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ABSTRACT: Recently, there has been growing interest in the conversion of
metal−organic frameworks (MOFs) into metal-hydroxide catalysts for alkaline
oxygen evolution reactions (OERs). While studies have shown that the initial
OER performance of MOF-derived intermediates surpasses that of traditional
metal-hydroxide catalysts, ongoing debates persist regarding these catalysts'
durability and electrochemical stability. Moreover, the inevitable reorganization
(aging) of MOF-derived catalysts from disordered to ordered phases,
particularly those primarily composed of nickel oxyhydroxides, remains a
topic of discussion. To address these issues, we propose a straightforward
approach to mitigating MOF reconstruction and modulating aging in harsh
alkaline environments by introducing additional organic carboxylate linkers
into electrolytes. Specifically, we focus on two examples: Ni-BPDC-MOFs and NiFe-BPDC-MOFs, of formula [M2(OH)2BPDC]
(M: Ni and Fe; BPDC = 4,4′-biphenyldicarboxylate). Experimental results indicate that alkaline electrolytes containing additional
BPDC linkers exhibit enhanced OER activity and a prolonged electrochemical lifespan. Complemented by in situ Raman
spectroscopy, our findings suggest that manipulating the coordination equilibrium of the organic linker involved in Ni-MOF
formation (linker assembly) and reconstruction (linker leaching) leads to the formation of more disordered nickel oxyhydroxide
phases as the active catalyst material, which shows enhanced OER performance.
KEYWORDS: metal−organic frameworks, oxygen evolution reactions, reconstruction, metal hydroxide, equilibrium

■ INTRODUCTION
Selecting suitable electrocatalysts is crucial for advancing the
oxygen evolution reaction (OER), a key step in hydrogen
production.1,2 Given the depletion of fossil fuels, finding
alternatives is vital for the evolving energy landscape.3,4 Since
their inception, metal−organic frameworks (MOFs) have
captured considerable attention as potential OER catalysts.5−11

This recognition stems from their structural versatility,12−16

the diverse array of metal nodes, and, notably, their
demonstrated efficacy in reported OER applications.17−21

Following an in-depth discourse on the role of MOFs in
alkaline OER, it has become apparent that many MOFs
primarily function as precursors, i.e., as precatalysts to the
active phase. When directly employed in OER applications,
they undergo reconstruction, forming metal hydroxide or
oxyhydroxide.22,23 Substantial research has indicated that
catalysts derived from MOFs in this way can exhibit superior
activity compared to the closely related but conventional
reference systems, particularly those featuring non-noble
metals like Ni, Co, Fe, and Mn.24−26 Moreover, when
compared to noble metals, the non-noble electrocatalysts,
especially prevalent Ni-based electrocatalysts, offer general
advantages in terms of high abundance and low cost albeit

often grappling with stability issues.27,28 For instance, pristine
Ni(OH)2 struggles with the aging process in alkaline
environments, transitioning from the disordered α-Ni(OH)2
to the more ordered β-Ni(OH)2 phase, resulting in a decline in
OER activity.29,30

In a previous study, we explored an isoreticular series of
[Ni2(OH)2L] featuring carboxylate linkers of varying lengths
that modulate the overall stability of the MOF in the
electrolyte and during OER (L = linker = 1,4-benzendedi-
carboxylate, BDC; 2,6-napthalenedicarboxylate, NDC; 4,4′-
biphenyldicarboxylate, BPDC; and 4,4″p-terphenyldicarboxy-
late, TPDC).31 In this and related systems, it has been shown
that the MOF will transfer to metal hydroxide first and then to
oxyhydroxide during the OER process, but interestingly, the
choice of the linker exerted control over the transformation of
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Ni-MOF, guiding it into distinct nickel hydroxide phases with
a ratio depending on the type of linker chosen. The linker plays
a pivotal role in affecting the MOF activation and decelerating
the degradation and reconstruction processes, i.e., in
modulating the reconstruction kinetics, resulting in tuning
the OER activity. When considering the MOF reconstruction
to the metal hydroxides as a chemical equilibrium, the process
can take the form by

[ ] +
+

Ni (OH) L (s) 2OH (aq)

2Ni(OH) (s) L (aq); pK (L) (L: Linker)
2 2

2
2

R

This assumption prompted a consideration: what if
additional free linkers were introduced to the alkaline
electrolyte? Would the equilibrium be shifted and the
reconstruction reaction decelerate as the concentration of the
available linker increases? How would that influence the OER
performance of the system?

Motivated by this, we investigated the impact of introducing
additional free linkers to a strong alkaline electrolyte during
electrocatalysis, hypothesizing its potential to decelerate the
reconstruction reaction, as shown in Figure 1a. We selected
[Ni2(OH)2BPDC] for a detailed evaluation and found that this
system has prolonged stability, reduced reconstruction, and
enhanced electrochemical lifetime with the introduction of the
extra carboxylate linker (ex-CL = BPDC) in the electrolyte.
Expanding this hypothesis to NiFe-MOFs as another case
study revealed a similar behavior, although NiFe-MOFs
displayed higher intrinsic instability and a tendency to
transition into a more disordered phase with Fe assistance,
compared to pure Ni-MOF systems.

■ RESULTS AND DISCUSSION
The Ni-MOF, with the formula [Ni2(OH)2BPDC], was
synthesized following our previous method,31 revealing
distinctive 2D morphologies with C, O, and Ni elements in

Figure 1. (a) Schematic illustration of the degradation process of Ni-MOF ([Ni2(OH)2BPDC]) in alkaline electrolytes with/without the extra
carboxylate linker. (b) TEM and HAADF images of Ni-MOF along with the corresponding EDS elemental maps with Ni, O, and C. (c) FTIR of
H2BPDC, of the potassium linker salt K2BPDC, and of the Ni-MOF. XRD pattern of time dependence for Ni-MOFs in 1 M purified KOH (p-
KOH; Fe trace free) in the presence of various concentrations of K2BPDC (extra-linker, ex-CL): (d) 0.00 M ex-CL (linker-free, similar to ref 31),
(e) 0.01 M ex-CL, and (f) 0.05 M ex-CL. Time-dependent Raman spectra of Ni-MOFs in 1 M p-KOH in the presence of various concentrations of
ex-CL: (g) 0.00 M ex-CL (linker-free), (h) 0.01 M ex-CL, and (i) 0.05 M ex-CL.
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Figure 1b. Atomic force microscopy (AFM) characterization
confirmed this nanosheet structure with a thickness of under
10 nm (Figure S1). XANES analysis (Figure S2) verified the
presence of Ni2+ and showcased a characteristic and sharp μ3−
OH band at ∼3611 cm−1 in the FTIR spectra (Figure 1c).
Following structural characterization, we further investigated

the MOF’s behavior under various electrolytes without applied
potentials. Given the known sensitivity of the OER activity to
pH changes and considering our previous findings on the
impact of pH on MOF reconstruction, we used the potassium
salt K2BPDC (ex-CL) instead of H2BPDC to avoid any
significant changes in the pH upon addition of ex-CL to the
electrolyte, as indicated in Table S1. As shown in Figure 1c, the
ν(C�O) of the COOH species at 1679 cm−1 in H2BPDC
shifted to 1586 and 1543 cm−1 in the deprotonated COO−

species of K2BPDC and Ni-BPDC-MOF, respectively.32

The powder X-ray diffraction (PXRD) patterns of Ni-MOF
in Figure 1d revealed distinct characteristic reflections at 6.2°,
signifying a metal−ligand−metal lattice spacing of around 14.2
nm.31 These reflections began to degrade upon immersion in 1
M purified KOH (p-KOH) and vanished after 60 min.
Concurrently, α/β-Ni(OH)2 phases emerged at around 19, 33,
and 38°, with their intensity increasing with prolonged
exposure time.33 In contrast, the introduction of the extra
carboxylate linker (K2BPDC, ex-CL) significantly enhanced
the stability of the MOF as its reflection at 6.2° was still
observed after 120 min of immersion in 1 M p-KOH with 0.01
M ex-CL (Figure 1e). Higher ex-CL concentrations improved
the MOF’s stability, with clear MOF reflections observed even
after 240 min of treatment in 1 M p-KOH with 0.02 and 0.05
M ex-CL (Figures S3 and 1f). Interestingly, the Ni(OH)2
reflections resulting from the MOF conversion exhibited

significantly broader peaks in the presence of ex-CL, suggesting
that more disordered phases were formed under these
conditions.
Raman spectra in Figures 1g−i and S4−S6 provided detailed

insights into the transformation process, quantifying derived
Ni(OH)2 phases during exposure in 1 M p-KOH with and
without the addition of 0.01−0.05 M ex-CL. The characteristic
bands of phenyl rings and carboxylate groups from Ni-MOF
decreased with the increasing exposure time in 1 M p-KOH,
with the appearance of new broad peaks centered at 311 (Eg)
and 450 cm−1 (A1g) for the Ni(OH)2 phase, as shown in
Figure S4.29,33 Simultaneously, the μ3−OH bridge signal for
pristine Ni-MOF at 3617 cm−1 decreased, transforming into
two new bands, assigned to β-Ni(OH)2 at ∼3582 cm−1 and α-
Ni(OH)2 at around ∼3673 cm−1 (Figure 1g).34 After 240 min
of exposure in 1 M p-KOH, the β-Ni(OH)2 band was 6.15
times stronger than α-Ni(OH)2. In contrast, the addition of ex-
CL slowed down the aging process from the disordered α-
Ni(OH)2 to the ordered β-Ni(OH)2 (Figures S5, S6 and 1h−
i), while the phenyl ring bands at 1603 cm−1, which are
characteristic of the MOF, remained prominent.35 Specifically,
for the Ni-MOF in 0.01 M ex-CL in p-KOH after 60 min, the
Raman band at 3673 cm−1 assigned to α-Ni(OH)2 was now
stronger than β-Ni(OH)2. After 240 min, the ratio β-Ni(OH)2:
α-Ni(OH)2 was 1.2 for Ni-MOF in 0.01 M ex-CL in p-KOH
and 0.94 and 0.88 for Ni-MOF in 0.02 and 0.05 M ex-CL in p-
KOH, respectively.
In summary, the presence of an additional linker resulted in

a significant decrease in the β/α phase of Ni(OH)2. By
combining the time-dependent XRD and Raman findings
discussed above, we affirm the validity of our hypothesis,
demonstrating a discernible influence of the extra carboxylate

Figure 2. Electrochemical characterization of Ni-MOF in 1 M p-KOH with the addition of 0.00 0.05 M ex-CL. The Ni-MOFs were cycled
(activation process) from 1.13 to 1.67 V vs. the RHE with IR correction at 10 mV/s (Hg/HgO was used as the experimental reference electrode,
and potentials were corrected for RHE, glassy carbon (GC) as the RDE working electrode, Figure S7). The reported electrochemical data were
taken when the intensity of anodic peaks of Ni3+/Ni2+ no longer increased. (a) Redox peaks of Ni2+/3+. (b) OER activity. (c) Tafel slope. (d)
Electrochemical impedance spectroscopy (EIS) with the fitting line at 1.546 V vs. RHE. (e) Faradaic efficiency with 0.02 M ex-CL. All results given
here are measured after the CV activation process (for details, see the SI).
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linker on the reconstruction of Ni-MOF, the improved stability
of the Ni-MOF in the alkaline environment, and the inhibition
of the aging process in the derived Ni(OH)2.
Shifting our focus to extra-linkers’ influence on electro-

chemistry, Ni-MOF (48 μg) deposition on GC was carried out
using a standard drop-casting method (ink preparation and
method details are available in the SI). Throughout this work,
unless specified otherwise, GC serves as the working electrode.
Cyclic voltammograms (CVs) were executed in alkaline
electrolytes (1 M p-KOH with [ex-CL] = 0.00−0.05 M)
from 1.13 to 1.67 V vs. RHE with IR correction (GC as the
RDE working electrode, and Hg/HgO as the experimental
reference electrode, with potentials corrected for RHE, Figure

S7) and a scan speed of 10 mV/s, as visualized in Figures S8
and S9. The redox peaks of Ni3+/Ni2+ in Ni-MOF display an
ascending pattern starting from the first cycle in 1 M p-KOH
(Figure S8a), indicating the degradation and subsequent
reconstruction of Ni-MOF into Ni(OH)2/NiOOH.
Furthermore, the OER activity was assessed after the

intensity of the anodic peaks did not increase, as depicted in
Figure 2a,b. The oxidation peaks of Ni3+/Ni2+ exhibited a slight
positive (anodic) shift with the introduction of ex-CL,
transitioning from 1.37 (in p-KOH) to 1.39 (with 0.01 and
0.02 M ex-CL), and to 1.40 V vs. RHE (with 0.05 M ex-CL).
The overpotential at 10 mA cm−2, indicative of the OER
activity, decreased from 404 ± 11 mV in 1 M p-KOH to 375 ±

Figure 3. TEM and HAADF images along with the corresponding EDS elemental mapping of Ni-MOF measured ex situ after 30 cycles of CV
(1.13−1.67 V vs. the RHE, 10 mV s−1) in (a) 1 M p-KOH and (b) 1 M p-KOH with 0.02 M ex-CL. Corresponding XPS spectra of (c) O 1s and
(d) Ni 2p photoelectrons. In situ Raman spectra of Ni-MOF around 300−700 cm−1, a range diagnostic for distinguishing Ni-MOF from NiOOH
species, were recorded in a homemade electrochemical cell in 1 M p-KOH with (e) 0.00 M ex-CL (linker-free), (f) 0.01 M ex-CL, (g) 0.02 M ex-
CL, and (h) 0.05 M ex-CL, ranging from open circuit potential (OCP) to 1.58 V vs RHE (with OCP, 1.03, 1.13, 1.23, 1.33, 1.38, 1.43, 1.48, 1.53,
1.58 V vs. RHE). A quartz substrate coated with Au of 0.785 cm−2 was used as the working electrode for the in situ Raman test, Hg/HgO as the
reference electrode, and Pt wire as the counter electrode. All potentials have been corrected to RHE. In Figure 3e−h, the symbol ▲ represents the
MOF peak and the symbol ★ represents NiOOH.
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4 and 355 ± 7 mV with 0.01 and 0.02 M ex-CL, respectively.
However, it increased to 363 ± 6, 371 ± 3, and 380 ± 13 mV
for 0.03, 0.04, and 0.05 M ex-CL, respectively (Figures 2b and
S10). Correspondingly, the Tafel slope (Figure 2c) was
calculated to 74, 68, 63, and 74 mV dec−1 with 0.00, 0.01,
0.02, and 0.05 M ex-CL, respectively, highlighting the
enhanced OER kinetics for Ni-MOFs in an alkaline environ-
ment in the presence of extra carboxylate linkers. Moreover,
the turnover frequencies (TOFs) were calculated using two
methods: inductively coupled plasma atomic emission spec-
troscopy (ICP-OES) measurements of Ni in the MOF-coated
electrodes and the integration of the oxidation peak in the
OER in Figure S11. These methods determined the number of
moles of Ni deposited on the GC electrode and the molar
amount of electrochemically accessible Ni reacted during the
CV activation process, respectively. The ex-CL addition
yielded higher TOF values compared to the linker-free
electrolyte, with the highest values observed at 0.02 M ex-CL
with 0.11 and 0.40 s−1 for Ni, based on ICP-OES and the
Ni2+/3+ oxidation peak integration as the lower and upper
limits, respectively, for TOF.
Figure S12 displays the EIS results within a potential range

from 1.466 to 1.586 V vs RHE. The adsorption resistances
(Ra) of Ni-MOF with various electrolytes were compared to
the values obtained under 1.546 V vs RHE using an equivalent
electric circuit model, as depicted in Figures 2d and S13.
Compared with the negligible difference of the resistance of
the electrolyte (Rs) in different electrolytes in Figure S14, the
Ra drops as the ex-CL increases to 0.01−0.02 M, indicating
easier formation of the active intermediates γ-NiOOH from α-
Ni(OH)2, potentially contributing to their higher activity.

36

To delve deeper into the electrochemical implications of the
extra-linker in the electrolytes, we used a reference β-Ni(OH)2
bulk sample, which avoids the original phase influence based
on the Bode scheme and the self-linkers’ interference from
MOFs. This reference catalyst was compared with the Ni-
MOFs’ OER behavior in alkaline conditions selecting extra-
linker-free conditions and 0.01 M ex-CL addition in p-KOH
(Figure S15). The very similar activities of these reference
systems indicate that the effect of ex-CL on a Ni(OH)2/
NiOOH catalyst’s surface, e.g., adsorption and modulating the
active sites, can be considered negligible also in our case of the
Ni-MOF-derived catalyst materials.37 Rather, it implies that the
observed effect of ex-CL on the OER in our case relates to the
intrinsic kinetics of Ni-MOF reconstruction and the phase
ratio of the derived NiOOH.
Moreover, the electrochemical stability of ex-CL under the

conditions of our experiments was carefully verified to avoid
misinterpretations. Specially, activated β-Ni(OH)2 reference
catalysts on GC were exposed to constant potentials of 1.6−2.3
V vs. RHE (1.6, 1.8, and 2.3 V) for 20 min (for each potential)
in a neutral solution containing 0.05 M ex-CL (the choice of
the neutral solution is to avoid the interference of the alkali for
HPLC; details as shown in the SI). After the electrochemical
measurements, each electrolyte solution underwent HPLC
analysis, revealing no traces of degradation products of the
carboxylate linkers, such as biphenyl (Table S2).38 Addition-
ally, the pristine GC electrode was tested in the linker-free 1 M
p-KOH and with 0.02 M ex-CL, and no remarkable changes
were found (Figure S16). Finally, the Faradaic efficiency was
measured to be 103 ± 2.4% for our Ni-MOF-derived OER
catalyst tested in 0.02 M ex-CL (Figure 2e). Combining these
results with the unchanged NMR results of the electrolytes

before and after CV (Figure S17), it is suggested that the
oxidation of the carboxylate linker here, for example, involving
possible decarboxylation and biphenyl formation, could be
ignored.39

As is common, the presence of Fe in alkaline electrolytes
significantly enhances the performance of Ni-based catalysts in
OER applications.40 To investigate potential contamination,
elemental mappings using electron diffraction spectroscopy
(EDS) in the transmission electron microscopy (TEM) mode
were conducted on Ni-MOF samples after 30 cycles of CV
(1.13−1.67 V vs. the RHE, 10 mV/s) in both 1 M p-KOH
(Fe-free) and with the addition of 0.02 M ex-CL. No Fe was
detected in Figure 3a,b. Furthermore, ICP-OES (Figure S18)
results indicated that the as-prepared K2BPDC salt contained a
low trace concentration of Fe (0.025 ppm), suggesting that
trace-level Fe contamination is not responsible for the
observed enhancement in the OER activity with alkaline
electrolytes containing extra carboxylate linkers.29

Additionally, Ni-MOF-derived electrodes operated in differ-
ent electrolytes were investigated post OER experiments. In
Figure S19, ex situ high-resolution transmission electron
microscopy (HRTEM) analysis revealed clear lattice fringes
with spacings of approximately 0.20 and 0.24 nm, correspond-
ing to the (101) planes of the NiO phase and the (002) planes
of NiOOH, respectively.41 These findings confirm the
reconstruction process during the OER for both Ni-MOF
samples in linker-free alkaline electrolytes and those with 0.02
M ex-CL. Furthermore, ex situ X-ray photoelectron spectros-
copy (XPS) analysis was performed to investigate changes in
the surface chemical states of the cycled electrodes. In Figure
3c, the O 1s spectrum of pristine Ni-MOF exhibited four
components at approximately 533.9, 532.6, 532.3, and 531.3
eV, corresponding to O�C−O* (oxygen bonded to a single
bond to a carbonyl group), C−O (ether group), *O�C−O
(oxygen bonded to a double bond to the carbonate), and Ni−
OH bonds, respectively.42 The intensities of the carbonaceous
species (C−O and O�C−O) notably decreased after
electrochemical activation, suggesting leaching of the carbox-
ylate linker.
For the cycled Ni-MOF-derived electrodes, an additional

peak at lower binding energies (529.6 eV) was observed in
both electrolytes, likely attributable to the Ni-oxide (Ni−O)
species. It should be noted that the Ni-MOFs showed
insulating character during the XPS experiment, which was
mitigated by the use of an electron gun. However, small
charging effects were still observed. The Ni 2p spectrum of
pristine MOFs shows multiplet splitting and satellite peaks that
were centered at binding energies of about 856.9 (Ni 2p3/2)
and 874.8 eV (Ni 2p1/2) in Figure 3d, which is assigned to the
oxidation state Ni2+, in line with the results from XANES
(Figure S2). Meanwhile, the Ni 2p3/2 spectra of the cycled
electrodes revealed two distinct peaks: Ni(OH)2/NiO and
Ni3+, due to NiOOH formation. A negative shift of the Ni 2p
peaks to lower binding energies after cycling in both
electrolytes suggests an altered local electronic structure of
the Ni atom on the surface due to the gradual leaching of the
carboxylate linkers, particularly due to the formation of NiO-
like moieties, confirmed by HRTEM patterns, which typically
exhibits a lower binding energy than Ni(OH)2 and Ni-MOF.43

In situ Raman spectroscopy was also employed to
systematically explore the impact of structural reconstruction
during OER with the addition of ex-CL, as illustrated in
Figures 3e−h and S20−S22. When the Ni-MOF was tested in
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ex-CL free p-KOH (Figure 3e), two distinct bands at 407 and
629 cm−1 emerged at the OCP, originating from the
framework incorporated linker of the Ni-MOF (Figure S23).
Specifically, the 407 cm−1 band corresponds to out-of-plane
skeletal vibrations, while the 629 cm−1 band corresponds to the
ring deformation of the linker.44 These characteristic MOF
bands remained unchanged until the potential was raised to
1.38 V vs. RHE. Subsequently, two new Raman bands emerged
around 479 cm−1 (Eg bending) and 560 cm−1 (A1g
stretching), attributed to Ni−O vibrations of the surface
intermediate NiOOH, concomitant with a decrease in the
MOF band intensity.45 Upon applying higher potentials in 1 M
p-KOH, the MOF bands degraded and disappeared at 1.48 V.
Notably, the MOF bands persisted longer with the additional
ex-CL, seen in Figure 3f−h; particularly, a prominent band at
407 cm−1 of the MOF can still be observed even at 1.58 V vs.
RHE in p-KOH with 0.05 M ex-CL. Interestingly, the presence
of the coordinated COO− species at 1429 cm−1 in the Ni-
MOF decreased as the potential increased in Figures S20−S22.
However, the presence of free (uncoordinated) COO− at 1390
cm−1, which resulted from the addition of ex-CL, remained
clearly visible. The intensity ratio of the two Ni−O Raman
bands (I560/I479) serves as a metric for evaluating the structural
disorder/defect of the derived NiOOH. Specifically, a higher
I560/I479 ratio indicates a more disordered phase.46 In 1 M p-

KOH, the ratio of I560/I479 reached 0.41 at 1.58 V vs RHE,
significantly lower than the ratios observed in the presence of
ex-CL, i.e., 0.77, 0.79, and 0.64 in 0.01, 0.02, and 0.05 M ex-
CL, respectively. These results indicate that the additional ex-
CL in the electrolyte induces a more disordered intermediate
than that in the normal (pure) alkaline solution. Given that the
O−H group between 3000 and 4000 cm−1 was masked by a
significant water band during in situ Raman testing, our study
combines in situ findings with time-dependent Raman results
that track O−H changes and MOF degradation observed in
XRD results. This supports the hypothesis that the use of an
additional carboxylate linker can effectively modulate the
dynamic equilibrium between the degradation and reconstruc-
tion of Ni-MOF precursors, leading to a highly OER-active
intermediate Ni(OH)2/NiOOH species. Interestingly, this
allows for the more disordered and, thus, more OER-active
phase to be more abundant.
Furthermore, the mixed metal (solid solution) NiFe-MOF

([(NiFe)2(OH)2BPDC]) was used as another example (unless
otherwise mentioned, the Ni:Fe ratio in this work is around
3:1, Figure S24) to further investigate the validity and scope of
our hypothesis. Despite similarities in morphology and
structure between the two isostructural MOFs (Figures S25−
S28), the NiFe-MOF exhibited rapid degradation in alkaline
electrolytes. Specifically, the characteristic MOF peak at 6.2°

Figure 4. Electrochemical characterization of NiFe-MOF in 1 M p-KOH with the addition of 0.00−0.05 M ex-CL. The NiFe-MOFs were cycled
(activation process) from 1.13 to 1.67 V vs. the RHE with IR correction with 10 mV/s (Hg/HgO was used as the experimental reference electrode,
and potentials were corrected for RHE, GC as the RDE working electrode). The reported electrochemical data were taken when the intensity of
anodic peaks of Ni3+/Ni2+ no longer increased: (a) redox peaks of NiFe-MOF ([(NiFe)2(OH)2BPDC]) in 1 M p-KOH with 0.00−0.05 M ex-CL.
(b) OER activity; (c) Tafel slope in 1 M P-KOH with 0.00−0.05 M ex-CL. In situ Raman spectra in 1 M p-KOH with (d) 0.00 M ex-CL (linker-
free), (e) 0.01 M ex-CL, (f) 0.02 M ex-CL, and (g) 0.05 M ex-CL, ranging from OCP to 1.58 V vs. RHE (with OCP, 1.03,1.13,1.23,1.33,1.38,
1.43,1.48,1.53, 1.58 V vs RHE). In Figure 4d−g, the symbol ▲ represents the MOF peak, the symbol ★ represents NiOOH, and the symbol
represents NiFe(OH)2.
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(001) vanished completely within 30 min in 1 M p-KOH, with
new peaks attributed to NiFe(OH)2 emerging at 11, 23, 34,
and 38° in Figures S29 and S30.47 Furthermore, Raman data of
NiFe-MOF submerged in p-KOH for 30 min unveiled
additional bands at ∼453 and ∼526 cm−1, indicative of the
emergence of Ni−OH symmetric stretching mode vibrations
and structural defects originating from NiFe(OH)2 (Figures
S31 and S32).48 Adding extra linkers in the solution barely
reduced the degradation of the MOF structure, as no
discernible MOF peaks were detected after 30 min. However,
analysis of the transformation process revealed that the
resulting NiFe(OH)2 compound exhibited increased disorder
in solutions containing the extra-linker, as illustrated in Figure
S33.
Electrochemical measurement of NiFe-MOF, following the

same activation procedure as the Ni-MOF, yielded interesting
insights (Figures 4a−c, S34, and S35). While the anodic peak
remained relatively consistent across different conditions, the
introduction of extra linkers resulted in improved OER
activities. The overpotentials for 0.01, 0.02, and 0.05 M ex-
CL were 295 ± 8, 291 ± 4, and 296 ± 9 mV, respectively,
compared to the 313 ± 4 mV overpotential of 1 M p-KOH at
10 mA cm−2 in Figures 4b and S36. Tafel slope analysis further
supported this trend with values of 51, 42, 46, and 59 mV
dec−1 for concentrations increasing from 0.00 to 0.05 M ex-CL.

Furthermore, HRTEM images of cycles NiFe-MOFs in both
ex-CL free p-KOH and with an additional linker concentration
of 0.02 M revealed distinct lattice fringes corresponding to the
(002) planes from NiOOH (or NiFeOOH) (Figures S37 and
S38).49 Additionally, EDS mapping confirmed the even
distribution of Ni, Fe, and residual C (Figures S37 and S38).
Analysis indicated a transition process during the OER,
supported by supplementary XPS data showing a decrease in
carbonaceous species, such as C−O and O�C−O (O�C−
O* and *O�C−O), and an increase of M−O (Ni/Fe) oxides
(Figure S39a). Notably, the Ni 2p spectrum of the pristine
NiFe-MOFs resembled those of Ni2+ in the original Ni-MOF,
with binding energies around 856.9 and 874.8 eV (Figure
S39b). Postcycling electrodes exhibited the formation of Ni3+
species that were discernible from XPS deconvolution.
Meanwhile, the Fe 2p region in the XPS indicates that the
Fe oxidation state (Fe3+) remains constant during cycling,
which is in agreement with XANES analyses (Figures S39c and
S40).
In situ Raman spectroscopy provided additional insights into

electrochemical changes (Figure 4d−g). In a 1 M p-KOH
solution, NiFe-MOF underwent a rapid transformation with
MOF bands at 407 and 629 cm−1 to NiFe(OH)2 at 526 cm−1

at the OCP, and the MOF bands completely disappeared at
1.03 V vs. RHE. Subsequently, the NiOOH peak appeared

Figure 5. pH effect of (a) Ni-MOF and (b) NiFe-MOF in Fe-free p-KOH with pH 12.0−14.0. Chronopotentiometric response of (c) Ni-MOF and
(d) NiFe-MOF on the glassy carbon (RDE) in p-KOH with pH 14.0 and pH 13.5, with and without ex-CL under current density at 10 mA cm−2.
(e) Chronopotentiometric response of NiFe-MOF in 1 M p-KOH (pH:14) with 0.02 M ex-CL using carbon paper as the collector under current
density at 10 mA cm−2.
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after 1.43 V vs. RHE. Interestingly, the synergy with Fe during
reconstruction may induce a transition to a more disordered
phase as compared to the process observed with Ni-MOF in p-
KOH (1M). Beyond 1.58 V vs. RHE, the relative ratio of I560
/I479 increased to 0.59, significantly higher than that of Ni-
MOF. Remarkably, the addition of ex-CL decelerated
degradation, allowing MOF peaks to persist longer, as
evidenced by peaks retained at 1.43 V vs. RHE for 0.01 M
ex-CL and 1.58 V vs. RHE for 0.02 M ex-CL and 0.05 M ex-
CL. The corresponding I560 /I479 ratios increased to 1.05, 1.12,
and 1.02 for 0.01, 0.02, and 0.05 M ex-CL, respectively. In
conclusion, although the presence of Fe renders NiFe-MOF
significantly less stable in 1 M p-KOH solution, the resulting
NiFe(OH)2 primarily adopts a disordered α-Ni(OH)2 phase.
Despite rapid NiFe-MOF transformations, the addition of ex-
CL to the electrolyte may induce a transition to a more
amorphous, disordered phase, ultimately enhancing OER
efficiency.
Additionally, another type of MOF, such as Ni-BDC-MOF

(BDC: terephthalic acid), was explored in 1 M p-KOH with
extra linkers (e.g., ex-CL-BDC, K2BDC) to assess the general
applicability of this approach to other MOF systems, as shown
in Figure S41. Ni-BDC-MOF powders were first immersed in 1
M p-KOH, with and without additional carboxylate linkers
(K2BDC, ex-CL-BDC), for 15 min to investigate the
degradation and reconstruction processes (Figure S41a).
Compared to BPDC-MOFs, Ni-BDC-MOFs exhibited greater
instability, with their characteristic MOF peaks disappearing
completely and being replaced by the Ni(OH)2 phase in all
samples, even with the addition of ex-CL-BDC (0.00−0.10 M).
The XRD patterns of Ni-BDC-MOF in 0.01 M ex-CL closely
resembled those in pure KOH, indicating a similar
reconstruction behavior. However, increasing ex-CL-BDC
concentrations (e.g., 0.05 and 0.10 M) resulted in broader
Ni(OH)2 peaks, suggesting a more disordered structure at
higher concentrations.
The OER activities of Ni-BDC-MOF in alkaline electrolytes

with varying ex-CL-BDC concentrations (0.00−0.10 M) were
further examined, as shown in Figure S41b. Significant
improvements in the OER performance were observed at
0.10 and 0.05 M ex-CL-BDC, with overpotentials of 392 and
423 mV, respectively, which were substantially lower than the
468 mV measured in pure KOH. Thus, beyond BPDC-MOFs,
this strategy of adding extra carboxylate linkers also proves
effective in modifying the surface reconstruction process in
BDC-type MOFs (Ni), despite their inherent instability in
alkaline electrolytes.
Prior to conducting chronopotentiometry experiments, the

influence of pH on MOF degradation and reconstruction was
explored (Figures S42 and S43). Ni-MOF in this work
exhibited high stability at pH levels of 11 and 13, with only a
small amount of α-Ni(OH)2 formation observed after
immersion in a 0.1 M p-KOH solution with a pH of 13.2 for
240 min. NiFe-MOF degradation was somewhat inhibited,
with distinct MOF bands still visible after immersion in
solutions with pH levels of 11 for 240 min and 13.2 for 30 min.
Nevertheless, the pH level affects the reconstruction process.
This is supported by data showing a correlation between lower
pH levels and more disorder in the resultant NiFe(OH)2.
Additionally, the amount of β-Ni(OH)2 phase, estimated from
the ν(OH) Raman peak at ∼3580 cm−1, is reduced when the
pH is lower. For example, the amount of β-Ni(OH)2 after 240
min at a pH of 13.2 was lower compared to that at pH 14.

Upon MOF activation in various pH electrolytes until
reaching a stable state, the OER performance was evaluated
(Figures 5a,b and S44). Surprisingly, the impact of pH on the
current density of Ni-MOFs does not follow a linear trend but
exhibits a volcano-like pattern, with the maximum current
density observed at pH 13.5 (0.5 M p-KOH) at 1.55 V vs.
RHE. NiFe-MOF exhibits a more linear behavior across all pH
levels; however, the slope between pH 14 and 13.5 is less steep
than between pH 13.5 and 12. These results suggest that OER
activity is reliant on pH level as the precursor MOF to the
active phases is significantly influenced by the pH. Con-
sequently, chronopotentiometry analysis of Ni/NiFe-MOF was
conducted not only in a pure solution or an extra-linker
solution (0.02 M ex-CL) but also at varying pH levels,
specifically pH 13.5 and 14.
Figure 5c illustrates the electrochemical durability of Ni-

MOF deposited on a GC electrode at a current density of 10
mA cm−2. The data indicate that a decrease in the pH
positively influences the electrochemical stability. For instance,
Ni-MOF tested in a 0.5 M p-KOH solution with a pH of 13.5
can maintain activity for about 2 h under a current density of
10 mA cm−2, whereas under comparable conditions but with a
pH of 14, deactivation takes place in less than 1 h. The
introduction of the additional linker to the electrolytes extends
the duration, under a current density of 10 mA cm−2,
approximately to 2.24 h in a 1 M p-KOH solution with pH
14 using a concentration of 0.02 M ex-CL. In a 0.5 M p-KOH
solution (pH 13.5), the duration extends to about 5.2 h for Ni-
MOF with the same concentration of ex-CL. Importantly, the
presence of Fe enhances the electrochemical stability at a
current density of 10 mA cm−2. NiFe-MOF remains active
even in highly alkaline solutions of 1 M p-KOH for a duration
of 5.5 h, with degradation rates of 3.2 and 2.6% observed for
0.5 M p-KOH in Figure 5d. Upon the addition of 0.02 M ex-
CL, the system exhibits increased stability, with the potential
almost constant and experiencing mere 0.9 and 0.7% increases
at pH 14 and pH 13.5, respectively. Considering the
limitations on the GC substrate, NiFe-MOF was also applied
to carbon paper to assess chronopotentiometry at a current
density of 10 mA cm−2 in a 1 M p-KOH solution with 0.02 M
ex-CL as shown in Figure 5e. Even after 100 h, electrochemical
stability remained satisfactory. These findings from electro-
chemical stability tests and pH impact demonstrate that
modulating the reconstruction process of MOFs toward the
more disordered active metal-hydroxide phases can enhance
activities related to OER and can improve long-term
electrochemical performance.

■ CONCLUSIONS
During the OER process, (Fe)Ni-MOFs undergo reconstruc-
tion in the alkaline environment, transitioning from MOF
precursors to metal hydroxides and eventually oxyhydroxides,
which serve as active species. In this study, we manipulated the
underlying MOF reconstruction process by employing a
coordination modulation strategy. This strategy involved
introducing additional carboxylate ligands to shift the
coordination equilibrium at the metal sites, thereby competing
with hydroxide ions, water, and other ligands. Time-resolved
analyses using PXRD and Raman spectroscopies revealed that
the presence of extra carboxylate linkers slows the
reconstruction of the MOFs without applied potentials.
Moreover, increasing the concentration of linkers in alkaline
solutions prolongs the preservation of the bulk MOF structure
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after alkali treatment. This influences the reconstruction
process, also delaying the transition from a disordered to an
ordered metal-hydroxide phase. In situ Raman spectroscopy
during the OER demonstrates that this reconstruction process
is the primary factor contributing to the observed increase in
the level of OER activity. The introduction of extra linkers
extends the electrochemical lifetime in harsh alkaline environ-
ments by modifying the phase composition toward the more
disordered and more active metal oxyhydroxide phase, which
becomes more abundant. These results provide new insights
into improving the electrochemical performance of derived
materials as OER catalysts in alkaline electrolytes, offering a
deeper understanding of their electrocatalytic mechanisms.
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