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We have developed a new energy system of microporous carbon/Ag/phosphomolybdic acid (PMA) as
efficient electrode hybrid material for supercapacitors, in which microporous carbon serves as carbon
support (contribution of EDLCs), PMA as redox additive (contribution of pseudocapacitance), Ag as
conducting agent (promotion of electrical conductivity). It reveals that the dual incorporation of Ag and
PMA leads to the large decrease of surface area and pore volume but the capacitive performance such as

specific capacitance, rate capability and coulombic efficiency has remarkably improved due to the syn-
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ergistic effect among the hybrid materials. For example, the energy density has reached up to 5.68 Wh
kg ! at the power density of 500 W kg, which is almost 1.80 fold of pristine microporous carbon.
Hybridizing polyoxometalate, carbon materials as well as conducting agent has provided an alternative
electrode material for high performance supercapacitors.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Carbon materials ranging from activated carbons to carbon
nanotubes, graphene etc. are the most widely used electrode can-
didates owing to their advantageous properties including high
surface area and pore volume, low cost, variety of form, inert
electrochemistry, chemical stability in different solutions (from
strongly acidic to basic) [1—4]. Especially for the case of activated
carbon commonly possessing high surface area, it can provide an
extensively large electrode/electrolyte interface for charge storage
of supercapacitors, thus benefiting for producing more electric
double-layer capacitances (EDLCs) [5]. Furthermore, another
important factor that determines the performance of super-
capacitors is electrical conductivity [6]. As reported previously, the
electric conductivity of carbon materials is closely related to their
morphology. The higher the surface area, the smaller the particle
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size, and the more poor the conductivity should be [7]. To further
improve carbon's electrical conductivity, highly conductive sub-
stances such as silver nanoparticles [8], graphene/silver nanowires
[9,10], and graphene-silver nanoparticles-polypyrrole nano-
composite [11] are usually introduced.

For the sake of achieving high energy density supercapacitors,
apart from the contribution of EDLCs from carbon materials dis-
cussed above, another one from pseudocapacitances are also
indispensable. The kind of pseudocapacitive contribution generally
roots in metal oxides, conductive polymers, heteroatom-doping
[12] as well as redox additives [13,14]. Alternatively, poly-
oxometalate (POM) clusters have emerged as intriguing candidates
for energy storage systems as faradaic electrode materials and the
most widely studied is the Keggin cluster [MX12040], where M is
the central heteroatom and X is the addenda atom (often as Mo, W
or V) which forms a surrounding cage [15]. Interestingly, there
exists a strong affinity between carbon matrix and POMs [16],
making the hybridization of POMs and carbon materials more
available. So far, many carbon-POMs composites have been devel-
oped, basically including single-walled carbon nanotubes
(SWCNTs) with TBA-PV,;Moqg [17], HT-RGO-PMoq; [18], activated
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carbon (AC)-PMo1, [19], biochar carbon-PMo1; [20], rGO-PMo12-
PW1;, [21], micro-mesoporous carbon-PMoq, [22], AC-PW1, [23],
rGO-PMoW [24], multi-walled carbon nanotubes (MWCNTSs)-
PW1,.xMoy [25] and others [26—30]. Moreover, most of the depo-
sition of POM molecules on carbon substrates has been realized by
chemisorption technique, which is often described as strong and
irreversible bonding [31]. Consequently, this tunability behavior of
the POM oxidation and reduction states combined with the po-
tential for multiple electron transfer provides many opportunities
for engineering energy storage electrodes [15].

Herein, a new ternary energy system of PMA/Ag/microporous
carbon as efficient electrode material for supercapacitors was
designed, in which microporous carbon serves as carbon support
(contribution of EDLCs), PMA as redox additive (contribution of
pseudocapacitance), Ag as conducting agent (promotion of elec-
trical conductivity). The microporous carbons dual-modified by
PMA and/or Ag were characterized by a series of techniques such as
Raman, Brunauer-Emmett-Teller (BET), X-ray photoelectron spec-
trum (XPS) to reveal the variation tendency of pristine structures,
pore structures, and elemental species. Furthermore, the capacitive
behaviors of the PMA/Ag/microporous carbon hybrid were tested in
a three-electrode system and two-electrode system, respectively,
mainly including cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), Nyquist as well as the derivative specific capaci-
tance, Ragone plot, coulombic efficiency, reaction kinetics.

2. Experimental section

All chemicals were purchased from Sinopharm Chemical Re-
agent Company, except for the AC materials from Nanjing XFNANO
and used as received.

2.1. Typical procedure for synthesizing the carbon-Ag sample

The AC materials (1 g) was immersed into 25 mL AgNOj3 solution
(wt, 15%) for 12 h at ambient condition, then filtered and dried at
110 °C for 6 h. Next, the above powder precursor was transferred
into a porcelain boat. After flowing with N, for 30 min, it was
further heated up to 600 °C at a rate of 4°C min~! and maintained
for 2h under N, flow in a horizontal tube furnace. After being
cooled to room temperature, the carbon-Ag sample was obtained.

2.2. Typical procedure for synthesizing the carbon-Ag-PMA sample

The above carbon-Ag sample (0.5 g) was immersed into 25 mL
PMA (H3PMo12049) solution (20mmolL~!) for 12hat ambient
condition, then filtered and dried at 110 °C for 6 h, obtaining the
carbon-Ag-PMA sample. Note that there exists spontaneous and
strong physic- and chemi-sorption between carbon and PMA,
resulting in quick formation of carbon-Ag-PMA composite [32].

3. Results and discussion
3.1. Structural characterization

Towards the Carbon-blank, Carbon-Ag, Carbon-Ag-PMA sam-
ples, Raman spectra that are particularly sensitive to carbon mi-
crostructures were firstly employed to characterize their pristine
structures together with the minor variation between them.
Generally speaking, Raman spectrum for carbons is basically
deconvoluted into D and G bands. But Sadezky et al. reported the
first-order Raman bands and vibration modes for soot and graphite,
in which five bands of G, D1 (D), D2 (D/), D3 (D//), and D4 (1) are
presented within the wavenumber scope of 800—2000 cm™~' [33].
Fig.1 indicates typical Raman spectra of the Carbon-blank, Carbon-
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Fig. 1. Raman spectra of the Carbon-blank, Carbon-Ag, Carbon-Ag-PMA samples.

Ag, Carbon-Ag-PMA samples when designating the wavenumber
from 500 to 3500 cm ™~ . With the help of Lorentzian fitting of multi-
peaks, all of the present samples can be deconvoluted into four
distinctive bands generally positioned at 1213, 1358, 1518, and
1622 cm™, respectively. In details, the peaks at 1358, and
1622 cm~! are ascribed into D (A1g symmetry) and G (Ezg sym-
metry) bands, respectively; the one at 1213cm™! attributes to
disordered graphitic lattice and the one at 1518 cm™! reveals the
amorphous feature of carbons [33]. Apparently, these carbon
samples qualitatively indicate amorphous nature with low degree
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of graphitization.

For further analyze the carbon feature in a quantitative manner,
we used the formula: Ip/Ig = C)/L,, where Ip/Ig is the intensity of the
D peak to that of the G peak, Gy usually as 4.4 nm, and L, denotes the
graphitic in-plane microcrystallite size [34]. The Ip/I of the Car-
bon-blank, Carbon-Ag, Carbon-Ag-PMA samples are of 1.45, 1.38,
and 1.64, and the resulting L, can be calculated as 3.03, 3.19, and
2.68 nm, respectively. It is thereby inferred that the incorporation
of Ag and/or PMA has to some extent exerted impacts on the carbon
microstructures.

Carbon porosity is another crucial factor that quite affects the
electrochemical behaviors of supercapacitors. The pristine Carbon-
blank sample without further treatment exhibits type-I isotherm,
as shown in Fig. 2a, typically indicating the predominant presence
of micropores within carbon matrix according to the International
Union of Pure and Applied Chemistry (IUPAC) classification.
Moreover, this microporous nature is further evinced by the cor-
responding pore size distribution (PSD) result, as depicted in
Fig. 2b, where the Carbon-blank sample almost entirely falls into
the scope of micropores with representative peaks at 0.78, 0.97 and
1.22 nm, respectively. Accordingly, the Carbon-blank sample
shows large BET surface area of 2269 m? g~ !, high pore volume of
0.41 cm® g~ ! and average pore width of 1.18 nm, as given in Table 1.

When further incorporating the Carbon-blank sample with Ag
substance, the Carbon-Ag sample comes into being. However, its
porosity is anticipitated to decline to a certain extent because some
carbon pores probably are blocked by Ag nanoparticles. As a
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Fig. 2. The Carbon-blank, Carbon-Ag, Carbon-Ag-PMA samples: (a) N, adsorption-
desorption isotherms; (b) Pore size distribution curves.

consequence, the volume adsorbed of the Carbon-Ag sample has
decreased as shown in Fig. 2a, compared to the Carbon-blank
sample. Indeed, the BET surface area of the Carbon-Ag sample has
reduced to be 2087 m?g~!, and pore volume to be 0.25cm’>g~,
although the PSD profile has not changed dramatically (in Fig. 2b).

Yet, the Carbon-Ag-PMA sample that further adding PMA sub-
stance into the Carbon-Ag sample has achieved much lower BET
surface area of 847m?g~!, and pore volume of 0.15cm’g~’,
accompanying with the obvious change of PSD result, as shown in
Fig. 2 and Table 1. The reason is perhaps due to the fact that PMA is
more inclined to be adsorbed in microporosity as a consequence of
a greater confinement in this kind of pores [16]. To all appearances,
the incorporation of Ag and/or PMA has greatly modulated the
porosity of the present microporous carbon materials.

The Carbon-blank, Carbon-Ag, Carbon-Ag-PMA samples were
further tested by XPS technique to investigate the elemental com-
positions, electronic states etc. Fig. 3a displays the contrast XPS
survey spectra of these samples with binding energy scoping from
0 to 1300 eV. In details, the Carbon-blank sample indicates obvious
C 1s and O 1s peaks at ca. 283.5 and 533.6 eV, respectively, whilst
one additional minor peak at 373.4eV assigned to Ag 3d occurs
concerning the Carbon-Ag sample. As for the Carbon-Ag-PMA
sample, extra peaks indexed as P 2p and Mo 3d also emerge in its
own survey spectrum.

Next, more elaborative XPS analysis of the Carbon-Ag-PMA
sample was carried out. Fig. 3b reveals the core-level C 1s spectrum
and four different peaks are basically deconvoluted by XPS PEAK
software. They are located at ca. 284.8, 286.7, 288.5, and 291.0 eV,
which are approximately vested in C—C/C=C, C—0, —CO0O/C=0,
and m—7t¥, respectively [35]. With respect to core-level Ag 3d peak,
as shown in Fig. 3¢, it can be fitted into two isolated peaks at 368.5
and 374.6 eV, which attribute to Ag 3ds; and Ag 3d3;, respectively
[36,37]. Besides, the core-level XPS spectrum of Mo 3d for the
Carbon-Ag-PMA sample in Fig. 3d shows two pairs of peaks at the
binding energies of 233.0 and 236.2 eV, respectively. These peaks
correspond to Mo 3ds; and Mo 3d3)2, suggesting that molybdenum
is in the VI oxidation state [21]. Regarding the core-level P 2p, it is
centered at ca. 134.1 eV, primarily assignable to P—O bond [12].

In addition, the atomic contents of C, O, Ag and Mo from XPS
analysis concerning the Carbon-blank, Carbon-Ag, Carbon-Ag-
PMA samples are listed in Table 2. Furthermore, based on mass
fraction, the contents of Ag towards the Carbon-Ag, Carbon-Ag-
PMA samples are ca. 2.25% and 3.94%, respectively, whilst that of
PMA of the Carbon-Ag-PMA sample are ca. 18.26%.

The intrinsic structures of the Carbon-blank, Carbon-Ag, Car-
bon-Ag-PMA samples were tested by techniques of HRTEM
together with elemental mapping and the resulting images are
vividly depicted in Fig. 4. The HRTEM images in Fig. 4 a-b have
indicated the fact regarding the Carbon-blank sample that the as-
received activated carbon (abbr. AC) materials are basically
composed of irregular carbon blocks, visibly exhibiting micropo-
rous features also with low degree of graphitization. Besides,
mappings of C/O elements of the Carbon-blank sample are also
apparent, as displayed in Fig. 4c.

With respect to the Carbon-Ag sample, the occurrence of Ag
nanoparticles (10—30 nm in sizes) coexistent with carbon materials
is clearly discerned in Fig. 4 d-e. Furthermore, the HRTEM image as
well elemental mapping s in Fig. 4g obviously reveal uniform dis-
tribution of C/O/Ag species has emerged. Fig. 4h shows the typical
HRTEM image of Ag nanoparticle taken from the hybrid of AC/Ag, in
which there exists overt fringe lattices of ~0.24 nm, primarily
indexed as {111} crystal planes of Ag (JCPDS 04—0783). Besides, the
existence of silver also was clarified by XRD pattern of the Carbon-
Ag-PMA sample, as depicted in Fig. S1. Moreover, as for the case of
Carbon-Ag-PMA, the corresponding HRTEM and elemental
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Table 1

Summary of the pore structures of the carbon materials.
samples BET surface area/m? g~! Total pore volume/cm® g~! Pore width/nm
Carbon-blank 2269 0.41 1.18
Carbon-Ag 2087 0.25 1.17
Carbon-Ag-PMA 847 0.15 1.31

(a) Cls Ols

Mo3d
n
= g3d
g -
Ols
S -92 Cls
1P lcis (o1s
i PS——
—— Carbon-blank

) PR —— Carbon-Ag
Carbon-Ag-PMA

0 200 400 600 800 1000 1200 1400

Binding energy / eV
Ag 3ds)2
1 () \ | carbon-Ag-PMA

2 g |
= s |
3 3

& QO A

280 284 288 292 29 360 365 370 375 380

Binding energy / eV

Carbon-Ag-PMA

11 P2p

Counts

Counts
1 g 1
—_——
—

230 232 234 236 238 240 242 125 130 135 140 145
Binding energy / eV Binding energy / eV
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Table 2

The atomic contents (%) of C, O, Ag and Mo from XPS analysis.
samples C (e] Ag P Mo
Carbon-blank 93.30 6.70 / / /
Carbon-Ag 94.05 5.69 0.26 / /
Carbon-Ag-PMA 89.71 6.11 0.55 1.12 2.51

0.24 nm

0.24 nm /\/

1009

adsorbed in microporosity [16]. Taking into the above consider-
ation, schematic illustration for the structure of microporous car-
bon/Ag/PMA hybrid is given in Fig. 5a, including the probable
avenues for electron/electrolyte ion transportations. Note that
there exist abundant minor Ag nanoparticles, which makes it
possible for the contact each other. And given on this kind of close
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77
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Fig. 4. HRTEM and elemental mapping images of the samples: (a—c) Carbon-blank; (d—h) Carbon-Ag; (i—j) Carbon-Ag-PMA.

mappings become more interesting, as given in Fig. 4 i-j. In
particular, the mappings of C/O/Ag/P/Mo have distributed very
uniformly, thus strongly proving the coexistence of these elements
within the Carbon-Ag-PMA sample.

3.2. Electrochemical measurements

In present work, based on Raman result shown in Fig. 14, it is
seen that the microporous carbon is in amorphous status and can
contribute EDLCs as well. Therefore, to improve its electrical con-
ductivity as well as cycling stability, certain amount of Ag substance
was commonly incorporated, such as the cases of graphene/silver
nanowires [9], and graphene-silver nanoparticles-polypyrrole
nanocomposite [11]. On the other side, judged from Table 1, the
porosity has just slightly decreased after the addition of Ag to
microporous carbon materials, hence indicating that most of the as-
produced present Ag nanoparticles are not located in the interior of
micropores but uniformly distributed throughout the carbon ma-
trix (as in details revealed in Fig. 4). Nevertheless, as reported
before, PMA that contributes pseudo-capacitances prefers to be

contacting, electronic conductivity has been improved to some
extent [11]. Regarding the pseudo-capacitive PMA, its unit structure
is also presented in Fig. 5b. Distinctly, this kind of ternary structure
of microporous carbon/Ag/PMA hybrid could deliver superior
electrochemical performance for supercapacitor applications.
Electrochemical performance of the Carbon-blank, Carbon-Ag,
Carbon-Ag-PMA samples was firstly tested in a three-electrode
configuration using 1 mol L~! H,S04 solution as aqueous electro-
lyte. Fig. 5a indicates the comparative CV curves at the scan rate of
20mVs~! when designating the potential window as —0.6—0.6 V.
The CV profile of the Carbon-blank sample in Fig. 6a is approximate
to the ellipse, to a large extent deviated from standard rectangle
that usually implies the ideal EDLCs for carbon-based super-
capacitors. Evidently, the amorphous nature together with surface
functionalities of the Carbon-blank sample makes it far from ideal
one. To largely ameliorate the pristine carbon materials, certain
mass of Ag substance was incorporated, leading to the formation of
the Carbon-Ag sample. As a result, the corresponding CV profile has
obviously improved to be nearly rectangular in shape, as shown in
Fig. 6a. And the integral CV area of the Carbon-Ag sample has also
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Fig. 5. (a) Schematic illustration for the structure of microporous carbon/Ag/PMA hybrid; (b) Unit structure of PMA.

enlarged than that of the Carbon-blank sample, revealing the
augment of specific capacitance primarily owing to the increase of
electrical conductivity [36,37]. As for the case of the Carbon-Ag-
PMA sample assisted with redox active PMA, its CV profile turns to
be the largest one in area, and several pairs of redox peaks also
emerge in the potential range of —0.6—0.6 V, as clearly depicted in
Fig. 6a. Consequently, it is inferred that, concerning the Carbon-Ag-
PMA sample, although the incorporation of PMA causes the BET
surface area and pore volume decreasing (commonly resulting in
the drop of EDLCs), the pseudo-capacitive contribution of PMA has
greatly made up for the total capacitance. That is why the Carbon-
Ag-PMA sample delivers the largest CV result.

What is worth paying attention to is the redox behaviors of PMA
within the hybrid of carbon/Ag/PMA in aqueous H,SO4 electrolyte.
As well reported, PMA usually exhibits three pairs of small
reversible redox peaks corresponding to the three two-electron
transfer reactions of the PMo12 species under various circum-
stances, such as potential window of —0.3—0.8V in 1 M H,SO4 or
[Bmim]HSO4 [38], potential window of —0.2—1 Vin 1 M H2S04 [19],
potential window of —0.2—0.8V in 1 MH;SO4 [18,20]. And the
proposed redox reactions of PMA are given in the following equa-
tions [39]:

PMo1,035 + 2e~ + 2H" < H,PMo¥ Mo¥! 035 (M
HyPMoYMo¥035 + 2e~ + 2H" < HyPMoY Mo} 035 (2)
H4PMo¥MoY!03y + 2e~ + 2H* < HgPMo¥ Mol 03y 3)

Thus, the use of PMA as a redox-active component in carbon/Ag/
PMA hybrid material provides not only an added faradaic contri-
bution to the total capacitance within the electrode, but also a large
potential beyond the traditional one (~1.0V for aqueous HSO4
solution) which allows an increase of the range of stability sub-
stantially with respect to the pristine activated carbon electrode.

Fig. 6b shows the contrastive GCD curves of the Carbon-blank,
Carbon-Ag, Carbon-Ag-PMA samples at a charging-discharging
current density of 2 A g~! with a potential window of —0.6—0.6 V.
From the viewpoint of outlines, the Carbon-blank sample has to
large extent deviated from ideal triangle, whereas the other sam-
ples show better triangular shapes. And also the GCD tendency in

Fig. 6b is almost the same as CV results in Fig. 6a. On the other hand,
the IR drop at the turning point of charge-discharge indicates the
energy loss due to the internal resistance [40]; the inset in Fig. 6b
show that the IR drop clearly decreases by the incorporation of Ag
and/or PMA, and the Carbon-Ag-PMA sample exhibits the smallest
one, revealing its lowest internal resistance.

Nyquist plots of the Carbon-blank, Carbon-Ag, Carbon-Ag-PMA
samples are displayed in Fig. 6c. Among these samples, the Carbon-
Ag-PMA sample has the smallest equivalent series resistance (ESR),
the lowest inconspicuous arc in the high frequency region together
with the most vertical shape at lower frequencies, well indicating
its superior capacitive behaviors such as the least electronic resis-
tance and shortest ion diffusion etc [41]. On the contrary, the
Carbon-blank sample possesses the worst Nyquist performance.
Notably, it is also apparent to us that the variation tendency of
Nyqusit is quite similar to the IR drops highlighted in Fig. 6b.

Fig. 6d shows the specific capacitance versus current density
when tested in a three-electrode configuration. Basically, the
capacitance sequence is as follows: Carbon-Ag-PMA > Carbon-
Ag > Carbon-blank. At a fixed current density of 1A g1, the spe-
cific capacitances are of 113.9, 154.2, and 182.3 Fg~, respectively,
towards the Carbon-blank, Carbon-Ag, Carbon-Ag-PMA samples,
respectively. Next, we calculated their capacitance retention (rate
capability) at the current density of 10,15 and 20 A g, respectively,
and the histogram of results is depicted in Fig. 6e. On the whole, the
Carbon-Ag-PMA sample exhibits the best capacitance retention
whereas the Carbon-blank sample does the worst, no matter how
much the current density is.

Coulombic efficiency is another important factor with which
charge (electrons) is transferred in a system facilitating an elec-
trochemical reaction. For ideally linear galvanostatic charge/
discharge (GC/GD) curves, we can directly use the charging and
discharging time. But, for most of the cases, the GCD plots are non-
linear in shapes (coulombic efficiency is sometimes named with
energy efficiency), and thereby it should be calculated by the in-
tegral current area under the GD and GC curves [42,43]. Coulombic
efficiency of the Carbon-blank, Carbon-Ag, Carbon-Ag-PMA sam-
ples at the current density of 1Ag~! are calculated to be 55.7%,
86.9% and 91.7%, respectively, as revealed in Fig. 6f. As a conse-
quence, incorporating Ag and PMA into microporous carbon ma-
terials has indeed improved the coulombic efficiency.
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Next, a two-electrode test cell configuration was used for the
Carbon-blank, Carbon-Ag, Carbon-Ag-PMA samples because it
provides the most accurate measure of a material's performance for
supercapacitors [44]. Fig. 7a indicates the contrast CV curves at the
scan rate of 20 mV s~ ! when fixing the potential window of 0—1.2 V.
From the viewpoint of integral CV area, the sequence is as follows:
Carbon-blank < Carbon-Ag < Carbon-Ag-PMA, quite consistent
with that measured in a three-electrode configuration (Fig. 6a).
Analogously, the sequence of IR drop of GCD results in Fig. 7b is also
equal to the one in Fig. 6b.

Furthermore, in terms of the calculation from GCD curves in
Fig. 7b, specific capacitances versus current densities are achieved
and displayed in Fig. 7c. On the whole, the Carbon-Ag-PMA sample
delivers the largest specific capacitances while the Carbon-blank
indicates the smallest ones. For example, the specific capacitances

obtained at the current density of 1Ag~! are of 63.6, 89.9, and
113.4F g™, respectively, towards the Carbon-blank, Carbon-Ag,
Carbon-Ag-PMA samples. Besides, based on the capacitance data
in Fig. 7c, the capacitance retention (rate capability) versus current
density is also given, as shown in Fig. 7d. It is generally revealed
that incorporating Ag and/or PMA into carbon matrix has largely
elevated the capacitance retention. For instance, the amplification
of the Carbon-Ag, Carbon-Ag-PMA samples has reached up to
18.3% and 7.4%, respectively, when fixing the current density of
10 Ag~'. Moreover, what is noteworthy to us is that enhancing the
current density always leads to the decrease of capacitance reten-
tion, as indicated in Figs. 6e and 7d. This point is incurred by the fact
that ion diffusivity becomes a limiting factor at high current (high
power) because regions where ions fail to diffuse increase, hence
resulting in a decrease in capacitance [45]. With regard to
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coulombic efficiency, it also exhibits incremental trend for the
Carbon-blank, Carbon-Ag, Carbon-Ag-PMA samples, as shown in
Fig. 7e.

Ragone plot illustrating the function of energy density and po-
wer density has been extensively used for performance comparison
of various energy-storing devices. Conceptually, energy density
describes how much energy is available, while power density
shows how quickly that energy can be delivered [46,47]. Fig. 7f
indicates the Ragone profiles (energy density vs. power density)
and the sequence of energy densities among these samples is also
the same as specific capacitances. For example, the energy densities
of the Carbon-blank, Carbon-Ag, Carbon-Ag-PMA samples are of
3.18, 4.50, and 5.68 Wh kg~ ! when measured at the power density
of 500W kg~'. The present Carbon-Ag-PMA sample delivers su-
perior energy density compared with the ones reported such as Ag
NWs/3D-graphene foam/OMC (energy density of 45Wh kg~ ! at a

power density of 250 W kg~ 1) [9].

In addition, specific capacitance (Cs) as well as the increase fold
obtained in a two-electrode configuration is summarized in Table 3.
As far as increase fold is concerned, the present Carbon-Ag-PMA
sample exhibits superior performance of 1.91, which is much larger
than most of the reported ones, primarily owing to the present
synergistic effect of Ag (increasing electronic conductivity) and
PMA (increasing pseudo-capacitive contribution).

In a two-electrode configuration, the Carbon-blank, Carbon-Ag,
Carbon-Ag-PMA samples were tested concerning the cycling sta-
bility that also are crucial issue for supercapacitor application. As
indicated in Fig. 8a, their capacitances remain up to ca. 89.14%,
94.06% and 76.62%, respectively, within 5000 charging-discharging
times. Clearly, the incorporation of Ag into pristine microporous
carbon material has to some extent elevated the cycling stability
owing to the enhancement of electrical conductivity; however,
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Table 3
Specific capacitance (Cs) as well as the increase fold obtained in a two-electrode configuration.
Electrode material Electrolyte Redox additive Current density Cs before addition Cs after addition Increase fold Ref.
AC 1M H,S04 PMA 6 mA cm 2 225 mFcm 2 293 mFcm 2 1.30 13
SWCNT 1M H,S04 TBA-PV2Mo010 1mAcm—2 151 mFcm 2 224 mFcm 2 1.48 14
graphene 1M H,S04 PMA 1Ag™! 95Fg~! 123Fg~! 1.30 15
AC 1M H,S04 PMA 2Ag! 35Fg™! 45Fg! 129 16
AC 1M H,S04 PTA 2mVs~! 185Fg™! 254Fg~! 137 20
AC 1M [Bmim]HSO, PMA 1mvVs! 126Fg! 223Fg™! 1.76 38
AC 1M H,S04 PMA 1Ag! 63Fg! 114Fg! 1.91 Present work
10043 o 14
@190 neaggggggeee o o o o o[ !
—_ -8 89]14% 124 .
X 80 —=— 15"-Carbon-blank /
< 76182% 10— 5000™-Carbon-blank
g 15! -Carbon-Ag
= 60 g gl 5000t_carbon-Ag
g 5 15t.Carbon-Ag-PMA
3 = 6l 5000"-Carbon-Ag-PMA
& 40 <
@ —#— Carbon-blank N:
5 —@— Carbon-Ag 4+
= 20 Carbon-Ag-PMA
k) 24
g.
< ; ; ; : ; ‘ 0- r ; ; ; ;
© 0 1000 2000 3000 4000 5000 2 4 6 8 10 12 14
Cycle Number Z' / ohm
0.6 T (d) 0.251 —=a— Carbon-blank
© —#— Carbon-blank /'V”“h —e— Carbon-Ag
0.5 @ - Carbon-Ag 0.20 "' N Carbon-Ag-PMA
'“.. Carbon-Ag-PMA
04 R & 0.151
~
=03 % s
o 4 Q 0.10
0.2 N
0.05
0.1
004 | TTeeeasllese. - VU RRIEY 0.00 -
0.01 0.1 10 0.01 0.1 10

f/Hz

f/Hz

Fig. 8. The Carbon-blank, Carbon-Ag, Carbon-Ag-PMA samples tested in a two-electrode configuration: (a) Cycling stabilities within 5000 times; (b) Nyquist plots of the 1st and
5000 cycles; and evolution of (c) real and (d) imaginary part of capacitance versus frequency.

further adding PMA leads to the decrease of cycling stability pri-
marily due to the irreversibility/instability of PMA itself.

Fig. 8b demonstrates the typical Nyquist plots of the 1st and
5000t cycle regarding the Carbon-blank, Carbon-Ag, Carbon-Ag-
PMA samples. From the inconspicuous arc in the high frequency
region as well as the vertical shape at low frequency, the Carbon-
Ag, Carbon-Ag-PMA samples exhibit better Nyquist behaviors
compared with the pristine Carbon-blank sample. In addition,
Fig. 8c and d reveals the evolution of real and imaginary part of
capacitance versus frequency, respectively. In Fig. 8c, the real part of
the complex capacitance (C) depends on the electrode structure
and electrode/electrolyte interface. And the sequence of C is as
follows: Carbon-Ag-PMA > Carbon-Ag > Carbon-blank.

As for imaginary part, as indicated in Fig. 8d, the capacitance C’
as a function of frequency corresponds to the dielectric loss of the
electrolyte occurring during rotation or movement of the molecules
of solid electrolyte [48]. Typically, the three profiles go through a
maximum at a particular frequency fy. This frequency represent the
dielectric relaxation time by the equation tg=1/fy, revealing the
time taken by the supercapacitor to reach half of the low frequency
capacitance [49]. Here, the fy data for the Carbon-blank, Carbon-
Ag, Carbon-Ag-PMA samples are of 0.017, 0.044, and 0.084 Hz,

hence resulting in ty data of 58.82, 22.73, and 11.90 s, respectively,
basically complying with the Nyquist results in Fig. 8c.

4. Conclusions

In summary, a new energy system of microporous carbon/Ag/
PMA as efficient electrode hybrid material has been developed for
supercapacitors, which leads to the contribution of EDLCs, electrical
conductivity and pseudocapacitance, respectively.

The dual incorporation of Ag and PMA into microporous carbon
materials has largely modulated the pore structures as well as the
resulting capacitive behaviors, including the decrease of surface
area and pore volume, and the enhancement of specific capaci-
tance, rate capability and coulombic efficiency but drop of cycling
stability.

For the microporous carbon/Ag/PMA electrode hybrid material,
it produces large energy density of 5.68 Wh kg~! at the power
density of 500Wkg~!, which is almost 1.80 fold of pristine
microporous carbon. It is bright spot, beyond most of the scientific
reports.

The present hybridization of polyoxometalate, carbon materials
as well as conducting agent could be easily extended to other
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substances, providing an alternative electrode material for high
performance supercapacitors.
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