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Assembly of the top-down graphene units mostly results in 3D porous structure with randomly orga-
nized pores. The direct bottom-up synthesis of macroscopic 2D graphene sheets with organized pores
are long sought in materials chemistry field, but rarely achieved. Herein, we present a self-catalysis-
assisted bottom-up route using L-glutamic acid and iron chloride as starting materials for the fabrication
of the millimeter-sized few-layer graphene sheets with aligned porous channels parallel to the 2D direc-
tion. The amino- and carboxyl-functional groups in L-glutamic acid can coordinate with iron cations, thus
allowing an atomic dispersion of iron cations. The pyrolysis thus initiated the growth of graphene cat-
alyzed by in-situ generated iron nanoparticles, and a dynamic flow of iron nanoparticles eventually led
to the formation of millimeter-sized few-layer graphene sheets with aligned channels (60–85 nm in
diameter). Used as anodes in lithium-ion batteries, these graphene sheets showed a good rate capability
(142 mA h g�1 at 2 A g�1) and high capacity retention of 93% at 2 A g�1 after 1200 cycles. Kinetic analysis
revealed that lithium ions storage was dominated by diffusion behavior and capacitive behavior together,
in that graphene sheets with aligned channels could accelerate electron transfer and shorten lithium ions
transport pathway. This work provides a novel approach to prepare unique porous graphene materials
with specific structure for energy storage.
� 2020 Published by ELSEVIER B.V. and Science Press on behalf of Science Press and Dalian Institute of

Chemical Physics, Chinese Academy of Sciences. All rights reserved.
1. Introduction

Porous graphene materials with sp2 carbon networks usually
possess high intrinsic electrical conductivity, abundant pore struc-
ture and excellent chemical stability, showing a wide range of
application prospect, such as adsorbents, catalyst supports, ther-
mal transport media, storage energy materials and electronic com-
ponents [1,2]. Especially in the field of lithium-ion batteries (LIBs),
porous graphene materials are promising anode materials since
the interconnected sp2 carbon networks can serve as efficient elec-
tron transfer pathways and the porous structure will allow a rapid
ion diffusion [3,4]. A common reported method for introduction of
porous structure in graphene materials relies on chemical KOH
[5,6] or H2O2 [7,8] activation, which can generate abundant in-
plane micropores or small mesopores. However, small and ran-
domly oriented pore channels are not efficient enough to overcome
diffusion or mass transfer limitation during the charging process to
some extent [9]. Moreover, drastic chemical activation often dam-
ages the intrinsic framework of graphene sheets and the nano-
sized graphene fragments will be formed [10]. The severe set-up
corrosion is also no escaping as well.

Some experience of creating porous structure and improving
graphitic property in carbon materials might be referred, which
essentially relied on the transition metal induced catalytic graphi-
tization and template effect [11]. For example, using cobalt
nanoparticles with the size of ~10 nm as catalyst and
cetyltrimethylammonium bromide as the carbon source, hollow
carbon spheres with 8–10 nm thick graphitic shell were fabricated
[12]. In another case, when such cobalt nanoparticles were depos-
ited on the external surfaces of SBA-15 and then coated with fur-
furyl alcohol, graphitic shells of such hollow carbon spheres
dramatically became ultrathin to 1 nm, approximately three gra-
phene layers [13]. By thermal pyrolysis of self-assembled Fe3O4

superlattice nanocrystals capped with oleic acid ligand, ordered
mesoporous graphitic materials with thin pore walls consisting
of three to six stacking graphene layers were fabricated [14]. Addi-
tionally, chemical vapor deposition over metal oxides, such as ZnO
[15], MgO [16] is also a powerful method to introduce porous
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structure and improve graphitic property with the aid of carboth-
ermal reduction or in-situ growth strategy.

Despite the great success in the synthesis of porous carbon
materials with graphitic property, most presented in a form of
3D framework, in which the orientation of graphitic layer is irreg-
ular [17]. In this case, though an obvious graphitic property, elec-
tron transfer and lithium ions transportation cannot be
accelerated significantly.

Herein, we report a novel self-catalysis-assisted bottom-up con-
struction method to prepare millimeter-sized 2D porous graphene
sheets (PGSs) with aligned channels, in which the carbon precursor
and transition metal catalyst play a key role in determining the
structure and morphology of materials. L-glutamic acid with
amino- and carboxyl-functional groups was selected as the sole
carbon source, which was strongly inclined to coordinate with iron
cations instead of a hydrolysis of iron salt [18]. Compared with
other transition metals (e.g., cobalt and nickel), iron nanoparticles
show strong carbon solubility (20.2% at melting point) and mobil-
ity (1.5 � 10�11 at 1000 �C) [19]. Ultimately, in-situ generated iron
nanoparticles initiated the growth of graphene sheets during
pyrolysis, and a dynamic flow of iron nanoparticles (possibly in a
quasi-liquid phase) eventually led to well-aligned channels with
robust few-layer graphene as channel walls. When used as anodes
in LIBs, these unique porous graphene materials showed a well rate
capability (142 mA h g�1 at 2 A g�1) with capacity retention of 93%
at 2 A g�1 after 1200 cycles. Kinetic analysis confirmed that gra-
phene sheets with aligned channels could accelerate electron
transfer and shorten lithium ions transport pathway.
2. Experimental

2.1. Synthesis of the porous graphene sheets

The chemicals were purchased from commercial suppliers
without further purification. First, L-glutamic acid (C5H9NO4, 99%,
J&K Scientific Ltd) and iron (III) chloride hexahydrate (FeCl3�6H2O,
98%, Sinopharm Chemical Reagent Co., Ltd.) were proportionally
dissolved in deionized water at 60 �C, and stirred until being a
homogeneous solution. Then the homogeneous solution was trans-
ferred into a rotary evaporator to remove water at 50 �C. The
obtained samples were dried at a 60 �C oven for 12 h, and then pyr-
olyzed at 800 �C for 1 h under an argon atmosphere with heating
rate of 5 �C min�1. The samples were treated with 6 M HCl/EtOH
solution at 30 �C for 48 h to remove iron particles, followed by
filtrating-washing with deionized water to neutrality. Finally, the
samples were collected and further dried at 50 �C. The products
were labeled as PGS-X-T, where ‘‘X” represented the molar ratio
of L-glutamic acid to FeCl3 and ‘‘T” represented the pyrolysis
temperature.
2.2. Material characterization

Optical microscopy photograph was obtained with a Leica-Leica
DMi8 instrument. Transmission electron microscopy (TEM, Tecnai
F30, FEI) and scanning transmission electron microscopy (STEM,
Tecnai G2 F30 S-Twin, FEI) were used to observe the samples’ mor-
phology. Atomic force microscopy (AFM) images were obtained
using an Agilent PicoPlusII instrument. Powder X-ray diffraction
(XRD) patterns were carried out with a D/Max 2400 diffractometer
(Rigaku Corporation) and Cu-Ka (40 kV, 100 mA, l¼ 1.5406 Å) as
the radiation source. Raman spectra were measured on an InVia
Qontor Raman Spectrometer with a 532 nm laser excitation. Nitro-
gen adsorption isotherms were obtained at 77.4 K with a TriStar
3000 adsorption analyzer (Micromeritics). The specific surface
areas (SBET) were calculated from the adsorption data in the rela-
tive pressure ranges from 0.05 to 0.3 based on the Brunauer–Em
mett–Teller (BET) equation. The total pore volumes (Vtotal) were
calculated from the quantity of nitrogen adsorbed at the relative
pressure of P/P0 = 0.98. Pore size distributions were determined
by using the Barret-Joyner-Halenda (BJH) model from the adsorp-
tion branch. X-ray photoelectron spectroscopy (XPS) was mea-
sured with a Thermo VG ESCALAB 250 Microprobe instrument
and Al Ka radiation as the X-ray source.
2.3. Electrochemical tests

The PGS material was first ground to micrometer in size and
blended with Super P carbon black, carboxymethylcellulose
sodium and LA133 binder in a weight ratio of 8:1:0.5:0.5 and stir-
red to form a viscous slurry. The slurry was then spread on copper
foil and dried under vacuum at 100 �C for 12 h. The areal loading of
active material was approximately 1.5 mg cm�2. Coin cells
(CR2025) used in electrochemical experiments were assembled
in an argon-filled glovebox, with a pure lithium foil as the counter
electrode and a polypropylene membrane (Celgard 2400) as the
separator. The electrolyte was composed of 1.0 M LiPF6 in DMC/
EMC/EC (1:1:1 by volume). Galvanostatic charge–discharge (GC)
performance was evaluated using a LAND CT2001A battery test
system at different current densities between 0.01 and 3 V vs. Li/
Li+. Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) tests were conducted on a CHI660E electrochemical
workstation. For comparison, one commercial artificial graphite
product from BTR company (China) was used as reference anode
material.
3. Results and discussion

The synthesis was based on a self-catalytic graphitization
method using a L-glutamic acid-FeCl3 as precursors. A tremendous
expansion of approximately twenty-fold in volume can be
observed after carbonization (Fig. S1). The molar ratio between L-
glutamic acid and FeCl3 played a key role in determining the mor-
phology of PGS materials. Fig. S2 showed the typical TEM images of
the obtained PGS at different molar ratios. For sample PGS-6-800
with the highest proportion of L-glutamic acid, no obvious gra-
phene wrinkles were observed, as seen from Fig. S2(a). Exhilarat-
ingly, with the decreasing the molar ratio of L-glutamic acid to
FeCl3 from 4 to 1 and even further to 0.5, the large-area wrinkles
structures of materials can be observed from Fig. S2(b–d). How-
ever, further reducing the molar ratio of L-glutamic acid to FeCl3
to 0.25, many irremovable iron particles were observed from
Fig. S2(e).

To have deep insight of the wrinkles structures, an optical
microscopy photograph of typical sample PGS-4-800 was dis-
played in Fig. 1(a). The lateral size of sheets came up to ~0.3 mm,
which was close to the millimeter size. In such large area, the typ-
ical sample exhibited well aligned wrinkles which were composed
of nearly parallel tubular channels with a diameter of 60–85 nm
(Figs. 1b, c and S2b). The lattice fringe diffraction of few-layer gra-
phene was observed on tube wall, with spacing between adjacent
graphene planes of about 0.342 nm, indicating that sample PGS-4-
800 had a well-graphitized framework. AFM image showed the
characteristic of tubular bulges on the surfaces of sample PGS-4-
800 (Fig. 1d), which was in line with the TEM observations. In addi-
tion, further observation (Fig. 1e, f) revealed an obvious interlacing
between the wrinkles in sample PGS-1-800 and PGS-0.5-800,
which may be caused by the poor dispersion of in-situ generated
iron nanoparticles due to the increase of iron salt content.

To further trace the origin of tubular channels, PGS-4-800 was
characterized by TEM and STEM. As shown in Fig. 2(a), the typical



Fig. 1. (a) Optical microscopy photograph, (b, c) TEM images and (d) AFM image of sample PGS-4-800; TEM images of sample (e) PGS-1-800 and (f) PGS-0.5-800.

Fig. 2. (a, b) TEM images of PGS-4-800; (c) STEM image of PGS-4-800 and (d) the growth model of bamboo-joint-like graphene channels.
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tubular channels possess bamboo-joint-like caps which were com-
posed of few-layer graphene (Fig. 2b). In particular, the shape of
graphene caps was much alike to the tail of iron nanoparticle, indi-
cating that graphene caps were probably derived from the replica-
tion of nano-iron tail [20]. Therefore, the STEM with dark field
model was further used to characterize PGS-4-800. We can see
the quasi-liquid iron nanoparticle with a graphene cap flowed
along a wavy trajectory, alike to the tunnel excavated by a worm
(Fig. 2c). By combining the thermogravimetric-mass analysis of
PGS-4-precursor under argon flow (Fig. S3), the corresponding
growth process of bamboo-joint-like graphene channels was pro-
posed and shown in Fig. 2(d). During pyrolysis under argon, abun-
dance of reducing gases, e.g., H2O, CO, CO2 and NH3 were released
in 200–400 �C range. Subsequently, iron cations were in-situ
reduced to iron nanoparticles as the catalysts to induce the evolu-
tion of graphene structures. In the temperature range of 700–
800 �C, CO was the major gas released, and iron compounds were
possibly reduced to metallic state or metastable iron carbides (Fex-
Cy) [21–23]. It was worth noticing that iron carbides might be a
quasi-solid state, because the melting point of the iron carbides
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was higher than that of the original nano-irons [24,25]. In order to
satisfy the energy minimization principle, the partially dissolved
carbon species were transformed to the low-energy graphite crys-
tal and a thin graphene cap was precipitated at the tail of iron car-
bides [26]. The graphene cap peeled off as the quasi-liquid nano-
iron migrated. The continuous conversion of quasi-liquid–solid-li
quid–solid eventually resulted in the bamboo-joint-like graphene
channels.

XRD patterns and Raman spectra of PGS materials were col-
lected to probe the structural changes in the graphitization degree
as altering the pyrolysis temperature and the molar ratio of L-
glutamic acid to FeCl3. As seen in Fig. 3(a), with an increase in
pyrolysis temperature, the (002) diffraction peaks at 26� became
stronger and the peaks indexed as (100) planes appeared, confirm-
ing the enhanced graphitization degree of resultant materials.
Obviously, sample PGS-4-700 possessed a relatively low degree
of graphitization because iron nanoparticles had no significant cat-
alytic activity at this temperature [27]. When the pyrolysis tem-
perature reached to 1000 �C, the diffraction peaks assigned to a-
Fe (ICOD:01-087-0721) were obvious in Fig. S4(a), indicating that
the iron particles grew up significantly and it was difficult to com-
pletely remove them by acid washing. Moreover, large iron
nanoparticles meant high melting point according to the
Tammann-temperature rule, which was unfavorable to trigger
the dynamic flow of iron nanoparticles during pyrolysis. Therefore,
the pyrolysis was conducted at 800 �C.
Fig. 3. XRD patterns of the synthesized PGS materials obtained by (a) different pyrolysis
detail of 2D diffraction peak) and (d) N2 sorption isotherms (inset, pore size distributions
1-800 and PGS-0.5-800 were respectively vertically offset by 100 and 300 cm3 g�1 (STP
The molar ratio of L-glutamic acid to FeCl3 exerted significant
influence on the structures of sample’s graphitic domains (Figs. 3b
and S4c). With the increase of the iron salt proportion in the sam-
ples, the intensity of the (002) diffraction peaks was gradually
strengthening. The strongest (002) diffraction peak appeared in
PGS-0.5-800, indicating the highest crystallinity. For sample PGS-
0.25-800 with the highest proportion of FeCl3, the excessive iron
salts cannot be sufficiently reduced to metallic iron (Fig. S4b),
accompanied with the formed intermediates FeCl2 (ICOD:01-089-
3732) and FeCl2�2H2O (ICOD:00-025-1040). Such intermediates
were likely the products from the reaction between Fe and excess
Fe3+ during the cooling process. For sample PGS-6-800 with the
lowest proportion of FeCl3, the relatively weak (002) diffraction
peak indicated a low degree of graphitization (Fig. S4c), which
was consistent with TEM observation. Therefore, in the following
study, sample PGS-6-800 and PGS-0.25-800 were excluded.

As seen in Fig. 3(c), the Raman spectra of samples PGS-0.5-800,
PGS-1-800 and PGS-4-800 showed two strong peaks at 1360 and
1600 cm�1, representing the D-band (amorphous carbon), the G-
band (graphitic carbon), respectively [28]. The ratio of the integral
areas of G-band and D-band (IG/ID) was expressive of graphitiza-
tion degree. When the molar ratios of L-glutamic acid to FeCl3 were
varied from 0.5 to 4, the IG/ID value enlarged from 1.02 to 1.52,
again declaring the gradually enhanced crystallinity. The presence
of strong 2D diffraction peak at 2699 cm�1 suggested the formation
of graphene [29,30]. When the molar ratios of L-glutamic acid to
temperature, (b) different molar ratio; (c) Raman spectra (inset, the partial enlarged
) of samples PGS-0.5-800, PGS-1-800 and PGS-4-800. The isotherms of samples PGS-
).
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FeCl3 were varied from 4 to 0.5, the 2D diffraction peaks shifted to
a higher angle and the relative intensity of the 2D diffraction peaks
decreased, confirming the enhanced thickness of graphene sheets.
The Raman and XRD analyses together proved that PGS series sam-
ples displayed high graphitization degree, which was beneficial to
electron transport [31].

N2 sorption isotherms of samples PGS-0.5-800, PGS-1-800 and
PGS-4-800 were compiled in Fig. 3(d). These PGS materials pre-
sented IV-type isotherms with hysteresis loops featured with cap-
illary condensation, revealing the presence of mesoporous
structures. The pore size distributions (Fig. 3d inset) further
showed the existence of mesopores. The pore sizes of PGS-4-800
showed bimodal distribution, and mainly concentrated at about
15.6 nm. With the increase of iron salt proportion in the samples,
the pore sizes of PGS-1-800 and PGS-0.5-800 were quite similar
and the dominated peaks moved to 29.6 nm. These mesopores
were supposed to be the traces that the migration of iron nanopar-
ticles left during pyrolysis due to the Ostwald ripening and the
growth-decay flowing, which support our proposed self-catalysis
process toward defined channels [32,33]. The specific surface areas
of samples PGS-0.5-800, PGS-1-800 and PGS-4-800 were 186, 261
and 300 m2 g�1, accordingly (Table S1).

It was well known that iron nanoparticles were difficult to be
removed completely by acid washing. During the cooling process,
eutectic liquid droplets of FexCy were easy to decompose into
core-shell structures, i.e. iron nanoparticles core and graphitic shell
[34,35], protecting the iron cores against acid leaching. Thermo-
gravimetric measurement of sample PGS-4-800 was conducted
Fig. 4. (a) XPS survey scan and (b–d) deconvoluted high-resolution C
under air flow in order to detect the weight percentage of the iron
residual. As seen in Fig. S5, a detectable weight loss appeared in the
range of 500–700 �C, which was relevant to the burn of carbon.
Meanwhile, Fe and Fe3C nanoparticles were oxidized to Fe2O3.
The residual mass ratio of Fe2O3 over initial PGS-4-800 sample
was 3.23 wt%. Accordingly, the iron content of this sample was
estimated to be 2.22 wt%. Notably, the residual iron nanoparticles
were tightly protected by graphitic shells against acid leaching. As
well, they were inaccessible by the electrolyte of lithium-ion bat-
tery, which will be discussed later on.

The surface atomic compositions (at%) of samples PGS-0.5-800,
PGS-1-800 and PGS-4-800 were obtained by XPS. All samples
exhibited high carbon content of over 95 at% and low heteroatom
content (Fig. 4a and Table S2). Their C 1s spectra (Fig. 4b–d) were
deconvoluted with five peaks denoting sp2 C, sp3 C, CAO, C@O
and OAC@O [36,37]. With the increase of iron salts, the content
of sp2 C increased from 62.5 at% to 73.2 at%, while the content of
sp3 C decreased from 17.9 at% to 7.5 at%, indicating the enhance-
ment of graphitic structures. These results were consistent with
those from Raman and XRD analyses.

Considering the abovementioned unique structure characteris-
tics of samples PGS-0.5-800, PGS-1-800 and PGS-4-800, they were
used as anode materials for LIBs which require a high electron and
electrolyte ions transport for fast charge-discharge performance.
The CV curves of samples PGS-0.5-800, PGS-1-800 and PGS-4-800
were shown in Figs. 5(a) and S6(a, b). The reduction peaks around
0.5 V in first cycle were attributed to the formation of SEI film [38].
A pair of sharp redox peaks at 0.01–0.2 V were associated with the
1s spectra of samples PGS-0.5-800, PGS-1-800 and PGS-4-800.



Fig. 5. (a) CV curves of sample PGS-0.5-800 at 0.1 mV s�1 for the initial three cycles; (b) GC profiles of sample PGS-0.5-800 at 0.05 A g�1 for the initial three cycles, (inset, the
partial enlarged detail of the GC profiles); (c) rate performance of samples PGS-0.5-800, PGS-1-800, PGS-4-800 and artificial graphite; (d) long-term cycling performance and
Coulombic efficiency of samples PGS-0.5-800, PGS-4-800 and artificial graphite at 2 A g�1.
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Li+ intercalation/de-intercalation process in the graphite layers
[38]. In contrast with the oxidation peak of artificial graphite at
0.4 V, the left-shifted oxidation peak of PGS materials indicated a
decrease in electrode polarization. The excellent conductivity of
PGS materials effectively reduced the internal resistance, and the
thin 2D feature increased the adsorption of Li+ on edges, thereby
gaining a lower polarization voltage [39]. Figs. 5(b) and S6(c, d)
presented the GC profiles of samples PGS-0.5-800, PGS-1-800 and
PGS-4-800 at 0.05 A g�1 for the initial three cycles. Owing to the
highest graphitization degree, sample PGS-0.5-800 experienced a
low-voltage long plateau, providing a high capacity of 236mA h g�1

at 0.05 A g�1 below 0.2 V. Sample PGS-1-800 and PGS-4-800 exhib-
ited slope profiles in the GC profiles and delivered relatively less
capacity at low-voltage.

By considering the specific structure feature of few-layer gra-
phene sheets with aligned porous channels parallel to the 2D direc-
tion, the rate performance of these PGS materials were tested at
large current densities. As shown in Fig. 5(c), PGS-0.5-800, PGS-
1-800 and PGS-4-800 all exhibited an improved rate performance
over that of artificial graphite. For example, the capacity for the
artificial graphite only remained 95 mA h g�1 at 1 A g�1, just 40%
capacity of PGS-0.5-800. The long-term cycling tests of PGS-0.5-
800, PGS-4-800 and the artificial graphite at 2 A g�1 were pre-
sented in Fig. 5(d). Although all samples exhibited an excellent
long cycling life over 1200 cycles, the retained capacity of sample
PGS-0.5-800 and PGS-4-800 was 142 and 124 mA h g�1, respec-
tively, more than 3 times that of artificial graphite (40 mA h g�1).

The EIS measurements were conducted in order to understand
the interfacial process and the charge-discharge kinetics of the
electrode. Fig. S7 showed the Nyquist plots of PGS-0.5-800, PGS-
1-800, PGS-4-800 and artificial graphite electrode after 5 cycles
at 0.1 A g�1. All three samples exhibited a semicircle in the high
frequency region corresponding to the charge-transfer process
and an inclined line at low frequencies relating to the ion diffusion
process [40]. A typical equivalent circuit was exhibited in the inset
of Fig. S7, where Rs was related to the electrolyte resistance, Rct

meant the charge transfer resistance, C was double layer capaci-
tance, W related to Warburg impedance [41]. These data were
quantified by fitting the electrodes equivalent circuit, and the fitted
values of charge transfer resistance, double layer capacitance, and
Warburg impedance were shown in Table S3. The charge transfer
resistance values of PGS-0.5-800, PGS-1-800 and PGS-4-800 are fit-
ted as 34.6, 40.7 and 74.4 ohm, respectively, being lower than the
reported values for graphene-like anode materials for LIBs [42,43],
which indicated the improvement of electron transport due to the
highly graphitized structure. The Warburg impedance values of
PGS electrodes are much lower than that of artificial graphite elec-
trode, which indicated the improvement of ions transport due to
the porous structure.

To determine the charge storage mechanism, the CV curves of
sample PGS-0.5-800 and artificial graphite were measured as a
function of the scan rates. As shown in Figs. 6(a) and S8, the CV
curves of sample PGS-0.5-800 were almost identical as that of an
artificial graphite electrode. This again proved that residual iron-
based nanoparticles would not contribute electrochemical capac-
ity. The lithium diffusion coefficients of PGS-0.5-800 electrode
and artificial graphite electrode were determined based on the
Randles-Sevcik equation [44]. Randles-Sevcik plots of PGS-0.5-
800 electrode and artificial graphite electrode were shown in
Fig. S9. Compared with the lithium diffusion coefficient of the arti-
ficial graphite electrode (4.78 � 10�12 cm2 s�1), the PGS-0.5-800
electrode exhibited a higher lithium diffusion coefficient
(1.83 � 10�11 cm2 s�1). Moreover, according to the formula:

q� ¼ qo þ qi ð1Þ
the capacitive contribution at a certain scan rate was calculated.
Where q* represents the total charge storage, which is regarded
as a combination of outer charge storage (qo, capacitive reaction)
and inner charge storage (qi, insertion reaction) [45]. The specific
charge storage with different scan rates can be calculated from for-
mula (2):

q ¼ q1 þ k=v1=2 ð2Þ
where the v is scan rate and k is constant. When v ? 1, the charge
value is approximately q1, which equaled qo, indicating that the
capacitive contributions are independent of scan rates. When the



Fig. 6. (a) CV curves of sample PGS-0.5-800 at various scan rates; (b) The capacitive contribution ratios of samples PGS-0.5-800 and artificial graphite at varied scan rates.
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scan rate approached 0, the outer surface charge and inner charge
can be fully available, hence the q included both qo and qi [46]. Con-
sequently, the capacitive contribution ratio at different scan rate
was calculated (Fig. 6b). The capacitive contribution of PGS-0.5-
800 was 30%, 38%, 43%, 46% and 48% of the total charge storage,
accordingly at 0.2, 0.4, 0.6, 0.8 and 1.0 mV s�1, indicating that the
lithium ion storage process was a synergistic effect of diffusion
behavior and capacitive behavior. In contrast, in the case of the arti-
ficial graphite electrode, its capacitive contribution was less than 3%
of the total charge storage at the same scan rate, indicating a single
diffusion behavior of lithium ions storage.

In comparison with the reports on graphene-based anode mate-
rials, PGS series samples, especially PGS-0.5-800, exhibited a much
higher reversible capacity and superior rate capability (Table S4).
The excellent electrochemical performance of PGS materials was
attributed to the thin 2D structure and accessible aligned channels
structure. Firstly, the aligned channels in our porous graphene
sheets ensure sufficient contact areas between electrode and elec-
trolyte, and the internal cavity may act a ‘‘reservoir” to store elec-
trolyte. Due to the shortened diffusion distance from the electrode
surface into the interior, lithium ions were more quickly and effi-
ciently intercalated/de-intercalated, and thus led to the superior
rate performance. Moreover, the 2D integrative feature was also
conducive to the adsorption of lithium ions on sides, edges, thereby
gaining a higher Li+ storage capability. Finally, the millimeter-sized
graphene sheets formed the continuous conductive network,
which gave rise to the ultra-high electronic conductivity of the
whole electrode, thereby improving the rate performance.
4. Conclusions

Millimeter-sized few-layer graphene sheets with aligned chan-
nels were prepared by self-catalysis-assisted bottom-up method
using L-glutamic acid and iron chloride as the starting materials.
Such porous graphene sheets not only facilitated rapid and stable
transfer of electrons and ions, but also provided additional active
sites for Li+ storage. Therefore, the PGS as anode material for LIBs
delivered excellent rate performance and cyclic stability, which
was outperformed the artificial graphite electrode under identical
conditions. This work extends the bottom-up synthesis technique
for macroscopic 2D graphene sheets with unique aligned porous
channels, and will also advance the applications where need the
coupled high electron and ions transport.
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