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tion of hierarchical porous
activated carbon/graphene composites for high-
performance supercapacitors†

Yilun Huang,abc Yunkai Shi,abc Qianming Gong, *abc Mouyi Weng,d Yuyao Li,abc

Jianning Gan,abc Dazhi Wang,e Yang Shao, ac Ming Zhao,ac Daming Zhuang, abc

Ji Liang,f Feng Pan, *d Hongwei Zhu abc and Cewen Nanabc

Hierarchical porous activated carbon particles covered with graphenewere prepared by spray-drying a GO/

maltodextrin aqueous suspension followed by carbonization and activation. The as-prepared core–shell

particles had a high specific surface area (up to 2457 m2 g�1) and exhibited an outstanding specific

capacitance (up to 405 F g�1 at 0.2 A g�1, 299 F g�1 at 1 A g�1 and 199 F g�1 at 50 A g�1) along with

excellent cycling stability, high energy density and power density in a KOH electrolyte. Moreover, the

spontaneous formation of the core–shell structure during the spray-drying process was verified by DFT

calculations with the support of XPS chemical analysis and TEM characterization. This designable and

controllable strategy of spray-drying could be introduced to design and develop new composite

materials with a core–shell structure for potential applications in energy storage, catalysis and adsorption.
Introduction

Supercapacitors are a kind of energy storage device that can be
classied as electrical double-layer capacitors (EDLCs) or
pseudocapacitors based on their charge storage principles.1

Limited by their low electrical conductivity, high material cost,
poor rate capability, and short working life span, pseudocapa-
citors are not widely applied in industry. However, EDLCs,
which are generally based on the adsorption and desorption of
electrolyte ions on the surface of porous electrode materials,
have a high power density, rapid charging process, and long life
span. Since EDLCs have the advantages of both dielectric
capacitors and batteries, an increasing number of researchers
have focused on developing novel and high-performance elec-
trode materials for EDLCs using conventional activated carbon
(AC) with emerging graphene or graphene-based carbon mate-
rials.2,3 Conventional ACmaterials have been extensively used as
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the main electrode materials for supercapacitors due to their
low production cost and acceptable performance. However, AC
has some disadvantages, such as non-optimized pore size and
distribution, low electrical conductivity, and limited electro-
chemical capacitance.3–5 Therefore, with the development of
energy storage market needs and erce competition from other
kinds of energy storage devices, such as lithium ion batteries,
advanced electrode materials other than AC are expected to
exhibit higher capacitance and rate capability with better
stability.

Recently, graphene and its derivatives have been preferen-
tially used for supercapacitor electrode materials due to their
special sp2-hybridized carbon atoms, high specic surface area,
tunable pore structure, and high intrinsic electronic mobility.6–9

Generally, there are two main strategies to prepare graphene-
based electrodes for supercapacitors. One is to use graphene
as the electrode material; for instance, activated graphene aer-
ogel10 and three-dimensional graphene spheres11 have been
prepared as electrode materials, and they exhibited good
capacitive performances. Since graphene is difficult to fabricate
on a large scale at low cost, another strategy is to make
graphene-based composites by combining graphene with
metal–organic frameworks, metallic oxides/hydroxides, poly-
mers, or other carbon materials.6–8,12 Graphene composites with
non-carbon materials are used in faradaic pseudocapacitors,
while graphene/carbon composites are more attractive for use
in EDLCs. For example, porous graphene/AC composites can be
obtained by simply mixing graphene and a carbon precursor in
water or an organic solvent in a hydrothermal reactor followed
by heat treatment or alkali activation. In most cases, this kind of
This journal is © The Royal Society of Chemistry 2019
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electrode material demonstrates high rate and high capacitance
performance with a gravimetric capacitance of 200–350 F g�1 in
aqueous electrolytes.11,13 Previous research has shown that ideal
electrode materials for supercapacitors should have a high
specic surface area, desirable pore size with a suitable distri-
bution, which allows efficient diffusion of ions from the elec-
trolyte to the inner zone of the electrodes, and low electrical
resistance, which is benecial for the rate capability.

In this work, we demonstrated a scalable synthesis of core–
shell graphene-covered AC by spray-drying a maltodextrin/GO
aqueous suspension followed by carbonization and activation
of the maltodextrin@GO composite particles. We have acquired
excellent capacitance properties and outstanding cycling
stability based on the hierarchical porous carbon material.
More than that, we have found a good material preparation
strategy with good designability and controllability based on
theoretical analyses and experimental verication. For example,
in this strategy, graphene was adopted as the shell to improve
both the electrical conductivity and pore structure stability of
the composite particles. Moreover, the exible graphene shell
could be modied to be thick or thin, porous or closed, or even
multi-shelled by repeating the spray drying process. Further,
with the help of DFT calculations, XPS chemical analysis and
TEM characterization, the formation mechanism of the core–
shell structure was veried. The designability of this technology
might help to develop new core–shell composite materials with
a tunable pore structure and electrical conductivity by
combining graphene and other materials. The composite
particles with graphene or other 2D materials as the shell might
be useful as energy storage materials, catalytic materials or
adsorption materials based on the published papers about
core–shell carbon materials.
Results and discussion

Fig. 1 shows the fabrication process of graphene-covered AC via
the spray-drying technique followed by carbonization and
alkali-activation procedures. First, GO and maltodextrin were
well dispersed in water in different proportions (mGO : (mGO +
Fig. 1 Scheme of the fabrication of a-GMP by a spray-drying method.
(a) Schematic drawings illustrating the spray-drying process. (b)
Proposed mechanism of the transformation of GO sheets and mal-
todextrin into a-GMP by a spray-drying method and subsequent
carbonization and activation processes.

This journal is © The Royal Society of Chemistry 2019
mmaltdextrin) ¼ 5 wt% and 10 wt%), and this slurry-like mixture
was fed using a peristaltic pump into a preheated spray-drying
machine (Fig. 1a). Subsequently, the compressed air carrying
the feedstock was sprayed out through a porous nozzle to create
discrete atomized suspension drops of the slurry. As these
drops fell, they were rapidly heated at high temperature (�140
�C) in a cylindrical drying chamber. Since water evaporated
during the rapid drying process, dried powders coated with
wrinkled GO were obtained.14 Then, these powders were further
carbonized and activated using an alkali. Finally, porous, core–
shell reduced GO (rGO)/AC particles were acquired (Fig. 1b). The
core–shell structure of the rGO/AC composite materials was
examined in detail by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM), and the formation
mechanism was further explored by density functional theory
(DFT) calculations and is discussed in the next section.

The intermediate GO/maltodextrin particles obtained by
spray drying and the nal rGO/AC particles were characterized
by SEM and TEM. Fig. 2a shows the spray-dried GO/
maltodextrin particles (GMP-5) from the suspension
(mGO : (mGO + mmaltdextrin) ¼ 5 wt%). The particles were
approximately 2–20 mm in diameter, and distinct wrinkles can
be seen on the surface of thesemicron-sized particles, which are
translucent in the TEM eld (Fig. 2e) of view for they are
composed of a thin GO shell and an organic maltodextrin core
Fig. 2 SEM images of (a) mixed GO and maltodextrin powder (GMP)
and (c) pure maltodextrin powder (MP) prepared by the spray-drying
method and their carbonized and activated products: (b) a-GMP and
(d) a-MP. The insert in (b) is a digital photograph of walnuts with hard,
wrinkled shells covering an inner core. (e and f) TEM images of GMP.

J. Mater. Chem. A, 2019, 7, 10058–10066 | 10059
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Fig. 3 (a) XRD patterns of the raw materials and the as-obtained
samples. (b) Raman spectra of a-GMP-5, a-GMP-10, and a-MP with
Raman shifts from 800 to 3500 cm�1. (c) XPS survey spectra of the
elemental composition of the as-produced samples (a-GMP-5, a-
GMP-10 and a-MP). (d) High resolution C 1s and O 1s XPS spectra of a-
GMP-5. (e) N2 adsorption/desorption isotherms and (f) QSDFT differ-
ential pore-size distributions.
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(Fig. 2f). Compared with the smooth surface of the pure mal-
todextrin powder (MP) produced by the same spray-drying
process shown in Fig. 2c, the wrinkles on the surface of GMP-
5 can be attributed to the GO added to the suspension. Thus,
increasing the amount of GO (from 5 wt% to 10 wt% or
100 wt%) should result in more wrinkles on the surface
(Fig. S1†). However, the composition of the wrinkles, i.e., GO or
maltodextrin or a mixture of both, has yet to be determined.
Fig. 2b and d show the SEM images of GMP-5 and pure MP aer
the carbonization and activation processes. It can be seen that
the activated GMP-5 (a-GMP-5) keeps a core–shell structure and
the wrinkles on the surface of a-GMP-5 were more evident than
those on the original GMP-5. In contrast, the activated MPs (a-
MPs) show different microstructures with dotted pits on the
surface, and these pits are the result of molten potassium
hydroxide (KOH) etching at a high temperature of 800 �C. To
determine the variation of the core–shell structure from pristine
GMP to a-GMP, more SEM and TEM results are provided in
Fig. S2–S4.† The morphology of spray-dried GO/maltodextrin
particles (GMP-10) from the suspension (mGO : (mGO +
mmaltdextrin) ¼ 10 wt%) is similar to that of GMP-5 in Fig. S2.†
Aer being carbonized and activated, the surface morphology
changed gradually. Since the carbon yield of maltodextrin was
only approximately 20 wt%,15 the spheres shrank and some
zones collapsed inward, so the surface became rough especially
aer being activated (Fig. S3†). The wrinkled surface layer in
carbonized GMP-10 (c-GMP-10) should be the reduced GO (rGO)
shell according to TEM observations (Fig. S4a–c†), while aer
activation, the rough surface turned into a ower-like
morphology (Fig. S2c and d†) and consequentially, the contin-
uous shell turned into a scale-like porous structure in a-GMP-10
(Fig. S4d–f†). All the SEM and TEM observations could quali-
tatively demonstrate the hierarchical pore structure of spherical
a-GMP. The relatively thick core is surrounded by a rGO shell.
The rGO/AC core–shell structure probably originated from the
spray-drying process during which maltodextrin crystallized
and potentially adsorbed GO. The evaporation of water caused
the GO to wrinkle, and a porous GO “shell” was in situ con-
structed. In addition, theoretical analyses with DFT calculations
were used to further probe the formation mechanism of this
core–shell structure accompanied with experimental verica-
tion in the following section. Since the maltodextrin-derived AC
was protected by the rGO “shell”, the pore structure was more
stable during charge/discharge cycling when the core–shell
composite was applied as the electrode material for
supercapacitors.

X-ray diffraction (XRD) and Raman spectroscopy are impor-
tant methods for analysing the defects and crystallinity of
carbon materials. The XRD patterns of the pristine and as-
prepared materials are shown in Fig. 3a. The results show
that pure MP has a broad peak at approximately 18� and the GO
powder exhibits a sharp peak at approximately 11�, which is the
characteristic peak of GO (001).16 Aer the subsequent carbon-
ization and activation steps at 800 �C, the peaks of maltodextrin
at 18� and GO at 11� disappeared in the patterns of a-MP, a-
GMP-5, and a-GMP-10. However, a new broad peak appeared
at approximately 26� in the patterns of the a-GMP-5 and a-GMP-
10060 | J. Mater. Chem. A, 2019, 7, 10058–10066
10 samples, which is a characteristic peak of the (002) plane of
graphite. This variation in the peaks demonstrates that malto-
dextrin becomes amorphous carbon and GO is reduced to gra-
phene. In addition, the 26� peak in the a-GMP-10 pattern is
sharper than that of the other two samples, which might be due
to the higher ratio of GO added. Since a higher degree of crys-
tallinity can lead to carbon materials with enhanced electrical
conductivity,17 the a-GMP-10 sample is expected to have a lower
inter-resistance, as veried by electrochemical tests in the
following section. The Raman spectra of the activated samples
are shown in Fig. 3b. In general, all samples show similar G
peaks at 1590 cm�1, correlating with the in-plane size of the
(002) crystal plane, and D peaks at 1350 cm�1, denoting lattice
distortions and other defects. It should be noted that a-GMP-5
and a-GMP-10 exhibit D0 peaks at approximately 2700 cm�1,
which indicates the presence of rGO.

The ratio of the elements, the bonding congurations and
chemical coordination states can be determined by XPS. The
XPS survey spectra in Fig. 3c and S5† indicate that the samples
are mainly composed of C and O elements, which are listed in
Table S1.† The carbonization and activation processes led to the
variation of the O element, i.e., decreasing from approximately
40 at% to 5.77, 3.51 and 4.87 at% for a-GMP-5, a-GMP-10 and a-
MP, respectively. The high resolution C 1s XPS spectra in
Fig. 3d, S6a and b† can be deconvoluted into three peaks cor-
responding to C–C sp2 (284.5 eV), C–OH (285.9 eV), and O–C]O
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) CV curves for a-GMP-5 at different scan rates from 5 to
100 mV s�1. (b) Nyquist plots in the frequency range from 100 kHz to
10 mHz; the inset shows the enlarged plot at high frequency. (c and d)
GCD curves of a-GMP-5 obtained at different current densities from
0.2 to 100 A g�1. (e) Specific capacitances of the as-obtained samples
and commercial AC at different current densities from0.2 to 100 A g�1,
which were measured from GCD curves. (f) Coulombic efficiencies of
the as-prepared samples and commercial AC at different current
densities from 0.2 to 100 A g�1. (g) Ragone plot of the specific gravi-
metric energy density and power density of the as-prepared a-GMP-5
sample in comparison with those of common energy storage devices
and carbon-based materials. (h) Cycling performance at a current
density of 50 A g�1.
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(288.2 eV), respectively.18 Fig. 3d, S6c and d† show the high
resolution O 1s XPS spectra which can be deconvoluted into two
peaks of O]C (532.4 eV) and O–C (534.5 eV) indicating the
presence of carbon–oxygen functional groups on the surface of
carbonized and activated samples.19 These oxygen-containing
functional groups that are mainly located at defective sites
could contribute to pseudocapacitance to some degree when
the as-prepared carbon materials (a-GMP-5, a-GMP-10 and a-
MP) are applied as electrode materials for supercapacitors.
Meanwhile, the oxygen-containing groups could do good to the
wettability of carbon materials as well as providing additional
active sites for electrolyte ions.20,21 Thus, a-GMP-5 with a higher
oxygen content and suitable carbon–oxygen coordination states
exhibited a better capacitive performance.

The XRD, Raman and XPS results are consistent with the
SEM observations that the as-prepared porous samples are
composed of rGO and maltodextrin-derived carbon. The
capacitive performances of supercapacitors are mainly deter-
mined by the pore structure and electrical conductivity of the
electrode materials; thus, the as-prepared porous rGO/AC
particles are expected to be good electrode materials for
supercapacitors. Fig. 4a presents the cyclic voltammetry (CV)
curves of a-GMP-5 in a three-electrode cell with 6 M KOH as the
electrolyte. The rectangular-shaped voltage–current curves in
the range of�1 to 0 V at scan rates ranging from 5 to 100mV s�1

are exactly consistent with those of EDLCs with AC electrodes.
The electrochemical performances were further examined by
electrochemical impedance spectroscopy (EIS) analysis to
distinguish the electric conductivity of the working electrode
material. The equivalent circuit model is shown in Fig. S7,†
which helps to describe the experimental results.22 All samples
exhibit Nyquist plots with similar shapes consisting of a small
semicircle and a straight line (Fig. 4b). The semicircle denotes
the interface resistance of the working electrode, and the
intercept at the Z0 axis is considered the equivalent series
resistance (ESR).11,23 The ESR values of a-GMP-5, a-GMP-10 and
a-MP are 0.53, 0.40 and 0.56 U, respectively. The decline in the
ESR with the addition of 5 wt% GO is not remarkable, but the
charge transfer resistance (Rct) of a-GMP-5 (0.21 U), denoted by
the radius of the semicircle in the Nyquist plot, is much lower
than that of a-MP (0.50 U). The Rct value of a-GMP-10 (0.23 U) is
similar to that of a-GMP-5. Thus, 10 wt% GO can improve the
conductivity of the electrode by decreasing the charge transfer
resistance and ESR. The detailed results can be seen in
Table S2.†

A galvanostatic charge–discharge (GCD) test was used to
characterize the capacitive behaviours of the samples (Fig. 4c
and d). The specic capacitance of a supercapacitor is a func-
tion of the charge–discharge current density, which decreases
with an increase in current density in the range of 1 to 100 A g�1

due to limited ion diffusion in the electrode and higher internal
impedance at high current densities. The electrode with
graphene-covered AC (a-GMP-5) exhibits higher specic capac-
itances (up to 405 F g�1 at 0.2 A g�1) than a-MP and commercial
AC (Fig. 4e). Meanwhile, a-GMP-5 exhibits good rate capability
and specic capacitances at 1 and 50 A g�1 are 299 and 199 F
g�1, respectively. This enhancement can be attributed to the
This journal is © The Royal Society of Chemistry 2019
large specic surface area and hierarchical porous structure of
the sample and will be analysed in the next section. A
comparison of the capacitive performances in this work with
those of other graphene-based materials for supercapacitors in
aqueous electrolytes is shown in Table S3.†10,11,24–29 Although the
specic capacitance of a-GMP-5 is a little inferior to that of the
ones synthesized by Yin et al.26 (318 F g�1 at 1 A g�1), when
considering the scalability and designability of the strategy in
this work, we suppose a-GMP-5 would be a promising electrode
material for supercapacitors. The average coulombic efficiency
of a-GMP-5 at a current density of 0.2 A g�1 is 93.26% and with
the current density increasing, the coulombic efficiency
increased to 99.63% at a current density of 20 A g�1. The
J. Mater. Chem. A, 2019, 7, 10058–10066 | 10061
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Table 1 BET specific surface areas of the as-obtained samples and
commercial AC

Samples
BET specic surface
area (m2 g�1)

a-GMP-10 1401
a-GMP-5 2457
a-MP 2278
Commercial AC 1374
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coulombic efficiency results of the as-prepared samples and
commercial AC are shown in Fig. 4f. In addition to being tested
in a typical three-electrode cell, a-GMP-5 was also examined as
the electrode material in two-electrode supercapacitor cells and
it demonstrated a higher specic energy density (36 W h kg�1 at
a current density of 0.2 A g�1) and power density (11 kW kg�1 at
a current density of 50 A g�1) than common electrochemical
capacitors and some carbon-based materials (Fig. 4g).20,22,29–32

The details of the energy density and power density calculations
can be seen in the ESI and Fig. S8.† However, the a-GMP-10
sample, with a higher graphene content, did not show
a higher specic capacitance than a-MP, indicating that the
thick graphene shell covering the AC core might block micro-
pores or diffusion channels, which would negatively affect ion
diffusion.

Cycling stability is a crucial parameter for practical applica-
tions of supercapacitors. The long-term cycling stability was
evaluated by repeating the GCD test between 0 and 1 V at
a current density of 50 A g�1. Fig. 4h shows the relationship
between the capacitance retention and cycle number. Aer
10 000 cycles, the residual capacitances of a-MP and commer-
cial AC are 94.6% and 92.5%, respectively, which are not
acceptable for industrial applications. In contrast, for the a-
GMP-5 and a-GMP-10 samples aer 20 000 cycles, the capaci-
tance retention is 99.5% and 113.0%, respectively. The excellent
cycling performances of these two as-obtained samples can be
reasonably attributed to the rGO shell, which can prevent the
micropore structure from collapsing and improve the electrical
conductivity. Degradation of the porous structure is the main
reason for supercapacitor ageing.33 However, the structure of
the a-GMP-5 sample aer the cycling test remained stable,
which could be veried by SEM and BET analyses in Fig. S9, S10
and Table S4.† In particular, the abnormal increase in the
capacitance of a-GMP-10 should be further investigated in
future work. Interestingly, this phenomenon was also reported
in some previous studies.20,21,34,35 One acceptable explanation of
this phenomenonmight be that there is an activation process in
the electrode material during cycling. Such an activation
process presumably originates from the enhancement of elec-
trolyte inltration and the disclosing of an additional surface
area by the repeated charging and discharging.20 Particularly, it
has been reported that graphene is hydrophobic36–38 and the
aqueous electrolyte inltration or diffusion into the graphene-
covered a-GMP-10 sample might not be that smooth at the
beginning, and in addition, the a-GMP-10 sample has less
micropores than the other two samples (a-GMP-5 and a-MP), so
the cyclic charge and discharge would not only presumably help
to improve the electrolyte wettability but also increase the
micropore volume in the sample according to published work.
Correspondingly, this activation would promote the specic
capacitance along with the cyclic tests.

BET analysis and DFT calculations can provide more infor-
mation about the formation mechanism of the shell-like
structure and enhanced capacitive performance with the addi-
tion of GO. The pore structure of an electrode material is
a critical factor affecting the electrochemical performance of
a supercapacitor. Herein, Brunauer–Emmett–Teller (BET) and
10062 | J. Mater. Chem. A, 2019, 7, 10058–10066
quenched solid density functional theory (QSDFT) models have
been used to determine the specic area and pore size distri-
bution of the samples.39,40 Basic pore structure information was
obtained through N2 adsorption/desorption tests, and the
results are shown in Fig. 3e and Table 1. All samples have
similar adsorption/desorption isotherms typical of AC mate-
rials, indicating that the pores should be mostly micropores
according to the IUPAC isotherm classication system.41,42 In
particular, the specic surface area of a-GMP-5 is 2457 m2 g�1,
which is 1.8 times more that of commercial AC materials
and higher than that of the other as-prepared samples. In
comparison, a-GMP-10 has the lowest specic surface area of
1401 m2 g�1, which indicates that adding an excess of GO to
maltodextrin might have negative side effects on micropore
formation because a thicker rGO shell results in less activation
by KOH at 800 �C due to its high stability.23 The pore structure of
a-GMP-10 is in accordance with its lower specic capacitance
determined by CV and GCD tests relative to that of the other
rGO shell samples. Meanwhile, according to the pore size
distribution (PSD) curves in Fig. 3d, the micropore and meso-
pore sizes range from 0.6 to 5 nm for a-GMP-5, a-GMP-10 and a-
MP, as determined by the QSDFT method. It can be seen that a-
MP has a narrow peak when the pore width < �2 nm, which
indicates that the sample has a narrow distribution of micro-
pores. However, a-GMP-5 exhibits a main peak at approximately
1 nm accompanied by several small peaks ranging from 1 to
4 nm, indicating a hierarchical porous structure. As for a-GMP-
10, although the pore distributions of a-GMP-10 and a-GMP-5
are similar, the micropore volume is much lower for
a-GMP-10. The PSD results indicate that the samples with GO
added to the raw material exhibit hierarchical pores with a size
distribution from 0.6–4 nm, while no such pores appeared in
the a-MP samples. The mesopores probably come from the shell
layer based on the SEM observations (Fig. 2b). The electrical
double layer principle of supercapacitors predicts that the
capacitive performance of electrode materials with highly
developed hierarchical porous structures would be much better
than that of materials with uniform micropores.

If the formation of the rGO core–shell structure can be
corroborated by theoretical analyses, mass production of the
electrode material via this spray-drying technology could be
possible. In this study, DFT calculations43 were adopted to
explore the formation process of a core–shell structure with
graphene and maltose as the study subjects, because they most
closely match the experimental materials. The calculation
systems included a single maltose molecule (Fig. 5a),
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The structure of (a) maltose, (b) graphene, and (c) graphene
combined with maltose. (d) Snapshots of initial graphene defects. (e)
The adsorption energy of the defective graphene/maltose systemwith
different numbers of C defects in graphene.

Fig. 6 (a) XPS survey spectra of the elemental composition of GO, MP,
GMP-10 and o-GMP-10. (b) High resolution S 2p XPS spectra of the
samples.
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a graphene layer (Fig. 5b), and a combined maltose molecule
and graphene sheet (Fig. 5c).

In our calculation, we found that the adsorption energy
between a no-defect single layer of graphene and a maltose
molecule is �1.359 eV in a water system.44 The negative energy
means that the system can achieve a more thermodynamically
stable state when graphene is adsorbed onto the surface of
maltose.45 In other words, the DFT calculation results indicate
that graphene adsorption onto maltose molecules or crystals
during the spray-drying process is spontaneous and inevitable.
Since GO has a higher polarity than graphene, the adsorption
energy between GO (or defective graphene) and maltose mole-
cules should be different.46 Herein, we introduced vacancy
defects in graphene to simulate GO. Some typical graphene
vacancy defects were selected for the calculations, and the
results are shown in Fig. 5d.47–49 The defects included mono-
vacancies and pentagonal or heptagonal rings by removing
one to four carbon atoms. The adsorption energy of the defec-
tive graphene/maltose systems obtained from DFT calculations
is shown in Fig. 5e, and a transition can be observed with a one
carbon atom vacancy. The Eadsorption value rst decreased to
�1.374 eV and then increased to �1.213 eV with four carbon
atom defects, which implied that only specic graphene defects
can increase the probability of graphene and maltose combi-
nation; however, adsorption will occur regardless of whether
the graphene sheet is non-defective or defective. We also probed
the adsorption energy of other carbon precursors, such as
glucose and graphene (Fig. S11†). The DFT calculations
produced similar results, showing that glucose molecules and
graphene sheets can self-assemble due to the Eadsorption of
graphene/glucose, �1.528 eV. Meanwhile, additional chemical
analyses with XPS were employed to further ascertain the
formation of core–shell structures (Fig. 6). Generally, GO
prepared by Hummers' method will inevitably contain some
This journal is © The Royal Society of Chemistry 2019
residual sulphur content,50 which could be a marker in XPS
analyses. In addition, to make a comparison between the as-
prepared core–shell structure of GMP and the random
mixture of GO and maltodextrin, we made a control sample of
oven-dried GO/maltodextrin (ratio of GO was 10 wt%) from an
aqueous suspension (o-GMP-10). In Fig. 6a, all four samples
show similar XPS survey spectra, except GO with a small peak of
S 2p at a binding energy of 169.5 eV.20,51 The high resolution S 2p
XPS spectra shown in Fig. 6b demonstrate the different inten-
sities of these samples and the detailed atomic concentrations
of the samples are listed in Table S5.† It is clear that the S
content in GMP-10 is much higher than that in o-GMP-10.
Considering the limited detection depth of XPS (#�10 nm)
(Fig. S12†),52 we can conrm that the chemical composition
acquired by XPS should be just the constituents of the surface
layer or the shell. Comparing the S contents of MP, GMP-10 and
o-GMP-10 in Table S5,† we can infer that GMP-10 should be
covered with a thin layer of GO and in contrast, no or few core–
shell structures were produced during oven-drying of the GO/
maltodextrin suspension. The inuence of the distribution of
GO in GO/maltodextrin particles on XPS tests is illustrated in
Fig. S12† and the quantitative chemical analyses are also in
good agreement with the supposed core–shell structure.

Although SEM, TEM and XPS analyses support the assump-
tion of the core–shell structure which was further veried by
DFT calculations during the spray-drying process, there might
be some random mixture of GO and maltodextrin as well
because of the dynamic and pulsed spray-drying process. In
brief, as shown in Fig. 1b, during the spray-drying process, the
GO and maltodextrin molecules dispersed in small aqueous
drops spontaneously combine, and due to the self-assembly of
graphene into wrinkled graphene lms,53–55 core–shell
graphene-covered carbon composites were successfully
prepared. More encouragingly, the core–shell structure could be
maintained aer the subsequent carbonization and activation
processes, so the excellent cycling performance of the super-
capacitor samples with rGO/AC as the electrode material could
be guaranteed.
Experimental
Materials

GO powder used in this work was obtained by a modied
Hummers' method.50 4–17 DE maltodextrin was purchased
J. Mater. Chem. A, 2019, 7, 10058–10066 | 10063
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from Cool Seoul Bio. All other chemicals, including hydro-
chloric acid, ethanol, and potassium hydroxide, were purchased
from Peking Reagent. All chemicals were used as received. The
procedure for the fabrication of a-GMP is illustrated in Fig. 1,
including two main steps in sequence: (1) preparation of GMP
by a spray-drying method and (2) carbonization and alkali-
activation processes.

Mixing and spray drying

First, 0.2 g/0.4 g (for GMP-5/GMP-10) GO powder was added to
76 g DI water and dispersed by ultrasonication with a power of
80W for 1 h. Then, 3.8 g/3.6 g (for GMP-5/GMP-10) maltodextrin
powder was added to obtain a solution with a 5% solid content
that was sonicated for another 1 h. In addition, 4 g maltodextrin
powder without GO was added to 76 g DI water and dispersed by
ultrasonication to prepare pure MP. Next, this aqueous GO/
maltodextrin solution was fed into a spray dryer (Buchi 290
mini spray dryer) using a peristaltic pump. The inlet air
temperature was 160 �C, and the atomizer pressure was 50 psi.
During this process, atomized liquid drops were produced. The
droplets were carried from the spray cylinder to a cyclone
separator and dried in hot air to producemicron-sized particles.
These particles were collected in two solid collection vessels.
This spray-drying method yielded GMPs and MPs.

Carbonization and alkali-activation processes

GMP andMP were placed in a corundum boat in a tube furnace,
heated to 300 �C and held at that temperature for 1 h in an
argon (Ar) atmosphere. According to the thermogravimetric
curve of maltodextrin, the maltodextrin weight loss rate was
highest at 300 �C. Aer this step, maltodextrin was carbonized,
and graphene was heat reduced. Then, the intermediate prod-
ucts were mixed with KOH at a weight ratio of 1 : 4. This mixture
was heated to 800 �C in a tube furnace in an Ar atmosphere. The
heating protocol was as follows: (i) heating to 400 �C at a rate of
10 �C min�1 and holding for 0.5 h to melt KOH and thoroughly
mix the sample; (ii) heating to 800 �C at a rate of 5 �Cmin�1 and
holding for 1 h to obtain alkali-activated materials; and (iii)
cooling to room temperature. The obtained sample was washed
with 1 mol L�1 HCl to remove excess alkali and then washed
with DI water to achieve a neutral pH. Aer vacuum drying at
120 �C for 12 h, the a-GMP and a-MP samples were obtained.

Characterization

Scanning electron microscopy (SEM) images were collected on
a JSM-7001F eld emission scanning electron microscope, and
transmission electron microscopy (TEM, Tecnai G20) was used
to obtain the microcosmic structure and morphology of the
samples. The phase composition and the degree of crystallinity
were identied by X-ray diffraction (XRD, D/max-2550)
measurements. The N2 adsorption/desorption isotherms were
measured at 77 K on a Micromeritics ASAP 2020 instrument.
The specic surface area was measured by the Brunauer–
Emmett–Teller (BET) method. The pore size distributions
ranging from 0.6 to 5 nm were determined by the QSDFT
method. Raman spectroscopy was performed on a HORIBA
10064 | J. Mater. Chem. A, 2019, 7, 10058–10066
LabRAM HR Evolution spectrometer. X-ray photoelectron
spectroscopy (XPS) analyses were carried out on a PHI Quantera
SXM with a monochromatic Al Ka X-ray source.
Electrochemical measurements

An aqueous three-electrode setup was used for single-electrode
characterization. The as-obtained samples were mixed with
a PTFE binder and BLACK PEARLS 2000 carbon black conductor
at a weight ratio of 8 : 1 : 1. Then, the mixture was coated on a 1
cm2 Ni foam substrate and used as the working electrode. A 1
cm2 Pt sheet was used as the counter electrode, and a saturated
calomel electrode (SCE) electrode was used as the reference
electrode. The electrolyte was 6 M KOH. The amount of the
active material loaded in the electrode is shown in Table S6.†
Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) analyses were performed on a Biologic SAS VSP-
300 electrochemical workstation. Galvanostatic charge–
discharge (GCD) and cyclical tests were performed on an Arbin
supercapacitor testing system.
DFT calculations

DFT calculations were performed on graphic processing unit
(GPU) processors in the PWmat code.56,57 To simulate the
adsorption process, we rst calculated the adsorption energy of
maltose molecules on graphene. We performed atom relaxation
to ensure that the residual force on each atom was less than
0.01 eV Å�1 for the following systems: a single maltose molecule
(Fig. 5a), a graphene layer (Fig. 5b), and a combined maltose
molecule and graphene sheet (Fig. 5c). In these structures, we
used a lattice constant of 17.04 Å � 19.68 Å � 30.00 Å to ensure
that the vacuum layer along the c axis was long enough for the
graphene sheet or the combined couple. In addition, this set of
lattice constants ensures that the vacuum layer along the a and
b axes is thick enough for the maltose molecule calculation.
During our calculation, the van der Waals interaction was cor-
rected by the DFT-D2 method.58 A Monkhorst–Pack grid59 was
used in our process of K-point sampling. For the graphene sheet
and combined system, a set of 4 � 4 � 1 K-points was used with
a total test energy error of approximately 1 meV. For the maltose
molecule calculation, a set of 1 � 1 � 1 K-points was used. The
SG15 pseudopotential60,61 with a cut-off energy of approximately
810 eV was used in our calculation. We used the following
formula to calculate the adsorption energy.

Eadsorption ¼ Ecombination � Emaltose � Egraphene

where Ecombination is the energy of the system combining
a maltose molecule with graphene, Emaltose is the energy of
a maltose molecule, Egraphene is the energy of a graphene sheet
and Eadsorption is calculated by subtraction.
Conclusions

In this work, we have demonstrated a scalable synthesis strategy
for preparing porous AC particles covered with rGO by spray-
drying an aqueous suspension of GO/maltodextrin followed by
This journal is © The Royal Society of Chemistry 2019
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carbonization and activation processes. The as-prepared a-GMP
particles were composed of wrinkled rGO shells and AC cores.
This unique AC@rGO structure was benecial for improving the
conductivity, electrolyte ion diffusion efficiency and pore struc-
ture stability when the composite particles are used as electrode
materials in supercapacitors. The a-GMP-5 samples exhibited
a high specic capacitance of 405 F g�1 at 0.2 A g�1, a good rate
capability, an excellent cycling stability (99.5% aer 20 000 cycles),
and competitive energy density (36 W h kg�1 at a current density
of 0.2 A g�1) and power density (11 kW kg�1 at a current density of
50 A g�1). In addition, DFT calculations were carried out to verify
the formation of the core–shell structure during the spray-drying
process which was corroborated by XPS chemical analyses and
SEM and TEM characterization. The controllability and desig-
nability of the spray-drying process indicate that it might be
a universal strategy to synthesize core–shell particles with gra-
phene or other 2D materials as the shell.
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