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The nitrogen-phosphorus dual-doped porous carbon frameworks (NPPC) was
successfully prepared by one-step carbonization. Due to the introduction of heteroatoms,

the NPPC exhibits excellent rate capability and cycling stability.



Nitrogen and Phosphorus Dual-doped Porous Carbonsfor High-Rate Potassium
lon Batteries
Xiaoging Md, Nan Xiad'*, Jian Xiad, Xuedan SorftyHongda Gu@ Yongtao
Wand, Shijia Zha8, Yiping Zhond, Jieshan QftP *.

& State Key Lab of Fine Chemicals, School of Chetriaagineering, Liaoning Key
Lab for Energy Materials and Chemical Engineeririgalian University of
Technology, Dalian 116024, Liaoning, China.

b College of Chemical Engineering, Beijing Univeysitf Chemical Technology,

Beijing 100029, China.

*Corresponding authors. Tel:+86-411-84986024. Eltmai addresses:

nxiao@dlut.edu.cn (Nan Xiao), qiujs@mail.buct.edudieshan Qiu).
1



10

11

12

13

14

15

16

Abstract

Pitch-based porous carbons with the abundant rese@and high conductivity have potential
advantages as potassium-ion battery anode mateHawever, they suffer from small
interlayer distance and rare potassium storages.siterein, nitrogen and phosphorus
dual-doped coal tar pitch-based porous carbons (YPRRas prepared in one-step
carbonization using ammonium polyphosphate as NRasdurce and studied as the anodes
for the potassium ion batteries. NPPC deliversgh lwapacity retention of 81.8% over 400
cycles at 1.0 A §. When the current density is raised to 10 A @ can still retain a
reversible capacity of 126 mAh'gThe effects of carbonation temperature and rafio
ammonium polyphosphate to coal tar pitch on nitnoged phosphorus doping contents were
investigated by in situ Fourier transform infrarf@'IR) and synchronous thermal analysis.
This work may shed light on the design of advanpethssium-ion battery by employing

heteroatom doped functionalized soft carbons.

Keywords: potassium ion battery; in situ FTIR analysis; dealpitch; high rate; heteroatom

doping.
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1. Introduction

As the most successful commercial secondary battdgrym-ion batteries are widely used
in portable electronic devices and electric velsicdee to their high energy density and good
cycle stability[1]. However, for the large-scalatginary energy storadie the grid, the cost
is more important than the energy density. Duéhéolack and uneven distribution of lithium
resources, lithium prices are rising, which linthie application of lithium-ion batteries in the
stationary energy storage [2-4]. Therefore, itngent to develop alternatives for LIBs based
on earth-abundant metals. Along this line, potassion batteries (PIBs) have received more
and more attention due to the abundant reservpstagsium (2.09 wt.%) in the Earthcrust
and the low negative redox potential of K/&2.93 V) [5, 6]. However, the large radius (1.38
A of K" compared to 0.76 A of [ results in sluggish diffusion kinetics of Kleading to a
poor rate performance, which seriously slows dadwendevelopment of PIBs.

Well-designed anode materials are crucial for hogghe rate performance of PIBs. In the
past years, a mass of anode materials, which carldssified as alloying materials,
conversion materials and intercalation materiatsjehbeen investigated and evaluated for
PIBs [7, 8]. Among them, carbon materials[9-11exsally the heteroatom-doped carbons,
have attracted the most attention of battery rebeas because of their wide range of sources,
low price and easy access [7]. Various dopant eMsn@cluding N, S, B, and P have been
proved to dramatically boost the electrochemicapprties of carbons [12-14]. Among them,
nitrogen, which could produce efficient defects atrdictural vacancies, as well as enhance
the electronic conductivity of carbon materials,s Haeen regarded as one of the most

promising dopantor improving the potassium storage performance 8. Compared with



39

40

41

42

43

44

45

46

a7

48

49

50

51

52

53

54

55

56

57

58

59

N, P has lower electronegativity and higher electlonating ability. Therefore, the
introduction of P atoms in carbon materials is exp& to more significantly produce
structural distortion and enhance electrochemictVity, which consequently accelerate the
diffusion of ions and increase the reserves of gsaten ions [17]. Previous works have
demonstrated that co-doping of nitrogen and phagghoan further improve the carbons’
electrochemical performance due to the synergeftect of N and P atoms [18, 19]. However,
because of its large radius, the P content in N/&-doped carbons is usually quite low,
which limits the full play of the synergistic eftel20]. In addition, the influencing factors on
nitrogen and phosphorus co-doping are still noarcl&herefore, how to synthesize carbon
material with suitable contents of nitrogen andg@fmrus remains a big challenge.

In this work, we prepared N/P co-doped porous aasldlPPC) by one-step carbonization
using coal tar pitch (CTP) as carbon source, amamorpolyphosphate (APP) as N/P source
and NaCl as template. Owing to the synergisticoefté nitrogen and phosphorus co-doping
as well as porous structure, NPPC exhibits excettie performance (126 mAR'@t 10 A
g'). The effect of heat treatment temperature and meaterial composition on the N/P
co-doping was investigated by in situ Fourier tfama infrared(FTIR) spectroscopy and
synchronous thermal analysis. This work promiséscde method of dual atomic doping for

high rate PIBs.

2. Experimental section

2.1 Preparation of NPPC
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Prior to the synthesis of NPPC, NaCl template \pdrticle size of 5-§m was prepared by
recrystallization as reported in our previous wfk]. In a typical run, 0.5 g CTP with soft
point of 85°C, 1.0 g APP and 5.0 g NaCl template were grourttimixed in agate mortar.
The ground powder was heated at 28Cor 2 h, and then carbonized at 600, 700 and°800
for 2 h in Ar with a heating rate of &/ min, and then washed with deionized water. Tina f
products were named as NPPC-2-600, NPPC-2-700, NP&ID. For comparison, the
control samples were prepared under the same exgatal conditions without the addition
of APP and recorded as PC-700. And the sole N-dgquedus carbon (NPC-700) was
obtained by replacing APP with urea. To find théirapm ratio of CTP to APP, the samples
with CTP and APP mass ratios of 1:1 and 1:3 weepgmed at 708C, named as NPPC-1-700
and NPPC-3-700, respectively.
2.2Material characterization

The morphology and nanostructure of the materiagsewobserved by field emission
scanning electron microscope (FESEM, FEI Nova N8&M 450). Transmission electron
microscopy (TEM) images, selected area electroimadtion (SAED) and energy-dispersive
X-ray spectroscopy (EDS) were made with transmisgtectron microscope (FEI Tecnai
F20). The X-ray photoelectron spectroscope (XPSriflo ESCALAB 250) was used to
analyze the elemental state of the materials. Togravimetry (TG) and differential thermal
analysis (DTA) were conducted using a thermogratrimanalyzer ( STA449F3 NETZSCH,
Germany) from 25 to 900 under N atmosphere at a heating rate of°@min’. The gas
products derived from pyrolysis of APP and CTP aralyzed by the in situ Fourier

transform infrared spectroscopy (FTIR, Nicolet i350he X-ray diffraction (XRD) were
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examined by Smart Lab 9 KW X-ray diffractometer lwia Cu-ku; source. Nitrogen
adsorption/desorption measurements were obtaindld aiMicromeritics ASAP 2020 to
measure pore structure. The density function theory Brunauer-Emmett-Teller method
were used to calculate pore size distribution getific surface area, respectively.
2.3 Electrochemical tests

Electrochemical properties were measured using CR2Abin-type cells, which were
assembled in an Ar-filled glove box {& 0.1 ppm and kO < 0.1 ppm). The working
electrodes were fabricated by mixing active makedarboxymethylcellulose and Super P
with a weight ratio of 8:1:1 in deionized waterftom a homogeneous slurry. The slurry was
then coated on a Cu foil rapidly and dried at°’80for 12 h in vacuum. The mass loading of
working electrode is about 1.0-1.4 mgfcrithe PIBs were assembled with K metal as the
counter electrode, glass fiber (GF/C) as the sémar@.8 mol ! KPR dissolved in a 1:1
volumetric mixture of dimethyl carbonate and ethglecarbonate as the electrolyte. The
galvanostatic discharge/charge tests were condwdgthoh the voltage window of 0.01-3.0 V.
The cyclic voltammetry (CV) measurements were peréd within the voltage range of
0.01-3.0 V at various scan rates of 0.1-1.2 mV Fhe electrochemical impedance
spectroscopy (EIS) test was performed over thaurrqy range of 100 kHz to 10 mHz.
2.3 Calculation details

All calculations were carried out on Vienna Ab imiSimulation Package using density
functional theory (DFT) [22]. Generalized gradieapproximation Perdew - Burke -
Ernzerhof (GGA-PBE) method [23] and projector augted wave (PAW) pseudopotential

[24] calculations are adopted. Van der Waals intevas are considered using the DFT - D3
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method [25, 26]. The cuto energy is set to 500 eV, and the Monkhorst - Raekh with
3x3x1 k point is applied for the Brillouin zone egration. The energy convergence criteria
for electronic and ionic iterations were“18V and -0.05 eV/A, respectively. The adsorption
energy AE;) of K atom on the material was defined as follow&, = Egapk —Egap —Ex,
where Bapk IS the total energy of K atom adsorbed on dialy, is the energy of slab, ang E

is the energy of K atom

3. Results and discussion

.
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Fig. 1. (a) Schematic illustration for the synthesis of IIP{®) SEM and (c)
high-magnification SEM images of PC-700. (d) SEB), figh-magnification SEM images, (f)
TEM image and (QHRTEM image with SAED pattern of NPPC-2-700. (h¢eage

interspaces of NPPC-2-700 calculated by TEM diffaacfringe. (i) A typical TEM image
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and the corresponding element mapping of NPPC-2aith0carbon, oxygen, nitrogen, and

phosphorous.

The schematic illustration for the synthesis of KHB shown in Fig. 1a. As shown in Fig.
1b and d, due to the addition of NaCl templatehlibe PC-700 and NPPC-2-700 possess a
porous structure with pore size of 2 tar@, which consist of cross-linked micron sheetssThi
structure is conducive to improving the electroctuamproperties of the material [27, 28].
Different from the smooth surface of PC-700 (Fig),la large number of 10-30 nm
mesopores (Fig. 1e) are found on the walls of NRP@O, which is attributed to the
decomposition of APP. TEM image further confirmglsicross-linked micro-sized sheets
accompanied with mesopore distribution (Fig. 1fieTporous structure with large surface
area makes sure that electrolyte and electrodenaftdl contact which can shorten the ion
diffusion distance. HR-TEM image (Fig. 1g) showsatttNPPC-2-700 exhibits short range
ordered carbon layer with interlayer spacing oRQ.4m (Fig. 1h). The SAED image display
diffused rings, demonstrating the amorphous natfré&NPPC-2-700. The EDS mapping
images (Fig. 1i) reveal homogeneous distributiol©pfO, N and P among the NPPC-2-700,
suggesting successful uniform doping of N and P.

From the analyses of XRD patterns (Fig. 2a), diear that all the three samples of PC-700,
NPC-700 and NPPC-2-700 possess two broad peaksuatch2® and 43, corresponding to
the (002) and (100) crystal planes, respectivebmg@ared with PC-700, the (002) diffraction
peaks of NPC-700 and NPPC-2-700 shift to a lowé#radition angle. According to Bragg
equation, the average interlayer spacing.cdof NPC-700 and NPPC-2-700 are 0.409 and

0.416 nm respectively, which are larger than tHa®®©-700 (0.405 nm), suggesting that the

8
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interlayer space of carbon materials can be exmghbgethe addition of urea or APP. Two
obvious characteristic peaks are revealed by tmeaRaspectra of NPPC-2-700, NPC-700 and
PC-700 (Fig. 2b), indexing to D band (1360 9rand G band (1580 cf. The b/lgratio is
usually used to qualitatively represent the disorde the defects of carbon materials.
Obviously, the g/l of NPC-700 (0.95) and NPPC-2-700 (0.99) are highan that of

PC-700 (0.81), due to the emerged defects by ddpiagd P heteroatoms.
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Fig. 2. XRD patterns (a), Raman spectra (b) X5 survey spectra (c) of PC-700, NPC-700
and NPPC-2-700. N 1s spectrum (d), P 2p spectryuaof (¢PPC-2-700 . Nitrogen

adsorption-desorption isotherms (f) of PC-700 ariPR-2-700.

The state and contents of N and P in PC-700, NRICard NPPC-2-700 were analyzed by
XPS (Fig. 2c). The N and P contents of NPPC-2-18®a8 at.% and 3.15 at.%, respectively
(Table S1).The peaks located at 284.8, 286.2 aid’28/ (Fig. S1) belong to C-C, C-O/C-P

and C=0/C=N bonding [18, 29], respectively, suggesthe successful doping of N and P.
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The N 1s peaks of the NPPC-2-700 (Fig. 2d) candm®mvoluted into N-6 (398.7 eV), N-5
(399.8 eV) and N-Q (401.2 eV) [30, 31]. Similarlye P 2p of the NPPC-2-700 (Fig. 2e) can
be fitted into two peaks, responding to P-O (132/8and P-C (133.8 eV) [32, 33]. As shown
in Fig. S2a, the contents of N-6 and N-5 in NPPZ0R-are 26.0% and 50.5%, respectively.
While the contents of P-O and P-C in NPPC-2-70(y.(FB2b) are 63.0% and 37.0%,
respectively. The N-6 and N-5 can provide activeessifor potassium ion storage by
introducing defects [4, 34]. The P-C bond is lonipan the C-C bond, so P doping will cause
the structure distortion of hexagonal carbon skeletind increase the interlayer spacing [29].
At the same time, the electron donor capacity afsphorus is higher than that of nitrogen,
and the high content of phosphorus doping is exgetd improve the conductivity of the
carbons [33, 35, 36]. Additionally, the high oxygeantent of carbon is also beneficial for the
improvement of electrochemical properties of materi33, 37].

The pore structure of PC-700 and NPPC-2-700 wassiigated by nitrogen adsorption and
desorption isotherm, as shown in Fig. 2f. PC-70f&ha quite small specific surface area of
33 nt g and pore volume of 0.069°g™. However, those of the NPPC-2-700 are increased
to 332 nf g* and 0.422 rhg™. The enlarged specific surface area can be attdbto the
addition of APP, which releases hldnd BPO, at high temperature, and subsequently etch
the pitch derived carbon to form pores. As exhilntsig. S3, the pore size distribution curve
of NPPC-2-700 is centered at 5.08 nm. The mesoposbucture of NPPC-2-700 could
shorten the diffusion path of ions and thus impriheerate performance of materials [37].

The PC-700 and NPPC-2-700 were used as anodesémble potassium half-cell for

testing their electrochemical performance. As showifig. S4a and Fig. 3a, the CV curves of

10



174 PC-700 and NPPC-2-700 appear a cathodic peak redf id the first lap, which disappear
175 in the subsequent laps and can be attributed tfotheation a solid electrolyte interface (SEI)
176 film. From the second circle, the CV curves are aamoverlapped, indicating the good
177 cycling stability of the samples. Fig. 3b and Fsglb represent the charge-discharge profiles
178 of NPPC-2-700 and PC-700. At current density off#® g™, the initial coulombic efficiency
179 (ICE) of the NPPC-2-700 and PC-700 are 60.04% #&nhd8Po, respectively. The irreversible
180 capacity can be mainly ascribed to the formatiorsif film [38], which is consistent with
181 CV curves. The ICE of NPPC-2-700 is lower than tiaPC-700 due to its higher specific
182 surface area. Although the low ICE may have sonwerae effects in practical application,
183 the high specific surface area is crucial for inying the rate performance of electrode

184 materials.
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Fig. 3. (a) CV curves and (b) Charge-discharge profileNPPC-2-700. (c) Rate performance

and (d) Long cycling performance of PC-700, NPC-a08 NPPC-2-700

When served as the working electrode of PIBs, NRPOO shows an initial charging
specific capacity of 301 mAhgat a current density of 25 mA'dFig. S5), which is higher
than that of graphite (279 mAHh'}j16]. Fig. 3c describes the rate capabilities 6700,
NPC-700 and NPPC-2-700. The specific capacitie®dBPC-2-700 and NPC-700 at each
current density is higher than that of PC-700,aating the positive role played by the N and
P doping in the potassium storage. The NPPC-2-#ifirede shows discharge capacities of
240, 210, 194, 176, 160, 147 and 133 mAha 0.05, 0.1, 0.2, 0.5, 1, 2 and 5 A, g
respectively, which is higher than that of NPC-700e superior rate performance of the
NPPC-2-700 compared with NPC-700 can be attribtdetthe high-level phosphorus doping
which can enhance the carbons’ interlayer spagngedl as electronic conductivity, and thus
improving the kinetics of ion diffusion and eleatrdransfer [19]. Even at a high current
density of 1 A ¢, the NPPC has an initial specific capacity of h78h g*. After 400 cycles,
the capacity retention rate of NPPC-2-700 is 81.8%icating the good cycle stability of
NPPC-2-700 (Fig. 3d).

Electrochemical impedance spectroscopy analysigesih electrodes was carried out to
explore the reasons why NPPC-2-700 shows excedilttrochemical properties. Fig. 4a
represents Nyquist plots of PC-700, NPC-700 and R 00, which consist of semicircle
and sloping line. The semicircle in the high fregese region represents the charge transfer
resistance, and the sloping line in the low freqyeregion represents the ion diffusion

resistance. According to the equivalent circuitséin of Fig. 4a), the charge transfer

12
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resistances (B of PC-700, NPC-700 and NPPC-2-700 are 395.9, .D0&8d 620.70Q,
respectively, as shown in Table S2. As a soft aarltbe coal tar pitch derived carbons
possess good electrical conductivity. While, theoituction of nitrogen and phosphorus will
produce defects and pores, as well as disorderedstiucture, which results in the decrease
in conductivity[39].

The potassium diffusion coefficient can be caledaaccording to the following formula

[40]:

RZT?
b= 2AZn*F4C202 (1)

In this formula,R is the gas constanl,is the absolute temperaturejs the surface area of
electrode sheets,is the number of electrons transferred in eletteoaical reactions; is the
Faraday's constant, is the Warburg coefficient which is the slope loé tinear relationship

between Zandw ™% in the low frequency region of the impedance speat
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Fig. 4. (a) Nyquist plots and (b) the relationship plotvbetn Z' ands™ at low frequency of
Nyquist plots of PC-700, NPC-700 and NPPC-2-70PC{¢ curves at different scan rates and
(d) Contribution ratios of capacitive and diffusioapacities at various scan rates of

NPPC-2-700.

The ¢ of samples are shown in Fig. 4b. Thé diffusion coefficient Dy") of PC-700,
NPC-700 and NPPC-2-700 calculated by equation (&) 202x10“ 4.60x10** and
2.45x10" cntf s, as shown in Fig. S6a. T of NPPC-2-700 is an order of magnitude
higher than that of PC-700, due to the introductdémitrogen and phosphorus heteroatoms,
which expands the carbon interlayer spacing andicesl the potassium ion diffusion
resistance. Compared with NPC-700, the co-dopirg ahd P in NPPC-2-700 cause a drastic
distortion of hexagonal carbon skeleton and larggbon layer spacing, which is more
beneficial to increasing the diffusion rate of Esiam ions [17].

To further elucidate the mechanism of potassium starage, CV measurements were
conducted at different scan rates from 0.1 to V2sth As shown in Fig. 4c, the shape of the
CV curves remains well with the increase of scdastaThe relationship of peak current (
and scan ratev) is described as the following formula [41]

i=a’ 2)

The NPPC-2-700 electrode possesses b values of @rg80.828 for anodic and cathodic
peaks, respectively, indicating the dominant offaxe storage process (Fig. S6b). The
contribution of surface storage process was catediffiom the following equation [42]:

i = ko2 + kv (3)
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Wherek,*2 stands for the diffusion process dau represents the capacitive process. The
capacitive contributions of NPPC-2-700 calculatédlifferent scan rates present a similar
trend (Figure 4d), i.e., the dominant of capacitivecess. At the scan rate of 0.1 m¥/ the
NPPC-2-700 electrode shows a capacitive contributadio of 64.4% and reaches 90.0% at
scan rate of 1.2 mV’s The dominant capacitive storage process of NPHFG®should be
attributed to the abundant surface defects andeasites as a result of N and P co-doping.
Specifically, P doping is expected to cause moseestdr structural distortion of hexagonal
carbon skeleton and larger interlayer spacing, Whi beneficial to the migration of

potassium ions.

a b c d

N5-NPC-K N5/P-NPPC-K N6-NPC-K N6/P-NPPC-K

Fig. 5. (a-d) Side view of a single K atom and electron densitfgences absorbed in

N5-NPC-K, N6-NPC-K, N5/P-NPPC-K and N6/P-NPPC-Kustures.

In order to investigate the roles of N and P dopingthe K adsorption capability, DFT
calculations were performed (Fig.5a-d). The adsompenergy (AE; ) of N5-NPC-K and
N6-NPC-K are -3.76 and -4.18 eV, respectively. A@igtra P dopingAE, of N5/P-NPPC-K
and N6/P-NPPC-K are increased to -3.84 and -4.39 reSpectively. This phenomenon

suggests that N, P co-doped structures has stromgmorption ability to K which is

15



268 consistent with the high rate capability of NPPGg.5a-d show the electron density
269 differences of K adsorbed in the N5-NPC-K, N6-NPCN&/P-NPPC-K and N6/P-NPPC-K
270 structure. The yellow and cyan colors representdieetron accumulation and depletion,
271 respectively. The charge accumulation in NPPC isenobvious than that in NPC, indicating

272 that N/P doping has a stronger adsorption capszipptassium ions than N doping.
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274 Fig. 6. (a) DTA curves and (b) TG curves of CTP and MixtBréc, d) The in situ FTIR

275 spectra of gas products from raw material for Migt@.

276 To investigate the effect of carbonization tempeeabn the electrochemical properties of
277 the NPPCs, two control samples with various carion temperature of 600 and 8D
278 were prepared. As shown in Fig. S7a, by increaiiegcalcination temperature, the (002)

279 peak shifts to the higher angle, indicative of deerease of average interlayer distance. The
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In/lc of NPPC-2-600, NPPC-2-700 and NPPC-2-800 are 1008 and 0.88 (Fig. S7b),

respectively, indicating the decrease of defectsigrwith raising calcination temperature.
Fig. S8a and b exhibit that the P contents are, 1356 and 0.32 at.% for NPPC-2-600,
NPPC-2-700 and NPPC-2-800, while the contents of ihich are 2.96, 3.68 and 1.79 at.%,
indicating that the carbonization temperature esuial factor in determining the content of
nitrogen and phosphorus.

To investigate the influence of temperature onN#eé doping, TG and DTA of CTP and
the mixture of APP and CTP with mass ratios of @dnoted as Mixture-2, were carried out.
As shown in Fig. 6a, compared with CTP, DTA curveh@ Mixture-2 possesses three extra
endothermic peaks. The first two peaks at aroun@l %D corresponds to the gradual
decomposition of APP to produce Blland HPO,. And the third one at 678C can be
attributed to the reaction of3AQ, with carbon. The TG curve of CTP, shown in Fig, 6b
exhibits one-stage weight loss which start from 4G @lue to the distillation and pyrolysis of
CTP. The carbon yield of CTP is about 30 wt. %. Migture-2 exhibits a quite different TG
curve with two-stage weight loss, one of whichtstamm 170°C and the other one from 678
°C. The first weight loss stage is due to the d#gidn and pyrolysis of CTP as well as the
pyrolysis of APP. While, the second stage is duthéoactivation of carbon bysRO,, which
is accompanied by a drastic weigh loss in the teatpes range from 678 to 86Q. The gas
products derived from pyrolysis of APP and CTPamalyzed by the in situ FTIR. As shown
in Fig. 6¢ and d, the absorption peaks at 963 &2dcn’ appeared at 28 can be ascribed
to NHs, confirming the decomposition of APP. While thebeentered at 1320 chappears

from 700°C and disappears at 86Q, implying the reaction of ¥#PQ, with carbon. The

17



302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

results of TG, DTA and FTIR suggest that the optimaloping temperature is 76C. The
lower temperature results in an insufficient reattbetween the carbon and phosphorus,
while a higher temperature will lead to a seriasslof the doped phosphorus.

The rate performance of NPPC-2-700 is also beftan its counterparts, even at a high
current density of 10 A"y NPPC-2-700 still retained a reversible capacity26 mAh ¢', as
shown in Fig. S1lla. The cycling stability of NPPQlstained at different carbonization
temperature are shown in Fig. S11b. NPPC-2-700Grebke possesses reversible capacity of
121 mAh g after 400 cycles, at current density of 1 A bigher than those of NPPC-2-600
(69 mAh g") and NPPC-2-800 (72 mAh™y The diffusion coefficient of NPPC-2-700 is
larger than others (Fig. S12a and b), due to thk hitrogen and phosphorus contents at the
carbonization temperature of 780.

The effect of the ratio of APP to coal tar pitch e composition of NPPCs were also
investigated. Three samples with different ratioA®P to CTP (1:1, 2:1 and 3:1) were
synthesized at 700/ and recorded as NPPC-1-700, NPPC-2-700 and NPAIm.3By
increasing the ratio of APP to CTP, the N contdngamples increases in the way that was
expected, while the P content first increases &ed tecreases (Fig. 7a and Tab. S1). The
correlation between the raw material compositioth e content of doped P is not quite clear
yet. We speculate that there is some competitidwden the N doping with NHand P
doping with HPO,, or in other words, the P doping is more pronédppening in low-level
NH3; atmosphere. According to the DTA curve (Fig. 9P decomposes at about 300-400
°C and HPQy react with carbon at 70C. Previous work has reported that thesin react

with pitch at relatively low temperature [34]. Akasvn in Fig. S10a and b, the in situ FTIR
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334
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336

337

spectra of gas products from raw material raw nedtéor NPPC-3-700 show the obvious
ammonia absorption peaks until 886G, i.e., the HPQ, activation occurred in a high
ammonia concentration. In addition, the relativemsity of the 1320 cthabsorption peak at
700 °C corresponding to the gas products frogiP&, activation is reduced, suggesting that
the PO, activation was restrained by high concentratioomamia. Based on the above, the
whole reaction can be described as following: lfirfsAPP decomposes at about 3@0to
release NH and HPQO,. By increasing the temperature, Nid consumed to react with CTP
and CTP derived carbon. At 70C, HsPQ;, activation occurs, which can be significantly
affected by the Nkl concentration, i.e., the high concentration sNidstrains the HPO,

activation, which is consistent with the reporteark43].
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Fig. 7. (a) N and P content, (b) XRD patterns and (c) cafmbility at various current
densities of NPPCs and (d) Rate performance cosganf NPPC-2-700 with some other

reported anode materials.
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As shown in the XRD patterns (Fig. 7b) and Ramaecsp (Fig. S7b), NPPC-2-700 has
the largest interlayer spacing and disorder degfearbon layer due to the highest P content,
which is beneficial for potassium storage. In Fig.and Fig. S11b, as expected, NPPC-2-700
exhibits the highest rate capability and reversdapacity. Thanks to the synergistic effect of
the doped nitrogen and phosphorus, the NPPC-2-XBibits an excellent rate performance

which is superior to the reported PIB anode mdterés shown in Fig. 7d .[35, 44-48]

4 Conclusions

In summary, N and P co-doped coal tar pitch derp@wus carbons have been synthesized
through a simple one-step carbonization method.€ffeet of carbonization temperature and
the ratio of CTP to APP on the N and P contentewggstematically investigated by In situ
FTIR and synchronous thermal analysis. The optsaaiple (NPPC-2-700) with the highest
P content of 3.15% and moderate N content of 3.8B%ws good cycling stability (the
capacity retention is 81.8 % after 400 cycles) smplerior rate performance (126 mAhaj
10 A gY). The excellent potassium storage performance lmmainly ascribed to the

synergistic effect of the co-doping N and P as waslthe hierarchical porous architecture.
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Highlights

® N and P dual-doped coal tar pitch-based porous carbons was synthesized through a simple
one-step carbonization method.

® The effects of carbonation temperature and ratio of ammonium polyphosphate to coa tar
pitch on nitrogen and phosphorus doping contents were further investigated by in situ
infrared and synchronous thermal analysis.

® The optimal sample with the highest P content of 3.15 % and moderate N content of 3.68 %

shows superior rate performance (126 mAh g* at 10A g%).
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