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Origin of enhanced reversible Na ion storage in hard carbon
anode through p-type molecular doping

Gi-Hyeok Lee,**" Taesoon Hwang,®, Jaebum Kim,® Junghoon Yang,® Feng Zou,* Maenghyo Cho,™

Yong-Mook Kang'®'

Na-ion batteries (SIBs) require novel anode materials which have high ion storage capability and low working voltage to

make SIBs competitive compared to Li-ion batteries (LIBs). From this perspective, we present the origin of improved

electrochemical performances of phosphate doped hard carbon (P-HC) which can meet the two requirements mentioned

above through combining experiment with the calculations of atomic/electronic structures. We disclosed that the capacity

enhancement is accompanied by the changed voltage profile, which results from the introduced phosphate functional

groups. The emerged redox peak turned out to be generated by the electrochemical reaction of Na ions near the

phosphate-carbon environment. First-principles calculation elaborated that the phosphate introduction here generates

electron holes near the fermi level that is generally considered as evidence of p-type semiconductor to improve electronic

conductivity. This expectation has been proven by comparatively measuring the electrical conductivities of pristine hard

carbon and P-HC. A close investigation into charge distribution indicated that the electron hole is generated mainly by the

higher reducibility of the doped phosphate than the surrounding carbon atoms in P-HC. This discovery well explains the

underlying principles for the enhanced electrochemical performance of P-HC. It thereby shows a way to design highly

functional hard carbon structures toward higher capacity with Na ions.

Introduction

Na-ion batteries (SIBs) have received significant attention to
addressing the price surge of Li caused by the increasing
demand for large-scale Li-ion batteries (LIBs). It has been
considered as a promising alternative since it has not only a
similar operation mechanism to LIBs but also huge and well-
dispersed reserves compared to Li finally avoiding the
weaponization of resources. However, the anode materials
with decent electrochemical performances look essential for
the commercialization of SIBs, because graphite, the
commercialized anode material for LIBs, is not compatible with
SIBs due to the unavailable intercalation with Na ions.?
Among the anode candidates for SIBs, hard carbon has been
considered as one of the most balanced anode materials in
terms of general electrochemical properties such as working
voltage, cyclic stability, reversible capacity and so on.* *
However, the Na-ion storage capacity of hard carbon has been
still behind the required capacity to commercialize SIBs by
making its performances comparable to those of LIBs.
Therefore, improving the capacity of hard carbons looks
mandatory to make SIBs a practical replacement for LIBs.®

Many previous studies have been typically depending on
precise control over surface area or elemental doping to
maximize the available capacity of hard carbon.”*® However,
the enhanced capacities based on these strategies have been
typically accompanied by the evolution of the highly sloppy
potential region during charge/discharge, making the
configuration of full-cells with these hard carbons very difficult.
Other than the controlled surface-area and doping strategies,
various biomasses have been adopted to control the
microstructure of hard carbon toward higher capacities with
lower average charge/discharge potentials.'**® However, the
availability of biomass-derived hard carbon has been limited

because of the significant irreversible capacity and the elusive
mechanism for the enhanced Na-ion storage.

Recently, several works reported the capacity enhancement in
the low potential region by molecular doping into sucrose-
based hard carbon.”? Several inorganic acids, including
phosphoric acid, were also adopted to tune the microstructure
or crystal structure of hard carbon. These works commonly
indicated that the phosphates seemingly contribute to
increasing the reversible capacity of hard carbon. Thus,
combinatory theoretical and experimental analyses have been
conducted to determine how the introduced phosphates or
phosphorus are associated with enhanced Na-ion storage.
However, the model for simulating the mechanism was based
on phosphorus-substituted graphene or phosphate-bonded
carbon along the basal plane of carbon, which is far away from
the actual environment around phosphorus in hard carbon.
Therefore, a more reasonable model coupled with
experimental to grasp how
phosphate contributes to Na-ion storage in hard carbon.

In this work, various aspects of phosphate-doped hard carbon
were investigated through various physicochemical and
electrochemical analyses, including the chemical bonding of
phosphorus in hard carbon. The corresponding information
was utilized for a first-principles calculation to identify the
electronic structure change of hard carbon through phosphate
molecular doping. Considering the chemical similarity between
phosphate, nitrate, sulfate, borate, etc., the result of
mechanistic study here can be extended to other molecular
doping research for hard carbon in the future. Even if some of
the aforementioned chemicals have already demonstrated
their effect on the electrochemical performances of hard
carbon, the corresponding mechanism is still elusive.”
Therefore, this work may provide a conceptual basis for
further research on hard carbon through molecular doping and

validation looks essential



thereby enable hard carbon to be an actual anode candidate
for NIBs, like graphite anode for LIBs.

Experimental
Preparation of hard carbons

The hard carbons are prepared by sucrose (Sigma-aldrich, 99.5
wt %), graphene oxide solution (GRAPHENEALL, 7 mg mL™) and
phosphoric acid (Duksan, 85 wt %). Three hard carbons named
with S-HC, G-HC and P-HC have different components (S-HC:
sucrose only; G-HC: sucrose and graphene oxide; P-HC:
sucrose, graphene oxide and phosphoric acid). The detailed
synthetic procedure was same with the work from Li et al.?
The mixed components were dried at 80 °C for 48 hr and
followed by the dehydration process at 180 °C for 24 hr. The
obtained powders were carbonized at 1100 °C for 5hr. The
ramp for the carbonization was 4 °C min™.

Electrochemical measurements

Electrochemical evaluations were performed by preparing
hard carbon electrodes using a slurry coating containing the
active material (92 wt %), Super P (Timcal; 1 wt %) as a
conductive agent, and polyvinylidene fluoride (Kureha KF1100;
7 wt %) as a binder. The resulting slurry was casted onto
copper foil and dried in a vacuum oven at 120 °C overnight.
After drying, a circular-shaped electrode was punched out. The
loading density of the hard carbon electrodes corresponded to
ca. 3 mg cm™ The electrochemical properties of the hard
carbons were evaluated using CR2032 coin-type cells
assembled in an Ar-filled glove box. Na metal foil was used as a
counter and reference electrode. A 1.0 M solution of NaPF¢ in
EC and DEC (1:1, v/v) was employed as an electrolyte, and 150
UL of electrolyte was added to the coin-type cell. Galvanostatic
charge-discharge tests of the coin-type half-cells (vs. Na/Na")
were performed with various cutoff voltages at 10 and 20 mA
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Materials characterization

The FT-IR measurements were carried by ATR mode (Thermo
Electron; Nicolet 6700). The ex-situ *'P solid-state MAS NMR
measurements were carried with 4mm CP MAS probe spun at
9 kHz. 500 MHz Bruker Avance Ill HD spectrometer installed at
the National Center for Inter-university Research Facilities
(NCIRF) at Seoul National University was used for the ex-situ ss
MAS NMR analyses. Raman spectra were collected in the 100—
3700 cm™ range with a Raman spectrometer (Horiba, NEW
XploRA Plus V1.2 A MULTILINE Confocal Raman microscope)
using a 30 mW air cooled laser diode (638 nm, Spectra Physics)
and a Olympus MPlanN (10x) magnification objective (0.5
numerical aperture). Spectra were obtained with 25% of the
laser beam power and an exposure time of 60 s.

Computation details

To analyze mechanism of this reaction, we examined the
atomic and electronic structures based on density functional
theory (DFT).* In this DFT simulation, we exploit the Vienna Ab
Initio Simulation Package (VASP) using the functional of spin-
polarized generalized gradient approximation (GGA)
parameterized by Perdew-Burke-Ernzerhof (PBE).”? We
construct a modified carbon sheet based on 4x4x1 unit cell of
graphene sheet and introduce the plane wave cut-off energy of
500 eV with Monkhorst-Pack setting of 4x4x1 k-point sampling
for atomic structures and gamma centered grid of 6x6x1 k-
point sampling for electronic structures. In this simulation, we
fully relaxed designed structures for thermodynamically stable

states by introducing sensitive interaction of van der Waals.** >

Results and discussions
Correlation between the phosphate doping and Na ion storage

To investigate the effect of phosphate, we prepared
phosphate-doped hard carbon as reported in the previous
work.?’ The hard carbons in this work were prepared with the
combination of sucrose, graphene oxide (GO), and phosphoric
acid (PA). S-HC is prepared with only sucrose, G-HC is prepared
with sucrose and GO, and P-HC is prepared with sucrose (5 g),
GO (62.5 mg), and PA (0.25 g). The detailed synthetic
procedure was described in experimental details.

Figure 1 shows the electrochemical properties of phosphate-
doped hard carbon (P-HC). As the standard hard carbon (P-HC)
is made of various precursors, sucrose, GO, and PA, we
prepared hard carbons having different concentrations of
components to separate the contribution from GO and
phosphoric acid (PA) to the capacity increase. The colored
parts of insets in Figure 1a and 1b indicate which parameters
are varied.

Figure 1a compares voltage profiles of hard carbons when the
concentration of GO in hard carbon was varied without change
of contents of PA. When increasing the contents of GO, the
first discharge capacity was increased, and a redox shoulder at
~0.5 V emerged. However, those two capacities were not
reflected in the first charging process, which means that the
changes due to the GO increment were not reversible and may
be induced by the SEI formation. On the other hand, the first
discharge capacity and the plateau at ~0.5 V were decreased.
Interestingly, the redox shoulder was clearly observed during
the charging process, suggesting less relevance between the
shoulder and GO contents variation.

Figure 1b shows the results from the opposite case; the
amount of PA was varied without a change of GO contents.
The hard carbon having higher contents of PA showed the
decreased first discharge capacity and no apparent change in
the redox shoulder. However,
enhanced during

the shoulder looks much
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Fiﬁure 1. Comparison of initial voltage profiles of P-HCs which have different concentration of (a) graphene oxide (GO) and (b) H3;PO, (PA). The insets illustrate the
which hard carbon component is variable or constant. The cyclic voltammetry of (c) S-HC and (d) P-HC in various scan speeds.

the first charging process. When it comes to the hard carbon
having decreased contents of PA, it showed better first
coulombic efficiency and the weakened shoulder. The capacity
of hard carbon without PA (G-HC) was also investigated to
check the capacity enhancement by the PA (Figure S1).

As suggested in the comparisons, the most distinct changes of
the voltage profiles are the capacities and the change of
intensity of the redox shoulder highlighted with green boxes in
Figures 1a and 1b. The intensity of the shoulder was changed
when the amount of PA was controlled, while no change
occurred when GO contents was controlled. It implies that the
PA directly contributes to the reduction peak at ~0.5 V.

The cyclic voltammetry (CV) curves of S-HC and P-HC were
shown in Figure 1c and 1d show the change of reduction peak
more clearly. The S-HC shows a relatively more minor
reduction shoulder at ~0.5 V (Peak I) and sharp redox peak
(Peak Il) at the low potential region, and P-HC show a more
developed ~0.5 V peak (Peak I') and broadened low potential
reduction peak (Peak II’). Moreover, the b-values calculated
from the peak | and I’ show that the electron exchange process
is more pseudo capacitive after phosphate doping.
Unfortunately, the b-value calculations for other peaks (II, I,
Ill, and III’) are unavailable because the background extraction
for those peaks is impossible. However, the degree of the peak
shift for Ill and I’ towards high-voltage implies the oxidation
process of hard carbon is also more pseudocapacitive.
Therefore, both reduction peak in P-HC was seemingly affected

by the phosphate doping and being more pseudocapacitive,
the additional capacities arose from pseudocapacitive
interactions.

Chemical structure deduction of the phosphate-neighbouring sites

To clarify the redox contribution of the phosphate functional
group, verifications of the chemical structure of the phosphate
in P-HC are essential. The Fourier transformed-infrared (FT-IR)
spectroscopy and *'P solid-state NMR (ssNMR) analyses have
been employed to get chemical information of hard carbon.
Figure 2a compares the FT-IR spectra of three hard carbons
consisted of different components. The yellow, green, and blue
solid lines indicate S-HC, G-HC, and P-HC, respectively. The
dotted lines indicate new peaks for functional groups occurred
by new components added to pure sucrose-based hard carbon.
The peak from the hydroxyl group (-OH; located at ~3500 cm™)
was increased after rGO was adopted because rGO has many
hydroxyl groups on their basal plane.? Also, a peak near 1250
cm™ was increased after the addition of PA. The peak
corresponds to P=0 bonds, and Figure 2b supports proving the
peak is from P=0 bonds.”” *® As the P=0 peak is located very
close to another strong peak at ~1100 cm™, we tried to
crosscheck the peak by controlling the concentration of PA. As
the intensity ratio of the peak from P=0O bond to the peak at
~1100 cm™ increases as the concentration of PA is increased,
we could deduce this peak occurs from P=0 bonds.



Figure 2. FT-IR results of (a) hard carbons consisted of different components and
(b) hard carbons made of different concentration of PA.

The 3P solid-state magic angle spinning nuclear magnetic
resonance (ss-MAS NMR) spectroscopy can provide another
clue for the structure of phosphorus compounds, and it is
suggested in Figure 3. Based on the chemical shift of
phosphorus, we could narrow down the candidates of the
structure with the negative chemical shift as the pristine P-HC
shows. The analogies of O=P(OR); are also considered as the
most reliable structures satisfying both the negative chemical
shift and the P=0 bond (known from the FT-IR).* Even though
the PA molecule (HsPO,) also can be one of the possible
candidates for the condition, it is more reasonable that the
phosphorous compound is chemically bound to the alkyl group
considering the boiling point of PA (158 °C) is much lower than
the carbonization temperature (1100 °C). One plausible
scenario is that, as the sucrose, which is a precursor of hard
carbons, has many -OH functional groups, the facile
esterification between PA and -OH group is possible between
160 to 250 °C and could make a chemical bonding as following
chemical equation. The dehydration process of the P-HC is

conducted under 180 °C, the esterification reaction like
Equation 1 can occur during the process.
ROH + H;PO, -> ROPO;H, + H,0 (1)

The other scenario is the dimerization of phosphate at a high
temperature over 400 °C. However, the reaction seems hard to
happen because the temperature for the dimerization is too
high to confine the vaporized PA near the functional group.
Furthermore, the chemical shift of *'P ssNMR does not match
with polyphosphates.?

In addition, Raman spectroscopy was employed to check the
structural evolution of the hard carbon after adding additional
precursors such as GO and PA. As shown in the Figure S2, the
Raman spectra of the samples showed a negligible change. The
Ib/lc ratio which indicates the degree of misalignment of
graphitic structure slightly increases as the number of
precursors increases, presumably due to the local alignment
distortion around the additional precursors.

To clarify the underlying mechanism of the phosphate for Na-
ion storage, we formulated an approximate model of
phosphate functionalized graphene layers (P-GL) in P-HC in
Figure 4 for the DFT calculation based on the results from FT-IR
and ssNMR. The model represents the local structure where
the phosphates are engaged. Therefore, the calculated
properties from the model leverage the understanding of the
role of phosphates. Figure 4a shows the total density of states
(TDOS) of graphene layers (GL) and P-GL, and new energy
states (highlighted with orange dotted boxes) in TDOS of P-GL
are observed near the Fermi level, while the states are not
found in the GL. In addition, the spatial distribution shown in
Figure 4b-c and 4e-f of unoccupied electron energy states from
0 eV to 1eV of P-GL is larger than GL, it means that the energy
states near the Fermi level was generated in P-GL and the
spatial distribution results correspond to newly generated
energy states of TDOS. The new energy states near Fermi level
are usually observed in p-type conductivity, which implies that
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the PA functionalization of HC could be sorted as p-type
doping.” These hole states are known as making electrons to
being easily transferred into the P-HC environment.
Particularly, the occurrence of electronic hole states for P-HC
could generate an empty energy level used as a highly

activated electron acceptor considering that the electron
Figure 3. Ex-situ *'P MAS NMR experiment results of P-HC.
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transferring reaction occurs near the Fermi level. Therefore,
this tuned electronic structure would thermodynamically
facilitate binding between Na-ion and P-HC. To validate the p-
type conductivity of P-HC, the electronic conductivities of hard
carbons were measured by powder resistivity measurement
system as shown in Table S1. The electronic conductivities of
S-HC, G-HC, and P-HC were compared to single out the effect
of phosphate dopant, and they showed about 24, 35, and 40 S
cm™® of electric conductivity, respectively. The values are
averaged by three repetitive measurements, and the errors are
negligible. The increase of electric conductivity from 24 to 35S
cm™ is attributed to the reduced graphene oxide. Therefore,
the increase of 35 to 40 S cm™ is supposed to arise from the
doping of phosphate in the hard carbon as shown in the case
of P-GL. Considering the phosphate compounds usually have
lower electronic conductivity than carbonaceous materials, the
simple composite of phosphates and carbonaceous materials
without the modification of electronic structure is expected to
show lower electric conductivity. Thus, the increase of electric
conductivity of P-HC implies that the modification of the
electronic structure of hard carbons by phosphate doping. In

addition, the hole generation is known to enhance the
electronic kinetics of electrodes and then improve the rate
capability.®® Table S1 shows that P-HC has the higher electronic
conductivity than S-HC and it is consistent with the result that
p-type conductivity from the hole generation increases the
electronic kinetics. The kinetics enhancement is also reflected
in the cyclic voltammetry comparison between S-HC and P-HC
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Figure 5. Calculated average voltages of hard carbons.
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(Figure 1c and d), which shows a relative relief of polarization
for the P-HC.

To clarify the origin of this p-type conductivity in P-HC, we also
investigated the projected density of state (PDOS) of carbon in
GL and P-GL, as shown in Figure 4b. Figure 4b exhibits that the
carbon bonded with O of phosphate (C2) has been tuned to
having hole states in the vicinity of Fermi level, while the
carbon far from O (C3) in P-GL has similar energy states with
carbon’s energy states in GL (C1). According to these PDOS, the
origin of p-type conductivity by the hole generation arose from
the carbon bonded with the phosphate group.

Na-ion storage mechanism of phosphate-neighboring structure

To investigate the contribution of phosphate to the sodiation
process, ex-situ solid-state *'P MAS NMR spectroscopy and DFT
calculation. First, we simulated the Na ion insertion of
phosphorous-neighboring structure in hard carbon by using
the structural model of Figure 4. The sodiation voltages of GL
with -OH functionalized graphene layer (OH-GL) and P-GL
representing the P-HC were calculated to explain the change of
the carbon environment when the phosphorous compound
was doped in different Na-ion concentrations (Figure S3).
Unlike other alkali-ions of Li and K, Na-ion is known as being
intrinsically difficult to bind with graphitic layer by transferring
electrons thermodynamically.” " 3* Figure 5 shows how the
functionalization modifies the thermodynamic character of the
graphene layer. The average voltages (V.,) of the sodiation are
~ -0.75 V of GL, ~1.25 \i of OH-GL and ~0.75 V of P-GL as
calculated by V., = ~—[Eww(NaiX-GL) + (n-1)Epw(Na) -
Ewta(Na,X-GL)] where X afe the functionalized states (i.e., no
introduction of OH and P) and n is the number of Na-ions. The
calculated average voltage of OH-GL is relatively high
comparing with P-GL and this tendency also corresponds to the
newly generated redox peak discrepancy between G-HC
retaining many -OH groups and P-HC in Figure 1 and 2. As the
positive  average voltage suggests the reaction s
thermodynamically stable, it means that the carbon layers with
defects and functional groups are thermodynamically tuned to
easily accept the Na-ion, while the negative voltage of GL
indicates the binding between GL and Na-ion s
thermodynamically unstable.’® * * However, the reaction

voltage of sodiation in OH-GL increases when another Na-ion is
inserted. It implies the Na-ion strongly bonds with OH-GL and
can be trapped in the site irreversibly. Therefore, the
application of PA can increase the reversible Na-ion storage
considering the redox potential ranges.

To investigate the detailed Na-ion storage sites of the
structures, net charge analyses for the carbon and oxygen
were conducted. Considering the carbons in graphitic anode
materials being used as the main redox center, we examined
the redox mechanism by analyzing the charge variation of
these carbons as Na-ion contents. Figure 6a indicates the net
charges of C2 and C3 in P-GL. Interestingly, the electron is
mainly accumulated in the C2, not the C3 that has similar
intrinsic electronic properties of carbon on HC. When the Na-
ion is inserted in P-HC, the net charge of C2 is more negatively
changed than C3. In addition, the generated hole energy states
of C2 get reduced as the concentration of Na-ion increases as
shown in Figure S4. Considering the redox mechanism, we
could deduce that carbon of P-GL was tuned to retaining new
intrinsic property and facilitate the reaction with Na-ion as
redox center of anode material for SIBs by adopting PA, while
conventionally considered carbonaceous materials undergo
difficulties of electrochemical interaction with Na-ion.

In addition, the 01, 02 and O3 of phosphate also indicate
charge variation and 02 shows the highest variation that
represents more than twice variations of O1 and 03. Then, we
could relate this charge variations of redox centers (C2, 02)
and voltage regions, even if the ratio of accepting electron to
02 of 0.17 e (Figure 6b) is much lower than the charge
variation of the modified carbon (C2) of 0.34 e (Figure 6a)
after addition of PA during the sodiation. The calculated
voltages range could be divided into two regions of relatively
high (one Na-ion reaction) and low (two Na-ion reaction)
voltages. Comparing with charge variations of redox centers,
C2 undergoes more charge variation of 0.24 e” in high voltage
than 0.1 e in low voltage. On the other hand, O2 accept more
electrons of 0.1 e in low voltage than the electron gathering of
0.07 e in high voltage. Based on the charge variation of redox
centers in two calculated voltage regions, the charge of P-GL
varies at C2 as the major redox center during all the sodiation
regions. In addition, these accepted electrons by the redox



centers are confirmed from the spatial electron distributions
from 0 eV to -1 eV (Figure S5). Figure S5 indicates the electrons
are mainly accumulated near the redox centers.

The ex-situ NMR
theoretical calculations. The chemical shift changes of ssNMR
spectra during the charge/discharge process suggest that the
(de)sodiation process affects the electron density near the

results validate the results from the

phosphorus atom. The inset indicates the points where the ex-
situ analyses were conducted. As shown in Figure 3, when the
Na-ions are inserted during the discharging process, the peak is
located more downfield during discharging and shifted upfield
In NMR,
however, the downfield of the chemical shift indicates the

again after the charging process was finished.

decrease of electron density near the target atom. Therefore,
the electron density near the phosphorus is decreased after
the sodiation. At first glance, it looks conflict with the increase
of electron density near the oxygen in the phosphate.
However, the spatial charge density variation shown in Figure
S6 well explains the electron density changes in the phosphate
after the sodiation. Figure S6 exhibits that the electron charge
density between phosphorus and oxygen decreased during the
sodiation, which is consistent with the results from ex-situ
NMR. In addition, we also confirmed that these decreases in
electron charge densities verified with and a variation on the
bond length of P=0, as shown in Table S2 The bond length of
P=0 bond increases depending on the amount of Na-ion near
the phosphate. As referred above, an increase of P=O bond
length indicates the decrease of electron density between P
and O. It is noteworthy that the chemical shift of phosphorus
kept shifted downfield over the 0.5 V discharge, which means
the phosphorus compound contribute through the low voltage
sodiation process of P-HC, which is consistent with the
broadening of peak II’ even though we could not separate the
contribution of PA from peak Il. Also, it is consistent with the
results from Figure 6, which expected the contribution of
phosphate at low voltage Na insertion.

Conclusions

We have investigated the contribution of PA introduction to
sodiation and desodiation of hard carbon by experimental and
theoretical aspects. The FT-IR and ssNMR gave an insight for
the plausible chemical structure of phosphate neighboring
sites. The DFT calculation based on the reasonably designed
model supports the experimental results and explains the
origin of Na-ion storage capability. The additional sodiation of
P-HC was achieved by the occurrence of p-type conductivity in
the carbon layer by PA doping and the co-contribution of
carbon and oxygen. The phosphate group has better
reversibility of Na-ion storage than other functional groups
such as -OH. Our results provide a reasonable solution to
understand the elusive molecular doping effect of carbon
materials, and we expect the finding will be helpful to
understand and design high-capacity carbonaceous materials.
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