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An Fe-doped Ni-based oxalate framework, synthesized via a facile co-
precipitation method, is applied as an excellent bi-functional electro-
catalyst for water and urea oxidation reactions. The obtained framework
achieved a large current density of 100 mA cm™2 at 1.497 V and 1.375 V
(vs. RHE) for the OER and UOR, highlighting its potential for practical
hydrogen production.

The increasing energy demand and environmental issues call
for clean energy carriers. Hydrogen attracts much interest due
to its high energy density (142 MJ kg~ ") and zero carbon dioxide
emission.” Electrocatalytic water splitting is recognized as a
promising route to produce green hydrogen. Traditional water
splitting involves the cathodic hydrogen evolution reaction
(HER) and anodic oxygen evolution reaction (OER). Since
the OER is a sluggish four-electron-transfer process,” high
potentials much more positive than the theoretical potential
(1.23 V vs. RHE) are always required. Therefore, developing
highly efficient OER electrocatalysts is essential for practical
application of water electrolysis. Despite great achievements
having been made in the design of advanced OER electrocata-
lysts, the energy consumption at the anode of water electrolysis
is still large. Fortunately, the anodic OER can be replaced by
some other oxidation reactions, which are thermodynamically
more favourable.>* Among them, the urea oxidation reaction
(UOR) receives great attention because of its low thermody-
namic potential of only 0.37 V vs. RHE. Moreover, urea can be
decomposed into non-toxic N,, O, and H,O products via the
UOR, which provides an environmentally friendly way to treat
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urea-containing industrial and sanitary wastewater. Coupling
the more favored anodic UOR with the cathodic HER, a urea-
assisted water electrolyzer enables energy-saving hydrogen pro-
duction and wastewater treatment, simultaneously.” However,
the UOR still suffers from an intrinsically sluggish six-electron-
transfer process, and highly active electrocatalysts for the UOR
are always required. In this regard, it is urgent to construct
highly active and robust bi-functional electrocatalysts for
the OER and UOR to achieve efficient and stable hydrogen
generation.®

Some noble metal-based materials are demonstrated as
advanced electrocatalysts for the OER/UOR.”® However, the extra-
ordinarily high price and low abundance of these noble metals
severely limit their further application, thus making transition
metal-based materials promising alternatives. Despite various tran-
sition metal-based materials having been reported for the OER,>"°
only Ni-based materials emerge as up-to-date active and most
widely explored UOR electrocatalysts."'™** The pre-oxidized NiOOH
with Ni*" species is identified as the real active species for catalyz-
ing urea oxidation."*® Such in situ electrochemical surface recon-
struction from Ni** to highly active Ni** species plays a crucial role
in determining the UOR activity. To promote the formation of high-
valence Ni*" sites, heteroatom doping is reported as an effective
strategy, as doped heteroatoms can modify the electronic structure
of Ni cations.” For instance, Fe doping can facilitate the generation
of Ni*" species, contributing to dramatically enhanced OER
activity,” > though the exact mechanism of Fe doping is still
under debate.®*° 1t is also believed that Fe incorporation into
NiOOH leads to improved electrical conductivity, which is highly
desirable for electrochemical processes.>”

Organic ligands with negative functional groups such as
benzene dicarboxylic (BDC) are introduced to produce metal-
organic frameworks (MOFs) as highly efficient UOR/OER
electrocatalysts.*® Similarly, oxalate is also strongly electrophi-
lic due to its two COO~ groups.***° Taking advantage of the
electro-withdrawing property, constructing oxalate-based cata-
lysts can achieve a high percentage of active Ni** species, and
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Scheme 1 Schematic illustration of the synthetic route for NiyFe, ,C,04.

improved OER/UOR performance can be expected.'* However,
reports on oxalate-related materials as bi-functional OER and
UOR electrocatalysts are still very limited. Taken together, it is
proposed to combine Fe doping and using oxalate ligands in
catalyst design to facilitate the generation of Ni*" species, thus
boosting the OER and UOR performance. Additionally, the
typical solvothermal method to prepare MOFs with a BDC
ligand often requires organic solvents such as triethylamine
and N,N-dimethylformamide,*" and it is highly desirable to
develop a facile and green strategy to obtain oxalate-based
materials.

Herein, we report a series of Fe-doped Ni-based oxalate
frameworks (Ni,Fe, ,C,0,) with different ratios of Ni and Fe
on nickel foam (NF) via a facile co-precipitation method
(Scheme 1). Benefiting from the increased number of Ni**
active sites caused by Fe doping and the oxalate ligand, the
optimized Nig¢Feq ,C,04 possesses superior catalytic activity
towards the OER and UOR with small overpotentials and Tafel
slopes. This work provides a low-cost and efficient bi-functional
electrocatalyst for the OER and UOR.

XRD patterns of all Ni,Fe, ,C,0, samples (Fig. S1, ESI¥)
display similar diffraction peaks to those of NigyeFe; 4Cy0,
(Fig. 1a), which match well with NiC,0,-2H,0 (JPCDS No. 25-
0581) and o-FeC,0,-2H,0 (JPCDS No. 23-0293). These results
indicate the successful formation of Fe-doped Ni-oxalate,
accompanying the color change of NF from metallic silver to
greyish green (Fig. S2, ESIt). There is no noticeable disparity
between diffraction peaks of Ni/Fe oxalates owing to the similar
structure of Ni and Fe. The scanning electron microscopy (SEM)
image of Nij¢Fe; 4C,0, in Fig. 1b shows that irregular nano-
cubes with a size of about 500 nm are stacked on the NF surface
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Fig. 1 (a) XRD pattern of NiggFe; 4C204, (b) SEM, (c) TEM and (d) HRTEM
images of NigeFe; 4C,04, and (e) the correspondmg EDX elemental map-
ping of Ni, Fe, C and O of NiggFe; 4C,04.
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homogeneously. Compared to monometallic NiC,0, and
FeC,0, samples (Fig. S3, ESIt), the deposition of Nij ¢Fe; 4C,0,
on NF is more compact and uniform. The transmission elec-
tron microscopy (TEM) image (Fig. 1c) reveals that the obtained
irregular nanocubes are built by some nanoparticles. Further-
more, obvious lattice fringes of these nanoparticles can be
clearly seen in high-resolution TEM images (Fig. 1d and
Fig. S4, ESIT). The lattice spacing of 0.223 nm (inset in
Fig. 1d) is well indexed to the (—314) plane of NiC,0,-2H,0
(JPCDS No. 25-0581). The Ni, Fe, C and O elements are evenly
distributed across the whole irregular nanocubes (Fig. 1e),
implying the homogeneous incorporation of Fe in Nij¢Fe; 4
C,0,. All the results above demonstrate the successful prepara-
tion of the Ni-Fe-oxalate framework on NF.

The surface composition and elemental valence state of
Niy ¢Fe; 4C,0,4 were determined by X-ray photoelectron spectro-
scopy (XPS). The high-resolution Ni 2p spectrum of Ni, ¢Fe; 4
C,0, exhibits two different pairs of peaks (Fig. 2a), among
which the peaks at 855.4 eV and 873.2 eV are attributed to 2p;/,
and 2p,,, of Ni**, respectively. While the other pair of peaks at
857.5 €V and 876.5 eV are assigned to Ni*" 2ps, and 2p;,,
respectively.'> Moreover, the corresponding satellite peaks are
observed at 861.1 eV and 880 eV.*”> A small peak of 852.4 eV
representing metallic Ni comes from the NF substrate.**** It is
worth noting that the binding energy of Ni 2p in Nij ¢Fe; 4C,04
has a positive shift of 0.36 eV compared to that of NiC,Oy,,
indicating electron redistribution around Ni sites upon Fe
doping. The content of active Ni*" species in Ni, ¢Fe; 4C,04 is
calculated to be 24.62%, while this value for NiC,0, is only
7.99%, giving strong evidence that Fe doping increases the Ni**
content in Ni, ¢Fe; 4C,0,. Fig. 2b displays the Fe 2p spectra of
the NiyeFe; 4C,0, and FeC,0, samples. For NijgFe; 4C504,
there are two peaks at around 712.16 eV and 724.34 eV, which
belong to Fe** 2p,, and 2py,,, respectively.** Compared with
the Fe 2p spectrum of FeC,0,, negative displacement of 0.4 eV
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Fig. 2 High-resolution XPS spectra of (a) Ni 2p of NiC,O4, and
NiggFe1 4C>04, (b) Fe 2p of FeC,O4 and NiggFe; 4C504, and (c) C 1s and
(d) O 1s of NiggFe14C204.
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for Ni, ¢Fe; 4C,0,4 can be observed. Considering the aforemen-
tioned binding energy change of Ni, it is suggested that
electrons transfer from Ni to Fe, resulting in charge-
redistribution around the active metal sites. Three peaks can
be obtained in the C 1s spectrum (Fig. 2c), where 284.2 eV and
285.3 €V can be assigned to C-C and C-O bonds, respectively,
while 288.9 eV corresponds to C,0,>".%>* For the O 1s spectrum,
as shown in Fig. 2d, three peaks can be obtained. The peaks at
531.3 eV and 533.4 eV can be well indexed to the metal-O (M-O)
bond and C-O bond, respectively, while the peak located at
532.3 eV is ascribed to C,0,%”, which is consistent with a
previous report.*°

Thanks to the generation of desirable Ni** active sites,
Ni, ¢Fe; 4C,0, can be utilized as a bi-functional electrocatalyst
for both the OER and UOR. As can be seen from Fig. 3a,
Nig ¢Fe; 4C,0, shows excellent OER performance, surpassing
other electrocatalysts with various compositions. The overpo-
tentials of Ni,Fe, ,C,0, at the current density of 10 mA cm 2
(110) and 100 mA cm 2 (1140) are collected in Fig. S5a (ESIt) for
comparison. Of note, #,o is obtained from CV to avoid the
influence of the pre-oxidation peak (Fig. S5b, ESIY).
Niy ¢Fe;.4C,0, displays the smallest 77,00 of 267 mV. In contrast,
the single component NiC,0, needs a large #,9o of 461 mV.
Such results indicate that Fe incorporation plays a pivotal role
in boosting the OER performance. The superior OER activity of
Ni, ¢Fe; 4C,0, is also demonstrated by a small Tafel slope of
22.63 mV dec ' (Fig. 3b), implying its fast OER kinetics. The
excellent OER performance of Ni, ¢Fe; ,C,0, makes it among
the best-performing OER electrocatalysts (Table S1, ESIT). To
further reveal the origin of the high OER activity of
Nig ¢Fe;.4C,04, the electrochemically active surface area (ECSA)
and electrochemical impedance spectroscopy (EIS) were
employed. As seen from Fig. S6 (ESIt), Nij ¢Fe; 4C,0,4 possesses
the largest Cq; of 10.7 mF cm ™2, implying its largest ECSA with
more active sites exposed. The intrinsic activity is further
compared (Fig. S7a, ESIt), among which Ni, ¢Fe, ,C,0, displays
the highest intrinsic OER activity. Moreover, the smallest
charge transfer resistance of Ni, ¢Fe; 4,C,0, in the Nyquist plots
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Fig. 3 (a) LSV curves of NiFe, ,C,04 for the OER in 1.0 M KOH, (b) the
corresponding Tafel slopes, and (c) stability test of NigeFe; 4C,04 for the
OER. (d) LSV curves of NiFe,_,C,0,4 for the UOR in 1.0 M KOH and 0.33 M
urea, (e) the corresponding Tafel slopes, and (f) stability test of
Nig.eFe14C204 for the UOR.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

(Fig. S7b and inset, ESIt) suggests low charge transfer resis-
tance at the electrode/electrolyte interface. As shown in the
Bode diagrams (Fig. S8, ESIt), the peak of Nij¢Fe; 4C,0, dis-
appears in the high frequency region at a voltage of 1.30 V,
indicating that surface Ni** is completely reconstructed into a
higher valence state, which is the actual active site for the OER
process.*” The voltage of Nij ¢Fe; ,C,0,4 is much lower than that
of NiC,0,, implying that Fe incorporation benefits the for-
mation of active NiOOH species. Chronoamperometric
measurement of Ni,¢Fe, ,C,0, is conducted to examine its
OER durability. The current density displayed some loss during
50-h electrocatalysis, implying its moderate stability perfor-
mance (Fig. 3c). Such substandard stability results may be
attributed to its structural change during the OER process. To
uncover the possible catalyst evolution, the morphology, com-
position and structure of Ni, ¢Fe; ,C,0, after the stability test
were characterized. The nanocube morphology of Ni,¢Fe; 4
C,0, can still be observed, while some nanosheets also gen-
erate on the surface of the nanocubes (Fig. S9a and b, ESIf).
Importantly, Ni(OH), species emerge as catalytically active sites
for the OER (Fig. S9 and S10, ESIY).

Besides the OER, the as-prepared Ni,¢Fe; 4C,04 is also
performed for the UOR. Impressively, Niyg¢Fe; 4C,0, displays
greatly improved current densities when 0.33 M urea is added
in 1.0 M KOH electrolyte (Fig. S11a, ESIt), and the potential to
afford the UOR current density of 10 mA ecm ™2 is 1.36 V vs.
RHE (Fig. 3d). The corresponding smallest Tafel slope of
15.12 mV dec " for Ni, ¢Fe; ,C,0,4 further implies its fast UOR
kinetics (Fig. 3e). Furthermore, considering the overpotentials
required at current densities of 10 and 100 mA cm ™ (Fig. S11b,
ESIY), Ni,Fe, ,C,0, is most active towards the UOR. Specifi-
cally, Niy ¢Fe; 4C,0, requires a potential of 1.375 V vs. RHE to
reach 100 mA cm >, while NiC,0, and FeC,0, require more
positive potentials of 1.452 V and 1.418 V vs. RHE, respectively.
For Ni, ¢Fe; 4C,0,4, both large ECSA with more exposed active
sites, and higher intrinsic activity contribute to its excellent
UOR performance (Fig. S12 and $13, ESIt). The smallest charge
transfer resistance (Fig. S14, ESIt) of Nig¢Fe; 4,C,04 further
suggests the fast charge transfer at the electrode/electrolyte
interface. As displayed in Table S2 (ESIT), Niy ¢Fe;.4C,0, is one
of the most efficient UOR electrocatalysts among these recently
reported results. Bode diagrams (Fig. S15, ESIt) show that the
peak of Ni, ¢Fe; ,C,0, in the high frequency region disappears
at the voltage of 1.38 V, meaning that active NiOOH species are
generated, which is earlier than that of NiC,0, and FeC,0,.
Moreover, Ni, gFe; 4C,0, exhibits the smallest phase angle for
the UOR, which reflects rapid dissociation kinetics of urea and
strong electrooxidation ability of the reaction intermediates.
Afterwards, chronoamperometric measurement of Nij¢Fe; 4
C,0, was carried out in 1.0 M KOH and 0.33 M urea with
refreshing the electrolyte three times (Fig. 3f). No obvious
attenuation is observed over a continuous 40-h test, validating
the excellent durability of Ni,¢Fe; 4C,04 for the UOR. Post-
characterization was conducted to investigate the morphology
and structure change of Ni, ¢Fe; 4C,0,4. After the UOR stability
test, the nanocube morphology of NiyeFe; ,C,0, is well
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retained, while some nanosheets can be observed on the sur-
face of the nanocubes (Fig. S16a and b, ESIf). Similarly,
Ni(OH), generates as real active species for the UOR
(Fig. S16¢c and S17, ESIT). Though the original Ni, ¢Fe; ,C,04
is transferred to Fe-doped Ni(OH), during long-term electro-
lysis, Ni and Fe elements are still evenly distributed throughout
the whole sample (Fig. S16d, ESIt).

In summary, an Fe doped Ni-based oxalate framework is
facilely prepared through a one-step co-precipitation method,
which is applied as a bi-functional electrocatalyst for the OER
and UOR. Both Fe incorporation and introduction of electro-
philic oxalate ligands facilitate the formation of highly desir-
able Ni** species. Therefore, the as-prepared Ni,¢Fe; C,0,
exhibits excellent performance towards the OER and UOR.
Potentials of 1.497 V and 1.375 V vs. RHE are required to afford
a large current density of 100 mA cm ™2 for the OER and UOR,
respectively. This work provides a dual-modulation strategy to
construct Ni** rich electrocatalysts, which are promising for a
variety of oxidation reactions beyond the OER and UOR.
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