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ARTICLEINFO ABSTRACT

Article history: A novel pyridine-containing metal-organic framework (MOF), [Zn(bpdc)DMA] DMF, was first
Received 5 May 2014 constructed by solvothermal reaction of 2,2’-bipyridine-5,5'-dicarboxylate (bpdc) with zinc
Accepted 7 August 2014 nitrate, and then it was converted to nitrogen-doped porous carbons (NPCs) by direct
Available online 14 August 2014 carbonization. The as-prepared porous carbon (NPC800) was characterized by scanning

electron microscopy (SEM), X-ray powder diffraction (XRD), N, sorption isotherms, and X-
ray photoelectron spectroscopy. NPC800 was modified onto glassy carbon electrode surface
for investigating its electrochemical applications. Cyclic voltammetry (CV) and linear
sweep voltammetry were performed to evaluate the electrocatalytic activity of NPC800
for oxygen reduction reaction (ORR) in alkaline solution. NPC800 exhibited better ORR activ-
ity than commercial Pt/C. Pt-catalyst supported on NPCs (Pt/NPC800) was prepared by
means of electrodeposition and characterized by SEM, Energy dispersive spectrometry
and XRD. The electrocatalytic activity and stability of Pt/NPC800 for methanol oxidation
reaction (MOR) were estimated in acidic methanol solution by CV and chronoamperometric
curves, respectively. Pt/NPC800 showed catalytic role for MOR, and also had better stability
than Pt-catalyst supported on commercial Vulcan XC-72.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction are extensive approaches to obtain porous carbons such as

template method [9], direct carbonization [10], sol-gel synthe-
Porous carbon-based materials have been widely investigated sis [7], physical and chemical activation [11], in which direct
in different research fields including gas storage [1,2] and carbonization of precursor is a simple and effective method

separation [3,4], electrocatalyst [5,6] and capacitor [7,8]. There without any other additives [10]. Various kinds of precursors
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can be applied to prepare porous carbons [12-15] with specific
characteristics. Therefore, it is of great importance to explore
a suitable precursor for the synthesis of porous carbons with
high surface areas and pore volumes, in different fields,
especially for the electrochemical applications.
Metal-organic frameworks (MOFs) are a class of crystalline
porous materials with high surface area, large pore volume,
and chemistry tenability. They have also been utilized as tem-
plates or precursors to synthesize porous carbons. Liu et al.
[12] firstly utilized MOF-5 as a template to prepare porous
carbon with a surface area of 2827 m?g *, displaying the
hydrogen capacity of up to 2.6 wt% at 1bar and 77K, and
excellent electrochemical performance. Subsequently, several
research groups [16-25] employed other MOFs to prepare por-
ous carbons for various applications. Radhakrishnan et al.
[18] reported the carbonization of Al-based porous coordina-
tion polymer (Al-PCP) with furfural alcohol as carbon source
for the preparation of microporous carbon fibers, displaying
the potential use in catalysis. Chaikittisilp et al. [19] used a
zeolitic imidazolate framework (ZIF-8) to synthesize porous
carbons with high electrochemical capacitances through
direct carbonization. Moreover, Yang et al. [20] employed
IRMOF-1, 3, and 8 to prepare hierarchically porous carbons
and investigated their hydrogen storage performance. Based
on the reported works, MOFs can not only serve as porous
template [16,18,25-27] to prepare porous carbons in the pres-
ence of other carbon sources, such as furfural alcohol and
glucose, they can also act as self-sacrificed precursor (includ-
ing intrinsic porous and nonporous MOFs [28,29]) through
direct carbonization without addition of other carbon
sources. Therefore, the design and synthesis of MOFs is very
crucial for the preparation of porous carbons, especially with
some heteroatoms doping. Oxygen reduction reaction (ORR)
is the cathodic reaction of fuel cells. Carbon materials doped
with nitrogen, especially with pyridinic N, can improve ORR
catalytic activity [30]. In view of the rich N atom in imidazo-
late ligands of ZIF, Ma et al. [17] applied Co-ZIF for the first
time to prepare nitrogen-doped porous carbons (NPCs) with
Co-N, catalytic site for oxygen reduction; afterwards, they
also used Fe-ZIF for the same purpose [21]. Recently, Zhang
et al. [25] employed ZIF-7 to synthesize NPCs and the metal-
free NPCs showed superior electrocatalytic performance for
ORR. They proposed that not only ZIF, but also other nitro-
gen-containing MOFs can be regarded as precursor and nitro-
gen source to prepare NPCs. To the best of our knowledge,
there is no report on the preparation of NPCs from MOF pre-
cursor containing pyridine-based ligands, which may be help-
ful to enhance the functionality of nitrogen in porous carbons
for ORR. In addition, porous carbons can also serve as catalyst
support for various catalytic reactions such as methanol elec-
trooxidation [31] by use of its porosity. Methanol oxidation
reaction (MOR) is the anodic reaction of direct methanol fuel
cell. The development of well-known Pt/C catalysts for MOR
faces the challenges of their insufficient performance and
poor long-term stability [32]. Su et al. [33] pointed out that
the presence of N species on the carbon support surface could
lead to high dispersion of Pt nanoparticles and the stronger
Pt-support interaction, which resulted in the enhanced cata-
lytic activity and durability toward ORR and MOR [34]. It is

expected that Pt-based catalyst supported on NPCs derived
from MOFs will exhibit better catalytic durability.

For the above purpose, we designed and synthesized a novel
pyridine-containing MOF, [Zn(bpdc)DMA]'DMF (bpdc=2,2’-
bipyridine-5,5’-dicarboxylate, DMA = N,N’-dimethylacet-
amide, DMTF = N,N’-dimethylformamide), by solvothermal
reaction. This is the first example that the pyridine groups in
the organic linker of a MOF can serve as a nitrogen atom source
for NPC materials. The structure of this MOF was characterized
by single-crystal X-ray diffraction. We attempted to prepare
NPCs (NPC800) from the as-synthesized [Zn(bpdc)DMA]-DMF
by direct carbonization at 800 °C, and characterized the final
product by scanning electron microscopy (SEM), X-ray powder
diffraction (XRD), N, sorption isotherms and X-ray photoelec-
tron spectroscopy (XPS). Pt-based catalyst supported on NPCs
(Pt/NPC800) was prepared by means of electrodeposition and
characterized by SEM, Energy dispersive spectrometry (EDS)
and XRD. The catalytic activity of NPC800 for ORR and Pt/
NPC800 for MOR were further investigated by electrochemical
methods.

2. Experimental

2.1. Materials

Chloroplatinic acid hexahydrate (H,PtClg6H,0, 99.9%) and
commercial 10 wt% Pt/C were purchased from Aladdin Indus-
trial Corporation. 5 wt% Nafion solution was obtained from
Aldrich. Vulcan XC-72 was purchased from Cabot Corp. Ultra-
pure (99.999%) nitrogen and oxygen was purchased from
Qingdao Heli gas Co., Ltd. All other reagents were obtained
from Sinopharm Chemical Reagent Co., Ltd and used as
received without further purification. Water was obtained
from a Millipore system with a resistivity larger than
18 MQ cm.

2.2.  Synthesis of [Zn(bpdc)DMA]-DMF

The ligand bpdc was prepared according to the previous proce-
dure reported by our group [35,36]. Subsequently, Zn(NOs),
6H,0 (238 mg, 0.8 mmol), bpdc ligand (97.6 mg, 0.4 mmol)
and DMA/DMF (15 mL/8 mL) were mixed in a Teflon-lined
autoclave. After the mixture was stirred at room temperature
for 30 min, the autoclave was heated at 100 °C for 72 h and
then cooled to room temperature over 24 h. Pure phase of col-
orless block crystals were obtained through filtration followed
by washing with DMF (name as compound 1). To avoid
destruction of crystals by moisture in air, the solvent in as-
synthesized crystals was washed with CHCl; and then dried
under vacuum. The sample was kept in a bottle filled with
N, atmosphere. The yield was about 80.2% on the basis of
the ligand. The formula of compound 1 was determined as
[Zn(bpdc)DMA]'DMF based on single-crystal X-ray analysis,
elemental analysis and thermo gravimetric analysis (TGA).
Elemental Analysis (%): Calcd. for C1oH,,N406Zn (467.81): C
48.77,H 4.70, N 11.97; Found: C 49.21, H 4.84, N 12.30. Infrared
(KBr, cm™Y): 3109 (w), 2932 (m), 1626 (vs), 1606 (vs), 1508 (m),
1368 (vs), 1258 (m), 1157 (m), 1123 (w), 1308 (s), 846 (s), 779
(s), 711 (m), 589 (w).
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Crystallographic details for compound 1 are summarized
in Table S1 (Supporting information). CCDC-994732 (for
compound 1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

2.3.  Preparation of NPC800

The precursor compound 1 was directly carbonized at 800 °C
under N, atmosphere for 3h in a vertical tubular furnace at
the heating rate of 4°C min~!. Then, the obtained carbons
were treated with 4 mol L~ HCI solution for 3h at 60 °C to
remove probable inorganic impurities. The resulting product
was repeatedly rinsed with deionized water until the filtrate
became neutral in pH. The collected product was dried in a
convection oven at 120 °C for 10 h. The as-prepared carbon
material was denoted as NPC800.

2.4.  Modification of working electrode

Prior to use, glassy carbon electrode (GCE) with a diameter of
3mm and rotating disk electrode (RDE) with a diameter of
3.2mm were polished mechanically with alumina slurry,
washed with Milli-Q water and ethanol, and then allowed to
dry. To prepare working electrodes, 2 mg NPC800 or commer-
cial 10 wt% Pt/C was dispersed into 1 mL 0.15 wt% Nafion eth-
anol solution to obtain homogeneous suspension through
bath sonication. Then a 5pL of the suspension was
drop-casted on GCE or RDE and the modified electrode was
dried at room temperature for ORR. In the case of MOR, a cer-
tain amount of Pt (21 wt%) was loaded on NPC800-modified
GCE using electrodeposition (amperometric i-t curve) in
0.5mol L™t HCl and 5 mmol L~! H,PtCls solution at —0.15V.
The obtained electrode was named as Pt/NPC800 GCE and
used as working electrode. For comparison, Pt/XC-72 GCE
working electrode was prepared using the same procedure
with Pt/NPC800 GCE to achieve the same Pt-loading amount
and utilized for MOR.

2.5.  Physical characterization

Single-crystal X-ray diffraction was measured at 195K on a
Bruker SMART APEX2 CCD area detector equipped with graph-
ite-monochromated Mo-Ka radiation (4 = 0.71073 A). TGA was
conducted on a NETZSCH STA 449F3 unit at a heating rate of
10K min~! under nitrogen atmosphere. Elemental analyses
for C, H, and N were carried out with a German Elementary
Vario EL cube instrument. Fourier transform infrared (FT-IR)
measurement was performed on a Nicolet 6700 FTIR spec-
trometer. SEM images were obtained with a Hitachi S-4800
(Japan) scanning electron microscope equipped with EDS at
an acceleration voltage of 15kV. XRD patterns were carried
out with a Bruker D8 ADVANCS800ED X-ray diffractometer
using Cu-Ko radiation (1=1.5418 A). The nitrogen sorption
experiments were performed at 77 K on a static volumetric
sorption analyzer (ASAP2020, Micrometrics, USA). XPS mea-
surements were recorded on Thermo ESCALAB 250 spectros-
copy with a monochromic X-ray source (Al-Ko, 1486.6 €V).

2.6. Electrochemical measurements

Cyclic voltammetry (CV) and chronoamperometry were per-
formed in a conventional three-electrode cell using a CHI660D
(Shanghai Chenhua, China) electrochemical workstation. Lin-
ear sweep voltammetry (LSV) was carried out on a RRDE-3A
(ALS Co., Ltd) with a RDE and a CHI400A (Shanghai Chenhua,
China) electrochemical workstation. For ORR, a platinum wire
and saturated calomel electrode (SCE) were used as counter
electrode and reference electrode, respectively. The electro-
chemical measurements were performed in N, or O,-satu-
rated 0.1 molL~! KOH at a scan rate of 20 mV s~*. For MOR,
a platinum wire and Ag/AgCl (KCl-saturated) were used as
counter electrode and reference electrode, respectively. The
electrochemical measurements were performed in N,-satu-
rated 0.5 mol L~! H,SO, solution containing 0.5 mol L~ meth-
anol at a scan rate of 50mVs™'. All electrochemical
experiments were carried out at room temperature.

3. Results and discussion

3.1. Structural
[Zn(bpdc) DMA]-DMF

description, XRD and TGA of

Single-crystal X-ray analysis revealed that compound 1 crys-
tallized in an orthorhombic space group Fdd2 with
a=21.4735 (11)A, b=41.459(3) A, ¢=9.7163(7) A, V =8650.0
(10) A3, The asymmetric unit contains one Zn(ll) ion, one bpdc
ligand and one coordinated DMA molecular (Fig. S1, Support-
ing information). The Zn(II) metal centers were coordinated
by two oxygen donor atoms from carboxylates, two nitrogen
atoms from 2,2’-bipyridine moieties and one oxygen atom
from coordinated DMA molecule, leading to a five-coordi-
nated trigonal pyramid geometry (as shown in Fig. 1a). The
carboxylate groups in bpdc linker were connected by two
Zn(II) ions in a monodentate form, while the 2,2’-bipyridine
moieties were coordinated to one Zn(Il) ion in a chelated
form. Since bpdc contains two donor sites, it can connect
three metal centers. However, some hard metal ions such as
lanthanide or early transition metals prefer to bind bpdc only
via the oxygen atoms in bpdc [35,36]. In contrast, Zn (II), a bor-
derline Lewis acid, is coordinated by both the O and N atoms
as shown in some complexes that bpdc act as ligand [37]. Self-
assembly of ligands and Zn(Il) ions in such a mode finally
gave a three-dimensional network as shown in Fig. 1b. A
series of parallel narrow pores (0.4 nm x 0.6 nm) were formed
along c axis upon considering Van der Waals radius. Regard-
ing the ligand bpdc as a T-shape linker and the metal centers
as a three connected nodes, the crystalline structure of com-
pound 1 can be simplified into a 3-connected network with
the point symbol of {10%} (as shown in Fig. 1c). The topological
type is utq which is slightly different from the SiSr2 topology.
This network can be viewed as the combination of the smaller
rectangular channels and the surrounding larger rectangular
channels. The larger channels were composed of two parallel
helical chains running in the L-helix fashion, while the
smaller channels were composed of one R-helix chains (as
shown in Fig. 1d). The assembly of the L-helix and R-helix
channels resulted in a three dimensional network with
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L-helix R-helix

Fig. 1 - The structural feature of compound 1. (a) A simplified unit for the extended network: Zinc ions (pink balls) are
represented as nodes, and the half of bpdc (orange sticks) is regarded as a connector linking the nodes. (b) A crystal structure
viewed along the crystallographic c axis. (c) A network structure displayed with the nodes and connectors in (a), and (d) the L
and R helical chains in the network are running along the c axis. (A color version of this figure can be viewed online.)

one-dimensional channels, which would be helpful for
constructing ordered porous carbon materials.

Based on above description, the structure of compound 1
has been understood profoundly. XRD was further performed
to confirm the phase purity and crystallinity of compound 1.
Fig. S2 (Supporting information) showed the experimental
XRD pattern of compound 1 and the simulated counterpart
from the single-crystal structure data. The two patterns are
in good agreement with each other, demonstrating that com-
pound 1 is very pure. The SEM image of compound 1 was
shown in Fig. S3 (Supporting information), and compound 1
crystallized in an arrow-like shape. TGA measurement of
compound 1 was performed under a N, atmosphere at a
heating rate of 10 °C min~" in order to evaluate the thermal
stability and carbonization temperature of compound 1
(Fig. S4, Supporting information). The weight loss of 34.7%
upon the temperature range from 25°C to 225°C corre-
sponded to the removal of free and coordinated guest mole-
cules, such as DMF and DMA (calcd. 34.2%). A plateau was
shown in the range of 225-420 °C on TGA plot, indicating that
compound 1 kept stable up to 420 °C. Subsequently, an obvi-
ous weight loss of about 16% happened owing to the decom-
position of compound 1. The gradual decrease of weight
above 490 °C was assigned to the carbonization process of
the materials. In this work, compound 1 was carbonized at
800°C to prepare porous carbon. For comparison, the

parameters of NPCs obtained at 1000 °C and its electrocata-
lytic behavior were provided in Supporting information.

3.2.  NPC800 derived from [Zn(bpdc) DMA]-DMF

3.2.1. Physical characterization of NPC800

The structure, porosity and composition of NPC800 were char-
acterized by corresponding techniques. The SEM image of
NPC800 was shown in Fig. 2a. It was clearly to see that the
structure of NPC800 was irregular and has sharp edges, indi-
cating that compound 1 as self-sacrificed precursor had been
broken down and carbonized completely with the conversion
of organic linkers to carbons. XRD pattern of NPC800 (Fig. 2b)
showed two broad peaks at 20 about 23° and 44°, which were
assigned to the (002) and (100) planes of carbon, indicating
the low graphitic degrees of this carbon [24]. Considering
graphitization in carbon would decrease the surface area
and make active sites inaccessible [21], the low graphitization
of this carbon is favorable to its catalytic activity.

Because as-synthesized compound 1 possesses narrow
pores along ¢ axis, such precursor is favorable for the forma-
tion of porous carbon during carbonization. Fig. 2c showed
the typical N, adsorption-desorption curve of NPC800 using
the same method with our group reported previously [38].
The rapid increase of the adsorbed volume when P/P, was less
than 0.02 showed the presence of large quantities of
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Fig. 2 - SEM image (a), XRD pattern (b), N, sorption isotherms (c) and pore size distribution (d) of NPC800 (STP = standard

temperature and pressure).

micropores in carbon. The gradual increase of curve at med-
ium relative pressure with an evident hysteresis loop
(0.4 < P/Py < 1) indicated the existence of mesopores [12]. In
addition, the condensation effect occurred at high pressure
revealed the probable existence of macropores. From the pore
size distribution of NPC800 (Fig. 2d) obtained from density
functional theory (DFT), it was seen that pores in the carbon
were truly composed of large quantities of micropores, some
mesopores and macropores, in accordance with N, sorption
isotherms in Fig. 2c. The existence of mesopores and microp-
ores could result from the elimination of Zn elements and
gasification of small molecules (e.g., CO,, H,0) from com-
pound 1 precursor. According to N, adsorption data, the
Brunauer-Emmett-Teller (BET) specific surface area and pore
volume of NPC800 were calculated to be 562m?g ' and
0.456 cm® g7*, respectively, while the surface area of com-
pound 1 was only 17 m? g * calculated from Fig. S5 (Support-
ing information). Since ORR in fuel cell is an electrochemical
reaction that takes place at the triple-phase boundary of reac-
tants, catalyst, and electrolyte, high specific surface area and
porosity of NPC800 help expose the catalytic site to reactant
with enhanced mass-transport properties [39,40].

Besides surface property, the constitutions of NPC800
should be investigated in view of their great importance to
the catalytic activity [39]. The mass ratio of C element to N
element was estimated to 5.2, indicating 2,2’-bipyridine moi-
eties in compound 1 precursor served as nitrogen resource of
NPC800. From XPS of NPC800 (Fig. S6, Supporting Informa-
tion), it could be seen that Zn2p3 peaks coexisted with Cls,
N1s and O1s peaks. Only 0.67 at% Zn was left, suggesting Zn
was almost completely eliminated from porous carbon by car-
bonization and washing. The peaks at 284.6, 285.2, 285.8, 283.1
and 289.3 eV in the Cls XPS spectrum (as shown in Fig. 3A)
corresponded to the sp®hybrizied graphitic carbon, GC-N,

C-0O, C=0 and O—C=0, respectively [41-43], which were in
agreement with FT-IR spectrum of NPC800 (Fig. S7, Supporting
information). The peaks at 398.3, 400.1 and 401.2 eV in the N1s
XPS spectrum (as shown in Fig. 3B) corresponded to pyridinic
N, pyrrolic N and graphitic N, respectively [44,45]. Importantly,
the pyridinic N can provide active sites which offer NPC800
with good catalytic activity [30].

3.2.2.  Electrocatalytic behavior of NPC800 for ORR

CV and LSV were utilized to investigate the electrocatalytic
activity of NPC800 towards ORR in 0.1 mol L™* KOH solution.
In Fig. 4A, CV curve obtained at NPC800 didn’t show any
redox peaks in N,-saturated solution at a scan rate of
20 mV s %, but exhibited an obvious oxygen reduction peak
at about —0.28 V vs. SCE when solution was saturated with
O,. It suggested the electrocatalytic activity of NPC800 for
ORR. For comparison, three electrodes, including bare RDE,
10% Pt/C-modified RDE and NPC800-modified RDE, were uti-
lized to investigate their electrocatalytic activity for ORR.
From Fig. 4B, it was observed that the ORR onset potential
of NPC800 was —0.14V vs. SCE, which was more positive
than bare RDE and similar to Pt/C. Moreover, the catalytic
current for ORR performed by NPC800-modified RDE was
higher than Pt/C-modified RDE. The above results illustrated
that NPC800 showed the excellent electrocatalytic activity
toward ORR.

The reasons for the advantage of NPC800 in ORR could be
considered from the two aspects, (i) the high BET surface area
facilitates mass transfer for exposing much active sites to
oxygen [21]; (ii) the pyridinic N atoms possess electron-
accepting ability that creates net positive on adjacent carbon
atoms in the porous carbons to be capable of attracting elec-
trons from the anode, thus promoting ORR [46]. In other
words, the remarkable electrocatalytic property of NPC800
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resulted from the synergistic effect between high surface area
of carbon and appropriate content of nitrogen.

In order to further analyze the electrocatalytic property of
NPC800, RDE linear sweep voltammetry was performed at dif-
ferentrotation rates. As shown in Fig. 5A, the current increased
with the rotation rate increasing from 400 to 2000 rpm.
Koutecky-Levich plots at different electrode potentials were
linear (Fig. 5B), suggesting that oxygen reduction reaction
followed the typical first-order reaction kinetics for dissolved
oxygen [47]. Furthermore, the electron transfer numbers were
calculated according to Koutecky-Levich equation [48]:
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in which i was the measured current, i, was the kinetic cur-
rent, w was the rotation rate of electrode (rpm), n was electron
transfer numbers per oxygen molecular, F was the Faradaic
constant (96485 C molfl), A was the electrode area
(0.08 cm?), Co, was the oxygen concentration in 0.1 molL™?
KOH (1.2 x 10~® mol cm3), D, was the oxygen diffusion coef-
ficient in 0.1 mol .- KOH (1.73 x 10~°> cm? s~ %) and v was the
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Fig. 5 - (A) RDE linear sweep voltammograms of NPC800-modified RDE in O,-saturated 0.1 mol L~ KOH with various rotation
rates at a scan rate of 2 mV s *; (B) Koutecky-Levich plots of NPC800-modified RDE at different electrode potentials. (A color

version of this figure can be viewed online.)
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kinematic viscosity of the 0.1molL™! KOH (0.01cm?s™})
[49,50]. The oxygen can be reduced to H,0, through 2-electron
transfer pathway or H,0 through 4-electron transfer pathway
[51]. In this work, n was derived to 2.2-2.6 at different elec-
trode potentials, indicating oxygen reduction preceded
mainly through 2-electron transfer pathway and less by 4-
electron transfer pathway. It is noteworthy that the nitrogen
atoms in this carbon can polarize the adjacent carbon atom
because of their electron-accepting ability and create a radical
carbon site to stabilize OOH with bonding affinity [51,52]. This
condition may be responsible for the formation of H,0,.
Despite the fact that NPC800 catalyzed oxygen reduction
mainly by 2-electron pathway other than 4-electron, its excel-
lent electroactivity enables it to serve as electrocatalyst for
ORR.
3.3.  NPC800 for Pt-catalyst support

3.3.1. Deposition of Pt on NPC800

In order to prepare Pt/NPC800 for MOR, Pt particles were
deposited on NPC800 through electrodeposition (amperomet-
ric i-t curve). We can control the loading amount of Pt by con-
trolling the electrodeposition time. The amount of Pt
deposited on NPC800 in this study was determined to
2.72 pg (Pt-loading amount was 21 wt%) according to ampero-
metric i-t curve (Inset of Fig. S8, Supporting information),
supposing that Pt** was reduced to Pt® with 100% efficiency
[53]. By means of typical adsorption and desorption peaks of
hydrogen between —0.2 and 0.1 V in Fig. S8 (Supporting infor-
mation), the electrochemically active surface area (ECSA) of
catalyst can be estimated. Taking advantage of ECSA, some
important information can be acquired, including the number

of catalytic active sites available for an electrochemical reac-
tion and the conductive pathway available to transfer elec-
trons to and from the electrode surface [32]. The ECSA can
be determined according to the following calculation formula
[54]:

ECSA = Qu/m x qy

Qu = / IdE /v

in which m was the loading amount of metal, gy was a con-
version factor for adsorption of a monolayer of hydrogen on
Pt surface (0.21 mC cm™2), v was the scan rate and Qy was
the charge for hydrogen adsorption which can be obtained
from the area under the CV curve. In this paper, the ECSA of
NPC800 was determined to 26.7 m? g*, which was compara-
ble to the commercial 20% Pt/C [55]. Such a ECSA provided
the NPC800 electrochemical accessibility.

3.3.2. Physical characterization of Pt/NPC800

Fig. 6a and b showed the SEM images of Pt/NPC800 at different
magnifications. It was observable that Pt slice-like aggregates
[56] had successfully loaded on NPC800 through electrodepos-
ition and the average size of Pt particles was about 1 um. It
was worthy of noting that Pt particles mainly deposited on
NPC800 other than glassy carbon electrode substrate, which
was possibly due to the stabilization of Pt particles by NPCs.
It suggested that NPC800 could serve as the support of noble
metal effectively. In addition, the elemental mapping image
of metal nanoparticle showed a good dispersion of Pt nano-
particles (Fig. 6¢c). The elemental composition of Pt/NPC800
on GCE was investigated by EDS (as shown in Fig. 6d). One
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can see that the major elements in Pt/NPC800 were C and Pt,
which confirmed the coverage of NPC800 support by Pt. The
existence of element Cl may be from H,PtCls or HCI during
electrodeposition. The absence of N element in Fig. 6d could
be caused by the large coverage of Pt particles on NPC800 sur-
face. In XRD pattern of Pt/NPC800 (Fig. S9, Supporting Infor-
mation), the diffraction peaks at 20 about 40°, 47°, 67° and
80° were ascribed to Pt(111), Pt(200), Pt(220) and Pt(311) crys-
talline planes, indicating the face-centered cubic (fcc) of Pt
crystals. The other peaks were assigned to the nature diffrac-
tion of glassy carbon substrate.

3.3.3.  Electrocatalytic behavior of Pt/NPC800 for MOR

The electrocatalytic activity of Pt/NPC800 toward methanol
oxidation was investigated in N,-saturated 0.5molL™*
H,SO, and 0.5 mol L~* methanol solution between —0.1 and
1.0 V. Curve a in Fig. 7 presented two typical oxidation peaks
of Pt/NPC800 in methanol oxidation, while methanol oxida-
tion could scarcely be seen for bare GCE (curve b in the inset
of Fig. 7) and NPC800-modified GCE (curve c in the inset of
Fig. 7). The forward anodic peak (Iy) at about 0.67 V vs. Ag/AgCl
was assigned to the oxidation of methanol, while the anodic
peak (I,) at about 0.48 V vs. Ag/AgCl in the backward scan
was ascribed to the oxidation of carbonaceous species formed
during the oxidation of methanol. I¢#I, was an important
parameter to evaluate the tolerance of catalyst to poisoning
species, Pt=C=0 [57]. The higher I¢/I, ratio means that the
poisoning species can be removed from the catalysts more
effectively [58]. The value of I¢/I,, in this study was 0.90, which
was a median value in the reported literatures [55,57]. Chro-
noamperometric curve as another important element to
assess the catalyst in methanol oxidation [32] were performed
to further investigate the stability of Pt/NPC800. The stability
of methanol oxidation on Pt/NPC800 was compared with that
on Pt/XC-72 with the same Pt-loading amount in Fig. 8. It was
clearly to see the current density obtained at Pt/NPC800 and

0.0 0.4 0.8
E |V vs. Ag/AgCI

ilmA cm?

02 00 02 04 06 08 1.0
E IV vs. Ag/AgCI

Fig. 7 - CV curve of methanol oxidation on Pt/NPC800 GCE (a)
in N,-saturated 0.5 mol L ! H,SO, and 0.5 mol L ! methanol
solution at a scan rate of 50 mV s, Insets are CV curves of
bare GCE (b) and NPC800-modified GCE (c) in above solution
at a scan rate of 50 mV s~ . (A color version of this figure can
be viewed online.)

-3
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Fig. 8 - Chronoamperometric curves on Pt/NPC800 GCE (a)
and Pt/XC-72 GCE (b) in N,-saturated 0.5 mol L * H,S0, and
0.5 mol L~ methanol solution. (A color version of this figure
can be viewed online.)

Pt/XC-72 decreased rapidly at the initial period and then
reached an almost steady value. However, the decrease rate
of current on Pt/NPC800 was lower than that on Pt/XC-72
and the final current value on Pt/NPC800 was higher than
on Pt/XC-72. The better stability of Pt/NPC800 was due to
the enhanced Pt-C bond strength between Pt particles and
support, which could result from the changed n bonding
and increased basicity provided by the coexistence of N
[34,59,60]. Combining the stability and the tolerance to poi-
soning species, Pt/NPC800 was regarded as a good catalyst
for methanol electrooxidation.

4, Conclusion

A novel pyridine-containing MOF precursor has been designed
and synthesized to prepare the nitrogen-doped porous carbon
(NPC800) by direct carbonization. The as-prepared NPC800
was utilized as the electrocatalyst and catalyst support of
ORR and MOR, respectively. The onset potential of NPC800
for ORR was —0.14 V vs. SCE, which was similar to commercial
Pt/C. Notably, its catalytic current was higher than Pt/C. The
remarkable activity of NPC800 toward ORR was probably due
to the synergistic effect of the high BET surface area and the
presence of nitrogen atoms in porous carbon. The Pt-catalyst
supported on NPC800 possessed electrocatalytic activity for
MOR and had better stability than Pt/XC-72 because of the
enhanced bond strength between Pt and N-doped support.
Such a strategy for using pyridine ligands as nitrogen source
to prepare NPCs from MOFs precursor was very effective and
be expected to generate highly efficient and stable catalyst
for more electrochemical applications.
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