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In the quest for a green energy future, renewable energy-driven hydrogen production via alkaline water
electrolyzers leads toward a sustainable human society. However, the complementary oxygen evolution
reaction (OER) in alkaline water electrolysis limits the overall electrolyzer efficiency since it requires complex,
multi-step electron transfer. This work introduces a synthetic strategy that translates a less-conductive Ce-
doped nickel metal—organic framework (MOF) into a conductive precatalyst (i.e., a Ce-doped nickel nitride
and carbon-based composite) through nitrogen incorporation. Nitrogen incorporation leads to the
formation of a nitride phase, and a carbon-based material phase, while the Ce®* species leads to the

202 formation of pseudo-tetrahedral geometries at Ni sites, which enhances OER kinetics, as indicated by a Tafel
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Accepted 16th March 2026 slope of 83.6 mV dec™ . Nitridation led to an approximately 50x improvement in OER activity relative to the

parent MOFs. Moreover, cerium doping and nitridation produced a synergistic effect, with Ceg o3Nipo7-

DOI: 10.1039/d5ta09289b NMOF achieving a faradaic efficiency of 100% and maintaining stable operation for 24 hours at a current
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Introduction

Energy is essential for productive living on any planet in the
“Milky Way”, and as human technologies continue to advance,
more of it is needed. Intermittent energy sources such as solar,
wind, and hydropower offer opportunities but face the down-
side of being occasionally intermittent. One of the ways of
ensuring energy efficiency and curbing waste from sporadic fuel
sources is by storing them in chemical bonds through energy
conversion devices. In recent times, water-splitting technologies
have been on the front burner to ensure a sustainable and green
source of hydrogen production. For hydrogen production to be
industrially efficient, catalyzing the oxygen evolution reaction
(OER), a complementary reaction of hydrogen production from
water in an electrochemical cell, is essential to lower its overall
energy requirement.
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density of 10 mA cm™2, exhibiting even higher activity after prolonged testing.

Electrocatalysts are employed to lower the energy requirement
per product, and classes of materials such as metal-organic
frameworks (MOFs) have been utilized owing to their superior
high surface area, flexible structure, high porosity, and high
tunability owing to the numerous possible combinations of
ligands and metal salts."” Despite the promising catalytic prop-
erties MOFs possess, they have a major drawback of poor electron
transport due to the insulating nature of the organic linkers and
instability under OER conditions.*>* This challenge has inspired
innovative approaches to transforming non-conductive MOFs into
conductive precatalysts, which undergo in situ transformation
into metal oxide OER catalysts,*” with improved electrical
conductivity, while capitalizing on their advantages.®

In transforming the MOFs into better precatalysts, synthetic
designs leading to derived metal nanoparticles,®** oxides,"™*°
chalcogenides,”*?° and phosphides®*” have been studied;
however, nitrides have not been well studied. In fact, the liter-
ature shows only one investigation of a MOF-derived nitride
precatalyst®® and a drawback of the extant synthetic strategy is
the conductivity and surface area penalty associated with the
carbon framework lost during the process.* Another technique
for making MOF-derived precatalysts more active is cation
doping (e.g., Ce), which has been demonstrated to help create
active sites by modifying the material's electronic structure,
leading to enhanced conductivity and stabilization of OER
intermediates.***
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Here, we outline a site engineering strategy by employing
nitridation and doping techniques. In this study, we doped the
parent Ni-MOF (called Ce,Ni;-MOF) with 1, 3, and 5% Ce
(Ce.01Nig.9o-MOF, Cey 3Nip9-MOF, and Ce 5Nij95s-MOF,
respectively) after which nitridation aided the formation of
nickel nitride species. We demonstrate that nitridation can
selectively incorporate nitrogen into the lattice structure of
nickel in a MOF structure while retaining the carbon frame-
work. The resulting nickel nitride phase and carbon framework
aided conductivity, while Ce-doping is hypothesized to create
a pseudo-tetrahedral geometry on nickel sites, which aids the
OER. We also provide a molecular structure hypothesizing the
existence of a pseudo-tetrahedral geometry on the nickel sites
due to Ce-doping, which, to the best of our knowledge, hasn't
been reported for MOF-derived precatalysts for the OER. Our
results show that the combined site design techniques
improved the electrochemical activity of the precatalyst relative
to the parent MOF.

Experimental methods

Materials

Nickel nitrate hexahydrate (99% purity, Thermo Scientific),
cerium nitrate hexahydrate (99% purity, Sigma Aldrich), ter-
ephthalic acid (TPA) (98% purity, Sigma Aldrich), NaOH (97%
purity, Sigma Aldrich), KOH (90% purity, Sigma Aldrich), iso-
propanol (99.5% purity, Sigma Aldrich), dimethylformamide
(DMF) (99.8%, Fisher chemicals), and ammonia gas (Airgas)
were used for electrode synthesis and electrochemical
reactions.

Electrocatalyst synthesis

Synthesis of Ni-MOF and Ce-doped Ni-MOF precursors. Ni-
MOF (called Ce(Ni;-MOF) was synthesized by following
a modified method* in which 96 mg of Ni(NO3),, 166 mg of
TPA, and 20 mL of DMF were mixed. This was followed by the
dropwise addition of 2 mL of 400 mM NaOH while stirring the
mixture for 30 minutes. NaOH facilitates the deprotonation of
the carboxylic acid groups in the organic linker and adjusts the
solution pH, thereby enabling the coordination of Ni**/Ce**
ions with terephthalate anions and promoting MOF crystalli-
zation. The Ce-doped Ni-MOFs (Ceg 91Nip.99-MOF, Ceg 93Nig 97~
MOF, and Cey ¢5Nig.05-MOF) were prepared on a Ni:Ce mole
ratio basis by following the same method as described for the
synthesis of the bulk Ni-MOF with the addition of 1, 3, and 5
moles % Ce (NOj3);-6H,0. After the addition of Ce salt, DMF was
added followed by stirring, and addition of 2 mL of 400 mM
NaOH in that order before it was transferred to the reactor for
the solvothermal reaction in the furnace. The furnace was
ramped to 100 °C at 5 °C min~" and maintained at the final
temperature for a total time of 8 h. After synthesis, the MOF was
washed with DMF and ethanol sequentially before centrifuga-
tion and allowed to dry overnight at 60 °C in a vacuum oven. The
synthesis resulted in a pure Ni-MOF yield of ~92.4%.

Synthesis of MOF-derived NizN and Ce-doped Ni;N pre-
catalysts. The as-synthesized Ce,Ni;-MOF was converted into
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a composite of nickel nitride (NizN) and carbon framework by
flowing NH; gas over 100 mg of Ce,Ni;-MOF at a flow rate of 50
sccm at varying temperatures (300-450 °C) in a horizontal tube
furnace, arriving at an optimized temperature of 350 °C. The
CeoNi;-MOF was heated from room temperature to the opti-
mized temperature at a ramp rate of 5 °C min~' and held for
another for 1 h, all under an ammonia atmosphere. During the
cooling phase, when the temperature dropped below 100 °C, the
gas flow was switched from NH; to N, to maintain an inert
environment, resulting in the formation of a MOF-derived Niz;N
electrocatalyst. Similarly, the MOF-derived Ce-doped NizN
electrocatalysts (Ceg. 91 Nig.0o-NMOF, Ce ¢3Nij ¢;-NMOF, and
Ce.05Nig 9s-NMOF) were prepared by following the same
method as described in the synthesis of the MOF-derived NizN
precatalyst but at the optimized temperature obtained from its
synthesis. The synthesis resulted in a composite yield of 72.4%.

Characterization

The crystallinity of the resultant Ce,Ni;-MOF and Ce-doped Ni
MOFs, and their corresponding nitrides were characterized with
a Rigaku MiniFlex 600 X-ray diffractometer with a Cu Ko radi-
ation (A = 1.54186 A) source to obtain the X-ray diffraction
patterns (XRD) of the materials. An Apreo 2 C LoVac scanning
electron microscope (SEM) with a Bruker energy dispersive X-
ray detector (EDX) was used to investigate the precatalysts’
morphologies and bulk elemental composition. Surface
compositions of the samples were evaluated using a PHI Ver-
saprobe4 X-ray photoelectron spectrometer (XPS) with Mg Ka1l
radiation (hv = 1253.7 eV). Fourier-transform infrared spec-
troscopy (FTIR) was used to evaluate the functional groups and
was performed using an InvenioR system. Transmission elec-
tron microscope (TEM) images were obtained using a JEOL
NeoARM system. 7500ce quadrupole inductively coupled
plasma mass spectrometry (ICP-MS) was used to evaluate the
metal content of the precatalyst.

Electrochemical measurements

Electrochemical reactions were performed using a CHI 608D
potentiostat coupled to a three-electrode setup in a Teflon cell.
The three-electrode setup consists of a graphite counter elec-
trode, a Hg/HgO reference electrode (internal solution: 1 M
KOH), the as-prepared loaded glassy carbon electrode as the
working electrode, and 1 M KOH aqueous solution as the elec-
trolyte. Here, the working electrode was prepared via a drop-
casting method (catalyst loading amount: 0.3 mg cm ™). The
ink was prepared by dissolving 2.5 mg of the sample in 1 mL of
~0.05 wt% Fumion (dissolved in isopropanol). To remove O,
bubbles during the electrochemical tests, a rotating disk elec-
trode (RDE, Pine Instrument) system was used (rotating speed:
1600 rpm). All measurements were converted from V vs. Hg/
HgO to V vs. the reversible hydrogen electrode (RHE) using
the Nernst equation:**

Erne = Eng/igo +0.0592 x pH + Eyy, 1.0

This journal is © The Royal Society of Chemistry 2026
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Eyyisg0(IM KOH) = 0.1053 V at 25°C

The electrochemical behavior of the resultant nitride pre-
catalysts was evaluated using the following electrochemical
protocol. First, the precatalysts were activated using CV cycles at
a scan rate of 5 mV s~ ' until three consecutive replicate CVs
were obtained. The three consecutive replicate CVs indicate that
the catalytic surface is stable. Immediately after activation,
electrochemical impedance spectroscopy (EIS) was utilized to
obtain the uncompensated resistance (R,) and the charge
transfer resistance (R.;) using an applied voltage of 0.70 V vs.
Hg/HgO. In addition, EIS was utilized to obtain the double layer
capacitance value (Cq;) by using the equation

Cat = CPE¢; X (may)" "

where CPE. represents the charge transfer resistance of the
constant phase element, wn., stands for the maximum
frequency of the imaginary component of the Nyquist plot, and
n defines the deviation from ideal capacitance.

Next, the surface of the electrocatalysts was completely
oxidized using chronopotentiometry (CP) at a current density of
2.5 mA cm? for 10 minutes (see Fig. $21) to ensure that the
current response while measuring the Tafel slope can be
ascribed to OER currents only. Subsequently, MUSCP was used
to obtain the Tafel slope. MUSCP was executed using a constant
current density of 0.5 to 3 mA cm™ > at incremental steps of 0.5
mA cm 2. Long-term CP testing for 24 hours was performed at
a current density of 10 mA cm™? using 2.5 mg of precatalyst
dissolved in 0.2 wt% Nafion® perfluorinated resin solution
(dissolved in isopropanol) (Sigma Aldrich).

Faradaic efficiency measurements

Faradaic efficiency was measured using a Hoffman cell in which
one of the arms serves as the collection point for the hydrogen
evolution reaction (HER) and the other for the OER. The HER
side was catalyzed by a standard Pt/C electrode, while the OER
side was catalyzed by the precatalysts of interest, which are
CeoNi;-NMOF and Ceg 3Nipo,-NMOF drop-cast on carbon
paper. The Hoffman cell was appropriately filled with 1 M KOH;
the HER side of the cell served as the counter electrode, while
the OER side holding the tested precatalyst served as the
working electrode. On the CH instrument software, the chro-
nopotentiometry experiment was performed and the software
settings applied were as follows: the cathodic current applied is
0 mA, the time for cathodic current was 0 s, the anodic current
was 10 mA, and time for anodic current was 6 hours. The
potential limit was set at +£5 V, and the current switching
priority was time-dependent. The current, time of charge flow,
and volume of the gas obtained from the experiment were used
in the equation, f = 4Fn/Q to calculate the faradaic efficiency,
where fis the faradaic efficiency (%), F is the Faraday constant
(96 485 C mol 1), n is the amount (mol) of O, gas evolved, and Q
is the total charge passed during electrolysis.

This journal is © The Royal Society of Chemistry 2026
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In situ Raman measurements

The in situ Raman measurements were obtained using two
different lasers. The first setup involved drop-casting 24 pL (3 pL
x 8) on a gold substrate, which was assembled in a 3D-printed
cell*>* using 1 M KOH electrolyte, and the reference and
counter electrodes were Hg/HgO (1 M KOH) and graphite,
respectively. A Renishaw inVia Raman system, comprising an
Ar-ion laser (514 nm, 50 mW), supplied an excitation beam,
which was focused onto the sample via a 50x objective lens
microscope. The laser was stationed above the working elec-
trode and covered with a polymer film to avoid contact with the
electrolyte. The spectro-electrochemistry sequence was ob-
tained in the spectrum range between 200 and 2000 cm ™, and
the laser exposure time was 30 s. First, the spectroelec-
trochemistry was obtained at the open circuit potential, and
subsequent electrochemistry was simultaneously obtained
using chronoamperometry at potentials between 1.0 and 1.6 V
vs. RHE for the same period.

In the second setup, a gold screen-printed electrode (SPE)
was electrochemically roughened by covering the surface of the
working electrode with 0.1 M KCI (~100 pL) followed by thirty
CV scans. The in situ surface-enhanced Raman (SERS)
measurements were performed by drop-casting 5 pL (1 puL X 5)
of the precatalyst on the Au SPE which was assembled in a 3D-
printed cell using 1 M KOH electrolyte, and the reference and
counter electrodes were Hg/HgO (1 M KOH) and nickel foam (2
x 2 cm?), respectively.”” A Horiba LabRAM ARAMIS confocal
Raman microscope system, comprising a He-Ne laser (633 nm,
50 mW) supplied an excitation beam focused on the sample via
a 50x objective lens microscope. The laser was stationed above
the electrochemical cell with a polymer film window to avoid
contact with the electrolyte. The spectro-electrochemistry
sequence was obtained in the spectrum range between 200
and 2000 cm ' and the laser exposure time was 30 s. First, the
spectro electrochemistry was obtained at the open circuit
potential, and subsequent electrochemistry was simultaneously
obtained using chronoamperometry at potentials between 1.0
and 1.6 V vs. RHE for the same period.

ICP-MS measurements

The variants of the Ce,Ni; ,-NMOF were digested by first
weighing 2.5 mg of the samples and dissolving them in 1 mL of
aqua regia. The samples were digested and heated to dryness at
108 °C for 1 hour using a 5 mL conical interior Savillex vial, after
which the samples were allowed to cool. After drying, the
samples were reconstituted with 3 mL of aqua regia. All samples
were diluted 37.5-fold using 2% HNOj; by mixing 267 pL of the
samples in a total volume of 10 mL of 2% HNO; for two reasons:

To keep the total dissolved solids below 200 ppm is
a required safety precaution for the instrument.

To eliminate the matrix effect that may occur due to density
differences between the digesting solvent (aqua regia) and the
calibration solvent (2% HNOj3).

Next, the samples were diluted further to keep Ce at
concentrations <200 ppb, which is the maximum calibration

J. Mater. Chem. A
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standard used for rare earth metals. This was completed by
dissolving 15 pL of the previous diluent in 10 mL of 2% HNO;.

Microcrystal electron diffraction (MicroED)

Microcrystal electron diffraction (MicroED) data were collected
as described by Jones et al.*® Powders of Ce,Ni;-NMOF and
Ceg.03Nig.9,-NMOF were ground lightly between glass micro-
scope slides and transferred to carbon-copper TEM grids.
Diffraction data were measured using a ThermoFisher Glacios
cryogenic transmission electron microscope (TEM) at
a temperature of 100 K and an accelerating voltage of 200 kv
(0.0251 A). The sample stage was continuously rotated from
—60° to +60° at a rate of 1° s ' and data were collected using
EPU-D data collection software; patterns were recorded on
a Ceta-D camera optimized for low-dose diffraction. Crystals
suitable for diffraction were sparse, and only one crystal from
each sample batch yielded diffraction data suitable for indexing
and subsequent structure solution. For Ce,Ni;-NMOF, this
crystal diffracted to 0.65 A and for Ce ¢;Nig.o,-NMOF the crystal
diffracted to 0.70 A. Despite the low symmetry and incom-
pleteness of the data, the relatively high resolution made
structure solution possible.

View Article Online
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Data reduction was performed using X-ray Detector Software
(XDS).* Using Olex2 1.5, the structure was solved via intrinsic
phasing using SHELXT and refined by full-matrix least-squares
on F* with anisotropic displacement parameters for the non-H
atoms using the SHELXL™ refinement package utilizing elec-
tron scattering factors.”> Hydrogens were inserted using the
HADD function and refined isotropically in idealized positions.
The refinement of the occupancies of the O and N positions was
guided by FTIR data collected from the samples. The occu-
pancies were refined at 1 for N and O atoms in the Ce,Ni;-
NMOF; while in the Ceq ¢3Nig 9;-NMOF, the occupancy of O was
3 and the occupancy of N was 1.4. Restraints (RIGU 0.001, ISOR
0.005) on anisotropic displacement parameters were necessary.
Details of crystal data, data collection, and structure refinement
are listed in Table S2.

Results and discussion

Nitridation temperature optimization

The nickel-MOF (Ce(Ni;-MOF) was nitrided into Ce,Ni;_,-
NMOF employing a series of temperatures from 300-450 °C
under NH; flow to obtain the optimum temperature needed for
the formation of the Ni;N phase. As shown in Fig. S1,

Ce,Ni;-NMOF -

Intensity (a.u.)

“Ni.N
ICDD PDF #070-9599
L] ] ] ]
10 20 30 40 50 60 70 80

20 (degree)

Fig.1 XRD and SEM images of pristine (a) CegNi;-NMOF, (b) Ceg 01Nig.99-NMOF, (c) Ceg 93Nig.97-NMOF, and (d) Ceg g5Nig.95-NMOFs. Ce-doping

does not impact the bulk composite crystal and morphology.
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‘ 2p

Fig. 2 SEM and EDX elemental mapping images of Ceg o3Nig.g7-
NMOFs. (a) Flower-like morphology (b) nickel (c) nitrogen (d) oxygen
(e) carbon (f) cerium.

temperatures above 350 °C resulted in metallic nickel with
possibly reconstructed carbon fragments from the MOF as the
dominant phase, which is due to excessive reduction. However,
at 350 °C, the diffraction patterns match the formation of nickel

View Article Online
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nitride and a reconstructed carbon framework. This suggests
that 350 °C is the optimum temperature needed for the desir-
able formation of the nitride phase.

Precursor to precatalyst characterization

The Ce,Ni; _,MOFs and Ce,Ni; ,NMOFs were characterized by
powder X-ray diffraction (PXRD) to obtain crystallographic
information about the samples. As displayed in Fig. S2, all the
samples shared diffraction patterns similar to those of the
parent MOF-Ce,Ni;MOF (CCDC #638866),** which meant that
Ce-doping didn't change the crystal structure, and this is very
likely due to the low concentration. Upon nitridation of the
Ce,Ni,; _,MOFs, the as-obtained Ce,Ni,_,NMOF diffraction
patterns, as shown in Fig. 1, were all similar; hence it can be
inferred that the bulk of the sample was not impacted by Ce-
doping even after nitridation. Next, we evaluated the
morphology and chemical composition of the Ce,Ni; _,NMOFs
using SEM and EDX. SEM images in Fig. 1 and S3-S5 reveal that
all Ce,Ni;_,-NMOFs exhibited a flower-like architecture with
a mixed crystalline-amorphous and sheet-like morphology (see
also in Fig. S23). EDX elemental mapping in Fig. 2 and S3-S5
shows a homogenous distribution of the elements with a sparse
distribution of cerium in the bulk, as expected. Their corre-
sponding EDX spectra in Fig. S6 and S7 also indicate the pres-
ence of the constituent elements in the bulk of all Ce,Ni;_,-
NMOFs samples.

Next, we examined the Ce,Ni;_,MOFs and the Ce,Ni;_,-
NMOFs using X-ray photoelectron spectroscopy (XPS) to

907.1 _905.0 903.4 9004 8553 8527 2085 2863 2848
Nt <l oy gl p/Codoped | ~OC0 SO &
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Fig. 3 XPS spectra of Ce,Ni;_,-NMOFs showing (a) Ce 3d, (b) Ni 2p, (c) C 1s, (d) O 1 s, and (e) N 1s.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 FTIR spectra showing functional group vibrational bands in (a)
CexNip_x-MOF and (b) CeyNi;_,-NMOF.

determine the chemical speciation on the surface. High-
resolution spectra in Fig. S9 show that the pristine Ce,Ni;_,-
MOFs comprise Ce 3d, Ni 2p, O 1s, and C 1s core levels on the
surface. All the elements in the sample sets were charge-
corrected with a C 1s value of 284.8 eV. In Fig. S9a, the peaks
between 898 and 910 eV are due to Ce 3d;/, spin-orbit coupling,
and they show that Ce exists predominantly as Ce** species
(904.0 eV) with Ce*" species (899.9 and 906.7 V) occurring due
to surface oxidation.”** In Fig. 3a, although the Ce,Ni;_,-
NMOFs showed an increased mixture of Ce** and Ce*" species
with Ce-doping, there is an increase in the Ce*" population
compared to that of Ce,Ni; ,MOFs which can be attributed to
the reduction of Ce*" species under a reducing ammonia
atmosphere. The reduction starts with the thermal dissociation
of ammonia into H, and NH, radical ions, which interact with
Ce*" to release or extract oxygen, leading to the formation of
oxygen vacancies and the byproduct Ce**.5

The Ni 2p;/, band for Ce,Ni; ,MOFs (Fig. S9b) shows that
Ni*" (855.9 and 859.4 eV) species exist as Ni-O and Ni-OH which
are the bonding environments between Ni and terephthalic acid
(TPA).¥” The intensity of the Ni** peaks decreased and the
binding energy shifted slightly to the right with increasing Ce
content. In addition, the Ce*" to Ni”>* charge transfer is evident
from the increase in the Ce** population as confirmed in the Ce
3d spectra (see Fig. S9a). Upon nitridation, the Ni band in
Fig. 3b indicates a binding energy shift to 852.6 from 855.0 eV

J. Mater. Chem. A
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(in Fig. S9b), indicating the formation of Ni°, which is direct
evidence for the formation of the metallic nickel nitride
phase,*** corroborating the diffraction pattern in Fig. 1. C 1s
spectra in Fig. 3c indicate the presence of the benzoic ring,
carbonyl, and C-O groups from the TPA linkers at 284.8, 288.5,
and 286.3 eV, respectively.?” Core level spectra for O 1s in Fig. 3d
show a mix of Ni and Ce lattice hydroxides at 531.4, while 532.4
and 535.1 eV represent oxygen from the carbonyl groups and
adsorbed water, respectively.’”® In Fig. 3e, the N 1s spectra for
all Ce,Ni, _,NMOFs are shown. The binding energies at 398.1 eV
and 399.6 eV indicate the presence of the lattice Ni-N bond,***°
and adsorbed NH, (ref. 62), respectively, for all the nitrided Ce-
doped samples (black arrows). Ce,Ni;-NMOFs exhibited an
oxidized surface chemistry as indicated by a shift in the binding
energy from 398.1 eV (Ce-doped) to 398.7 eV and the adsorption
of NH, species at 400.3 eV.*** These results indicate that
nitirdation aids the formation of metallic nickel nitride.

Next, Ce,Ni;_,MOFs and Ce,Ni,_,NMOFs were character-
ized with FTIR to determine the functional group distribution
in the samples. In the group frequency region as shown in
Fig. 4a, 1570 and 1375 cm ™" represent coordinated bi-dentate
vibrations modes from v,sm(COO) and v,,m(COO) respectively
from the TPA linker.***¢ Additional vibrational modes between
3058 and 3427 cm™ ' can be ascribed to strong OH stretching
from adsorbed water while bands between 3587 and 3608 cm ™
indicate the presence of weak OH- stretching perhaps from
remnant ethanol used in the washing process.®”*® After nitri-
dation, the as-synthesized Ce,Ni; ,-NMOF spectra in Fig. 4b
show that all the samples exhibited a red shift for v,em(COO)
from 1570 to 1556.46 cm™ ' which can be attributed to attenu-
ation or removal of some V,¢,m(COO) bonds within the molecule
by volatilization as CO, (g) or stronger coordination of Vygym(-
COO) to Ni centers. Conversely, vym(COO) exhibited a blue shift
from 1375 to 1382 cm™ " which can be attributed to two factors.
First, the availability of free vg,,(COO) due to the weakening or
replacement of some of the vg,,(COO) coordinated to the Ni
center with the Ni-N bond (not observed in IR). In addition, this
can also be attributed to the coordination switch of v,,(COO)
from Ce to Ni after nitridation for the Ce-containing samples.

Intrinsic OER activity

The electrochemical performance of the various precatalysts
was evaluated to check the effect of Ce-doping and nitridation.
To understand the role of Ce-doping in electrocatalytic perfor-
mance, the OER geometric activity was measured using CV as
shown in Fig. 5a. The results in Fig. 5b indicate that the over-
potentials of CeoNi;-NMOF, Ceg ¢1Nig.9o-NMOF, Ceg ¢3Nig.97-
NMOF, and Ceg ¢5Nio.o5-NMOF are 527 =+ 31.64, 465 =+ 16.80, 426
+ 12, and 528 + 29.64 mV, respectively with Ce o3Nig.o;-NMOF
showing the lowest value. The Tafel slope was measured using
steady-state multi-step chronopotentiometry (MUSCP) as indi-
cated in Fig. S10, and representative resultant Tafel plots are
shown in Fig. S11, while results from replicate measurements
are also available in Fig. 5b. The results demonstrate that the
Tafel slope values were 114.32 + 4.67, 97.74 £+ 1.45, 83.6 + 7.19,
and 95.87 + 3.33 mV dec ! for CeyNi;-NMOF, Cey 1Nig.oo-
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Fig. 5 (a) CV showing the impact of Ce doping on electrochemical activity. (b) Effect of Ce-doping on electrochemical metrics. (c) CP plot
showing electrochemical stability of Ceg gzNip.g7-NMOF with the inset showing linear sweep voltammetry curves indicating activity.

NMOF, Ce ¢3Nip.o7-NMOF, and Ce, ¢5Nij o5-NMOF, respectively.
A similar trend was observed in the R, values measured using
EIS (Fig. S12, results in Fig. 5b), where Ce ¢3Nij.o,-NMOF has
the lowest value of 37.6 + 5.82 Q. Clearly, the Ce; ¢3Nig o;-NMOF
had a better electrochemical performance compared to others.
Catalytic performance was also assessed by measuring the
double-layer capacitance (Cq;) using EIS and then normalizing
to a generic specific capacitance (Cg) of 40 uF cm™ 2 in an alka-
line system to obtain the electrochemical surface area (ECSA).*
The results in Fig. S13a reveal that the Ceg ¢3Nip o,-NMOF has
one of the lowest ECSAs and the highest intrinsic activity as
indicated by the current density normalized to the ECSA in Fig.
S13b. However, it was observed that at cerium concentrations
>3%, the population of ceria (Ce*"), which is a well-known
insulator, accumulates on the surface as observed in Fig. 3a
and could likely increase under oxidizing reaction conditions.
Next, we tried to evaluate the stability of the Ceg ¢3Nig o;-NMOF
using long-term CP, and the result shown in Fig. 5c shows that
the electrocatalyst is stable for at least 12 hours at a current
density of 10 mA cm > The observed decrease in potential
could be due to increasingly exposed active sites under

This journal is © The Royal Society of Chemistry 2026

prolonged OER conditions, which lowered the energy require-
ment for the OER. It's also noteworthy that the electrochemical
activity (inset of Fig. 5¢) increases by ~25 mA cm ™ after long-
term CP testing, demonstrating that the electrochemical
performance improves even after 12 hours. We also conducted
a 24 hour CP test, as shown in Fig. S22, and Ceg 3Nig ¢;-NMOF
still maintains its stability. Post-long-term CP characterization
by EDX, shown in Fig. 6 (spectra in Fig. S8a), shows that
Cey.03Nig o,-NMOF retains its Ni and O content. However, the C
and N signals are convoluted with signals emerging from the
carbon paper and the fumion ® binder, respectively. XPS
spectra (shown in Fig. S8b) reveal that the N 1s peak at 398.1 eV
diminishes significantly compared to the pristine Ceg ¢3Nig.97-
NMOF, which is an indication of the loss of lattice nitrogen.* In
addition, the peak at ~403.5 eV, which was absent in the pris-
tine sample, becomes prominent, which can be attributed to
nitrogen contributions from the Fumion® binder. Pristine and
post-OER electrolyte analysis (Table S1) using ICP-MS showed
that Ce was not present in the electrolyte before the reaction,
nor was there any leaching of Ce from Ceg ¢3Nij o-NMOF which
is also an indication of its electrochemical stability.
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Fig. 6 Post-OER SEM and EDX elemental mapping images of the
Ceo_ogNi0_97-NMoF.

To evaluate the kinetic regime governing Ceg 3Nig 9;-NMOF,
a scan-rate dependent electrochemical analysis was conducted
to probe mass transport behavior. CVs were recorded at varying
scan rates, and the relationship between peak current and scan
rate was analyzed using the power-law expression (i = av”).”® A b-
value of 0.74 was obtained. In electrochemical systems, a b-
value of 0.5 corresponds to a diffusion-controlled process,
whereas a value approaching 1.0 indicates a surface-controlled
or capacitive process. The observed intermediate b-value of
0.74 suggests that the catalytic response is governed by a mixed
mechanism, with contributions from both diffusion-limited
mass transport and surface or pseudocapacitive charge-
transfer processes.”””* This indicates that although ion diffu-
sion within the electrolyte and porous catalyst framework
influences the overall current response, a substantial fraction of
the current originates from rapid interfacial redox reactions
occurring at accessible active sites. Overall, the results demon-
strate partial mitigation of diffusion limitations and enhanced
surface reactivity, consistent with improved electrochemical
performance.

Next, to show that nitridation played an active role in the
OER activity, we compared the electrochemical activity of the
best-performing precatalyst Ceg 3Nip9;-NMOF with its MOF
counterpart, Ceg 03Nip.97-MOF. As shown in Fig. S14, nitrogen
incorporation into the lattice structure of the MOF improved its
electrochemical activity by approximately a factor of 50. This re-
emphasizes the role of nitrogen incorporation into the crystal
lattice of MOFs in augmenting electron transfer, thereby aiding
electrochemical activity.”

Structural contributions to improved OER activity

With PXRD unable to discern between the Ce-doped and
undoped nitride samples, in the next step, we employed the
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more precise microcrystal electron diffraction (MicroED)
method to obtain the structure of the synthesized Ce,Ni; ,-
NMOF and delineate a structural explanation for the electro-
chemical activity. MicroED is uniquely beneficial for the struc-
tural interrogation of micro-crystalline samples in the absence
of large crystals required for conventional single-crystal XRD
analysis. The crystal structure solved by MicroED (Fig. S15a)
shows that the Ce,Ni;-NMOF possesses a linear or 1D structure.
It does not contain Ce as expected, and Ni resides in a pseudo-
octahedral sphere coordinated with oxygen atoms from the
benzoic acid functionality of TPA, in accordance with FTIR
results. The nitrogen atoms are also observed to be bonded to
the Ni atom in the chemical structure of CeyNi;-NMOF which
supports the XRD results. Surprisingly, the crystal structure of
Cey.03Nig o;-NMOF (Fig. S15b) does not indicate the presence of
Ce. The absence of Ce in Ce (3Niy o,-NMOF could be due to its
absence in the bulk due to its low concentration which makes it
below the detection limit of MicroED. However, because the
cerium content is on the surface, rather than in the bulk, it can
be detected with XPS. Also, Ce exists in an amorphous phase,
which is also a condition under which MicroED cannot resolve
structures. The Ni atoms exist in unique pseudo-octahedral and
pseudo-tetrahedral geometries, coordinated by oxygen atoms
from TPA as predicted by FTIR or by nitrogen atoms as pre-
dicted by XRD. Oxygen is resolved to possess 75% occupancy
due to its predominant fingerprint in other characterization
techniques such as XPS and FTIR while nitrogen is resolved to
have 25% occupancy since C=N or C-N bonds weren't observed
in FTIR perhaps due to their lower abundance. The pseudo-
tetrahedral geometry of Ni (as opposed to the octahedral
geometry) can be ascribed to oxygen removal by cerium doping.

The chemical structure of Ceq ¢3Nig.o;-NMOF suggests that
the pseudo-tetrahedral geometry at Ni leaves room for the
adsorption of OH* adsorbates thereby facilitating OER
compared to Ce,Ni;-NMOF.”**** It is well reported that Ce has
a high affinity for oxygen atoms, as indicated by a higher bond
dissociation energy of 795 k] mol ™' compared to Ni
(391 kJ mol™"),”® and this may lead to structural evolution near
Ni.” It is also possible that Ce-doping disrupts the neighboring
Ni-O bond formation and, coupled with carboxylate recoupling
leads to the growth of Ceg o3Nipo,-NMOF in a periodic 3D
lattice. To provide evidence for the location/presence of Ce and
nitride species in the precatalyst, we obtained TEM images and
elemental mapping. Elemental mapping of CeoNi;-NMOF in
Fig. S16 shows the spatial distribution of the expected elements,
most importantly nitrogen confirming the presence of nitride
species, which is supported by the corresponding spectra in Fig.
S18a indicating the clear absence of Ce and the detection of
nitrogen as expected. The presence of Ce and nitrogen in
Ce.03Nig 9,-NMOF is also confirmed by the elemental mapping
shown in Fig. S17 which is supported by the spectra in Fig. S18b.
Nonetheless, ICP-MS further confirmed the presence of Ce in
the various Ce-doped samples and verified that the Ce : Ni ratio
is as synthesized, as shown in Table S1.

In situ Raman measurements were performed to observe
characteristic vibration modes of the active phases during key
OER events and potentials for CeoNi;-NMOF and Ceg ¢3Nip o7~
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NMOF. This was done to identify the catalytic OER active phases
and provide further insight into the role of Ce-doping during
the OER. As shown in Fig. 7a, at potentials =1.3 V vs. RHE,
Raman bands of Ce,Ni;-NMOF at 483 and 561 cm™' which
correspond to Ni-O vibrations in NiOOH (ref. 75 and 76) were
absent, while in Fig. 7b, peaks at 1320-1436 and 1550-
1608 cm™ !, were observed which are indicative of the D (A
mode) and G (E,; mode) graphitic carbon bands, respec-
tively.”””® This suggests that prior to OER onset potentials
(=1.3 Vvs. RHE), the graphitic carbon frameworks are present,
which has been confirmed by other characterization tech-
niques; and the nickel-nitride sites are yet to be oxidized suffi-
ciently to generate the Ni-O bond in NiOOH. In addition, since
the D band typically represents defects in a carbon framework
while the G bands represent sp® in-plane vibrational modes, the
relatively smaller intensity of the G-band compared to the D-

This journal is © The Royal Society of Chemistry 2026

band provides evidence that there are more structural defects
in the carbon framework than an ordered carbon ring structure
below OER potentials.” However, at OER overpotentials,
specifically 1.40 V vs. RHE, the twin Ni**~O modes at 483 and
561 cm ™' are observed, indicating the oxidation of Ni;N to
NiOOH. Previous studies have shown that Raman shifts at 483
and 561 cm™ " correspond to theB-NiOOH phase.® In addition,
as the potentials increase from 1.1 to 2.1 V vs. RHE, there is
a gradual diminishing of the carbon bands. Two possible
reasons for the peak disappearance could be OER conditions or
the beam energy.*"** To determine which of the aforementioned
reasons is dominant, we interrogated the surface in an ex situ
setup. After the ex situ interrogation of the precatalyst, the
emergence of the graphitic framework was observed as shown
in Fig. S19. The resulting evidence suggests that some of the
graphitic carbon structure was preserved even after the OER,
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and the absence of the graphitic carbon framework can be due
to beam damage due to prolonged exposure. Another experi-
ment was conducted with a high energy beam of 514 nm and as
shown in Fig. S20a and b, the Ni-O peaks at 477-560 cm™ " and
the carbon bands at 1381-1606 cm " were diminished indi-
cating the role of beam intensity in the observed Raman
features. In Fig. 7c and d, a similar observation in CeoNi;-NMOF
is noted for the Ceg 3Nigo,-NMOF Raman bands. Unlike
CeoNi;-NMOF, an early development of the B-NiOOH peak at
1.3 Vis observed for the Ce (;Ni, o;-NMOF that wasn't observed
in Ce(Ni;-NMOF which suggests that incorporation of Ce
induces the early formation of the active site that facilitates OER
activity by generating highly active CeO,-NiOOH due to the
formation of the pseudo-tetrahedral structure as suggested by
MicroED. At potentials =1.3 V vs. RHE, where OER currents are
observed, the twin peaks of B-NiOOH emerge as the dominant
active sites in that regime. Also, the graphitic carbon framework
completely disappears as observed in Fig. 7d at 2.1 V, but is
observed even in the ex situ setup after the OER (Fig. S19) with
the D bands having higher intensity compared to the pristine
material, indicative of increased disorder in the graphitic
carbon framework. The faster decrease in the intensity of the
carbon bands in Ceg ¢3Nig o;-NMOF compared to CeoNi;-NMOF
in the in situ setup may additionally be due to the higher activity
of the former compared to the latter.

Conclusions

We outlined a synthetic method that utilizes nitridation and Ce-
doping to transform a non-conductive Ni-based MOF into
a conductive precatalyst suitable for driving the OER in alkaline
media. Nitridation modified the chemical environment and
electronic properties of the parent MOF while Ce-doping possibly
aided the formation of pseudo-tetrahedral geometry at Ni sites
which likely impacted the binding energy of the adsorbates
leading to improved intrinsic activity. By applying different
temperature regimes, we optimized the nitridation process which
yielded metallic Ni’ and Ce** as the metallic centers and a flower-
like carbon framework. Electrochemical data reveal that among
the various Ce-doped precatalysts, Ce, 03Nig o,-NMOF had the best
OER performance as indicated by the highest intrinsic activity,
lowest charge transfer resistance, and Tafel slope. Further evalu-
ation revealed that Ceg (3;Nij o,-NMOF was stable for 12 hours at
a current density of 10 mA cm > and even demonstrated
improved electrochemical activity afterward. With MicroED, the
pseudo-tetrahedral geometry at Ni sites was structurally observed,
and in situ Raman measurement revealed that this geometry
induces early formation of B-NiOOH, which is also an OER active
phase responsible for improved electrochemical metrics. Overall,
the results show that nitridation and Ce-doping produced a pre-
catalyst with augmented activity and stability relative to the parent
Ni-based MOF.
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