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Ligand-induced hollow MOF-derived carbon nanomaterials with abundant
Fe species for efficient oxygen reduction
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ABSTRACT The rational design and facile fabrication of
cost-effective, efficient, and robust non-precious metal-based
carbon nanomaterials are of great significance. Herein, under
the control of temperature, the single-crystal-to-single-crystal
transformation from MOF-5 to ZIF-8 via ligand exchange can
be easily achieved with the intermediate and final structures of
ZIF-8-M and ZIF-8-F, respectively. After pyrolysis of Fe-
doped MOF (metal-organic framework) materials, Fe-ZIF-8-
F-900 was obtained and featured large surface area, high de-
gree of graphitization, a large number of carbon nanotubes,
and highly active Fe species. All of these characteristics con-
tribute to fast electron transfer and mass transport, resulting
in a satisfactory oxygen reduction performance which is
comparable to that of Pt/C, such as superior onset potential
(0.982 V), limiting diffusion current density (5.41 mA cm™),
small Tafel slope (40.6 mV dec™), and high current retention
of 94.4% after 10 h. Furthermore, the experimental and si-
mulation results both verify that the assembled zinc-air bat-
teries possess excellent properties in practical applications.
This study provides a rational design strategy for the devel-
opment and preparation of high-efficiency and low-cost non-
precious metal-based electrocatalysts, which further indicates
new directions for energy-related practical applications.

Keywords: metal-organic framework, structural transformation,
hollow morphology, carbon nanomaterial, oxygen reduction
reaction

INTRODUCTION

The consumption of traditional fossil fuels to generate energy
will lead to a series of consequences and hazards, including
atmospheric pollution and energy crises [1]. Therefore, we need
to seek sustainable and green alternative fuels and enhance
environmental protection and economic value. In this context,
fuel cells and metal-air batteries experience rapid development
and show application prospects owing to their environmental
friendliness, high efficiency, and high energy density [2-7].
Although these devices can directly convert chemical energy into
electricity through efficient and green redox reactions, their
large reaction overpotential and sluggish reaction kinetics for
the oxygen reduction reaction (ORR) at the cathode severely
hinder their practical applications [8-10]. Generally, platinum-
based carbon has been recognized as an excellent ORR catalyst
with extraordinary catalytic activity, but its scarcity, high cost,

and poor durability limit its large-scale application [11,12].
Therefore, transition metal-based catalysts with cost-effective-
ness, high efficiency, and robustness are considered to be pro-
mising alternatives which feature the rational design and
convenient synthesis [13,14].

Porous metal-organic frameworks (MOFs) have been used to
fabricate multifunctional transition metal-based nanomaterials
[15-17]. Because of their large surface area, high porosity, and
numerous active sites, MOF materials and their derivatives can
be widely applied in various research fields [18-20]. Recently,
hollow-structured MOFs have been receiving extensive attention
because they possess large pore volume and abundant active
sites, thus facilitating mass transport [21,22]. Generally,
researchers have employed templates to prepare hollow MOEF-
derived nanomaterials where hard templates include silicon
microspheres and polystyrene [23], while soft templates include
micelles and vesicles [24]. Although the size, morphology, and
structure can be precisely controlled by the template method, it
is difficult, complicated, and expensive. Whether MOF materials
could be in situ transformed into hollow morphology for effi-
cient catalysis based on their composition and structural char-
acteristics needs to be explored.

Alternatively, highly active and selective metal-nitrogen
(M-N,) carbons that mimic biological nanoenzymes are pre-
pared through the decomposition of MOFs [25,26]. The
obtained MOF-derived carbon nanomaterials have the advan-
tages of exposed metal-rich nanoparticles (NPs) and M-N; sites,
which can enhance electrochemical properties [27,28]. With the
reasonable selection of self-sacrificial templates, these porous N-
containing MOF materials that intrinsically have numerous N
sites can effectively disperse and anchor transition metal ions
[29]. After carbonization, the facile formation of M-N; sites and
ultrafine metal particles leads to superior electrocatalytic ORR
performance. Meanwhile, previous experiments and theories
have confirmed that doping transition metals into N-rich MOF
precursors through carbonization can effectively promote ORR
catalytic activity [30]. Therefore, the addition of transition metal
ions to in-situ-formed hollow-structured MOFs is highly chal-
lenging and expected to regulate the components and structures
of MOF-derived electrocatalysts, as well as their electrochemical
properties.

In this work, we have exploited the single-crystal-to-single-
crystal (SCSC) transformation method to achieve structural
transformation from the initial MOF-5 cubes to the hollow ZIF-
8-F (Fig. la). Through competitive ligand coordination, the
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Figure 1

ligand exchange between 1,4-benzenedicarboxylate (BDC*") in
MOFEF-5 and 2-methylimidazole (MI) in ZIF-8, the cleavage of
the weak coordination bonds, and the continuous generation of
strong bonds can yield a hollow nanostructure. When ferric salts
are introduced, Fe(III) ions are uniformly dispersed in the hol-
low MOF micropores and large internal cavities and form strong
chemical interactions at the exposed N site. After pyrolysis,
porous N-doped Fe-ZIF-8-F-900 with multiwalled carbon
nanotubes and abundant Fe species can be conveniently
obtained. Meanwhile, the well-preserved hollow carbon can
increase the pore volume to expose the active substances and
improve the charge transport. Fe-ZIF-8-F-900 exhibits a satis-
factory ORR performance in terms of an onset potential
of 0.982 V, half-wave potential of 0.865 V, and limiting diffusion
current density of 5.41 mA cm™. The zinc-air batteries (ZABs)
based on Fe-ZIF-8-F-900 also show excellent performance.

RESULTS AND DISCUSSION
In Fig. la, the single-crystal structure of MOEF-5 consists of
typical [Zn,O]°" building units and BDC*" ligands, whereas each
Zn(II) ion in ZIF-8 is four-coordinated with N atoms of adjacent
MI linkers. Because of the similar coordination environment
between the two MOFs, SCSC transformation under certain
conditions could be most likely achieved (Figs S1 and S2 and
Tables S1 and S2) [31].

Therefore, with the dispersion of these prefabricated MOEF-5
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(a) Schematic representation of the structural conversion from MOF-5 to ZIF-8; (b) PXRD patterns; (c) FT-IR spectra; (d) N, isotherms.

nanocrystals in dimethyl formamide (DMF) solution with MI
molecules, Zn-O and Zn-N bonds will exert competitive coor-
dination at the interface of MOF precursors. Notably, the Zn-O
bonds are continuously decomposed with the generation of the
Zn-N bonds, resulting in a more thermodynamically stable ZIF-
8 structure (Fig. S3) [32,33]. During the process, an interesting
intermediate called ZIF-8-medium (ZIF-8-M) containing both
MOFEF-5 and ZIF-8 was detected. The product that is completely
converted at a high temperature is denoted as ZIF-8-final (ZIF-
8-F; more details are provided in the experimental part in the
Supplementary information). In Fig. 1b, powder X-ray diffrac-
tion (PXRD) analysis shows that the obtained MOF-5 micro-
cubes are highly crystalline with narrow diffraction peaks, and
the simulation results show that ZIF-8-F has high purity and
crystallinity. Notably, ZIF-8-M exhibits two sets of peaks for
both MOFs, which indicates the successful SCSC conversion.
Meanwhile, the Fourier transformed infrared (FT-IR) spectra
reveal obvious signals at 1570 cm™ (C=N stretching) and
420 cm™ (Zn-N stretching) that further confirm the formation
of heterostructures (Fig. 1c) [34]. Furthermore, the N, sorption
curves of all involved MOFs exhibit hysteresis loops (Fig. 1d and
Fig. S4), and the Brunauer-Emmett-Teller (BET) specific surface
areas of MOF-5, ZIF-8-M, and ZIF-8-F are calculated to be
162.0, 115.2, and 761.2 m? g™/, respectively, and their total pore
volumes are 0.24, 0.07, and 0.47 cm® g™, respectively (Table S3).
In this case, ZIF-8-F has a larger specific surface area than MOF-
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5 and ZIF-8-M because of its unique hollow nanostructure.
The scanning electron microscopy (SEM) image of the initial
MOE-5 shows a regular cubic shape with a uniform size of
approximately 1 pm (Fig. 2a). Notably, a light-dark junction can
be observed in Fig. 2b and Fig. S5, indicating that the core-shell
structure has been formed. The transmission electron micro-
scopy (TEM) image shows that the outer wall of ZIF-8-M
maintains the cubic morphology of the MOF-5 precursor with
slight shrinkage inward, whereas the interior is a solid structure,
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which indicates that the SCSC transformation reaction starts
from the inside (Fig. 2c). Furthermore, the corresponding ele-
ment mapping and energy-dispersive X-ray spectrum (EDS)
reveal the uniform distribution of Zn, C, N, and O on the entire
surface (Fig. 2d-f).

When MI is added at 120°C, many small rough NPs are
anchored on the surface. The obtained ZIF-8-F has a hollow
nanostructure with a slightly rough surface, dense shell, and
uniform thickness (Fig. 2g). In Fig. 2h and Fig. S6, the typical
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Figure 2 (a) SEM image of the MOF-5 precursor; SEM, TEM, and EDS images and element mappings of ZIF-8-M (b-f) and ZIF-8-F (g, h, j-1);

(i) compositional line profile for hollow ZIF-8-F.
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hollow structure with a brighter hollow core and a darker shell
with an average thickness of approximately 200 nm are con-
sistent with the analysis. Furthermore, a single sphere-like par-
ticle is randomly selected for line scanning to illustrate that Zn,
C, N, and O in the core layer are fewer than that on the outer
shell, confirming the hollow morphology shown in Fig. 2i.
Finally, the uniform distribution of Zn, C, N, and O on the outer
shell was also detected by EDS and element mapping (Fig. 2j-1).
Notably, Fe-based active sites can be effectively generated after
Fe doping in N-rich Zn-MOFs, whereas single Fe-N, atoms
exhibit a superior electronic structure during the catalytic
reaction (Fig. S7) [27]. According to the thermogravimetric
analysis (TGA) curves shown in Fig. S8, the process involves
solvent volatilization and precursor carbonization and tends to
be thermally stable with nearly no weight loss after 900°C.
Three types of Fe-doped carbon nanomaterials, namely, Fe-
MOF-5-900, Fe-ZIF-8-M-900, and Fe-ZIF-8-F-900, were con-
veniently obtained. In Figs S9 and S10, Fe-MOF-5-900 well
retains its cubic shape, whereas Fe-ZIF-8-M-900 exhibits slight
shrinkage. The coexistence of Zn, Fe, C, N, and O can also be

detected in both EDS curves and element mappings. In the
element mappings, a large number of carbon nanotubes can be
observed for Fe-ZIF-8-F-900, which could speed up electron
transport for efficient electrocatalysis (Fig. 3a and Fig. S11) [35].
The high-resolution TEM (HR-TEM) images show some
noticeable lattice fringes of 0.346 nm ascribed to the (002) plane
of graphite and 0.203 nm ascribed to the (110) plane of metallic
iron (Fig. 3b, c¢). The high-angle annular dark field scanning
TEM (HAADF-STEM) images, element mappings, and EDS
curve verify the uniform distribution of constituent elements in
Fig. 3d-f and Table S4. In this case, a nearly negligible amount of
Zn can be interpreted as most Zn species having been volatilized
(Fig. $12). In Fig. 3g, the Raman spectra show that the intensity
ratio of D band and G band (Ip/Ig) of Fe-ZIF-8-F-900 (0.9649) is
smaller than those of Fe-MOF-5-900 (0.9935) and Fe-ZIF-8-M-
900 (1.0246), indicating that Fe-ZIF-8-F-900 has a higher gra-
phitization degree. In Fig. 3h, the PXRD patterns show the
obvious characteristic peaks at 43.7° and 44.7°, which can be
attributed to the Fe;C (111) and metallic Fe (110) planes,
respectively. Moreover, its Type IV N, isotherm shows that the
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Figure 3 (a-d) SEM, TEM, HR-TEM, and HAADF-STEM images of Fe-ZIF-8-F-900; (e, f) element mappings and EDS curve of Fe-ZIF-8-F-900; (g) Raman
spectra, (h) PXRD patterns, and (i) N, isotherms of MOF-derived carbon nanomaterials.
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specific surface area of Fe-ZIF-8-F-900 reaches 1073 m? g”', and
the pore size distribution confirms the formation of micropores/
mesopores (Fig. 3i). Overall, Fe-ZIF-8-F-900 has a large number
of carbon nanotubes, large specific surface area, high graphiti-
zation degree, and hierarchical pores, which are conducive to
promoting electron transfer and mass transport.

X-ray photoelectron spectroscopy (XPS) was further per-
formed to probe their electronic structure and surface infor-
mation. In Fig. 4a, the full survey spectra show the discernible
signals of C 1s, N 1s, and O 1s and the subtle signals of Fe 2p and
Zn 2p for all involved carbon samples. The high-resolution Zn
2p spectra show that most of the Zn species have been removed
after carbonization (Fig. S13) [36]. The high-resolution C 1s
spectra can be fitted into five separate peaks with C=C sp?
(284.5eV), C-C sp® (286.0 eV), C-O/C-N (287.3 eV), C=0/
C=N (288.8 V), and O=C-0O (290.3 eV), as shown in Fig. 4b.

The deconvoluted N 1s spectra of Fe-ZIF-8-M/F-900 can be
divided into four subpeaks, namely, pyridinic N (398.3 eV),
pyrrolic N (399.5 eV), graphitic N (400.6 eV), and oxidized N
(403.9 eV) (Fig. 4c). Notably, pyridinic and graphitic N are
regarded as the main active components for the efficient
adsorption and reduction of oxygen intermediates [37]. The
slightly shifted positions of the N peaks are attributed to the fact
that Fe-ZIF-8-M-900 is in the intermediate state whose Zn-N
bond is not fully transferred. Meanwhile, Fe-ZIF-8-F-900 shows
an extra weak peak at 397.6 eV from the in-situ-formed Fe-N,

species, providing more active sites for efficient catalysis. For the
O 1s spectra, two typical peaks of C-O (532.9 ¢V) and M-O
(531.0eV) are detected (Fig. S14). Moreover, for the high-
resolution Fe 2p spectra, two subpeaks at 714.0 and 727.1 eV can
be reasonably attributed to the Fe-N, species. Meanwhile, for the
Fe 2ps, (710.6 eV) and Fe 2py,; (723.2 eV) spectra, two satellite
peaks at 718.0 and 730.5 eV can be detected. Furthermore, a
negatively shifted binding energy of 0.2 eV in Fe 2ps, can be
detected in Fe-ZIF-8-F-900 because of a more N-donating effect
[38]. Thus, the obtained Fe-ZIF-8-F-900 is equipped with
abundant graphitic carbon and Fe-N, sites, which facilitate
electron transport to enhance electrocatalytic ORR performance.

Because of the large specific surface area, high graphitization
degree, and abundant Fe species, excellent ORR performance is
expected. First, electrochemical activity was evaluated through
cyclic voltammetry (CV) measurements using commercial
20 wt% Pt/C. Prominent oxygen reduction peaks were detected
in an O,-saturated 0.1 mol L™! KOH solution, whereas oxygen
reduction peaks were not obvious in the Nj-saturated
0.1 mol L' KOH solution. In Fig. 5a and Fig. S15, Fe-ZIF-8-F-
900 exhibits one cathodic peak at 0.90 V close to Pt/C (0.93 V),
higher than that of Fe-ZIF-8-M-900 (0.85 V) and Fe-MOF-5-900
(0.80 V). Meanwhile, the rotating ring-disk electrode (RRDE)
method reveals a superior onset potential (Eoneet = 0.982 V), half-
wave potential (Ei, = 0.865 V), and limiting diffusion current
density (Jy = 5.41 mA cm™) for Fe-ZIF-8-F-900, which is com-
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Figure 4 (a) Full survey XPS spectra and the deconvoluted spectra of (b) C 1s, (¢) N 1s, and (d) Fe 2p (from top to bottom: Fe-MOE-5-900, Fe-ZIF-8-M-900,

Fe-ZIF-8-F-900).
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Figure 5 (a) CV and (b) LSV curves at 1600 r min’; (c) LSV curves with various rotating speeds for Fe-ZIF-8-F-900; (d) Tafel slopes; (e) EIS plots; (f) n

(top) and HO," yield (bottom); (g, h) anti-MeOH and stability evaluation.

parable to Pt/C (Eopset = 0992V, Ej, = 0884V, and J. =
524 mA cm™?) and competitive to recently reported catalysts
(Fig. 5b and Table S5). Moreover, Fig. 5¢ and Figs S16, S17 show
the linear sweep voltammetry (LSV) curves at different rotating
speeds, and the corresponding Koutechy-Levich plots reflect the
first-order reaction kinetics [39].

The corresponding Tafel slopes are 40.6, 57.5, 59.8, and
47.6 mV dec™' for Fe-ZIF-8-F-900, Fe-MOF-5-900, Fe-ZIF-8-M-
900, and Pt/C, respectively, indicating that Fe-ZIF-8-F-900
intrinsically has excellent reaction kinetics (Fig. 5d). Electro-
chemical impedance spectroscopy reveals the lowest charge
transfer resistance (R.) of 3.9 Q for Fe-ZIF-8-F-900 (Fig. 5¢ and
Table S6). Alternatively, the electrochemical surface area can be
evaluated using the double-layer capacitance (Cy) based on the
CV curves, in which Fe-ZIF-8-F-900 has a high Cg value of
13.9 mF cm™ (Figs S18 and S19). In Fig. 5f, the average number
of electrons (n) of Fe-ZIF-8-F-900 is calculated to be 3.8 (close to
4) with a low HO,™ yield, indicating its quasi-4e pathway. When
3.0 mol L™! methanol is added, Fe-ZIF-8-F-900 remains stable
and has a high current retention rate of 94.5%, whereas Pt/C
shows poor resistance (28.1%; Fig. 5g). Meanwhile, the current
densities of both materials decrease with time, but the durability
of Fe-ZIF-8-F-900 (94.4%) is better than that of Pt/C (89.9%)
after 10 h (Fig. 5h and Fig. S20).

Fe-ZIF-8-F-900 was applied to assemble ZABs for practical
applications. As shown in Fig. 6a, the cathode is made of cata-
lyst-supported carbon paper, and the anode is a polished Zn

plate in a 6.0 mol L™* KOH solution. Notably, the Zn plate will
be electrochemically oxidized into [Zn(OH),]*~ ions, whereas
the supported catalyst undergoes a rigorous oxygen reduction at
the interface during the discharge process [40]. Thus, the ZAB
device was well fabricated based on our catalyst, as well as Pt/C,
and the ZAB device based on Fe-ZIF-8-F-900 has an open-cir-
cuit voltage (OCV) of 1.49 V, which is comparable to that of Pt/
C (1.50 V; Fig. 6b).

The two connected ZABs are further employed in series to
successfully light a light emitting diode (LED) screen and verify
its practicability. Fig. 6¢c shows that Fe-ZIF-8-F-900 has a max-
imum power density of 102.8 mW cm™2, which is close to that of
Pt/C (103.4 mW cm™2). Herein, the Fe-ZIF-8-F-900-based ZAB
exhibits a competitive performance to the Pt/C-based one, and
its specific capacity at 10 mA cm™ is 710.3 mA h g™* after 8 h,
which is higher than that of Pt/C (701.8 mA h g™'; Fig. 6d and
Table S7). In this case, the excellent electrocatalytic property
stems from the high N content and Fe-N, active components,
and the large specific surface area can effectively promote the
diffusion and exchange of gas molecules [41]. Meanwhile, these
in-situ-grown carbon nanotubes could facilitate electron transfer
and mass transport, thereby enhancing the ORR reactivity and
durability.

To simplify the theoretical calculations, only the role of Fe-N,
sites in promoting electrocatalytic ORR was investigated to
reveal the adsorption energy of O, for these MOF-derived car-
bon nanocatalysts. Given that Fe-N, species usually serve as the
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Figure 6 (a) Diagram of an assembled ZAB; (b) OCV profiles (the inset shows two ZABs in series); (c) polarization and power density curves;
(d) galvanostatic discharge curves at 10 mA cm™ of Fe-ZIF-8-F-900-based and Pt/C-based ZABs.

most effective active sites, the selection of the thermo-
dynamically stable Fe-N, center as the standard model is
rational.

In this case, two types of carbon nanostructures, namely, Fe-
doped graphene (G-Fe) for pure Fe-MOF-5-900 and graphene
with Fe-N, sites (G-Fe-N) for Fe-ZIF-8-F-900, were constructed.
According to the calculated adsorption energy data (E,), the O,
adsorption capacity of G-Fe-N (—2.688 eV) is higher than that of
G-Fe (—2.671 eV) (Fig. 7a, Fig. S21 and Table S8). Alternatively,
the partial density of states (PDOS) diagram shown in Fig. 7b
indicates that G-Fe-N exhibits a notably broadened energy
through valence hybridization compared with pure O,. Part of
the charge will be transferred from O, molecules to G-Fe-N, and
the presence of Fe-N, sites will enhance the adsorption capacity
of O,. Finally, the detailed 4e pathway at the Fe-N, center in the
ORR process is illustrated in Fig. 7c. First, O, adsorbs on the Fe
atom on the catalyst surface to form *O,, which then reacts with
one electron to form *OOH and retains the transition state of
O* after the decomposition of OOH*. Afterward, the dissociated
OH* adsorbs on the central atom. Finally, after the OH™ group
escapes, the ORR process is completed [42,43]. Overall, both the
experimental and computational data indicate that the obtained
Fe-ZIF-8-F-900 preferentially adsorbs and reduces O, molecules
and the synergistic effect of Fe-N, strongly promotes the ORR
response.

CONCLUSION
In summary, Fe-ZIF-8-F-900, one type of hollow-structured
carbon nanomaterial with carbon nanotubes and Fe species, has
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© " J
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Figure 7 (a) Geometrically optimized nanostructures; (b) PDOS curves

after O, adsorption; (c) ORR mechanism on the Fe-Nj site (red/white: O/H
atoms).

been successfully prepared by the ligand-induced SCSC trans-
formation method followed by high-temperature pyrolysis.
Because of the large specific surface area, high graphitization
degree, and a large number of micropores/mesopores, a satis-
factory electrocatalytic ORR performance of these MOF-derived
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carbons can be conveniently achieved. In this case, the large
surface area can effectively promote the diffusion and exchange
of gas molecules, while the high graphitization degree is bene-
ficial to rapid electron transport, thereby enhancing the ORR
reactivity and durability. We have further used Fe-ZIF-8-F-900,
which exhibits a large OCV value, high power density, and large
specific capacity, to assemble ZABs for practical applications.
Moreover, the excellent electrocatalytic property is validated by
theoretical calculations. Finally, this study will provide a rational
design strategy for ligand-induced hollow MOF-derived carbon
nanomaterials with specific morphology and further shed light
on new directions for energy-related practical applications.
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A FE RO EAR S T b2 MOFART AR 4K A
T R AR I R L

LRI, BIN, B BER, hUA B Kk,
B My, RER, M

TR O MR A AR AS . B ARUE A A 51 4 R SR AN K AT
REEAEES . AP IRANIERRIRE AT, @i AR AR e
MOF-5546 A Z1F-8, HidfEopn] DU £ ZIF-8 1+ ] 25 (ZIF-8-M) Ff:
B AL (ZIF-8-F). 1545 7%Fe & - HIMOFM BRI T IR S5, 155119
Fe-ZIF-8-F-900#1 KL HAA KWL EmA B, FE1m
YR DL RS M R R S O . X SR M AT B TS S S R
(ORR) HH i 1Y B I 5L . 5 Pt/CHHLL, Fe-ZIF-8-F-900Hf
L5 ATORRIERE, 4L IE IR 4G FEA7.(0.982 V), KA BR F 3t 2 1
(5.41 mA cm ™) F15/NF Tafel 21 28(40.6 mV dec™), HAE10/N 5 HLTR
PRI R AT 51K 94.4%. AL, SEIEFIPRIE 45 BLI4IE 52 T Fe-ZIF-8-F-90041
5 R 25 A LI AE SR by SR BAE . AR R SR AREAR Y
Evr < R A FL AL AT & AN S 1R AL S B A BT SR, FE N H AR RE
RN S A3k 1) S 7 FH 4 BA 7 1A

© Science China Press 2023 9


https://doi.org/10.1002/aenm.201900237
https://doi.org/10.1021/acsami.0c21321
https://doi.org/10.1021/acsami.0c21321
https://doi.org/10.1038/s41467-018-07850-2
https://doi.org/10.1002/anie.202005929
https://doi.org/10.1002/anie.202005929

	Ligand-induced hollow MOF-derived carbon nanomaterials with abundant Fe species for efficient oxygen reduction 
	INTRODUCTION
	RESULTS AND DISCUSSION
	CONCLUSION


