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Abstract: Steam-assistant nitrogen (N) and phosphorus (P) co-doping of graphene
(s-NPG) architectures are constructed by a facile chemical converted method and
thermal activation. Steam-activation treatment can provide abundant porous struc-
ture for fast ion diffusion and expose more electrochemical active-sites for surface
faradic reaction. The wrinkled surface of S-NPG with a large surface area is probed
by microscopic analysis. The spectroscopic analysis confirms the existence of pyri-
dinic-N and C-P-O bonds for s-NPG, which are the dominant electroactive sites for
accommodating the protons or charges. Therefore, s-NPG exhibits a high specific
capacitance of 317 Fg" at 1 A g with a good rate capability of 87% and cyclic stability
0f 97.7% after 20,000 cycles. The excellent pseudocapacitive behavior can be attributed
to the synergistic effect of hierarchical structure with and surface modification by N
and P dual-doping. The simple steam-assistant treatment can be a potential way to
construct the hierarchically structured electrode materials for supercapacitors.
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1. Introduction

Pseudocapacitors (PCs), as potential electrochemical capaci-
tors, have attracted the attention to satisfy the fast growth of
high-efficiency electrical applications due to the fast charge/
discharge rate, high power density and long-term stability."*
Meanwhile, the charge storage mechanism of PCs strongly depends
on the surface redox reaction at or near the electrode/electro-
lyte interface, which is different from the diffusion-dominant
intercalation or alloy/de-alloy mechanism of batteries. Graphene
with the theoretic capacitance of ~550 F g’ normally applies as
the conductive substrate with high electrical conductivity and
specific surface area.” However, the energy density is still one
of the core challenges for the practical application of graphene-
based nanomaterials, which can be improved by increasing the
specific capacitance of electrode materials.®®

The rational design of graphene-based nanomaterials by combin-
ing morphology and compositional optimization is an attractive
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strategy to improve the electrochemical behavior of superca-
pacitor devices.”® The pseudocapacitive carbon and hetero-
atom doped graphene can show the significant enhancement of
electrochemical performance as supercapacitors electrodes.'"'?
Many efforts have been devoted to constructing graphene hybrids
with unique structures like one-dimensional (1D) nanofibers,
two-dimensional porous film (2D) and three-dimensional (3D)
architectures using electrospinning, vacuum-filtration and hydro-
thermal methods.”*"* Especially, the high porosity of electrode
materials was favorable to accelerate the electrolyte diffusion
and improve the efficient utilization of the active sites near the
surface; while the structural modulation of electrodes by cross-
linking,'**” chemical activation'®" and physical activation®®* are
important to improve the capacitive behaviors for practical appli-
cations. Ruoffs*® and Guan’s* groups demonstrate the prepara-
tion of porous carbon materials via chemical activation, which
show the excellent electrochemical properties for supercapacitors.
The nanomaterials produced by chemical activation should be
well washed to remove the inorganic residues, which are still
confronted with the problems like environmental pollution
and the corrosion of the instruments. Differently, physical acti-
vation, as an effective method, could efficiently modulate the
highly porous carbon materials with the different activation
agents, as the reported work by Liu® and Han,*! which can show
the significant increase of the surface area.

Surface modification of graphene by heteroatoms doping can
effectively tailor the electronic structures and surface properties.
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Heteroatoms, like nitrogen (N), phosphorus (P), sulfur (S), and
boron (B), possess different electronegativity and atomic radius
from carbon atoms, which can dope into graphene lattices by
forming covalent heteroatom-containing configurations as con-
firmed by the experimental and computational analysis.*** The
single or dual-doped graphene nanomaterials have been widely
used in several applications, like lithium-ion batteries,”**’ electro-
catalysts for water splitting”® and supercapacitors.>***° As reported
by the lectures,**** the N, S or P doped graphene aerogel can show
excellent electrochemical performance due to the formation of
pyridinic-N and P=0 sites of C-P=0 bonds as the dominant elec-
troactive sites for fast faradic reaction. However, the N and P
dual-doped graphene architecture with further steam-activation
for high-performance supercapacitors has yet to be reported.

Herein, we successfully construct the steam-activated, N and
P dual-doped graphene architecture (s-NPG) via the chemical
converted method. Phytic acid and melamine as the hetero-
atom precursors dope into graphene lattices during the ther-
mal steam-activation process. Especially, the steam-activation
treatment can expand the layer distance and increase the
porosity of s-NPG as probed by microscopic and spectra analy-
sis. The formation of pyridinic N and C-P=0 bond act as the
dominant active-sites where the fast-redox reaction occurs,
which is favorable to improve the pseudocapacitive behaviors.
Due to the synergistic effect of highly porous structure and het-
eroatoms dual-doping, s-NPG exhibits excellent capacitive
behaviors, like the high specific capacitance, good capacitance
retention and cyclic stability.

2. Experimental
2.1. Preparation of s-NPG

The synthesis process of graphene aerogel is referred to the
previous lecture.’ First, 500 mg of iodine and 7.5 mL of hydro-
phosphoric acid were mixed as solution A. 200 mg of melamine,
0.6 mL of phytic acid and 5.5 mL of DI were mixed under bath-
sonication as solution B. And then, 60 mg of graphene (5 mg mL™),
solution A and solution B were mixed and sonicated for 30 min.
The final mixture was placed in the oven at 80 C for 10 h. The
black hydrogel was washed by DI water until neutral and freeze-
dried for 3 days. The aerogel was steam-activated at 900 C for
1h under an argon atmosphere and denoted as s-NPG. As a
comparison, the steam-assistant graphene aerogel without het-
eroatoms doping was prepared with the same method and denoted
as s-GA. The graphene aerogel without heteroatom doping and
steam-treatment was also prepared with the same method and
denoted as GA.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were conducted on
empyrean (PAN analytical B.V, Holland) using Cu Ka radiation
(A=1.54056 13) radiation source operating at 40 kV and 40 mA
ata scanning rate of 5° min™. The morphology and microstruc-
ture of the product were examined by field-emission scanning
electron microscopy (FESEM) on an S-4800 II (Hitachi, Japan)
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and transmission electron microscopy (TEM) on TECNAI 12
(Philips, Holland), respectively. High-resolution transmission
electron microscopy (HRTEM) was performed on an FEI Tec-
nai G2 F30 STWIN (USA) operating at 300 kV. Surface analysis
of the sample was recorded by X-ray photoelectron spectros-
copy (XPS) on ESCA LAB 250Xi (Thermo Science, USA). Raman
spectra were carried out on a JobinYvon Micro-Raman Spec-
troscopy on RamLab-010, equipped with a holographic grating
0f 1800 lines mm™ and a He-Ne laser (532 nm) as the excitation
source. The specific surface area of the sample was tested by N,
adsorption/desorption isotherms on a Brunauere Emmette Teller
apparatus (BET, BELSORP-minill) and BarretteJoynereHalenda
(BJH) model was induced to calculate the pore size distributions.

2.3. Electrochemical measurements

The electrochemical performance of all prepared nanomateri-
als was measured by cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD) and electrochemical impedance spec-
troscopy (EIS) using a three-electrode configuration in a 1 M
H,S0, aqueous solution. The electrode material acted as the
working electrode, Pt wire as the counter electrode and Ag/AgCl
as the reference electrode. The detailed process for the prepa-
ration of the electrode materials was illustrated below. The aero-
gel was cut into a small rectangular slice with a size of 0.2 cm x
0.2 cm and attached on a stainless substrate by silver paste.
And then, the electrode was placed in a vacuum oven at 60 C
for overnight. Finally, the electrode was ready for the working
electrode. Cyclic voltammetry was measured at various scan
rate from 10 to 200 mV s™ with the potential window of 1.0 V;
while GCD was measured at different current densities from 1
to 20 A g with the potential window of 1.0 V. The electrochem-
ical impedance spectroscopy was checked with the frequency
range from 107 to 10° Hz at the amplitude potential of 5 mV.

The specific capacitance was calculated by the integration
area of CV curves as the following equation: C= [IdV(AVxmxv).
Where Vis the applied voltage (V), [ is current (A), vis scan rate
(V/s) and mis the mass of the single electrode material (g). And
the specific capacitance was calculated from GCD curves fol-
lowing the listed equation: C = I/M(dV/dt), where [ is the applied
current, m is the mass of electrode, t is discharge time after IR
drop, Vis the applied voltage potential, respectively.

3. Results and discussion
3.1. The fabrication of s-NPG

The heteroatoms nitrogen (N) and phosphorus (P) dual-doped
graphene architecture were constructed by chemical converted
method and steam-activation, as illustrated in Figure 1. To con-
struct the hierarchical architecture, the homogeneous property of
the final mixture was crucial to be prepared through bath-son-
ication and magnetic stirring. And the final solution was placed
in an oven at 80 C for 10 h to form the melamine and phytic
acid-functionalized graphene hydrogel by the cross-linked graphene
nanosheets and the formation of hydrogen bonding. Subse-
quently, the surface-functionalized hydrogel was converted to
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Figure 1. The schematic synthesis of s-NPG.

the aerogel through the ice-frozen and freeze-drying treatment.
Finally, the heteroatoms N and P dual doped graphene aerogel
was obtained by further steam-activation treatment at 900 C.

3.2. The morphology and structure of s-NPG

To characterize the surface morphology of s-NPG, scanning
electron microscopy (SEM) was initially probed in Figure 2(a)
and 2(b). s-NPG shows the well-maintained hierarchical struc-
ture, and the roughness of s-NPG is increased attributing to the
incorporation of heteroatoms N and P. The porosity of s-NPG
was evaluated by nitrogen adsorption/desorption isotherms
(Figure 2(c) and Table 1). The specific surface area of s-NPG
(456 m?® g is larger than that of s-GA (374 m® g*) and GA (325
m?g); while s-NPG exhibits the average mesopore diameter of
7.9 nm. s-GA exhibits a larger surface area than GA due to the
expanded layer distance by steam-activation treatment; while
the surface area for s-NPG is larger than that of s-GA owing to the

Freeze-drying

——
Steam activation

Table 1. The surface area, pore volume, and mesopore size of s-NPG, s-GA,
and GA

Surface area Pore volume Mesopore size

Sample (m? g") (cm’g) (nm)
s-NPG 456 92.6 7.9
s-GA 374 78.5 9.6
GA 325 729 10.5

further heteroatoms doping. As the transition electron micros-
copy (TEM) images are shown in Figure 2(d), s-NPG exhibits a
crumpled surface due to the heteroatoms N and P dual-doping.
The formation of nitrogen- and phosphorus-containing func-
tional groups in the graphene matrix can distort the lattice struc-
ture of graphene by the different electronegativity and atomic
radius of heteroatoms from carbon atoms. The energy-disper-
sive X-ray (EDX) spectra demonstrate that the corresponded
elements are uniformly distributed on the graphene matrix,
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Figure 2. (a,b) SEM images of s-NPG. (c) Nitrogen adsorption/desorption isotherms of GA, s-GA, and s-NPG. (d) TEM image of s-NPG. (e) Energy
dispersive X-ray analysis of s-NPG. (f) Elemental mapping images of s-NPG.
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Figure 3. (a) XRD and (b) Raman spectra of GA, s-GA, and s-NPG.

implying the successful heteroatoms N and P doping (Figure
2(e) and 2(f)).

The structure and crystallinity of s-NPG were confirmed by
X-ray diffraction (XRD) and Raman spectra (Figure 3). One clear
peak appeared at 20 =15° corresponding to the (002) plane of
graphene oxide.** After the chemical conversion treatment, GA
shows one strong (002) peak at 20 =24.4° implying the reduction
of graphene oxide (Figure 3(a)). In contrast to GA, s-GA exhib-
ited a weak peak at 260 =25.2° indicating a decrease of crystal-
linity by additional steam-activation treatment, while the (002)
peak intensity for s-NPG was more weaken and broaden than
that of s-GA attributing to the distorted structure of graphene
matrix by heteroatom doping. During the thermal activation,
the heteroatoms are incorporated into the graphene matrix fol-
lowing the decomposition of related precursors. The crystalline
nature and surface environment of s-NPG were further con-
firmed by Raman spectra (Figure 3(b)). GA exhibits two typical
peaks at 1351 cm™ of the D band and 1592 cm™ of the G band,
respectively. While the D band and G band for s-NPG both show
a slight down-shift in contrast to GA and s-GA, which can be
attributed to the distortion of the graphitic structure. It is well
known that the I /I; ratio is an important factor to evaluate the
formation of vacancies or defects.?' The I,/I; value of s-NPG
(1.16) is larger than that of s-GA (1.10) and GA (1.02), and the
appearance of one shoulder peak of G band at 1617 cm’?, implying
alow graphitic degree of s-NPG due to the generation of defects
by heteroatoms doping, which is consistent with the XRD analys
is. As probed by XRD and Raman, s-NPG can be predicted to show
good electrochemical performance, because the degradation of
crystallinity and distorted graphitic structure is helpful to accelerate
the electrolyte diffusion, expose more active sites and improve the
utilization of effective sites.

3.3. The chemical states of s-NPG surface

To evaluate the change of surface chemistry and bonding con-
figurations for s-NPG, X-ray photoelectron spectroscopy (XPS)
was carried out in Figure 4. Figure 4(a) shows the full scan XPS
spectra of s-NPG with four peaks at 133, 284, 400, and 531 eV,
which correspond to P 2p, C 1s, N 1s, and O 1s with the atomic
percent of 3.9%, 89.2%, 2.4%, and 4.5%, respectively. As deconvo-
luted by high-resolution C 1s spectra (Figure 4(b)), four peaks

Macromol. Res., 29(9), 582-588 (2021)

585

GA

3
&
g s-GA
=
0 4
2 s
<5}
et
c
- s-NPG

T — ——  ——
1200 1300 1400 1500 1600 1700

Raman shift (cm'1)

at 288.7, 285.4, 284.8, and 284.4 eV correspond to C=0, C-N, C-P,
and C-C, respectively. The formation of C-N and C-P bonds strongly
demonstrates the successful heteroatoms N and P dual-doping
into graphene matrix. Furthermore, the N 1s spectra can be fitted
into four peaks (Figure 4(c)). The two peaks centering at 397.0
and 398.1 eV correspond to the formation of pyridinic- and pyr-
rolic-N, and the peaks located at 400.2 and 402.7 eV are assigned to
be graphitic nitrogen and oxidized nitrogen, respectively. The P
2p peak can be divided into C-P and P=0 bonds at 132.9 and
133.8 eV (Figure 4(d)). Especially, the pyridinic nitrogen and
P=0 sites of the C-P=0 bond had been demonstrated as the
dominant active sites to improve the capacitive behavior of the
electrode. By combining the hierarchical structure and surface
chemistry change, it can be predicted that s-NPG can show a
good electrochemical performance.

3.4. The capacitive behavior of s-NPG

To initially investigate the electro-capacitive behaviors of s-NPG,
the CVand GCD were probed by a three-electrode configuration
in a 1M H,SO, aqueous solution with an applied voltage window
of 1.0 V (Figure 5).s-NPG exhibits a nearly rectangular shape at the
scan rate of 10 mV s, which is similar to s-GA and GA implying
the excellent ion diffusion at the electrode/electrolyte inter-
face as the electrical double layer capacitance mechanism. The
specific current density of s-NPG is larger than that of s-GA and GA.
While the specific capacitance of s-NPG was calculated to be
307 F g' by integrating the CV curves, which was 1.5 and 2.1 times
higher than that of s-GA and GA (Figure 5(a)). This result can be
ascribed to the formation of pseudocapacitance after hetero-
atom doping. Furthermore, the pseudocapacitive behavior of s-
NPG was confirmed by GCD with various current densities
from 1 A g™ to 20 A g*. As shown in Figure 5(b), s-NPG exhib-
ited a smaller IR drop in the discharge curve than s-GA and GA,
implying the low interior resistance and high electrical conduc-
tivity of s-NPG. While the asymmetric charge/discharge curves
for s-NPG can be ascribed to the combination of electrical dou-
ble-layer capacitance and fast reversible pseudocapacitance. To
further confirm the steam-assistant activation and heteroat-
oms doping effects for the improvement of electrochemical
performance, the specific capacitance was calculated from the
GCD discharge curve (Figure 5(c)). The specific capacitance of
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Figure 4. (a) Full XPS scan of s-NPG. High-resolution of (b) C 1s, (c) N 1s, and (d) P 2p spectra for s-NPG.
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Figure 5. (a) CV curves of GA, s-GA and s-NPG at the scan rate of 10 mV s™. (b) GCD curves of GA, s-GA, and s-NPG at the current density of 1 A g™.
(c) GCD curves of s-NPG at various current densities. (d) The rate capability of GA, s-GA, and s-NPG.

s-GA was an approach to 210 F g*, which is 52 F g higher than  result demonstrated that the electrochemical behavior for elec-
that of GA. As the current density increased to be 20 Ag™,s-GA  trode materials can be improved by steam-activation treatment,
showed only 42 F g of capacitance loss with better capaci-  which can expand the layer distance to expose more effective
tance retention of 80% than GA (67%) (Figure 5(d)). This electro-active sites. Meanwhile, the specific capacitance of s-
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Figure 6. (a) Cyclic stability of GA, s-GA, and s-NPG. (b) Nyquist plot of GA, s-GA, and s-NPG (inset: the magnified Nyquist plot of GA, s-GA, and s-

NPG).

NPG was 317 F g' with the capacitance retention of 87%,
which was significantly increased in contrast to s-GA due to the
heteroatoms doping. Especially, s-NPG can retain the capaci-
tance retention of 78% at the current density of 50 A g”. This
result demonstrated that the improvement of electrochemical
behavior for s-NPG was attributed to the uniform heteroatoms
doping with the formation of heteroatoms-containing func-
tional groups as electro-active sites. The high specific capaci-
tance and good rate capability for s-NPG can be ascribed to the
formation of electro-active sites, which are favorable to accom-
modate lots of proton or electron on the surface of graphene
nanosheet for fast redox reaction.

Long-life cyclic stability was an important factor to evaluate
the electrochemical behavior of electrode materials for super-
capacitors. The cyclic stability of s-NPG was measured continu-
ous GCD measurement for 20000 cycles at the current density
of 4 A g' (Figure 6(a)). In contrast to the initial cycle, the spe-
cific capacitance of s-NPG at the 20000™ cycle is decreased from
298 F g to 291 F g™ with the capacitance retention of 97.7%,
which is higher than that of s-GA (91%) and GA (82%) indicat-
ing excellent cyclic stability for s-NPG. To explore the ion-diffu-
sion kinetics during the redox reaction process, electrochemical
impedance spectroscopy was probed with a frequency from
107 to 10° Hz (Figure 6(b)).It can be observed that s-NPG exhibits a
small interior resistance comparison with s-GA and GA in the
high-frequency region. In the high-mid region, the diameter of
the semi-circle represented the charge transfer (R, resistance
during the charge/discharge process. S-NPG exhibits a smaller
value of 2.05 () than that of s-GA and GA indicating a high elec-
trical conductivity for fast charge migration. These excellent
pseudocapacitive behaviors of s-NPG can be assigned from the
synergistic effect of hierarchical structure and the surface com-
position change by heteroatoms doping.

As demonstrated by the abovementioned evidence, s-NPG
with the hierarchical architecture can show an excellent pseudoca-
pacitive behavior due to the synergistic effect of unique struc-
tural morphology and surface modification of the graphene matrix.
The unique structure was assigned from the self-assembly and
heteroatoms incorporation of graphene matrix following the
steam-activation treatment, which can further explore more effi-
cient electro-active sites. While the hierarchical can also provide
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fast ion diffusion pathways and accommodate a lot of charges
during the charge/discharge process. Furthermore, the forma-
tion of N- and P-containing functional groups acted as the elec-
tro-active sites whereas fast faradic reaction occurred. The increased
utilization of electro-active sites was favorable to improve the
electrochemical performance with the generation of additional
‘pseudocapacitance’ during the charge/discharge process.

4, Conclusions

Herein, the steam-assistant heteroatoms N and P dual-doped
graphene aerogel (s-NPG) was constructed by a facile chemical
converted method and thermal activation approach. Herein,
the melamine was used nitrogen precursor and phytic acid as
phosphorus precursor sources. s-NPG electrodes exhibited a
huge large specific surface area with the wrinkled feature to
expose abundant electrochemical active sites. By the synergis-
tic effect of the steam-activation and co-doping, s-NPG showed
improved capacitive performance such as high specific capaci-
tance of 317 Fg* at 1 A g*, good rate capability of 87% and excel-
lent capacitance retention of 97.7% over 20,000 charges/discharge
cycles at 4 A g™ These results indicated that the hierarchically
structured s-NPG can be a promising pseudocapacitive elec-
trode for high-performance supercapacitors.
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