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Abstract: Synthesis of new carbon nanostructures with tunable properties is vital for precisely regulating
electrochemical performance in the wide applications. Herein, we report a novel approach for the oxidative
polymerization of N- and P-bearing copolymers from the self-assembly of three different monomers (aniline, pyrrole,
and phytic acid), and further prepare the respective carbon nanostructures with relatively consistent N dopant
(6.2%—8.0%, atom) and varying P concentrations (0.4%—2.8%, atom) via controllable pyrolysis. The impacts of phytic
acid addition on the compositional, structural, and morphological evolution of the copolymers and the resulting
nanocarbons are well studied through a spectrum of characterizations including N, sorption, Fourier transform infrared
spectroscopy, gel permeation chromatograph, scanning/transmission electron microscopy, and X-ray photoelectron
spectroscopy. Gradual fragmentation of the nanosphere structures is evidenced with increasing addition of phytic acid,
leading to different nanostructures from hollow nanospheres to 3D aggregates. Nanocarbons decorated with N and P
dopants from pyrolysis are further utilized as anode materials in lithium-ion batteries, demonstrating enhanced
electrochemical performance, i.e., a reversible capacity of 380 mA-h-g™' at 2 A-g™! for NPC-0.5 during 200 cycles. The
superior performance originates from the balanced porosity, and appropriate concentrations of P and pyrrolic N, thus

pointing the direction for designing high-performance anode materials.
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1. Introduction

Metal-free nanocarbon materials are raising as a family of fascinating advanced functional materials
with wide applications in many fields, such as battery, supercapacitor, adsorbent, and thermal- and
electro-catalysis [1-9]. Doping foreign atoms such as p-block elements (N and P) into the carbon
frameworks, which can induce the re-distribution of local electrons around newly created
defects[10], has been demonstrated as an effective strategy to significantly improve their
performance. While N-doped carbons are the most studied materials, increasing attentions have
recently been paid to N- and P-co-doped carbons (NPCs) nanostructures with unique characters due
to the incorporation of P with a larger radius. In this aspect, the applications of different NPCs
structures have been greatly explored in electro-catalysis[11-17], photo-catalysis,[18]
supercapacitors[ 12, 19], batteries[20], photoluminescence [21] and cellular imaging [22], etc. While
the boosted performance was usually ascribed to the increased number of defective sites, for
example, different nitrogen species like pyridinic, pyrrolic, and graphitic N were the typically
speculated active sites [23-25], the porosity of the hosts might also be altered upon doping and thus
played a role in determining the performance. This calls for a closer examination on their
performance by considering both the compositional and structural properties.

Among the reported approaches for NPC synthesis, the pyrolysis of N- and/or P- bearing polymers
or ionic liquids, with or without the participation of additional phosphorous source, is an effective
strategy. For instance, Yang et al. prepared highly porous NPCs (specific surface area Sggr=1535
m?-g 1) through the pyrolysis of imine-linked porous organic polymers bearing both the N- and
P-containing functional groups.[26] Xia et al. synthesized NPCs with a nanosheet morphology via
pyrolyzing [Hvim]DHP, an ionic liquid derived from H;PO, functionalized vinyl imidazole[27].
Further, the sheet-like NPCs were also synthesized by direct carbonization of graphene with
P-containing ionic liquid-MBMG-PF¢ [15]. He et al. reported a novel method to fabricate NPCs

microspheres by hydrothermally treating carbon microspheres with (NH4),HPO,, followed by



pyrolyzing the obtained assembles[19]. NPCs can also be prepared by the direct carbonization of
P-containing copolymers from the assembly of different monomers[14]. In this context, phytic acid
was the monomer of choice selected as the phosphorous source to complex with other monomers
such as aniline[ 14, 28, 29] and pyrrole[16], or with gelatin[30] to yield supramolecular assemblies.
Pyrolyzing treatment, sometimes in conjunction with chemical activation, can bring ultra-high Sggt
and rich porosity to the 3D NPC foams, leading to excellent performance in the oxygen
reduction/evolution reactions[29], supercapacitors and lithium-sulfur batteries[28].

The previous synthesis of NPCs based on the copolymerization of different monomers mainly
adopted phytic acid-containing binary monomer systems. However, systematic regulation of the
composition, structure, and morphology of the copolymer precursors and the corresponding NPCs
has been scarcely conducted. In the seminal work by Guo and co-workers[31], a template-assisted
fabrication of aniline-pyrrole copolymers with a hollow nanosphere morphology was proposed.
Hollow NPC nanospheres were yielded after subsequent pyrolysis, clearly showing a memory
effect[32, 33]. Notably, this morphology differs greatly with those of the phytic acid-aniline or
phytic acid-pyrrole analogues typically exhibiting a 3D aggregate structure[28, 29, 32]. In this
work, the template-assisted assembly of phytic acid-aniline-pyrrole ternary systems was studied.
The selection of this targeted system was beneficial to discriminate the effect of phytic acid
incorporation on the morphological evolution of the resultant copolymers. By varying the
concentration of phytic acid in the initial polymerization solutions, we systematically studied the
different properties of the copolymers and the respective NPCs by applying combined
characterization techniques. Hollow NPC nanospheres were obtained by carefully tuning the
addition of phytic acid, and these well-defined nanostructures gradually fragmented and changed to
conventional aggregates at higher P doping levels accompanied with the compromised porosity.
The array of NPC nanostructures was adopted as anodes in lithium-ion batteries, and the

electrochemical performance in relation to the different speciation (N and P) and porosity were



discussed.

2. Experimental

2.1. Materials synthesis

The aniline-pyrrole-phytic acid copolymer (denoted as PAniPyPA) was synthesized by a
previously established protocol [31] with a few modifications. A mixture of TX-100 (1.6
mmol, Aladdin, BR), aniline (50 mmol, Acros, 99.5%), pyrrole (50 mmol, Sigma-Aldrich, 98%),
and different amount of phytic acid (Aladdin, 70% in H,O) was dissolved in 160 cm? deionized
water, and stirred at 500 rpm at room temperature until a homogeneous solution was obtained. The
solution was then stored in fridge (278 K) for 30 min before use. Another solution of ammonium
persulfate (4.56 g, Acros Organics, 98%, dissolved in 40 cm? deionized water) was prepared, cooled
at ice bath for 30 min, and then added in one portion into the above monomer-containing solution
with vigorous stirring at room temperature. Afterwards, the polymerization was continued for
overnight. The yielded solids were filtrated, washed with deionized water, immersed in deionized
water for two days, and freeze-dried for 24 h to produce dry aerogel. The as-prepared copolymers
were further converted to corresponding N- and P-doped carbons in a tubular oven by pyrolysis in
flowing N, at 1073 K (5 K'min™!, 5 h). These copolymer assemblies and the corresponding
nanocarbons were coined as PAniPyPA-x and NPC-x, where x (x=0.1, 0.2, 0.5, and 1.0) denotes the
calculated molar P:N ratio in the added monomers. A phosphorous-free aniline-pyrrole copolymer
and the corresponding nanocarbons, denoted as PAniPy and NC, respectively, were also
synthesized for comparison purpose by following the similar procedures as mentioned above but

without the addition of phytic acid.



2.2. Characterizations

N,-sorption isotherms were recorded at 77 K on a Micromeritics ASAP 2010 instrument. Before the
measurement, the sample was degassed at 573 K for 6 h. The specific surface area (Sggr) was
calculated by the Brunauer-Emmett-Teller (BET) method using the adsorption branch. IR spectra
were recorded on a Bruker vector-22 FTIR spectrometer. A self-supported wafer with a diameter of
1.2 cm was prepared by pressing a powder mixture (10 mg) containing 5% sample and 95% KBr
and then mounted into the IR cell. The Fourier transform infrared spectroscopy (FTIR)
measurement was operated in the absorbance mode and the spectra were collected in the region of
4000—400 cm! using a resolution of 4 cm™! and 32 scans. The spectrum of the KBr recorded at
room temperature was taken as the background. The average molecular weight of selected
copolymers was measured with an Agilent 1100 GPC equipped with two PFG linear M columns,
connected in series with an Agilent 1100 DIR detector. The samples were eluted in
hexafluoroisopropanol with 0.02 M potassium trifluoroacetate at 1 cm? min™! at room temperature.
Calibration of the GPC spectra was conducted with the polystyrene standards. Scanning electron
microscopy (SEM) was conducted on a Quanta 200F instrument operating at 10 kV and 50 pA. The
powder sample was dispersed in dry form onto fresh carbon paint deposited on an aluminum holder
and subsequently coated by a Pt-Pd alloy (ca. 10 nm thickness) to prevent charging. Transmission
electron microscopy (TEM) images were taken on a Philips FEI Tecnai G? microscopy operating at
120 kV. The specimen was prepared by ultrasonically dispersing the powder sample in ethanol,
depositing droplets of the suspensions onto carbon-coated copper or gold grids, and drying in air.
X-ray photoelectron spectroscopy (XPS) was measured in a Physical Electronics Quantum 2000
X-ray photoelectron spectrometer using monochromatic Al-K[] radiation, generated from an
electron beam operated at 15 kV, and equipped with a hemispherical capacitor electron-energy
analyzer. The solids were analyzed at the electron take-off angle of 45° and the pass energy of

46.95 eV. The spectrometer was calibrated for the Au 4f7,, signal to be at 84.0+0.1 eV and had a



resolution step width of 0.2 eV. Charge compensation was applied by shifting the C 1s peaks to
285.0 eV. The N 1s envelopes were fitted by mixed Gaussian-Lorentzian component profiles after
Shirley background subtraction. The selected peak positions of the different nitrogen species were
based on literature reported data.[34] The elemental concentrations were quantified based on the
measured photoelectron peak areas (C ls, N 1s, O Is, and P 2p) after Shirley background
subtraction, using PHI-MultiPak software and the built-in relative sensitivity factors, which were
corrected for the system transmission function. The electronic conductivity (s) of the samples were
measured by the four-probe method (ST2742B). The powders were first pressed at different

pressures before the data were collected.

2.3. Electrochemical test

Lithium ion batteries were assembled at CR2016 coin cells using lithium foil as the counter and
reference electrode, NC and NPC-x electrodes as working electrodes, and 1.0 mol-L™! solution of
LiPF¢ in ethylene carbonate/dimethyl carbonate/diethyl carbonate (1:1:1) as electrolyte. The
working electrodes were prepared through the mixture of N-doped carbon powder, carbon black,
and polyvinylidene fluoride with a weight ratio of 8:1:1 in N-methylpyrrolidone solvent. The
resultant electrode slurry was pasted onto a copper current collector, followed by vacuum drying at
393 K for 12 h, and then cut into electrode plate with a diameter of 12 mm. The galvanostatic
charge-discharge (GCD) profiles were operated at a LAND CT2001A battery tester in a voltage
range from 0.01 to 3.0 V. Electrochemical impedance spectroscopy (EIS) spectra and cyclic
voltammetry (CV) curves were carried out at a CHI 760E workstation. The CV tests were
conducted at 0.01-3.0 V with a scanning rate of 0.1 mV-s™!. The EIS data were collected at an ac

amplitude of 5 mV with the frequency range from 100000 to 0.1 Hz.



3. Results and Discussion

3.1. Synthesis and characterization of ternary copolymers

3.1.1. Compositional and structural properties

The self-assembly of aniline and pyrrole into carbon nanospheres in the presence of different
surfactants has been documented previously[31-33]. Here we adopted TX-100 as the surfactant and
introduced a third monomer-phytic acid with the aims to study the impact of phosphorous
incorporation on the properties of as-derived N- and P-containing copolymers and to further obtain
N- and P-doped nanocarbons with novel structures. For this purpose, a series of PAniPyPA
copolymers was synthesized by controlling the addition of phytic acid at a fixed molar aniline:
pyrrole ratio of 1.0. Four copolymers PAniPyPA-x (x=0.1, 0.2, 0.5, 1.0) were synthesized with the
increasing addition of phytic acid, where x indicated the molar P:N ratio in the initial monomers
(Fig. 1).
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Fig.1. Synthetic strategy of the polyaniline-based polymers via oxidative polymerization of ternary monomers and the corresponding

nanocarbon materials accompanied with the sample codes.

To study the addition of phytic acid addition on the polymerization process, the relative molecular
weight (M,,) of selected polyaniline-based copolymers was examined by GPC analysis (Fig. 2(a)).

Two peaks, typical for the polyaniline-based polymers[35], were observed at around 8 and 11.6 min



for PAniPy, PAniPyPA-0.1, and PAniPyPA-0.5. These can be assigned to the long-chained
copolymers and the short-chained oligomers, respectively. The similar positions of the three
samples likely suggested similar kinetics of the polymerization process. Indeed, the M,, and the
shares of oligomers were 40787, 41958, and 42441 Daltons, and 34.5%, 30.9%, and 35.9%,
respectively, for PAniPy, PAniPyPA-0.1, and PAniPyPA-0.5. The structures of these copolymers
were then examined by FTIR (Fig. 2(b)). For PAniPy, several absorption bands were observed at
1493, 1450, 1110, 1048, 836, 759, 691, and 615 cm™!. The bands at 1493 and 1110 cm™ were
assigned to the strefching vibrations related to the benzenoid and quinonoid rings, respectively; the
band at 1450 cm™! was related to the C=C stretching of aromatic ring; the additional bands at 836

and 759 cm™! were due to the y(C—H) vibrations in the 1,2,4-trisubstituted ring; and the bands at

1048 and 615 cm™' were associated with the presence of sulfates (HSO, and SO; ) [36, 37].

These features were well inherited with the addition of small amounts of phytic acid at P:N = 0.2.
However, the distinct bands related to polyanilines (1493 and 1110 cm™') disappeared at higher
phosphorous doping levels (P:N > 0.5). Also, the intensities of the other bands for these two
samples weakened greatly. These results suggested that the addition of phytic acid strongly
disturbed the assembly of the copolymerization process. Noted that the vibrations of phosphates
(878-1060 cm™!) cannot be well visualized probably due to the overlapping with the other
functional groups in the similar region. According to the study by Bao et al. [28], the negatively
charged phosphate groups in the phytic acid molecules might interact with the positively charged

amine groups in the backbone of the polyanilines through electrostatic attractions.
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Fig. 2. (a) GPC profiles and (b) FTIR spectra of PAniPy and PAniPyPA-x samples.
3.1.2. XPS insights

The successful incorporation of phytic acid into the copolymer backbone was confirmed by XPS
(Table 1). The atomic concentration of P increased steadily from 0.4% to 2.0% with the increasing x
from 0.1 to 1.0. Meanwhile the N concentration stayed relatively at stable around 12%. In addition,
the P:N ratios in the resulting copolymers were much lower than the set values, hinting that phytic
acid was likely only partially incorporated during the polymerization process. Indeed, the P content
and the P:N ratio almost leveled off at x > 0.5. Therefore, the copolymerization of the ternary
systems, particularly the incorporation of phytic acid into the polymer backbone was likely
self-limiting, restricting the higher doping of the phosphorous species. To probe the variation of
nitrogen speciation upon adding phytic acid, the N1s XPS spectra of the different copolymers were
further analyzed (Fig. 3(a), (b) and Table 1). Similar envelops at around 398-404 eV were observed
for all the materials. A slight broadening of the peaks was evidenced for PAniPyPA-0.5 and
PAniPyPA-1.0. Therefore, deconvolution of the spectra was conducted by fitting (Table S1). Three
different speciation were found at the binding energies at ca. 399.7, 400.4, and 402.6 eV that were

associated with amine (N2), oxidized amine (N2*), and protonated imine (N1%), respectively.[34]



Interestingly, the share of N2 species generally increased at the compensation of N2 with the
increasing incorporation of phytic acid, indicating that the ternary copolymers were less oxidized
than the binary analogue.

Table 1. The parameters of the polyamine-based polymers and the corresponding nanocarbons.

Samples Vtoral® . Vmicm@i Smem@:\ SBET@i ,,P@ c® NGO PO 0® P:N® i
/em3-g”! /em3-g”! /m?-g”! /m?-g7! /nm /% (atom) /% (atom) /% (atom) /% (atom)  /mol-mol!
PAniPy — — — — — 66.2 13.2 0 20.6 0
PAniPyPA-0.1 — — — — — 67.5 12 0.4 20.1 0.033
PAniPyPA-0.2 — — — — — 70.5 12.6 1.1 15.8 0.087
PAniPyPA-0.5 — — — — — 63.4 10.5 1.9 24.2 0.181
PAniPyPA-1.0 — — — — — 63.7 11 2.0 23.4 0.182
NC 0.5 0.2 219 733 13 88.1 8 0 6.8 0
NPC-0.1 0.3 0.1 166 407 1.5 86.4 8 0.4 53 0.050
NPC-0.2 0.3 0.1 148 354 1.7 86.2 7.3 0.8 5.7 0.109
NPC-0.5 0.3 0.1 169 297 1.8 82.2 6.2 2.1 9.5 0.338
NPC-1.0 0.2 0.02 133 182 2.3 79.7 7 2.8 10.5 0.400

@ Total pore volume determined from the amount of N, adsorbed at p/py = 0.97.
® Micropore volume and mesopore surface area estimated by t-plot method.

® Specific surface area calculated by BET method.

@ Pore radius estimated by BJH method.

© Elemental concentration derived from XPS analysis.
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Fig. 3. N 1s XPS spectra of (a) PAniPy and PAniPyPA-x and (c) NC and NPC-x, accompanied with (b) the illustrations of different
nitrogen speciation in the polymers, and (d) the distribution of N species in different nanocarbons. Raw data in a,c were presented in

circles, and the fitted spectra were showed as the black lines.

3.1.3. Morphological evolution

The morphologies of the obtained PAniPyPA-x were examined by SEM (Figs. 4(a)—(d)). The
benchmark PAniPy exhibited homogeneous nanosphere morphology with a diameter of about
150—170 nm. The ternary assemblies also exhibited nanosphere morphologies, but probably with a
much denser structure. Accordingly, the diameters of the nanospheres slightly reduced to about 120
and 100 nm, respectively, for PAniPyPA-0.1 and PAniPyPA-0.2 (Fig. S1). With further increasing

the P:N ratio, the nanosphere morphology disappeared and more 3D segregates with



cauliflower-like morphology, which was similar to those of the polyaniline-based polymers[32, 38],
were found for PAniPyPA-0.5 and PAniPyPA-1.0. Noted that the sizes of these assemblies were
much smaller for the latter, implying a denser structure of ternary copolymer with enriched
phosphorous species. The corresponding TEM images of the PAniPyPA-x were recorded (Figs. 4(e)
—(h)). In line with the SEM observations, hollow nanospheres were visualized for the ternary
copolymers at x < 0.2, while both the hollow structures and the nanosphere morphologies were
altered at higher P:N ratios. Altogether, these results clearly demonstrated the gradual fragmentation
of the hollow nanosphere structures upon increasing concentration of phytic acid in the
copolymerization solution. the copolymerization was supposed to occur at the interface of the
micelle. The previous study [31] suggested that the copolymerization of aniline and pyrrole in the
presence of the surfactant occurs at the interface of the micelle. In this case, the monomers will stay
inside the space of the micelle, while the oxidant — ammonium persulfate is water soluble and
would thus stay in the water phase. However, this process might be jeopardized by the participation
of an additional monomer-phytic acid since it is also water soluble. Thus, with the increasing
concentration of phytic acid, the hollow structure would change into more and more irregular

shapes.



Fig. 4. (a-d, i-1) SEM and (e-h,m-p) TEM images of PAniPy and PAniPyPA-x polymers and corresponding NC and NPC-x. x = 0.1,

0.5, and 1.0. Scale bars: (a-d, i-1) 500 nm, and (e-h,m-p) 200 nm.

3.2. Characterization of N- and P-doped nanocarbons
3.2.1. Morphological and structural examination
The morphologies of NPC-x were examined by SEM and TEM (Figs. 4(i)—(p) and S1). In general,

the different NPCs resembled their corresponding copolymers in morphology, which was frequently



observed in the polyaniline-derived nitrogen-doped carbons[32, 33, 39]. Different from the previous
studies, we found the hollow nanostructures of PAniPy/PAniPyPA-x cannot be fully preserved in
NC/NPC-x. Particularly, the hollow structures disappeared totally at x > 0.2. It was speculated that a
shrinkage of the size might occur due to the high-temperature annealing treatment. To support this
conclusion, we compared the diameters of nanospheres between NC or NPC-x and their precursors.
Indeed, the diameters of carbon nanospheres were generally smaller than their individual
precursors, for example, ca. 100 vs. 160 nm for NC, and ca. 110 vs. 120 nm for NPC-0.1. A closer
look at the SEM images (Fig. S1) of the copolymers before and after pyrolysis revealed the
presence of abundant micropores on NPC-x likely due to the release of exhausted gases during heat
treatment. The porosity of NPC-x was further evaluated by N, sorption isotherm (Fig. 5(a)). NC
possessed the highest specific surface area and the total volume (Table 1). The rich micropores and
abundant mesopores were evidenced by the steep N, uptake at the low P/P, and the presence of a
hysteresis loop in the sorption isotherm. With the increasing P:N ratios, the average pore size
increased, while both the specific surface area and the total pore volume showed an opposing trend
(Fig. 5(b)). In particular, the losses were much severer at x<0.1 and x>0.5. Therefore, these results
also confirmed the aggregation of NPC-x with enriched P doping, agreeing well with the

microscopic analysis.

a) 350 b 0.210
(a) B (b)
@ NPC-0.1 10174 5
300 A NPC-0.2 .
W NPC-0.5 10138 E
_ 20F @NPC 10102 2
IDD =
& 200 J0.066 ©
]
H 0.030
=~ 150 NC
NPC-0.1
100
. NPC-0.2
50 IS NPC-0.5
0 T | . ] NPC-L0
0 02 04 06 08 1.0 | 10
P/P, Pore size/nm

Fig. 5. (a) N, sorption isotherms and (b) pore size distribution of NC and NPC-x samples.



3.2.2. Elemental and speciation analysis from XPS

The elemental and speciation analysis of the functionalized carbons derived from the pyrolysis of
the copolymers were conducted based on XPS and the results were presented in Table 1. Elemental
analysis of the surface atoms revealed relatively consistent concentrations of N (6.2%—8.0%
(atom)) for NPC-x, and the values were more apparently reduced for those samples with higher P
doing levels as compared to NC. In addition, NPC-x showed much lower N contents than the
corresponding precursors (10.5%—12.6% (atom) N). In stark contrast, the P concentrations were
quite comparable for these samples before and after pyrolysis. As a result, a higher molar P:N ratio
was found for all the copolymers after carbonization treatment. The above observations also
suggested a higher stability of the P species than the N species in the copolymer backbone
structures. For the NPC-x series, the O content increased with the increasing P doping, particular for
the samples with higher P concentrations (x > 0.5). The similar trends for the P and O
concentrations might indicate the presence of phosphate groups in NPC-x. This was supported by
the presence of an envelope around 133.1 eV for the P 2p XPS on all the NPC-x samples (Fig. S2).
Since alteration of the nitrogen speciation was previously evidenced for the PAniPyPA-x series, we
further compared the N 1s XPS spectra of the corresponding NPC-x (Fig. 3(c), (d)). A broad
envelop at 396—404 eV with apparent shoulder peaks were found for all the samples. To better
differentiate the different nitrogen functionalities, a detailed spectra fitting was conducted (Table
S1). It is found that at x > 0.5, the share of pyrrolic N was generally higher, but the share of
pyridinic N showed a different trend, while the share of graphitic N was not quite altered in the

whole series. Therefore, the incorporation of P might favor the formation of pyrrolic N speciation.

3.3. Electrochemical performance

The developed NPC-x series were employed as anodes for lithium ion batteries to examine the



impact of P doping on the electrochemical performance. The four-probe measurement on the
electronic conductivity revealed little difference between NC and NPC-x (Fig. S3). We first tested
NPC-0.5 electrodes in the voltage range of 0.01-3.0 V versus Li*/Li (Fig. S4a). Typical cathodic
peaks were observed at 0.6—0.9 V in the first discharge cycle that can be associated with the
formation of solid electrolyte interphase[40]. This feature disappeared in the next two cycles,
hinting the good reversibility of NPC-0.5 as anode for lithium ion batteries. A comparison on the
capacities of NPC-x at 0.1 A-g ! was presented in Fig. 6(a). The capacities were 668, 724, and 763
mA-h-g!, respectively, for NPC-0.1, NPC-0.5, and NPC-1.0, and 684 mA-h-g ! for NC. This might
indicate that the storage capacity can be mildly enhanced only when doping with sufficient P.
Although P-doped NPC-0.1 delivered a slightly low capacity at 0.1 A-g"!, even little lower than that
of NC, it showed superior capacity of 252 mA-h-g ! at a high current density of 5 A-g”!, exceeding
that of NC (219 mA-h-g!). Therefore, the results clearly displayed that the rate capability of
as-prepared nanocarbons could be improved while introducing P heteroatoms. Remarkably,
NPC-0.5 showed the highest capacity of 288 mA-h-g! at 5 A-g! among the NPC-x series (Fig.
6(b), Fig. S4b), and is comparable to the previously reported hollow carbon nanospheres with rich
N contents[32]. When switching the current density back to 0.1 A-g™!, a relatively high capacity of
NPC-0.5 with 553 mA-h-g™! could still be obtained. The excellent rate performance was attributed
to the fast charge transfer kinetics of NPC-0.5 with the lowest semicircle (R = 22 Q) in the high
frequency region of EIS spectra (Fig. 6(c)). In addition, the cycling performance of the selected
samples was further examined in the continued 200 cycles at 2 A-g! (Fig. 6(d)). Outstanding
current efficiency of > 99.8% was obtained over all the samples. NPC-0.5 could deliver a reversible
capacity of 380 mA-h-g!, which was higher than those of NC (308 mA-h-g!) and NPC-1.0 (345
mA-h-g™1). A significant capacity drop for the first few cycles was observed for NPC-0.5, which
might be tentatively ascribed to the lower negative electrode potential vs. lithium (Li/Li*), to the

formation of solid electrolyte interphase, or the loss of N and P dopants during the lithium



intercalation into the host. More importantly, NPC-0.5 exhibited superior stability to NPC-1.0 that

suffered fast loss of capacity after 80 cycles.
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Fig. 6. Electrochemical performance of NC and NPC-x as anodes for lithium ion batteries in LiPFg electrolyte in the potential of 0.01
to 3.0 V versus Li*/Li. (a) GCD profiles measured at 0.1 A-g™!. (b) Rate capability recorded at different current densities from 0.1 to
5 A-g’l. (c) EIS plots. (d) Cycling performance tested at 2 A-g™!. For the convenience of comparison, the initial Coulombic

efficiency was reported in Fig. S5.

To explain the improved electrochemical performance of NPC-0.5, we first looked at the electronic
conductivity. It turns out that all the materials possess similar electronic conductivity (Fig. S5). We
then examined the total N contents and the different functionalities. Since the total nitrogen was
relatively stable and in fact the best performing sample had the lowest N content, thus the role of
this feature could be excluded. Turning to the different nitrogen functionalities, one can only find a
generally positive correlation of the capacity as a function of the N5 speciation (Fig. 7, light blue
symbols), however, a drop in capacity was observed for NPC-1.0 that possessed an even higher

surface N5 concentration. A Similar trend was evidenced between the capacity and the surface P



concentration or the Sggr (Fig. 7, blue and purple symbols). Putting all these factors into account,
one could find the NPC-0.5 sample showed the most balanced N5 and P concentrations as well as a
relatively high Sggr. Therefore, it is concluded that the superior performance is originated from the

rich porosity that might facilitate the mass transfer, and the large number of active species for

lithium-ion storage.

400 400 400

° | ¢ | 7 |
350 . ‘ = 350 /, . 350 l,’ .

Capacity/mA-h-g”'
z
<
S
Capacity/mA-h-g”'
~
Capacity/mA-h-g™'

" 300 A\___—“. 309‘/ ~ 300k ‘.

250

1 L L 250 L 1 250 ! !
200 400 600 800 0 1 2 3 1.5 2.0 2.5

Sgr/m’ g’ P/% (atom) N5/% (atom)

3.0

Fig. 7. Electrochemical performance as a function of the specific surface area (left), the surface concentrations of P content (middle)

and N5 species (right).

4. Conclusions

We have developed a novel approach to synthesize a range of N- and P-doped nanocarbons with
relatively consistent N dopant (6.2%—8.0% (atom) N) and varying P concentrations (0.4%—2.8%
(atom) P) by the assembly of different monomers (aniline, pyrrole, and phytic acid) following
subsequent pyrolysis. We studied the detailed compositional, structural, and morphological
evolution of these new polymers and the nanocarbon analogues by tuning the molar P:N ratios in
the starting monomers. Several key conclusions were derived: i) the fragmentation of hollow
polymer nanospheres was evidenced with the increasing addition of phytic acid, revealing the

competing polymerization between aniline-pyrrole and the aniline/pyrrole-phytic acid; this led to



novel N- and P-bearing hollow nanospheres and dense aggregates at low and high phosphorous
doping levels, respectively; and ii) the assembly of phytic acid in the ternary polymerization system
was self-limiting, reaching a plateau at around P:N = 0.5; conversely, the specific surface area and
the porosity showed a trade-off with the increased P doping concentrations. Electrochemical
performance of the series of derived NPC-x in lithium-ion batteries demonstrated their superiority
over the NC counterpart. In particular, the NPC-0.5 possessing relatively high P and pyrrolic N
concentrations and rich porosity exhibited the best electrochemical activity and stability
performance over the other analogues, revealing the importance of balancing both factors in
improving the electrochemical performance. Our work paves a new avenue for the design of

high-capacity metal-free anodes for lithium ion batteries.
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