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All-lignin converted graphene quantum dot/
graphene nanosheet hetero-junction for high-rate
and boosted speciﬁc capacitance supercapacitors†
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The high value-added conversion of biomass lignin has been paramount in the ﬁeld of lignin utilization,
especially for high performance energy conversion and storage devices. A majority of lignin-based
supercapacitors generally exhibit inferior electrochemical performance with low capacitance and slow
diﬀusion kinetics due to the poor interfacial compatibility, low conductivity, and uncontrollable
morphology. Herein, we designed all-lignin converted graphene quantum dot and graphene sheet
(GQD/Gr) hetero-junction for simultaneous fast charging and boosted speciﬁc capacitance. The
conversion from lignin to GQDs and then refusion into graphene allows the in situ growth of GQDs on
graphene, endowing good interfacial compatibility with the GQD/Gr hetero-junction. Furthermore, both
GQDs and graphene sheets exhibit highly crystalline structure with obvious graphene lattice, giving
GQDs/Gr good conductivity. GQDs play an additive role for avoiding stacks and agglomerates between
graphene layers, which endow the assembled GQDs/Gr with massive electron capacitive sites and more
hierarchical channels. Therefore, the GQD/Gr hetero-junction gives rise to a high speciﬁc capacitance of
404.6 F g1 and a short charging time constant (s0) of 0.3 s, 2.5 times higher and 7.5 times faster than
that of the unmodiﬁed lignin electrode with 162 F g1 and 2.3 s, respectively. This proposed strategy
Received 6th December 2020
Accepted 5th March 2021

could oﬀer the opportunity to unblock the critical roadblocks for a superior electrochemical
performance lignin-based supercapacitor by composing a 0D/2D GQD/Gr hetero-junction system and
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also paves a bright way for the high-value industrial lignin conversion into cheap, scalable, and high-
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performance electrochemical energy devices.

1

Introduction

Supercapacitors are considered as promising energy storage
systems for next-generation intelligent vehicles and portable
electronics with high power density and long lifespan.1–3 The
development of green, low-cost, and renewable supercapacitors
for miniaturized electrics and portable devices have raised
increasing interests for fast and eﬃcient electrochemical
conversion and storage.2–4 The use of sustainable, economical,
and high-performance natural biomass materials has become
a growing demand for next-generation supercapacitors.
Lignin is frequently considered as a biomass byproduct from
black liquor that is abandoned or burnt in the pulping and
paper industry; however, it deserves more exploration than its
current valorization. Lignin extracted from black liquor is
generally consists of three units, namely the coniferyl (G) unit,
sinapyl alcohol (S) unit, and p-hydroxybenzoate (H) unit5–7
mutually linked by C–O–C and C–C bond linkages, which are
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vulnerable to alkali pulping.7,8 It is worth mentioning that alkali
lignin from grass pulping black liquor could be easily stimulated by alkali hydrothermal treatment because of the fragile phydroxy-cinnamic acid (pCA) unit-based ester linkages, thus
easily producing condensed aromatics.9 There are several
reports about lignin-derived aromatic materials that present
highly crystalline and conductive characteristics.9,10 Its intrinsic
aromatic components and condensed aromatics endow it with
great potential to convert into conductive materials for further
high-valued energy device applications.9–13 Due to the high
molecular weight and amorphous structure, lignin-derived
electrodes typically showed low specic surface area, uneven
pore distribution, and uncontrollable morphology, which
directly led to low capacitance and inferior electrochemical
performance.14–16 Some advances showed promise for superior
electrode material preparation.17–24 Recent publications report
the hybrid structure of lignin combined with conductive carbon
materials, such as carbon nanotubes and graphene, which
present slight contribution towards the electrochemical
performance because of the poor interaction between lignin
and these materials.25,26 The strong and stable interaction
between lignin and carbon materials was proven to be much
more diﬃcult in spite of the rational designs.26,27 These
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limitations drive researchers to try and directly transform lignin
into a multidimensional structure (0D, 1D, and 2D), such as
nanosheets, nanotubes, or nanospheres,1,16,28–33 aiming at
improving the conductivity and drawing support from the
frame structure. It is highly suggested that the sheet-like
morphology could enable highly eﬃcient ionic diﬀusion and
increased numbers of active sites for the sheet-like morphology
could enable highly eﬃcient ionic diﬀusion and increased
numbers of active sites for ion storage.3 However, the inevitable
p–p stacks could easily deteriorate ion storage and diﬀusion,
thus delivering negative eﬀects on the electrochemical property.29,34–38 The lignin-based graphene sheet used for supercapacitors inevitably produced numerous stacks and
irreversible agglomerates for the sheets similar to graphenebased electrode behavior.27,34–37 These concerns stand a block
for the development of high performance all-lignin based
supercapacitors, which have been rarely solved or reported
before. Therefore, the rational construction of lignin-based
nanosheets avoiding aggregates could be the moderate
strategy including hetero-junction intercalation or hetero-atom
doping.27,39,40
Herein, we propose a facile, low-cost, and scalable method to
construct a hetero-junction of GQDs and graphene (GQDs/Gr)
totally derived from lignin (Scheme 1) to boost the high
specic capacitance and ultrafast charging speed. The conversion from lignin to GQDs and then GQDs' refusion into the
graphene sheet gives the in situ growth of GQDs on the graphene sheet, endowing a good interfacial compatibility between
the GQDs and Gr. The GQDs nano-additive strategy against the
stacks and agglomerates was advocated to acquire highly
dispersed graphene sheets, allowing for more electron storage
and eﬃcient diﬀusion for the assembled GQD/Gr electrode.
Both the GQDs and graphene sheet present a highly crystalline
character, which is greatly helpful for constructing highly
conductive electrode. The GQD/Gr hetero-junction with good
interfacial compatibility, controlled morphology, and high
conductivity exhibit simultaneously boosted specic capacitance and fast charging speed with a high specic capacitance
of 404.6 F g1 and short charging time constant (s0) of 0.3 s
among all the lignin-based supercapacitor, which is also 2.5
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times higher and 7.5 times faster than that of unmodied lignin
electrode with 162 F g1 and 2.3 s, respectively. The proposed
0D/2D GQD/Gr hetero-junction solve the critical limits for all
lignin-based high-performance supercapacitor, and pave
a bright way for high valued utilization of industrial lignin into
cheap, sustainable, and high-performance electrochemical
energy devices.

2 Experimental
2.1

Materials and methods

The alkali lignin (AL) was extracted from pulping black liquor of
grass (Hybrid Pennisetum) and the AL was obtained through acid
precipitation, which is the same as that in our previous reports.9
In brief, black liquor (alkali pulping) was rstly neutralized at
a pH of approximately 5 with 10% H2SO4 and then 10 times
volume of acid was added dropwise under persistent stirring,
maintaining a pH of 1–2. The lignin precipitate was subsequently washed 5 times with acid and deionized water. Lignin
was nally obtained aer freeze-drying.
2.2

Preparation of GQDs/Gr

The GQD/Gr synthetic method was developed based on our
previous in situ activation method.9,10 In brief, the resultant 5 g
AL was dissolved in 2 M NaOH, and then 50 mL of AL solution
was ultrasonicated for 30 min, which was nally transferred
into a Teon-lined autoclave and heated at 180  C for 9 h. Aer
cooling to room temperature, the obtained solution was ltered
and washed with deionized water. The GQD/Gr suspension in
water was obtained aer centrifugation (5000 rpm, 30 min) to
remove the insoluble carbons. Finally, it was puried by dialysis
(retained molecular weight: 3000 Da) for 3 days. GQDs/Gr was
nally obtained aer freeze-drying.
2.3

Activation of GQDs/Gr

The freeze-dried GQD/Gr powder was mixed with KOH in the
ratio of 1 : 2 and the mixture was activated in the tube furnace
using the following procedure: room temperature to 500  C at
a heating rate of 10  C min1 and maintained for 1 h, then from

Scheme 1 An all-lignin converted 0D/2D GQD/Gr hetero-junction was designed by facile, low cost, and scalable alkali activation hydrothermal
method for high rate and boosted speciﬁc capacitance supercapacitor.
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500 to 800  C at a heating rate of 5  C min1, and maintained at
800  C for 2 h, and nally cooled down to room temperature at
a heating rate of 10  C min1.

2.4

Characterization

Transmission electron microscopy (TEM) was performed on
a Hitachi H-7650B TEM operating at 80 kV. The high-resolution
transmission electron microscope (HR-TEM) image was taken
using a FEI Tecnai F20 HR-TEM operating at 200 kV. The AFM
image was acquired by a Bruker MultiMode 8 AFM equipment.
The X-ray diﬀraction (XRD) patterns were obtained with
a Bruker D8 using Cu Ka radiation (60 kV, 80 mA, l ¼ 1.5418 Å).
The Fourier transform infrared (FT-IR) spectra were recorded by
a Nicolet iN10 FT-IR spectrometer with a resolution of 4 cm1.
The Raman spectra were measured on a LabRAM HR Evolution
Raman spectrometer using a 532 nm laser beam. The X-ray
photoelectron spectra (XPS) experiments were undertaken on
an ESCALAB 250Xi photoelectron spectrometer using Al Ka
(1486.6 eV) radiation. The electrochemical property was studied
on a ChenHua CHI760e electrochemical workstation and
a CT2001A LAND battery test system. 1H and 13C heteronuclear
single quantum coherence (HSQC) NMR spectra were acquired
on a Bruker AVIII 400 MHz spectrometer. The preparation of the
NMR testing samples was similar with our previous sampling
methods.9,41 In brief, the dried GQD/Gr sample (40 mg) was
dissolved in D2O (0.5 mL) with ultrasonication for 10 min and
the homogeneous solution was transferred into a 5 mm NMR
tube for subsequent analysis under the Bruker pulse program.

2.5

where Cm3 and Cm2 are the specic capacitance for three and two
electrode systems, and I (A), DV (V), Dt (s), and m (g) stand for
discharge current, voltage range, discharge time, and mass of
one single electrode, respectively.
The EIS measurements were carried out in the frequency
range from 10 mHz to 100 kHz at the open circuit potential of
5 mV amplitude. The cycle stability test was performed at
current densities of 10 A g1 for 10 000 charge/discharge cycles
on the assembled cell by the LAND battery test system. The
relationship between the time constant (s0) and the characteristic frequency (f0) was equal to s0 ¼ 1/f0.

3 Results and discussion
The electrochemical performance could be directly decided by
the crystallinity and morphology of the electrode materials,
which are highly related to the conductivity and porosity,
respectively.25,26 Typically, the synthesis of the biomass-based
graphene sheet is easily performed by hydrothermal reforming from biomass waste lignin via an in situ alkaline activationsynthesis method, which is developed and modied according
to our previous reports.9,10 By carefully modifying the hydrothermal period and the alkali concentration, the GQD/Gr sheet
could be toiled with both high crystallinity and porosity. The
typically layered morphology for the GQD/Gr sheet with a single
layered thickness of 1 nm could be observed with 5 mm

Electrochemical measurement

The homogeneous slurry was composed of activated GQD/Gr
powder, carbon black, and 5% polytetrauoroethylene (PTFE)
solution in the ratio of 8 : 1 : 1. The slurry was uniformly coated
on nickel foam with 10 MPa pressure and then dried at 60  C for
12 h to obtain the working electrode. Two similar pieces of
electrodes with an area of 1.0 cm2 were chosen as the working
electrode. The two-electrode system was performed on the cell
composed of an electrode, active components (single electrode
containing about 3 mg), electrolyte (2 M Li2SO4), and separator
(cellulose paper). The three-electrode system was assembled in
a three-electrode cell with a counter electrode (platinum foil),
a reference electrode (Hg/HgO electrode), and the electrolyte
(6 M KOH solution).
The CV curves were obtained under scan rates from 5 to
200 mV s1 in the voltage window of 1 to 0 V and 0–1 V for
three and two electrode systems. The galvanostatic (GCD)
charge/discharge test was performed under diﬀerent current
densities in the range of 0.1–50 A g1. Similarly, the CV and
GCD curves were obtained on the cell with the same working
conditions as that of the three-electrode system.
The specic capacitance was calculated according to the
formula

Cm3 F g1 ¼

I  Dt
DV  m

and


2  I  Dt
Cm2 F g1 ¼
DV  m

© 2021 The Author(s). Published by the Royal Society of Chemistry

Fig. 1 (a) The AFM image of graphene sheets and GQDs derived from
black liquor, showing the consistent refusion from the GQDs to the
porous graphene sheet and then converted into GQDs/Gr. (b) TEM
images of GQDs/Gr. (c) Top: the enlarged high-resolved HR-TEM
image towards the GQDs lattice (left) and the FFT pattern (right).
Bottom: the HAADF-STEM image of GQDs/Gr. (d) Top: the atomic
resolved HR-TEM image of the graphene lattice (left) and the FFT
pattern (right) to show the well-ordered honeycomb lattice structure
with a lattice spacing of 0.21 nm. Bottom: the magniﬁed HR-TEM
images indicated a large area well-ordered graphene lattice.
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lateral size from the AFM image (Fig. 1a). In spite of the micronsized nanosheets, the existence of extremely small graphene
quantum dots (GQDs) or graphene islands of 1 nm height and
obvious pore defects could also be noticed around the GQD/Gr
plane. High-resolution AFM images and proles were provided
towards diﬀerent GQDs/Gr within multiple directions (Fig. S1
and S2†), which is indicative of the existence of many pores and
GQDs located on the GQD/Gr plate. It is implied that numerous
GQDs may be gradually co-fused and self-assembled around the
GQD/Gr edge, directly inducing intrinsic pore defects during
the hydrothermal co-fusing period, as shown in the AFM. These
nano porous channel could facilitate the development of
a connected porous structure for the preparation of the electrode.9,27,42 A representative TEM image in Fig. 1b also depicts its
lamellar character with obvious folds located in the plane of the
sheet. The uniform dispersion of the GQDs with several to
dozen nanometers around the GQDs/Gr also could be noticed.
Similarly, the smaller GQD/Gr sheets around the GQDs/Gr also
reect the existence of uniformly dispersed GQDs, which conformed well with the AFM characterization.
Furthermore, the ne structure of crystalline and heteroGQD/Gr hybrid was veried by HRTEM. The HAADF-STEM
mode image reected the GQD/Gr hybrid in Fig. 1c and the
GQDs were uniformly dispersed around the GQD/Gr sheet. The
well-ordered graphene lattice and the hexagonal FFT pattern
(inset of Fig. 1c) toward single GQD observed in the enlarged
HRTEM image reect the typical crystalline feature of graphene.9,10,43–45 Moreover, we further characterized the single
GQD/Gr sheet and the HR-TEM image located in the plane of
GQDs/Gr could give a clear observation of the large area wellordered graphene lattice hybrid with some obvious pore
defects (Fig. 1d). The HRTEM and FFT pattern (inset of Fig. 1d)
exhibited the atomically resolved 6-ring graphitic network with
the 0.21 nm lattice parameter, directly proving the crystalline
lattice similar to graphene9,10,43,44 in spite of the weak FFT signal
within one direction, which is mainly caused by the defects.

Paper
Overall, the AFM and HRTEM images give a clear description of
the GQD/Gr hetero-junction, in which the GQD/Gr sheet
exhibits a large area well-ordered graphene lattice with some
pore defects and the typical GQDs' crystalline feature. The
crystalline GQD/Gr hetero-junction endow electrode with the
good porosity and high conductivity, owning great potential for
increased numbers of active sites for ion storage and eﬃcient
charge diﬀusion in supercapacitors, respectively.
It is well recognized that lignin can easily generate aromatic
condensation during the long-period hydrothermal treatment.9,10,46–49 The 2D-HSQC NMR spectra were introduced to
explain the mechanism towards the formation of GQDs/Gr from
the molecular viewpoint. The typical S2,6, G2, G5, G6, and H2,6
signals in AL at 104/6.66 ppm, 111.4/6.96 ppm, 115.5/6.69 ppm,
119/6.8 ppm, and 128.5/7.03 ppm, respectively, were greatly
weakened, and the pCA signal including the pCAa, pCAb/pCA3,5,
and pCA2,6 signals located at 117/6.4, 130/7.53, and 144.2/
7.5 ppm, respectively, totally disappeared, which were considered as the active site for aromatic refusion (Fig. 2a–c).9 The
AFM images (Fig. 1a and S1†) evidence the corresponding
refusion process with many assembled sheet fragments around
the edge, which could also be noticed in the HRTEM (Fig. 1c)
image. Furthermore, new peak signals representing sp2 hybrid
aromatic conjugation (Fig. 2d with + symbol) at 130.9/6.53 and
135.3/6.48 ppm were generated (Fig. 2b).9,50,51 We could infer
that in situ alkaline activation reaction rstly converted the
lignin into some GQDs reected in the peak at 130.9/6.99 ppm
corresponding to the aromatic characteristic peak of GQDs,10
which is located in the Gr plane seen in the AFM prole (Fig. 1a
and S1†) and the HRTEM image (Fig. 1c). The resultant GQDs
were continuously converted into porous graphene sheet by
aromatic enlargement and nally in situ assembled into the
GQD/Gr hetero-junction reected at 135.3/6.48 ppm, corresponding to the aromatic region.9,50,51
Therefore, the assembled mechanism could be summarized
in three steps: (I) lignin aromatic rebonding, (II) aromatic

The 2D-HSQC NMR spectra of (a) AL and (b) GQDs/Gr, (c) Left to right: G, H, S, and pCA unit (d) generated aromatic conjugation in the
GQD/Gr sheets. (e) Possible mechanism from lignin to GQD/Gr sheet including (I) lignin aromatic rebonding, (II) aromatic refusion into the GQDs,
and (III) aromatic enlargement of the GQDs aromatic enlargement into the porous GQD/Gr sheet.

Fig. 2
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refusion into the GQDs, and (III) GQDs aromatic enlargement
into the GQD/Gr hetero-junction (Fig. 2e). The GQDs as the
crystal nuclei for larger aromatic conjugation were likewise
graphene islands in the CVD-grown method for large size graphene,52,53 which was further consistent with the AFM characterization illustrated as the co-fusion process (Fig. 1a).
The XPS and FT-IR spectra could reect the detailed chemical composites of GQDs/Gr. The survey XPS spectrum of GQDs/
Gr (Fig. 3a) shows typical C 1s and O 1s signals with a C : O
atomic ratio of 2.8. The high resolution C 1s spectrum (Fig. 3b)
exhibits three tted peaks including the predominant C]C
peak (284.7 eV), strong C–O peak (286.2 eV), and C]O (288 eV),
and the deconvolution of the O 1s peak (Fig. 3c) displays the
C]O and C–O peaks located at 531 eV and 532.8 eV, respectively. The FT-IR spectrum (Fig. 3d) also gave a typical band
vibration of graphene features with broad O–H stretching
vibration (3000–3700 cm1), C]O vibration (1720 cm1), C]C
vibration (1585 cm1), and C–O vibration (1218 cm1), which
matched well with the XPS spectra.
The large-area graphitic structure was further characterized
by XRD and Raman spectroscopy. An intensive peak at
approximately 27 corresponding to the (002) peak (Fig. S3†)
well evidences its crystalline feature. Furthermore, the D peak at
1347 cm1 and G peak at 1564 cm1 corresponding to the
defects and crystallinity were noticed, as shown in Fig. 3e,
respectively. The prominent D peak attributed to the defect
eﬀect of the sp2-hybridized carbon rings' breathing mode and
the G peak is associated with the stretching of sp2-hybridized
carbon pairs. The intensity ratio of the D to the G peak of 0.73
reected into the in-plane structure of the large-area sp2-

Nanoscale Advances
hybridized domains decorated with some defects, which well
conformed with the AFM and HR-TEM data. It is suggested that
this crystalline structure with defects is much favorable for the
capacitive performance.54,55
The specic surface area and pore distribution was highly
relevant to the capacitive performance.23 The specic surface
area in the Brunauer–Emmett–Teller (BET) mode was calculated
as 1393 m2 g1 from the N2 adsorption–desorption isotherms
following I type isotherm, according to the IUPAC in Fig. 3c. The
pore distribution (inset of Fig. 3c) indicated that a majority of
pores are smaller than 2 nm, corresponding to the micropores,
and only 8% portion of the pores belong to the mesoporous
region (2–50 nm). The highly dispersed GQD/Gr sheet with the
additives of GQDs provide an abundantly interconnected nano
channel, thus enhancing the specic surface area. The
enhanced specic surface area and abundant micropores
shorten the conductive distance and speed up the charge
diﬀusion, allowing for good electrochemical performance.
These nano porous channels constructed the highly connected porous structure, and the GQDs and the graphene sheet
could generate the GQD/Gr hetero-junction, thus facilitating the
increase of active sites for ion storage and diﬀusion. In addition, the GQDs function as an additive between the graphene
layers for the eﬀective prevention of stack formation, thus eﬃciently enlarging the distance between the graphene layers. The
retained nanosheet morphology enables highly eﬃcient ionic
diﬀusion and increased numbers of active sites for ion storage.3
The larger specic surface area of the GQDs/Gr could provide
more favorable porous networks for ion diﬀusion for the
improvement of electrical capacitance. The specic capacitance

(a) XPS survey of GQDs/Gr. High resolution XPS spectra of (b) C 1s and (c) O 1s. (d) FT-IR spectrum of GQDs/Gr, (e) Raman spectrum of
GQDs/Gr, (f) N2 adsorption–desorption isotherms, inset: pore distribution of GQDs/Gr.

Fig. 3
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Fig. 4 Electrochemical property of the GQDs/Gr and AL-based supercapacitor, (a) CV curve at a scan rate of 50 mV s1 (b) galvanostatic charge/

discharge curves at a current density 0.1 A g1. (c) Rate capacity under diﬀerent current density (d) Nyquist plots and (e) Bode plots phase angle
versus frequency (f) cycle stability at a current density of 10 A g1.

of GQDs/Gr and AL was evaluated by cyclic voltammetry (CV)
tests. As shown in Fig. 4a, both the GQDs/Gr and AL shown in
the CV curve indicate an obvious improvement for the specic
capacitance.
The specic capacitances were further calculated by the
galvanostatic charge/discharge cycling (GCD) curve. Fig. 4b
shows a non-rectangular shape corresponding to the behavior
of pseudocapacity apart from the EDLC capacitance. An obvious
charging platform at 0.5 V could be attributed to the pseudocapacity from oxygenate groups. As shown in Fig. 4c, the
specic capacitance exhibits an obvious improvement. The
GQD/Gr-based supercapacitor shows a high specic capacitance
of 404.6 F g1 (0.1 A g1) among all lignin-converted supercapacitors (Tables S1 and S2†), which is 2.5 times greater than
that of the AL-based supercapacitor (162 F g1). This could be
attributed to the improved specic surface area with abundant
connected nano channels, thus enhancing the capability of ion
storage.56,57 The CV and GCD curves also showed electric
double-layer capacitance features at a scan rate in the range of
5–200 mV s1 (Fig. S4a†) and a typical triangular shape under
diﬀerent current densities in the range of 0.2–50 A g1
(Fig. S4b†). Fig. 4c presents the rate capability for both GQDs/
Gr- and AL-based electrodes at a current density in the range
from 0.1 to 50 A g1. The specic capacitance decreased from
404.6 F g1 to 210 F g1 with 53% retention compared to that of
AL with 162 F g1 decreasing to 60 F g1 with only 37% retention
when the current density was raised from 0.1 A g1 to 50 A g1.
The highly dispersed and crystalline GQDs/Gr with high
conductivity and good porosity endow it relatively high retention of capacitance for eﬃcient ion storage and diﬀusion,28,42
and the attenuation caused by the GQDs sites.
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The ion-transport behavior and electrical resistance were
investigated by electrochemical impedance spectroscopy (EIS).
Fig. 4d gives the Nyquist plots for both the GQDs/Gr- and ALbased electrode in the frequency range from 102 to 105 Hz,
and both the plots sharply rose up and tended to a vertical line,
indicative of ideal capacitive behavior. The phase angle of 87
for GQDs/Gr was higher than that for AL of 80 , which
evidences its better capacitive behavior. The enlarged highfrequency region was with the impedances of (inset of Fig. 4d)
the axis intercept and the diameter of the semi-circle represent
the equivalent series resistance (ESR) and interfacial chargetransfer resistance, respectively. The GQD/Gr electrode presents a relatively high ESR of 0.684 U compared with that of the
AL electrode of 0.61 U, and signicantly lower charge-transfer
resistance with 3.6 times resistance of 0.344 U than that of AL
of 1.24 U, the GQDs/Gr electrode has a 7 times greater knee
frequency of 317 Hz than that of AL of 46.4 Hz, which proved
much faster charge/ion transport between the electrodes and
the electrolyte. The phase angle of GQDs/Gr is close to 90 at
low frequency, which exhibits a capacitive behavior.26,58 It reaches 45 for GQDs/Gr with a characteristic frequency (f0) of
3.3 Hz corresponding to a time constant (s0) of 0.3 s, which was
7.5 times faster than that of AL with 0.43 Hz and 2.3 s, which is
also much faster than that of previous reports for s0 (Tables S1,
S2, and Fig. S5†).25,59–61 The capacitance, stability, and s0 were
fully compared with other biomass-based and GQD strategy
modied supercapacitors with better performance for GQDs/Gr,
as shown in Tables S1 and S2,† respectively. The quite lower
charge-transfer resistance and f0 of GQDs/Gr than AL could be
attributed to the well-ordered lattice for both the GQDs and the
graphene sheet having a higher conductivity,9 which boosted

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic illustration of GQD/Gr and alkali lignin electrode, indicative of more electron storage and eﬃcient diﬀusion towards the GQD/
Gr electrode.

the eﬃcient electron transport. Furthermore, the highly
dispersed graphene sheets with the addition of GQDs more
easily exposed numerous pores, which was helpful in contacting
with the electrolyte and undertake more electrons. The abundant connected pore structure more easily allowed electrolyte
ion penetration and diﬀusion, which was consistent with the
fast charge transporting behavior.42,59–64 Fig. 4f reected the
cycle stability at a high current density of 10 A g1, which still
maintained 97% retention even aer 10 000 charge/discharge
cycles in spite of the slight decrease aer 8000 cycles. We
infer that the good cycle stability could be attributed to the
highly crystalline structure of the GQD/Gr hetero-junction and
stable interaction between the GQD and the Gr sheet.
We further rationalized the mechanism of simultaneous fast
charging and boosted specic capacitance with 7.5 times faster
charging speed and 2.5 times higher capacitance than that of
the AL-based electrode. Fig. 5 gives a general description of the
GQD/Gr- and AL-based electrodes. The AL electrode could easily
stack into activated carbon with a jammed pore structure, while
the porous graphene sheet and the attached GQDs-assembled
highly dispersed GQD/Gr hetero-junction could enable highly
eﬃcient ionic diﬀusion and increased number of active sites for
ion storage.3 The transition from lignin to GQDs and then
refusion into graphene provided the in situ growth of GQDs on
the graphene, which resulted in good interfacial compatibility
with the GQD/Gr hetero-junction, endowing more conductive
linkages with lower electric resistances. In addition, the GQDs
function as nano-additives between the Gr layers for eﬀective
restraint from the stack, thus eﬃciently enlarging the distance
between the graphene layers with massive electron capacitive
sites and more hierarchical channels (Fig. 5).

© 2021 The Author(s). Published by the Royal Society of Chemistry

4 Conclusion
In this work, the all-lignin based novel GQD/Gr hetero-junction
was designed to simultaneously promote the storage sites and
diﬀusion kinetics with boosted specic capacitance and ultrafast charging–discharging speed. The conversion mechanism of
GQDs/Gr was systematically studied, consisting of lignin
aromatic rebonding, aromatic refusion into GQDs, and
aromatic enlargement into the GQDs/Gr. The GQDs play an
additive role for preventing the stacks and agglomerates
between the graphene layers, which endow the assembled GQD/
Gr hetero-junction with massive electron capacitive sites and
more hierarchical channels. Therefore, this designed junction
could simultaneously achieve high specic capacitance and
ultrafast charging–discharging speed with a boosted specic
capacitance of 404.6 F g1 and a short reaction time constant
(s0) of 0.3 s, which were 2.5 times higher and 7.5 times faster
than that of unmodied lignin electrode with 162 F g1 and
2.3 s, respectively. A power density of 225 W kg1 and energy
density of 35.1 W h kg1 were calculated. More importantly, this
proposed strategy could oﬀer the opportunity to unblock the
critical roadblocks for all-lignin based superior supercapacitors
by composing a 0D/2D p-conjugated GQDs/Gr hetero-junction
system and also open a new window for the high value industrial lignin conversion into cheap, sustainable, and highperformance electrochemical energy devices.
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