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Nickel-based electrocatalysts for the oxygen evolution reaction
(OER) show the disadvantages of low activity and poor stability.
In this paper, an FeNi alloy is wrapped by an amino-modified
MOF-5-derived N-doped carbon layer to address these problems.
Additionally, the improvement resulting from Fe doping of NiOOH
catalysts is theoretically supported.

The use of transitional fossil fuels is leading to increasingly
serious environmental pollution. Therefore, the issue of alter-
native energy sources needs urgent attention. In this context,
hydrogen energy has been developed as a green energy source
with high energy density."”” Electrolysis of water provides a
convenient method for producing pure hydrogen. However, the
slow kinetics of the anodic oxygen evolution reaction (OER)
limit the overall water splitting process.>”> Commercial noble
metal oxides such as IrO, and RuO, are considered superior
OER catalysts, but their high cost, scarcity, and low conductivity
have hindered their wide application.® Therefore, it is of great
significance to explore cost-effective, abundant, and efficient
OER catalysts.

Nickel, as a transition metal with good catalytic ability for
water oxidation, has been widely reported in the study of OER
catalysts. Meng et al. developed Ni-based coordination polymer
arrays on nickel foam with an overpotential of 350 mV at
20 mA cm~ >’ Rodrigues et al. prepared Ni/ZIF-8 composites
using calcination and solvothermal treatment with an over-
potential of 340 mV at 10 mA cm 2 and demonstrating good
electrocatalytic efficiency.® However, the catalytic performance
of OER catalysts prepared solely through nickel doping is
somewhat insufficient compared to RuO,. The synergistic effect
of combining two or more transition metals can significantly
promote the electron transfer, reduce the reaction barrier of
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OER, and improve the catalytic efficiency.’'* Meanwhile, the
OER stability of Ni doping alone is not satisfactory. However,
the cladding effect of nitrogen-doped carbon has been proved
to be effective in preventing catalyst corrosion during catalysis
and exhibited good stability.'*"*

On the other hand, metal-organic frameworks (MOFs) are
constructed by strong coordination bonds between metal units
and organic ligands."®"” With their high specific surface area,
abundant pore structure, and structural diversity, Ni-based
MOF materials have received increasing attention in OER
catalysis.’®2° Due to these structural features, microporous
Ni-MOFs show great potential as precursors to prepare MOF-
derived carbon nanomaterials with excellent OER catalytic
properties.>"**

In this study, we successfully obtained FeNi bimetallic
compounds embedded into nitrogen-doped carbon (FeNi@NC)
from an amino-modified MOF-5 analogue (MOF-5-NH,). This
effectively improves the activity and stability of single nickel as
an OER electrocatalyst. As expected, the prepared FeNi@NC
exhibited a smaller overpotential (306 mV) exceeding that of
RuO, at a current density of 10 mA cm > and demonstrated
good stability under an alkaline environment. Finally, we
further explored the reasons why bimetallic FeNi exhibited
better performance in OER catalysis compared to single Ni
using some theoretical calculations.

First, the MOF-5-NH, has been successfully fabricated with
abundant active sites for adsorbing transition metal. Generally,
microporous MOF-5 is endowed with rigid Zn,0O-based building
units, which are structurally bridged by terephthalic acid
(H,BDC) to form an open but robust structure.”® While MOF-
5-NH, essentially exhibits the same topological features
as MOF-5, it carries an amino group within each H,BDC
(Fig. S1, ESIf).>* In this case, the tetragonal channels of
~13.06 A along the g-axis are functionalized with amino groups
to effectively capture Fe(m) and Ni(u) ions (Fig. 1b and Fig. S2,
ESI{).>® The PXRD spectra of the as-obtained and desolvated
samples were in good agreement with the simulated MOF-5
(Fig. 1c). Three prominent diffraction peaks at 6.8°, 9.8° and
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Fig. 1 (a) Stepwise preparation of FeNi@NC nanomaterial. (b) Asymmetric unit, pore size, and amino groups coordinated with inserted iron and nickel
ions within MOF-5-NH,. (c) PXRD patterns. (d) SEM image of MOF-5-NHo,. (e) FTIR spectra. (f) Fluorescence emission spectra of various MOFs.

13.8° corresponded to the (200), (220), and (400) planes, respectively.
This suggested that the obtained MOF-5-NH, possessed high
purity and crystallinity, displaying nanocubes with an average
length of 0.85 pm in Fig. 1d and Fig. S4 (ESIT). When compared
with unmodified MOFs, MOF-5-NH, exhibited a characteristic
peak at 3249 cm ™' corresponding to N-H stretching (Fig. 1e),
while the one at 1245 cm™ ' was associated with the C-N
stretching.”>*” In Fig. 1f, the fluorescence emission spectra
revealed a strong emission signal at 427 nm for MOF-5-NH,,
whereas MOF-5 showed minimal emission to further verify the
effective amino functionalization.”® Lastly, its N, isotherms
presented a type I one, with its pore size primarily distributed
in the range of 0.5-2 nm with abundant micropores (Fig. S3,
ESIY).

After pyrolysis, the irregular particles with diameters of 35—
55 nm were dispersed into porous N-doped carbon layers in
Fig. 2a, b and Fig. S5, S6 (ESIt). This even distribution of
nanosized FeNi alloys might be ascribed to the N-doping to
effectively prevent the agglomeration.”®*® There were two types
of lattice fringes of 3.362 and 2.076 A corresponding to the
graphitic carbon (002) plane and FeNi; (111) plane, respectively

12876 | Chem. Commun., 2023, 59, 12875-12878

(Fig. 2c and Fig. S7, ESIt). Fig. 2d shows three distinct diffrac-
tion peaks at 44.3°, 51.5°, 76.6° attributed to the (111), (200),
and (220) planes of FeNi; (PDF#38-0419), respectively. The N,
curves of FeNi@NC belonged to the type I isotherm that
constituted a large BET surface area of 452.39 m”® g * (Fig. S9
and Table S2, ESIf). As shown in Fig. 2e, XPS was further
utilized to reveal the chemical state where the full survey
spectrum confirms the coexistence of Fe, Ni, C, N and O for
FeNi@NC. There were four subpeaks at 398.1, 399.1, 400.0,
402.1 eV attributed to pyridinic-N, pyrrolic-N, graphitic-N and
oxidized-N, respectively (Fig. 2f). The high content of graphite/
pyridine nitrogen would be beneficial to the mass transfer of
oxygen intermediates during OER.*° Fig. 2g revealed six sub-
peaks as 709.0 eV (Fe 2psj,) and 722.6 eV (Fe 2p4,,) for Fe(0),
711.3 eV (Fe 2p3,,) and 724.6 eV (Fe 2p,,) for Fe(u), and 714.0 eV
(Fe 2ps/») and 727.2 eV (Fe 2p,,) for Fe(ur). Finally, the presence
of metallic Ni(0) was observed at 854.9 and 872.9 eV, and the
Ni(u1) 2ps/, and 2pq,, at 856.1 and 874.0 eV, along with a pair of
satellite peaks (862.1 and 879.6 eV, Fig. 2h). The detailed XPS
data for the control sample of FeNi@C is shown in Fig. S11
(ESIt). These results demonstrated that the cladding effect of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a)-(c) SEM, TEM and HR-TEM images of FeNi@NC. (d) PXRD
patterns of various MOF-derived carbon nanomaterials. (e) The full XPS
survey spectrum of FeNi@NC. The deconvoluted XPS spectra of (f) N 1s,
(g) Fe 2p, () Ni 2p.

N-doped carbon was favourable for anchoring and dispersing
FeNi; particles, exposing more active species for efficient OER.

A three-electrode system was utilized to investigate the
electrocatalytic OER performance, and commercial RuO, was
used for comparison. Firstly, FeNi@NC exhibited the lowest
overpotential (1710) of 306 mV at 10 mA cm ™%, much lower than
FeNi@C (334 mV), NC (454 mV) and RuO, (331 mV) in Fig. 3a
and Table S4 (ESIt). The smallest Tafel slope value was also
observed for FeNi@NC (97.56 mV dec '), indicating faster
reaction kinetics than the other samples (Fig. 3b). Subse-
quently, the double layer capacitance (Cqj) values in the non-
Faraday region of FeNi@NC, FeNi@C, NC and RuO, were
calculated to be 14.36, 4.94, 2.17 and 4.72 mF cm™ 2, respectively,
indicative of a superior electrochemical active area for enhanced
catalytic activity of FeNi@NC (Fig. 3c and Fig. S12, ESIf). The
electrochemical impedance spectroscopy (EIS) analysis in Fig. 3d
showed that FeNi@NC had an impedance of 91.2 Q, which was
much smaller than that of FeNi@C (714.1 Q), NC (1370.2 Q) and
RuO, (183.8 Q). Using a rotating ring-disk electrode (RRDE) with
negligible ring current (I;,,) compared to the ring-disk current
(Igist), the calculated average number of electron transfers (N)
revealed a quasi-4-electron process (Fig. S13, ESIf). In Fig. S14
(ESIt), the potential of the ring electrode was 0.4 V, and the
collected Ijny Was ~39.85 mA, while the Ijig. was kept at 200 pA,
providing a high Faraday efficiency (FE) of nearly 100%.
To evaluate the durability of FeNi@NC, a 10 hour potential
detection at a constant voltage of 1.64 V and a linear sweep
voltammetry (LSV) test were performed, which showed an over-
potential decrease of only 13 mV, and a satisfactory current
retention of 88.03% (Fig. 3e and f). In conclusion, the synthesized
FeNi@NC catalyst exhibited competitive OER behaviour compared
to previously reported electrocatalysts (Table S5, ESIt).
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Fig. 3 (a) LSV curves, (b) Tafel slopes, (c) Cq, profiles and (d) EIS curves of
the prepared OER catalysts. (e) LSV curves before/after 10 hours. (f) The i—t
stability test.

The enhanced electrocatalytic OER property was further
demonstrated by theoretical DFT calculations. In this case,
the stepwise reaction processes of NiOOH and Ni(Fe)OOH as
active sites were mechanistically modeled for FeNi@NC and
FeNi@C, as reported in previous studies, respectively.’?
Details of the reconstruction of FeNi species to Ni(Fe)OOH
are shown in Fig. S15 and S16 (ESIt). Generally speaking, the
formation of *O radicals is regarded as a potentially decisive
step in OER. Compared to pure NiOOH (State IV, AG;_, 4 =
2.06 eV), Fe-doped Ni(Fe)OOH contained a high-spin 3d* Fe(iv)
site, which stably generated the unpaired electrons in *O
thereby significantly reducing the required energy (1.68 eV,
Fig. 4 and Fig. S17, S18, ESIt). Moreover, the N-doping in the
carbon layer further contributed to the conductivity of FeNi@NC,
facilitating the overall OER procedure in comparison with
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Fig. 4 Free Gibbs energies involved in the rate determining step for pure
NiOOH (left) and Fe-doped NiOOH (right).

Chem. Commun., 2023, 59, 12875-12878 | 12877


https://doi.org/10.1039/d3cc04474b

Published on 04 October 2023. Downloaded by Wenzhou University on 11/1/2023 7:00:52 AM.

Communication

FeNi@C.**” For more details on the calculated free energies for
NiOOH and Ni(Fe)OOH, please refer to Fig. S19 in the ESLf

In summary, herein we present one type of MOF-derived
porous FeNi@NC electrocatalyst with satisfactory electrochemi-
cal efficiency and stability. This catalyst can provide a current
density of 10 mA cm ™ at a small overpotential of 306 mV with
moderate stability under a basic solution. Meanwhile, DFT
calculations show that the doping of Fe effectively compensates
for the insufficient electrochemical efficiency of the nickel-
based catalyst. This method can be effectively extended to other
MOF-derived porous carbon nanomaterials for energy conver-
sion and storage.
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