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Abstract

Developing noble-metal-free bifunctional oxygen electrocatalysts is of great significance for several
key energy conversion and storage systems, yet remains as a grand challenge. Herein, we have
developed a transformation method for growing NiMn-based bimetal-organic framework (NiMn-
MOF) nanosheets on multi-channel carbon fibers (MCCF) as a promising bifunctional oxygen
electrocatalyst. Owing to the active NiMn-MOF nanosheets and their tight connection with the highly
conductive MCCF support, the obtained MCCF/NiMn-MOFs manifest comparable electrocatalytic
performance towards oxygen reduction reaction (ORR) with the commercial Pt/C electrocatalyst and
superior performance towards oxygen evolution reaction (OER) to the benchmark RuO:
electrocatalyst. X-ray absorption fine structure (XAFS) spectroscopy and density-functional theory
(DFT) calculations reveal that the strong synergetic effect of adjacent Ni and Mn nodes within
MCCF/NiMn-MOFs effectively promotes the thermodynamic formation of key *O and *OOH

intermediates over active NiOg centers towards fast ORR and OER kinetics.
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The electrochemical oxygen catalysis, including oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER), is of essential importance in modern high-energy-density systems
including metal-air batteries, fuel cells, and electrolyzers.'5! To maximize the overall conversion
efficiencies in these systems, it is urgently desired to develop highly efficient electrocatalysts to
overcome the thermodynamically sluggish kinetics of oxygen electrocatalysis.[®! Up to now, the
well-known oxygen electrocatalysts are mainly Pt- and/or Ru- based noble metals or metal oxides,®-
111 which yet greatly suffer from high cost and poor operation stability. Moreover, these Pt- or Ru-
based catalysts are normally unable to simultaneously deliver high activity towards ORR and OER,
which in turn would increase the processing cost and assembling complexity of the modern energy
devices.[#*? Therefore, it is a great challenge to seek efficient bifunctional oxygen electrocatalysts
needed for the widespread deployment of these oxygen-involving technologies.

Metal-organic frameworks (MOFs), composed of organic ligands and well-dispersed metal
nodes, have unique features of large specific surface areas, tunable pore sizes, adjustable chemical
components, and surface functionality, which enables them as potentially promising noble-metal-free
electrocatalysts.l”*3161 Moreover, these MOFs with well-dispersed metal sites could offer ideal
platforms for exploring the nature of active sites and the origin of electrocatalytic activity relative to
conventional metal oxides and hydroxides.718 Although tremendous efforts have been devoted,
it is still difficult for the developed MOF-based electrocatalysts to perfectly balance the adsorption
energetics of various oxo-intermediates towards highly efficient ORR and OER, owing to the
insufficient understanding of the active sites and the underlying catalytic mechanism.1®2%
Additionally, the inaccessibility of internal metal nodes and intrinsically poor conductivity of bulk
MOFs would also significantly undermine their electrocatalytic performance.?>%1 To overcome
those issues, the introduction of synergistically bimetallic active sites in ultrathin MOFs combined
with rational architectural design of carbon-matrix supports is anticipated to effectively lever the

adsorption energetics of diverse oxo-intermediates, enlarge the numbers of surface active sites,



facilitate the charge transfer, and guarantee the stability of MOF-based electrocatalysts.?2427]
Furthermore, these hierarchical MOF nanosheets with full exposure of well-dispersed metal centers
are very helpful for the atomic-level identification of real active sites and in-depth exploration of their
electrocatalytic mechanisms.[4282°1 Nevertheless, it remains a great challenge to directly integrate
bimetallic MOF nanosheets onto conductive carbon-matrix supports.

Herein, we report a transformation method for growing hierarchical NiMn-MOF nanosheets on
multi-channel carbon fibers (MCCF/NiMn-MOFs) involving a facile hydrothermal growth and
subsequent ligand exchange. With the merits of the synergetic effect between Ni and Mn nodes in the
MOF nanosheets, the as-obtained MCCF/NiMn-MOFs exhibit both high ORR and OER activities
with a decent ORR onset potential of 0.85 V versus reversible hydrogen electrode (vs. RHE) and a
superior OER overpotential of 280 mV at 10 mA cm?, as well as robust stability in alkaline media.
With a combination of synchrotron radiation X-ray absorption fine structure (XAFS) spectroscopy
and density-functional theory (DFT) calculations, the atomic-level configurations of essentially
active NiOe centers are identified and the intrinsic nature of bimetallic synergy of adjacent Ni and
Mn nodes is clearly revealed in MCCF/NiMn-MOFs. More specifically, the strong coupling
interactions of neighboring Ni and Mn nodes is helpful for the thermodynamic generation of key *O
and *OOH intermediates during ORR and OER.

The MCCF/NiMn-MOFs are synthesized through a two-step method involving a hydrothermal
synthesis and a subsequent ligand exchange procedure (see the Supporting Information (SI) for more
details), as illustrated in Figure 1. More specifically, the interwoven MCCF with an average diameter
of ~0.8 um is employed as the conductive support (Figure S1 and S2, SI). Uniform NiMn layered
double hydroxide (LDH) nanosheets are first grown on the surface of MCCF (MCCF/NiMn-LDH)
by a facile hydrothermal process. Subsequently, these NiMn-LDH nanosheets are in situ transformed
into NiMn-MOF nanosheets through a ligand exchange reaction. In this process, certain amounts of

H* ions and naphthalenedicarboxyl groups are initially generated by the hydrolysis of 2,6-



naphthalenedicarboxyl acid ligands, and then the NiMn-LDH is locally dissolved accompanied by
rapid nucleation of NiMn-MOF on the surface of MCCF, thanks to the etching of H* and the chelation
of naphthalenedicarboxyl groups.%31 Eventually, the NiMn-LDH nanosheets supported on MCCF
are completely converted to NiMn-MOF nanosheets at the end of the ligand exchange reaction, thus
forming the final MCCF/NiMn-MOFs. FESEM and TEM images (Figure 2a-c; Figure S3, Sl) and
XRD pattern (Figure S4a, Sl) show that rigid NiMn-LDH nanosheets with a single-sheet thickness of
~50 nm densely stand over each MCCF after the hydrothermal synthesis.[*23¥1 Furthermore, the time-
dependent FESEM images, XRD patterns and FTIR spectra (Figure S5, SI) suggest the complete
transformation from NiMn-LDH to NiMn-MOFs after a 6-hour ligand exchange reaction,
contributing to wrinkled NiMn-MOF nanosheets with a single-sheet thickness of ~40 nm fully
supported on the surface of each MCCF (Figure 2d-f; Figure S6, SI).

The XRD pattern of MCCF/NiMn-MOFs (Figure S7a, SI) shows that the crystal structure of
NiMn-MOF nanosheets is isostructural to that of the monoclinic Ni-based MOF (Cambridge
Crystallographic Data Centre (CCDC) No. 985 792) and no diffraction peaks of metal
hydroxide/oxide impurities are observed.[?83234 The high-angle annular dark-field scaning
transmission electron microscopy (HAADF-STEM) image together with the energy-dispersive X-ray
(EDX) spectroscopy elemental mapping images (Figure 2g; Figure S7b, Sl) jointly show that NiMn-
MOF nanosheets are densely and uniformly grown on each MCCF. Furthermore, the inductively
coupled plasma-optical emission spectroscopy (ICP-OES) result shows the atomic ratio of Ni:Mn in
MCCF/NiMn-MOFs is about 0.17:1, which is close to the EDX result (~0.19:1; Figure S7b, SI). The
specific surface area of MCCF/NiMn-MOFs is as high as 100.3 m? g (Figure S8, SI). Those
morphological and structural characterizations confirm the successful synthesis of hierarchical NiMn-
MOF nanosheets supported over MCCF.

To provide in-depth insights into the atomic and electronic structure of MCCF/NiMn-MOFs,

synchrotron radiation XAFS measurements were carried out. The k3y(k) oscillation curves of Mn and



Ni K-edge (Figure 3a; Figure S9, Sl) appear very similar in shape and oscillating frequency over the
whole range of 2.1-11.4 A%, suggesting similar site occupancies of Ni and Mn nodes in both NiMn-
MOFs and Ni-MOFs.®5%7 Furthermore, as seen from the Fourier transform curves of the extended
XAFS (EXAFS) for Ni and Mn K-edge in Figure 3b, the dominant peak located at ~1.57 A is well
assigned to the nearest coordination shell of the metal-oxygen bonds (M-O, M = Ni, Mn), and the
relatively weak peaks at ~2.82 and 3.30 A are associated with the higher coordination shell
contributions of M-C/O and M-M/M-O bonds, respectively.[4383 |t is noteworthy that the nearest
M-O peak of Mn K-edge shifts towards high R direction by about 0.07 A relative to that of Ni K-edge,
indicating longer Mn-O bonds for Mn nodes. The EXAFS fitting results (Figure S10 and Table S1,
SI) suggest that the coordination number of M-O bonds is quantitatively determined to be ~6 for both
Ni and Mn nodes, contributing to octahedral configurations of NiOs and MnQOs centers in
MCCF/NiMn-MOFs. Moreover, the average bond length of the nearest Mn-O bonds in MCCF/NiMn-
MOFs is about 2.12 A, clearly longer than that of Ni-O bonds (2.05 A), indicating a relatively weaker
interaction between Mn sites and the nearest O atoms. %)

In addition to XAFS analyses, X-ray photoelectron spectroscopy (XPS) characterization was
also conducted to clarify the intrinsic electronic structure of Ni and Mn nodes in MCCF/NiMn-MOFs
(Figure 3c,d; Figure S11, Sl). As shown in Figure 3c, the two dominant peaks located at 855.8 and
857.4 eV can be well assigned to the 2ps2 of Ni?* and Ni** species, respectively.®241 Similarly, the
deconvolution results of Mn 2p XPS (Figure 3d) show that there are two main peaks at 640.9 and
642.5 eV, which are ascribed to the 2ps; of Mn®* and Mn** species, respectively.[*># These XPS
analyses suggest the co-existence of Ni?*** and Mn*"/#* species in MCCF/NiMn-MOFs. It is noted
that the white-line peak of Ni K-edge X-ray absorption near edge structure (XANES) spectroscopy
of MCCF/NiMn-MOFs becomes slightly stronger in intensity relative to MCCF/Ni-MOFs, with the
incorporation of Mn nodes (Figure S12, SlI), implying the reduced electron occupancy in the

outermost Ni 3d orbit in MCCF/NiMn-MOFs.[* The mixed high valence Ni#*** and Mn®*4*, as well



as their octahedral configurations of NiOs and MnOs, are expected to enable NiMn-MOFs with high
oxygen electrocatalytic performance, which can also be seen in transition-metal oxyhydroxides that
possess similar metal valences and structural configurations.[%4%!

To evaluate the electrocatalytic performance of MCCF/NiMn-MOFs, both ORR and OER
measurements were conducted in alkaline solutions by using a standard three-electrode working
system, with MCCF/Ni-MOFs (Figure S13, S14, Sl), physical mixture of NiMn-MOF particles and
MCCF (NiMn-MOFs+MCCF, Figure S15, S16, Sl), and benchmark Pt/C (20 wt%) or RuO: as
references. The linear sweep voltammetry (LSV) plots (Figure 4a) and cyclic voltammetry (CV)
curves (Figure S17, Sl) show that MCCF/NiMn-MOFs manifest excellent ORR activity with an onset
potential (Eo) of 0.85 V vs. RHE and a large limiting current density (J.) of ~5.6 mA cm?, comparable
with that of Pt/C (0.91 V, ~5.4 mA cm) and superior to those of MCCF/Ni-MOFs (0.77 V, ~3.5 mA
cm?) and NiMn-MOFs+MCCF (0.81 V, ~4.5 mA cm™). Furthermore, the ORR half-wave potential
(E1z) of MCCF/NiMn-MOFs is about 0.73 V vs. RHE, significantly outperforming those of
MCCF/Ni-MOFs (0.60 V vs. RHE) and NiMn-MOFs+MCCF (0.64 V vs. RHE). Moreover,
MCCF/NiMn-MOFs manifest a good turnover frequency (TOF; Figure S18a, SI) with a typical value
0f0.17 s'at 0.5 V vs. RHE, and a low H,0 yield percentage of less than 5% (Figure S19, SI) during
the ORR process. Based on the LSV plots (Figure 4b) and Koutechy-Levich (K-L) plots (Figure S20,
Sl), the calculated electron transfer number of MCCF/NiMn-MOFs is estimated to be about 3.86,
corresponding to an efficient 4 ORR pathway. It is noteworthy that both the Eo and J. of NiMn-
MOFs+MCCF obviously outperform that of MCCF/Ni-MOFs, indicating a positive role of the
bimetallic synergy of Ni and Mn nodes in ORR performance. Moreover, the chronoamperometric
curves in Figure 4c and Figure S21a (SI) show much better stability and methanol tolerance of
MCCF/NiMn-MOFs than that of commercial Pt/C (20 wt%). Retentions of about 95% and 92% of

the initial current are achieved for MCCF/NiMn-MOFs after 10-hour and 30-hour ORR operations,



respectively, even in the presence of methanol, while a sudden loss of about 30% of the initial activity
is observed for Pt/C upon the addition of methanol.

In addition to high ORR activity, MCCF/NiMn-MOFs also exhibit good OER performance. As
shown in Figure 4d, MCCF/NiMn-MOFs initially drive OER at a low Eo of 1.43 V vs. RHE and then
deliver 10 mA cm™ at a small overpotential (;7) of 280 mV, much superior to MCCF/Ni-MOFs (430
mV), NiMn-MOFs+MCCF (320 mV), and RuO2 (410 mV). Furthermore, a smaller Tafel slope of 86
mV dec? is obtained for MCCF/NiMn-MOFs (Figure 4e) relative to MCCF/Ni-MOFs (112 mV dec’
1) and NiMn-MOFs+MCCF (93 mV dec™), indicating faster OER kinetics. MCCF/NiMn-MOFs also
display a relatively high TOF with a typical value of 0.32 s at = 300 mV (Figure S18b, SI), and a
superior faradaic efficiency of more than 91% (Figure S22, SI) during the OER process. Moreover,
the surface double-layer capacitance (Ca), which is closely proportional to the electrochemically
active surface area (ECSA) of electrocatalysts,?* is estimated to be 4.37 mF cm2 for MCCF/NiMn-
MOFs (Figure S23, SI), much larger than that of MCCF/Ni-MOFs (2.14 mF c¢cm?) and NiMn-
MOFs+MCCF (3.62 mF cm™). This result suggests more active sites are exposed in MCCF/NiMn-
MOFs. The electrochemical impedance spectroscopy (EIS) results (Figure S24, SI) show the smallest
semi-circle for MCCF/NiMn-MOFs relative to MCCF/Ni-MOFs and NiMn-MOFs+MCCEF,
indicating a great improvement in charge transfer for MCCF/NiMn-MOFs. Remarkably, nearly 100%
and about 96% of the initial activity of MCCF/NiMn-MOFs are maintained after 10-hour and 30-
hour OER tests, respectively, in contrast to a total loss of about 33% of the initial activity for the
benchmark RuO. (Figure 4f; Figure S21b, SI). Additionally, the sheet-like morphology and
monoclinic structure of NiMn-MOFs are well preserved after the long-term ORR and OER tests
(Figures S25-28, Sl), confirming the excellent electrochemical stability of MCCF/NiMn-MOFs
towards both ORR and OER in alkaline solutions. In view of the Eq and/or 710 as well as the large J.,

MCCF/NiMn-MOFs can be regarded as one of the most promising MOF-based oxygen



electrocatalysts reported which generally deliver Eo values of 0.8-0.9 V vs. RHE for ORR and 710
values of 240-330 mV for OER (Table S2 and S3, SI).[1428:34.3]

Theoretical investigations based on DFT calculations were performed to shed light on the origin
of oxygen electrocatalytic activity for MCCF/NiMn-MOFs. The density of states (DOS) for Ni-MOFs
and NiMn-MOFs (Figure 5a; Figures S29-31, Sl) is first calculated for comparison. There is no
electron density around the Fermi level of Ni-MOFs, exhibiting a semiconductor-like electronic
structure.[*81 In sharp contrast, obvious electron density around the Fermi level of NiMn-MOFs is
observed, suggesting the presence of free electrons after the incorporation of Mn nodes.[*”]
Furthermore, the calculated partial density of states (PDOS) in Figure 5b,c depicts that the enhanced
DOS around the Fermi level of NiMn-MOFs is mainly derived from the hybrid of Ni 3d and O 2p
orbits, rather than that of Mn and O, implying a stronger interaction between Ni and the nearest O
atoms. Specifically, the Fermi level of NiMn-MOFs comes across the 3d orbital band of Ni, enabling
Ni sites as both electron donors and acceptors towards efficient electrochemical redox reactions.%47]
In comparison, the dominant 3d orbital band of Mn is far away from the Fermi level and mainly
locates at a relatively higher energy position, suggesting Mn sites as favorable electron acceptors.

The theoretical adsorption energies of ORR and OER reactants, such as O, and OH™ species, on
the surface of NiMn-MOFs are calculated to identify the active sites of MCCF/NiMn-MOFs for
oxygen electrocatalysis. As shown in Figure 5d, it can be found that the adsorption energies of O>
and OH" species on Ni sites of NiMn-MOFs are about -1.89 and -2.46 eV respectively, much lower
than that on adjacent Mn sites (-1.16 and -2.01 eV). These results indicate the Ni sites serve as the
potentially active metal centers for both ORR and OER. During ORR and OER processes in alkaline
solutions, the adsorption of water molecules (H20) on the surface of catalysts plays an important role
in the corresponding proton-coupled electron transfer Kinetics, due to the effective proton donors of
adsorbed water molecules.>'?! Interestingly, the adsorption energy of H.O over Mn sites (-0.78 eV)

is much lower than that over Ni sites (-0.52 eV), meaning Mn sites serve as more energetic sites for



H>0 adsorption (Figure 5e). This adsorbed H2O over Mn sites may thermodynamically prefer to
couple with the reactants of O, or OH™ species that are adsorbed over adjacent Ni sites, contributing
to a great promotion in the formation of key intermediates during the ORR and OER processes.®! An
increase of Ni**/Ni?* ratio along with a slightly decreased Mn*/Mn®* ratio is observed for
MCCF/NiMn-MOFs after OER tests (Figure 3c,d; Figure S28, SI), which further suggests that Ni
acts as the real active sites and Mn serves as the synergetic sites for oxygen electrocatalysis. In general,
the generation of key *O or *OOH intermediates over active metal sites of MOF-based catalysts has
been regarded as the rate-determining step (RDS) for ORR or OER, owing to the high energy
requirement for the dissociation or formation of O-O bonds.#1 As shown in Figure 5f, the formation
energy barriers of key *O and *OOH intermediates over Ni sites in NiMn-MOFs are 1.17 and 0.89
eV, respectively, which are much lower than that in Ni-MOFs (2.43 and 2.04 eV), indicating more
efficient kinetics in NiMn-MOFs towards both ORR and OER. Accordingly, with the synergetic
effect between neighboring Ni and Mn nodes, the proton-coupled electron transfer kinetics could be
greatly accelerated during ORR and OER processes, resulting in high oxygen electrocatalytic activity
for NiMn-MOFs.

The high electrocatalytic performance of MCCF/NiMn-MOFs is due to not only the synergetic
interactions between Ni and Mn nodes but also the well-designed architecture. Specicially, the sheet-
like morphology of NiMn-MOFs fully exposes the highly active bimetal centers on the surface, as
verified by the ECSA characterization (Figure S23, S24a, Sl), which significantly increases the
amount of active sites for ORR and OER. In addition, the tight connection between the highly
conductive MCCF support and NiMn-MOF nanosheets guarantees the efficient charge transfer and
robust stability, in line with the electrochemical results of EIS spectra (Figure S24b, SI) and i-t curves
(Figure 4c,f; Figure S21, SlI). Moreover, the multi-level pore structure of macropores in the
interwoven MCCF support and mesopores in each MCCF promotes the easy permeation of reactive

species in solution as well as the fast mass transport of oxygen, thus contributing to accelerated ORR



and OER kinetics. Overall, by taking advantages of the synergetic interactions between Ni>*** and
Mn**#* nodes and the rational hierarchical architecture, the MCCF/NiMn-MOFs are demonstrated as
a promising bifunctional electrocatalyst with high activity and stability towards both ORR and OER.

In summary, NiMn-based bimetal-organic framework (NiMn-MOF) nanosheets supported on
multi-channel carbon fiber (MCCF) are rationally designed and synthesized as a promising noble-
metal-free bifunctional oxygen electrocatalyst via a facile hydrothermal and subsequent ligand
exchange strategy. Combing the atomic-level synchrotron radiation characterizations and the in-depth
theoretical calculations, the nature of electrocatalytic active sites and the origin of electrochemical
activity are revealed in detail for MCCF/NiMn-MOFs, where the strong synergetic effect of
neighboring Ni and Mn nodes enables active NiOs centers of NiMn-MOFs with fast ORR and OER
kinetics. This work may provide new insights into the design of cost-effective MOF-based

bifunctional oxygen electrocatalysts towards energy-related applications.
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Figures and Captions

Multi-channel
carbon fiber (MCCF) MCCF/NiMn-LDH MCCF/NiMn-MOFs

Figure 1. Schematic illustration of the synthetic process for the MCCF/NiMn-MOFs. ()
hydrothermal reaction to form MCCF/NiMn-LDH, (II) conversion to MCCF/NiMn-MOFs through a

subsequent ligand exchange reaction.

13



"1‘{ PR
s w'?;« -

ERIEN ol o™ ; : : PG

Figure 2. (a, b) FESEM and (¢) TEM images of MCCF/NiMn-LDH; (d, ¢) FESEM, (f) TEM, and (g)

HAADF-STEM image and corresponding elemental mapping images of MCCF/NiMn-MOFs.
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Figure 3. (a) £*y(k) oscillation curves, (b) Fourier transform curves of the Ni and Mn K-edge EXAFS

spectra, (¢) Ni 2p XPS spectrum, and (d) Mn 2p XPS spectrum of MCCF/NiMn-MOFs.
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Figure 4. (a-c) ORR performance in 0.1 M KOH solution: LSV plots at 1600 revolutions per minute
(rpm) (a) and MCCF/NiMn-MOFs under various rotating speeds (b); chronoamperometric (i-t)
curves with the addition of methanol for Pt/C and MCCF/NiMn-MOFs (c). (d-f) OER performance
in 1.0 M KOH solution: LSV plots (d), the corresponding Tafel slopes for MCCF/Ni-MOFs, NiMn-

MOFs+MCCF and MCCF/NiMn-MOFs (e), and i-t curves for RuO, and MCCF/NiMn-MOFs (f).

16



a b C
s — Ni 3d
—g — Mn3d
- NiMn-MOFs - — Total —_ o2
> 3 3
s a 8
8 8 = 8
o E " E E:
MM SM,ZM s
‘ \
6 -4 =2 0 2 4 6 6 4 =2 0 2 4 8 6 4 =2 0 2 4 8
Energy (eV) Energy (eV) Energy (eV)
d o e oo f
< Ni sites < Ni sites < 3 Ni-MOFs
o Mn sites L 43l ZZ Mn sites o NiMn-MOFs
> .1 = >
=] > o))
@ [ & 2
S S 0.6 S
c c c
0 -2 L8 77 0o
= 8 .09/ 7 T 1 ]
5 5 % E %
8 k= / (=} /
< 3l < 2 _ * 0 7
O, species OH" species Adsorbed H,O *Oon Nisites *OOH on Ni sites

Figure 5. (a) Calculated density of states (DOS) for Ni-MOFs and NiMn-MOFs, (b, c) calculated
partial density of states (PDOS) for NiMn-MOFs. Adsorption energy of (d) O and OH as well as (e)
H>O reactants on Ni and Mn sites in NiMn-MOFs. (f) Formation energy of *O and *OOH

intermediates for Ni-MOFs and NiMn-MOFs.
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for Table of Content Entry

"NiMn-MOF
nanosheets

NiMn-based bimetal-organic framework nanosheets are successfully grown on multi-channel
carbon fibers (MCCF/NiMn-MOFs) as a promising bifunctional oxygen electrocatalyst. The strong
synergetic effect of bimetallic nodes as well as the well-designed hierarchical architecture is
unraveled to enable MCCF/NiMn-MOFs with fast kinetics and robust stability towards efficient

oxygen electrocatalysis.
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