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The rational design and preparation of atomic-level dispersed non-platinum catalysts to achieve efficient oxygen
reduction reactions (ORR) is worth exploring for clean energy conversion and storage technology. Herein a
simple self-templating strategy is demonstrated to obtain MIL-68-NH»-x series using pyridine as a surfactant to
realize micron-scale to nanosized conversion. Among them, the as-prepared MIL-68-NH3-300 owns a large
specific surface area and abundant pore defects after thermal treatment, which can effectively adsorb and anchor
Fe phthalocyanines (FePc). In this case, MOF-derived N-doped carbon nanosticks coupled with FePc molecules
(FePc@NCNS) exhibit an excellent electrocatalytic ORR activity with a positive half-wave potential (0.904 V), a
large diffusion-limited current density (6.17 mA cm?) and a high current retention after 20 h (95.7%).
Furthermore, the high performance of ORR is confirmed by the relevant theoretical calculations on Oz adsorption
ability. These above results will pave the way for MOF-derived carbon nanomaterials with specific morphological
dimensions for high-performance energy conversion and storage.

1. Introduction

In recent years, the Chinese government has released a dual carbon
strategy to reach peak carbon emissions before 2030, and achieve car-
bon neutrality before 2060. It implies the gradual withdrawal of tradi-
tional fossil fuels and their replacement by new green energy sources
that are aimed at promoting environmental protection and implement-
ing a low-carbon and sustainable path to quality development [1-3].
Among them, rechargeable hydrogen-oxygen fuel cells and metal-air
batteries with green, high efficiency and high energy density have
attracted numerous attention [4,5]. However, while offering many ad-
vantages, the above devices are severely hampered in practical appli-
cations on account of the slow kinetics of oxygen reduction reaction
(ORR) at the cathode [6,7]. To solve this problem, platinum-based cat-
alysts have been extensively studied owing to their high catalytic ac-
tivity and selectivity for ORR. However, their high cost, low reserve,
poor stability and easy poisoning in the electrolytes limit their large-
scale applications [8,9]. On the other hand, transition metal-nitrogen-
carbon (M—N-C) nanomaterials to mimic the core of heme have been
demonstrated as efficient alternatives to precious metal catalysts
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[10,11]. Under these circumstances, the rational design and convenient
preparation of cost-effective, high-activity and robust-stability M—N—C
based ORR catalysts are of great importance.

Metal-organic frameworks (MOFs), an emerging subclass of organ-
ic-inorganic hybrids, have been widely used in the preparation of
M-—N-C nanomaterials due to their tunable morphology, adjustable
nanostructure, rich topology, and abundant porous properties [12-14].
MOF-derived M—N—Cs have received much attention as a result of their
larger specific surface area, higher space utilization, and more exposed
active species than bulk materials [15,16]. Although researchers are
skilled to utilize the template method to control MOF-derived carbon
nanomaterials with more pores, the actual preparation process is usually
complex and time-consuming [17,18]. In order to achieve more active
sites, it is worth exploring the simplified surface modification to realize
the desired morphology and the reduced size of MOF-derived nano-
materials for effective heterogeneous catalysis.

On the other hand, a series of MOF-derived M—N—C nanomaterials
have been reported as highly active ORR catalysts. However, during the
thermal treatment, the inorganic metals in MOF precursors are highly
prone to aggregate and form clusters, which in turn weakens the
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performed electrocatalytic activity [19,20]. Therefore, single-atom
catalysts become popular for their maximized atom utilization, but it
is hard to modulate the metal atom dispersion when preparing atomi-
cally dispersed catalysts [21,22]. In this context, metal phthalocyanine
(MPc), as one typical M—N,4 macrocycle, stands out for the facile syn-
theses of molecular catalysts with excellent ORR activity [23,24].
However, the requirements for the selection of carbon carriers such as
carbon nanotubes, graphene, etc. for such molecular catalysts are
extremely stringent [25,26]. The stability of most of the carbon carrier
catalysts is not sufficient under repeated start-stop cycling and high
potential conditions of the corresponding devices. Among others,
oxidative corrosion of the carbon support has been identified as a major
cause of electrocatalyst performance degradation and lifetime short-
ening, which can lead to aggregation, dissolution and detachment of the
loaded metal active centers [27-29]. Therefore, the easy fabrication of
suitable MOF-derived carbon substrates for anchoring MPc molecules to
achieve efficient and stable ORR remains challenging to a large extent.

In this work, a stepwise synthetic strategy to obtain MOF-derived
porous carbons with FePc molecules by modulating the morphology is
reported as depicted in Scheme 1. First of all, one type of stick-shaped
indium-based MIL-68-NHy has been successfully synthesized whose
sizes could be effectively regulated by adding pyridine. The obtained
MIL-68-NH,-x series (x indicates different concentrations of pyridine,
0-300 pL) gradually become slimmer with the increase of pyridine
content. Afterwards, they are thermally converted into porous carbon
substrates with abundant structural defects and high graphitization,
which will be more favorable for space confinement of FePc. Finally,
these MOF-derived N-doped carbon nanosticks loaded with FePc mole-
cules (FePc@NCNS) exhibit satisfactory ORR performance, where the
half-wave voltage is 0.904 V, the onset voltage is 0.978 V, and the
limited current density is 6.17 mA cm™2, which are competitive to the
state-of-the-art catalyst of Pt/C.

2. Results and discussions

The stick-shaped MIL-68-NH; can be conveniently obtained by self-
assembly between indium salt and 2-aminoterephthalic acid (NH»-
H2BDC), more detailed synthetic procedure please see the experimental
part in Supporting Information. In its asymmetric unit, there are one-
third deprotonated and half a deprotonated NHy-BDC?, together with
half a 6-coordinated In(II) cation (Fig. 1a, S1, Table S1). It is worth
noting that six NH,-BDC? linkers are connected to six In(III) centers on
the (001) plane to form a regular hexagonal channel of ~ 18.2 A

(3) Pyrolyzation
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(Fig. S2). From optical microscope and SEM images in Fig. 1b, S3, these
crystals present hexagonal columnar morphology with an average
diameter of 300 nm. Furthermore, the PXRD analysis reveals two sharp
diffraction peaks at 8.1° and 9.3° corresponding to (200) and (220)
planes, respectively, well consistent with the simulated pattern to
confirm the high purity and crystallinity of as-synthesized coordination
polymers (Fig. 1¢). In Fig. 1d, the TGA curve shows a continuous tran-
sition where Steps I-1I belong to the removal of guest molecules and the
gradual collapse of overall coordination network, and Step III is ascribed
to the carbonization of organic linkers. Meanwhile, the collected Ny
curves of desolvated sample exhibit Type-IV sorption isotherms, and the
pore size distribution (PSD) verifies the microporous nature mainly at
0.54 nm (Fig. le, f).

To synthesize nanoscale MOFs with a larger specific surface area and
smaller particle size, pyridine is further added for surface modification.
Due to the high electron negativity of the N atom, pyridine will be
adsorbed around the positive In(II) center as well as the external crystal
surface during subsequent crystal growth (Fig. S4) [30,31]. Interest-
ingly, when different amounts of pyridine are inserted, the obtained
MIL-68-NHy-x series (x = 0-300 pL) are gradually transformed from
large hexagonal prisms of 15 pm to thin sticks of 300 nm (Fig. 2a—f, S5).
In Fig. 2g, h, two discernable diffraction peaks for the (200) and (220)
planes are clearly observed to prove that the obtained MOFs retain high
crystallinity after adding pyridine. In the meantime, the (200) crystal
plane at 8.1° gradually widens to imply that it is more preferentially
attached onto the (200) facet which inhibits the lateral accumulation of
crystals [32]. PXRD patterns are well matched with the structural and
morphological change, which reveals MIL-68-NHy crystals to grow
anisotropically. In Fig. 2i, the Type-IV Ny isotherms and their PSD
profiles show a narrow distribution near the 0.5 nm region. Among
them, MIL-68-NH>-300 gives a maximum specific surface area of
300.62 m? g~ ! and a total pore volume of 0.2402 cm® g~! (Table S2). On
this basis, an increase in porosity can be interpreted as the nano-effect of
MOF crystals, which would provide a favorable condition for the
encapsulation of guest molecules as well as the formation of porous
MOF-derived carbon nanomaterials.

By pyrolysis of MIL-68-NH5-300, one type of hierarchically porous
N-doped carbon nanosticks (NCNS) can be conveniently obtained
(Fig. S6). It would facilitate the introduction of discrete FePc molecules
into large pores of MOF-derived porous carbons to give the final product
of FePc@NCNS in Fig. 3a, S7. Besides, the molten indium species will
effectively evaporate during calcination, thus generating more micro-/
meso-pores conducive to the adsorption of FePc to form a stable

@In ®N eC ® Fe
‘ ( 1) Solvothermal (2) Surfactant
L i 85 C 6h Pyridine
MIL-68-NH,

/Ql) 3?

+ —_—
In®*

X,

(4) Etch (HC1)

Pyridine@MIL-68-NH,

~ (5) Guest molecule [V
' — X d
FePc

NCNS FePc@NCNS

f

Scheme 1. Stepwise fabrication of pyridine-modified MIL-68-NH,, derived porous carbon nanomaterial of FePc@NCNS.
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Fig. 1. MIL-68-NH,: (a) The asymmetric unit and structural features; (b) Optical and SEM images; (c) PXRD patterns; (d) TGA curve; (e) N, isotherms; (f) PSD
analysis, the inset corresponds to its microporous region.

Fig. 2. MIL-68-NH,-x (x = 0-300 pL) series: (a-f) Optical and SEM images; (g-h) PXRD patterns and its enlarged region in 7-10°; (i) N5 isotherms and PSD analysis.
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Fig. 3. (a-e) SEM, TEM, HR-TEM and AC-HAADF-STEM images of FePc@NCNS; (f-g) HAADF-STEM images and EDS mappings of FePc@NCNS.
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nanocomposite. In Fig. 3b, its TEM image reveals a large number of
structural defects formed by high temperature calcination. Although it is
accompanied by the collapse of MOF structure, the original stick
morphology is still roughly retained due to the high stability of the
precursor. High-resolution TEM (HR-TEM) images present the lattice
fringes of 0.335 nm, ascribing to the (00 2) plane of the graphitic carbon
(Fig. 3c¢). As shown in Fig. 3d, S8, the obtained FePc@NCNS shows a
distinct dark spot on the carbon layers to reflect the successful loading of
FePc. In this case, the carbon layer and FePc guest are effectively
coupled through n-n stacking, while the strong chemical and electronic
coupling between electron-rich defects and electron-deficient Fe atoms
avoids a large aggregation of FePc to expose more active Fe sites
[33,34]. Based on this, it will largely increase the possibility of
adsorption of Fe-N4 active centers with O, and thus significantly
improve the ORR performance of the material. To elucidate the state of
the Fe atoms, aberration-corrected high-angle annular dark field scan-
ning TEM (AC-HAADF-STEM) measurement is further carried out in
Fig. 3e. On account of the structural characteristics of FePc molecules,
the Fe atoms in FePc@NCNS are most probably in a similar form to pure
FePc and well distributed at the atomic level [25,35]. Furthermore, the
HAADF-STEM image, element mapping, and energy dispersive X-ray
spectrum (EDS) certify the uniform distribution of C, N, O, In and Fe
(Fig. 3f, g).

In Fig. 4a, FePc@NCNS owns an obvious peak at 27.1° similar to
pure FePc, which further proves the successful loading of FePc. In
addition, the calculated Ip/Ig ratio of FePc@NCNS (1.04) is smaller than
NCNS of 1.15 (Fig. 4b), implying that the loaded FePc is beneficial to the
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improved degree of graphitization. Their Type-III isotherms show the
calculated specific surface areas of 274.9 and 286.6 m? g~! for
FePc@NCNS and NCNS, respectively (Fig. 4c, Table S2). In this case, the
reduced surface area is mainly ascribed to the partially blocked pores by
FePc, while PSD curves confirm the retained micropores of ~ 2 nm in
Fig. S9. The XPS spectra show the obvious peaks of C 1s, O 1s, and N 1s,
Fe 2p and subtle signals of In 3d for all samples (Fig. S10). The high-
resolution C 1s spectra can be deconvoluted into three separate peaks
of C=C/C-C (284.6 eV), C-N (285.5 eV), and C=N/C=0 (288.7 eV) in
Fig. 4d. And the N 1s spectra can be divided into pyridinic-N (398.6 eV),
pyrrolic-N/Fe-N (399.8 eV), graphitic-N (400.9 eV), and oxidized-N
(402.2 eV), respectively (Fig. 4e). Previously, some studies suggest
that pyridinic-N provides suitable Lewis base sites to strongly chemisorb
04 molecules for efficient ORR [25,36]. Furthermore, FePc@NCNS ex-
hibits a stronger pyrrolic-N/Fe-N peak at 399.8 eV, which is attributed
to the fact that FePc as the main active center provides abundant Fe-N4
active sites. In Fig. 4f, the high-resolution Fe 2p curves are split into
three pairs of peaks: the first two satellite peaks appear at 717.1/731.2
eV; the second belongs to the coordination environment of Fe-N at
713.1/726.3 eV; the last pair shows Fe 2p; /5 (722.6 eV) and Fe 2p3/s
(709.8 eV), respectively. Notably, the Fe 2p3/» peak is located near
710.2 eV, indicating that the Fe valence state in FePc@NCNS is close to
+ 3. Meanwhile, when Fe(III) in the active center is coordinated with
pyrrole N atoms of the N-doped carbon carrier, the oxidation state of the
-+ 3 valence state can be maintained by electronic coupling during
electrocatalysis, thus providing superior adsorption sites and active
sites, which will greatly enhance the ORR activity of the material to a
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large extent [37,38]. For O 1s, two peaks of C—O and M—O can be
distinguished, while two more peaks come from In 3ds,2 and 3ds3/,
indicating that a few indium species still exist in the carbon layer
(Figs. S11, 12).

As a result of numerous Fe-Ny4 sites, the obtained FePc@NCNS is
expected to exhibit excellent electrochemical performance. First, CV
measurements clearly show the ORR peak position of FePc@NCNS
(0.925 V) close to Pt/C (0.938 V) and much higher than NCNS (0.731 V)
in Fig. S13. LSV curves present the onset potential (Eqpget) at —0.1 mA
cm~2, half-wave voltage (E1/2) and diffusion-limited current density (Ji.)
at 0.3 V (Fig. 5a, b). In this case, FePc@NCNS is calculated to be 0.978
V, 0.904 V and 6.17 mA cm ™2, respectively, better than those of Pt/C
(0.981 V, 0.870 V and 5.35 mA cmfz), NCNS (0.915V, 0.801 V, 4.65
mA cm_z) and those reported catalysts (Table S3). The above results
indicate that FePc@NCNS has a more positive onset potential than that
of NCNS, suggesting that oxygen molecules can be conveniently reduced
at the Fe-Ny sites under a smaller overpotential. LSV curves at different
rotation speeds and the corresponding K-L plots imply the diffusion-
controlled ORR property in Fig. 5¢, S14, 15. And the fitted Tafel
slopes are 31.25, 34.12 and 60.46 mV dec™! for FePc@NCNS, Pt/C and
NCNS, respectively, to reflect the former with the fastest reaction ki-
netics (Fig. 5d). In Fig. S16, the electrochemical Cq value is 31.42 mF
cm ™2 for FePc@NCNS, also higher than these control samples. Fig. 5e
reveals the average electron transfer number (n) and HyO; yield of
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FePc@NCNS of 3.99 and 0.82% to verify a quasi-4-electron pathway. It
owns the lowest charge transfer resistance (R.) of 10.648 Q which
would facilitate the electron transfer (Fig. 5f, S17, Table S4). On the
other hand, the current retention of FePc@NCNS after 20 h (95.7%) is
higher than Pt/C of 87.9% (Fig. S18) stemming from the strong inter-
molecular interaction between graphitic NCNS and FePc [16,27]. After
MeOH is added, its current density remains almost unchanged, while Pt/
C owns a poor methanol resistance (Fig. S19). As anticipated, its open-
circuit voltage (OCV), peak power density, and specific capacity of the
assembled ZAB is calculated to be 1.505 V, 156.3 mW cm 2 and 632.83
mA h gfl, respectively, competitive to Pt/C (1.502 V, 135.2 mW em ™2
and 597.85 mA h g~ !) in Fig. 5g-i. The above results demonstrate that
FePc@NCNS exhibits better performance in both catalytic activity,
stability and practical application to make it a promising alternative to
Pt/C.

The theoretical calculations are carried out to further understand the
synergistic effects of FePc and NCNS on ORR activity. In this case, two
geometrically optimized models are reasonably constructed to elucidate
the adsorption behavior of O,. It is worth noting that the core of FePc
molecule is chosen as the main configuration modeling that acts as the
active Fe-Ny site (Fig. S20). In Fig. 6a and Table S5, the adsorption en-
ergy (E,) of FePc@NCNS (—5.126 eV) is much lower than that of NCNS
(—5.030 eV), which can be well explained by the stronger adsorption
capacity of Fe-N4 sites for O,. In addition, the valence electron

FePc@NCNS

l “ Route 2|
FePc@NCNS |

Route

Fig. 6. (a) Theoretically optimized models of NCNS and FePc@NCNS; (b) PDOS after the adsorption of O, on NG and G-FeNy; (c¢) Two plausible ORR pathways.
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hybridization energy broadening is evident at 0 and —6.28 eV for the
partial density of states (PDOS) of Oy in NCNS and FePc@NCNS
compared to free-standing Oy molecule (Fig. 6b). This is mainly attrib-
uted to the strong interaction between O molecules and Fe-N4 active
sites, which can be better explained by the tendency of the empty or-
bitals of Fe atoms on FePc@NCNS to accommodate the electrons
transferred from oxygen, which is responsible for the potential oxygen
adsorption and oxygen activation [30,39,40]. Moreover, Fig. 6¢ consists
of two general ORR reaction mechanism: the typical 4-electron direct
pathway (Route 1) and the combined pathway (Route 2). Among them,
Fe-N4 as the catalytically active center and its weak H05 yield (0.82%)
proves that FePc@NCNS takes a typical 4-electron ORR mechanism
[41,42]. In detail, *O4 adsorbed on the carbon surface reacts with one
proton and one electron to generate *OOH, which is then decomposed
into *O and *OH radicals. After that, *OH is reduced to give the first Ho,O
molecule, and the remaining *O reacts with one proton and one electron
to form *OH, which is further reduced to form the second H5O.

3. Conclusion

In conclusion, one type of In-based MIL-68-NH; nanosticks has been
successfully modulated by using pyridine, which is further pyrolyzed to
form porous carbon nanomaterial. Furthermore, dispersed FePc mole-
cules are effectively coupled into MOF-derived N-doped carbon nano-
sticks of NCNS. Owing to a large number of structural defects and high
graphitization degree, this composite is intrinsically endowed with more
exposed active sites, fast transfer for electrons as well as O,. Hence, the
as-prepared FePc@NCNS exhibits excellent electrocatalytic ORR activ-
ity with a positive Eqpget value of 0.978 V and a large Jj, value of 6.17 mA
em 2, which are parallel to that of Pt/C. It also shows that the
FePc@NCNS based ZAB holds satisfactory performance with large OCV
value, peak power density as well as good stability to firmly demonstrate
its practical applications. In the meantime, the theoretical results further
reveal that the electron-rich nanostructure induced by defects in
FePc@NCNS accelerates the adsorption and reduction of O, molecules
on Fe atoms. All in all, the experimental and computational data confirm
that FePc-loaded carbon nanomaterial preferentially adsorbs Oy and
reduces its reaction activation energy, which is mainly attributed to the
introduction of Fe-N4 active centers strongly promoting the ORR
reaction.
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