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ABSTRACT: Since sluggish Li* desolvation leads to severe capacity [ Fy—="Ty vy ppum vy Ty ="y
degradation of carbon anodes at subzero temperatures, it is urgently desired '~ 4 ! " Tt
to modulate electron configurations of surface carbon atoms toward high
capacity for Li-ion batteries. Herein, a carbon-based anode material (O-DF)
was strategically synthesized to construct the Riemannian surface with a
positive curvature, which exhibits a high reversible capacity of 624 mAh g
with an 85.9% capacity retention at 0.1 A g™ as the temperature drops to
—20 °C. Even if the temperature drops to —35 °C, the reversible capacity is
still effectively retained at 160 mAh g™' after 200 cycles. Various
characterizations and theoretical calculations reveal that the Riemannian
surface effectively tunes the low-temperature sluggish Li* desolvation of the
interfacial chemistry via locally accumulated charges of non-coplanar sp* (2 <
x < 3) hybridized orbitals to reduce the rate-determining step of the energy
barrier for the charge-transfer process. Ex-situ measurements further confirm
that the sp*-hybridized orbitals of the pentagonal defect sites should denote more negative charges to solvated Li* adsorbed on the
Riemannian surface to form stronger Li—C coordinate bonds for Li* desolvation, which not only enhances Li-adsorption on the
curved surface but also results in more Li" insertion in an extremely cold environment.
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H INTRODUCTION commercial state-of-the-art anodes for LIBs, endures severe
capacity degradation as the temperature declines,"*'” of which
its capacity rapidly decays to only 12 mAh g at —20 °C.">"*
These results apparently indicate that the solvated Li* binding
to sp” hybridized carbon sites with a conjugated 7-electron
system is too weak to get rid of the solvation sheath for Li*
desolvation before the intercalation of naked Li* into graphite
interlayers and overcome the rate-determining step of energy
barrier for the charge-transfer process, which may be the
essential hindrances for the low-temperature operation of
LIBs."” Therefore, the key to addressing the low-temperature
capacity loss lies in adjusting the surface electron config-
urations of the carbon anode to reinforce the coordinate
interaction between the solvated Li* and adsorption sites for
Li* desolvation and reduce the activation energy of the charge-
transfer process. In addition, with inspiration from the
geometric architectures of carbon allotropes with positive
and negative curvatures, it is expected to manipulate the

Lithium-ion batteries (LIBs) have been universally applied in
various portable electronics and electric vehicles due to a high
energy density and long cycle life at room temperature,"” but
they still suffer from poor performance at subzero temper-
atures, especially substantial energy and power losses, which
severely limits their operations in a cold environment such as
high-altitude areas and aerospace explorations as well as
electric vehicles under extreme conditions.’™® This issue has
attracted more attention from the scientific and industrial
communities.

Up to now, various strategies have primarily focused on
electrolytes and electrodes to solve the above issue via the
tailoring of electrolyte structures and the introduction of
electrolyte additives to reduce the freezing point and boost
ionic conductivity,' "% or the surface modification of the
electrode structure to lower the charge-transfer energy barrier
at the interface.””~"" Most importantly, the consensus reached
in recent studies reveals that the dominant reason for the
considerable capacity loss at subzero temperatures should be Received:  April 7, 2022 B,
attributed to the high energy barrier of charge-transfer Published: June 8, 2022
resistance in the sluggish Li* desolvation process,”'>'* which
is closely correlated to the strength of the solvated Li* binding
energy at the electrolyte—electrode interface.'”'> On the other
hand, graphite with a theoretical capacity of 372 mAh g, as
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Figure 1. (a) Schematic illustration of the synthesis process of O-DF. (b—d) SEM, TEM, and the corresponding SAED images of O-DF. (e, f)
HRTEM images of O-DF with different magnifications. (g) Elemental mappings of C, N, and Co for O-DF.

electronic configurations of the surface through the trans-
formation of hybridized orbital types generated by the
response of chemical bonds to bending deformations,”*~>*
where the insertion of one pentagon into an sp>-hybridized
hexagon lattice generates a surface with a positive curvature
like a bowl, while the introduction of one heptagon or larger
membered rings produces a surface with a negative curvature
like a saddle.””** Theoretical calculations demonstrate that the
curved surfaces bind lithium with a stronger affinity than the
planar surface with zero curvature, particularly the structure
with a positive curvature (Figure S1), making it possible to
accomplish the high capacity of the carbon anode in an
extremely cold environment. However, the carbon anode with
a positive curvature as a high capacity electrode material for Li-
ion storage at low temperature has never been realized, and the
underlying structure-performance relation has not been
theoretically and experimentally uncovered.

Herein, we strategically prepared multilayer onion-like
carbon nanospheres anchored on the dodecahedral carbon
framework (O-DF) through direct low-temperature pyrolysis
of zeolitic imidazolate framework-67 (ZIF-67), which
possesses a non-coplanar Riemann surface with a positive
curvature. When the temperature declines to —20 °C, the O-
DF carbon-based anode for LIBs exhibits a high reversible
capacity of 624 mAh g~ with an 85.9% capacity retention at
0.1 A g', far surpassing the commercial state-of-the-art
graphite with zero curvature. Even if the temperature drops to
—35 °C, O-DF is still effectively retained at the reversible
capacity of 160 mAh g™' at 0.1 A g™' after 200 cycles.
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Combining the physical characterizations with theoretical
calculations, we found that the carbon atoms with unsaturated
coordination among the pentagonal defects embedded into the
Riemann surface tend to adopt new-typed non-coplanar sp* (2
< x < 3) hybridization, which breaks the conjugated 7-electron
system of sp>-hybridized orbitals and motivates the local
charge accumulation. The sp*-hybridized orbitals facilitate
charge donation to strengthen Li—C coordinate bonds for Li"
desolvation to reduce the activation energy of the charge-
transfer process, which not only enhances the Li-adsorption on
the curved surface but also results in more Li" insertion in an
extremely cold environment.

B RESULTS AND DISCUSSION

To ingeniously implement the positively curved surface design
of carbon anodes, ZIF-67 precursors composed of pentagonal
structures as basic units provide the possibility for inducing a
large number of pentagonal defects embedded into the planar
sp> hexagonal lattice with appropriate pyrolysis conditions. As
illustrated in Figure la, through direct pyrolysis of ZIF-67
containing Co, C, and N atoms at 425 °C under a 10% H,/Ar
atmosphere, O-DF was first synthesized to construct the local
surface with positive curvature.

The synthesis mechanism of O-DF is shown in the
Supporting Information. Thermogravimetric analysis (TGA)
affirms that, by controlling the decomposition temperature at
425 °C, it ensures that one partial 2-methylimidazole proceeds
to the decomposition behavior, and the other retains five-
membered ring structures (Figure S2). It is noteworthy to
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Figure 2. (a) CV curves of O-DF for —20 °C at 0.1 mV s™' compared with the corresponding curves for room temperature. (b) Galvanostatic

discharge curves of O-DF, T-DF, MWCNT, and graphite for —20 °C at 0.1 A ¢!

after 150 cycles. (¢, d) Cyclic capacity comparisons (c) and

normalized capacity retention (d) of O-DF, T-DF, MWCNT, and graphite range from 25 to —35 °C. (e) Long-term cycles and efficiency of O-DF

and T-DF for —35 °C at 0.1 A g_l.

mention that 2-methylimidazole serves as not only as a
sacrificial template for the growth of the carbon framework but
also the source of five-membered ring structures. To the best
of our knowledge, the convex spherical surface with a positive
curvature, also referred to as the Riemannian surface, has to
adopt the insertion of pentagonal defects into a regular
hexagon lattice of an sp® carbon network to meet the
indispensable conditions imposed by Euler’s theorem for
spherical polyhedrons.”**** As a comparison with O-DF, N-
doped multiwalled carbon nanotubes-interlaced dodecahedron
(T-DF) was also prepared using a similar process but only
adjusting the pyrolysis temperature to 600 °C (Figure S3).
The scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) reveal the morphologic structure
of as-synthesized ZIF-67, O-DF, and T-DF (Figure 1 and
Figure S4). Even after the thermal treatment, as-obtained O-
DF and T-DF with high uniformity still inherit a well-defined
dodecahedral framework of the ZIF-67 precursors but exhibit a
rough surface (Figure 1b and Figure S4d—i). Obviously,
positively curved carbon nanospheres via the inside-out growth
are observed all over the external surface of the dodecahedral
framework for O-DF (Figure S4f). Different from O-DF with a
convex spherical surface, the corresponding surface of T-DF is
fully covered with carbon nanofibers due to sufficient pyrolysis
(Figure S4i). In contrast to the multistage diffraction rings for
T-DF with a relatively high degree of graphitization (Figure
SSa), the selective-area electron diffraction (SAED) pattern of
O-DF displays a diffuse halo feature (Figure lc,d), which
suggests an amorphous character, originating from abundant
carbon intrinsic defects as active sites for Li-ion storage.”®”*"
The high-resolution TEM (HRTEM) images of O-DF
further demonstrate the lattice fringes of carbon nanospheres
with highly curved fullerene-like multishell structures on edge,
less than 6 nm in diameter (Figure lef). Nevertheless, the
corresponding lattice fringes of T-DF are not parallel to the
axis direction, which show slightly curved graphene-like
multiwalled layers, including a convex structure with a positive
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curvature and a concave structure with a negative curvature
(Figure SS), where five-membered rings and seven- or larger
membered rings embedding the hexagon lattice of sp* carbon
network induce the positive curvature and negative curvature,
respectively, which belong to the category of non-Euclidean
geometry in the field of mathematical research.”**™** As a
result, the surface of T-DF with positive and negative
curvatures is denoted as non-Euclidean geometric surfaces.
Especially, similar to the well-defined Riemannian surface, the
concave surface with the negative curvatures is defined in the
Lobachevskian surface according to the hyperbolic geometry
features. In addition, it is notable that the measured lattice
spacings of graphitic layers for O-DF and T-DF display 0.38
and 0.36 nm, respectively, which is slightly larger than the
(002) crystal plane of planar graphite (Figure SSb and Figure
S6). This result is attributed to the curvature effect, which
would be beneficial to the faster diffusion of Li* in the bulk
phase.”>™* Obviously, the curved degree of the Riemann
surface for O-DF exhibited more prominence than that of the
non-Euclidean geometric surface for T-DF. Also, the presence
of metallic Co nanoparticles is affirmed. The element mapping
images of O-DF show the homogeneous distribution of Co, C,
and N elements throughout the dodecahedral structure,
manifesting that N atoms are doped into the carbon matrix
(Figure lg).

To evaluate the impact of the atomic-scale Riemann surface
and non-Euclidean geometric surface on the electrochemical
performances at low temperature, as-synthesized O-DF and T-
DF as anode materials for LIBs were investigated by using the
CR2025-type coin cells. For reference, commercial multiwalled
carbon nanotubes (MWCNTs) and graphite with a typical
zero-curvature surface were also tested under identical
conditions.

As displayed in Figure 2a and Figure S7, cyclic voltammetry
(CV) curves of O-DF and T-DF were measured in the voltage
range of 0.01—3.0 V at a scan rate of 0.1 mV s™'. The CV
curves of O-DF exhibit an analogical shape regardless of 25 °C
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and —20 °C. Concretely, at 25 °C, the distinct reduction peak
appears around 0.8 V during the initial cathodic scan but
disappears in the following cycles, which could be regarded as
the irreversible decomposition of electrolytes to form the solid
electrolyte interface (SEI) films.”> The other reversible
reduction peak located at 1.25 V is related to the reduction
reaction of cobalt oxide, which may be due to the oxidation of
a small number of cobalt nanoparticles on the surface.”® When
the temperature is decreased from 25 °C to —20 °C, the CV
curves still remain well-overlapped in subsequent cycles,
demonstrating the excellent cycling stability of O-DF.
Remarkably, the cathodic peaks at —20 °C present a negative
shift, as compared with that at 25 °C, indicating an increase in
the electrochemical polarization, which depends on the
sluggish interfacial kinetics process at low temperatures. The
CV curves of T-DT also show a pattern similar to that of O-DF
at the corresponding temperature, while T-DF displays more
deteriorated polarization, suggesting that the Riemann surface
of O-DF is more conducive to improving the sluggish
interfacial kinetics than non-Euclidean geometric surface of
T-DF at low temperature.

The galvanostatic discharge (GCD) profiles of O-DF, T-DF,
MWCNT, and graphite were further performed for —20 °C at
a current density of 0.1 A g~' after 150 cycles, where the
discharge specific capacities are 697, 168, 77, and 19 mAh g_l,
respectively (Figure 2b). The discharge specific capacities of
O-DF are much higher than those of the other three materials.
It is noted that the increase in the discharge specific capacity of
O-DF is mainly below 1.0 V, indicating that the small amount
of cobalt oxide on the surface is not the primary cause of
raising the low-temperature capacity.

Moreover, the specific capacities of the four electrodes at
different temperatures are compared (Figure 2c and Figure
$8). The O-DF anode delivers a remarkable reversible capacity
of 823 mAh g™' after S0 cycles at 25 °C, which far surpasses
the theoretical capacity of graphite (372 mAh g™'). It can be
speculated that the extra capacity of O-DF mainly originates
from the Riemann surficial structure with the positive
curvature.” When the temperature is reduced to —10 °C,
the capacity of O-DF is incredulously retained at 756 mAh g™/,
which is one of the most prominent low-temperature capacities
compared with the previously reported carbon anodes for
LIBs. With the temperature further falling to —20 °C, the
reversible capacity of 697 mAh g™' could be obtained, far
superior to the counterpart of T-DF (184 mAh g™'), whereas
MWCNT and graphite lose most of their capacities and nearly
fail to operate at this temperature point. Even when the
temperature drops to —35 °C, the reversible capacity is still
effectively retained at 160 mAh g~ after 200 cycles, which is
about three times higher than that of T-DF. Interestingly, to
compare the performance well with decreasing temperatures,
the capacities were further normalized by the room-temper-
ature value for clarity.” As shown in Figure 2d, the capacity
retention of O-DF at subzero temperatures was far superior to
the other three electrodes, which could impressively deliver an
85.9% capacity retention at —20 °C. In addition, the capacities
of O-DF with a Coulombic efficiency of ~100% hardly decay
after the long cycles at the desired temperature until down to
—40 °C (Figure 2e and Figure S8), demonstrating the excellent
cycle stability and cold tolerance.

Impressively, despite the charge—discharge process being
accompanied by the sluggish interfacial kinetics, O-DF still
exhibits the highly reversible capacities at each tested low-
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temperature point. In fact, on the basis of the above-mentioned
analysis, the explicit structure distinction among O-DF, T-DF,
MWCNT, and graphite lies in the different atomic-scale curved
surfaces, including the Riemann surface with a positive
curvature, the Lobachevskian surface with a negative curvature,
and planar surface with zero curvature. Therefore, it can be
speculated that the impressive low-temperature reversible
capacities for O-DF should be associated with the typical
Riemann surface. However, the intrinsic features of these
geometric surfaces have not been thoroughly unveiled,
especially the characteristics of the electronic structure, let
alone to establish the relation between the structure of the
Riemann surface and the low-temperature performance for Li-
ion storage.

To identify the structural information of O-DF and T-DF,
the physical and chemical structures were characterized. The
X-ray diffraction (XRD) patterns and Raman spectra confirm
the existence of abundant carbon intrinsic defects and the
formation of metallic Co nanoparticles in the dodecahedral
frameworks of O-DF and T-DF (Figures S9 and S10), which
are in close agreement with the TEM results, as detailed
analyses in the Supporting Information. The X-ray photo-
electron spectroscopy (XPS) measurements are further carried
out to ascertain the differentiation in the chemical states of
different curvature structures. In the case of O-DF, the XPS
survey spectra reveal the presence of Co, C, N, and O elements
(Figure S11a), with the atomic contents of 2.75 atom %, 91.3
atom % (84.41 wt %), 2.88 atom % (3.10 wt %), and 3.07 atom
%, respectively. The mass contents of C and N elements tested
by elemental analysis are 85.12 and 2.97 wt %, respectively,
consistent with the XPS results. The high-resolution Co 2p
spectrum of O-DF shows the characteristic peaks of the Co
metal at 778.2 (Co 2p*?) and 793.5 eV (Co 2p'?) (Figure
S11b). This result indicates that the Co element of O-DF
mainly exists in the form of metallic cobalt nanoparticles,
consistent with the TEM and XRD results, illustrating that the
coordinate bonds between Co and N atoms are almost
completely decomposed during the pyrolysis process of the
ZIF- 67 precursor. Generally, the metallic cobalt nanoparticles
are expected to effectively enhance the electrical conductivity
and accelerate the Li-ion diffusion. Nonetheless, as a
consequence of their inertia for lithium storage,”' it can be
determined that these metallic cobalt nanoparticles are
impossible as the source of highly reversible capacity at low
temperature. Furthermore, the O element should stem from
the adsorbed oxygen from the air."® The high-resolution XPS
N 1s spectrum can be deconvoluted into three peaks located at
398.4, 399.8, and 401.2 eV, corresponding to pyridinic-N,
pyrrolic-N, and graphitic-N, respectively (Figure S1ic).'”"
Apparently, the trace and similar nitrogen contents not only
fail to explain the source of the extra capacity but also are
irrelevant to the distinct capacities between O-DF and T-DF at
the identical temperature (Table S1), although these nitrogen
species could partly regulate the electronic structures and serve
as the active sites for Li-ion storage.”’19 In addition, the
specific surface area of O-DF is distinctly less than the
counterpart of T-DF (Figure S12), as detailed analyses in the
Supporting Information. These results confirm that the
different surface intrinsic carbon defects may cause the
variance in the low-temperature capacity for O-DF and T-DF.

To further explore the source of the highly reversible
capacity and reveal the structure—capacity correlation at low
temperature, the distinction of intrinsic carbon defects with
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Figure 3. (a) High-resolution XPS C 1s spectra of O-DF, T-DF, and graphite. (b) C K-edge XANES spectra of O-DF, T-DF, graphite, and
diamond. (c) PDOS of C atoms for positive curvature structure. (d) Charge density distribution with isosurface values of 0.005 e/A> corresponding
to energy windows of positive curvature carbon in (c) near the Fermi level. The yellow represents electron accumulation. (e) Schematic illustration
of sp>-hybridized orbital in a zero curvature system versus sp™hybridized orbital in a positive curvature system.

different curvature structures among the planar surface,
Riemann surface, and Lobachevskian surface were future
characterized. The high-resolution XPS C 1s spectrum of
either O-DF or T-DF is fitted with three peaks at around
284.4, 285.6, and 289.2 eV, which are correlated to sz_
hybridized carbon, sp3-hybridized carbon, and C—N/C-0/
C=0, respectively,28 suggesting that both O-DF and T-DF
exhibit the presence of intrinsic carbon defects in the carbon
networks, as compared with sp>-hybridized graphite (Figure
3a). With the corresponding decrease of sp*-hybridized
content, the sp3-hybridized content of T-DF and O-DF
significantly increases to 18.74% and 30.30%, respectively.
This result confirms that the non-coplanar Riemannian surface
and non-Euclidean surface originate from the introduction of
sp>-hybridized content, where the absolute values of the
curvature are positively correlated with the ratios of sp’-
hybridized content, identifying that the Riemannian surface of
O-DF possesses an outstanding curve effect as compared with
the non-Euclidean surface of T-DF.

More precisely, the C K-edge X-ray absorption near-edge
structure (XANES) spectra reflect the electronic transitions
from the C 1s core state into unoccupied 6 or 7* states above
the Fermi level and thereby allow one to distinguish the
hybridized orbital types of carbon defects in the Riemannian
surface and non-Euclidean geometrical surface.>’ ™% For
comparison, graphite that serves as a typical representative of
sp> configuration exhibits two absorption edges located at 285
eV (1s — 7* extractions) and 291.4 eV (1s — 6* extractions),
which are attributed to the 7* and o* states of C=C bonds,
respectively, while a diamond with only the unique sp’-
hybridized carbons lacks 7* states and is located at 288.2 eV
(1s - o™ transitions), which is assigned to o* states of C—C
bonds.””*? Tt is clear that the similar peaks of both sp? and sp*
features coexist in the XANES spectra of either O-DF or T-DF
(Figure 3b). For instance, the corresponding peaks from the o™
states of C=C and C—C bonds for O-DF are shifted to 288.4
and 292 eV, respectively. In addition, as compared with
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graphite, the peak from ¢* states of C—C for O-DF become
stronger than that of C=C, indicating an increase in the ratio
of sp> to sp® contents,” which is consistent with the XPS
results. Similar features are also discovered in the C K-edge
XANES spectrum of T-DF. Interestingly, the peak from #*
states of C=C bonds for O-DF is divided into two peaks
located at 284.4 and 285.3 eV, one toward lower energy and
the other toward higher energy, which implies that the charge
transfer occurs among the different carbon atoms, resulting in
the local charge-enriched and dispersive charges of the
counterparts.”®”” So far, these results could be closely
associated with the change of hybridized orbital types and
electronic structure for carbon intrinsic defects in the curved
surfaces.

To further discern the distinction of the hybridized orbital
form and the electronic structure among the Riemannian
surface, planar surface, and Lobachevskian surface, we first
studied the projected density of states (PDOS) for zero,
positive, and negative curvature graphene. As shown in Figure
3c and Figure S13a, owing to the isotropy and special ring
structure, the contributions of the p, and p, orbitals for
different curvature graphene completely coincide. As is well-
known, for perfect graphene with a zero curvature structure,
which is entirely composed of coplanar sp>-hybridized carbon,
there is no overlap near the Fermi level between p,/, and p,
orbitals (Figure S13c). For either a positive or negative
curvature structure, however, not only does it inherit the
tridentate coordination of the coplanar sp* hybridization, but
also the p, orbital participates in the hybridization to form the
analogous non-coplanar sp® hybridization. Normally, the
equivalent contributions of p,, p,, and p_ orbitals construct
the complete sp® hybridization. However, the contribution of
the p, orbital in the curved structure is significantly smaller
than that of p, and p,, indicating that the hybridized type of
carbon atoms may be more like the transition state between
the conventional sp® and sp® for the curved defect sites.
Subsequently, the theoretical calculations confirm that carbon
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Figure 4. (a) Capacitive contribution ratios of O-DF along with different scan rates and temperatures. (b, c) Diffusion-controlled capacity and
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atoms among the pentagonal defects embedded into the
Riemann surface tend to adopt new-typed sp* (2 < x < 3)
hybridization (Figure S13d), henceforth, referred to as the
Riemannian orbital. More importantly, the non-coplanar sp®
hybridization of coordination-unsaturated carbon atoms in the
curved carbon would effectively tune the electronic structure.
The corresponding charge density distributions of different
curvature structures around the Fermi level further prove this
conjecture. As shown in Figure 3d and Figure S13b, for the
curved structure, the distribution of electrons near the Fermi
level of non-hexagonal defect sites is greater than that of the
adjacent hexagonal rings. These electrons occupy the p,
orbitals of the bowl-shaped outside at the non-hexagonal
defect sites, leading to locally accumulated charges, rather than
a conjugated z-system in a zero curvature structure. These
theoretical calculations are in close agreement with the XPS
and XANES results.

In brief, the Riemannian surface and Lobachevskian surface
originate from non-coplanar sp* hybridized orbitals (Figure
3e), resulting in enriched charges around the Fermi level of
non-hexagonal defect sites, which are prone to donate
electrons to the corresponding acceptor. The accumulated
charges in the positive curvature structure stand out against the
corresponding negative curvature structure, resulting from a
larger curvature of the Riemannian surface than that of the
Lobachevskian surface. In consideration of the high capacity of
O-DF at low temperature, it can be inferred that the
accumulated charges in the Riemannian surface play a vital
role to reduce the activation energy of charge transfer in the
low-temperature Li-ion storage process.

To explore the mechanism of Li-ion storage, an electro-
chemical kinetics test was employed. Figure S14 shows the CV
curves of O-DF for different temperatures along with different
scan rates ranging from 0.2 to 5.0 mV s™. The total capacity is
quantitatively divided into the diffusion-controlled contribu-
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tion and surface-induced capacitive contribution according to
the mechanism of Li-ion storage, as detailed analysis in
Supporting Information. In this case, the surface-induced
capacitive contribution continuously increases with the
increase of the scan rate at the same temperature as well as
dramatically decreases with a drop in the operating temper-
ature at the same scan rate (Figure 4a). For instance, when the
ambient temperature is decreased from 25 °C to —35 °C, the
corresponding capacitive contribution is reduced from 59.5%
to 11.9% at a fixed scan rate of 1.0 mV s™* (Figure S15). It is
clear that the diffusion-controlled behavior dominates the total
charge-storage capacity at low temperature instead of the
mixed mechanism for Li-ion storage at room temperature.
Moreover, the specific capacity of O-DF at 0.1 A g is
nearly equal to that for the CV measured data at 0.2 mV s™".
As a consequence, the diffusion-controlled capacity and
surface-controlled capacity at different temperatures were
separated from the CV results, respectively.”” Concretely, the
diffusion-controlled capacity of O-DF increases at first and
later decreases as the temperature, reaching a peak at —10 °C,
where this attenuation trend is inconsistent with that of the
total capacity (Figure 4b). This result could be ascribed to the
screen effect of the saturated adsorption of solvated Li* on the
Riemannian surface at room temperature and the stimulative
effect of the unsaturated adsorption of solvated Li* at low
temperature. In other words, the excessive Li" adsorbed on the
Riemannian surface at room temperature prevents solvated Li*
from reaching the liquid—solid interface due to the Li*
Coulombic repulsion, but when the temperature decreases,
some adsorption sites with a relatively low activity such as the
coplanar sp® carbon atoms switch to the chemically inert sites,
or rather sp*-hybridized carbon atoms binding to solvated Li*
are insufficient to break the coordinate interaction between the
organic solvent and Li* and split the solvation sheath structures
for Li-ion storage. On the other hand, the limited layer
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spacings in graphite prohibit the intercalated storage of
solvated Li*. This contradiction means that, therefore, the
extensive loss of the diffusion-controlled capacity at low
temperature is mainly due to the lack of activated adsorption
sites for Li* desolvation. This speculation coincidentally
coincides with the fact that the surface-controlled capacity of
O-DF is remarkably reduced with the decrease of temperature
(Figure 4c). Consistently, similar trends are also found in the
electrochemical kinetics tests of the T-DF electrode (Figures
S16—18). In particular, the surface-controlled capacity of O-
DF is much higher than that of T-DF at each operating
temperature (Figure 4c), meaning that more localized charges
in the Riemannian surface should activate the pentagonal
defects as highly active adsorption sites to reduce the energy
barrier of charge transfer for the sluggish Li* desolvation
process in an extremely cold environment.

As a rule, the true limitation of low-temperature perform-
ance is substantially due to the interfacial process, typically,
substantially increased charge-transfer resistance (R).”” The
change of charge-transfer resistance with temperature is largely
determined by the activation energy (E,).* To verify that the
energy barrier of charge transfer in the Riemannian surface is
lower than that of other surfaces at low temperature,
electrochemical impedance spectroscopy (EIS) of O—DT, T-
DF, MWCNT, and graphite anodes were collected at various
temperatures (Figure S19). For these four anodes, the charge-
transfer resistance significantly increases with the decrease of
temperature (Table S2). Especially, the charge-transfer
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resistance of O-DF is far less than that of other anodes at
—20 °C (Figure 4d). According to the Arrhenius plot between
R and E, for different anodes (Figure 4e, detailed calculations
in Supporting Information), the value E, of charge-transfer
resistance in O-DF (54.2 kJ/mol) is much lower than that of
other electrodes (56.8, 76.6, and 65.0 kJ/mol for T-DF,
MWCNT, and graphite, respectively) (Figure 4f). This result
means that the facilitated Li* transport across the electrolyte/
electrode interface should be attributed to the introduction of
Riemannian surface, which alters the charge transfer between
solvated Li* and surface carbon atoms for Li* desolvation in an
extremely cold environment.

To further confirm that the charge transfer between the
pentagonal defect sites and solvated Li* occurs on the
Riemannian surface, XANES spectra were collected by the
surface-sensitive total electron yield method with a probing
depth of ~5 nm to monitor the change of chemical bonds on
the Riemannian surface during the charge—discharge process
at —20 °C.%® After being discharged to 0.01 V, it is clear that
the C K-edge XANES spectrum of O-DF shows that the
intensity from 7% states of the C—=C bonds and o%*states of
C—C bonds dramatically decreases relative to that of bare O-
DF (Figure S20a). Meanwhile, a new peak located at 289.9 eV
is shifted to high energy compared to the corresponding
o*states of C—C bonds, which stems from the C 1 s core level
to ¢* transitions of Li—C bonds.***" Also, the positive
curvature structure of O-DF was maintained after 100 cycles at
—20 °C (Figure S20b). These results indicate that solvated Li*
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is first adsorbed on the Riemannian surface, and then some
charges transfer from carbon atoms to the solvated Li,
resulting in Li* desolvation at the liquid—solid interface to
form the Li—C coordinate bonds.

Furthermore, ex-situ C K-edge XANES spectra of O-DF
were obtained at different charge—discharge depths of —20 °C.
As shown in Figure 5a,b, when the discharged depths increase
from 2.0 to 0.01 V, the intensity from ¢* states of Li—C bonds
increases because of a large number of solvated Li" adsorbed
on the different Li-ion storage sites. More importantly, the
corresponding peak position continuously shifts toward a lower
energy, suggesting that the solvated Li* prefers to be adsorbed
on the charge-enriched pentagonal defects that serve as
efficient active sites at low temperature, which strongly
depends on more charge transfer from the carbon intrinsic
defects to solvated Li* than that of the subsequent adsorption
at low active sites. The strengthened solvated Li* binding to
the charge-enriched sites would decrease the activation energy
of charge transfer at the liquid—solid interface and allow
dissociation of the coordinate bonds between the organic
solvent and Li* to execute the diffusion-controlled Li* insertion
storage even at —35 °C. In contrast, during the charge process,
the peak position reversibly shifts back to high energy together
with a decrease in peak intensity, again indicating the excellent
low-temperature cycling stability.

As shown in Figure Sc, non-coplanar Riemannian orbitals
with unsaturated coordination could effectively adjust the
electronic rearrangement around the pentagonal defect sites
for Li* desolvation at low temperature, resulting in locally
accumulated charges of the intrinsic defect sites. Under the
orientated guidance of the reinforced electrostatic attraction
induced by the enriched charges, the solvated Li* as the
electrophilic species is expected to be adsorbed at the
pentagonal defect sites. Subsequently, the sp*hybridized
orbitals donate more negative charges to the adsorbed Li’,
leading to the formation of stronger Li—C coordinate
interactions between solvated Li* and the adsorption sites as
compared with that of solvated Li* itself. The strengthened
solvated Li" binding to the charge-enriched sites makes it
possible for Li* desolvation to break the coordinate bonds
between Li" and organic solvent even at subambient
temperatures. Eventually, the enriched charges in the non-
coplanar Riemannian surface could effectively enhance the
charge transfer from the sp™hybridized carbon to solvated Li"
and reinforce the coordinate ability of intrinsic defect sites for
Li* desolvation. It supports more Li* adsorption and insertion
in an extremely cold environment, which accounts for the low-
temperature, high reversible capacity of O-DF.

B CONCLUSIONS

In summary, we demonstrate that the Riemannian surface
could manipulate the hybridized orbital types of carbon atoms
for surface electronic modulation and thus reinforce the
coordinate interaction between the solvated Li* and adsorption
sites as an effective strategy to address severe capacity
degradation in an extremely cold environment. Inspired by
this, we synthesized a high capacity O-DF carbon-based anode
material for low-temperature LIBs through direct low-temper-
ature pyrolysis of ZIF-67, which possesses a non-coplanar
Riemannian surface with a positive curvature structure. When
the temperature declines to —20 °C, the as-prepared O-DF
exhibits a high reversible capacity of 624 mAh g™ with an
85.9% capacity retention at 0.1 A g™', far surpassing the

912

counterpart with either zero or negative curvature. Even if the
temperature drops to —35 °C, the reversible capacity is still
effectively retained at 160 mAh g™ after 200 cycles. Various
characterizations and theoretical calculations demonstrate that
the Riemannian surface induces non-coplanar sp™hybridized
orbitals with unsaturated coordination, where the locally
accumulated charges reduce the energy barrier of charge
transfer in the Li" desolvation process. Ex-situ C K-edge
XANES spectra further confirm that these enriched charges of
sp™-hybridized orbitals activate pentagonal defects as high-
activity adsorption sites and donate more negative charge to
the solvated Li* adsorbed on the surface, thus forming stronger
Li—C coordinate bonds for Li* desolvation in an extremely
cold environment.
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