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Abstract: The stable high-performance electrochemical electrodes consisting of supercapacitive
reduced graphene oxide (rGO) nanosheets decorated with pseudocapacitive polyoxometalates
(phosphomolybdate acid-H3PMo12O40 (POM) and phosphotungstic acid-H3PW12O40 (POW))
nanodots/nanoclusters are hydrothermally synthesized. The interactions between rGO and POM
(and POW) components create emergent “organic–inorganic” hybrids with desirable physicochemical
properties (specific surface area, mechanical strength, diffusion, facile electron and ion transport) enabled
by molecularly bridged (covalently and electrostatically) tailored interfaces for electrical energy storage.
The synergistic hybridization between two electrochemical energy storage mechanisms, electrochemical
double-layer from rGO and redox activity (faradaic) of nanoscale POM (and POW) nanodots, and
the superior operating voltage due to high overpotential yielded converge yielding a significantly
improved electrochemical performance. They include increase in specific capacitance from 70 F·g−1

for rGO to 350 F·g−1 for hybrid material with aqueous electrolyte (0.4 M sodium sulfate), higher
current carrying capacity (>10 A·g−1) and excellent retention (94%) resulting higher specific energy
and specific power density. We performed scanning electrochemical microscopy to gain insights into
physicochemical processes and quantitatively determine associated parameters (diffusion coefficient
(D) and heterogeneous electron transfer rate (kET)) at electrode/electrolyte interface besides mapping
electrochemical (re)activity and electro-active site distribution. The experimental findings are
attributed to: (1) mesoporous network and topologically multiplexed conductive pathways; (2) higher
density of graphene edge plane sites; and (3) localized pockets of re-hybridized orbital engineered
modulated band structure provided by polyoxometalates anchored chemically on functionalized
graphene nanosheets, contribute toward higher interfacial charge transfer, rapid ion conduction,
enhanced storage capacity and improved electroactivity.

Keywords: functionalized graphene hybrids; polyoxometalates; hydrothermal; pseudocapacitors;
scanning electrochemical microscopy; modeling

1. Introduction

The increasing global demand for electric energy stimulated an intense research and development
activities worldwide. Efficient energy storage solutions are required for the transition to sustainable
energy sources. Each renewable energy source, be it geothermal, solar or wind, sets its own
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requirements for power density, energy density, size, cost and life-time. Among several renewable
energy sources, electrochemical energy conversion and storage systems such as rechargeable secondary
batteries, electrochemical supercapacitors, also known as ultra-capacitors or electrochemical capacitors,
pseudocapacitors and their hybrids, known as supercapbatteries, represent the most efficient and
environmentally benign technologies. The need for high-performance, stable and scalable electrochemical
electrodes and architectures is the driving force while mitigating environmental pollution [1,2]. As a result,
electrochemical and electrocatalytical research is rapidly developing into parallel tracks striving toward
improved electrode materials and subsequent implementation from portable consumer electronics to
automobile and grid scale energy devices [3–6]. While rechargeable Li-ion batteries take advantage of
bulk charge storage and exhibit high specific energy density, they suffer from low specific power density
and cyclability. On the other hand, supercapacitors and pseudocapacitors store charge through surface
ion adsorption (non-faradaic) and surface redox reaction (faradaic), respectively. Electrochemical
supercapacitors based on metal oxides and conducting polymers featuring voltage-changing redox
processes, where faradaic and non-faradaic mechanisms take place concomitantly, are also known as
hybrid supercapacitors [7–9].

The nanoscale hybrids which combine the supercapacitive nanocarbons (activated carbon,
nanotubes, mesoporous carbon, and graphene-family nanomaterials) [10,11] and pseudocapacitive or
redox active transition metal oxides [6] form “organic–inorganic” hybrid supercapacitors. Graphene,
an atomic thin layer of carbon atoms bonded together in a hexagonal honeycomb lattice, has
extraordinary physical-chemical properties (i.e., exceptionally high surface area, surface morphology,
mesoscale structure, tunable electrical conductivity, and mechanical robustness) for fundamental
and applied research [12]. Likewise, functionalized graphene (i.e., oxygenated-carboxyls (–COOH)
and epoxides (–ROOH) groups at the edges and hydroxyls –OH group on the surface) such as
graphene oxide (GO) [13,14] and reduced form (rGO) [15] is attracting a great deal of attention
because of their tunable electrical conductivity, mechanical robustness and easy processability [16–21].
As a result of tailorable materials’ surface and functional groups, they can be maximized for
speedy faradaic reactions at the surface, storing electrical energy in transient chemical bonds
possessing high specific power and energy density and excellent cycling stability [22]. This new
class of hybrid supercapacitors is continuously improving and blurring the boundaries between
batteries and supercapacitors [23]. It is worth mentioning that it is also achieved by merging redox
chemistry, either by combining conventional batteries and supercapacitor electrodes in a single device
equivalent to a series combination (known as supercapabatteries) [24,25] or by integrating redox
active materials (conducting polymers, transition metal oxides, mesoporous semiconducting oxides,
etc.) typical of batteries and supercapacitive elements in the same electrode (equivalent to a parallel
combination) [6,26–32]. Despite significant progress toward hybrid supercapacitors, the significant
understanding of storage mechanism of transition metal oxides on graphene support with optimal
loading and at molecular level is lacking which is one of the prime goals of this study [33–35].

Polyoxometalates (POMs) are a subset of transition metal oxides that represent a diverse
range of molecular clusters and an ability to form dynamic structures. Therefore, POMs exist in
various shapes, size and complex co-ordinations and, in fact, they are among the largest inorganic
molecules known today [36]. They are classified into three broad subsets. Heteropolyanions (HPAs)
are metal oxide clusters that include heteroanions such as SO4

2− and PO4
3− and they are the most

reported and explored subset for electrochemical and catalytic properties due to reversible highly
redox activities [37]. They possess Keggin [XM12O40]n− and Wells–Dawson [X2M18O62]n− anions
structures (where M = Mo(VI), W(VI), Ta, Nb, or V(V); and X is a tetrahedral template) and have
high charges and strongly acid oxygen surfaces, which means they are attractive units for building
blocks. Secondly, isopolyanions are composed of a metal oxide framework, but without the internal
heteroatom/heteroanion and therefore are less stable. Lastly, reduced POM clusters are related to
molybdenum blue species and usually their composition is largely unknown with substantial ongoing
research. The POM molecules that are central to this work are mostly symmetric HPAs including
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polyoxomolybdates (POMs) and polyoxotunstates (POWs), which consist of molybdenum (Mo) and
tungsten (W) metals, respectively, and oxygen atoms in the form of metal oxide polyhedrons [38–40].
In POMs, all 12 MO6 (or WO6) units conforming to so-called Keggin structures are “outer” surface
moieties. Therefore, no bulk environment exists in such molecules. Moreover, they are so small
and heavily charged that they are soluble in many solvents and, in principle, useless as active
electrochemical electrode materials by themselves. However, POMs contribute their water solubility
and faradaic charge-storage mechanisms to well-known varied redox potentials leading to robust
electrodes and electroanalytical platforms [41]. Therefore, integration of POMs with graphene will lead
to the development of new concept hybrid materials where surface functional moieties on GO and rGO
serve as chemical linkers and POMs clusters as molecular spacers for graphene sheets that allow excess
to large specific surface enabling higher storage capacity otherwise inaccessible for ion adsorption
due to self-aggregation. Nevertheless, the synthesis of graphene–POM and graphene–POW hybrids
as high-performance electrochemical electrodes remain elusive and a fundamental understanding of
interfacial capacitance with optimal loading and associated physicochemical properties are yet to be
determined [42–44].

We propose to design and synthesize hydrothermally functional hybrid assembly composed of
POM clusters and POW nanodots building blocks integrated with supercapacitive rGO as potential
electrochemical electrodes [45]. The anchoring of HPAs on three-dimensional reduced graphene oxide
network prevents their dissolution into the electrolyte, provides the necessary electrical conductivity
for ion transport, greater active surface area and synergistic interactions due to smaller size nanodots.
This approach offers the possibility of submonolayer coverages of HPAs even at high loading for
fundamental understanding at single-molecule level. The other significance of anchoring HPA species
for added energy storage is the widening of working potential window since energy density is equal
to 1

2 CV2. They are anticipated to enhance energy density, improve current carrying capacity and
stability, for renewable energy and electrocatalytic sensing applications. Although recent studies have
shown that POMs bind partially to GO and rGO surfaces, the nature and strength of interaction has
not been measured. In this work, we dedicate our efforts investigating the optimal addition of POM
and POW redox-active species on rGO nanosheets, to quantify the diffusion and heterogeneous charge
transfer kinetics through electrochemical properties and mapping electroactive sites distribution using
scanning electrochemical microscopy at electrode/electrolyte interfaces [46–48].

2. Results and Discussion

2.1. Microscopic Structural Characterization

Figure 1A–C displays the deposition scheme and representative scanning electron microscopy
(SEM) images of POM20, POW20 and a series of composites with rGO (rGO–POM20,60,80 and
rGO–POW20,60,80) revealing uniform surface morphology. The rGO exhibits porous architecture
composed of ultrathin nanosheets conformed to electrically conductive framework beneficial for
electron transfer and ion transport while maintaining electrical conductivity with substantial accessible
specific surface area for ion sorption. As for the inorganic phase component, it appears to be distributed
relatively uniformly over and/or within the rGO nanosheets as aggregated molecular clusters with
average size <100 nm for POMs and as nanodots with no aggregation with size <50 nm for POWs.
Small particles of about 10 nm were observed by SEM for the sample with higher POM and POW
loadings. It is imperative to mention that, due to the difference between the atomic numbers of carbon
(Z = 6), molybdenum (Z = 42) and tungsten (Z = 74), the aggregates of molecularly clustered nanodots
would appear as easily detectable bright white spots in SEM micrographs. The transmission electron
microscopy images acquired at 100 kV showed that the graphene sheets are homogeneously covered
with HPA clusters (see Figure S1). At higher loading, i.e., the samples with concentration greater than
20 wt %, particles of 5–10 nm size correspond to HPA aggregate were observed by SEM which may
contribute unambiguously to individual POM or POW clusters. The SEM images show clustering at the
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graphene sheet edges and regions where the sheets are either folded or crumpled. It is suggestive of the
favorable interactions and possibly effective anchoring on the rGO nanosheet surface defect sites, where
carbon atoms are not a perfect honeycomb structure and where oxygenated functional groups terminate
sp3-bonded carbon atoms. Though further investigation is necessary, this hypothesis is consistent with
our recent work that showed transition metal oxide clusters preferentially nucleate at edge and defect
sites [6,28,29]. Several research groups also noted that HPAs interact with nanocarbon surfaces in the
absence of functional groups such as graphite [49]. Such observations are supported theoretically,
not only for transition metal oxides [6,29], but also for POM and POWs. Thus, the adsorption on
graphene is energetically favorable and stronger for graphene with oxygen-containing functional
groups (hydroxyls, carbonyls, carboxyls, ketones, etc.) with charge transfer to graphene from POM
or POW nanodots or vice versa [50–54]. Furthermore, it is important to note that rGO preserves its
mesoporous network even after heavy deposition of clusters. The EDX elemental spectra at various
points on the samples were measured (see Figure S1) yielding average C, O, MO and W at.%. It is
extremely important to note that the homogeneous dispersions of electroactive centers in hybrid
materials act as molecular spacers preventing aggregation of graphene nanosheets which allows higher
accessibility for ion adsorption and subsequently enhanced energy storage capacity. While carboxyl
groups are acidic and lose their proton to become negatively charged in contact with water, all
other groups are weak bases that can be protonated under strongly acidic conditions. Therefore,
it is facile to develop strong electrostatic attraction (repulsion) interactions between the positively
(negatively) charged carbon surface positive (negative) ζ potential and the negatively charged HPA
anions depending upon HPAs docking on the graphene basal plane (edge) sites, respectively.

C 2017, 3, 24  4 of 20 

the rGO nanosheet surface defect sites, where carbon atoms are not a perfect honeycomb structure 
and where oxygenated functional groups terminate sp3-bonded carbon atoms. Though further 
investigation is necessary, this hypothesis is consistent with our recent work that showed transition 
metal oxide clusters preferentially nucleate at edge and defect sites [6,28,29]. Several research groups 
also noted that HPAs interact with nanocarbon surfaces in the absence of functional groups such as 
graphite [49]. Such observations are supported theoretically, not only for transition metal oxides 
[6,29], but also for POM and POWs. Thus, the adsorption on graphene is energetically favorable and 
stronger for graphene with oxygen-containing functional groups (hydroxyls, carbonyls, carboxyls, 
ketones, etc.) with charge transfer to graphene from POM or POW nanodots or vice versa [50–54]. 
Furthermore, it is important to note that rGO preserves its mesoporous network even after heavy 
deposition of clusters. The EDX elemental spectra at various points on the samples were measured 
(see Figure S1) yielding average C, O, MO and W at.%. It is extremely important to note that the 
homogeneous dispersions of electroactive centers in hybrid materials act as molecular spacers 
preventing aggregation of graphene nanosheets which allows higher accessibility for ion adsorption 
and subsequently enhanced energy storage capacity. While carboxyl groups are acidic and lose their 
proton to become negatively charged in contact with water, all other groups are weak bases that can 
be protonated under strongly acidic conditions. Therefore, it is facile to develop strong electrostatic 
attraction (repulsion) interactions between the positively (negatively) charged carbon surface 
positive (negative) ζ potential and the negatively charged HPA anions depending upon HPAs 
docking on the graphene basal plane (edge) sites, respectively. 

 

(A) 

 

(B) 

 

(C) 

Figure 1. (A) Schematic illustration of hydrothermal synthesis for graphene-based “hybrids” with 
POM clusters and POW nanodots. SEM images of: (B) rGO-POMx (a–d*); and (C) rGO-POWx (a,b–d*) 
hybrid series (x = 5, 10, 20, 40, 50, 60 and 80 wt %) revealing surface morphology and microstructure. 
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Figure 1. (A) Schematic illustration of hydrothermal synthesis for graphene-based “hybrids” with
POM clusters and POW nanodots. SEM images of: (B) rGO-POMx (a–d*); and (C) rGO-POWx

(a,b–d*) hybrid series (x = 5, 10, 20, 40, 50, 60 and 80 wt %) revealing surface morphology and
microstructure. (Scale bars are shown at the bottom of images).
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2.2. Optical and Vibrational Spectroscopy

The optical (UV-Vis absorption and fluorescence) spectroscopy measurements are carried out in
solutions of POM20,60 and POW20,60 by themselves and their suspensions with rGO (rGO–POM10,60,80

and rGO-POW10,60,80) to investigate the electronic structure of rGO supported HPAs, the representative
spectra are shown in Figure S2. In general, all absorption spectral bands arising in UV-Vis range of
the electronic spectra of heteropoly compounds containing Keggin polyanion [PVxMo12−xO40](3+x)−,
named Keggin Unit (KU), is due to the ligand-metal charge transfer (LMCT): O2−→Mo6+ (W6+)
and O2−→V5+ [55,56]. Raman spectroscopy is widely used non-destructive technique for the
characterization of carbon-based materials [57] and POMs [58–60], M = Mo and W since it is highly
sensitive to local structure and lattice vibrational bonding configurations within molecules and their
interactions with graphene. Keggin-type HPAs are formed by assembling three MO6 octahedra
by edge-sharing oxygen atoms (M–Oc–M) to form M3O13 sets, which further condense by sharing
corner oxygen atoms (M–Ob–M) around a central atom (P or Si) to form a cage. Each M3O13 also
presents three terminal oxygen atoms (M=Od). Figure S3 shows the Raman spectra of rGO supported
POMs and POWs with varying loading besides POM20 and POW20 as control. Qualitatively, all the
Raman spectra show bands associated with HPAs (POM and POW) and rGO support. For instance,
four prominent bands namely, D (disorder-induced in-plane A1g zone edge mode), G (in-plane E2g

vibration mode of sp2 hybridized carbon atoms), 2D (second-order D) and D+G (combination) bands
occurring at approximately 1335, 1600, 2660 and 2925 cm−1, respectively are characteristic bands for
rGO. The G and 2D peak positions, the shape of 2D peak, the peak intensity, D to G intensity ratio
(ID/IG), the G to 2D peak intensity (IG/I2D) ratio determine number of layers, type and density of
defects, degree of disorder, sp2-bonded carbon domains size, stacking order and electronic properties
of edges for graphene [61]. The shift in G band position can also be used to determine the extent of
reduction of graphene oxide (GO) to rGO. Raman spectra of both POM and POW systems contain
higher intensity bands in the interval 1050–800 cm−1 besides peaks at lower frequency occurring
at ≤250 cm−1. In particular, the characteristic peaks assigned to the Keggin anion are symmetric
stretching vibrations νs(M=Od) at about 1010 and 995 cm-1, a mix of stretching vibrations νas(M=Od)
and νs(P−Oa) at ~990 and 980 cm−1 and 850 and 940 cm−1 and symmetric stretching vibrations
νs(M−Ob−M) at ~925 and 900 cm−1 for POW and POM, respectively [62]. The bands from POMs and
POWs are also observed occasionally for hybrids depending upon the location on the rGO supported
samples. In the case of their absence or weaker intensity, it is due to either low concentration in
the probe area or loss of their tetrahderal symmetry which tends to broaden the peaks and loss in
intensity [63,64]. The vibration frequency characteristics of HPAs abovementioned are influenced by
several parameters such as structural isomerism, nature of counterion or anion–anion interactions.
The spectral analysis in terms of the position and intensity ratio of corresponding bands are presented
in Tables S1 and S2.

2.3. Electrochemical Properties

To evaluate the electrochemical properties of hybrid samples, we performed cyclic voltammetry
(CV) in 0.4 M Na2SO4 electrolyte in addition to characterizing electrodes composed exclusively of
component materials (i.e., rGO, POM and POWs) that will help to determine the supercapacitive and
pseudocapacitive contributions, respectively, within hybrids electrodes. Figure 2a–d and Figure S4a–d
show cyclic voltammograms for hybrids loaded with different HPA concentration with scan rate
in the potential range 0.0 to +1.6 V exhibiting broad redox peaks. The CVs from rGO (see [6]),
which is nearly rectangular indicative of almost an ideal supercapacitor (where charge storage is
through electrochemical double layer) in stark contrast to hybrids investigated hereby. Since it is rGO,
the pseudocapacitive contribution due to surface functionalities is expected to be far less and there are
no redox peaks (not shown, see [6]).
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Figure 2. (a–d) Cyclic voltammery (CV) curves measured in 0.4 M Na2SO4 showing pseudocapacitive
behavior with x (10, 40 and 80 wt %) and scan rate (v = 5, 10, 20, 50, 100 and 200 mV/s); (e) current
versus square root scan rate showing quasi-linear behavior; and (f) gravimetric specific capacitance
(Csp; F·g−1) with scan rate for rGO–POMx-based hybrid series (x = 5, 10, 20, 40, 50, 60 and 80 wt %).

The specific capacitance for rGO by itself is approximately 70–80 F·g−1. Likewise, POM and
POW only materials with moderate 20–40 wt % show specific capacitance of ~60–70 F·g−1. All hybrid
electrodes displayed well-defined pseudocapacitive behavior with multiple reversible redox waves
centered at +0.4/+0.3 V (cathodic I/anodic II) and +1.0/+1.3 V (cathodic III/anodic IV) with respect
to Ag|AgCl. They have been reported to correspond to a sequence of reversible electron transfer
reactions (a one-electron transfer, another one-electron and two-electron reduction process that is pH
dependent) for heteropolymolybdates and heteropolytugstates anions clusters [65]:

PM12O40
3− + e− ↔ PM12O40

4− (1)

PM12O40
4− + e− ↔ PM12O40

5− (2)

PM12O40
5− + 2e− + H+ ↔ PM12O40

6− (3)

Thus, use of POM and POW in hybrid materials provides a faradaic contribution to the specific
capacitance. However, the redox peaks become lesser defined with increasing scan rate despite
stabilized interactions between rGO and HPAs. It is related to electrodes kinetic dependence of
the faradaic processes in comparison with the electrochemical double-layer capacitive mechanisms.
Similar observations were made with activated carbon, porous carbon and graphene oxide as supports.
Important to mention that HPAs by themselves progressively leach into the electrolyte while they
are adsorbed strongly on rGO and leaching is minimal except in alcohols. The rectangular CV loop



C 2017, 3, 24 7 of 20

desirable for supercapacitor is superimposed with redox peaks and the rectangular area increased with
increasing scan rate as expected (5, 10, 20, 50, 100, and 200 mV/s). Alternatively, these electrodes show
larger integrated area CV curves and therefore they have higher Cs. Figure 2e,f shows the variation of
maximum current with scan rate (v) and square root scan rate (v1/2). A quasi-linear behavior, especially
at higher scan rates, is reminiscence of diffusion-limited (mass transport) phenomenon and they are
representative of multi-electron quasi-reversible electron transfer process attributed to composite
nature of our hybrid electrode materials. The magnitude of ion current is governed by Randles–Ševćik
equation for a reversible transfer process,

Irev = 0.446FAC(FDv/RT)0.5

Or
Irev =

(
2.69× 105

)
n3/2 ACD1/2v1/2 (4)

where A is the geometric area of the electrode (cm2), F is Faraday Constant (C·mol−1), D is diffusion
coefficient (cm2·s−1), C is concentration (mol·cm−3), v is scan rate (V/s), R and T are usual constants,
and n is the total number of electrons transferred in the electrochemical process. The analysis of ion
current helped to determine D that ranged 5 × 10−10–2 × 10−9 m2 s−1, which decreases marginally
beyond 40 wt %, lesser for higher POM mass loaded hybrids as compared with POW-based hybrids.
The Cs of hybrid electrodes are calculated according to Equation:

1

mv
(

Vf −Vi

) Vf∫
Vi

I(V)dV (5)

where m is the mass of active electrode material (g) measured using micro-balance estimated to
be 1–5 mg. Figure 2f presents variation in upper and lower bound Cs with scan rate showing
gradual decrease in Cs peaking at scan rate 5 mV·s−1, which are 240, 140, and 100 F·g−1, and 350,
240 and 200 F·g−1 for POM- and POW-based hybrid electrodes, respectively. While these values are
not significantly higher to those reported with transition metal oxides [6,29–32], but these studies
are unprecedented and are utilized to gain fundamental insights into charge transfer dynamics
and ion transport at molecular level approaching to single-molecule level depending upon the
loading. The V–t profiles between 0 and 1.5 V at different current densities and cyclability of
various hybrid electrodes (see Figure S4) exhibits relatively stable performance and the fading in
Cs is due to internal resistance and polarization of the electrodes. We also measured Cs using
charging–discharging (V–t) profiles (Figure 3a–d and Figure S4) and the values are comparable
with those determined using CV curves. Generally, the rate capability is strongly influenced by
the ion sorption, electrolyte ions accessibility, interfacial diffusion and the charge transfer through
or across the electrode. At higher scan rates, any of these electrode kinetic processes is slower
limiting the Cs (see Figure 3e for retention). Although rGO has smaller supercapacitive contribution
to the hybrid composites, it offers excellent electronic conductivity and mechanical robustness and
therefore can shuttle electrons between POM (and POW) clusters and current collector. Moreover,
the chemical bridging between component building units into a single system enhanced the storage
capacity of “hybrid” electrodes via topologically interconnected and open network of mesoporous
rGO sheets allowing partial hydrated/solvated ions comparable to those reported for graphene/NiO,
graphene/PAni electrodes and graphene/MnO2 [9,28,66]. To elucidate practical applicability of
these hybrid electrodes (rGO–POM40), a coin cell with redox-active electrolyte was assembled and
the demonstration was carried out with a red LED provided (see Figure 3f). A single LED is lit by
a symmetric cell for almost two minutes and the energy output founded on rapid charging after a
short full-charging time of 8 s, indicating a sustained effort.
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To further understand the unique performance of hybrid electrodes, electrochemical impedance
spectroscopy (EIS) data were acquired, which enables convenient spectroscopic mapping of electron
transfer efficacy and helped to quantify electronic and ionic contributions, interfacial capacitance
and surface diffusive behavior besides determining various circuit elements in bulk electrolyte at the
electrode/electrolyte interface. Nyquist plots (−Z” versus Z′) for representative hybrids are shown in
Figure 4a,b, with semi log frequency. These plots exhibit reasonably good supercapacitive behavior
with a straight sloping line (i.e., solid-state diffusion in bulk electrolyte and SO4

2− ion diffusion
into electrode) in the low-frequency and a small semicircle arc (i.e., solid-electrolyte interphase and
grain boundary) in the high-frequency region. The impedance data are simulated by different circuit
simulation modeling to fit experimental data using in-built “sim” software with our electrochemical
workstation following procedure described in [29]. In principle, the ESR of the composite hybrid
electrodes determined from high-frequency intercept at real Z’, is smaller (<2.0 Ω) than those of only
components (>10 Ω). The fitting data and the equivalent circuit model are shown in Figure 4c inset
consisting of equivalent series resistance (ESR; Rs) that includes ionic or bulk resistance of the electrolyte
solution combined with interface resistance, the intrinsic and contact resistance at the electroactive
material/current collector [67], charge transfer resistance (Rct), Warburg impedance (ZW), double layer
capacitance (Cdl) as in Randles’ equivalent circuit and constant phase element (CPE; Q, n) along with
supplementary wire resistance, an RC circuit and constant inductance (L, 7 × 10−7 H) from connecting
leads [29,68–71]. The arc in the high-frequency region corresponds to charge transfer resistance (Rct)
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caused by the pseudocapacitive or Faradaic reactions of electroactive electrode material, double layer
charging on the electrode surface (Cdl) and Warburg impedance (ZW) [72]. For macroelectrode and
diffusion layer of infinite thickness,

ZW =
Rctλ

(ω)1/2 (6)

and λ = kET
2
√

D
, kET is the heterogeneous kinetics on the electrode and D is the diffusion coefficient of

the redox species. The relatively lower Rct values for almost all of the hybrid electrodes studied
imply an enhancement in the electronic and ionic conductivities of HPAs with the presence of
functionalized graphene support. It is important to note that Rct values are higher for some of the
hybrid electrodes especially when modeled with CPE circuit element [67,68] and chemically bridged
POMs and POWs while complying these values with other electrodes. It justifies the usefulness of
CPE model. Finally, the slope of the Nyquist plots in the low frequency region tends to increase
with presence of underlying graphene support, reflecting a decrease in the Warburg resistance (W)
or faster electrolyte ion diffusion into or onto the hybrids. Table S3 summarizes the impedance
spectroscopy modeling results. Considering the supercapacitor as a whole system for evaluating
frequency dependent capacitive behavior, the capacitance C (ω) can be expressed as [73]:

C(ω) =
1

jωZ
= −

(
Z′′ (ω)

ω|Z(ω)|2
+ j

Z′(ω)

ω|Z(ω)|2

)
= C′(ω)− jC′′ (ω) (7)
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Figure 4. (a,b) Nyquist plots revealing capacitive behavior for grapheme-based hybrids at V = +0.3 V;
(c) low frequency capacitance (Clf; F); (d) representative Nyquist plots modeling for rGO–POM40

(and rGO-POW40); (e) C′ (ω) versus log of frequency behavior; and (f) the electrode performance i.e.,
Ragone plot for AC, CNT/graphene, commercial supercapacitors and batteries, graphene–polymer
hybrids and graphene–polyoxometalates electrodes (this work). The inset (panel c) shows equivalent
circuit used to fit the impedance data.
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The low frequency of real part C′(ω) corresponds to effective capacitance of supercapacitor
devices and imaginary part C”(ω) is related to the energy dissipation due to an irreversible process.
The electrode response time τ = 1/fm, is estimated from the frequency inverse that correspond to the
maximum of the imaginary capacitance as shown in Figure 4d for representative hybrids. The relatively
larger response time, from 0.5 to 13 s for POM and from 0.46 s to 26 s for POW series, is due to smaller
RC constant and since the series resistance is lower; this behavior is due to increase in specific
capacitance. Figure 4e shows representative low frequency (Clf) capacitance variation for all hybrids
studied derived following relationship:

1
CIf(ω)

=
Z′′ (ω)

1/ω
(8)

The Clf peaks for hybrid electrodes with 10 and 40 wt % rGO–POW and rGO–POM consistent with
the results those obtained with transition metal oxides nanostructures anchored on graphene-family
nanomaterials [6,28]. We attempted to calculate the energy density

E =
1
2

CSV2

m
× 1000

3600
(9)

for these hybrid electrodes reaching values ranged between 5 and 60 Wh·kg−1, respectively, at power
density

P =
E
∆t

=
I∆V
2m

=
V2

4mRs
× 1000 (10)

of 1.0 kW·kg−1 following Ragone plot. It is suggestive that ordered structure can reduce the ionic
diffusion path, favor ionic motion inside the films and improve the ion accessibility of electrode
materials, which tends to gradually disrupt with aggregated POM and POW clustering over rGO
support. While it is not significant to compare the specific power and energy densities when the mass
loading is smaller, we made an attempt to generate Ragone plot (Figure 4f) illustrating the performance
comparison of different electrodes from literature with those studied in this work. They lie in the cusp
bridging the gap between commercial batteries and supercapacitors [9,28,74,75].

2.4. Scanning Electrochemical Microscopy

When active graphene domains including basal plane and edge sites are combined with other
nanomaterials forming hybrids, they are anticipated to show higher diffusion (D) and electron transfer
kinetic rate (kET) depending upon the constituents’ interactions at electrode/electrolyte interfaces.
Moreover, they not only enhance electroactivity, but also molecularly bridge HPA nanodots and create
tailored interfaces, thus facilitating facile electron transport. Therefore, maximizing electroactive sites
on graphene-based hybrids is an active area of research, albeit challenging [6]. Thus, it becomes
pertinent that we investigate the global complex physicochemical processes by probing electrochemical
signatures and electron transport locally using scanning electrochemical microscopy (SECM) and
hopefully correlate with microstructure, as opposed to scanning probe microscopy technique [76].
By detecting redox reactions in close proximity to electrode surface, SECM probe approach mode is
used to obtain quantitative information of local heterogeneous reaction rates. Figure 5 provides probe
approach curves for hydrothermally synthesized hybrids showing normalized tip electrode current
(iT/iT,∞) versus normalized distance (L = d/a), where d is substrate (electrode)-tip distance and a is the
radius of the tip and corresponding fits. The tip current (iT) reaches plateau behavior with steady-state
current following:

iT,∞ = 4nFCDa (11)

where n is the number of electrons transferred at the electrode tip (O + ne−→ R), F is Faraday constant,
C is concentration of oxidized species and D is the diffusion coefficient limited by hemispherical
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region [47]. With tip approaching the heterogeneous electrode surface, the reduced species formed at
the tip is oxidized at the conductive surface, yielding an increase in the tip current following (iT > iT,∞):

ic
T(L) =

iT
iT,∞

=

[
k1 +

k2

L
+ k3 × exp

(
k4

L

)]
(12)

that creates a regenerative “positive” feedback loop. The opposite effect is observed when probing
insulating region creating a “negative” feedback loop that decreases the tip current (iT < iT,∞):

iins
T (L) =

iT
iT,∞

= 1/
[

k1 +
k2

L
+ k3 × exp

(
k4

L

)]
(13)

where k1, k2, k3 and k4 are one-electron heterogeneous rate transfer and related higher-order coefficients
and they depend on the RG (ratio of insulating sheath radius to a, which is equal to 5) and normalized
distance, L = d0 − dexp/a.
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Figure 5. (Color online). Probe approach curves for rGO–POMx and rGO–POWx series indicative of
semiconducting (or insulating) behavior at solid/liquid interface with redox mediator 10 µM FcMeOH
(ferrocene methanol) in base electrolyte 0.4 M Na2SO4 with tip Vt = +0.5 V and substrate voltage
Vs = −0.4 V. The corresponding theoretical fitting is plotted as dash curves.

The diffusion (D) of redox species of the hybrids ranged 2 × 10−10–5 × 10−9 m2·s−1 reaching
maximum for rGO–POM40 and rGO–POW20 and then marginally decreases complying with those
determined from CV curves. The probe approach curve fits are plotted as dashed curves in Figure 5b
and Table S3 enlists the parameter values with accuracy <1%, which is usually smaller than typical
experimental uncertainties. They are determined by fitting parameter d0 in L and by taking different
RG values for all of the heterogeneous kinetics at the tip and diffusion-controlled mediator regeneration
at the samples studied. The hybrids show relatively higher diffusion D and k coefficients determined
from both ac EIS and SECM for all of the hybrids plotted in Figure 6. These values are unprecedented
for the samples studied and they are much higher peaking for rGO–POM60 and rGO–POW20 hybrids
than those of constituents (rGO, POMs or POWs) signifying the importance of integration of graphene
and molecular nanoclusters/nanodots. The visualization of electrochemical (re)activity and mapping
adsorption sites density is performed in constant height feedback imaging mode taking advantage
of amperometric tip current that originates from redox mediator, modulated by variations in the
tip-to-sample distance and by the local electrochemical activity of the electrode surfaces. For instance,
the tip current variation on insulating (or semiconducting) electroactive surface is reflective of sample
topography. On the other hand, variations in the tip current on reasonably flat conductive surfaces are
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indicative for variations in the local electrochemical (re)activity of the sample. Thus, changes in the
electrochemical activity (hence, electron transfer rate) that give rise to changes in the feedback (tip)
current are attributed to heterogeneous surfaces.
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Figure 6. Variation of diffusion coefficient (D) and heterogeneous electron transfer rate constant (kET)
derived from EIS data modeling and SECM for: (a) rGO–POMx; and (b) rGO–POWx graphene-based
hybrid series.

Figure 7 displays SECM area (250 µm × 250 µm or 400 µm × 400 µm) scans as two-dimension
contour “heat maps” and three-dimension current distribution maps using Origin software (ver. 16.0,
Origin Lab Corporation, Northampton, MA, USA) for rGO–POMx, x = 5, 10, 50, 80; and rGO–POWx,
x = 5, 10, 50, 80 hybrids. The tip was polarized at potential sufficient to cause an electrochemical redox
reaction (generator) and the current was recorded (collected) over the polarized electrode surfaces.
The occasional higher (peak)/lower (valley) tip current is characteristic of semiconductive/insulating
behavior at the POM (or POW)/rGO-solution interfaces. It is apparent from the probe current
distribution that the hybrid samples rGO–POM5, rGO–POM10, rGO–POW10 and rGO–POM20 yielded
several regions of highly electroactive regions “hot spots” with areal site density that can be determined
from full-width at half maximum of peaks ~20–60 µm in both x and y dimensions corroborated with
surface morphology (see Figure 7, panels e and j, line profiles deduced using Matlab custom-designed
script). Our recent theoretical calculations on electron density of states have reported the occurrence of
finite density of states at or near Fermi level attributed to localized re-hybridized pockets at transition
metal oxide–graphene and transition metal oxide–graphene oxide interfaces [6,27,29]. Compared to
physically adsorbed atoms or molecules, the interfacial bonding and chemically bridged nanodots
can be robust and the areal density of these nanoparticles is controlled to create pockets of locally
hybridized area, where the bonding is modulated favorably and effective charge transfer contributions
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arise from transition metal p and d orbitals, which in-turn increase the electron density at Fermi
level [6,27,29]. In the energy-intensive storage systems, the electrochemical signatures in accessible
orbital states is contained within two measurable series energetic components, an energy loss term
related to the charging of appropriately addressable molecular orbitals (resonant or charge transfer
resistance) and energy storage or electrochemical capacitance component. These findings reinforce the
multiple roles played by orbital engineered extended inorganic connectivity of HPAs chemisorbed on
rGO support providing an interconnected topological conductive network, edge plane sites, raised
graphene edges (graphene walls) within graphene domains, surface functionalities associated with π
bonding and defects sites, all of them serving as anchor sites for POM nanoclusters and POW nanodots.
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Graphene oxide (GO) was prepared by modified Hummer’s method [77] followed by low-
temperature thermal reduction in ambient air for 3 h at ~250 °C producing rGO nanosheets [78,79]. 
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triggers concomitant reduction and oxidation reactions. As a result, graphene edge hydroxyl (–OH) 
and epoxy (C–O–C) groups are progressively eliminated, while newly formed carbonyls (C=O) 

Figure 7. (Color online). Representative scanning electrochemical microscopy images in 400 µm× 400 µm
area for: (a–d) rGO–POMx, x = 5, 10, 50 and 60 wt %; and (f–i) rGO–POWx, x = 5, 10, 20 and 50 wt %
samples, displaying tip current distribution in two- and three-dimensional contour heat maps
with occasional higher (peak)/lower (valley or almost flat) current behavior. Line profiles for:
(e) rGO–POM10; and (j) rGO–POW5 samples displaying tip current distribution. A color bar is shown
for quantitative values of the tip current.

3. Materials and Methods

3.1. Hydrothermal Synthesis and Electrodes Preparation

Graphene oxide (GO) was prepared by modified Hummer’s method [77] followed by
low-temperature thermal reduction in ambient air for 3 h at ~250 ◦C producing rGO nanosheets [78,79].
Contrary to thermal treatment in vacuum or inert atmosphere, heating under ambient atmosphere
triggers concomitant reduction and oxidation reactions. As a result, graphene edge hydroxyl (–OH)
and epoxy (C–O–C) groups are progressively eliminated, while newly formed carbonyls (C=O) groups



C 2017, 3, 24 14 of 20

appear due to air oxidation, as revealed using Raman spectroscopy (via monitoring G band position
mentioned below and in Supplementary Materials available online). Electrical measurements reveal
that despite the presence of oxygen containing groups in the partially restored graphene sp2 bonded
carbon (sp2 C) network in rGO, the dc (direct current) conductivity is enhanced. Therefore, this
process is scalable and suitable to produce conductive rGO with increased functionalities suitable
for electrochemical energy storage and electrocatalytical sensing applications. Polyoxometalates;
(H3PMO12O40·xH2O; POM and H3PW12O40·xH2O; POW from Fisher Chemicals, (Fair Lawn, NJ, USA))
were deposited on rGO forming organic–inorganic hybrids using a facile and scalable hydrothermal
method (Figure 1A). Briefly, rGO (30 mg) was placed in a vial and methanol (2 mL) was added to
produce a paste followed by mixing with aqueous POM dispersions made using 1 mL of DI water
(pH < 2). The POM was varied in proportion (5, 10, 20, 40, 50, 60 and 80 wt %) to rGO nanosheets
in the form of powder. The mixture was stirred and sonicated for 15 min. to produce homogeneous
mixing of POM and rGO nanosheets followed by placing them in hydrothermal autoclave chamber at
60 ◦C for 24 h in box furnace and cooled to room temperature. If the powder was not dried after being
taken out of the furnace, the vial containing the paste was placed on a hot plate at ~90 ◦C for several
hours. This process yielded rGO–POM composite powder. The same process was also used to yield
rGO–POW composite powder. The dried samples were finally crushed to a fine powder in an agate
mortar. In total, fourteen different powders were prepared. Aqueous solutions of H3PMO12O40·xH2O;
POM and H3PW12O40·xH2O; POW with different concentrations were prepared depending on the
target HPA loading. The pH varied slightly when the HPA concentration decreased but it always
remained below 2, conditions at which H3PMO12O40 is stable. In addition, it is emphasized that
methanol was also used to wet the graphene surface and that the stability of HPAs is significantly
improved in water–alcohol mixtures [80]. Finally, the pH in aqueous film dropped as water evaporated.
Overall, the samples with loadings of x = 5, 10, 20, 40, 50, 60 and 80 wt % are synthesized with rGO
designated as rGO–POMx and rGO–POWx (Figure 1A shows the scheme).

To prepare the hybrid electrochemical electrodes, slurry composed of 80% active electrode material,
10% PVDF (polyvinylidene fluoride) as binder and 10% carbon black is prepared by sheared mixing
with NMP (N-Methyl-2-pyrrolidone) organic solvent in agate mortar and stirred for 3 h. The nickel
foam, stainless steel, and Indium Tin Oxide (ITO) substrates of size 1.5 cm × 5 cm were cleaned
subsequently in acetone and methanol and dried with N2 gas. The slurry for each concentration of
rGO–POMx and rGO–POWx composite pastes were coated on these substrates using a blade knife
and all samples were air dried at room temperature for more than 24 h. Additional samples of 20
and 60 wt % POM and POW dispersions were prepared as control. After the electrodes had dried,
they were annealed at 100 ◦C for 1 h in Ar atmosphere by placing into a quartz tube furnace for
better adhesion and linking to substrates. All of the chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used without further purification. These strategic approaches afford scalable,
uniform, optimized loaded graphene nanosheets as advanced high-performance electrochemical
electrodes that lead to topologically interconnectedness and three-dimensional framework, ideal for
electrochemical energy storage producing electrical energy.

3.2. Sample Characterization

All the samples were characterized in terms of surface morphology, elemental composition,
microscopic structure, crystallinity, lattice vibration, electrochemical and scanning electrochemical
microscopy properties. Scanning electron microscopy (SEM) images were taken with electron
microscope (Model JEOL 6010Plus, Peabody, MA, USA) operating at primary electron acceleration
voltage (Vacc) 15 kV at constant current 45 µA in secondary electron imaging (SEI) mode collected with
an in-lens SiLi detector equipped with an X-ray ISIS EDS system providing surface morphology. The
various complementary analytical techniques used in this work are summarized (Supplemental
Materials). Electrochemical tests were carried out using electrochemical bi-potentiostat (Model
920D, CH Instruments Inc., Bee Cave, TX, USA) workstation in terms of cyclic voltammetry (CV),
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galvanostatic charging–discharging (or chronopotentiometry) and ac electrochemical impedance
spectroscopy (EIS). All of the measurements were performed in a custom designed three-electrode
electrochemical cell in symmetric configuration where Ag|AgCl electrode and Pt wire of 3 mm
diameter were used as the reference (RE) and counter electrode (CE), respectively, and the hybrid
samples were used as working electrode (WE). The CV measurements were carried out in 0.4 M
sodium sulfate (Na2SO4) base electrolyte with potential ranging −0.2 V to 1.6 V at scan rates 5, 10, 20,
50, 100 and 200 mV/s. It is suggestive that asymmetric or symmetric two-electrode cell configuration
mimics the physical configuration, internal voltages and charge transfer that occurs in a packaged
supercapacitor and thereby provide indications of electrodes performance, while three-electrode cell is
typically used to investigate electrode kinetics. Gravimetric specific capacitance (Cs) was calculated
from dividing the capacitive charge (Q) obtained using half the integrated area of the CV curve by
active electrode mass (m) and the width of the operating potential window (V) following:

CS =
Q

m∆V
(14)

Or

1

mv
(

Vf −Vi

) Vf∫
Vi

I(V)dV (15)

The actual specific capacitance is determined using the simplified expression: Cs (F·g−1) = 2 Ce (F),
where mass of the active material is in the lightest electrode, valid for symmetric configuration.
Galavanostatic charging–discharging was conducted using cathode and anode current densities of
2.5–10 A·g−1. Five sets of measurements (V–t) profiles were measured on each sample for 0–500 cycles.
Using chronopotentiometry, specific capacitance (Cs) values were calculated by charge–discharge
current (I), potential change with discharge time (dV/dt) and the mass of the active electrode following:

Cs = 2
Idt

m∆V
or 2

I

m
(

dV
dt

) (16)

while discarding the ohmic (IR) drop. From these capacitance values, the energy density (E) and
maximum power (Pm) were calculated: E (W·h·kg−1) = 1/4 CeV2 and Pm = V2/4ESR, where ESR is the
equivalent series resistance (Rs), determined from impedance spectroscopy. These values refer to a real
two-electrode system. The cyclability tests were carried out by running galvanostatic cycles at 5 A·g−1

within voltage range 0–1.2 V for more than 500 cycles. AC Electrochemical impedance spectroscopy
(ac EIS) was performed at open circuit voltage +0.3 V with ac signal amplitude Vac = 5 mV in frequency
range 0.01 Hz–98 kHz. The capacitance with frequency is obtained by C′(ω) = −Z′′(ω)/ω|Z(ω)|2

relationship that converts complex impedance Z” into capacitance (C′).
Scanning electrochemical microscopy (SECM) was performed on all samples in CV, probe

approach and imaging modes described in detail elsewhere [9,27]. Briefly, ITO coated working
electrodes were placed on a stage and a measuring cell with a Pt wire CE was secured over the
electrode to create a seal. The reference electrode (RE) was Ag|AgCl and the electrolyte was 0.4 M
sodium sulfate (Na2SO4). The SECM probe is a Pt wire with a diameter of 10 µm encased in a glass
sheath that is dipped in the electrolyte. A CV at scan rate 20 mV/s in microelectrode configuration
was performed and then 0.5 mL of 10 µM ferrocenemethanol (FcMeOH) was added to the electrolyte
as redox agent and the CV test was repeated for all the samples. When used in probe approach mode,
a constant potential of 0.5 V and 0.6 V was applied to the probe, −0.4 V was applied to the working
electrode, the probe was then withdrawn and the tip ion current (iT) was measured. During imaging mode,
+0.6 V potential was applied to the probe (Vt) which measured the tip ion current while rastering
laterally to cover 0.062 mm2 (i.e., 250 µm × 250 µm) or 0.16 mm2 (i.e., 400 µm × 400 µm) area.
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4. Conclusions

In summary, we reported the development of a series of hydrothermally synthesized and
thermally processed high-performance “organic–inorganic” hybrids consisting of pseudocapacitive
phosphomoybdate (and phosphotungstic) molecular clusters anchored to or distributed on the
supercapacitive rGO nanosheets. The nanosized polynuclear redox-active molecular clusters consisting
of transition metals at their highest oxidation states are appropriate to achieve high specific
energy capacity due to multi-electron redox reactions. The interaction between complementary
functionalized graphene (organic), POM and POW nanodots (inorganic) components facilitate tunable
physicochemical properties and tailorable chemically bridged interfaces, thus demonstrate a series
of modular and interesting properties. These energy-intensive hybrid materials elucidate extended
superior operating voltage yielding enhanced specific energy and power density. The excellent
performance of hybrids takes full advantage of: (1) overcoming bottleneck to extend the inorganic
(POM or POW) nanoscale dimensionality, while using the organic (rGO) components to provide
chemical functionality; (2) synergistic coupled charge storage (i.e., electrochemical double-layer
and faradaic) mechanisms; (3) mesoporous and topologically interconnected morphology of rGO
nanosheets creating electronic and ionic conducting channels; (4) molecularly bridged and chemically
anchored POM and POW nanoclusters create tailored interactions that provide high specific
capacitance, interfacial contact area at electrode/electrolyte interfaces and accessibility for ion
adsorption and developing new conductive pathways for charge transfer; (5) larger operating voltage
1.5 V, with improved specific energy density and maximal retention, much superior to the stability of the
parent supercapacitor based on only graphene under the same experimental conditions; (6) redox-active
electrolyte that can provide extra protons and improved ionic conductivity and additional faradaic
active sites for storage capacity; and (7) SECM measurements provided quantitative information of
electrochemical “redox” activity and mapping electroactive sites distribution at electrode/electrolyte
interfaces, corroborating favorable modulation of band structure and charge density.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-5629/3/3/24/s1.
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