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The interconnected ordered pore channels facilitate faster
permeation of Li* ions during charge-discharge process than the
isolated ordered pore channels, resulting in significantly enhanced
capacities, better rate capabilities and more remarkable cycling
stability.

Lithium-ion batteries (LIBs) have been widely considered as a
promising power source in many fields by virtue of their high
energy density.1 However, LIBs usually suffer from a low
charge-discharge rate when compared with electrochemical
capacitors.2 With the ever-increasing and urgent energy
storage demands for the applications in vehicle electrification
devices, LIBs with both high energy capacity and power output
are significantly desirable.® Therefore, improving the charge-
discharge rate performance of LIBs without sacrificing their
excellent energy storage properties is very valuable to the
development of LIB devices.

In general, the power storage and the charge-discharge time
of a LIB depend critically on the diffusion rate of Li* ions and
electrons through the electrolyte and bulk electrodes into
active sites.”®? In the past decades, many efforts have been
devoted to increase ion and electron transport kinetics in
batteries. Strategies have mainly focused on exploring of
various new nanostructured electrode materials.’ In particular,
construction of a well-defined porous structure has been
demonstrated to be the most efficient method for enhancing
rate capability.Sb‘ 6

Nevertheless, the fundamental understanding that how the
porous structure affects LIBs performance is still in its early
stages but very desirable for lithium ion storage. The main
reason could be ascribed to the fact that the exact mechanism
of ion transport within porous textures is very complex and
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thus it is limited to employ a targeted porous structure as th~
investigation model.”® One such limitation is that the une.c..
pore structure parameters (i.e., surface area, pore tortuosity
and pore size) influence the Li* ions diffusion and permea..c .
paths in the electrode. Another limitation is that the larg
difference in framework structure including surface chemistr
and crystallinity is very inadequate for modeling ar. '
characterizing the actual electrochemical reaction. The«>
factors have severely impaired the elucidation of the precise
correlation of the pore structure with the LIB performanc .
which is very unfavorable to their further application.
Consequently, appropriate models of porous structure a 2
highly required to show convincing direct evidence to clarify
whether and how the pore structure affects the actu I
electrochemical properties of the active materials.
Herein we propose an interesting insight
aforementioned important but neglected issue by designing
proper well-defined porous model materials. As a model stur"
we focus on ordered mesoporous carbonaceous structure wi.
different pore morphologies, considering the pore morphology
is a vital structural factor that strongly determines the Li* ion
transport pathways. As shown in Fig. 1a and 1d, we elaborate /
design and prepare two types of ordered mesoporous carbc 1
(OMC) models, i.e., OMC with channel-like pore (OMC-CP) ana
OMC with interconnected pore (OMC-IP). They have distinct y
different pore morphologies: the former exhibits isolated ar .
hexagonally arrayed channel-like mesopores among tt._
continuous carbon framework, while the Ilatter presen’.
continuous mesopores between adjacent carbon nanoroc
which are isolated and hexagonally arrayed by carbon spaces.
However, except for the pore morphology, OMC-CP and O 1C-
IP have similar grain morphology and pore paramete:.,
including pore ordering, pore size, and surface area. Moreove ,
both of them present the same carbon framework structurr
including microcrystalline structure and surface chemistry, du
to their identical carbon source and carbonization procedurer
Therefore, OMC-CP and OMC-IP are very profitable to L
adopted as perfect carbon models to clarify the correlation ¢°
the pore morphology with the LIB performance. It is found th=-*
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pore morphology has a strong contribution to the
electrochemical properties of LIBs, especially for the rate
performance. The interconnected ordered pore channels in
OMC-IP facilitate facilitate faster permeation of Li* ions during
charge-discharge process than the isolated pore channels in
OMC-CP, leading to significantly enhanced capacities, better
rate capabilities (e.g., ca. 450 mAh/g at 12500 mA/g) and more
remarkable cycling stability (e.g., 1144 mAh/g after 600 cycles
at 1000 mA/g) for OMC-IP.

As shown in Fig. S1, OMC-CP and OMC-IP were fabricated by
hard-templating and soft-templating procedures, respectively.
Fig. 2a depicts the low-angle XRD patterns of OMC-CP and
OMC-IP. It can be seen that both samples possess three
distinct Bragg diffraction peaks of the 2D hexagonal space
group, (10), (11), and (20), indicating high periodic order
arrangement of symmetry mesoporous structure.’” The
calculation from XRD measurements reflects the values of the
unit cell parameters (a) of OMC-CP and OMC-IP are the same,
i.e., 11.1 nm. SEM images shown in Fig. S2 reveal that OMC-CP
has a similar grain morphology to OMC-IP. TEM images of
these two carbons in Fig. 1b and 1le present linear arrays of
mesopores arranged in a regular pattern, further confirming
their representative characteristics for the 2D hexagonal order
mesoporous structure. However, viewed from the [001]
direction, they have distinctly different pore morphologies.
OMC-CP exhibits isolated and hexagonally arrayed channel-like
mesopores among the continuous carbon framework (Fig. 1c).
In contrast, OMC-IP is made up of hexagonally ordered arrays
of carbon nanorods and presents continuous mesopores
between adjacent carbon nanorods (Fig. 1f). That is to say,
OMC-CP displays totally reverse pore morphology of the OMC-
IP, as represented in Fig. 1a and 1d.

omc-cp

50 nm

OM(}-IP et
Fig. 1. Schematic diagram of (a) OMC-CP and (d) OMC-IP. TEM
images of (b, c) OMC-CP and (e, f) OMC-IP, viewed from (b, e)
the [110] and (c, f) the [001] directions.

The pore structures of OMC-CP and OMC-IP were further
analyzed by N, adsorption measurement (Fig. S3). Both
isotherms are type-IV with a distinct hysteretic loop at P/P, of
0.4~0.7, indicative of the porous nature with a uniformity of
mesopore size.® As shown in the pore size distributions, both
samples exhibit a unimodal pore size distribution (Fig. 2b). The
pore diameter of OMC-IP (4.3 nm) is almost the same as that
of OMC-CP (4.6 nm), and the thickness of carbon walls of
OMC-IP and OMC-CP is 6.8 and 6.5 nm, respectively (Table S1).
Furthermore, the BET surface area of OMC-IP is measured to
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be 1030 m’/g, which is close to that of OMC-CP (896 m’/¢ ..
These results clearly highlight that except for the po'.
morphology, OMC-CP and OMC-IP prepared here have ve'
similar pore structure parameters.

Information about the difference of the carbon framewo. ¢
between OMC-CP and OMC-IP was determined by X-rav
diffraction (XRD) pattern and Raman spectrum. Both OMC-( ?
and OMC-IP show very similar results, ie., broad peaks
centered at 20 = 24° and 43° in the XRD profiles, ar i
characteristic peaks located at around 1340 cm™and 1600 cm
(Fig. S4 and S5). The calculated interlayer spacing (dg,), stack
height (L.) and stack width (L,) of OMC-IP are 0.371, 1.61 ar..
1.75 nm, respectively, which are almost consistent with that
OMC-CP (Tables S2~S3). These findings confirm that bof
OMC-CP and OMC-IP possess low graphite crystallinity ¢~
carbon framework. The chemical nature of the samples wei >
analyzed by Fourier-transform infrared (FTIR) spectroscopy
ray photoelectron spectroscopy (XPS) and combustion
elemental analysis. In the FTIR and XPS measurements,
clear that OMC-CP and OMC-IP seem to have essentially
similar infrared spectra (Fig. S6 and S7). Detailed XPS -~~~
combustion elemental analysis data demonstrate that carbo
oxygen and hydrogen contents in these two carbons are
almost consistent (Table S4), indicating their chemic |
composition and surface chemistry are almost the same. 't
could be ascribed to their identical carbon source (ie.,
phenol/formaldehyde resin) and carbonization procedure.
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The obtained OMC-CP and OMC-IP were used as a LIB anode
under the same electrode-fabrication technique, and the r
electrochemical storage capacity was evaluated by using a
standard half-cell configuration. Fig. S8 shows the first threc
charge-discharge curves at the current density of 100 mA, 5
between 0.01 and 3.0 V (vs. Li*/Li). The first discharge capaci’,
of OMC-CP (i.e., 4101 mAh/g) is very close to that of OMC-’
(i.e., 3934 mAh/g), which could be ascribed to their simile
pore structure. Such high values considerably exceed tt. °
theoretical capacity of graphite (i.e., 372 mAh/g).® This ic a
common phenomenon for non-graphitic carbons with | igh
porosities.sa’ Yt s suggested that in addition to the classic.
graphite intercalation mechanism, there exist other lithiu: .
storage mechanisms like lithium multi-layers on carbonaceo!
sheets, Li-C-H bond and metallic lithium clusters
microcavities for OMC-CP and OMC-Ip.*% &
these multiple lithium-storage positions in OMC-CP and OM\
IP gives rise to high capacities. In the second charge-discharg~
process, the discharge capacities of both OMC-CP and OMC-:?
are decreased to 1328 and 2201 mAh/g, respectively. These

rd
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irreversible capacities could be attributed to the formation of
solid electrolyte interface (SEl) layer at the surface of
electrodes caused by reduction of the electrolyte, and to the
irreversible electrochemical reactions caused by insertion of Li*
ions into special positions in the ordered mesoporous carbon
wall. In the subsequent electrochemical cycles, the capacities
become more stable and reversible. Notably, OMC-IP

possesses superior charge and discharge capacities to OMC-CP.

The cycling performance of OMC-CP and OMC-IP was
evaluated at 100 and 1000 mA/g under the same configuration
(Fig. S9). At the low current density of 100 mA/g, since the ions
have enough time for diffusion throughout the nanopore
systems and the subsequent insertion, the OMC-IP with higher
surface area presents a little larger capacity (Fig. S9a). With
increasing the current density to 1000 mA/g, the discharge
capacities between OMC-CP and OMC-IP become significantly
different (Fig. S9b). For the OMC-CP electrode, the reversible
capacity sharply decrease to 517 mAh/g in the first cycle and
then further decrease to 302 mAh/g after 600 cycles, giving a
capacity retention ratio of 58% and a decrease of 0.07% per
cycle. In sharp comparison, the discharge capacity increase to
1144 mAh/g after 600 cycles, exhibiting excellent stability with
high capacity, especially at a high rate, e.g., 1000 mA/g.
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Fig. 3. Discharge capacity over cycling of (a) OMC-IP and (b)
OMC-CP electrodes under different current densities varying
from 100 to 12500 mA/g.

The difference of rate capability between OMC-CP and
OMC-IP anodes was evaluated in detail at various current
densities from 100 to 12500 mA/g. It can be found in Fig. 3
that OMC-IP exhibits much better rate performance than
OMC-CP. For example, the discharge capacities of OMC-IP at
the relatively low current density like 200 mA/g, are in the
range of 1428~1737 mAh/g, which are higher than that of
OMC-CP (887~1014 mAh/g). With raising the current density
to 500712500 mA/g, the difference in capacities between
these two carbon electrodes becomes more and more distinct.
In the case of OMC-CP electrode, the rate capacity drops
sharply with increasing discharge rate. With an increase of the
current density to 12500 mA/g, a small capacity of
approximately 120 mAh/g is delivered by OMC-CP (Fig. 3b). On
the other hand, the capacities for OMC-IP can be discharged
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up to about 1266 mAh/g at 500 mA/g. Even under the vc ,
high current density of 12500 mA/g, the capacity of OMC-’
electrode can unexpectedly retain a large value of ca. 4%
mAh/g, which is still higher than the theoretical value
graphite. This value also exceeds that of many previous
reported typical anode materials at high current densities (e.g.
12500 mA/g).GC' 2 Furthermore, when the current density s
tuned back to 1000 mA/g after cycling and cycling at different
current densities (i.e., 100~12500 mA/g), the capacity of OM -
IP can be recovered to about 900 mAh/g, demonstrating highly
stable cycling performance (Fig. 3a). These results highlight
that OMC-IP is more suitable to be an electrode that cau.
tolerate ultrafast extraction/insertion of Li* ions at high rates.

Thus, the fundamental questions are: what is the key fact
in determining the electrochemical properties and how does -
affect the battery performance? It has been shown that mar -
nanostructure parameters such as pore size, pore ordet’
surface area, grain morphology and carbon framework coulu
affect the Li* ion transportation in the nanopore syste --
However, as well revealed above, the as-prepared OMC-CP
and OMC-IP electrodes have very similar nanostruc: -
parameters including pore size, pore ordering, BET surfac 2
area, grain morphology, microcrystalline structure, thickness
of carbon wall and surface chemistry. All these factors exce, t
for the pore morphology are eliminated during gaining insights
into the effects of structural parameters on electrochemic.i
performance. Therefore, it is believed that the superior hig’ -
rate performance in OMC-IP is convincingly due to i..
advanced pore morphology. For the OMC-CP, the ordere .
pore channels are isolated by the carbon walls; therefore, th.
Li* ions permeate into the carbon wall only through i.
adjacent limited pore channels (Fig. 4a). In contrast, the OMC_
IP is constructed with an ordered array of carbon nanoroc.
and can provide a larger void space for dispersion of Li* ions. i.
such an interconnected pore system, the Li* ions can easily and
rapidly permeate into the carbon wall from var. <
surrounding directions. As a result, the fast ion diffusion
behavior in OMC-IP is more excellent due to its more ion
permeation routes, leading to better capacity retention.

On the other hand, a significant difference in capacity .
observed between OMC-CP and OMC-IP, particularly at tt
high charge-discharge rates (Fig. S9b). To verify the limitir
factor accountable for this difference, electrochemic-’
impedance spectroscopy measurement of these two carbe -
electrodes is performed, and the obtained Nyquist comple
plane impedance plots are displayed in Fig. 4b. Meanwhile, tt »
impendence spectra are modelled by the modified equivalent
circuit (Fig. S10). Two semicircle arcs in the high- and medi m-
frequency regions and a linear line in the low frequency rai._
can be observed for both electrodes. The high-frequency arc ?
associated with the resistance (R;) and constant phase elemer *
(CPE,) of the SEI film.**** It can be seen that the arc diamete -
of OMC-IP is smaller than that of OMC-CP in this region
indicating that OMC-IP can promote the penetration @ f
electrolytes into the SEI film more effectively than OMC-CP.
The medium frequency region is ascribed to the charg -
transfer impedance (R.) and CPE, on electrode/electroiyte
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interface. As illustrated in Fig. 4b, OMC-IP possesses a smaller
charge-transfer resistance relative to OMC-CP, indicative of a
lower ionic resistance and superior kinetics for OMC-IP. This is
a result of its interconnected pore structure which can offer
large electrode/electrolyte interface for the charge-transfer
reaction. Overall, the pore morphology of porous carbons
plays a decisive factor in determining electrochemical
properties of LIB, especially at high rates.
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Fig. 4. (a) Schematic representation of electron transport, Li*
ion storage and Li* ion penetration routes; (b) Nyquist
impedance plots of OMC-CP and OMC-IP electrodes.

In summary, we provide a convincing direct evidence to
demonstrate that there is a strong contribution of pore
morphology to the electrochemical performances of LIB. This is
based on design, fabrication and electrochemical
characterization of two classes of perfect carbon models, i.e.,
OMC-CP and OMC-IP, which possess the identical carbon
framework and very similar pore structure except for the pore
morphology. It was demonstrated that the interconnected
ordered pore channels in OMC-IP facilitate faster permeation
of Li* ions during charge-discharge process than the isolated
ordered pore channels in OMC-CP, resulting in significantly
enhanced capacities, better rate capabilities and more
remarkable cycling stability for OMC-IP. Our results show the
fundamental understanding about how the porous
morphology affects the dynamic processes of the guest species
like Li* ions. We anticipate that such a work would be useful in
the development of high-performance energy devices by
exploiting the properties of rational nanostructures that allow
for fast mass transfer.
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