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Although heteroatom doping is an effective method to improve the capacity of hard carbon (HC) anodes in Na-
ion batteries (NIBs), the complicated structure of HC leads to uncertainty when understanding the effects of
heteroatom doping on sodium storage. This study shows the effects of phosphorus and sulfur doping to HC on
sodium storage using solid-state NMR to improve the capacity of HC prepared by the carbonization of resorcinol
formaldehyde (RF) resin at 1100 °C. Heteroatom doping increased the battery capacity of the HC, especially the
plateau capacity, but the interlayer distance of the carbon layers in the HC did not expand considerably. 23Na

solid-state NMR revealed that heteroatom doping facilitates the formation of quasi-metallic sodium clusters,
thereby contributing to the plateau capacity increase. The metallicity of the sodium clusters in heteroatom-doped
HC samples was controlled by the amount of doped-phosphorous. XPS and 31p NMR detected various phosphorus
sites such as phosphine and phosphine oxide in the carbon structure.

1. Introduction

Na-ion batteries (NIBs) are promising next-generation batteries that
are expected to replace or complement Li-ion batteries (LIBs) because of
the abundance of sodium on Earth [1,2]. Moreover, NIBs obviate the
need for expensive materials such as cobalt and copper. Additionally,
because of the similarity in working principles and components between
NIBs and LIBs, the existing equipment and knowledge used for LIBs are
applicable to NIBs with minor modifications. The electrochemical
properties of various carbon materials as NIB anodes have been evalu-
ated. Although graphite, which is commonly used as an anode material
in LIBs, allows stoichiometric intercalation of sodium only up to NaCe4,
its potential as the NIB anode has been recognized via the use of a sol-
vent co-intercalation mechanism [3,4]. Disordered carbon materials,
especially hard carbon (HC), have also been investigated as new anode
materials for NIBs. Stevens and Dahn first reported a half cell using
glucose-derived HC exhibiting a reversible capacity of 300 mAh g1 in
2000 [5]. Our group achieved stable cycle performance by a full cell
combining HC and NaNigsMng 502 operating in propylene carbonate
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electrolyte solution [6]. Despite the proposal of various anode materials
for NIBs, practical NIBs remain under development because of the need
for balanced performance.

Synthesis conditions of HC play a fundamentally important role in
NIB performance. Generally, HC is synthesized by carbonizing organic
precursors under an inert atmosphere. Earlier works have found a
relation between the carbonization temperature and the performance of
HC as anodes [7-9]. They suggest that HC carbonized at 1400-1600 °C
is suitable for obtaining the highest capacity in NIBs because of its
balanced structure, which includes a large interlayer distance and
optimal size of internal pores. Our group also reported that
sucrose-derived HC carbonized at 1600 °C showed the highest capacity
of 302 mAh g~! [10].

However, the optimal carbonization temperature of HC for NIBs,
which is higher than that of HC for LIBs (1100-1200 °C), remains
problematic. In fact, higher temperatures are undesirable because of the
high production costs associated with heating processes. Doping of
heteroatoms (e.g., nitrogen, sulfur, and phosphorus) into HC is a
promising method to increase capacity without high-temperature
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carbonization [11-25]. In some carbons, heteroatom doping induces
changes in the HC structure such as the interlayer distance, pore volume,
and the number of defect sites. Phosphorus-doped carbons reduce the
diffusion barrier of sodium because of expansion of the interlayer space
between the carbon layers [26-29]. Sulfur doping also enlarges the
interlayer distance of carbon because of the large radius of sulfur atoms,
thereby increasing the battery capacity [29-32]. Biomass materials have
often been preferred as precursors for heteroatom-doped HC because of
the efficient use of natural resources [33-44]. Also, the mechanisms
underlying the increase of capacity by heteroatom doping of these ma-
terials have been investigated. However, the complicated and inhomo-
geneous chemical composition of the carbon materials produced from
biomass, which contains plural heteroatoms and impurities, makes it
difficult to clarify the effects of the heteroatoms. A systematic analysis of
the effect of heteroatoms must be conducted.

Usually, HC exhibits two processes during electrochemical sodiation
and desodiation: a primal slope region above 0.1 V and a following
plateau region below 0.1 V for sodiation [45-48]. The high plateau
capacity is beneficial for achieving high energy density. Sodium storage
mechanisms in the slope region and the plateau region have been dis-
cussed in reports of numerous studies [6,29,49-58]. Some groups such
as Stratford et al. [59-61] and our group [62,63] have used 23Na
solid-state NMR to observe the formation of quasi-metallic sodium
cluster in pores near 0 V, at the last phase of the plateau region.
Recently, the sodium cluster has been also investigated by Raman
spectroscopy, electron paramagnetic resonance, and calculation
[64-66]. Iglesias et al. have provided insight into the sodium pore-filling
process for different HC microstructures such as the pore size and defect
concentration by multimodal approach [67]. Controlling the formation
of the closed pores suitable for cluster formation is expected to increase
the plateau capacity. In fact, pore-size-controlled HC synthesized using
the MgO-template method exhibits high plateau capacity and an intense
23Na NMR signal, which is assigned to quasi-metallic sodium [68]. The
increase in the plateau capacity has also been observed by doping het-
eroatoms [27,69,70]. The doped heteroatoms likely affect sodium
storage in pores, especially cluster formation, although the effects of
doped heteroatoms have not been evaluated in detail. Direct observation
of sodium in heteroatom-doped HC can contribute to elucidation of the
effects of heteroatoms on enhancing the plateau capacity.

For this study using solid-state NMR, we try to ascertain the effects of
heteroatom doping into HC on sodium storage. To investigate the effects
of phosphorus doping, phosphorus-doped HC samples with different
dopant amounts were prepared from resorcinol-formaldehyde (RF) resin
using carbonization at 1100 °C. The prepared HC samples were analyzed
using techniques such as X-ray photoelectron spectroscopy (XPS),
powder X-ray diffraction (PXRD), and small-angle X-ray scattering
(SAXS). Additionally, 3'P MAS NMR was applied to reveal the structure
of phosphorus doping sites. The storage state of sodium in phosphorus-
doped HC samples was evaluated using 2>Na MAS NMR. Sulfur-doped
HC samples were also evaluated for comparison with phosphorous-
doped HC samples.

2. Methods
2.1. Synthesis of HC samples

An undoped HC sample was synthesized by carbonizing RF resin. In a
typical preparation, 4.15 g of resorcinol was dissolved in 1.0 mL of
ethanol and 6.8 mL of 0.01 M hydrochloric acid. Subsequently, 5.0 mL of
formalin was added to the solution at 0 °C in an ice-water bath. After
thorough mixing, the solution was placed at 40 °C in an oil bath for 24 h,
followed by a temperature increase to 80 °C. It was kept at that tem-
perature for 24 h. After the obtained product was washed three times
with ethanol at 60 °C every 4 h, it was dried. The obtained RF resin was
milled with a mortar. Subsequently, it was carbonized at 1100 °C with a
heating rate of 10 °C min~!, maintaining the temperature for 1 h in a
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flowing nitrogen atmosphere (500 mL min~}). The resultant undoped
HC was designated as RF11. (Scheme 1)

Phosphorus-doped HC samples were synthesized using a similar
method to that for RF11 with the addition of phosphoric acid. For
phosphorus doping, 4.0 mL of 1, 3, 5, or 7 M phosphoric acid was added
to 6.8 mL of 0.01 M hydrochloric acid solution, which contains 4.15 g of
resorcinol and 1.0 mL of ethanol. The molar ratios of phosphoric acid
and resorcinol in the respective solutions correspond to 0.1:1, 0.3:1,
0.5:1, and 0.7:1. The resulting mixtures were polymerized and carbon-
ized using the same process as RF11. Additionally, sulfur-doped HC
samples of two types were synthesized using sulfuric acid instead of
phosphoric acid, with the molar ratios of 0.1:1, and 0.3:1. The
phosphorous-doped HC samples are denoted as 0.1PRF11, 0.3PRF11,
0.5PRF11, and 0.7PRF11, whereas the sulfur-doped HC samples are
0.1SRF11 and 0.3SRF11, arranged in ascending order of the dopant
addition amount. 0.5SRF11 and 0.7SRF11 were also prepared, but these
samples exhibited similar morphology and battery performance as
0.3SRF11. Therefore, only 0.1SRF11 and 0.3SRF11 samples are dis-
cussed for the sulfur-doped HCs in the following.

2.2. Characterization

The morphology and elemental mapping of undoped and
phosphorus-doped resins were obtained using a scanning electron mi-
croscope (SEM, TM3030Plus; Hitachi High-Tech Corp.) equipped with
an energy dispersive X-ray Spectrometer (EDS). The chemical compo-
sitions of the HC samples were measured using elemental analysis for
hydrogen, carbon, phosphorus, and sulfur. Because the raw materials for
the RF resins contain only hydrogen, carbon, phosphorus or sulfur, ox-
ygen, and a trace amount of chlorine, the value of 100 minus the amount
of hydrogen, carbon, phosphorus, and sulfur is considered to be the
amount of oxygen. The Brunauer-Emmett-Teller (BET) specific surface
area (SSA) of each sample was calculated using the nitrogen adsorp-
tion—desorption isotherms with a multi-point method (Belsorp-mini II;
MicrotracBEL Corp.). Before BET SSA measurement, the samples were
heated to 300 °C for 5 h to remove physisorbed gases. The distribution of
the micropores in the undoped and phosphorus-doped HC samples was
analyzed by the nonlocal density functional theory (NLDFT). The state of
doped phosphorus in HC samples was evaluated using XPS and solid-
state 3'P MAS NMR. The XPS measurements were taken using a device
(JPS-9030; JEOL) with an X-ray gun operating at 12 kV with emission
current of 25 mA. The 3!P MAS NMR spectra were recorded using a
spectrometer (11.7 T magnet, JNM-ECZ500R; JEOL/Oxford In-
struments) at a MAS speed of 7 kHz. We used 85 % H3PO,4 aqueous
solution as a reference at 0 ppm. The PXRD patterns were collected using
a diffractometer (MiniFlex600; Rigaku Corp.) with Cu Ka radiation (1 =
0.15418 nm) at 40 kV and 10 mA, using a scan rate of 5° min~ L. Also,
SAXS experiments were performed using the apparatus at the BL-6A
station of the Photon Factory (PF) operated at 2.5 GeV and 450 mA in
the Institute of Materials Structure Science, High Energy Accelerator
Research Organization (KEK), Tsukuba, Japan [71,72]. The X-ray beam
generated by bending magnet was monochromatized to 4 = 0.15 nm and
was focused to 0.5 x 0.3 mm? at the sample. Software developed at PF,
SAngler, was used to convert 2D scattering data into 1D [73]. The X-ray
profiles from the empty sample holder and glass-like carbon SRM 3600
were used to eliminate the background intensity and to normalize the
SAXS intensity to absolute intensity [74,75]. In SAXS analysis, curve
fitting using theoretical scattering curves was performed, assuming that
the pores are spherical and that their size distribution is described by a
gamma distribution. In the case of powder samples, the interstitial
spaces within the sample also act as scatterers. For this reason, the
analysis was conducted in a region where the scattering parameter ex-
ceeds 2 nm ™!, where contributions from scatterings other than micro-
pores are minimized.
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Scheme 1. Schematic illustration of the synthesis of the undoped and heteroatom-doped HC samples.

2.3. Electrochemical measurements

The electrochemical properties of the undoped and heteroatom-
doped HC samples were evaluated using CR2032 coin cells assembled
in an argon-filled glove box. The anodes were composed of HC as active
materials, carbon black (VALCAN XC72R; Cabot Corp.), and polyimide
binder (Dreambond; Industrial Summit Technology Corp.) in a weight
ratio of 8:1:1. Slurry, formed by mixing these components and N-methyl-
2-pyrrolidone (NMP), was coated to 100 um thickness using the doctor
blade method on aluminum or copper foil. The working electrodes were
dried at 120 °C for over 15 min under vacuum and were then punched
out with 15.95 mm diameter. The counter electrode was sodium metal.
The electrolyte solution consisted of 1.0 M NaPFg in ethylene carbonate
(EC) / diethyl carbonate (DEC) (1:1 v/v%). Galvanostatic char-
ge—discharge tests were conducted (HJ1001-SD8; Hokuto Denko Corp.)
in a range of potentials of 0.0-2.0 V (vs. Na™/Na) at a current rate of 25
mA g~L. At least three cells were assembled for each HC. Their char-
ge—discharge capacities were evaluated.

2.4. NMR evaluation of the sodium state stored in hard carbon

The state of sodium in undoped and heteroatom-doped HC samples
was analyzed using 2>Na MAS NMR and !P MAS NMR. Initially, sodi-
ated HC samples were prepared electrochemically. The coin cells were
assembled and subjected to a galvanostatic discharge-charge cycle
ranging from 0.0 to 2.0 V at 25 mA g~ . Subsequently, they were dis-
charged to 0.2 mV at 25 mA g~! and maintained at 0.2 mV until the
current reached 0.25 mA g~!. The discharged coin cells were dis-
assembled in an argon-filled glove box. The anode materials, after
washing with dimethyl carbonate (DMC), were scraped from the nega-
tive electrode collector, and were placed into ¢3.2 or 4 mm NMR sample
rotors with polyvinylidene fluoride (PVDF) powder. Then, using a
spectrometer (11.7 T magnet, DD2 NMR; Agilent Technologies Inc.),
25Na MAS NMR spectra of the undoped and phosphorous-doped HC
samples were recorded. Those of the sulfur-doped HC samples were
measured using a spectrometer (11.7 T magnet, AVANCE III NMR;
Bruker Biospin Corp.). The RIDE pulse sequence with pulse length of 3.0
us, a recycle delay of 0.1 s, 5000 scans, and MAS speed of 12 kHz was
applied. 1 M NaCl aqueous solution was used as a reference at 0 ppm. 3'P
MAS NMR spectra of 0.1PRF11 samples discharged to 0 V and charged to
2 V were measured using a spectrometer (11.7 T magnet, AVANCE III
NMR; Bruker Biospin Corp.). The single pulse sequence with pulse
length of 3.75 ps, a recycle delay of 30 s, and MAS speed of 7 kHz was
applied. 85 % H3PO4 aqueous solution was used as a reference at O ppm.

3. Results and discussion
3.1. Characterization
The morphology of prepared resins is shown in Fig. S1. The undoped

resin sample had irregularly shaped particles, but the 0.1PRF resin had a
morphology resembling a series of spherical particles of approximately

10 ym in diameter, while the 0.3PRF, 0.5PRF, and 0.7PRF resins had
almost completely spherical particles of 2-7 um diameter. As shown in
Fig. S2, the EDS mapping of the phosphorus-doped resins confirmed that
phosphorus was uniformly present inside the resins. These results indi-
cate that phosphorus is incorporated into the resins during the synthesis
process and that the doped phosphorus modifies the structure of the
resins. The percentage of carbon, oxygen, and phosphorus in the
phosphorus-doped resins evaluated by EDS elemental analysis is shown
in Table S1. Aluminum was also observed in these resins, possibly
originating from the carbon tape (background). Therefore, the content
of each element may not be the correct absolute value, but there is no
doubt that phosphorus is present in the resins and that the phosphorus
content increases with the amount of phosphoric acid added.

The percentage of elements and the results of the nitrogen adsorp-
tion-desorption method of the undoped and phosphorus-doped HC
samples are presented in Table 1 and Fig. S3. Elemental analysis showed
that all phosphorus-doped HC samples contained phosphorous. From
RF11 to 0.3PRF11, the percentage of phosphorus increased to 1.8 wt.%
with the increase in phosphoric acid. However, further addition of
phosphoric acid caused little change in the doped phosphorus. 0.1PRF11
had the lowest BET SSA and open pore volume among undoped and
phosphorus-doped HC samples. 0.3PRF11 and 0.5PRF11 showed almost
the same BET SSA as RF11, and the pore distribution of 0.3PRF11 and
0.5PRF11 was also almost the same as RF11 except for the 2.5-3 ym
sized pores. 0.7PRF11 had the highest BET SSA and open pore volume.
In the case of sulfur-doped HC samples, 0.1SRF11 and 0.3SRF11 showed
similar sulfur doping levels (Table S2). These results suggest that the HC
synthesized using this method has an upper limit for the number of
heteroatom doping sites. The excess heteroatoms are emitted as gases
during carbonization, thereby forming many defects and open pores [20,
28].

To evaluate the state of phosphorus in HC samples, XPS and S1p MAS
NMR measurements were taken. The XPS spectra of the P 2p region of
the phosphorus-doped HC samples and the 3'P MAS NMR spectra of
phosphorus-doped HC samples are presented respectively in Fig. 1(a—d)
and Fig. 1(e). The P 2p peaks of all samples (Fig. 1(a-d)) were decon-
voluted into three peaks at 131.4, 133.0, and 134.8 eV, and were
assigned respectively to phosphine (PR3) or alkoxy phosphine (RoPOR’),
phosphine oxide (R3P = O) or phosphinic acid (R,POOH), and phos-
phate (ROP(=0)(0OH)3) or phosphonic acid (RP(=0)(OH),) [76]. The

Table 1

Results of elemental analysis and BET SSA measurements of the undoped and
phosphorus-doped HC samples. *) The wt.% of oxygen was estimated by sub-
tracting the amount of hydrogen, carbon, and phosphorus from 100 %.

Elemental analysis (wt.%) BET surface area (m? g!)

C H (0] P
RF11 87.2 1.1 11.7 - 609
0.1PRF11 79.7 1.6 17.6 1.1 421
0.3PRF11 76.0 1.9 20.3 1.8 618
0.5PRF11 74.9 2.0 21.2 1.9 673
0.7PRF11 72.8 2.4 22.9 1.9 855
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Fig. 1. High-resolution XPS spectra of the P 2p region of (a) 0.1PRF11, (b) 0.3PRF11, (c) 0.5PRF11, and (d) 0.7PRF11, and (e) 31p MAS NMR spectra of phosphorus-
doped HC. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

NMR spectra of all P-doped HC samples showed a major peak at —9 ppm
and a small peak at —20 ppm. Although accurate assignment of these
peaks is difficult because of the complicated structure of the HC, the
electron density around phosphorus is expected because of a tendency
for chemical shifts in organic compounds. For trivalent phosphorus, the
chemical shift of phosphorus in P(C¢Hs); is —6 ppm, whereas the
chemical shift of P(OCgHs)s appears at the high-frequency side at 127
ppm. For pentavalent phosphorus, the chemical shift of PO(OCgHs)s is
—18 ppm, whereas the chemical shift of (C¢Hs)3P = O is 27 ppm [77].
Therefore, the NMR peaks of the HC samples at —9 and —20 ppm are
likely to be assignable respectively to PR3 and PO(OR)s. Additionally,
the 3P NMR spectra of some phosphorus-doped HC samples showed a
very broad and negligible signal near 30 ppm. This signal might repre-
sent an overlapping of various phosphorus signals with positive chem-
ical shifts such as R3P = O and RyP = O(OR), indicating the presence of
slight phosphorus in various states. Although XPS has been used widely
for evaluating phosphorus-doped HC in many studies, including our
experiment, the results of NMR apparently differ from those of XPS. This
discrepancy is explainable by the fact that each method observes

different parts of the samples: XPS can only observe the surface of HC
particles, whereas the NMR signal is obtained from the entire sample
including the surface and internal structure. Therefore, the NMR mea-
surements indicate the presence of many PR3 species in bulk, which
differs from the phosphorus species present on the surface, as revealed
by XPS. Hasegawa et al. reported that most phosphorus atoms doped in
RF resin-derived activated carbon are oxidized to P(V) with time by
reacting with oxygen and moisture [76]. However, for this study, a large
amount of PR3 species remained unoxidized, suggesting that many
phosphorus sites exist between interlayers and in pore structures that
are not exposed to oxygen and moisture.

PXRD patterns of the phosphorus-doped HC samples are presented in
Fig. 2(a). The PXRD patterns of all samples showed two broad diffraction
peaks at 20 = 15-27° and 40-48°, which were assigned respectively to
the 002 and the 10 Bragg diffractions of graphite. The interlayer dis-
tances calculated from 002 peaks were 0.394, 0.397, 0.398, 0.398, and
0.402 nm, respectively, for RF11, 0.1PRF11, 0.3PRF11, 0.5PRF11, and
0.7PRF11. In fact, RF11 already had large interlayer spacing. Phos-
phorus doping only expanded it slightly. In addition, the pore size
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Fig. 2. (a) XRD patterns and (b) pore size distributions estimated from SAXS patterns of the undoped and phosphorus-doped HC samples. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

distribution in the HC samples was estimated using SAXS measurements
to evaluate the closed pores, which cannot be assessed based on a ni-
trogen adsorption-desorption isotherm. Curve fitting analysis of the
SAXS patterns, assuming the pores as spherical, revealed that the
maximum pore size increased with added phosphorus, suggesting that
phosphorus doping forms larger pores (Fig. 2(b)). Based on SAXS and
nitrogen adsorption-desorption results, the number of openpores in
0.7PRF11 is higher in 0.1PRF11. The interlayer distance and pore
diameter of sulfur-doped HC samples evaluated using XRD and SAXS are
shown in Fig. S4. The interlayer distances for both 0.1SRF11 and
0.3SRF11 are similar to that of RF11 (Fig. S4(a)). Moreover, the pore
sizes for both HC samples are almost identical (Fig. S4(b)). However, the
sulfur-doped HC samples exhibited broader pore distribution peaks than
the phosphorus-doped HC samples did. Several reports of earlier studies
have described the increase in interlayer distance caused by heteroatom
doping as a primary factor contributing to increased battery capacity
[16,19,21,26-28,30,31]. However, in this study, RF11 already had a
large interlayer distance. Therefore, this study’s increase in battery ca-
pacity resulting from heteroatom doping should be attributed to factors
other than the interlayer distance, as discussed later.

3.2. Electrochemical measurements

The electrochemical performances of the HC samples as the anode
materials are shown in Fig. 3. Fig. 3 (a) shows the initial char-
ge—discharge curves of the HC samples exhibiting capacities closest to
the average value. The averaged initial charge capacities of RF11,
0.1RFF11, 0.3PRF11, 0.5PRF11, and 0.7PRF11 were, respectively, 255,
328, 310, 286, and 100 mAh g’l. The capacities of 0.1PRF11, 0.3PRF11,
and 0.5PRF11 show improvement compared to that of RF11. Among
them, 0.1PRF11 exhibits the greatest capacity: 29 % higher than that of
RF11. By contrast, the capacity of 0.7PRF11 decreased compared to that

(a)
2.0

> 15 f("’
o €
g >
=10 =
g — RF11 8
— 0.1PRF11 S
0.5l 0.3PRF11 S

’ — 0.5PRF11

— 0.7PRF11

0.0 L L — —

0 100 200 300 ; 400

Capacity / mAh g

of RF11. The initial Coulombic efficiencies (ICE) of RF11, 0.1PRF11,
0.3PRF11, 0.5PRF11, and 0.7PRF11 were, respectively, 63, 71, 66, 67,
and 33 %. A certain increase in the ICE of 0.1PRF11 compared to RF11
was observed, whereas 0.7PRF11 was found to have a marked decrease
(Fig. 3). The lower ICE of 0.7PRF11 is mainly ascribable to the increase
of specific surface area due to the increase of the number of open pores.

To elucidate changes in battery capacity, the initial charge capacities
of these HC samples were divided into a slope region and a plateau re-
gion at 0.12 V, as shown in Fig. 3(b). Regarding the slope capacity,
0.1PRF11 exhibited the largest, reaching 183 mAh g~*. The best elec-
trochemical performance of 0.1PRF11 suggests that phosphorus doping
has an advantage over the disadvantage caused by increased specific
surface area. The slope capacities decreased with the amount of added
phosphorus. The slope capacity of 0.3PRF11 was almost identical to that
of RF11 (0.3PRF11:146 mAh g~!, RF11:144 mAh g 1). Also, both
0.5PRF11 and 0.7PRF11 showed lower slope capacities than RF11
(0.5PRF11:132 mAh g1, 0.7PRF11:78 mAh g~1). The slope capacity
and ICE decrease are attributable to their excessive defect sites and high
specific surface area [27,78]. The plateau capacities of 0.1PRF11,
0.3PRF11, and O0.5PRF11 all improved (RF11:110 mAh g7,
0.1PRF11:145 mAh gfl, 0.3PRF11:164 mAh gfl, 0.5PRF11:155 mAh
g 1). The increased plateau capacity is attributable to their increased
inserted sodium into interlayer spaces and sodium stored in pores [50,
54,61,79]. It is noteworthy that the interlayer distance of RF11 was
already large. The effect of heteroatom doping on the change in the
interlayer spacing was small. The increased plateau capacity with no
increase in interlayer distance indicates that sodium stored in the pores
contributes to the increased plateau capacity. The plateau capacity of
0.7PRF11 decreased considerably (22 mAh g’l), whereas the irrevers-
ible capacity of 0.7PRF11 increased compared to that of RF11. This
result suggests that the excessive phosphorus addition engenders dra-
matic changes in the carbon morphology, leading to a decrease in

350 B slope capacit
(b) p pacity

300 | Eplateau capacity
250
200 r
150
100
1
0

RF11 0.1PRF11 0.3PRF11 0.5PRF11 0.7PRF11

Fig. 3. (a) Initial charge—-discharge profiles and (b) initial charge capacities of the slope and plateau region of the undoped and phosphorus-doped HC samples. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sodium storage sites. It also facilitates the formation of a large amount of
solid electrolyte interface (SEI) because of the increased surface area.
Regarding the sulfur-doped HC samples, both HC samples (0.1SRF11
and 0.3SRF11) also exhibited improved capacities compared to RF11.
The slope capacities of 0.1SRF11 and 0.3SRF11 were, respectively, 187
and 168 mAh g ! (Fig. S5). Improvement in the slope capacity was likely
attributable to the increase of sulfur doping sites acting as sodium
storage sites, similar to the case of phosphorus doping. The plateau ca-
pacities of 0.1SRF11 and 0.3SRF11 were, respectively, 140 and 143 mAh
gL, The plateau capacities were also improved compared to that of
RF11, resulting from increased amounts of stored sodium in the pores, as
observed for phosphorus doping.

3.3. Evaluation of the sodium state in hard carbon

The sodium in the HC samples was observed using 23Na MAS NMR,
as shown in Fig. 4. Each NMR spectrum showed a peak at —8 ppm, which
was assigned to ionic sodium species such as residual electrolyte, SEI,
and sodium inserted between layers [54,62]. Additionally, three
phosphorus-doped HC samples exhibited a broad peak at 600-1000
ppm: 0.1PRF11, 0.3PRF11, and 0.5PRF11 (Fig. 4(a)). This signal, shifted
to a higher frequency side because of the Knight shift, is assigned to the
quasi-metallic sodium cluster, which has been reported for several HC
samples prepared especially using higher carbonization temperatures
[59,61,62]. Similarly, the NMR spectra of sulfur-doped HC samples,
0.1SRF11 and 0.3SRF11, exhibited a broad peak attributed to
quasi-metallic sodium at 600-1100 ppm (Fig. 4(b)). However, because
of the formation of many open pores resulting from the emission of
excess heteroatoms as gases during the carbonization of 0.7PRF11, the
NMR spectrum of 0.7PRF11 showed no distinct quasi-metallic
component.

The signals of quasi-metallic sodium clusters in the phosphorus-
doped HC samples shifted to a higher frequency side with more added
phosphorus. In addition, the signal intensities increased with the added
phosphorous (except for 0.7PRF11). However, the chemical shifts of
quasi-metallic sodium formed in sulfur-doped HC samples (0.1SRF11
and 0.3SRF11) are almost constant. Fundamentally, larger closed pores
in HC allow for the forming of larger sodium clusters, which are highly
metallic and which give a high Knight shift value [61-63]. However, the
NMR signals of the quasi-metallic sodium cluster formed in the
sulfur-doped HC samples and 0.1PRF11 showed a nearly constant shift,
although the sulfur-doped HC samples had larger pores than 0.1PRF11
showed. Indeed, the doping elements can also affect the sodium cluster
metallicity. Stratford et al. have reported that the number of defects on
the carbon surface affects the sodium cluster metallicity [60]. They
suggest that carbon with defects has higher trapped electron density
near the defects and a larger partial charge on the sodium ions, which
leads to a smaller Knight shift. By contrast, in this study, the metallicity
of sodium clusters formed in phosphorus-doped HC samples increased

0.3PRF11

1000 500 0 -500
Chemical Shift / ppm
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with added phosphorus. This phenomenon might be caused by a dif-
ference in the ease of transfer of electron density from sodium to the
defect sites and from sodium to the doped heteroatoms. Because the
electronegativities of phosphorus and sulfur are respectively more minor
than and similar to those of carbon (C:2.55, P:2.19, and S:2.58), the
defect sites with phosphorus might be favorable for the electron transfer
and the formation of sodium clusters with high metallicity, whereas
those with sulfur might behave similarly to defect sites without het-
eroatoms. We have observed that a 3'P MAS NMR signal of the sodiated
0.1PRF11 sample shifted to a higher frequency side compared to that of
the desodiated 0.1PRF11 sample, which may be due to the decreased
shielding from electrons around phosphorus (Fig. S6).

The increase in quasi-metallic Na cluster signal intensity by addition
of phosphorous (Fig. 4(a)) can be attributed to an increase in the amount
of quasi-metallic clusters. It is possible that the number of defect sites on
the graphene surface, which are the starting point for cluster formation
[66], has also increased.

3.4. Effects of heteroatom doping on sodium storage

Our experiments showed that phosphorus and sulfur doping into HC
improved the electrochemical performance, especially the extension of
plateau capacities. The heteroatom-doped HC samples (except for
0.7PRF11) showed more quasi-metallic sodium clusters. This observa-
tion demonstrates that the facilitation of forming quasi-metallic sodium
clusters by heteroatom doping plays an important role in the increase of
the plateau capacity. This facilitation of the formation of quasi-metallic
sodium clusters might be attributed to the increased closed pore size and
the increased number of heteroatoms doping sites in the pores, where
sodium can be absorbed easily. Based on the results, a schematic dia-
gram of the effect of heteroatom doping sites on sodium storage is shown
in Fig. 5. In the sodiation process, sodium ions are inserted into in-
terlayers and adsorbed around defects, including heteroatom doping
sites, as shown in Fig. 5(b). Because the 31p NMR measurements taken
for this study suggest that large amounts of PR3 species are present in the
bulk of phosphorus-doped HC samples, the PR3 species might contribute
as a major sodium adsorption site in the pores. In fact, some studies have
calculated the binding energies of sodium ions to phosphorus doping
sites. The results demonstrate that sodium ions adsorb more easily to
PR3 species than to graphene [20,22,29]. Unfortunately, the state of
sulfur in the bulk of sulfur-doped HC could not be evaluated using 23S
NMR because of its low sensitivity. However, the 2>Na NMR signal of the
sodium cluster was observed clearly in sulfur-doped HC samples, sug-
gesting that sulfur doping has some positive effects on cluster formation.
Then, sodium ions are likely to gather around the heteroatom doping
sites. They might grow into quasi-metallic sodium clusters with that site
as a core around 0 V, as shown in Fig. 5(c). In the desodiation process,
most sodium is desorbed from the HC, but some sodium remains in the
HC as irreversible sodium, as shown in Fig. 5(d). In particular, 0.7PRF11

(b)

0.1SRF11

0.3SRF11

1000 500 0 -500
Chemical Shift / ppm

Fig. 4. 2>Na MAS NMR spectra of (a) undoped and phosphorus-doped HC samples and (b) sulfur-doped HC samples.
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(d)

desodiation

() : Sodiumion &% : Quasi-metallic sodium cluster

Fig. 5. Schematic diagram of sodium storage state in heteroatom-doped HC (a) before sodium storage, (b) during sodium storage, (c) during quasi-metallic sodium
cluster formation at 0 V, and (d) after desodiation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

contained a large amount of irreversible sodium. The XPS spectrum of
0.7PRF11 showed more ROP(=0)(OH), and RP(=0)(OH),, suggesting
that highly oxidized phosphorus on the edge is likely to contribute to
irreversible capacity. In fact, Li et al. reported that edge-doped PC(OH),
and PCO(OH) exhibit extremely high binding energy with sodium [29].
Our results suggest that HC containing closed pores with adequate
heteroatom sites can contribute to NIBs with higher energy density.

4. Conclusion

We tried to increase the plateau capacity of HC anodes by hetero-
atom doping without high carbonization temperatures and to investi-
gate details of heteroatom doping effects on sodium storage.
Phosphorus-doped and sulfur-doped HC samples were synthesized at
1100 °C from RF resins with different dopant amounts. Despite the low
carbonization temperature of 1100 °C, which is known to be insufficient
for achieving high plateau capacity, the phosphorus-doped and sulfur-
doped HC samples exhibited higher plateau capacity than that found
for undoped HC. The increased capacity can be attributed to the facili-
tation of sodium cluster formation provided by the change in pore size
and the heteroatom doping sites, as evidenced by the appearance of the
25Na NMR signal of the quasi-metallic sodium cluster. No marked
change in the interlayer distance by heteroatom doping, which is
considered the main factor for increasing capacity, was observed in the
HC samples used for this study. The 2Na NMR chemical shifts of the
sodium cluster signals in heteroatom-doped HC samples shifted
depending on the heteroatom type and amount, suggesting that the
electronegativity of the doped heteroatoms influences metallicity in
addition to the pore size. Regarding the phosphorus-doped HC samples,
phosphorus doping sites in carbon structures such as PR3, observed
using 3P NMR, might play an important role in facilitating sodium
cluster formation and changing the state of the sodium cluster. The state
of sulfur in the bulk of sulfur-doped HC samples has not yet been clar-
ified, but it might exert similar positive effects on cluster formation. This
study provides new insights into the effects of heteroatom-doping on
HC, which are expected to be helpful for realizing high-energy anode
materials at low carbonization temperatures.
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