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1. Introduction

Design and fabrication of efficient, low-cost, and sustainable 
electrochemical energy storage devices are of grand importance 
to meet the future demand for greener energy to mitigate global 
warming.[1–3] Among them, aqueous supercapacitors (SCs) have 
received tremendous attention, especially in grid-scale applica-
tions, due to the merits of low cost, environmental benignity, 
nonflammability, high power density, and ultralong lifespan 

Asymmetric supercapacitors (ASCs), employing two dissimilar electrode 
materials with a large redox peak position difference as cathode and anode, 
have been designed to further broaden the voltage window and improve the 
energy density of supercapacitors. Organic molecule based electrodes can be 
constructed by combining redox-active organic molecules with conductive 
carbon-based materials such as graphene. Herein, pyrene-4,5,9,10-tetraone 
(PYT), a redox-active molecule with four carbonyl groups, exhibits a four-
electron transfer process and can potentially deliver a high capacity. PYT is 
noncovalently combined with two different kinds of graphene (Graphenea 
[GN] and LayerOne [LO]) at different mass ratios. The PYT-functionalized 
GN electrode (PYT/GN 4–5) possesses a high capacity of 711 F g−1 at 1 A g−1 
in 1 M H2SO4. To match with the PYT/GN 4–5 cathode, an annealed-Ti3C2Tx 
(A-Ti3C2Tx) MXene anode with a pseudocapacitive character is prepared 
by pyrolysis of pure Ti3C2Tx. The assembled PYT/GN 4–5//A-Ti3C2Tx ASC 
delivers an outstanding energy density of 18.4 Wh kg−1 at a power density 
of 700 W kg−1. The PYT-functionalized graphene holds great potential for 
high-performance energy storage devices.
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(>105 cycles).[4–6] However, the working 
voltage window of aqueous electrolyte 
energy storage systems is always narrow 
due to the limitation of water thermody-
namic decomposition voltage (≈1.23  V).[7] 
Furthermore, the low operation voltage 
results in inferior energy density, because 
the energy density (E) is mainly deter-
mined by the working voltage (V) and 
the specific capacitance of electrode (C) 
according to the formula E  = 1/2CV2.[8–10] 
Fortunately, the fabrication of aqueous 
asymmetric supercapacitors (ASCs), 
employing two dissimilar electrode mate-
rials with a large redox peak position 
difference as cathode and anode, can 
effectively suppress the thermodynamic 
limitation of water molecules[11] and take 
the advantages of well-matched paired 
electrodes working potential to widen the 
operating voltage window, providing an 
opportunity to improve the energy den-
sity.[12] Therefore, the search for cost-effec-

tive, high capacity of advanced cathode and anode materials for 
ASCs has garnered the spotlight of worldwide research.

Currently, carbon-based electrode materials (e.g., graphene, 
carbon nanotubes, carbon quantum dots, etc.), as typical 
capacitive-type electrodes, have dominated the commercial 
SCs market.[13–17] Despite the satisfactory power density origi-
nating from the typical physical adsorption/desorption of 
ions, carbonaceous materials are still suffering from insuf-
ficient energy density (<10  Wh kg−1) due to the lack of elec-
troactive groups.[18] By contrast, pseudocapacitive materials  
such as metal oxides (e.g., RuO2,[19,20] MnO2,[21] MoO2,

[22] 
etc.[23]), conductive polymers (e.g., polyaniline[24] and polythio-
phene[25]) and small organic molecules (e.g., hydroquinone,[26] 
p-phenylenediamine,[27] and 3,4,5-trihydroxybenzamide[28]), 
can undergo fast faradaic redox reactions occurring at or near 
the surface of electrodes, holding great potential for serving 
as advanced cathode materials in energy storage devices 
with high energy density and high power density simultane-
ously.[29,30] Among all the available pseudocapacitive materials, 
redox-active carbonyl-containing organic molecules (e.g., qui-
none, ketone, and carboxylate) have attracted much attention 
in ASCs for the features of relatively low-cost, chemical and 
structural diversity, rich oxidation/reduction conversion sites, 
and fast reaction kinetics.[31] However, the practical applica-
tion of these organic molecules in ASCs is still hindered by 
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the low electrical conductivity and the inevitable dissolution in 
the electrolyte during charge-discharge processes. To solve the 
aforementioned issues, grafting organic molecules on the sur-
face of carbon substrates via covalent or noncovalent strategies 
has been proven to be promising and effective.[32] Compared 
with covalent approaches, noncovalent interactions (e.g., π–π 
stacking) do not largely interrupt the π-conjugated system of 
the carbon backbone while insuring its high electrical con-
ductivity and structural stability.[33,34] Notably, compared with 
other carbon materials, graphene and its derivatives are widely 
investigated for its high conductivity, large surface area, supe-
rior capacitive performance, and ease of functionalization.[35–42] 
In addition, as a typical carbonyl-containing organic molecule, 
pyrene-4,5,9,10-tetraone (PYT) possesses four carbonyl func-
tional groups and shows a symmetrical conjugated structure, 
which can contribute to an excellent specific capacity and 
can guarantee the electrochemical stability during redox pro-
cesses.[43] Therefore, rational design and construction of PYT-
functionalized graphene cathode are expected to take advan-
tage of both the PYT molecules and graphene, resulting in an 
enhancement of the electrochemical performance.

In order to match with the PYT-functionalized graphene 
cathode, titanium carbide (Ti3C2Tx) MXene was selected as the 
anode, which can be attributed to the easy oxidation charac-
teristic at anodic oxidation potentials.[44–46] Moreover, Ti3C2Tx 
MXene offers tremendous competitiveness to serve as active 
materials for supercapacitors, in terms of a) metallic-like con-
ductivity, b) 2D lamellar structure, and c) a high capacitance 
under negative potentials based on pseudocapacitance mecha-
nism.[47–50] Hence, the fabrication of all-pseudocapacitive ASCs, 
employing PYT-functionalized graphene as the cathode and 
Ti3C2Tx MXene as the anode, provides an inspiration for the 
next-generation energy storage devices with high energy and 
power density.

In the present approach, the PYT molecules were combined 
with two different kinds of graphene (GN and LO) via non-
covalent interactions. The PYT-functionalized graphene shows 
excellent electrochemical performance due to π–π interactions 
between the two species, which can facilitate the charge transfer 
between the PYT molecules and the graphene nanosheets. As a 
result, the PYT/GN 4–5 electrode shows a high specific capacity 
of 711 F g−1 at 1 A g−1 in 1 M H2SO4. Additionally, the A-Ti3C2Tx 
anode shows a higher specific capacity of 431 F g−1 at 3 A g−1 than 
that of the pure Ti3C2Tx MXene anode (310 F g−1 at 3 A g−1). The 
assembled PYT/GN 4–5//A-Ti3C2Tx ASC delivers an outstanding 
energy density of 18.4 Wh kg−1 at a power density of 700 W kg−1.

2. Results and Discussion

2.1. Material Characterization of Composites

The surface morphology and microstructure of all the samples 
were characterized by SEM. The as-prepared PYT molecules 
show a nanorod structure and the 1H-NMR spectrum further 
verifies the high purity of the PYT molecules (Figure S1, Sup-
porting Information). As shown in Figure 1a, GN exhibits 
smooth, wavy, and pleated graphene sheets. With a large 
number of the PYT molecules being introduced (PYT/GN 8-1), 
ultrathin graphene nanosheets can be observed (Figure  1b), 
indicating that the presence of the PYT molecules does not 
destroy the structure of the graphene nanosheets. In addition, 
the PYT molecules, with a nanorod-like structure, stack on the 
surface of the GN (Figure 1b). As for the PYT/GN 4–5 electrode 
(Figure 1c), the graphene sheets still retain the structure. In con-
trast, the LO shows densely packed graphene sheets (Figure 1d) 
for its higher degree of reduction. As shown in Figure 1e,f, the 
PYT-functionalized LO electrodes (PYT/LO 4–5 and PYT/LO 
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Figure 1.  a–c) SEM images of GN, PYT/GN 8-1, and PYT/GN 4–5. d–f) SEM images of LO, PYT/LO 4–5 and PYT/LO 2–7.
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2–7) display a similar structure as the LO, with the PYT mole-
cules clearly seen in the PYT/LO 4–5 sample (Figure 1e).

Fourier-transform infrared (FT-IR) spectroscopy (Figure 2) 
was performed to further characterize the interaction between 
the PYT molecules and the graphene nanosheets. It can be seen 
that the commercial graphene (GN and LO) has no pronounced 
absorption peaks, indicating that the oxygen-related groups 
have been largely removed from the surface of the graphene 
sheets. In addition, the pure PYT molecules show characteristic 
absorption peaks at ≈1674 and ≈1273 cm−1, which can be attrib-
uted to the stretching of the C=O group and the bending of the 
C–H bonds, respectively. Interestingly, compared with the PYT, 
the vibration of the C=O group and the C–H bonds in the PYT/
GN 4–5 and the PYT/LO 4–5 composites shifts to a lower wave-
number, implying the existence of noncovalent π–π interactions 
between the PYT molecules and the graphene nanosheets.[51,52] 
Besides, the intensity of the absorption peaks for the PYT/
LO 4–5 is weaker than that of the PYT/GN 4–5 and even the 

absorption peaks of the PYT/LO 2–7 composites disappeared, 
owing to the confinement effect of the PYT molecules within 
the LO, that is, the dipole changes of the functional groups on 
PYT are largely suppressed.

X-ray photoelectron spectroscopy (XPS) was used to study 
the chemical compositions of the pure PYT molecules, the 
two graphene samples, and their composites. As illustrated 
in Figure S2, Supporting Information, the wide-scan survey 
spectra of all the samples show a major C1s peak and a distinct 
O1s peak. Apparently, the PYT molecules possess an O content 
of 18.1%, deriving from the four carbonyl groups (Table S1, 
Supporting Information). After the combination with the PYT 
molecules, the O content reaches 15.2% for the PYT/GN 4–5 
sample. In addition, the blank LO contains a low O content of 
3.2% for its high degree of reduction, indicating a higher elec-
trical conductivity (Table S3, Supporting Information). Due to 
the integration of the carbonyl groups, the PYT/LO 4–5 (6.4%) 
and the PYT/LO 2–7 (5.5%) composites demonstrate a larger O 
content. As shown in Figure 3a, the high-resolution C1s spectra 
of the PYT can be deconvoluted into two peaks located at the 
binding energies of 284.9 eV (C–C/C=C) and 287.4  eV (C=O), 
and the high-resolution C1s spectra of the GN and the PYT/
GN 4–5 show two additional peaks of C–O (285.7  eV) and O–
C=O (288.7 eV).[53,54] The corresponding O1s spectra of the PYT 
present only one peak at 531.9 eV, attributing to the C=O bond 
(Figure 3b). The O1s peak of the GN is deconvoluted into three 
significant peaks at 530.9, 532.05, and 533.5 eV, corresponding 
to the O–C=O, C=O, and C–O–C, respectively.[55] Compared 
with the pristine GN, the PYT/GN 4–5 demonstrates a higher 
percentage of the C=O bonds both in the C1s and the O1s 
spectra. Similarly, as displayed in Figure 3c and Figure 3d, the 
percentage of the C=O bonds of the electrodes for both the C1s 
and the O1s spectra follow the same trend: PYT/LO 4–5 > PYT/
LO 2–7 > LO. The above XPS spectra results can prove that the 
PYT molecules have been successfully immobilized onto the 
graphene nanosheets. Moreover, compared with the pure LO 
sample and the LO-based composites, the pure GN sample and 
the GN-based composites show a higher surface area (Table S4, 
Supporting Information), which can provide more active sites 
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Figure 2.  FT-IR spectra of GN, LO, PYT, PYT/GN 4–5, PYT/LO 4–5, and 
PYT/LO 2–7.

Figure 3.  XPS deconvolution of C1s and O1s of a,b) PYT, GN, PYT/GN 4–5, and c,d) LO, PYT/LO 4–5, PYT/LO 2–7.
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for the combination of the PYT molecules, shorten the ion dif-
fusion path, and improve the electrochemical performance.

2.2. Electrochemical Measurement of Cathode

The electrochemical performance of the as-obtained GN and 
the PYT/GN electrodes at different ratios were assessed via 
cyclic voltammograms (CV) and galvanostatic charge-discharge 
(GCD) in a three-electrode setup in a 1 M H2SO4 aqueous elec-
trolyte. Figure 4a shows the comparison of all the CV curves at 
10 mV s−1. Obviously, the GN exhibited a typical near-rectangle 
shape, suggesting that the electrical double-layer capacitive 
behavior dominates the charge storage process. After adding 
the PYT molecules, all the CV curves of the PYT/GN elec-
trodes display two pairs of distinctly reversible redox peaks 
switching at ≈0.23/0.17 and ≈0.37/0.30 (vs Ag/AgCl), which can 

be attributed to the redox reaction of the PYT (Figure S3, Sup-
porting Information).[56] Moreover, the symmetric PYT mole
cule, with four carbonyl redox centers, exhibits a four-electron 
transfer process, implying that a higher output capacity can be 
gained.[31,57] Actually, the PYT/GN 8-1 electrode, with a low con-
tent of the conductive graphene, presents a relatively small CV 
integrated area, suggesting the inferior electrochemical activity 
and the low energy storage capacity due to the poor electrical 
conductivity of the PYT molecules (Table S3, Supporting Infor-
mation). In addition, due to the lack of redox sites, the inte-
grated area of the CV curve for the pure GN electrode is also 
small, which is approximately equal to that of the PYT/GN 8-1 
electrode. After tuning the ratios between the PYT and the GN 
from 7-2 to 2–7, the PYT/GN 4–5 electrode with the optimized 
PYT:GN weight ratio of 4:5, shows the largest CV area, dem-
onstrating its much larger capacitance and an excellent energy 
storage capacity. The corresponding GCD profiles of all the 
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Figure 4.  Electrochemical characterizations of different electrodes in a three-electrode system. a) CV curves at 10 mV s−1 and b) GCD curves at 1 A g−1. 
c,d) CV curves at different scan rates and the corresponding GCD curves at various current densities of the PYT/GN 4–5 electrode. e) The specific 
capacity at various current densities and f) the relationship between peak current and scan rate.
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electrodes at a current density of 1 A g−1 are shown in Figure 4b. 
Compared with the triangle-like shape of the GCD curves of the 
pure GN electrode, all the PYT/GN electrodes exhibit symmet-
rical and curved triangles, further reflecting the pseudocapaci-
tive behavior of the composites.[58] In addition, the PYT/GN 4–5 
electrode also shows a higher capacitance than other electrodes 
due to its much longer discharge time. The excellent electro-
chemical performance is caused by the reasonable component 
design, which can take both the advantages and the synergy of 
the PYT molecules and the graphene nanosheets.

Figure  4c,d shows the CV curves at different scan rates 
(2–50 mV s−1) and the GCD curves under various current den-
sities (0.5–5 A g−1) of the optimized electrode (PYT/GN 4–5). 
With the increase of the scan rate, the oxidation and reduc-
tion peaks shift to more positive and more negative potentials, 
respectively, which can be attributed to the internal resist-
ance.[59] Moreover, even at a scan rate of 50 mV s−1, the shape 
of CV curves for the PYT/GN 4–5 electrode shows good pres-
ervation, indicating the high redox activity and good chemical 
reversibility of the PYT molecules within the composite elec-
trode.[18] Moreover, the GCD curves (Figure 4d) of the PYT/GN 
4–5 electrode display a nearly symmetrical shape at varying 
current densities, confirming the kinetic reversibility during 
the redox reaction in the PYT/GN 4–5 electrode.[60] The specific 
capacitance for all the electrodes can be calculated based on the 
GCD curves (Figure  4e). It is noted that, with the decrease of 
the mass ratio between the PYT and the GN from 8:1 to 4:5, 
the specific capacitance value increases monotonically. How-
ever, when the mass ratio is further reduced (PYT/GN 2–7), the 
specific capacitance decreases. The resulting PYT/GN 4–5 elec-
trode with an optimized weight ratio, exhibits a higher specific 
capacity of 733, 711, 695, 686, 679, and 673 F g−1 at 0.5–5 A g−1, 
respectively, which is considerably higher than that of the other 
electrodes. Besides, even at a current density of 5 A g−1, the 
PYT/GN 4–5 electrode delivers a high specific capacity retention 
ratio of 91.5%, demonstrating its excellent rate performance. As 
shown in Figure S6, Supporting Information, the PYT/GN 4–5 
electrode can retain 106.8% of the initial specific capacity after 
5000 cycles at a current density of 10 A g−1, indicating that the 
introduction of graphene can improve the stability of the hybrid 
electrode.

The charge storage mechanism of the PYT/GN 4–5 elec-
trode can be further investigated via the relationship of scan 
rate (v) and peak current (i) as the following equation: i = avb 
(log(|i|) = blog(v) + log(a)). The b-value can be determined from 
the slope of log(|i|)-blog(v) plots (Figure  4f). If b  = 1, surface-
controlled reaction dominates the energy storage process. If b = 
0.5, the process is diffusion-controlled.[51] Herein, the b-values 
of the redox peaks are 0.90, 0.95, 0.95, and 0.86, which are 
very close to 1, indicating the surface-controlled reaction is the 
main charge storage process within the PYT/GN 4–5 electrode. 
Furthermore, the surface-controlled contribution of the total 
current at 20 mV s−1 is ≈88.8% (Figure S7, Supporting Informa-
tion), further confirming that the pseudocapacitance dominates 
the charge storage process in the PYT/GN 4–5 hybrid electrode.

For comparison, the other type of reduced graphene oxide 
with a higher degree of reduction (LO),[61] was also introduced 
into the PYT-based composite electrodes to further explore 
how different source of graphene affects the electrochemical 

performance of the composites. The electrochemical proper-
ties of the LO and the PYT/LO electrodes at different ratios are 
displayed in Figure 5. Notably, the CV area and the discharge 
time of the bare LO are relatively small (Figure 5a,b), implying 
a negligible capacity contribution. With the decrease of the 
mass ratio between the PYT and the LO from 8:1 to 2:7, the 
CV area and the discharge time of the composite electrodes 
are monotonously increasing, suggesting the enhancement 
of redox activity and the excellent energy storage capacity. As 
shown in Figure  5c, the shape of CV curves for the PYT/LO 
2–7 electrode shows good preservation. The redox peaks of the 
PYT/LO 2–7 electrode are sharper than that of the PYT/GN 4–5 
electrode, indicating the redox reaction of PYT molecules still 
dominates the charge storage process. The specific capacitances 
of all the electrodes (Figure 5e) can be calculated based on the 
GCD curves (Figure  5d and Figure S8, Supporting Informa-
tion). The PYT/LO 2–7 electrode exhibits a specific capacity of 
339, 331, 324, 320, 318, and 316 F g−1 at 0.5–5 A g−1, respec-
tively. In addition, the PYT/LO 2–7 electrode delivers excellent 
capacitance retention (around 98.5%) after 5000 cycles at a cur-
rent density of 10 A g−1, indicating the excellent stability of the 
hybrid electrode and further confirming the good interaction 
between the PYT and the LO (Figure S10, Supporting Informa-
tion). Moreover, the b-values of the redox peaks are 0.82, 0.92, 
0.82, and 0.89 (Figure 5f), which are close to 1, indicating the 
surface-controlled reaction is the main charge storage process 
within the PYT/LO 2–7 electrode.

Electrochemical impedance spectroscopy (EIS) of GN, LO, 
PYT/GN 4–5, PYT/GN 2–7, PYT/LO 4–5 and PYT/LO 2–7 is 
displayed in Figure S12a, Supporting Information with the cor-
responding equivalent circuit (Figure S12b, Supporting Infor-
mation) to further understand the energy storage mechanism. 
Obviously, in the low-frequency region, all the electrodes show 
a nearly vertical line, indicating the low ionic (H+) diffusion 
impedance and good capacitive behavior.[62] In addition, the 
interception on the x-axis in the high-frequency region repre-
sents the ohmic resistance (Rs), including the contact resist-
ance between active materials and carbon paper substrate, the 
intrinsic resistance of active materials, and the ionic resistance 
of electrolyte.[60] As shown in the fitting results (Table S2, Sup-
porting Information), the Rs values of the PYT-based composites 
are relatively larger than the pure graphene (LO and GN) due to 
the poor electrical conductivity of the PYT molecules. Further-
more, the diameter of the semicircle in the middle-frequency 
region corresponds to the charge-transfer resistance (Rct), 
reflecting the charge-transfer kinetics at the electrolyte-electrode 
interface.[63] Compared with the pure GN (0.96 Ω) and the pure 
LO (1.99 Ω) electrodes, the composite electrodes show smaller 
Rct values, demonstrating a faster ion transfer process which 
may attribute to the improved wettability at the electrolyte-
electrode interface.[64] The EIS results show that the constructed 
PYT-functionalized graphene electrodes display excellent elec-
tron/ion transport kinetics, which favors improving the elec-
trochemical performance of the composite electrodes. Besides, 
compared with the PYT/LO-based electrodes, the PYT/GN com-
posite electrodes possess much better electrochemical perfor-
mance (Table S5, Supporting Information), due to the modest 
O content, the high surface area, and the synergy between 
the PYT molecules and the GN. Moreover, the as-obtained 
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PYT/GN 4–5 electrode offers tremendous competitiveness for 
energy storage compared with the previously reported organic 
molecule-based electrodes (Table S6, Supporting Information). 
The superior electrochemical performance of the PYT/GN 4–5 
electrode results from the well-designed mass ratio between 
the PYT molecules and the GN, which can be attributed to the 
following reasons: 1) The introduction of GN can significantly 
improve the electronic conductivity of the composite electrodes 
and facilitate the redox reactivity of the PYT molecules; 2) The 
PYT molecules can effectively suppress the restacking and the 
aggregation of the graphene nanosheets, ensuring the rapid ion 
conduction and transport; 3) The reasonable component design 
of the PYT/GN 4–5 electrode can take both the advantages and 
the synergy between the PYT molecules and the GN; 4) The 
π−-π interactions between the redox-active PYT molecules and 
the GN, can improve the stability and rate performance of the 
hybrid electrode.[65]

2.3. Characterization and Electrochemical Performance of Anode

In order to match with the PYT/GN 4–5 cathode, the A-Ti3C2Tx 
MXene was obtained after further calcination of the pure 
Ti3C2Tx MXene under an inert argon atmosphere. After etching, 
the Ti3C2Tx MXene shows a typical 2D sheet-like structure 
(Figures S13 and S14, Supporting Information), indicating the 
high exfoliation degree of Ti3C2Tx. After annealing, the A-Ti3C2Tx 
MXene retains the shape of the nanosheets and the high elec-
trical conductivity, which favors the charge transfer/transport 
kinetics.[66] The chemical compositions and the elemental 
valences on the surface of the Ti3C2Tx and the A-Ti3C2Tx MXene 
were further investigated via XPS. Figure S15a, Supporting 
Information shows the wide-scan survey spectra, demonstrating 
the presence of C, O, F, and Ti elements, and the typical Al 
peak is not observed in the spectrum, confirming the complete 
etching of Al from the MAX phase. It is noted that the O content 
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Figure 5.  Electrochemical characterizations of different electrodes in a three-electrode system. a) CV curves at 10 mV s−1 and b) GCD curves at 1 A g−1. 
c,d) CV curves at different scan rates and the corresponding GCD curves at various current densities of the PYT/LO 2–7 electrode. e) The specific 
capacity at various current densities and f) the relationship between peak current and scan rate.
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has an obvious increase from 18.1% to 30.0% and the F content 
decreases from 13.7% to 8.3% after the annealing treatment. 
Actually, surface F can occupy the electroactive sites and impede 
the transportation of ions, resulting in lower electrochemical 
performance.[67] As shown in the high-resolution O1s XPS 
spectra of the Ti3C2Tx and the A-Ti3C2Tx MXene (Figure S15b, 
Supporting Information), four peaks located at the binding ener-
gies of 530.2, 531.5, 532.5, and 533.6 eV can be assigned to the 
O–Ti(TiO2), O–Ti(O/OH), O—C, and adsorbed water molecules 
(H2Oads),[68,69] respectively. Meanwhile, the proportion of H2Oads 
decreased from 21.2% for the Ti3C2Tx to 10.5% for the A-Ti3C2Tx 
MXene, further confirming the removal of water on the surface 
of Ti3C2Tx. The F1s spectra (Figure S15c, Supporting Informa-
tion) show two peaks at 685.4 and 686.7 eV, corresponding to the 
F–Ti and the F–C bonds, respectively. As shown in Figure 6a, 
the Ti2p3/2 spectrum can be fitted to five peaks at 455.5, 456.3, 
457.5, 459.2, and 460.0 eV, attributed to the Ti–C, Ti2+, Ti3+, Ti–O, 
and TiO2-xFx, respectively.[70] Apparently, the Ti2p spectrum 
of the A-Ti3C2Tx MXene shows a high percentage of the Ti–O 
bonds (8.0%), due to the change of the relative element content 
and the possible oxidation of the MXene during the annealing 
process. Moreover, the increased Ti/O ratio can provide more 
redox-active sites, resulting in an enhancement of the pseudoca-
pacitive energy storage capability.[71]

The electrochemical properties of Ti3C2Tx and A-Ti3C2Tx 
MXene were studied using a three-electrode system in a 1  M 
H2SO4 aqueous electrolyte. Compared with the pure Ti3C2Tx 
MXene, the A-Ti3C2Tx MXene electrode possesses a larger CV 
integral area (Figure  6b), suggesting its much higher specific 
capacitance after annealing. Even at a scan rate of 200 mV s−1, 
the redox peaks of the CV curves for the A-Ti3C2Tx MXene 
(Figure  6c), remain a similar shape at various sweep speeds, 

demonstrating the electrochemically reversible redox reactions 
and superior rate performance. In addition, all the CV curves 
show broad charge transfer peaks, which can be attributed to 
the pseudo-intercalation of H+ into the A-Ti3C2Tx MXene layers 
as the following reaction process.[26,72]

δ δ( ) ( )+ + ↔ δ δ
+ −

− +Ti C O OH F H e Ti C O OH F3 2 x y z 3 2 x y z � (1)

Figure 6d exhibits the GCD curves of the A-Ti3C2Tx MXene 
at varying current densities. Obviously, all the GCD curves 
show a nearly linear symmetrical triangle shape, indicating the 
typical pseudocapacitive character.[73] The specific capacitances 
of the Ti3C2Tx and the A-Ti3C2Tx MXene can be calculated based 
on the GCD curves and the results are shown in Figure 6e. The 
A-Ti3C2Tx MXene electrode exhibits a superior specific capacity 
of 431, 404, 388, and 364 F g−1 at 3–10 A g−1, which are higher 
than the specific capacities of the pure Ti3C2Tx MXene elec-
trode (310, 295, 287, and 269 F g−1 at 3–10 A g−1, respectively). 
Therefore, the annealing process under proper conditions can 
be effective to enhance the electrochemical activity of the pure 
Ti3C2Tx MXene, due to the decrease of the F functional groups 
and the increase of the Ti–O content. In addition, as shown in 
Figure S17, Supporting Information, the A-Ti3C2Tx electrode 
exhibits a high capacitive contribution (82.4% of the total cur-
rent at 20 mV s−1), further confirming that the charge storage 
mechanism is predominantly pseudocapacitive.

2.4. Asymmetric Supercapacitor Devices

The all-pseudocapacitive aqueous asymmetric supercapaci-
tors (PYT/GN 4–5//A-Ti3C2Tx ASCs), employing the PYT/GN 

Small 2023, 2301449

Figure 6.  a) The high resolution of Ti2p spectra of the Ti3C2Tx and the A-Ti3C2Tx, b) comparison of the CV curves at 10 mV s−1, c,d) CV curves at dif-
ferent scan rates and the corresponding GCD curves at various current densities of A-Ti3C2Tx, and e) comparison of the specific capacity at various 
current densities.
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4–5 electrode as the cathode and the A-Ti3C2Tx MXene as the 
anode, were assembled to further investigate its practical appli-
cations. The schematic illustration of the as-fabricated ASCs is 
displayed in Figure 7a, where the mass loading ratio of the PYT/
GN 4–5 and the A-Ti3C2Tx MXene is calculated to be approxi-
mately 1 based on the mentioned charge balance formula (the 
total active materials mass loading of the cathode and the anode 
is 3.2 mg). Figure 7b shows the CV curves of the PYT/GN 4–5 
and the A-Ti3C2Tx MXene at a scan rate of 10 mV s−1, and both 
of the electrodes exhibit a large capacitance at their respective 
potential windows. The CV and the GCD curves of the PYT/
GN 4–5//A-Ti3C2Tx ASC were recorded at different potential 
windows to ensure its feasibility and security. Evidently, the 
CV curves show a sharp peak once the operating voltage is 
over 1.4 V (Figure 7c), attributed to the evolution of oxygen.[74] 
Besides, the shape of the GCD curves changed at potential 
windows of 0–1.5 V (Figure 7d). Therefore, 0–1.4 V is an appro-
priate operating voltage for the PYT/GN 4–5//A-Ti3C2Tx ASC. 
The CV curves of the PYT/GN 4–5//A-Ti3C2Tx ASC show strong 
oxidation/reduction peaks (Figure 7e) due to the proton-coupled 

electron exchange within the cathode and the anode.[75] Mean-
while, as the scan rate increases, the CV curves maintain a sim-
ilar shape and the corresponding GCD curves (Figure 7f) exhibit 
a nearly symmetrical shape at different current densities, sug-
gesting an excellent electrochemical stability as well as a fast 
charging/discharging process. Based on the total mass loading 
of the cathode and the anode, the PYT/GN 4–5//A-Ti3C2Tx ASC 
exhibits a high specific capacitance (Figure  7g) of 67.4, 63.6, 
60.9, 58.6, 56.8, and 48.6 F g−1 at 1–10 A g−1, respectively. Fur-
thermore, the as-assembled ASC delivers a capacitance reten-
tion of 91.4% and a high coulombic efficiency (over 99%) after 
5000 cycles (Figure 7h), and even after 10 000 cycles, a capaci-
tance retention of 83.8% can be obtained (Figure S19, Sup-
porting Information), indicating good cycle stability.

As shown in Figure  7i, the PYT/GN 4–5//A-Ti3C2Tx ASC 
exhibits an energy density as high as 18.4 Wh kg−1 at a power 
density of 700  W kg−1. Even at the maximum power den-
sity of 7000  W kg−1, the energy density of 13.2  Wh kg−1 can 
still be retained, which outperforms other reported organic 
electrode-based ASCs (Figure S20 and Table S7, Supporting 

Small 2023, 2301449

Figure 7.  Electrochemical performance of the as-assembled PYT/GN 4–5//A-Ti3C2Tx ASCs. a) Schematic illustration of the ASCs, b) CV curves of the 
PYT/GN 4–5 and the A-Ti3C2Tx electrode at 10 mV s−1 based on the three-electrode system, c,d) CV curves and GCD curves recorded at different poten-
tial windows, e) CV curves at different scan rates, f) GCD curves at various current densities, g) the specific capacitances, h) cycling life at 3 A g−1, and 
i) comparison of the electrochemical performance with other electrode materials in literature.
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Information), such as the Ti3C2Tx//PANI@M-Ti3C2Tx 
(14.8  Wh kg−1, 700  W kg−1)[24] and PPy@Ti3C2Tx/CC//Ti3C2Tx/
CC (15.7 Wh kg−1, 620.8 W kg−1).[76] Moreover, pseudocapacitive 
materials can undergo a faradaic process either on or near the 
surface of electrode materials. This process provides an oppor-
tunity to achieve excellent energy densities that are comparable 
to those of battery-type materials, while also offering a means 
of achieving high power density, similar to capacitive materials. 
In our work, the assembled PYT/GN 4–5//A-Ti3C2Tx ASC (all-
pseudocapacitive type materials) device provides inspiration 
for the design of energy storage devices with high energy and 
power density simultaneously.

3. Conclusion

In conclusion, the PYT served as a guest molecule to modify 
two kinds of graphene with different reduction degrees via a 
non-covalent strategy. PYT molecules can be functionalized 
onto the surface of the graphene sheets through noncovalent 
π–π interactions, which favor preventing the stacking and the 
agglomeration of the graphene nanosheets. The resulting PYT-
functionalized GN electrode (PYT/GN 4–5) demonstrates a high 
specific capacity of 711 F g−1 at 1 A g−1 and a good rate capability 
(91.5% of specific capacity retention ratio at 5 A g−1). In addi-
tion, to match with the PYT/GN 4–5 cathode, the A-Ti3C2Tx was 
successfully prepared by annealing the pure Ti3C2Tx MXene 
under an inert argon atmosphere. Compared with the pure 
Ti3C2Tx MXene, the A-Ti3C2Tx shows a better electrochemical 
performance due to the decrease of the F functional groups 
and the increase of the Ti–O content. The assembled PYT/GN 
4–5//A-Ti3C2Tx ASC delivers an outstanding energy density of 
18.4 Wh kg−1 at a power density of 700 W kg−1. The results con-
firm that the PYT-functionalized graphene holds great potential 
for next-generation energy storage devices. Our study repre-
sents an important step forward toward a deep understanding 
of the structure-property relationship, for the controlled fabri-
cation of graphene-based multifunctional materials for ad-hoc 
applications including energy conversion and storage, nano-
composites, and membranes.

4. Experimental Section
Materials and Reagents: Ti3AlC2 was purchased from Forsman (98%). 

Lithium fluoride (LiF, > 99%) and hydrochloric acid (HCl, ≥ 37%) were 
purchased from Sigma-Aldrich and the GN and LO graphene samples 
were purchased from Graphenea and LayerOne, respectively. All the 
chemicals were used directly without further treatment.

Preparation of Pyrene-4,5,9,10-Tetraone: The pyrene-4,5,9,10-tetraone 
(PYT) was prepared according to a previous report.[77]

Preparation of Ti3C2Tx and A-Ti3C2Tx MXene: The etchant was prepared 
by adding 12 M LiF (320 mg) to 9 M HCl (4 mL). The solution mixture 
was stirred with a Teflon magnetic bar for 5 min in a polypropylene 
centrifuging tube. To this etchant, 200 mg of Ti3AlC2 was slowly added 
and allowed to stir at 50 °C for 24  h. Then the etched solution was 
washed repeatedly with water by centrifugation at 4000 rpm for 10 min. 
At a pH of ≈5–6, the delamination started. The dark green supernatant 
was obtained after centrifugation at 4000 rpm for 10 min. This process 
was repeated four times by adding water and shaking the whole 
solution by hand. All the solutions were combined, and the black solid 

was obtained after centrifugation at 12 000 rpm for 30 min. Finally, the 
resulting solid was stored in degassed MilliQ water in a freezer. The 
as-obtained Ti3C2Tx MXene was annealed in a tube furnace at 450 °C for 
1 h with a heating rate of 5 °C min−1 under an inert argon atmosphere, 
and the resulting sample was named as A-Ti3C2Tx MXene.

Structural Characterizations: The morphology and microstructure of all 
the organic molecule electrodes were characterized by scanning electron 
microscopy (SEM, Quanta 200 FEG ESEM). The attenuated total 
reflectance infrared (ATR-IR) spectra were measured by a PerkinElmer 
frontier infrared spectrometer. UV–vis absorption spectra were recorded 
on a Varian Cary 50 Bio UV–vis spectrophotometer. The elemental 
composition and valence state of the samples were detected by the 
PHI 5000 VersaProbe III and the spectra were processed using the PHI 
MultiPak software. The electrical conductivity of as-obtained composites 
was measured by a four-probe resistivity meter (JANDEL RM3000). 1H 
NMR spectrum of the PYT molecule was recorded on a Varian NMR 
spectrometer (400 MHz).

Electrochemical Measurements: The as-obtained PYT molecules 
were mixed with different graphene (GN and LO) and 10 wt% of 
polyvinylidene fluoride (PVDF) in N-Methyl-2-pyrrolidone (NMP) to 
form a homogeneous slurry. The obtained slurry was uniformly pasted 
onto a conductive carbon paper and was further dried at 60  °C under 
vacuum overnight. When GN was used as a conductive additive, the 
electrodes were named as PYT/GN x-y (x:y = 8:1, 7:2, 6:3, 4:5, and 2:7), 
where x and y represented the mass ratio of PYT to GN. The mass 
loading of the PYT/GN x-y was around 1.7  mg cm−2. As a control, the 
electrode without the PYT molecules was denoted GN. For comparison, 
the electrodes, using LO as a conductive additive, were named as PYT/
LO x-y (x:y = 8:1, 7:2, 6:3, 4:5, and 2:7) and LO, respectively. For all the 
electrodes, the electrochemical measurement was performed on a 
Gamary electrochemical workstation (1010 E) using a three-electrode 
test system with a 1 M H2SO4 aqueous solution as the electrolyte. Before 
starting the test, the electrolyte was purged with nitrogen. For the three-
electrode system, active material-loaded carbon paper, Ag/AgCl in 3 M 
KCl, and a platinum net were employed as working, reference, and 
counter electrodes, respectively. The specific capacitance (C, F g−1) of the 
individual electrode was calculated by the following formula.

C I t/ m V( )= ∆ ∆ � (2)

where I (mA) is the current, Δt (s) is the discharge time, m (mg) is the 
mass loading of active materials on the carbon paper, and ΔV (V) is the 
applied potential.

Two-electrodes system (PYT/GN 4–5//A-Ti3C2Tx MXene ASCs) was 
assembled by employing the PYT/GN 4–5 electrode as the cathode 
and the A-Ti3C2Tx MXene as the anode. Prior to the experiment, a 
three-electrode system was used to test the electrochemical properties 
of the Ti3C2Tx and the A-Ti3C2Tx MXene in a 1  M H2SO4 aqueous 
electrolyte purged with nitrogen, where the MXene-loaded carbon 
paper (about 1  mg cm−2), Ag/AgCl in 3  M KCl, and activated carbon 
(around 6 mg cm−2) were employed as working, reference, and counter 
electrodes, respectively. Moreover, the mass loading of the cathode and 
the anode can be balanced using the following formula.

Q Q m /m C V /C V= ⇒ =+ − + − − − + + � (3)

The specific capacity of the PYT/GN 4–5//A-Ti3C2Tx MXene ASCs 
could be calculated based on the total mass loading of the active 
materials (anode and cathode). The corresponding energy density (E, 
Wh kg−1) and power density (P, W kg−1) of the PYT/GN 4–5//A-Ti3C2Tx 
MXene ASCs can be obtained.

E 0.5C V 2( )= ∆ � (4)

P E 3600/ t= × ∆ � (5)

Herein, ΔV (V) and Δt (s) are the working potential and discharge time, 
respectively.
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The detailed charge storage mechanism (the contribution of 
diffusion/surface-controlled kinetics) for the PYT/GN 4–5 and the 
A-Ti3C2Tx MXene can be investigated via the following equation.

ip bav= � (6)

Typically, the ip is peak current, v is scan rates, and a and b are 
adjustable parameters. If b  = 1, surface-controlled reaction dominates 
the energy storage process. If b = 0.5, the process is diffusion-controlled. 
Moreover, the diffusion/surface-controlled contribution can be further 
quantified using the following equation.

( ) 1 2
1/2i k v k vv = + � (7)

where k1v and k2v1/2 represent the surface-/diffusion-controlled current, 
respectively. The above equation can be further converted to the 
following equation.

/ 1/2
1

1/2
2i v k v kv = +( ) � (8)

The k1 and k2 values can be obtained from the slope of (i(v) / v1/2) and v1/2.
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