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Three dimensional (3D) N-doped porous graphene and vanadium
nitride co-promoted Pt (3DNPG/VN/Pt) electrocatalyst was first
presented in this work. Such multi-component catalysts exhibited
superior performances for the oxygen reduction reaction (ORR).
The mass activity of 3DNPG/VN/Pt is up to 535 mA mg™ Pt (after
IR correction), which is 4.35 times as high as that of commercial
Pt/C (123 mA mg™ Pt). Higher stability of the 3DNPG/VN/Pt is also
demonstrated by comparison to the commercial Pt/C.

Multiple hybrid nanostructured materials often give rise to many
extraordinary collective and synergic properties not present in the
individual counterparts, leading to potential applications of these
hybrid architectures in diverse electrochemical fields." Considerable
research efforts made on multiple hybrid nanostructures have
recently been focused on the electrocatalysis applications.2 The
development of multi-component catalysts offers great promise to
tangibly enhance catalytic performances and reduce material cost
for the commercialization of fuel cells.?

Previous literatures have indicated that one of the desirable
architectures for such hybrid catalysts is the metal carbide-based
synergetic platinum (Pt) catalysts: e.g., Pt/WC/C®, Pt/MoC/C°, and
Pt/VC/C6 systems. Among these hybrid structures, metal carbides
are widely recognized as the synergetic components imparting
improved catalytic activity and long-term stability for the catalyst
systems.7 On the other hand, developing graphene-based hybrid
catalysts is an effective route to increase the activity of platinum
catalysts due to the notable promoted effects of graphene.8 With
this in mind, the combination of carbide and graphene has become
an alternative strategy for designing high performance Pt-based
electrocatalyst for the application in fuel cells.
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Recently, metal nitrides were found to be the promising active and
synergetic catalysis materials for fuel cells due to their highly
electronic conductivity, well thermal stability and electrochemical
stability in fuel cell operating conditions.’ For example, Pt/TiN/C,10
Pt/WN/C“and Pt/MoN/C12 as electrocatalysts in fuel cells has been
reported, which showed higher catalytic activity and better stability
than those of metal carbide-based electrocatalysts. On the other
hand, N-doped graphene was also reported to be an attractive
active and synergetic component for the Pt-based electrocatalyst
owing to the larger surface area, high electric conductivity, and
nitrogen-related active sites.” Particularly, the hybrid architecture
composed of metal nitrides and Pt metal, directly grown on the N-
doped graphene, would be a promising electrocatalyst with greatly
improved catalytic performances for fuel cells, depending on the
co-promoted effects from the dual synergetic components.

For the oxygen reduction reaction (ORR) electrode of fuel cells,
several technical parameters are especially significant, for instance,
the oxygen diffusion and water removal. It is widely believed that
the mass-transport loss, incurred by the poor oxygen-transport
through the electrode layer and diffusion medium is a fundamental
contribution to the voltage loss for fuel cells.* Therefore, a highly
poriferous framework for the ORR electrode is absolutely essential
for the manufacturing of high-performance fuel cells.” The newly
developed three-dimensional (3D) graphene-like (ultrathin graphite
nanosheets) porous networks™® are highly expected to meet the
above requirements for high-efficiency mass transport, due to their
favorable 3D networks and sufficient macroporous structures.

Herein, we propose the novel 3D N-doped porous graphene-like
networks (3DNPG) with abundant mesopores and macropores, for
the construction of an efficient metal nitride (vanadium nitride, VN)
synergeticly enhanced Pt electrocatalyst for the ORR of fuel cells.
The 3DNPG/VN/Pt hybrid electrocatalyst are designed on the basis
of the following considerations: (i) the 3-D macroporous networks
enable fast mass-transport kinetics of the system, (ii) the abundant
mesoporous structures can accommodate and steadily anchor the
VN an Pt nanoparticles, (iii) the nitrogen-related active sites of N-
doped graphene and VN can provide co-promoted effects towards
the Pt electrocatalyst. With these merits, we demonstrate that ORR
electrocatalysts with high performances can be designed on the
basis of this novel hybrid nanostructured material.
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Fig. 1 XRD patterns of the 3DNPG, 3DNPG/VN and 3DNPG/VN/Pt samples.

For the synthesis of 3DNPG support, an activation/graphitization
synchronous strategy is used with ion-exchange resin carbon source
and melamine as nitrogen source. The 3DNPG/VN is synthesized by
the one-step sintering of 3DNPG with NH,VO; and melamine. The
3DNPG/VN/Pt is synthesized by the Intermittent Microwave Heating
(IMH) method. More experimental details are provided in the ESI.
X-ray diffraction (XRD) patterns of as-prepared samples are shown
in Fig. 1. All these samples indicate similar graphitic (G) (002) peaks
of 3DNPG at 26.2°, indicating the well crystalline structures of the
graphene-like product. For the 3DNPG/VN, a series of diffraction
peaks at 37.6° 43.7°, 63.6° and 76.3° are observed, corresponding
to the 111, 200, 220 and 311 planes of VN phase (JCPDS, 65-5288).
The average crystallite size of VN crystals calculated by Scherrer
equation is about 9.3 nm from the 111 crystal plane. For the
3DNPG/VN/Pt, the new diffraction peaks at 40.1°, 46.3°, 67.9° and
81.6° correspond to the (111), (200), (220) and (311) planes of Pt
phase (JCPDS, 65-2868). The average crystallite size of Pt crystals is
calculated to be about 2.1 nm from the 111 crystal plane. The
diffraction peaks of VN phase (marked by arrows) can be observed in
3DNPG/VN/Pt, which indicates that the hybrid architecture of VN
and Pt grown on 3DNPG has been successfully synthesized.

Fig. 2 displays the typical scanning electron microscopy (SEM)
images of the 3DNPG sample, indicating the formation of a well-
defined 3D macroporous network architecture that is made up of
numerous interconnected graphene-like nanosheets. The diameter
of these macropores ranges from 300 to 500 nm. The thickness of
nanosheets is less than 20 nm. On the other hand, the transmission
electron microscopy (TEM) images (Fig. 3) further demonstrate the
fascinating 3D configuration, which is constituted of ultrathin (15
nm) and interlaced nanosheets (Fig. 3 A and B). The formation of
mesopores (2-10 nm, marked by arrows) on these nanosheets was
confirmed by the higher-magnification TEM image (Fig. 3 C). And a
high-resolution (HR) TEM image (Fig. 3 D) gives a precise description
of the mesoporous texture, where the legible crystal lattice belong
to the graphitic basal plane unit (spz-bonded carbon), and the
amorphous area is originated from the porous structures and little
spa-bonded carbon. At the same time, the nitrogen adsorption-
desorption analysis of 3DNPG sample (Fig. S1 A) exhibits the typical
characteristics of mesoporous materials, with increasing adsorption
volume and pronounced desorption hysteresis loops. The pore size
distribution (Fig. S1 B) indicates that the sample has the satisfactory
mesopores (2-10 nm) and remarkable macropores (50-300 nm). The
BET surface area of 3DNPG sample is 1065 m? g'l.
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Fig. 3 Typical TEM images the 3DNPG sample in different magnifications.

Fig. 4 shows the typical TEM images of the 3DNPG/VN/Pt sample.
From the low magnification images (Fig. 4 A and B), it can be seen
that innumerable nanoparticles are well dispersed on the 3DNPG. A
higher-magnification TEM image (Fig. 4 C) clearly shows that these
nanoparticles are composed of two different components, where
the larger one in size of about 10 nm is the VN nanoparticles and
the smaller one in size of about 2 nm is the Pt nanoparticles. The
HR-TEM image (Fig. 3 D) reveals the surrounding relation between
VN and Pt nanoparticles, and the existence of spz-bonded graphitic
carbon. The result further demonstrates the successful integration
of VN and Pt components on 3DNPG. The graphitic and mesoporous
structures can provide a high electronic conductivity and structural
stability for both the VN and Pt nanoparticles.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 XPS patterns the 3DNPG/VN/Pt sample: (A) the overall survey, (B) V 2p-O
1s, (C) N1s and (D) Pt 4f.

The X-ray Photoelectron Spectroscopy (XPS) is further applied to
reveal the surface states of 3DNPG/VN/Pt catalyst, with the results
shown in Fig. 5. The overall survey (Fig. 5 A) shows the sample is
composed of C, O, N, V and Pt elements. Fig. 5 B displays the high-
resolution XPS spectra of O 1s and V 2p, indicating the presence of
an oxide layer on the surface of VN." The peak at 530.4 eV of Ols
can be attributed to the lattice oxygen of metal oxides on the
surface of VN. The peak at 532.3 eV of O1s is mainly attributed to
the oxygenated groups (e.g. C=0) on the 3DNPG. The peak at 533.8
eV of O1s belongs to the adsorbed hydroxyl oxygen (OH') on the
surface of catalyst sample. The V 2p1/2 and V 2p3/2 peaks at 514.3 eV
and 521.7 eV belong to vanadium in the VN crystalline, while the
other two peaks at 517.2 eV and 524.8 eV can be assigned to
oxidation states of vanadium."®For the N 1 s spectrum (Fig. 5 C), the
peak at 397.4 eV is the typical characteristic of metal nitride (VN).19
The peaks at 401.2 eV and 399.5 eV are generally assigned to
graphitic and pyridine type N bonding to crystal structure of carbon,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Electrocatalytic performances of the samples: (A,C) overall ORR curves,
(B,D) Pt mass activities at 0.9V (vs. RHE) (A,B: before IR correction; C,D: after IR
correction).
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Fig. 7 Electrochemical stability of (A and B) 3DNPG/VN/Pt and (C and D) TKK Pt/C.
A and C show the Cyclic voltammograms (CV) curves, and B and D show the ORR
curves before and after 1500 CV cycles (the insets are the mass activities).

highly indicative of the formation of N-doped graphene materials.”
The Pt 4f spectra of the commercial Pt/C (TKK, 47.60 % Pt) and
3DNPG/VN/Pt (14.58 % Pt) are also compared in Fig. 5 D. The
3DNPG/VN/Pt reveals about 0.5 eV decrease in binding energy
compared to that of the commercial Pt/C, which is mainly due to
the electron transfer from VN to metallic Pt (i.e. the occurring of
electron-donating effect 20), suggesting that the hybrid catalyst is
catalytically more active than the single Pt catalyst.

The ORR electrocatalytic performances of the samples are further
demonstrated in Fig. 6. The comparative ORR measurement of the
samples, including the Pt/C, 3DPG/Pt, 3DNPG/Pt and 3DNPG/VN/Pt
(based on the same weight of Pt) have been carried out, in order to
demonstrate the co-promoted effects from N-doped graphene and
VN. The ORR polarization curves (see Fig. 6A) were recorded at 25
°C in an O,-saturated 0.1 M HCIO, solution with a sweep rate of 5
mV/s and a rotation speed of 1600 rpm. The ORR onset potential of
Pt/C, 3DPG/Pt, 3DNPG/Pt and 3DNPG/VN/Pt are 0.983, 0.992, 1.005
and 1.018 V, respectively. And the half-potential (E;;,) value of the
3DNPG/VN/Pt is about 48 mV more positive than that of the Pt/C,
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which suggests that the intervention of 3DNPG and VN components
can reduce the overpotential of ORR evidently.

The mass activities of the Pt-based catalyst were calculated from
the ORR data by using the mass transport correction for a rotating
disk electrode®’: i=igi/(iq-i), where i is the experimentally obtained
current, iy refers to the measured diffusion-limited current and iy
the mass-transport-free kinetic current. The Pt mass activities at 0.9
V are calculated to be about 103, 142, 194 and 361 mA mg'1 Pt, for
Pt/C, 3DPG/Pt, 3DNPG/Pt and 3DNPG/VN/Pt, respectively (see Fig.
6B). Obviously, 3DNPG/Pt shows higher mass activity (194 mA mg'1
Pt) than that of 3DPG/Pt (142 mA mg'1 Pt), which demonstrates that
the nitrogen-related active sites of N-doped graphene give
beneficial effect for Pt metal. Furthermore, 3DNPG/VN/Pt shows
much higher (361 mA mg'1 Pt) mass activity than that of 3DNPG/Pt
(194 mA mg'1 Pt), which reveals a more remarkable promoted
effect on Pt metal from VN component. Owing to the co-promoted
effects from N-doped graphene and VN, the Pt mass activity of
3DNPG/VN/Pt is about 3.5 times as high as that of Pt/C.

It is well known that the “IR correction” is very important for ORR
measurements and the proper current values correction for Ohmic
resistance should be applied.22 In this case, the Ohmic resistance in
0.1M HCIO, aqueous solution is tested to be about 17.5 Q via the
electrochemical impedance spectroscopy (see the inset in Fig. 6 C).
It can be seen from Fig. 6 C that, after the IR correction, these ORR
curves from 0.8 V to 1.0 V become more vertical, indicating that the
improvement of ORR kinetics. After the IR correction, the Pt mass
activities at 0.9 V are calculated to be about 123, 176, 262 and 535
mA mg'1 Pt, for Pt/C, 3DPG/Pt, 3DNPG/Pt and 3DNPG/VN/Pt,
respectively (see Fig. 6D). It is worth mentioning that the Pt mass
activity of 3DNPG/VN/Pt is about 4.35 times as high as that of Pt/C
after the IR correction. Remarkably, in this case, the Pt-mass activity
of the 3DNPG/VN/Pt has exceeded the DOE target in 2017 (440 mA
mg'1 Pt). =

The electrochemical stability of both 3DNPG/VN/Pt and Pt/C
electrocatalysts have been investigated by the continuous potential
cycling between 0.6 and 1.2 V with a scan rate of 50 mV/s for 1500
cycles (Fig. 7). The CV curves were obtained at 50 mV/s in N,-
saturated 0.1 M HCIO, aqueous solution, and the ORR curves were
obtained at 5 mV/s in O,-saturated 0.1 M HCIO, aqueous solution.
The electrochemical active surface area (EASA) of the Pt-based
electrocatalyst is achieved based on the integrated charge in the
hydrogen adsorption peak area (as shown by the shadow in Fig. 7A
and C). Before 1500 cycles, the ECSAs of the 3DNPG/VN/Pt and Pt/C
electrocatalysts were 124.3 and 78.6 mz/g, respectively. It can be
deduced that the high ECSA value of 3DNPG/VN/Pt is closely
correlated with the small particle size of Pt (as determined by TEM).
And the integration of VN and Pt may be good for the high ECSA
value of Pt, where further examination is needed. After 1500 cycles,
the ECSAs of the 3DNPG/VN/Pt and Pt/C electrocatalysts were
111.6 and 51.2 m?/g, respectively. Obviously, the 3DNPG/VN/Pt
maintains higher ECSA retention of about 87 %, while that of Pt/C is
only 65 % after 1500 time continuous potential cycles. Only 10 mV
degradation in the half-wave potential for 3DNPG/VN/Pt (Fig. 7B),
while that of Pt/Cis 25 mV (Fig. 7D). Remarkably, a relatively higher
Pt mass activity of 412 mA mg'1 Pt can be obtained for
3DNPG/VN/Pt after 1500 cycles, while that of Pt/C is only 74 mA
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mg'l. The less loss of the active surface area and higher ORR activity
indicate that the electrochemical stability of the 3DNPG/VN/Pt
hybrid electrocatalyst is better than that of the commercial Pt/C
electrocatalyst.

In summary, this study demonstrates the first synthesis of newly
ternary 3DNPG/VN/Pt hybrid architectures with unique 3D network
configuration. The nitrogen-related active sites of 3DNPG and VN
provide remarkable co-promoted effects towards the Pt metal. The
Pt mass activity of 3DNPG/VN/Pt electrocatalyst for the ORR is up
to 535 mA mg'1 Pt (after IR correction), which is much higher than
that of commercial Pt/C (123 mA mg'1 Pt) at 0.9 V. Expressly, the
favourable mesoporous structures of 3DNPG endow with excellent
structural stability of the hybrid electrocatalyst. It is expected that
the constructing of hybrid architecture with 3-D N-doped porous
graphene-like network and metal nitrides is a promising strategy to
build high-performance Pt-based electrocatalysts with a superior
activity and desirable stability for the ORR application.
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