ROYAL SOCIETY

Joumal of

Materials Chemistry A

OF CHEMISTRY

View Article Online
View Journal | View Issue,

An interfacial engineering approach towards two-
dimensional porous carbon hybrids for high
performance energy storage and conversiont

CrossMark
& click for updates

Cite this: J. Mater. Chem. A, 2017, 5,
1567

Chenbao Lu,?® Shaohua Liu,® Fan Zhang,*® Yuezeng Su,*? Xiaoxin Zou,® Zhan Shi,¢
Guodong Li¢ and Xiaodong Zhuang**®

In order to improve the performance and fundamental understanding of conducting polymers,
development of new nanotechnologies for engineering aggregated states and morphologies is one of
the central focuses for conducting polymers. In this work, we demonstrated an interfacial engineering
method for the rational synthesis of a two-dimensional (2D) polyaniline (PANI) nano-array and its
corresponding nitrogen-doped porous carbon nanosheets. Not only was it easy to produce a sandwich-
like 2D morphology, but also the thickness, anchored ions and produced various metal phosphides were
easily and rationally engineered by controlling the composition of the aqueous layer. The novel
structural features of these hybrids enabled outstanding electrochemical capacitor performance. The
specific capacitance of the as-produced diiron phosphide embedded nitrogen-doped porous carbon
nanosheets was calculated to be as high as 1098 F g~* at 1 A g~! and an extremely high specific

Received 26th October 2016 capacitance of 611 F g~ at 10 A g~2, outperforming state-of-the-art performance among porous carbon
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and metal-phosphide-based supercapacitors. We believe that this interfacial approach can be extended

DOI: 10.1039/c6ta09278k to the controllable synthesis of various 2D material coupled sandwich-like hybrid materials with potential
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Introduction

Since the discovery of conducting polymers, polyaniline (PANI)
has captured the attention of the scientific community because
of its unique chemical structure, optoelectronic properties and
wide applications.” Given that the nano-architecture of mate-
rials plays a crucial role in achieving the promising funda-
mental properties. Over the past decade, a lot of synthetic
strategies toward PANIs with different doping states® and
various nanostructures, such as nanospheres,® nanofibers,*
nanotubes,® and nanosheets,® have been extensively developed
due to the urgent requirements in optoelectronic and energy
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applications in a wide range of areas.

related fields.>” However, most of the methods for nano-
structured PANI production can only be carried out in homo-
geneous solution with the aid of vigorous stirring, heating or
high pressure, suffering from complicated procedures and
a difficult-to-control morphology.” It has long been noticed that
the interfacial method can be used to prepare PANI and its
composites.>® However, synthesis of conducting polymers with
a controllable aggregation state and morphology through an
interfacial approach still remains great challenge.
Two-dimensional (2D) nanomaterials have attracted
tremendous attention since the discovery of graphene. Of these,
2D soft nanomaterials,” such as graphene-coupled conducting
polymer nanosheets, 2D sandwich-like conjugated microporous
polymers and other types of 2D materials, have been studied
and used as crucial materials for many optoelectronic and
energy applications in the past few years,' for example, as
porous materials for sensing, gas storage and separation, and as
precursors for the preparation of 2D hybrid materials for energy
storage and conversion. Considerable efforts have been made to
prepare graphene-based 2D hybrid materials such as compos-
ites of graphene-based transition metals, metal oxides, metal
chalcogenides, and metal phosphides (MPs)."* Besides, both
metal supported and free-standing chemical vapor deposition
(CVD) graphene have been used as templates to fish nano-
particles from organic/aqueous interfaces to prepare asym-
metric MoS,/graphene/metal sandwiches and noble metal
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particles loaded graphene, respectively."> However, due to the
general poor compatibility between graphene and substantially
dissimilar precursors, the controlled growth of small nano-
particles on graphene surfaces still relies on varied and
complicated synthetic procedures.™

Herein, an interfacial approach was successfully developed
for the fast preparation of a graphene-coupled polyaniline nano-
array with a uniform 2D morphology and in large quantity. Not
only can a sandwich-like 2D morphology be easily produced,
but the thickness and shape of PANI nano-array, as well as the
anchored transition metal cations and acid anions of the as-
prepared nanosheets can also be engineered rationally.
Consequently, metal phosphide-embedded nitrogen-doped
porous carbon nanosheets (denoted as RG@(MP C NPC)) can be
easily prepared by direct pyrolysis of the as-prepared ion-
anchored 2D PANI nano-array. Notably, the as-prepared diiron
phosphide-embedded NPC (RG@(Fe,PCNPC)), which has an
Fe content of only 3.71 wt% and a specific surface area of 240 m”
g™, exhibits ultrahigh specific capacitances of up to 1098 F g~
at1Ag 'and 611 F g ' at 10 A g, which are more than ten
times the values for NPC, Fe,P, and RG@NPC. Thus, it
outperforms state-of-the-art supercapacitors based on porous
carbons and metal phosphide-based materials. By replacing the
metal ions in the aqueous layer, other kinds of MP and dual MP
embedded carbon nanosheets can be easily prepared. Such
interfacial engineering approach offers a new way for the design
and preparation of novel 2D hybrid materials for high perfor-
mance energy storage and conversion.

Experimental

Chemicals

FeCl,-6H,0, CoCl, - 6H,0, Ni(OAc), 4H,0, (NH,),M0,0,5-2H,0
and aniline were purchased from Aladdin Reagent Co. Ammo-
nium peroxydisulfate (APS), HCI (36 wt%), H;PO, (80%), H,SO,
(98%), KMnO,, NaNOs, and H,0, were purchased from Sino-
pharm Chemical Reagent Co. Pt/C (20 wt%) was purchased
from Sigma-Aldrich. Nafion solution (0.5 wt%) was purchased
from DuPont, Ltd. All chemicals were used without further
purification.

Interfacial preparation of GO@PANI

Typically, the interfacial reaction was performed in a 20 mL
glass vial. First, ammonium peroxydisulfate (APS, 245 mg,
1 mmol) was dissolved in 8 mL of 1 M dopant acid (HCl) solu-
tion. Then, 2 mL of aqueous GO dispersion (2.5 mg mL ")
which was synthesized by a modified Hummers method was
slowly added to the acid solution, followed by ultrasonication
for 30 min to form a homogeneous suspension, as the aqueous
layer. Subsequently, 100 puL aniline was dissolved in the organic
phase (10 mL) toluene, as the organic layer. Then, the organic
phase was added carefully on top of the aqueous solution,
forming an organic/aqueous interface. The steady interface was
left to stand for 6 hours at room temperature. The graphene
oxide-coupled polyaniline nanosheets (GO@PANI, 1 : 20) was
obtained after being centrifuged and washed with DI water and
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ethanol. The GO@PANI (1:10) and GO@PANI (1 : 40) were
synthesized by the same procedure with a different weight ratio
of GO to aniline.

For the preparation of boric acid (H3BOjz) doped PANI
nanosheets (GO@(B CPANI)), phosphoric acid (H;PO,) doped
PANI nanosheets (GO@(PCPANI)) and telluric acid (H¢TeOg)
doped PANI nanosheets (GO@(Te C PANI)), the same procedure
was employed by just using H3;BO3;, H;PO, and HeTeOg as the
doping acids, respectively.

Preparation of metal phosphide anchored N-doped porous
carbon nanosheets

Typically, Fe** and PO,*~ anchored PANI nanosheets (GO@(Fe|
PCPANI)) were first prepared by FeCl; and H3;PO, involved
interfacial polymerization. First, 245 mg APS, 2 mL GO solution,
and 1.5 g FeCl;-6H,0 were added into 8 mL of 1 M phosphoric
acid aqueous solution. Subsequently, 100 pL aniline was dis-
solved in 10 mL toluene as the organic layer. The organic phase
was added carefully on top of the aqueous solution, forming an
organic/aqueous interface. After reacting for 6 h, GO@(Fe|
PCPANI) can be obtained after drying. After thermal treatment
of GO@(Fe|P CPANI) under a hydrogen/argon (5%) atmosphere
at 1000 °C for 2 h, RG@(Fe,PCNPC) can be obtained.

The synthetic routes of RG@(Co,PCNPC), RG@(Nij,-
P;CNPC), and RG@(MoOPCNPC) are similar to that of
RG®@(Fe,PCNPC) by replacing FeCl; to the corresponding
transition metal salts (CoCl,, Ni(OAc), and (NH,4),M0,0,3). For
the preparation of Fe,P and Co,P co-anchored NPC nano-
sheets (RG@(Fe,P|Co,P CNPC)), the same procedure was used
by adding both FeCl;-6H,0 (800 mg) and CoCl,-6H,0 (800
mg) into the aqueous solution, as the dopants.

Supercapacitor measurement

The working electrodes were prepared by mixing the as-
prepared materials, carbon black (Super-P), and polytetra-
fluoroethylene (PTFE) at a weight ratio of 80:10:10 and
pressed on a platinum net. The area of the active material on
each electrode was ~1.0 cm X 0.5 cm, ~0.5 mg (RG@(Fe,-
PCNPC): 0.74 mg, RG@NPC: 0.45 mg, NPC: 0.60 mg, Fe,P
nanoparticles: 2.46 mg). The electrochemical capacity of mate-
rials was evaluated in a three-electrode system, applying 6 M
KOH as the electrolyte and platinum wire and a Ag/AgCl (satu-
rated KCl) electrode as the counter and reference electrodes,
respectively. The electrochemical performance of samples was
determined by cyclic voltammetry (CV) and galvanostatic
charge-discharge. All electrochemical experiments were carried
out at room temperature.

Electrochemically catalysed ORR

The electrodes were prepared as follows: 5 mg catalyst was
blended with 500 pl Nafion solution (0.05 wt%) and sonication
for 2 h, producing catalyst ink. Then 9 pl catalyst ink was
pipetted on the surface of a pre-polished glass carbon electrode
(0.2471 cm?). The electrodes were dried at room temperature
before measurement. The ORR experiments were carried out in
a conventional three electrode cell using a Wave Driver 20

This journal is © The Royal Society of Chemistry 2017
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bipotentiostatic (Pine Instrument Company, USA) at room
temperature. An Ag/AgCl (KCl, 3 M) reference electrode and
a platinum wire counter electrode were used in the measure-
ment. All tests were conducted in 0.1 M KOH, and the potentials
in this study refer to that of reversible hydrogen electrode
(RHE). In 0.1 M KOH, E(RHE) = E(Ag/AgCl) + 0.944 V. CV was
performed in the potential range of —0.95-0.05 V vs. Ag/AgCl
reference electrode at a sweep rate of 100 mV s . RDE and
RRDE were measured in O,-saturated 0.1 M KOH at 1600 rpm at
a sweep rate of 10 mv s~ .

The electron transfer number was determined by the
following equation:

n= 4Id/(ld + Ir/N) (1)

The four electron selectivity of the catalysts was evaluated
based on the H,0, yield, calculated from the following
equation:

H,0, (%) = 2001/N(Iy + L/N) 2)

where Iy and I, refer to disk current and ring current, respec-
tively; and N = 0.37 is the ring collection efficiency.

Results and discussion

The preparation of GO@PANI through in situ interfacial poly-
merization is illustrated in Fig. 1. First, GO, oxidant ammonium
peroxydisulfate, and dopant acid (HCI) in distilled water were
used as the bottom aqueous layer. Aniline in toluene was used
as the top organic layer. Subsequently, the organic layer was
added carefully on top of the aqueous solution to form a clear
organic/aqueous interface (0 h, inset in Fig. 1). Notably, it was
found that a dark layer gradually formed at the interface and
then thickened considerably. After standing at room tempera-
ture for 6-8 hours, the bottom aqueous layer became colorless
and transparent, indicating complete consumption of GO. The
GO underwent an interfacial synthesis process that can easily be
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Fig.1 Procedure for the preparation of polyaniline nanosheets and N-
doped porous carbon nanosheets. (i) Interfacial polymerization of
aniline on graphene oxide surfaces at the toluene/water interface.
Top: aniline in toluene; bottom: graphene oxide, acid, and ammonium
persulfate in water. (i) Pyrolysis at 1000 °C under a 5% (H,/Ar) atmo-
sphere. Inset: digital photos of the interfacial polymerization from 0 to
6 h. Acid (A): hydrochloric acid, phosphoric acid, boric acid, and telluric
acid.
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scaled up to produce GO@PANI in batches of up to 0.5 kg for
a single preparation (Fig. S1t). At the very beginning, aniline
molecules can diffuse through the interface and adsorb on GO
surface, which renders the as-produced earliest nanosheets
a little bit hydrophobic because the hydrophilic surface of GO
would be covered with aniline due the strong electrostatic
interaction between amino groups from aniline and hydrophilic
groups from GO. The control experiment without GO was also
performed (Fig. S2at); the digital photos of the interfacial
polymerization without GO show that the dark green PANI
precipitate moves downward due to the increased weight.
Moreover, this process enables easy solvent recovery because of
the phase separation, rendering it a highly efficient and green
approach. After pyrolysis at 1000 °C under a 5% (H,/Ar) atmo-
sphere for 2 h, nitrogen-doped porous carbon nanosheets
(RG@NPC) can easily be produced by using GO@PANI as the
precursor. The dopant HCI in this approach can easily be
replaced with H;PO,, H;BOj;, or H¢TeO4 to realize different
heteroatom (e.g,, P, B, and Te) doped porous carbon
nanosheets.

To understand the interfacial process, the morphology of the
as-prepared GO@PANI was imaged using scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and atomic force microscopy (AFM). As shown in Fig. 2a-c,
numerous free-standing and highly uniform nanosheets were
observed. No naked graphene nanosheets or free polyaniline
nanofibers (Fig. 2h and S2b-et) were observed, which suggested
that most of the aniline monomers were polymerized on the
surface of the graphene. The TEM images (Fig. 2e-g) further
revealed an ideal 2D sheet-like morphology as well as uniformly
distributed conical PANI arrays for GO@PANI, indicating that
the static reaction conditions may have caused favorable
orientation of the PANI chains (striped texture'* in Fig. 2g and
XRD patterns in Fig. S31). To reveal the loading capacity of GO,
GO@PANI (1 : 10), GO@PANI (1 : 20), and GO@PANI (1 : 40)
were fabricated using different GO/aniline weight ratios of
1:10,1:20,and 1 : 40, respectively. As depicted in Fig. S4,7 the
2D morphology of GO@PANI can be successfully preserved up
to a ratio of 1 : 40. According to AFM analysis (Fig. 2d and S57),
the thicknesses of the GO@PANI (1 :10), GO@PANI (1 : 20),
and GO@PANI (1:40) are 12 + 3, 26 + 5, and 36 £ 7 nm,

Fig. 2 Morphology of the as-prepared GO@PANI. (a—c) SEM, (d) AFM
(2.5 pm x 2.5 pm) and (e—g) TEM images of GO@PANI. (h) SEM image
of PANI nanofibers prepared via the interfacial method without using
GO in the water phase.
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respectively. Based on these analysis, such an interfacial
assembly process may include three typical steps: (1) aniline
molecules diffusing through the toluene/water interface and
adsorbing on the GO surfaces, (2) polymerization of aniline on
the GO surface in presence of oxidant and diffusing downward
due to the increased weight/density, and (3) GO nanosheets and
aniline molecules continuously moving upward and downward,
respectively, to toluene/water interface due to the concentration
gradient and electrostatic interaction between GO and aniline.
In such a facile interfacial synthetic approach, not only can the
uniform morphologies of the sandwich-like 2D nanosheets be
readily obtained, but also the thicknesses can be rationally
engineered by only controlling the weight ratio of graphene to
aniline.

In addition to the rational control of the morphological
features of GO@PANI nanosheets, the elemental composition
of the nanosheets can easily be controlled by altering the
composition of the aqueous layer. For example, the dopant HCI1
can be replaced by boric acid and telluric acid to produce PANI
nanosheets that contain B/Te (Fig. S6 and S7t) and the corre-
sponding heteroatom doped carbon nanosheets. Furthermore,
it was found that iron cation - (Fe*) and phosphate anion -
(PO,*>") anchored PANI nanosheets (GO@(Fe|PC PANI)) can
easily be produced by using H;PO, as an acid dopant and dis-
solving FeCl; in the aqueous layer (Fig. 3a). Numerous free-
standing and uniform nanosheets are evident in Fig. S8} and
indicate the use of different acid dopants and the introduction
of transition metal ions do not affect the 2D morphology. After
direct pyrolysis under a hydrogen atmosphere, RG@(Fe,-
PCNPC) can be easily produced by using GO@(Fe|P C PANI) as
a precursor.

The SEM and TEM images in Fig. 3b and ¢ and S9f show
uniform RG@(Fe,PCNPC) nanosheets and evenly distributed
nanoparticles. Furthermore, the high-resolution TEM (HR-TEM)

g o @
%

" g
toluene

w# GO or RG
@ rep
!_{1 Fe|PCPANI

“ NPC

nd Y ﬁ ‘;&{ﬂ@@ =

GO@(Fe|P < PANI)

RG@(Fe;P © NPC)

Fig. 3 (a) Schematic procedure for the preparation of metal phos-
phide anchored N-doped carbon nanosheets through an interfacial
approach. (b) SEM and (c) TEM images of RG@(Fe,PcNPC). (d and e)
HR-TEM images of RG@(Fe,PcNPC). (f) HAADF STEM image and
elemental mapping of RG@(Fe,P C NPC).
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images in Fig. 3d and e clearly show a well-resolved lattice fringe
with an interplanar distance of 0.20 nm, which can be ascribed to
the (201) plane of Fe,P. At the edges of the Fe,P particles, several
layers of carbon with an interplanar distance of 0.34 nm can be
observed. The high-angle annular dark-field imaging scanning
TEM image (HAADF STEM) and EDX elemental mapping images
of C, N, Fe, and P for RG@(Fe,P C NPC) in Fig. 3f further verify the
homogeneous distribution of the elements.

The XRD peaks of GO@(Fe|PCPANI) in Fig. 4a can be
indexed to crystalline PANI,* indicating that the introduction of
ions into PANI does not affect the crystalline structure of PANI
domains in the nanosheets (Fig. S3af). The XRD peaks of
RG@(Fe,PCNPC) in Fig. 4a can be indexed to crystalline Fe,P
with lattice constants « = 5.867 A and ¢ = 3.458 A (JCPDS no.
51-0943). The intense peaks located at 40.2, 44.1, 47.2, 52.8,
54.0, 54.6, 73.6, and 79.0° can be assigned to the (111), (201),
(210), (002), (300), (211), (212), and (302) crystal planes,
demonstrating that phase-pure Fe,P was successfully obtained
after pyrolysis. Furthermore, a pronounced -characteristic
diffraction peak located at 25.2° was observed in the XRD
spectrum of RG@(Fe,PCNPC), which can be ascribed to
amorphous porous carbon. For comparison, pure Fe,P nano-
particles were also synthesized (Fig. S10 and S11%).

The X-ray photoelectron spectroscopy (XPS) spectra of
RG@(Fe,PCNPC) were measured to confirm the chemical
composition and valence states. The XPS survey scans
(Fig. S12at) reveal the presence of Fe, P, N, O, and C elements.
The Fe 2p3,, and Fe 2p;,, couple peaks located at 707.1/720.2 eV
and 711.2/724.0 eV can be ascribed to Fe,P and surface-oxidized
ion species, respectively (Fig. S12bt). The P 2p1/2 and P 2p3/2
peaks at 130.2 and 129.3 eV can be attributed to Fe,P, and the P
2p peak at 133.3 eV can be attributed to residual phosphate
(Fig. S12ct). This result is consistent with the result for the pure
Fe,P nanoparticles that we prepared by a similar method
(Fig. S12t). The N (2.59%), Fe (3.71%), and P (3.35%) contents
based on XPS analysis for RG@(Fe,P C NPC) are summarized in
Table S1.1 The nitrogen physisorption measurement indicates
that RG@(Fe,PCNPC) possesses a relatively high specific
surface area of 240 m* g~ ' and a hierarchically porous structure
(both micropores less than 2 nm and mesopores between 2 and
50 nm) in comparison with NPC and RG@NPC (Fig. 4b and S13;
Table S27). Furthermore, RG@(MoP C NPC), RG@(Co,P CNPC),
and RG@(Ni;,PsCNPC) (Fig. S14-S161) were successfully
prepared by means of only replacing FeCl; by (NH,),M0,0;3,

a)
<2nm 2-50 nm
5 <
i <
2 RG@(Fe2PcNPC)| g
2 - 8 o 0.10 —3—RG@(FezP< NPC)
2 5 £ —)—RG@NPC
£ = ——NPC
[E¥BS No. 51.0043 Fagp ~-suiFeIP=PAND % 0.05
| [ T 0.001 & e
10 20 30 40 S0 60 70 80 H 0
2 Theta / degree Pore width (nm)
Fig. 4 (a) XRD patterns of RG@(Fe,PcNPC), GO@(Fe|PcPANI) and

the diffraction peaks referring to JCPDS card number 51-0943. (b)
Pore size distribution of the samples using the DFT method.

This journal is © The Royal Society of Chemistry 2017
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CoCl,, and Ni(OAc),, respectively, indicating the versatility of
this procedure regarding different MP-embedded carbon
nanosheets. All these results demonstrate that versatile MPs
particle-anchored NPC can easily be fabricated and that the 2D
morphology, crystalline character of the MPs, inorganic heter-
ostructures,' and hierarchical porous features of the nano-
sheets can be controlled rationally.

Integration of the multiple advantages of nitrogen doping,
hierarchically porous structure, nanosheet morphology and
carbon-wall-wrapped metal phosphides in such kinds of the as-
prepared 2D hybrid materials holds promise for their applica-
tion in electrochemical capacitors. RG@(Fe,PCNPC) was
chosen as a typical example for electrochemical capacitor study.
First, the cyclic voltammograms (CVs) of RG@(Fe,P C NPC) were
measured at a sweep rate of 5 mV s * in 6 M KOH and were
compared to the CVs of NPC, RG@NPC, and Fe,P (Fig. 5a, S17a
and S18a-ct). The CVs of RG@NPC and NPC showed similar
current densities, whereas the curve of RG@(Fe,P CNPC) dis-
played a much larger current density and typical redox current
peaks corresponding to reversible reactions between Fe*" and
Fe®*. Based on the relevant literature,"” the possible reaction
corresponding to the redox peaks is as following:

Fe?* + 20H™ — Fe(OH), 3)

Fe(OH), + OH™ < FeOOH + H,0 + ¢~ (4)

The galvanostatic charge/discharge curves were measured at
a current density of 1-10 A g~ (Fig. 5b, S17b and S18d-f). The
specific capacitance of RG@(Fe,P C NPC) was calculated to be as
high as 1098 F g, which is more than 10 times the capacitance
values of NPC (90 F g~ '), RG@NPC (106 F g '), and Fe,P (44.3
Fg ) at1Ag ' (Fig. 5¢). RG@(Fe,PCNPC) exhibited a high
performance rate capability (Fig. 5¢) and an extremely high

‘l) 20 ==xrc b) — NPC
15— Re@nee 50.4 ——RG@NPC
~ " ]—Ro@Ferc NPC) 3 ——RG@(Fe:PL NPC)
210 03
= <
2 s 2
] =02
3 0 N
H £ 0.4
g 5 5o
3 o
240 “ 00
15 '

0.0 0.1 0.2 0.3 0.4 0 200 400 600 800 1000

Potential (V vs. Ag/AgCl) Time (s)

c)‘“"" d)wo
——NPC 36005 2608 36s
- —«—RG@NPC . o
1o \ ——RG@Fe:PCNPC)| 7 .
—
800 gm_ ~ 36
2
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400 0.38¢}

Energy densi
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Specific capacitance (F

>
e

2 Cu"éntdenséity (A g'é) 10 1 Pouagrdensity(\}vubg") 10000

Fig. 5 (a) Cyclic voltammograms and (b) galvanostatic charge-—
discharge curves of NPC, RG@NPC and RG@(Fe,P C NPC) obtained in
6 M KOH at 5 mV s~ and the current density of 1.0 A g~* respectively.
(c) Specific capacitance of NPC, RG@NPC and RG@(Fe,PCNPC) at
different current densities (1.0-10 A g%). (d) Ragone plot of the

supercapacitor based on RG@(Fe,P CNPC).
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specific capacitance of 611 F g " at 10 A g ', outperforming
state-of-the-art performance among porous carbon and MP-
based supercapacitors (Table S3t).** Furthermore, RG@(Fe,-
PCNPC) showed excellent cycling stability with 77.9% capaci-
tance retention after 1000 cycles (Fig. S17ct). Energy and power
densities are critical parameters for energy storage devices.
Fig. 5d presents the Ragone plot of RG@(Fe,P C NPC) related to
energy and power densities. The supercapacitor based on
RG@(Fe,P CNPC) exhibited a maximum energy density of 18.7
W kg~ ' at 175.1 W kg ', which is comparable to the maximum
energy densities of most heteroatom-doped carbon-based elec-
trodes.” Nyquist plots and equivalent circuits (Fig. S19 and
Table S41) of these electrodes reveal that RG@(Fe,P C NPC)
exhibited the lowest charge-transfer resistance (0.25 Q) among
the as-prepared materials (RG@NPC: 0.45 Q, NPC: 0.61 Q, Fe,P:
1032 Q), benefiting from the high conductivity of porous
carbons and the long-distance conductivity of graphene layers.
Thus, the good conductivity, hierarchically porous structure,
and the synergistic effect between Fe,P and NPC may be effec-
tively combined together to contribute to the outstanding
supercapacitor performance.*

MPs have recently been widely investigated because of their
potential for the high performance electrochemically catalyzed
hydrogen evolution reaction (HER).** Therefore, the electro-
catalytic HER activity of the obtained RG@(MPCNPC)s in 0.5 M
H,SO, was examined. The iR correction was applied to all
electrochemical measurements because of ohmic resistance
during measurement. The polarization curves and calculated
Tafel slopes of the as-prepared materials are depicted in
Fig. S20a and b.t Table S61 shows that RG@(Fe,P CNPC)
exhibited the lowest onset overpotential (45 mV), the lowest
overpotentials (102 mV at 10 mA cm % 191 mV at 100 mA
cm ?), and the smallest Tafel slope (61 mV dec ') thereby
suggesting that the HER occurs on the surface of RG@(Fe,-
PCNPC) according to the Volmer-Heyrovsky mechanism.>* The
polarization curves (Fig. S20df) of the RG®(Fe,P CNPC)
cathode before and after accelerated degradation testing for
3000 continuous cycles (sweeping the potential in a range of
—500 mV to +200 mV versus RHE at a rate of 100 mV s~ *). The
electrode exhibited minimal degradation after 3000 cycles, with
an overpotential increase of only 10 &+ 1 mV, to achieve current
densities of 10 and 100 mA em™>, respectively. These results
were comparable to those reported for Fe,P-based catalysts and
other MP-based catalysts (Table S77).>* The superior HER
performance of RG®@(Fe,PCNPC) compared to that of
RG@(MPCNPC) can be further assessed by electrochemical
impedance spectroscopy (Fig. S20ct) and calculated charge-
transfer resistance (Table S5t) based on a two-time-constant
model (Fig. S211). The HER performance of the as-prepared
materials can be further optimized by controlling different
parameters such as pyrolysis temperature, particle size, and MP
content.

Bimetallic nanoparticle-based nanomaterials have exhibited
excellent potential as efficient electrochemical catalysts for the
HER,* CO, reduction reaction,” oxygen evolution reaction
(OER),?** and oxygen reduction reaction (ORR).”” As a proof-of-
concept, Fe,P and Co,P co-embedded 2D NPC (denoted as
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RG@(Fe,P|Co,PCNPC)) was further prepared through the
same procedure by adding both FeCl; and CoCl, to the aqueous
layer. The HR-TEM image in Fig. 6a clearly shows a well-
resolved lattice fringe with interplanar distances of 0.20 nm and
0.44 nm, corresponding to the (201) plane of Fe,P and the (101)
plane of Co,P, respectively. This is consistent with the XRD
pattern and XPS result of RG@(Fe,P|Co,P CNPC) (Fig. S22 and
S2371). The HAADF STEM image and EDX elemental mapping
further illustrate that C, N, Fe, Co, and P are uniformly
distributed in the bimetallic phosphide-based 2D hybrid
(Fig. 6b).

The electrocatalytic properties of RG@(MPCNPC) for the
ORR was subsequently evaluated under alkaline conditions (0.1
M KOH). First, the CV of RG@(Fe,P|Co,PCNPC) in O,-satu-
rated 0.1 M KOH revealed an ORR peak potential of 0.70 V versus
RHE (Fig. 7a), which is 5-6 mV higher than those of RG@NPC
and single MP-embedded 2D NPC (Fig. S247). According to the
LSV curves under 1600 rpm (Fig. 7b), RG@(Fe,P|Co,P CNPC)
showed an excellent onset potential of 0.8 V and a half-wave
potential of 0.78 V, which are superior to those of RG@(Fe,-
PCNPC) and RG@(Co,PCNPC). The half-wave potential
difference between RG@(Fe,P|Co,P CNPC) and Pt/C was found
to be only 49 mV (Fig. S26bt). According to the rotating ring-
disk electrode experiment (Fig. S26at), a four-electron transfer

Fig. 6 (a) High resolution TEM image, (b) HAADF STEM image and
elemental mapping of RG@(Co,P|Fe,P cNPC).
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Fig.7 (a) Cyclic voltammograms of RG@(Co,P|Fe,P cNPC)in N,- and
O,-saturated 0.1 M KOH. (b) LSV curves of RG@(Co,P|Fe,PcNPC),
RG@(Co,PcNPC), RG@(Fe;PCNPC) in O,-saturated 0.1 M KOH
solution at 1600 rpm at a scan rate of 5mV s~2. (c) Calculated electron-
transfer number (n) and percentage of H,O, (%) for RG@(Co,P|Fe,-
PCNPC) as a function of the electrode potential. (d) Current—time (i—t)
chronoamperometric response of RG@(Fe,P|Co,PcNPC) and Pt/C at
-04V.

(n = 3.78 at 0.7 V) mechanism with a low yield of H,0, (Fig. 7c)
can be calculated (eqn (1) and (2)). In addition, the durability of
RG@(Fe,P|Co,PCNPC) was tested at a constant voltage of 0.45
V for 20 000 s (Fig. 7d). Notably, it exhibited a high relative
current (83.5%) that persisted after 20 000 s, which is higher
than that of Pt/C (81.2%). This may attributed to the fact that
the MPs were well wrapped by the carbon layer. Compared with
the ORR performance of the as-prepared single MP-anchored
carbon nanosheets (Fig. S24 and S251), RG@(Fe,P|Co,P CNPC)
showed the best ORR activity. This may attributed to the
synergistic effect between bimetallic nanoparticles. Generally,
the superior electrocatalytic activity of the as-prepared
RG@(MPs CNPC)s are attributable to the following causes: (1)
the small and uniformly distributed crystallized MPs produce
large active sites for the HER and ORR; (2) the 2D morphology
and strong interactions between the RG, NPC, and MPs
substantially increase the electrical conductivity, thereby
enhancing electron transfer.

Conclusions

In summary, we demonstrated an interfacial engineering
method for the rational synthesis of 2D PANI nano-array and
corresponding nitrogen-doped porous carbon nanosheets. Not
only was it easy to produce a sandwich-like 2D morphology, but
also the thickness, anchored cations and anions, and different
metal phosphides were easily and rationally engineered by
controlling the composition of the aqueous layer. The novel
structural features of these hybrids enabled outstanding elec-
trochemical performance. We believe that this interfacial
approach can be extended to the controllable synthesis of
various 2D materials coupled sandwich-like hybrid materials
with potential application in a wide range of areas. Such an

This journal is © The Royal Society of Chemistry 2017
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interfacial method can be used to fabricate various types of
heteroatom-doped porous carbon nanosheets and MP-
anchored carbon nanosheets. Moreover, it can be used to
produce versatile nanoparticles, such as transition metal
carbide (Fig. S271) anchored porous carbon nanosheets for
a broad range of applications in the field of energy storage and
conversion.
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