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The development of efficient non-noble metal electrocatalysts for
the oxygen reduction reaction (ORR) is still highly desirable before
non-noble metal catalysts can replace platinum catalysts. Herein, we
have synthesized a new type of ORR catalyst, Coz(PO,4),C-N/rGOA,
containing N-coordinated cobalt phosphate, through the thermal
treatment of a phosphonate-based metal—-organic framework (MOF).
Co3(P0O4),C-N/rGOA exhibits not only a comparable onset potential
and half-wave potential but also superior stability to the commercial
Pt/C catalyst for the ORR in alkaline solutions (0.1 and 1.0 M KOH).
A combination of structural characterization (e.g., XPS, HRTEM,
XANES, and EXAFS) and electrochemical analysis shows that the high
ORR activity of the Coz(PO,4),C-N/rGOA catalyst should be attributed
to the co-existence of N-doped graphitic carbon and the cobalt
phosphate with Co—N species that boost the activity of the cobalt
phosphate. These findings open an avenue for exploring the use
of phosphonate-based MOFs for energy conversion and storage
applications.

Introduction

The development of efficient catalysts for the oxygen reduction
reaction (ORR) is one of the keys to the realization of the renewable
energy applications of proton exchange membrane fuel cells
(PEMFCs).! Due to the sluggish kinetics of the ORR, the cathode
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Broader context

The development of non-noble metal catalysts with oxygen reduction
reaction (ORR) activity has been a hot topic in the area of fuel cells and
lithium-air batteries. Great effort has been devoted to the synthesis of
heteroatom (e.g., nitrogen and/or phosphorus, boron, sulfur) doped
nanostructured carbon materials. Among these heteroatom-doped materials,
N-doped carbon hybrid materials have been considered as promising
candidates for the ORR due to their high electrocatalytic activity
and excellent durability. However, the nature of the active sites still
remains unclear. Herein, we report a phosphonate-based metal-organic
framework (MOF) derived cobalt phosphate/graphene hybrid as a highly
efficient electrocatalyst for the ORR under alkaline conditions. A combi-
nation of electrochemical, X-ray photoelectron spectroscopy (XPS) and
X-ray absorption spectroscopy (XAS) techniques uncovers that the Co-N
coordination of cobalt phosphate efficiently boosts the ORR activity and
the resultant hybrid materials display comparable activity to Pt/C in terms
of half-wave potential, but display superior stability to Pt/C in 0.1 and
1.0 M KOH solutions. This work not only provides a firm starting point for
the further development of a new class of ORR catalysts derived from
phosphonate-based MOFs but also new clues to explore their application
in energy conversion systems.

side generally requires the utilization of noble metal catalysts,
predominantly platinum (Pt) and its alloys.>* Although they are
the most efficient and commercially available electrocatalysts for
the ORR, high cost and poor long-term stability may hamper their
practical usage.” Alternatively, nitrogen-doped transition metals
(Co, Mn, Fe, etc.), besides metal-free carbon materials, are exten-
sively studied as effective candidates for the ORR,*” most of which
are synthesized by the pyrolysis of complexes containing M-N,
moieties (M = Fe or Co).**° The active sites are often attributed to
be some form of M-N,. Nonetheless, it remains elusive whether
different types of nitrogen-doped transition metal/carbon catalysts
should necessarily have the same structure of active sites.”"°
Despite the uncertainty, the development of new non-noble metal
electrocatalysts is still highly desirable before nonprecious metal
catalysts can replace platinum catalysts.

Recently, transition metal phosphates have attracted extensive
interest for energy conversion and storage applications due to their
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high stability and catalytic efficiency.'*™*> They can not only drive
water oxidation but also influence the electrocatalytic oxygen
reduction activity of supported noble metals.'*>'® Catalysts
composed of Pt on metal phosphates have been reported to
exhibit improved ORR performance and durability compared
to commercial Pt/C.">'*'*"” Although a large number of catalytic
systems display improved performance, research is mainly focused
on costly metals as the core elements, such as Au and Pt,'>"**678
whereas it remains unclear whether transition metal phosphates
alone would be efficient ORR catalysts. It is worth noting that
phosphonate-based metal-organic frameworks (MOFs) have been
developed as promising new candidates for proton conductors."*>
Moreover, theoretical studies also indicate that the phosphate
group plays a crucial role in proton transport, which is of funda-
mental importance not only for the proton exchange membrane in
PEMFCs but also in catalysing the ORR.>***> Thus, the rational
design and fabrication of transition metal phosphates as ORR
catalysts can provide a firm starting point for the development of
a new class of ORR catalysts. However, only a few hybrids consist-
ing of cobalt and phosphate have been applied to the ORR.*

To this end, it is imperative to synthesize highly efficient ORR
catalysts based on nonprecious metal phosphates with catalytic
performances close to or better than those of noble metals.
As previously reported, cobalt-based materials have been extensively
designed to catalyze the ORR.>”*° Due to their high tendency for
aggregation and low conductivity, cobalt or cobalt oxide nano-
particles are usually decorated with conducting carbon materials,
such as carbon nanotubes and graphene, to improve their cata-
Iytic activity.*™** Especially, nitrogen-doped graphitic nanocarbon
formed in situ, which is derived from a nitrogen-containing
polymer (e.g., polyaniline) or metal-organic frameworks (MOFs)
by means of high-temperature thermal treatment, is found to be
crucial for ORR activity and stability enhancement.'®**~*” These
highly ordered graphitic carbon materials serve as a robust
support for hosting the active sites.>®> The coupling between
carbon and the catalyst nanoparticles can modify the electronic
structure and facilitate electron transfer at the interface.

Herein, we report a new hybrid ORR catalyst, composed of
N-coordinated cobalt phosphate supported on a rGO sheet
(Co3(PO,4),C-N/rGOA), through pyrolysis of a mixture of graphene
oxide and a cobalt phosphonate-based MOF. When used as an
ORR catalyst, Co3(PO,),C-N/rGOA shows comparable half-wave
and onset potentials to those of a Pt/C catalyst, as well as a small
Tafel slope with long-term stability in alkaline media. Experimental
observations indicate that the catalytic activity originates from
N-coordinated cobalt phosphate and N-doped graphitic nano-
carbon hybrids. To the best of our knowledge, this is the first
report on the use of phosphonate-based MOF derived Coz(PO,),
as a highly active catalyst for the ORR.

Results and discussion

Our strategy for the synthesis of the Coz(PO,),C-N/rGOA catalyst
is shown in Scheme S1 (ESIf). Firstly, a phosphonate-based
MOF precursor, Coz(O3PCH,-NC,4H,-CO,),-4H,0 (referred to
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as SH;LCo), was prepared from a bio-inspired chiral organic
phosphonic acid ligand, namely, N-(phosphonomethyl)proline
(referred to as SH;L), according to our previous report.>® Then
the phosphonate-based MOF was deposited on graphene oxide.
The resulting mixture was annealed at 800 °C under a nitrogen
atmosphere for 3 h followed by calcination at 250 °C for 1.5 h in
air. Finally, the pyrolysis products were soaked in acid solution
to remove unstable cobalt species. The as-obtained sample is
denoted Co3(PO,4),C-N/rGOA. For comparison, a metal-free
carbon catalyst (referred to as PNrGO) with N and P co-doped
carbon was also prepared using graphene oxide and the SH;L
ligand as the precursors through the same procedure as for
C0;3(P0O,),C-N/rGOA.

Fig. 1a shows low-magnification transmission electron micro-
scopy (TEM) and high angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) images, indicating the
MOF derived cobalt nanoparticles are uniformly embedded in the
carbon sheet. The high-resolution (HR) TEM image in Fig. 1b
reveals the high crystallinity of the cobalt phosphate nanocrystal.
The corresponding fast Fourier transform (FFT) image (Fig. 1c)
can be indexed to a monoclinic Coz(PO,), structure (space group
of P24/c, a =7.56 A, b = 8.37 A, ¢ = 5.06 A, and f§ = 94.03°).
STEM-energy dispersive X-ray spectroscopy (EDS) elemental map-
ping also suggests a uniform distribution of C, P, O, N and Co in
the hybrid material (Fig. 1e). As shown in Fig. 1d, a hollow sphere-
like carbon nanoshell is observed, indicating that some nano-
particles are removed during acid treatment. This observation
provides evidence that the presence of a graphitic carbon shell
formed in situ surrounds the cobalt nanoparticles and thus is
favourable for the stability of the catalyst. More TEM images can
be found in Fig. S1 (ESIt). Fig. S2 (ESIt) shows the nitrogen
adsorption/desorption isotherm of Co;(PO,),C-N/rGOA, which
displays a slightly higher BET surface area (30.1 m> g~ ') than
that of mildly oxidized graphene (19.6 m* g~ *),*® but one compar-
able to that of the precursor SH;LCo. The structure and quality of
the graphitic carbon materials were investigated using Raman
spectroscopy (Fig. 2a). With the introduction of cobalt phosphate,
the G band of Coz(PO,),C-N/rGOA shifts toward a lower wave-
number of 1564 cm ™" together with a decrease in the Ip/Ig ratio
(0.44), in comparison to that of PNrGO without cobalt species
(0.95); this indicates the formation of more ordered graphitic
carbon due to the catalytic effect of cobalt species, which is
helpful for stability and charge transfer.”?>>40*>

The structure of Coz(PO,),C-N/rGOA was further characterized
using X-ray diffraction (XRD) techniques (Fig. 2b). The peaks are
consistent with those of monoclinic phase Co;(PO,),, verifying
the transformation of SH;LCo to Co;(PO,), in agreement with the
TEM results. A strong diffraction peak observed at 25.9°, corres-
ponding to a d-spacing of 0.34 nm, is attributed to the over-
lapping diffraction of the graphitic carbon shell formed in situ,
rGO and cobalt phosphate. X-ray photoelectron spectroscopy
(XPS) results indicate the presence of C, N, O, Co and P elements
on the surface of the sample (Fig. S3, ESIt). To better determine
the bonding states of nitrogen and cobalt, the metal-free PNrGO
and the pristine SH;LCo crystal were also studied as references.
The N 1s spectrum of PNrGO presents three types of nitrogen

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) TEM and (b) HRTEM images of Coz(PO4),C-N/rGOA, (c) fast Fourier transform (FFT) of the nanocrystal structure in (b) and (d) HRTEM of hollow
nanoshells, and (e) STEM and corresponding elemental mapping images of Coz(PO4),C-N/rGOA, indicating the distribution of C, P, O, N and Co. Inset of

(a): HAADF-STEM image of Coz(PO4),C-N/rGOA.
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Fig. 2 (a) Raman (lex = 514 nm) spectra of Coz(PO4)>,C-N/rGOA and
PNrGO, (b) XRD pattern of Coz(PO4)>,C-N/rGOA, (c) N 1s XPS spectra of
Co3(PO4)>,C-N/rGOA, PNrGO and SHsLCO, and (d) Co 2p XPS spectrum of
CO3(PO4)2C-N/I’GOA.

species, which are assigned to pyridinic (398.2 eV), pyrrolic
(400.1 eV), and graphitic (401.1 eV) nitrogen atoms according
to their binding energies (Fig. 2¢).**** On the other hand, the

This journal is © The Royal Society of Chemistry 2016

N 1s spectrum of Coz(PO,),C-N/rGOA can be deconvoluted to
three peaks at 398.2, 399.4, and 401.0 eV (Fig. 2c). Similarly, the
peaks at around 398.2 and 401.0 eV are attributed to the above-
assigned pyridinic and graphitic nitrogen. After the introduction of
cobalt, the peak at 400.1 eV associated with pyrrolic N disappears,
while a new peak at 399.4 eV is observed for Cos(PO,),C-N/rGOA,
implying the formation of nitrogen species similar to the Co-N
coordination in the SH;LCo crystal (Fig. 2c).** This observation
demonstrates that the Co-N bond is retained after the high-
temperature treatment of SH;LCo. Furthermore, the Co 2p
spectrum of Co;(PO,),C-N/rGOA displays the binding energies
of the Co 2p;/, and Co 2p,,, peaks at 781.4 eV and 797.2 eV, with
their corresponding satellite peaks at 787.6 eV and 802.7 eV,
respectively (Fig. 2d). These binding energies are characteristic
of Co(u) in the hybrid material. Compared with the peak at
780.2 eV corresponding to Co 2p;, in the SH;LCo crystal, a slight
shift to a higher binding energy (781.4 eV) in Co3(PO,),C-N/rGOA
should be due to the interaction between cobalt and the carbon
besides nitrogen, resulting in a weakening of the electron
density in the cobalt atoms. The spectrum of P 2p at 133.2 eV
is assigned to P-O species (Fig. S3, ESIT). The above observations
collectively demonstrate that N-doped Co;(PO,), carbon hybrid
material has been successfully prepared by means of thermal
treatment.

The electrocatalytic activity of Coz(PO,),C-N/rGOA was first
evaluated using cyclic voltammetry (CV) in 0.1 M KOH solution.

Energy Environ. Sci., 2016, 9, 2563-2570 | 2565
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Fig. 3 (a) CV curves of Cosz(PO4),C-N/rGOA, PNrGO and commercial
Pt/C in Ar (dotted lines) and O,-saturated (solid lines) 0.1 M KOH solution
at a scan rate of 20 mV s, (b) LSV curves of Cos(PO4),C-N/rGOA, PNrGO
and Pt/C at a rotation rate of 1600 rpm and a scan rate of 5mV s ™. (c) RDE
curves of Cos(PO4),C-N/rGOA at various rotation rates at a scan rate of
5 mV sL (d) Tafel plots of Coz(PO4)-C-N/rGOA and Pt/C. The loading
of catalyst was 20 ugp; cm~2 for Pt/C and 0.25 mg cm~2 for cobalt-based
catalysts.

Potential (V vs. RHE)

Commercial Pt/C and PNrGO without Co were also examined
for comparison. The CV curves in Fig. 3a show an obvious
oxygen reduction peak for samples in the O,-saturated solution,
whereas no perceptible voltammetric current was observed in
the presence of Ar. Interestingly, by comparing the CV curves
of PNrGO and Co3(P0O,),C-N/rGOA, it is found that a slightly
active N and P-doped carbon catalyst becomes highly active
with the incorporation of cobalt, demonstrating the crucial role
of the Co species. As shown in Fig. 3a, the ORR cathodic peak of
the Co3(PO,4),C-N/rGOA electrode is at 0.837 V vs. RHE, only
9 mV more negative than that of commercial Pt/C (peak potential
at 0.846 V). The electrocatalytic activity of Coz(PO,),C-N/rGOA was
further evaluated using linear sweep voltammetry (LSV) curves
obtained with a rotating disk electrode (RDE) in O,-saturated
0.1 M KOH solution, at a scan rate of 5 mV s~ " and a rotating rate
of 1600 rpm. As shown in Fig. 3b, the onset potential for
Co3(P0O,),C-N/rGOA (0.962 V) is about 46 mV more negative
than that of Pt/C (1.008 V) while the half-wave potential (0.837 V)
is slightly smaller than that of Pt/C (0.851 V). RDE measurements
(Fig. 3c) reveal an electron transfer number of ~4.0 at 0.60-0.75 V
on the basis of Koutecky-Levich (K-L) plots (Fig. S4, ESIY),
suggesting that the Co;3(P0O,),C-N/rGOA catalyst favours a
four-electron transfer process toward the ORR and O, is
reduced to OH ™. Interestingly, the kinetic current density based
on the intercept of the K-L plot at different potential values is
comparable to that of commercial Pt/C (Fig. S4 and Table S1,
ESIT). Furthermore, the Tafel slope (35 mV decade ') is also
significantly smaller than that of Pt/C (58 mV decade ') in
0.1 M KOH solution (Fig. 3d). The value is close to 2.303 (2RT/3F)
V decade™' (where R is the universal gas constant and F is the
Faraday constant), indicating that the rate-limiting step could be
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the protonation of O, at the active centers.
suggest the high intrinsic activity and favourable kinetics of
C05(PO,),C-N/rGOA (Table S2, ESIY).

The ORR activity of Coz(PO,4),C-N/rGOA was further observed
in 1.0 M KOH electrolyte. Both CV and RDE measurements reveal
that the Co3(PO,4),C-N/rGOA catalyst shows high electrocatalytic
activity with a greater positive onset potential (~0.968 V) and
half-wave potential (0.872 V) than those of Co;(PO,),C-N/rGOA in
0.1 M KOH, which matches the performance of freshly prepared
Pt/C with a loading of 0.1 mg cm ™ or a loading of 0.25 mg cm >
(0.872 V) (Fig. 4a-c4, and Fig. S5, ESIt). Rotating ring-disk
electrode (RRDE) measurements on a Cos(PO,),C-N/rGOA elec-
trode were carried out to determine the ORR pathway. Fig. 4
shows the disk and ring currents collected at 1600 rpm in 1.0 M
KOH. The H,0, yield obtained using RRDE measurements is
below 6% over the potential range of 0.6 to 0.8 V, affording
an electron number of ~4.0 (Fig. 4d and Fig. S6, ESIt), in line
with the result obtained from the K-L plot on the basis of the
RDE experiments (Fig. 4c). Hence, the results from RRDE and
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Fig. 4 (a) LSV curves of cobalt phosphate hybrid materials and Pt/C in
1.0 M KOH solution. (b) Half-wave potentials from the LSV curves for
Co3(P0O4)>,C-N/rGOA and Pt/C. (c) RDE curves of Coz(PO,4),C-N/rGOA at
various rotation rates with a scan rate of 5 mV s~*. (d) Peroxide yield (%) and
electron transfer number (n) for Coz(PO4),C-N/rGOA at various potentials,
based on the corresponding RRDE data. (e) Chronoamperometric curves
of Coz(PO4),C-N/rGOA and Pt/C kept at 0.8 V vs. RHE. (f) Chronoampero-
metric responses of Pt/C and Coz(PO4),C-N/rGOA at 0.8 V to the addition
of 3.0 M methanol into an O,-saturated 1.0 M KOH solution. For all RDEs,
the loading of catalyst was 20 pg,: cm™2 for Pt/C and 0.25 mg cm ™2 for
cobalt-based catalysts. All tests were performed in O,-saturated 1.0 M KOH
with a scan rate of 5 mV s~ unless otherwise stated.
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RDE measurements also convince that there is a mainly four-
electron reaction pathway in 1.0 M KOH electrolyte. In addition,
Co;(PO,),C-N/rGOA displays superior durability. The chronoam-
perometric measurements exhibit only a slight current loss with
a high retention of more than 97% of the initial current even after
25000 s of testing, whereas the commercial Pt/C catalyst suffers
nearly 22% activity loss (Fig. 4e). Moreover, the ORR current
density of Cos(PO,),C-N/rGOA remains almost the same with
negligible change except for a slight oscillation after the addition
of 3.0 M methanol (Fig. 4f). In contrast, the Pt/C catalyst shows a
sharp current jump due to the methanol oxidation reaction.
These results demonstrate the comparable activity, higher stability
and better selectivity of Coz(PO,),C-N/rGOA compared to the
commercial Pt/C catalyst and other cobalt-based catalysts
reported (Tables S3 and S4, ESIt).

Considering that the Cos(PO,),C-N/rGOA catalyst contains
N-doped graphitic carbon, cobalt phosphate and graphene, to
better understand the effect of these components on the catalytic
performance, four control samples were prepared according to
the same procedure as for Co;(PO,),C-N/rGOA but using different,
precursors. Firstly, Cos(PO,4),/rGO without a carbon shell was
prepared using commercial Co;(PO,), as the precursor. XRD
confirms that before acid treatment the crystal phase belongs
to monoclinic Co;(PO,), (Fig. S7a, ESIt). However, after acid
treatment, ICP analysis results indicate that the Cos(PO,), phase
is almost removed with less than 0.1 wt% cobalt remaining in
Co3(PO,),/rGOA (the second control sample), presumably due to a
lack of protection from the carbon shell. On the contrary, for the
third control sample, 1.92 wt% cobalt remains in Cos(PO,),C/rGOA
which was prepared using a nitrogen-free phosphonate-based
MOF (PPACo). Furthermore, HRTEM reveals the presence of
flake-like graphitic carbon layers in Co;(PO,),C/rGOA, which is
further confirmed through Raman spectrum with an Ip/lg
ratio of 0.62, which is smaller than that in Coz(PO,),/rGOA (0.91)
(Fig. S8, ESIt). HAADF images also indicate that some nano-
particles remain in the hybrid material, which are confirmed
to be Coz(PO,), using HRTEM and elemental mapping results
(Fig. S8, ESIT). These observations suggest that the graphitic
carbon shell formed in situ from the decomposition of the
organic ligand stabilizes the cobalt centres and plays an important
role in protecting the active sites from leaching. For the last control
sample, a N-doped cobalt phosphate graphitic carbon hybrid,
Co3(PO,4),C-NA, was obtained through the direct pyrolysis
of SH;LCo without graphene oxide. The XPS results for
Co;(PO,),C-NA reveal that it has similar surface components
to Co3(PO,),C-N/rGOA and shows the presence of four types of
nitrogen species including pyridinic nitrogen (398.2 eV), Co-N,
(399.4 eV), graphitic nitrogen (400.9 eV) and oxidized N (405.3 eV)
(Fig. S9, ESIT). However, TEM images indicate that the morphology
of Co;(PO,),C-NA remains almost the same as that of the precursor
with large sized rod-like nanoparticles due to lack of graphene as
a support (Fig. S9, ESIT).

The RDE measurements indicate that Coz(PO,),/rGO without
a carbon shell displays some ORR activity (Fig. 4a). After acid
treatment, Co;(PO,),/TGOA shows much poorer activity. On the
contrary, Co3(P0O,),C/rGOA shows significantly improved ORR
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activity compared with Co;(PO,),/rGO without a carbon shell, with
an onset potential of 0.89 V and a half-wave potential of 0.81 V.
This improvement can be attributed to the effect of the highly
conductive graphitic carbon shell formed in situ, which is helpful
for facilitating fast electron transfer.>*"*® Furthermore, after the
graphitic carbon shell is doped with nitrogen, Coz(PO,),C-NA,
even without rGO, displays significant improvement, with an
onset potential of 0.941 V and a half-wave potential of 0.834 V,
compared with Coz(PO,),C/rGOA. This improvement is attrib-
uted to the effect of the nitrogen introduced into the catalyst.>”
However, the performance is still inferior to that of Co;(PO,),C-N/
rGOA. The latter exhibits an onset potential (0.968 V) and half-
wave potential (0.872 V) that are 27 and 38 mV more positive than
the former, respectively. In addition, its limiting current density
is also significantly higher than that of Coz(PO,),C-NA. These
results show that the introduction of graphene significantly
improves the activity by inducing the formation of small and
well-dispersed nanoparticles and also causing higher electronic
conductivity (Fig. S10, ESIt). Therefore, all of these observations
collectively demonstrate that it is essential to simultaneously
incorporate cobalt species, a graphitic carbon shell, nitrogen
doping and rGO for realizing the efficient ORR activity in
Co;(PO,),C-N/rGOA.

So far, various work has been reported on co-doping transi-
tion metal and nitrogen atoms to form metal-N-C catalysts
with excellent ORR activities. For instance, a minute amount of
Co-N-C can significantly boost the ORR activity. The active site
was ascribed to be Co-N,~C or CoN,/C species.” However, it still
remains unclear which component serves as the main contributor
to the ORR activity in this work. To further explore the structure of
the active sites, the Co3(PO,),C-N/rGOA catalyst was investigated
using X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) spectroscopies. From the
Co K-edge XANES spectra of samples and references (Fig. 5a), it
can be observed that the overall spectrum of Cos(PO,),C-N/rGOA
is obviously different from that of metallic cobalt and CoN,C,
which was obtained through the pyrolysis of cobalt phthalo-
cyanine using the same procedure as for Co;(PO,),C-N/rGOA,
indicating that no apparent metallic cobalt exists in
Co3(PO,4),C-N/rGOA. On the contrary, the Co K-edge XANES
spectrum of Cos(PO,4),C-N/rGOA is similar to that of the reference
Co3(P0Oy,),, and in particular, nearly identical to that of the
phosphonate-based MOF precursor (SH;LCo), demonstrating
that these cobalt species have the same oxidation state and
similar coordination environments. Furthermore, compared with
the reference Co;(PO,),, both Cos(PO,),C-N/rGOA and SH3;LCo
present significantly higher pre-edge absorption, at about
7709 eV, which could be attributed to low molecular symmetry.*’
Accordingly, both Co;(PO,),C-N/rGOA and SH3LCo display a
weaker and broader main edge peak, which could derive from a
distorted structure due to low symmetry. This is probably caused
by cobalt species embedded in the carbon framework,’*>* where
the metal centers remain coordinated to nitrogen and oxygen
atoms, in agreement with the XPS results. The coordination
environment of the Co atoms is further confirmed using Fourier
transform (FT) k*-weighted EXAFS spectra. As shown in Fig. 5b,
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Fig. 5 (a) Normalized Co K-edge XANES spectra of Cos(PO,4),C-N/rGOA
and reference samples. (b) Co K-edge EXAFS spectra of Coz(PO4),C-N/rGOA
and (d) its first-shell fitting curve. (c) LSV curves of Cos(PO,4),C-N/rGOA and a
second acid-etched sample at a rotation rate of 1600 rpm and a scan rate of
5mV s tin 1.0 M KOH. (e) Structural model of Cos(PO,4),C-N/rGOA.

there is significant difference among the spectra of metallic
cobalt, CoN,C and Co;(PO,4),C-N/rGOA. On the contrary, the FT of
the EXAFS spectrum of Co;(PO,),C-N/rGOA presents four distin-
guishable strong peaks, similar to that of SH;LCo (Fig. 5d). The
peak at 1.55 A can be assigned to Co-N and Co-O first shell
coordination, due to coordination of both nitrogen and oxygen to
cobalt as observed in SH;LCo, though the presence of nitrogen in
the first shell coordination is not clearly distinguishable, probably
due to the interference of two almost equal bond distances.” Their
coordination numbers were estimated to be ~1 and ~5, respec-
tively, based on the crystal structure of SH;LCo (Table S5, ESIt).
The second shell at 2.32 A in the spectrum of Cos(PO,),C-N/rGOA
is associated with a Co—-Co contribution, which is slightly shorter
than the Co-Co distance (2.47 A) in SH;LCo but is in good
agreement with that of the reference Co;(PO,),. The second
shell average distance R(Co-Co) shrinks in Cos(PO,),C-N/rGOA
compared to in SH;LCo, consistent with the unit cell volume
shrinkage observed based on the crystal structure data (Coz(PO,),:
V=318.9 A*; SH;LCo: V = 4385.0 A®). The next two peaks at 3.54 A
and 4.47 A are likely derived from Co-Co-Co multiple scattering.
The intense peaks suggest that the hybrid material has an
extended structure, similar to SH;LCo. Furthermore, the EXAFS
spectrum of Co;(PO,),C-N/rGOA is also drastically different from
that of Co-P/NC consisting of N-doped cobalt phosphide carbon
material, which shows only a strong and broad peak located at
about 1.81 A.>® It is worth noting that the metallic CoN, could
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exist in minute amounts in the hybrid material, and its signals in
XPS, XANES and EXAFS could be overwhelmed by those of cobalt
phosphates. Thus it is difficult to verify the effect of metallic CoN,
using conventional measurements. To further clarify the issue,
one more control experiment was performed. Cos(PO,),C-N/rGOA
was further etched with an aqueous solution of 6 M HCI at room
temperature for 48 h to remove the cobalt phosphate nano-
particles as much as possible. A combination of TEM, XPS and
ICP (0.3 wt% Co remaining after etching) confirms that most of
the cobalt phosphate was removed (Fig. S11, ESIT). As a result,
the second acid-etched sample presents much inferior activity
compared to the original Co,(PO,),C-N/rGOA (Fig. 5¢c), though
XPS confirmed the presence of nitrogen and a small percentage
of cobalt species after further etching (Fig. S11, ESIt). This result
suggests that cobalt phosphate is necessary for Cos(PO,),C-N/rGOA
to achieve efficient catalytic activity.

Based on the above observations, it is postulated that the
presence of nitrogen-coordinated cobalt phosphate could be the
main contributor to the remarkable capability of Coz(PO,),C-N/
rGOA to catalyze the ORR with exceptional activity. In our study,
the nitrogen-coordinated cobalt phosphate hybrid material is
analogous to phosphate-stabilized Co-N clusters embedded in
N-doped graphitic carbon materials (Fig. 5e). Phosphate groups
not only stabilize the Co-N centers but also can deliver protons
to enable proton-coupled electron transfer, facilitating the ORR
process. The N-doped graphitic carbon formed in situ can not only
directly serve as the active site for improved intrinsic activity, but
also provide robust support to anchor the metal active sites for
enhanced corrosion resistance to oxidative attack during the ORR.

Conclusions

In summary, we have synthesized a new type of phosphonate-
based metal-organic framework derived cobalt phosphate hybrid
carbon material with high activity toward the ORR in alkaline
media. It is found that by using a nitrogen-containing metal-
organic phosphonate as the precursor, an N-coordinated cobalt
phosphate carbon hybrid material can be obtained. With the
introduction of N-coordinated cobalt phosphate, the ORR catalytic
activity can be improved significantly compared to cobalt phosphate
without N-coordination. Our catalyst exhibits a high onset potential
of 0.968 V and a half-wave potential of 0.872 V in 1.0 M KOH. It also
shows superior stability compared to commercial Pt/C catalyst,
and good tolerance to the methanol cross-over effect. The presence
of N-doped graphitic carbon, cobalt phosphate with Co-N moieties
and graphene having a suitable surface area in the hybrid material
synergistically promotes the activity of the ORR. This work offers
a new opportunity by using metal-organic phosphonate/metal
phosphates as advanced catalysts for application in fuel cells
and other electrochemical devices.
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