also
true over extended potential range for the ferrocene-free GO@Fc-MS material, see
Fig. S7, confirming further an easy access for solution species to the graphene surface
even after modification). This is indeed important, also for the faradic process, as the
mechanism of electron self-exchange reactions between adjacent ferrocene moieties
operating here (an electron-hopping process well accepted for electroactive polymers
consisting of fixed molecular redox sites [67] or surface-tethered redox molecules
with flexible linkers [68], which is also valid for organic polymers with pendant
ferrocenes [69]), involves charge neutralization by the electrolyte ions from the
solution (Eq. 1).
13



Fc - le + X =  Fc" X im (1)
(with Fc = ferrocene; Fc* = ferricinium; X~ = counter-anion; sol = solution)

The highly porous structure of GO@Fc-MS thus contributes to facilitate the transport
of such ions necessary to maintain charge balance, which is a key parameter in
pseudo-capacitive energy storage always looking at improved ion accessibility to
redox-active sites [70]. The CV curves of GO@Fc-MS recorded at various scan rates
ranging from 20 mV s to 200 mV s’ (Fig. 4B) reveals symmetrical redox current
responses with rather small cathodic-to-anodic peak potential separation (yet
increasing with potential scan rates, see Fig. S8). This confirms the efficient charge
transfer and the electrolyte transport processes of the electron-hopping system, and
the presence of only a single couple of anodic and cathodic peaks indicates no
electronic interaction between ferrocene centers in the nanochannels.

To further evaluate the energy storage behavior and its capacity, the charge-discharge
curves of GO@Fc-MS at various current densities from 2 mA cm™ to 100 mA cm™
are displayed in Fig. 4C. Different from the triangular charge-discharge curve of
double-layer capacitance, the curves are distorted but without obvious
charge-discharge plateau. This phenomenon illustrates that the redox reaction of
ferrocene molecules is not an ion diffusion-controlled process but a surface-controlled
one. Furthermore, the nearly symmetric curves also verify the highly reversible redox
reaction and the coulombic efficiencies at different current densities are all above 95%
(Fig. S9). Based on the galvanostatic charge-discharge curves for GO (Fig. S10) and
GO@Fc-MS (Fig. 4C), the specific capacities of both electrodes as a function of
current density are given in Fig. 4D. It can be seen clearly that the GO@Fc-MS
exhibits a specific capacity of 196 mC cm™ (or a capacitance of 326 mF cm™) at a
current density of 2 mA cm™ which is almost twice that of GO (107 mC cm™ or 178
mF cm). The contribution of the faradic Fc-MS material is thus equal to 89 mC cm?,
a value larger by almost two orders of magnitude than that reported for a similar
ferrocene functionalized film deposited onto a flat electrode surface [54], confirming
the interest of the large area and highly porous GO support. Generally, compared with
double-layer materials, the faradic materials always show limited rate performance
due to the slow electrons and ions transfer processes. But the electron-hopping
governed redox process operating here is a very fast reaction, and the capacity of
GO@Fc-MS can remain at 69% of its larger value at a current density as high as 100
mA cm? (135 mC cm™ or 224 mF cm™), which is even better than the 52% observed
for the purely capacitive GO electrode under the same condition. The normalized rate
performance (excluding the effect of capacity) of GO@Fc-MS and some recently
reported faradic materials are plotted in Fig. 4E. The rate performance of
GO@Fc-MS is better than traditional faradic materials, with a capacity retention of 69%
even at a C-rate value of 3800 h'!, further demonstrating the advantage of the
electron-hopping processes. Besides, as shown in Table S2, GO@Fc-MS also shows a
competitive energy storage ability in comparison to the composites of graphene and
faradic materials reported in the literature. The GO@Fc-MS also delivers a long cycle
lifespan and 98% of the initial capacitance can remain after 1000 successive CV
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cycles (Fig. 4F). Capacitance and capacity retention can also be evaluated from
integrating the CV curves at various potential scan rates (Fig. S11), giving rise to the
same conclusions as for galvanostatic experiments. Moreover, from such integration,
one can estimate an amount of electrochemically accessible redox molecules of ca.
0.2 mg cm, which represents about 80% of its total content in the film (0.25 mg cm?,
as obtained from ICP chemical analysis after acidic digestion of the sample). This
means the electron hopping occurs efficiently in most of the composite material
volume despite the isolating properties of the silica matrix.
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Fig. 4. Energy storage behavior of graphite, GO and GO@Fc-MS electrodes in 1 M
H>SO04. (A) CV curves recorded for the three electrodes at a scan rate of 50 mV s™!; (B)
CV curves recorded for GO@Fc-MS at various potential scan rates, from 20 to 200 mV
(O charge/discharge curves of GO@Fc-MS obtained at various current densities,
from 2 to 100 mA cm%; (D) specific capacity of the GO and GO@Fc-MS electrodes
measured at different current densities, ranging from 2 to 100 mA cm?; (E)
comprehensive plots of normalized rate performance for GO@Fc-MS and several
faradic materials reported in recent years (1, Ni-Mn hydroxide on carbon nanofoam; 2,
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Co-Cd selenide nanorods; 3, Li»MnO3 nanorods; 4, Ni-Co hydroxide on carbon fibers;
5, Fe>Os/polypyrrole nanoarrays on carbon cloth; 6, n-butyllithium-treated TizCoTx
MXenes; 7, amorphous Ni-Co-Mn hydroxides; the corresponding references are given
at the end of the Supporting Information); (F) cycling performance of GO @Fc-MS for
multiple CV measurements performed successively at a scan rate of 200 mV s

Electrochemical Impedance Spectroscopy (EIS) is also used to analyze the energy
storage originating from the electron hopping process, in the frequency range from
100 kHz to 0.1 Hz at the open circuit potential, and the Nyquist plots for GO and
GO @Fc-MS are given in Fig. SA. At high frequency, the intersection point on the real
axis represents the ohmic resistance of the electrolyte and the internal resistance of the
electrode (Rs), which is very small and similar for both GO (0.95 Q) and GO@Fc-MS
(0.65 Q) due to the good conductivity of the graphene oxide/graphite substrate. In the
high to middle frequency region, a semi-circle indicative of the charge transfer
resistance (R¢) is usually observed for faradic materials [71-73], the diameter of
which being as small as high are the charge transfer kinetics. Here, such charge
transfer resistance is negligible (no noticeable semi-circle) not only for GO but also
for GO@Fc-MS, which demonstrates a fast and efficient electron hopping process
involving the redox-active ferrocene moieties attached to the material. The tail at low
frequency of the Nyquist plot corresponds to the diffusion limiting process. The
similar and nearly vertical lines for GO and GO @Fc-MS show both of them own fast
ions diffusion and prove the coating of the silica layer on the surface of graphene
oxide will not affect significantly the ions diffusion, confirming the interest of
graphene oxide sheets to facilitate electrolyte penetration and pseudocapacitance [66].
The electrolyte ions diffusion coefficient (Do) can be evaluated with the aid of
equations (2) and (3):

Dy = R2T2/2A%n* F*C25? )
7' = Re+Ry + ow®S 3)

Where Do is the diffusion coefficient, R is the gas constant, T is the absolute
temperature, A is the electrode surface area, n is the number of electrons, F is the
Faraday’s constant, C is the concentration of ions, ® is the frequency, and o is the
Warburg factor which is the slope of w~%5vs Z’ plot.

By fitting our data (Fig. S12), Do values of 1.9 x 10° cm? s! and 1.4 x 10 cm? s™! are
obtained, respectively for GO@Fc-MS and GO electrodes. The similar and fast
diffusion rates prove: 1) the existence of the highly porous silica film on the surface
of graphene does not block the ions diffusion; 2) there is no solid diffusion process
during redox reaction of ferrocene molecules, indicative of the fully solution-phase
exposed active sites (contrary to what happens in insertion-based materials for
instance). The phase angle variation on frequency (Bode phase plot) for GO and
GO @Fc-MS is plotted in Fig. SB. At the low frequency of 0.1 Hz, the phase angle
can achieve -79° for both of them, suggesting a behavior much like an ideal capacitor
[74]. The frequencies at the phase angle of -45° (fo) representing the point at
half-maximum capacitance are 1.70 Hz and 1.27 Hz for GO and GO@Fc-MS,
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respectively, indicating that the presence of the ferrocene functionalized silica film
does not affect too much the charge-discharge rate performance [75]. The
corresponding time constants o (1/fo), i.e. the minimum time needed to discharge all
the energy with an efficiency greater than 50%, are very short: only 0.59 s for GO and
0.78 s for GO@Fc-MS, yet not at the level of purely carbon nanomaterials [76]. but
satisfactory for a porous carbon electrode covered with an electroactive layer [75].
Similar 1o for GO and GO@Fc-MS also demonstrates the low resistance to charge
transfer and ions diffusion processes in Fc-MS.

GO@Fc-MS is further analyzed by recording CV curves over a wide range of scan
rates from 5 mV/s to 500 mV s (Fig. S13). Its behavior can be evaluated by fitting
the redox peak currents vs. scan rates with the equation of i = av?, and the empirical
b value is an indicator of the type of reaction. A b value of 0.5 represents a
diffusion-controlled behavior (battery-type), while b value of 1 is indicative of
surface-controlled charge transfer (ideal capacitive energy storage process). As shown
in Fig. 5C, the fitting results of GO@Fc-MS approach the ideal value of 1 (0.91 in
average for cathodic redox peaks and 0.88 for anodic redox peaks), over a wide range
sweep rate from 5 mV s to 500 mV s’!, indicating the redox of ferrocene is mostly a
fast surface-controlled reaction. In contrast to the flat electrode, besides providing
more space to grow the ferrocene functionalized silica film, the use of the rough GO
electrode might accelerate the counter ions diffusion by altering the diffusion mode
from 2D planar diffusion to 3D spherical diffusion [77], finally resulting in a surface
controlled behavior in such wide potential window. To obtain the quantitative
capacitive contribution at a fixed scan rate, the CV results of GO@Fc-MS are further
fitted with the following equation (4):

l(V) = k117 + szO'S (4)

Where k;v and k2% represent the surface-controlled current and diffusion-controlled
current respectively.
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Fig. 5. (A, B) EIS data for GO and GO@Fc-MS electrodes recorded at open circuit
potential in the frequency range 100 to 0.1 Hz: (A) Nyquist plots and (B) Bode phase
plots; (C) Variation of CV peak currents for GO@Fc-MS as a function of the logarithm
of scan rates (from 5 to 500 mV s™'); (D) Ratio of the surface-controlled current of the
oxidation process at the scan rate of 20 mV s! (marked by the shaded region).

The fitting result reveals that 85.5 % of the total current of the anodic peak comes
from the surface-controlled process at the scan rate of 20 mV s’ (Fig. 5D). Such high
ratio for GO@Fc-MS further confirms the fast transport of counter-ions, which are
not restricting the charges transfer processes by electron-hopping (Eq. 1), in contrast

to conventional faradic materials (e.g. insertion or intercalation pseudocapacitors [5,
78]).

3.3. Asymmetric hybrid cell assembly

In order to show the practical potential of the GO@Fc-MS electrode, a
pseudocapacitor is further assembled by employing GO@Fc-MS as anode, GO as
cathode (the area ratio of GO@Fc-MS to GO is 2) and 1M H>SO;4 as the electrolyte.
Typical results are given in Fig. 6.
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Fig. 6. The energy storage performance of GO @Fc-MS//GO hybrid pseudocapacitor in
IM H2SOs. (A) CV curves at various scan rates (from 10 to 500 mV s!); (B) Capacity
values calculated from CV curves as a function of scan rate; (C) cycling performance at
constant current density of 13.3 mA cm? (initial and final five charge-discharge
curves); (D) Ragone plots of the GO@Fc-MS//GO pseudocapacitor and previously
reported capacitors (1, polyethylene fibers covered by polydopamine, Ag and poly(3,4-
ethylene dioxythiophene)/poly(styrenesulfonate); 2, poly(3,4-ethylene
dioxy-thiophene):poly(styrenesulfonate)/ferritin - nanoclusters within multiwalled
carbon nanotube sheets; 3, graphene/MnQO2; 4, carbon nanotube yarns dotted with
Co304 and NiO nanoparticles; 5, 3-D graphene carbon nanotube carpet; 6, actived
carbon; 7, onion-like carbon; 8, Fc-MS on ITO; the corresponding references are given
at the end of the Supporting Information).

As shown in Fig. 6A, the GO@Fc-MS//GO pseudocapacitor is able to stably work
over the potential window from 0 to 1.2 V at scan rates ranging from 10 to 500 mV s’
Besides the double layer capacitance of graphene oxide, an additional pair of broad
peaks originating from the redox reaction of ferrocene confirms the energy storage
contribution form the faradic reaction. Different from the three-electrode
configuration (used for all above experiments), the voltammetric current responses in
a two-electrode system depend on the features of both working and counter electrodes,
which may lead to distorted signal, especially for non-faradic materials [79]. This
explains the broader peaks observed with the hybrid pseudocapacitor (Fig. 6A) in
comparison to the GO@Fc-MS electrode (Fig. 4B). The specific capacitances at
various scan rates are calculated from CV curves, based on the total areas of the two
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electrodes (Fig. 6B). A capacitance of 67 mF cm™ can be delivered at the scan rate of
10 mV s!, and it can still maintain 32 mF cm™ (47%) at 500 mV s™!, 2.4 s discharging
time. In contrast to the obvious plateau of batteries, the distorted triangle
charge-discharge curves reveal the pseudocapacitor nature of the GO@Fc-MS//GO
device (Fig. S14). Ragone plots further reveal that the high energy density of 17.7
uWh cm can be achieved at power density of 0.53 mW cm™ and still remains as high
as 9.2 uWh cm™ at high power density of 13.7 mW cm™, being really competitive
regarding recently reported supercapacitors performance (Fig. 6D). Besides, the
cycling stability of the asymmetric supercapacitor is also determined by the
galvanostatic charge-discharge curves (at current density of 13.3 mA c¢cm™), showing
no obvious capacity fading even after 10 000 successive cycles (Fig. 6C).

4. Conclusions

An organic-inorganic hybrid material acting as a large-scale redox junction system
has been developed through covalently anchoring ferrocene molecules on a
mesoporous silica thin film electrogenerated onto the surface of a graphene
oxide-based electrode produced by electro-exfoliation of a graphite foil. Different
from the traditional redox reactions (electrochemical insertion or intercalation), the
electron-hopping mechanism operating here enables efficient and reversible
transformation of surface-tethered ferrocene moieties with flexible linkers, thanks to
fast charge transfer processes and low resistance to counter-ions diffusion. By further
coupling with the good conductivity and large surface area of graphene oxide/graphite
substrate, the GO@Fc-MS electrode exhibits a capacity of 196 mC cm™? (326 mF cm™)
at a current density of 2 mA cm, of which 45% originates from the faradic Fc-MS
layer. It delivers a remarkable capacity retention of 69% even at a high current density
of 100 mA cm (C-rate of 3800 h™"). Finally, a pseudocapacitor (GO @Fc-MS//GO) is
constructed and achieves a large energy density of 9.2 uWh cm™ at a high power
density of 13.7 mW cm™2. This work well demonstrates the advantages of the
electroactive mesoporous hybrid system consisting of a high density of molecular
redox sites in terms of fast charge and mass transfer processes, high level of
electroactivity and long cycling life, which may pave a new avenue on the
construction of high-performance electrode materials for energy-related storage and
conversion devices.
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