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Highlights

> A series of oxygen, nitrogen and phosphorus quedaore-shell carbon sphere were developed.

> The sample prepared at 800 °C witiPB), activation showed the highest capacity and energy

density.

>The surface chemisttygether with thewell balanced porous structure of carbon electrode can

greatly influence the electrochemical performance



> The co-doped carbon can be used as promisingialat®r supercapacitors especially for the

devices with high power density demand.
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Abstract

Co-doping heteroatoms of the carbon lattice has Ipreven as an efficient strategy that can
improve the capacitive performance, due to the rggiie effect of several dopants. Herein, a safes
phosphorus, nitrogen and oxygen, co-doped polyraseth carbon spheres were prepared by the
suspension polymerization method and chemical @b with phosphoric acid at different
temperatures. The presence of heteroatoms wagmenfiby X-ray photoelectron spectroscopy and
elemental analysis. The structure of the carbors aisaracterized by scanning electron microscopy,
Raman spectroscopy and nitrogen adsorption. Casbtained at 800 °C with a P, N and O doping
level of 11.17 at%, 2.79 at% and 11.77 at% resyalgti shows a capacitance of 157gE at the
current density of 0.05 4. Moreover, the electrode can survive at a widemtil window of 1.5 V
with only 15% decrease in capacity after 10000e&y@t a current density of 5g%, providing a high
energy density of 10 Wkg™ and a high power density of 750 My™*. For the outstanding features, it
is expected that the phosphorus, nitrogen and exggedoped carbons will be a very suitable material
not only for supercapacitors, but also for lithibaiteries and oxygen reduction reaction. In addljtio
the co-doping method described here might be egténd the preparation of other kinds of porous
carbon materials.

1. Introduction

Carbon-based materials are the most promisingreties for supercapacitors (SCs) due to large
surface area, they are easy modifiable and areowf dost. However, the energy densities of
carbon-based SCs fall far behind the ideal valbhaspering their practical use. Therefore, there is
ever increasing interest in improving the energysity without sacrifice the power density of thesSC
Due to the complex surface chemistry of carbon rase normally, two kind of energy storage
mechanisms coexist in carbon electrode, one ingolaecumulation of ionic charges on the
double-layer between the electrode and the elgtérothe other mechanism is fast Faradic redox
reactions involving surface functional groups. Bymbining these two charge storage mechanisms,
such SCs also can be called hybrid supercapa¢H@€s).

According to the recent studies [1-5], heteroatoffuicctional groups on the surface of the
carbon material have proven to increase the pedoce of the carbon based SCs in the way of
contributing some pseudocapacitance as well agaser the surface wettability. One of the most
common oxygen-containing functional group, quinbmdfoquinone, is involved in the reversible
redox reaction that can contribute to Fargmeudocapacitance (Fig. 1) [2]. Moreover, a Faradic
reactions are thought to occur among the protdresfree electrons and the nitrogen in the carbon
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matrix [1], as shown in Fig. 1. However, abundaittogen and oxygen functional groups on the
surface of the carbon materials can lead to a pgpding stability and large capacitance attenuation
under the high current load of the SCs [6]. Furtiame, phosphorus is well known as one of the flame
retardant element. If some phosphorus functionalgs can be present in the carbon lattice at the
same time, it will inhibit the occurrence of centaiide effects, such as oxidation of carbon eldetro
[5, 7, 8], thus increasing the potential operationdow, cycle stability and energy density of thesS

In this respect, functionalization of carbonacemagerials with heteroatoms, such as phosphorus [5,
8], nitrogen [9, 10], boron [11], sulphur [12] addal heteroatom co-doped carbon materials [13-15]
have been recently studied as electrode in SCs.

-H*-e

+2H++Ze
-2H+ 2e”

Hy-N

Fig. 1. Redox reaction of the oxygen and nitrogercfionalities on the carbon surface.

Besides the surface chemistry, the porous struaiucarbon electrode can also greatly influence
the electrochemical performance of the SCs. It basn reported [16] that the well designed
three-dimensional (3D) porous carbon with a comdisdtructure is beneficial to the electrochemical
performance, because of the interconnected maasporesopores and micropores played the role of
ion buffer, ion transport channels, and the chadgorption carrier, respectively [17]. Such unique
carbon skeleton can improve the ion channels ofctreon material, promote the transportation of
electrolyte ions and increase the contact area dmsgtwthe active material and electrolyte [18],
therefore, the assembled SCs has an excellentitapguerformance. In this aspect, many efforts
have been devoted to design 3D porous carbon<fe[E-21] to improve the kinetics issues.

Thus, the design of carbon electrode that comtbieésroatom-doped surface chemistry with 3D
architecture may have a great potential for fatinceof advanced HSCs.

Polyimide is a polymer of imide monomers. Polyinideave wide operating temperature, high
chemical corrosion resistance, good dielectric eriigs and high mechanical strength. As one kind of
special engineering material, it has been wideldus microelectronics [22], aviation [23], catdlys
materials [24] and gas separation membranes [2B}irRides are considered as good precursor for
preparation of carbon materials. The most imporéaiviantages of polyimides are the high yield and
the absence of deformation during carbonization. [Rfevious studies have shown that highly porous
spherically shaped carbon having large amount iof sirface groups can be obtained by phosphoric
acid activation of polyimide copolymer [27-30]. Hever, phosphorus, oxygen and nitrogen co-doped
polyimide-based carbons has yet to be investigaseslectrodes in SCs.

Herein, by using nitrogen-enriched polyimide as ¢hebon precursor, phosphoric acid as the
activating agent and phosphorus source, a seriggho$phorus, nitrogen and oxygen co-doped



carbons were derived at different activation terapees, which were expected to show some
excellent electrochemical performances when usddeaslectrodes in SCs.

2. Experimental

2.1 Materials synthesis

Copolymer of 4,4’-bis(maleimidodiphenyl)methane (661%) and divinylbenzene (50 mol%)
(BM-DVB) was prepared by the suspension polymeioramethod using mixture of 1-decanol and
benzyl alcohol as pore forming agents [28]. BM-DMBs first impregnated with 60% phosphoric
acid (impregnation ratio 1.1), dried in air andrttarbonized at different temperatures (400-1000 °C
in argon flow (0.5 Lmin™) for 30 min (Scheme 1). The obtained carbons weatensively washed
with hot water in Soxhlet extractor until neutrdHl,pfollowed by drying at 110 °C. Carbons were
abbreviated as PXXX where XXX stands for carbomirattemperature. For example, P400
corresponds to carbon obtained at 400 °C. For casgrapurpose, a carbon C800 was obtained by
carbonization of the same copolymer precursor @t°8without impregnation with phosphoric acid.
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Scheme 1. Reaction formula of the BM-DVB copolynsehematic illustration of the structure
of P-carbons and assembly of 2E/3E cell.



2.2 Structural Characterization

Morphological characterization

The morphologies of the obtained carbons were cleniaed by a JSM-6300 (JEOL, Japan)
scanning electron microscope (SEM) equipped wigdfiemission gun. The sample chamber was
evacuated to 8x10mbar with an electron accelerating potential G05kV.

Structural defect measurement

A micro-Raman spectrometer (INVIA RENISHAW, UK) Wwi614 nm Af excitation source
was employed. Laser power was 10 mW and data atigmnidgime was 100 s, the recorded
wavenumbers ranged from 500 to 3500'cm

Raman spectra were fitted with five peaks as desdrielsewhere [31].pMlg ratio was
calculated as area ratio of fitted D and G peaksmftic cluster diameter, La, was calculated as
La=(Ip/l/0.0055)*/10 [32].

Determination of pore structure

The pore structure of all carbon samples was aedlys/ the Nadsorption measured at
—-196 °C using an ASAP 2010 (Micromeritics, USA)tinsnent. Prior to each measurement, samples
were degassed at 250 °C overnight under vacuumfacurarea, gr, was calculated by
Brunauer-Emmett-Teller (BET) method from Bbrption, micropore volume, ., from N, sorption
and from CQ sorption was calculated using Dubinin-RadushkewiElR) method. Pore size
distributions (PSD) were estimated from, Bdsorption isotherms using the DFT Plus Software
(Micromeritics, USA) by using the non-local dendityctional theory (NLDFT) method [33].

2.3 Surface Chemistry Characterization
Elemental analysis

Elemental analysis was done by a conventional cetidru method by using FLASH EA
1112 instrument (Thermo Fisher, USA); it can detketweight percentage of C, H, N, O in the bulk
carbons. 2,5-bisért-butyl-2-benzoxazolyl)thiophene was selected assthadard substance, and the
furnace temperature up to 900 °C under an oxygem (250 mLmin™).

Surface characterization

The X-ray photoelectron spectroscopy (XPS) measenésn were carried out on
ESCALAB220i-XL (VG Scientific, UK) with an Al K& X-ray source. The spectra were calibrated for
a carbon Cls excitation at binding energy of 28&\6 and taken as an internal standard. The
guantitative analysis was performed with CASA XR&vsare after Shirley background subtraction.
The best peak fits were obtained using mixed 30U4s&an—Lorentzian line shapes with the same full
width at half-maximum values for all fitted peaks.



2.4 Electrochemical measurements and calculations

The capacitive performance of carbon samples wssdén 1 mol [* H,SO, electrolyte using
both 2-electrode (2E) and 3-electrode (3E) cafi®léctrode preparation, a mixture of 90 wt% carbon
5 wt% poly(vinylidene fluoride) and 5 wt% of carbbtack was dispersed iN-methyl pyrrolidone,
then painted on a titanium foil (current collectarith total area of X1 cnf, typically 2-4 mg of
carbon was applied to each electrode. After drging00 °C for 24 h in a vacuum oven, two weighted
electrodes were constructed by facing each othgrsaparating with glassy fibre paper to assemble
2E cell. 3E cell was assembled by choosing oneocaebectrode as working electrode, the other one
as the counter electrode, and adding an Ag/AgCIK® electrode as the reference electrode (as
shown in Scheme 1). 1 mol'1H,SQ, electrolyte was added to the cell under vacuumetice air
contamination and improve wettability of the eledis. The ac impedance of the capacitor cells was
measured at a potential amplitude of 10 mV in guexncy range of 0.01 kHz to 100 kHz by using
Solartron 1255B frequency response analyser. Bgthiccvoltammetry (CV) measurements and
galvanostatic charge/discharge (GC) tests wereumted using a Solartron 1480 Multistat station.

The single electrode specific capacitances,C) in 2E cell of the electrode materials were
calculated by the following equation:

o (A xAt(s)
Ccell—g(F g)= S m(g) x AU (V) (1)
C:single(F g_l) = 4cheIl—g (2)

where |, in Amperes, is the current load of thevaamnaterial in the working electrodat, in seconds,

is discharge time2,, in grams, is the total weight of active materialboth electrodes andU, in
Volts, is the potential difference in dischargeqass after omitting any iR drop. The energy density
(E) and power densityP) were calculated according to Equation (3) and (4)

EMh kg ?) =2 Cou g XBUZ(V)/36 (@

_11(A)xAUV)

(4)

3. Results and discussion



3.1 Morphology characterization

— 1LOMm

Fig.2. (a-b) SEM images of P400, (c-d) SEM imadeRB800, (e-f) SEM image of C800.

Figure 2 shows SEM images of co-doped polyimidéaarspheres obtained at low (400 °C) and
high activation temperatures (800 °C). At low-mdigation (Fig. 2 a), the morphology of P400 is
represented by carbon spheres with a core-shatitste which diameter is around 1. From
Fig. 2 b it can be observed that P400 shows theogmsurface with a shell of pm thick at
high-magnification. It can be concluded that theeasdze of porosity in carbon P400 (see Subsection
3.3) is caused by the insufficient activation withosphoric acid at 400 °C. By contrast, P800,

7



which is obtained at high activation temperatur®@d °C, presents a half hollow ball with porous
structure (Fig. 2 c¢). At high magnification (Fig.d2 the surface of P800 is more rough than P400
and C800, which implies it can offer more sites fonctionalization. As shown in Fig. 2 e,
comparison sample CB800, which directly carbonized 880 °C without phosphoric acid
impregnation, the carbon sphere morphology is pvedebasically, only surface cracks and a small
amount of pores (Fig. 2 f) are formed during theboaization. With increasing the carbonization
temperature from 400 to 800 °C, the surface monaobf the carbon sphere is changing from
smooth to more porous because of enhancing thdioeabetween the phosphoric acid and
BM-DVB precursor.

3.2 Raman spectra analysis

Raman spectroscopy can reflect the defect densityiavocrystalline structure and the degree of
graphitization of carbon material. First order Rarspectra for all carbon materials are shown in Fig
3. Two distinct peaks can be observed around 1368-tm®*and 1589-1604 cr, which correspond
to D band and G band, respectively. The D bandbsamssigned to lattice defect in the structure,
while G band reflecting the in-plane stretchingration of sp hybridized C=C bond. The position of
D band decreases from 1369 ¢rto 1354 ¢t as carbonisation temperature increases from 400 to
700 °C and remains unchanged for all other carb®hs. trend may be ascribed to disappearing
sp-bonded amorphous structures with increasing cashtion temperature [34]. The G band for
P,N,O-doped carbons appear at 1604"'camile for P-free carbon C800 at 1589 ¢nThe difference
could be attributed to compressive strain in graplike structure [34] due to the presence of
phosphates/polyphosphates (see section 3.4). Baeratio of D band and G bang/(k) has been
well recognized as an important parameter to et@ltize structure of carbons [35]. For carbon
materials with relatively small graphene-like donwincreasing the value df/lg is interpreted as
increasing the ordering of aromatic clusters towagchphene-like networks with coherent domain
sizes [34]. As the temperature increases gHe Values of phosphoric acid treated carbons inceease
from 1.5 to 4.5 which is accompanied by increasirgmatic cluster size from 1.6 to 2.9 nm (Fig. 3).
The bllg ratio and aromatic cluster size for carbon C80@lase to that for carbon obtained by
phosphoric acid activation at lower temperatures700 °C, suggesting that activating action of
phosphoric acid creates more ordered carbon steictu



carbon I/l La/nm
P400 1.51 1.66 D G
P500 1.44 1.62
P600 1.59 1.70

P700 2.14 1.97 \/

P800 3.34 2.47

P900 3.42 2.49

P1000 4.46 2.85

C800 2.17 1.99

C800
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Fig. 3. Raman spectra of samples

3.3 Porous structure analysis

It is well known that the well-developed pore sture of the electrode materials is in favour of
the contact with the electrolyte ions and increhseavailable specific surface area of carbon rzdser
Therefore, porous structure of resulted carbons stadied. Fig. 4 a shows nitrogen adsorption
isotherms for selected carbons (for clarity reagbe, isotherms of P700, P900 and P1000 that
overlapped were not presented here). The nitroglsorption amount for P400 is quite small,
indicating the phosphoric acid activation at lomperature (400 °C) is not sufficient to create pisro
structure in polymer-based carbon. With increagiegt treatment temperature from 500 to 600 °C,
the N, sorption isotherms raises significantly and exBildypes IV with H4 hysteresis loop as
classified by the IUPAC [36], which corresponddhe adsorption in slit-shaped micropores having a
distribution of sizes and capillary condensatiommiasopores. The sample P600 shows the highest
nitrogen adsorption, which means the largest amo@imhicropores that contributes to the highest
BET surface area. Further increasing carbonizat@nperature to 800 °C slightly decreased the
nitrogen adsorption. The nitrogen uptake by C806igmificant at high relative pressures, which is
characteristic of large mesopores in the carbomctsire. Nitrogen adsorption isotherm for C800
carbon belongs to type IV with H1 hysteresis logpagiated with pore blocking and wide pore size
distribution [36]. Such results fit well with theamphology characterization which observed by the
SEM.

The pore-size distributions (PSD) is a dominantdiathat affect the electrode kinetics [37].
Herein, the PSD of the carbons which calculatedNbipFT method using slit pore model [38] are
depicted in Fig.4 b. It can be clearly seen that®$D of P400 is inconspicuous due to absence of
pores, whereas the PSD for the samples derivedghemtemperatures (500-1000 °C) show quite
developed porosity, with an intense peak at 1.3anth3.4 nm. Among them, P600 shows the highest
peak at 1.3 nm, suggesting most of the microporgsiltlted in this size, which coincide with the
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highest nitrogen adsorption amount of P600. Onctiv@rary, the pore structure of C800 is mainly
developed in the range of 10-24 nm pore sizes midxima at 11 nm and 18 nm, which belong to
mesopores. PSD of carbon C800 obtained withoutghtag acid retained the porous structure of
parent copolymer [29, 30]. On the contrary, PSD darbons obtained with phosphoric acid shows
more developed microporous structure without langesopores in the range 10-24 nm. These
phenomena may be explained by redistribution di@amaterial due to attack of phosphoric acid by
the cleaving weak connecting bridges in polymer eunoles at sub-pyrolysis temperatures.
Subsequently, phosphoric acid catalyses the al&plaif aromatic structures or oligomerization of
alkenes [39]. Thus, the attack of phosphoric aeatl$ to rearrangement of polymer material and thus
disappearing the porosity initially present in gmdymer precursor.

The porous structure parameters of all carbonsl€TRbshow that micropores occupies a large
fraction of total pore volume (55-60%) in carboreated with phosphoric acid at 500-1000 °C, which
allows classifying the carbons as micro/mesopor8ush special porous structure is expected to be
beneficial for the electrode performance in SC<rapores are in favour of large amount of charge
storage, while mesopores can provide fast ion sliffu path to the micropores of the carbons. With
increasing the activation temperature from 400 @9 8C, both St and Vrow pore are increased
dramatically and reaches the highest values of 89@ " and 0.45crig*at 600 °C, respectively
(Table 1). Heat treatment at higher temperaturegd6f°C results in decreasing porosity that may be
attributed to contraction of carbon material [38fight increase in g and Vi pore fOr carbon P900
as compared to P800 could be ascribed to emptyirgpace occupied by polyphosphates due to
thermal decomposition and reduction of phosphaiesl@mental phosphorus [40]. However, further
increasing the activation temperature to 1000 &ideto slight decreasingss and Vg pore due to
progressive contraction of carbon material. It m¢eiesting to note that carbon C800 retains a
mesoporous structury lgwicr 0,V =25%) due to lack of activating agent.

total
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Fig. 4. (a) N sorption isotherm and (b) Pore size distributions

Table 1. Porous structure parameters, oxygengatr@and phosphorus contents, and specific

capacitances of all carbon samples

SBET/m2 g* Vtotal poréc Vmicr 0,Vtota / Pore Capacitance af Capacitance at
-1 % size/nm 1.0V and 1.5V and
Sample 0.1AgYFg* | 0.1AgYFg?

C800 220 0.19 25 11, 18 5 --

P400 12 0.03 - - 21 --

P500 520 0.28 57 13,33 97 99

P600 890 0.45 56 1.2,3.2 107 122

P700 675 0.35 60 13,33 114 136

P800 595 0.33 55 13,33 132 152
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P900 650 0.35 60 1.2,3.2 129 145

P1000 600 0.33 55 14,33 91 114

3.4 Surface chemistry analysis

To verify the elemental composition of the carbdnsth elemental analysis (EA) and X-ray
photoelectron spectroscopy (XPS) were used to ctearze the samples. As shown in Table 2, there
are some distinctions between two measurementaibedsA is obtained for the elements in the bulk
of carbons while XPS analysis is only tests 10-a2depth of the carbon surface/ matrix [41]. As can
be seen from the EA results, all the carbon mdseciantain nitrogen. With the activation temperatur
increasing up to 800 °C (Table 2), the contentathtbulk and surface nitrogen increases, whereas
further increase of activation temperature leadsh® decreasing of nitrogen concentration. The
variation of nitrogen content occurs in paralelhw#turface concentration of phosphorus. This fact
could be ascribed to the strong interaction of phds acid with nitrogen-containing polyimide
polymer. Furthermore, it is clear that the amouhtpbosphorus and nitrogen measured by XPS
reached the maxima of 11.17 at% and 2.79 at% i),R@S3pectively, corresponding to the tendency
of phosphorus content in styrene-divinylbenzeneetbasarbon (DB) as previously reported [42, 43],
meanwhile the phosphorus content of P800 is 2 tiigher than in DB. This result could be
attributed to the more strong interaction of phegpacid with nitrogen-containing polyimide polymer
[42, 43].

Table 2 Carbon, nitrogen and hydrogen bulk contetiie carbon samples obtained from
elemental analysis (EA) and surface concentratiaxygen, nitrogen and phosphorus derived from

XPS
Sample EA bulk content/wt% XPS surface concentration/at%

C N H C 0 N P
P400 59.95 2.79 3.64 86.47 10.76 2.08 0.69
P500 63.89 2.94 3.46 82.90 13.39 2.07 1.64
P600 56.22 3.22 4.51 78.77 11.14 2.13 4.60
P700 57.66 3.62 3.40 74.81 11.29 2.22 8.07
P800 56.02 3.74 3.69 74.75 11.77 2.79 11.17
P900 58.08 291 3.27 76.17 12.34 2.55 8.94
P1000 64.49 1.98 3.46 81.89 11.00 1.66 5.45
C800 60.45 2.52 3.23 85.68 12.89 2.02 -
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Table 3. The distributions of oxygen, phosphoraus @itrogen functional groups obtained from the

deconvolution of Ol1s, P2p and N1s XPS peaks.

Element BE/eV Content/Area/%

Assignment

P400 P500 P600 P700 P800 PO900 P1@EDO

o 531.2 C=0O, P=0 6.00 3260 36.15 3544 3536 34.17 2595 5.28
532.2 C-0O-C, C-OH 22.75 4230 39.12 5045 26.04 3236 3516 28.03
5335 P-0O-P,-COOH 3494 - 19.64 11.00 30.79 2352 3450 29.71

534.5 Chemisorbed O/kD 36.31 25.10 5.09 3.11 7.81 9.95 4.39 36.98

Total Content/at% 10.76 13.39 11.14 11.29 11.77 1234 11.00 12.89
P 132.2 Phosphates - 4432 1531 4.64
133.1 Pyrophosphates - 40.49 46.22 50.16 57.64 4882 4559
134.2 Metaphosphates - 15.19 38.47 37.28 36.12 43.09 46.81
136.0 POy - - 7.92 6.24  8.09 7.60
Total Content, at% 0.69 1.64 4.60 8.07 11.17 8.94 5.45
N 398.1 Pyridinic N 1047 3230 3590 2163 23.60 21.72 33.72 20.58
399.6  Pyrrolic-like N 3050 30.81 31.16 36.24 37.07 39.18 22.68 37.08
401.0 Graphitic N 43.62 2580 27.72 3346 33.61 3150 24.01 30.60
403.0 Pyridinic N-oxide 1541 11.09 5.22 8.67 5.72 7.60 19.59 11.74
Total Content/at% 2.08 2.07 2.13 2.22 2.79 2.55 1.66 2.02

As shown in Table 3, the deconvolution of the higkelution P2p core level signals of carbons
reveals three to four components at binding ener@@&) around 132, 133, 134 and 136 eV which
were assigned to phosphates [PQP-I, 132.2 eV) [44], pyrophosphates,(B]* (P-Il, 133.1 eV)
[41], metaphosphates [BIO(P-IIl, 134.2 eV) [45], and phosphorus pentoxid®f(P-IV, 136.0 eV)
[46], respectively.

High-resolution O1s core level signals of carborsendeconvoluted to the binding energies of
oxygen functionalities around 531.2 eV, 532.2 e¥3.5 eV and 534.5 eV and were assigned to the
C=0 quinone type groups and P=0O groups (O-l) [€A0—-C ether groups and/or phenol C-OH
groups (O-ll) [41], P-O-P pyrophosphate groups en@OOH carboxylic groups (O-lll) [46] and
chemisorbed oxygen and water (O-1V) [48], respetyiv

Deconvoluted nitrogen functionalities were assigt@gyridinic nitrogen (N-6, BE=398 eV),
pyrrolic-like nitrogen (N-5, BE=399.5 eV), graplaiti nitrogen (N-Q, BE=401 eV), and
pyridine-N-oxides (N-X, BE=403 eV), respectivel\9[40]. The pyridinic nitrogen (N-6) is present in
a six-membered ring at the edge of the carbon, ibgndith carbon atoms in hybridization way,
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contributing only ong electron to the aromatic-orbital system of carbon atoms, thus has the lowest
binding energies. Whereas pyrrolic-like nitrogenrfNoccurring in five-membered ring and pyridone
nitrogen whichbond a six-membered rings with oxygen [51] contebtwo p electrons to the
-orbital of carbon atoms, thus binding energiestragher. The graphitic nitrogen (N-Q) substitutes
carbon atom in multi-six-membered rings, therefibie N-Q is distributed within the carbon matrix,
whereas the N-6 and N-5 are mainly found at theeaexfghe carbon. It was also reported [52] that in
the vicinity of N-5, carbon atoms are much moreitpady charged than near the N-6, which may
benefit to the capacitive behaviour of the carbioremjueous electrolyte.
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Fig.5. (a) XPS survegpectrunof P800; (b-d) Deconvolution analyses of high hason XPS
spectra of P2p, Ol1s and N1s for P800.

The phosphorus, oxygen and nitrogen are combin#ddegich other in different structures in the
carbons, such as non-bridging oxygen (O-l) bondeglosphorus in the form of P=0, bridging
oxygen (O-Il) contribute the carbon-oxygen singtad with phosphorus like C-O-P, the phosphorus
bonded to nitrogen in P-N and P=N [53].

It can be seen that carbon P800 contains the lagesunt of phosphorous and nitrogen, so we
take it as an example; the XPS spectra, deconwalanalysis of P2p, O1s and N1s core level peaks
of P800 are displayed in Fig.5. It is clear thalyd@800 has three types of phosphorus functional
groups, that are pyrophosphates (P-Il), metaphasgliB-111), and phosphorus pentoxid®©R (P-1V),
among them, P-Il is the major component. Nevertiselehosphate [P~ (P-) is the main
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component in P500, while with further increasing #ttivation temperature, P-I disappears and P-IV
appears in the carbon structure and reach the dtighkie in P900 because P-I is easy to decompose
at high temperature. In addition to the presencB-bf, the chemically adsorbed water and oxygen
content is relatively high in P900 which could Weibuted tothe desiccant effect of,©,, [8]. The
double bonded oxygen C=0, P=0 (O-l) is the main mament in carbon P800, while the nitrogen
functional groups are mainly in N-5 and N-Q. Theg& bonded oxygen C-O- (O-ll) is the second
most abundant form that may take part in some reelastions.

As can be seen from Table 3, the amounts of sughosphorus of P400 is too low (0.69 at%) to
deconvolute the high-resolution P2p core level pedkis is caused by low activation temperature
insufficient for introduction of phosphorus and deping porous structure. Whereas the phosphorus
content in the samples obtained at higher tempe®t(500-1000 °C) is much higher due to the
enhanced reactivity of phosphoric acid at high terapre to the polyimide precursor. As a result,
carbons obtained at high temperature show high ghtoses content and well-developed porous
structure.

These results clearly indicate that activation terafure can greatly influence the type of surface
chemistry in addition to the various porous struesyand therefore, those two factors are expeoted
affect the electrochemical performance of carbardifferent ways.

3.5 Electrochemical performances of the carbon

3.5.1 Electrochemical impedance test

Electrochemical impedance spectroscopy (EIS) stwdy performed within the frequency
domain of 0.01-10Hz to investigate electrochemical systems inva@vi®,N,0-co-doped carbons.
Nyquist plot (Fig. 6a,b) for all carbons presendearessed semicircle in middle and high frequency
region. The intersection of curve with real impedaaxis represents the equivalent series resistance
(ESR). With increasing carbonization temperatur® E8creases reaching minimum value for carbon
obtained at 800 °C and increases at higher tempesa{Fig 6b, Table 4). The highest ESR value is
for P-free carbon C800. The radius of semi-cirnléhe medium-high frequency domain represents the
charge transfer resistance (CTR), which decreasiscarbonization temperature up to 800 °C and
increases at higher temperatures. The highest GTébserved for carbon C800 obtained without
addition of phosphoric acid. The temperature depeoe of phosphorus, oxygen and nitrogen content
(Table 2) correlate well with reciprocal of ESRggasting crucial role of heteroatom species for
supercapacitor performance by facilitating the fation of EDL through the enhanced wettability [54]
and proton transfer [55].

In the low frequency domain Nyquist plot typicallgmprises linear part which usually deviates
from both the Warburg impedance line and the valrlioe of purely capacitive behaviour [56]. The
non-ideal behaviour at low frequencies originatesmf frequency dispersion caused by limited
diffusion, slow adsorption of anions and distribatiof pore sizes and shapes. With increasing
carbonization temperature, the slope of a lineaw frequency domain increases and tends to
approach almost vertical line, suggesting capacitiehaviour (Fig. 6a). The most gently sloping and
upwardly concave curve is observed for carbon C@0ained without phosphoric acid, indicating
strongly inhomogeneous charge-discharge process. differences between Nyquist plots of
phosphorus-containing carbons and P-free sampl® 68@gests impact of phosphorus, oxygen and
nitrogen species on capacitive behaviour of carbon.
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Positive values of imaginary component of the ingree in high frequency domain (Fig. 6b) is
connected with protons (1 mol'LH,SOy) fast reacting to the electric field oscillatinsthe samples
[57].

Bode plot of frequency dependence of phase anglg @¢) shows that with increasing
carbonization temperature the phase angle at lequéncies increases and reaches the value -90°
characteristic to purely capacitive performancee phase angle for P-free carbon C800 is only -62°
that is far from ideal capacitive behaviour.

Fig. 6d shows frequency dependence of imaginary parthe capacitance [58, 59]. The
maximum of the curve is a characteristic of thectetele system and can be ascribed to a transition
point from purely resistive to purely capacitivenbeiour [58]. The frequency where this maximum
occurs increases with increasing carbonization &atpre reaching a maximum for carbon P800 (Fig.
6d, Table 4). The inverse of the characteristiggdency is a time constant that is a quantitative
measure of how fast the device can be charged motiadged reversibly. Time constant decreases
from 19 s to 0.7 s as carbonization temperaturee@ses up to 800 °C (Table 4). The longest time
constant is for P-free carbon C800. This suggestsial role of phosphorus, oxygen and nitrogen
heteroatoms for facilitating supercapacitor perfance.
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Fig. 6. (a) Original Nyquist plot; (b) Amplified g§in frequency part of Nyquist plot of all samples; (
Bode plot of frequency dependence of phase ardjleafiation of C (imaginary) with frequency.

Table 4. Electrochemical characteristics of P,Nd@peatl carbons obtained from EIS.

Carbon Equivalent serierequency for C'| Time constant/s
resistance? max/Hz
P400 0.87 0.05 18.6
P500 0.73 0.22 4.5
P600 0.39 0.22 4.5
P700 0.44 0.50 2.0
P800 0.29 1.35 0.7
P900 0.34 0.44 2.3
P1000 0.33 1.28 0.8
C800 1.02 0.02 58.4

3.5.2 Cyclic voltammetry test

The electrochemical performances of the sample® iest evaluated by cyclic voltammetry
techniques by using three-electrode cells (3E)nmol L™ H,SO, aqueous electrolyte. Fig.7 shows the
CV curves obtained at the scan rate of 100s1h the range 0-1.0 V. The response currents 00P40
P500 and C800 are very low, demonstrating the lapacitances, which can be attributed to the
insufficiently developed porous structure, absearfdattice defect and less active sites of the @asb
Such results are also in line with analysis of perstructure and Raman spectra (Fig. 3). P600heas t
highest surface area and the highest volume ofopaces (Fig. 4, Table 1), however, its CV profile
shows some distortion, which is caused by the I¢ectecal conductivity due to relatively low
activation temperature as shown in the electrocb@mmpedance test (Fig. 6, Table 4). As for the
other four samples (P700, P800, P900, P1000), #sicdlly rectangular shapes of CV curves
characteristic to electric double layer capacitBDI(C) imply that the dominant charge-storage
mechanism is accumulation of ionic charges in tbebte-layer between the electrode and the
electrolyte. These carbons show the superior cegrae behaviour and good reversibility; moreover,
a few pairs of humps are observed at 0.4 - 0.6 MAgsAgCl/3M KCI in the CV profiles typically
related to the pseudocapacitance contributed ftoensurface oxygen and nitrogen functionalities,
which can be attributed to the high content of Gg@nhone type groups and pyrrolic-like N revealed
by XPS (Table 3) in these samples. By contrastfauad that the surface areas of P800, P500 and
P1000 are similar (Table 1, the differences less t80 M g™), but the response current of P800
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shows the highest value, indicating the largesacignce value. The difference between CV curves

of these three samples provides reason enoughtducke that the surface area is not the determining

factor for the capacitive performance. The capaciaf carbon electrode also depends on the surface
chemistry, the morphology and the degree of latligfects.

1 Scan rate : 100 mV s™

Current density/A g™
o
1

E vs (Ag/AgCl)/ V

Fig. 7. CV curves of samples at 100 mV abtained in 3E configuration

3.5.3 Galvanostatic charge/discharge test

Further to evaluate the electrochemical performarfcal samples as supercapacitor electrodes
as well as to reveal the role of phosphorus, nénognd oxygen functionalities, galvanostatic
charge/discharge (GC) measurements were carriesh awb-electrode cells (2E) at different current
densities. Fig. 8 shows GC curves measured atuttertt density of 1 Aj™* and 0.05 Ag™’. It is not
surprised that the charge-discharge times of P4A0G800 carbons are very short; gygnmetry of
the GC curves for these two samples is poor. Maedhere appears a large IR drop in the discharge
GC curves of P500, suggesting the high equivalenies resistance and dissatisfied capacitance
performances of these three samples. The potesitifile other samples changed linearly with time,
thus their GC curves show the nearly symmetriaitridar shape and low IR drop even at high current
density of 1 Ag™ (Fig. 8), demonstrating typical capacitive perfarme and high efficiency during
the charge-discharge process. As show in Fig.&acharge-discharge time of P600 and P800 are
quite close to each other, suggesting the simdaacity at 0.05 Ay current load. When the current
density increased to 1 &* (Fig. 8 b), the charge-discharge time of P600 bexsomuch shorter than
P800 and IR drop can be found obviously in GC cuoreP600, indicating the poorer capacitive
performance. It can be explained by the followiwg taspects. One is the low electrical conductivity
of P600. The other reason can be linked to lessuatnaf electrophilic functional groups in carbon
P600. P800, however, due to the synergetic effeghosphorous, nitrogen and oxygen functional
groups, has a good electrochemical stability ameregbility even at high current density of 1gA. In
addition, P1000 exhibits the perfect symmetricnigidlar-shaped GC curves that are typical for
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electric double layer capacitors. Such resultselaed well with the electrochemical impedance and
cyclic voltammetry (CV) measurement.

(b)
Current density 11 Ag” — P400

(a)
Current density :0.05A g

FPotential’v
Potentialvf

T T T T T T T = T
0 200 400 600 800 1000 1200 1400 1600
Timels

Time/is

Fig.8. Galvanostatic charge/discharge profilesanfigles measured in 2E at the current density of (a)
0.05Ag'and (b) LA g

The dependence of capacitance on current denstdgpgted in Fig.9. As the current density
increases to 1 /g‘l, GsingleOf all samples tend to decrease. This fact cansbebed to the spatial
hindrance; electrolyte ions only can diffuse intartpof the pores of carbon material at fast
charge/discharge rates. It is obviously seen tBaDRrovides the highest capacitance of 157 &t
0.05 Ag™, as the current density increasing to JA the capacitance retention ratio is as high as
87%, while the capacitance of C800 is only 2§ Fat 0.05 Ag™". Furthermore, P800 and P1000 show
the similar porous structures (Table 1) but theac#pance differs a lot (157 ¢* vs. 112 Fg'Y) at the
current density of 0.05 4. By comparison with the Raman, EA, and XPS resiiltsan be found
that the b/l ratio of P800 is higher than for P1000, indicatthg more defects in P800; and P800
contains more pyrophosphates, graphitic N, pyrrbliand C=0 than P1000, which improved the
electrochemical stability, electrical conductivitgd pseudocapacitance of P800.
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Fig. 9. Specific capacitance decay of all carbana function of current density

3.5.4 Wide potential window test

As shown in the equation (3) the energy densitprisportional to the square of operating
potential (V). Therefore, increasing the operapogential can greatly enhance the energy densay. T
investigate the possibility of utilizing co-dopedlymer-based carbons (P500-P1000) in an aqueous
electrolyte beyond the decomposition potential atex (1.23 V), a wide potential window tests were
conducted in 2E setup by stepwise increasing thential range from 0-1.0 V to 0-1.5 V in 1 mol'L
H,SO, electrolyte by using GC test. Table 1 lists thgseat the current density of 0.1 g at
different potential ranges which obtained accordm&quation (1) by using the discharge branch. As
can be seen, with the increase of potential windbe Ginge Of P800 increased obviously from 132 to
152 Fg™. Taking into account the results of pore strugt®aman spectroscopy, and XPS analysis,
the superior performance of P800 under high patkatin be attributed to (i) the micropore-mesopore
structure facilitates the fast transmission of etdgte ions; (ii) the high defect density provideigh
density of active sites; (iii) abundance of phospbdacilitate the formation of EDL through the
enhanced wettability [54] and proton transfer [Bglincreasing ionic conductivity through Grotthuss
mechanism [60]; (iv) abundance of surface functibnancreases capacitance through fast Faradic

reactions (pseudocapacitance); and (v) phosph&gphmsphates blocks active sites of carbon
material which could be oxidised under high curtead [61].

Fig. 10 a and b show the GC curves of six sampléslaA g in the potential range of 0-1.4 V
and 0-1.5 V, respectively. It can be seen that mbdhe GC curves are symmetric in Fig. 10 a,
indicating the superior capacitive performance, iwhe when the potential increased to 1.5 V (Fig. 10
b) a plateau appears at the vertex potential, whiggests the saturation of the carbon surface.
Therefore, we can speculate that 1.5 V is the Bsigipetential operating limit for this series of
carbon-based supercapacitor in sulphuric acidrelgte.
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(a) Wide potertial window at 0~1.4V 1.6 1 (b) Wide potential window at 0~1.5V
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Fig. 10. GC curves of six samples at 0.1’ Aand the potential range of a) 0-1.4 VV and b) OM..5

The energy density and power density at differeptemtial ranges and current loads were
calculated by equations 3 and 4 based on the gadtatic test (Fig.11). It can be seen that thegsner
density of P800 at the operating potential of 1.8 ¥.2 times higher than at 1.0 V for the samegyow
density. When the power density of P800 increasetbd Wkg ™, the energy density remains at 10
Wh kg* for 1.5 V, suggesting that much energy could dekdyidelivered.
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Fig. 11. Ragone plot of six samples measured iatafifferent potential window.

3.5.5 Cycling performance under the wide potentiadow

The cycling durability of the carbon is the key tfacdetermining the life and stability of the
supercapacitor. Galvanostatic charge-dischargeutes#r 5 Ag* and 0-1.5 V were employed to test
the cycling stability of the six samples for 1006fcles. As shown in Fig. 12, all samples show
deterioration of the specific capacitance in défarextent, among them, the attenuation of P5000 P6
and P700 is more evident. Although the retentidio ief P1000 is high, its initial capacity is qultav
with only 95 Fg™. P800 with the highest initial capacity shows @bkt performance with specific
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capacitance retention of 85% (from 132F to 112 Fg™). It is speculated that this phenomenon is

caused by the inhibition effect of P functionaktim P800 that can suppress the oxidation of carbon
surface [61, 62], together with the well-developeitropore-mesopore structure that facilitates the

fast transmission of electrolyte ions on the cdrelscarbon sphere during the long cycling test and
harsh condition
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Fig.12. Cycling test of GC at 0-1.5 V and curreansity of 5 A §*

4. Conclusions

In conclusion, we have developed a series of plarsigh nitrogen and oxygen co-doped
polymer-based core-shell carbon electrode for $€syhich the co-doped carbon materials were
prepared by phosphoric acid activation of polyimidgolymer. The activation temperature was found
to be very crucial in co-doping and structure faiioraprocesses. It was found that carbon obtained a
800 °C (P800) with a core-shell porous structur @, N and O doping level of 11.17 at%, 2.79 at%
and 11.77 at% respectively, shows a capacitand5dfF g at the current density of 0.05 ¢’
Moreover, the electrode can survive at a wide g@tewindow of 1.5 V with only 15% decrease in
capacity after 10000 cycles at a current density Afg”, providing a high energy density of 10 Wh
kg" and a high power density of 750 My™. The outstanding performance of P,N,O-doped carimn
attributed to (i) the micropore-mesopore structia@litates the fast transmission of electrolytasp
(i) the increasing aromatic cluster size providégh electron conductivity; (iii) abundance of
phosphates facilitate the formation of EDL througk enhanced wettability and proton transfer by
increasing ionic conductivity through Grotthuss heatism; (iv) abundance of surface functionality
increases capacitance through fast Faradic reactiofpseudocapacitance); and (V)
phosphates/polyphosphates block active sites @ooamaterial which could be oxidised under high
current load. These results may shed some liglipeming up strategies for designing nanostructured
carbons, and on developing new heteroatoms dopbdrtalectrodes with good performance for SCs.
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