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ABSTRACT: Metal−organic frameworks (MOFs) are periodic
organic−inorganic materials that have garnered considerable
attention for electrocatalytic applications due to their wide
tunability. Metal-hydroxide organic frameworks (MHOFs), a subset
of MOFs that combine layered metal hydroxides with organic
ligands of various π−π stacking energy, have shown promising
catalytic functions, such as for the oxygen evolution reaction
(OER). The long-term electrochemical stability of these materials
for the OER is unfortunately not well understood, which is critical
to design practical devices. In this study, we investigated how Ni-
based MHOFs composed of two linkers with different π−π
interaction strength (terephthalate; L1 and azobenzene-4,4′-
dicarboxylate; L4) change as a function of cycle number and
potential for the OER. All MHOFs tested showed significant increases in the number of electrochemically active Ni sites and OER
activity when cycled. MHOFs constructed using the linkers with stronger π−π stacking energy (L4) were observed to remain intact
in bulk with only near-surface transformations to NiOOH2−x-like phases, whereas MHOFs with linkers of weaker π−π stacking
energy (L1) showed complete reconstruction to NiOOH2−x-like phases. This was confirmed using X-ray diffraction, X-ray
absorption spectroscopy, and electron microscopy. Further, in situ characterization using Raman and UV−vis revealed that the
presence of stable linkers within the MHOF structure suppresses the Ni2+/Ni(3+δ)+ redox process. We further identify NiOOH2−x as
the OER active phase, while the MHOF phase serves as a precatalyst. We further propose a detailed mechanism for the phase
transformation, which provides valuable insights into the future challenges for the design of both stable and catalytically active MOF-
based materials for water oxidation.

■ INTRODUCTION
The oxygen evolution reaction (OER) is essential for the
production of renewable fuels and chemicals, such as hydrogen
production from electrochemical water splitting, value-added
hydrocarbons from CO2 electro-reduction, and ammonia
electro-synthesis from nitrogen.1 However, the sluggish
kinetics of OER, even when catalyzed by precious-metal
oxide catalysts,2 still limit the efficiency of such devices.3 In
order to decrease the cost and increase the feasibility of these
devices at scale for practical applications,4 it is critical to
develop sustainable and highly active OER catalysts. The most
active OER electrocatalysts are still at least an order of
magnitude less active on a per active site basis than that of
oxygen-evolving complexes found in biological systems that
intricately combine metal-oxo clusters with organic ligands to
give unrivaled OER activity.5 In efforts to mimic the
superiority of biological systems for electrochemical water
oxidation, there has been considerable effort in engineering
metal−organic frameworks (MOFs) as OER electrocatalysts
due to their supramolecular chemistry that connects inorganic

metal or metal oxide clusters using organic ligands in a
crystalline and reticular fashion.6,7

MOFs and MOF-derived catalysts have been studied for
many electrochemical reactions,8 including hydrogen evolu-
tion,9 oxygen reduction,10,11 and oxygen evolution reac-
tion.12−14 Unfortunately, MOFs can be unstable during
electrochemical reactions such as the OER and may convert
to (oxy)hydroxides.15−17 For example, Zhao et al. demon-
strated the structural transformations of Ni0.5Co0.5-MOF-74 to
Ni0.5Co0.5OOH during OER using operando X-ray absorption
spectroscopy (XAS).18 Recently, Yuan et al. have designed
metal-hydroxide organic frameworks (MHOFs) that are
composed of edge-sharing metal-hydroxide octahedral sheets
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cross-linked with organic linkers, which show tunable metal
redox potential and electrochemical OER activity via metal
substitution.19 While the leaching of organic linkers from
MHOFs in 0.1 M KOH can be reduced significantly with
greater π−π stacking energy of the linkers,19 the long-term
structural stability of these materials during the OER requires
further investigation.20 Therefore, it is imperative to gain an in-
depth understanding of how such MHOFs change during
electrochemical reactions in order to rationally design stable
organic−inorganic hybrid materials with active sites resembling
those of molecular or biological catalysts.

Here, we investigate the stability of MHOF nanosheets with
two different linkers�terephalate (L1) and azobenzene-4,4′-
dicarboxylate (L4)�during the OER in 0.1 M KOH. The L1
and L4 linkers were chosen for this study as they exhibit a large
disparity in π−π interaction energies and MHOFs incorporat-
ing them previously exhibited the largest difference in chemical
stability in alkaline solutions.19 Upon cyclic voltammetry
between 1.1 and 1.7 V vs the reversible hydrogen electrode

(VRHE), both the fraction of electrochemically active metal sites
and the OER activity of these MHOFs increase with increasing
cycle number. The MHOF nanosheets with the L1 linker show
complete bulk decomposition to (oxy)hydroxide-like phases
(denoted as “NiOOH2−x”, where x is the electrons, and hence
the protons, lost from the Ni2+ ground state structure), while
the L4 analogues show only transformation of near-surface
regions according to X-ray diffraction (XRD), scanning
transmission electron microscopy (STEM), and X-ray
absorption spectroscopy (XAS) measurements. We further
utilized in situ surface-enhanced Raman and UV−vis spectros-
copies of the MHOF nanosheets during the OER to unveil the
relationship between linker loss, number electrochemically
active Ni sites, and transformation of MHOF to NiOOH2−x-
like phases. We conclude by proposing possible transformation
pathways from the MHOF to NiOOH2−x-like structures via
loss of organic linkers, which happens spontaneously, but is
also facilitated by the oxidation of Ni2+ to Ni(3+δ)+.

Figure 1. Structure of (a) Ni2(OH)2(L1) and (b) Ni2(OH)2(L4) metal-hydroxide organic frameworks viewed normal to the a direction. L1,
terephthalate; L4, azobenzene-4,4′-dicarboxylate. The insets highlight the two crystallographically unique Ni coordination environments within the
structure. Color scheme: Ni, green; O, red; C, brown; N, purple; H; gray. The black boxes designate a single unit cell of the material. OER
polarization curves of (c) Ni2(OH)2(L1), (d) Ni2(OH)2(L4), (e) Fe/Ni2(OH)2(L1), and (f) Fe/Ni2(OH)2(L4) metal-hydroxide organic
frameworks cycled between 1.1 and 1.7 VRHE for 500 cycles at 1600 rpm and at a scan rate of 10 mV s−1 in O2-saturated 0.1 M KOH. Electrodes
were composed of 125 μgMHOF cmgeo.

−2 and 14 μgNafion cmgeo.
−2 on 0.196 cm2 glassy carbon disk.
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■ EXPERIMENTAL METHODS
Synthesis of Metal-Hydroxide Organic Framework Nano-

sheets. We selected Ni MHOFs with and without Fe substitution
along with having two different ligands, the L1 linker in Figure 1a or
L4 linker in Figure 1b, to understand the stability of MHOFs during
electrochemical water oxidation. Four different compositions of
MHOF nanosheets were synthesized through solvothermal methods
reported previously,19 which are referred to as Ni2(OH)2(L1), Fe/
Ni2(OH)2(L1), Ni2(OH)2(L4), and Fe/Ni2(OH)2(L4). Detailed
synthesis conditions can be found in the Supporting Information.
Ni- and Fe-substituted MHOFs were studied as their (oxy)hydroxide
analogues show the lowest overpotential for OER in alkaline
environments and currently have the most commercial interest,21,22

making them serve as prime model systems to study the response of
MHOFs under OER conditions. As previous work showed that Ni
MHOFs with ∼12.5 atom % Fe substitution had the highest OER
activity,19 we aimed to study MHOFs with a similar level of Fe
substitution, which was confirmed to be ∼15 at% using inductively
coupled plasma-mass spectrometry (ICP-MS) in Table S1.
Electrochemical Characterization. Electrodes were prepared by

drop-casting a prepared ink of the MHOFs on a circular 5 mm
diameter glassy carbon (GC) disk electrode (Pine Research) with a
nominal loading of 125 μgMHOFs cmgeo.

−2 and 14 μgNafion cmgeo
−2. See

the Supporting Information for a detailed electrode and ink
preparation procedure. Some investigations were also conducted of
MHOFs loaded on carbon as support, which was prepared by adding
1 mg of acid-treated acetylene black during the ink preparation, giving
an electrode loading of 25 μgcarbon cmgeo.

−2 or 20 wt % acetylene black
carbon. For the XRD and XAS measurements that required a larger
quantity of cycled materials for characterization, the prepared ink was
deposited on 8 cm2 porous carbon felt electrodes with a loading of
6.25 mgMHOF cmgeo.

−2 and 0.7 mgNafion cmgeo
−2.

Rotating disk electrode (RDE) measurements were performed in a
three-electrode setup in a glass or PTFE electrochemical cell using a
Hg/HgO reference electrode (4.24 M KOH filling solution, Pine
Research) and a Pt wire counter electrode in a rotating disk setup in
O2-saturated 0.1 M as-received KOH (semiconductor grade, 99.99%
trace metals basis, Sigma-Aldrich). The 0.1 M KOH electrolyte was
purified (see the Supporting Information for the procedure) for
selected measurements using a protocol reported previously.23 The
potential was controlled using a Biologic VSP-300 potentiostat and
the electrode rotation rate was controlled using a Pine Research
Modulated Speed Rotator. Cyclic voltammetry (CV) with various
potential cutoff ranges was conducted with a scan rate of 10 mV s−1

and 1600 rpm rotation speed. For carbon felt electrodes, a lower
cutoff potential was used to minimize bubble formation from the
higher OER currents due to the higher catalyst loading. The
uncompensated solution resistance (Ru) was determined using
electrochemical impedance spectroscopy (EIS) and subtracted from
the measured potential at each current (i) to correct for the Ohmic
(iR) drop. The materials were subsequently collected after electro-
chemical testing by ultrasonicating the GC disk in 0.5 mL ethanol for
30 min. Redox-derived turnover frequency (TOFredox) calculations are
described in Supporting Note 1.
Material Characterization. X-ray diffractograms were recorded

on a Bruker Discover D8-Focus Bragg-Brentano X-ray powder
diffractometer using a Cu source (λ = 1.5418 Å) at 40 kV and 40
mA. X-ray diffraction of the synthesized MHOFs revealed high
crystallinity and is in good agreement with previous work (Figure
S1).19 Atomic-resolution scanning transmission electron microscopy
(STEM) imaging was conducted using a probe-aberration corrected
Thermo Fisher Scientific Themis Z G3 60−300 kV S/TEM at 200
kV. Annular dark-field (ADF), bright-field (BF), and integrated
differential phase contrast (iDPC) STEM images were acquired with a
convergence semiangle of 18.9 mrad. Further, STEM images were
acquired using a total dose of less than ∼125 e− /Å2 to minimize the
electron beam-induced structural degradation. Energy-dispersive X-
ray spectroscopy (EDX) data were collected using a Thermo Fisher
Scientific Super-X detector. Electron energy loss (EEL) spectra were

collected using a Gatan Imaging Filter 1066HR using 0.3 eV/ch
energy dispersion, which yielded a full width at half-maximum energy
resolution of 1.5 eV.

X-ray photoelectron spectroscopy (XPS) was performed on a PHI
Versaprobe II instrument equipped with a multiple-channel hemi-
spherical analyzer and a monochromatic Al anode X-ray source
operating at 100 W. Samples were mounted to the platen on
insulating tape and measurements were performed when the pressure
in the main chamber approached 10−9 Torr. A beam with a 200 μm
spot size was scanned over the sample surface, while a dual-beam
charge neutralization system was used with an argon ion beam energy
of 10 eV. The XPS analysis procedure is detailed in the Supporting
Information.
X-ray Absorption Spectroscopy. Ni K-edge XAS spectra were

collected at the Stanford Synchrotron Radiation Lightsource (SSRL),
Stanford Linear Accelerator Center (SLAC) at beamline 2−2 with a
double-crystal Si (220) monochromator. XANES and EXAFS
measurements were performed ex situ at room temperature in the
transmission geometry (using nitrogen-filled ionized chambers) with
pellet-pressed samples prepared with cellulose diluent sealed with X-
ray transparent Kapton tape. The spectrum of Ni foil was recorded
simultaneously and used for energy alignment. Spectra were collected
at the Ni K-edge before and after electrochemical cycling of
Ni2(OH)2(L4) and Fe/Ni2(OH)2(L4). Nine scans were averaged
and merged with a spline up to k = 15.1 to improve the signal-to-noise
ratio. Details of the analysis can be found in Supporting Note 2.
In Situ Surface-Enhanced Raman Spectroscopy. Surface-

enhanced Raman spectroscopy (SERS) was carried out using a
HORIBA microscope (see the Supporting Information for more
information). The Au electrode was polished and electro-roughened
to generate a SERS-active surface according to standard procedures
(see also the Supporting Information).24,25 The Au disk was fitted
into rotating disk electrode holders (Pine) and inserted from the
bottom of the electrochemical cell. A Pt wire was used as the counter
electrode and a leak-free Ag/AgCl as the reference electrode (eDAQ),
which were fitted through the side of the cell. All measurements were
carried out in ∼1.5 mL purified 0.1 M KOH. The potential was
stepped from 1.2 to 1.7 VRHE and back to 1.2 VRHE and spectra were
collected after a steady-state current was measured. Since Raman
probes mainly Raman-active modes with a high scattering cross
section (such as phases with Ni(3+δ)+), it does not quantitatively
account for underlying phases with a weaker cross section (such as
reduced Ni2+).24,26

In Situ UV−Vis Spectroelectrochemistry. UV−vis spectroelec-
trochemical measurements were carried out using a Genesys 180
spectrometer (ThermoScientific). Fluorine-doped-tin-oxide (FTO)
substrates with a geometric area of ∼ 0.7 cm2 (∼7 Ω sq−1, Sigma-
Aldrich) were used as working electrodes. The geometric loading of
the MHOFs was ∼63 μgMHOF cmgeo

−2. A strip of Cu tape was used as
electrical contact and protected from the electrolyte with Kapton tape.
Plastic UV−vis cuvettes with a transmission between 300 and 900 nm
were employed as electrochemical cells, and the measurements were
performed in 0.1 M KOH electrolyte used without further
purifications. A leak-free Ag/AgCl electrode (eDAQ, Inc.) was used
as the reference electrode and a Pt wire as the counter electrode.
Spectra were recorded between 200 and 1000 nm with a resolution of
2 nm during steady-state conditions applying a fixed potential. The
samples were aged by CV cycling between 1.2 and 1.7 VRHE at 10 mV
s−1 for 500 cycles. Potentiodynamic CV cycling was performed at 2
mV s−1 while monitoring the UV−vis absorbance at 550 nm. The
measurements were performed without rotation and without purging
the electrolyte to avoid disturbance of the UV−vis signal. The
absolute OER activities may therefore differ from the RDE
characterization. The UV−vis absorbance was converted to the
molar extinction coefficient (ε(λ)) according to the Beer−Lambert
law using the moles of Ni on the pristine electrodes determined using
ICP-MS, following the procedure reported in earlier work.27

However, this normalization does not account for losses of active
material during the measurements.
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■ RESULTS AND DISCUSSION
Electrochemical Activation of MHOFs. The structures of

the investigated MHOFs showing the carboxylate linkers (L1,
L4) in the interlayer spacing are shown in Figure 1a,b. The
pre-OER Ni redox peaks centered around 1.4 VRHE as well as
the OER current of the MHOFs (Ni2(OH)2(L1), Fe/
Ni2(OH)2(L1), Ni2(OH)2(L4), and Fe/Ni2(OH)2(L4)) are
shown in Figure 1c−f, which were found to change greatly
during CV cycling at 10 mV s−1 between 1.1 and 1.7 VRHE in
0.1 M KOH. The equilibrium Ni redox potential (defined as
the average between the peak potential at the maximum peak
current of oxidation or reduction) was found to shift positively
by ∼60, 50, and 20 mV for Ni2(OH)2(L1), Fe/Ni2(OH)2(L1),
and Ni2(OH)2(L4), respectively, from the 25th to 500th cycle
(Figures 2a, S2 and S3). On the other hand, Fe/
Ni2(OH)2(L4) exhibited negligible shifts in the equilibrium
redox potential during cycling. Moreover, the increasing pre-
OER Ni redox peaks upon CV cycling indicate that more Ni
progressively became electrochemically accessible, which was
inferred by the charges contained in the Ni oxidation peaks
(see Supplementary Note 1 for extraction of redox charges).
The geometric charge density of Ni redox of Ni2(OH)2(L1)
increased rapidly, reaching a maximum after cycle 25, which
gradually decreased during subsequent cycles (Figure 2b). Fe/
Ni2(OH)2(L1) was found to exhibit a similar trend but with a
smaller increase in the Ni redox charge, approximately ∼50%
that of Ni2(OH)2(L1). On the other hand, the geometric Ni
redox charge of Ni2(OH)2(L4) and FeNi2(OH)2(L4) was
found to increase gradually with cycle number and reached
similar values after 500 cycles in Figure 2b. The percentage of
electrochemically accessible Ni sites based on the nominal
mass loading and the total Ni oxidation charge as a function of

cycle number are shown in Figures S3 and S4, respectively. We
also tested Ni2(OH)2(L4) and Fe/Ni2(OH)2(L4) loaded on
acid-treated acetylene black to investigate whether a carbon
support suppresses the observed activation; however, similar
results to those of the unsupported catalysts were observed
(Figure S5). Lastly, to rule out that the activation of these
MHOFs during CV cycling is not due to trace Fe impurities
from the electrolyte or from the glass cell, which has been
previously demonstrated for Ni (oxy)hydroxides,28,29 we
repeated the cycling measurements with Ni2(OH)2(L4) and
Fe/Ni2(OH)2(L4) in purified 0.1 M KOH using an acid-
cleaned PTFE cell (Figure S6). Activation similar to that
observed in the presence of Fe impurities was also noted in Fe-
free electrolyte, effectively excluding Fe impurities as the sole
cause of activation. The origin of this activation will be further
explored in the following sections.

The geometric OER activity of Ni2(OH)2(L1) in Figure 1c
and Fe/Ni2(OH)2(L1) in Figure 1e increased by about an
order of magnitude while the activity of L4 analogues in Figure
1d,f was enhanced by about 2 orders of magnitude, as
measured at 1.53 VRHE before and after 500 CV cycles at 10
mV s−1 between 1.1 and 1.7 VRHE (Figures 2c and S7). While
Ni2(OH)2(L1) and Fe/Ni2(OH)2(L1) reached the maximum
OER activity after ∼25 cycles, which remained largely
unchanged upon subsequent cycling, the Ni2(OH)2(L4) and
Fe/Ni2(OH)2(L4) catalysts showed continuous growth in the
geometric OER activity during CV cycling. Furthermore, no
changes in the Tafel slopes were observed for all MHOF
studied, suggesting that the OER mechanism does not change
significantly with increasing cycle number (Figure S7).

TOFredox of the MHOFs as a function of cycle number was
calculated to track the change in activity on a per active site

Figure 2. Electrochemical measurements of MHOF nanosheet as a function of cycle number during OER from 1.1 to 1.7 VRHE in O2-saturated 0.1
M KOH. (a) Equilibrium Ni redox peak potential (defined as the average between the peak potential at maximum peak current of the oxidation
and the reduction peaks), (b) the charge density of the pre-OER Ni2+/Ni(3+δ)+ oxidation peak, (c) OER activity, and (d) TOFredox at 1.53 VRHE
(300 mV overpotential) normalized to the number of electrochemically accessible Ni sites assuming an electron transfer number per active site of
1.7 for L1-based MHOFs and 1 for L4-based MHOFs (see Supporting Note 1 for more information). Electrodes were composed of 125 μgMHOF
cmgeo.

−2 and 14 μgNafion cmgeo.
−2 on a 0.196 cm2 glassy carbon disk. A calibrated Hg/HgO reference electrode was used with a Pt wire counter

electrode.
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basis of the MHOFs. Previous studies have shown that
different phases of Ni(OH)2/NiOOH2−x phase transformation
are associated with different electron transfers per Ni ion.30−32

We calculated the TOFredox using both 1.7 e- per Ni (which is
associated with the α-Ni(OH)2/γ-NiOOH2−x transformation)
and 1 e− per Ni (which is associated with the β-Ni(OH)2/β-
NiOOH2−x transformation) as upper and lower bounds for the
TOFredox, respectively, as shown in Figure S8. However, our
Raman measurements, which are discussed in detail below,
suggest that the L1-based MHOFs are transforming to the γ-
NiOOH2−x phase, whereas the L4-based MHOFs are trans-
forming to the β-NiOOH2−x phase.26 Therefore, TOFredox
values are reported using 1.7 e− per Ni in the L1-based
MHOFs and 1 e− per Ni in the L4-based MHOFs (see
Supporting Note 1 for more details). The TOFredox for Fe/
Ni2(OH)2(L1) and Fe/Ni2(OH)2(L4) were found nearly
unchanged upon CV cycling, while that of Ni2(OH)2(L1)
and Ni2(OH)2(L4) decreased rapidly in the first 25 cycles.
Although the TOFredox of Ni2(OH)2(L4) reached a plateau
after ∼200 cycles, the TOFredox of Ni2(OH)2(L1) kept
increasing with subsequent cycling. The higher geometric

OER activity and TOFredox for MHOFs with Fe incorporation
are in agreement with previous works of oxide-derived NiFe
catalysts.19,21,23 The higher geometric OER activity in Figure
2c and TOFredox in Figure 2d for Ni2(OH)2(L1) than
Ni2(OH)2(L4) can be attributed to greater transformation to
NiOOH2−x, which can be facilitated by faster leaching of L1
linkers from Ni2(OH)2(L1) in 0.1 M KOH than L4 linkers in
Ni2(OH)2(L4) due to weaker π−π interactions.19 Further-
more, Fe/Ni2(OH)2(L1) was the most active at cycle 500,
with a TOFredox of 2.4 s−1 followed by Fe/Ni2(OH)2(L4), with
a TOFredox of 1.3 s−1 at cycle 500, which are among the most
active oxide-derived NiFe OER catalysts.21 We note that this
analysis requires further work to elucidate the origin of the
enhanced TOFredox, especially for the L1-based material, as the
OER activity of such MHOFs can be greatly influenced by the
degree of surface and bulk transformations. Moreover, not all
Ni sites have comparable OER activity as recent work has
shown that active sites can be limited to undercoordinated
surface sites.33−35 Ni2(OH)2(L1) and Ni2(OH)2(L4) were
also studied using chronopotentiometry measurements, which
are discussed in Figure S9.

Figure 3. Powder X-ray diffraction (Cu anode, λ = 1.5418 nm) of (a) Ni2(OH)2(L1) (top) and Fe/Ni2(OH)2(L1) (bottom) and (b) Fe/
Ni2(OH)2(L4) (top) and Fe/Ni2(OH)2(L4) (bottom) before and after 500 CV cycles from 1.1 to 1.7 VRHE. Cyclic voltammetry tests were
conducted at 1600 rpm at 10 mV s−1 in an O2-saturated 0.1 M KOH electrolyte and ended at 1.1 VRHE. Electrodes were composed of 6.25 mgMHOF
cmgeo.

−2 and 0.7 mgNafion cmgeo.
−2 on 8 cm2 porous carbon felt electrodes. ADF-STEM images of MHOF nanosheets. Ni2(OH)2(L1) in the (c)

pristine state and (d, e) after 500 OER CV cycles between 1.1 and 1.7 VRHE. Ni2(OH)2(L4) in the (f) pristine state and (g, h) after 500 OER CV
cycles between 1.1 and 1.7 VRHE. Electrodes were composed of 125 μgMHOF cmgeo.

−2 and 14 μgNafion cmgeo.
−2 on a 0.196 cm2 glassy carbon disk. For

all tests, a Hg/HgO reference electrode was used with a Pt wire counter electrode. Final cycles were terminated at 1.1 VRHE, and electrodes were
removed from the electrolyte within ∼2 h of completing OER cycling.
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Using a different upper potential limit of CV cycling from
1.37, 1.55, and 1.7 VRHE, the Ni oxidation peak of
Ni2(OH)2(L4) was found to grow, while the geometric OER
activity was shown to decrease with increasing upper voltage
limit. For example, cycling Fe/Ni2(OH)2(L4) up to 1.37 VRHE
(prior to the pre-OER Ni redox) peak showed a smaller Ni
redox peak area than the electrodes cycled to 1.70 VRHE after
500 cycles. Uncycled electrodes (exposed to 0.1 M KOH at
open circuit) showed even lower Ni redox peaks than those
cycled to 1.37 VRHE (Figure S10a). Moreover, after a fixed time
of cycling of 450 min (i.e., different cycle numbers) with an
upper potential bound of 1.37, 1.55, and 1.70 VRHE (Figure
S10b), similar Ni oxidation peak size and OER activity were
observed for all electrodes, suggesting that exposure time at
voltages greater than 1.37 VRHE was important to activate the
electrochemically active surface area of Ni and indicating that
the degree of transformation of MHOFs is a stronger function
of exposure time to the 0.1 M KOH electrolyte than on
oxidizing potential.
Long-Range Order and Local Atomic Character-

ization of MHOFs after OER Cycling. To understand the
structural changes of the MHOFs after OER cycling, we
analyzed the materials using bulk and surface-sensitive
techniques. Since Ni2(OH)2(L1) and Fe/Ni2(OH)2(L1)
were unstable in 0.1 M KOH, sufficient material was not
collected after electrochemical cycling for XRD, in agreement
with previous studies.36 X-ray diffraction of Ni2(OH)2(L4) and
Fe/Ni2(OH)2(L4) (Figure 3b) revealed negligible changes
after 710 cycles (∼18 h) between 1.1 and 1.55 VRHE, indicating

that the bulk structure remained largely unchanged and
structural transformations near the surface were responsible
for the observed changes during CV cycling (Figure 3b). We
further investigated the structural and morphological changes
of these MHOFs using STEM. ADF and iDPC-STEM images
(Figure 3c) confirmed the layered structure and morphology of
pristine Ni2(OH)2(L1) and Fe/Ni2(OH)2(L1) with an atomic
plane spacing of 1.06 nm that is characteristic to L1 (Figures
S11a, S12a) and in agreement with previous work.19

Considerable structural and morphological changes of
Ni2(OH)2(L1) were observed after 500 cycles from 1.1 to
1.7 VRHE. Not only did the original layered structure of
Ni2(OH)2(L1) disappear (Figure 3d,e), but cycled
Ni2(OH)2(L1) was observed to exhibit crumpled features
(Figure 3d), which could be attributed to significant structural
transformations. A Fourier transform of the image (Figure
S13) suggests the formation of NiO phases with various
domain sizes ranging from a few nm2 to hundreds of nm2,
which could result from linker leaching from Ni2(OH)2(L1) in
the electrolyte, transforming to NiOOH2−x,

36 and decompos-
ing to NiO-like phases, accompanied by the rapid increase in
redox peak areas and OER activity during CV cycling (Figure
2c,d). In addition, BF-STEM images (Figure S14a) revealed
layered spacings of ∼0.33 nm, which are attributed to graphite-
like domains from electron energy loss spectroscopy (Figure
S14b) and presumably from the leaching of linkers and
subsequent redeposition of carbon derived from linkers.
Similar phenomena were found in cycled Fe/Ni2(OH)2(L1),

Figure 4. XPS spectra of MHOFs before and after CV cycling in 0.1 M KOH used without further purifications. (a, b) Ni 2p, (c, d) O 1s, (e, f) N
1s, and (g, h) C 1s. From top to bottom in each figure: Ni2(OH)2(L1), Fe/Ni2(OH)2(L1) or Ni2(OH)2(L4), and Fe/Ni2(OH)2(L4). MHOFs
containing the L1 linker are shown in the top row (a, c, e, g) and MHOFs with the L4 linker are shown in the bottom row (b, d, f, h). The CV
cycling was performed on the MHOFs with a loading of 125 μgMHOF cmgeo.

−2 and 14 μgNafion cmgeo
−2 dispersed on a glassy carbon electrode

between 1.1 and 1.7 VRHE at 10 mV s−1. The cycling was terminated in the reduced state (1.1 VRHE).
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showing NiO/FeO domains and graphitic layers (Figure
S12b,c).

The layered structure and sheet-like morphologies of
Ni2(OH)2(L4) (Figures 3f and S11b) exhibited crumpled
characteristics with the layered structure remaining underneath
after 500 cycles, indicating that the structural and morpho-
logical transformations occur only in the near-surface region
(Figure 3g,h), contrary to the bulk structure transformation
observed for the L1-based MHOFs. The atomic plane spacing
of 1.6 nm present in the pristine Ni2(OH)2(L4) was still
present after cycling (Figure 3h), demonstrating that the bulk
structure of Ni2(OH)2(L4) remained intact and agrees with
the XRD results. NiOOH2−x-like domains were formed in the
surface regions of cycled Ni2(OH)2(L4) (Figure 3h) instead of
NiO-like domains found for cycled Ni2(OH)2(L1), where
layered spacings in the range from 0.43 to 0.70 nm (primarily
0.45 nm) were measured, which matches closely with the
∼0.46 and ∼0.70 nm interlayer spacings found in β-Ni(OH)2
and γ-NiOOH, respectively.37,38 Unlike with cycled
Ni2(OH)2(L1), graphite and carbon-like structural features
were not observed in the cycled Ni2(OH)2(L4) materials. The
restructuring observed for Ni2(OH)2(L1) and Ni2(OH)2(L4)
after 500 OER cycles between 1.1 and 1.7 VRHE explains the
electrochemical data in Figure 2b showing a significant
increase in the electrochemically active Ni sites with increasing
cycle number. As seen in Figure S12d−f, the structural and
morphological transformation in Fe/Ni2(OH)2(L4) has similar
features to the Ni2(OH)2(L4) sample, showing the hetero-
structure formation of intact MHOF and NiOOH2−x redox
active structures.

X-ray photoelectron spectroscopy (XPS) was used to reveal
chemical composition changes of the MHOFs before and after
CV cycling. The Ni 2p1/2 and Ni 2p3/2 peaks of pristine
Ni2(OH)2(L1) and Ni2(OH)2(L4) were centered at binding
energies of ∼873 and ∼856 eV (Figures 4a,b and S15),
respectively, indicative of Ni2+.19,39,40 Fe substitution in Fe/
Ni2(OH)2(L1) and Fe/Ni2(OH)2(L4) had negligible changes
in the binding energy, in good agreement with Fe substitution

in NiOOH2−x-like
36,41 and MOF phases.16 There was a

noticeable small shift of the Ni 2p peaks to lower binding
energy (∼0.8 eV) after cycling of Ni2(OH)2(L1), which could
be explained by the formation of NiO (Figure S16), which is
known to have lower binding energy than that of Ni(OH)2 and
Ni2(OH)2(L1).

39,40 Unfortunately, the quantification in the Ni
oxidation state changes before and after CV cycling was
inclusive due to the small peak shifts observed (Figure S17)
and intrinsically similar binding energies of Ni 2p peaks for
Ni2+, Ni3+, and Ni4+.40−42 The satellite peaks are likely
associated with Ni2+ or Ni3+ species due to multiple splitting
effects from the unpaired d-electrons in these species.40,41 The
satellite peaks were found to decrease in intensity after cycling,
which may suggest oxidation to higher valent Ni(3+δ)+ states or
a modified local electron density due to loss of linker after
exposure to voltages up to 1.7 VRHE. The Fe 2p spectrum had
negligible intensities for the Fe/Ni2(OH)2(L1) and Fe/
Ni2(OH)2(L4) samples both before and after cycling (Figure
S18b), meaning the surface Fe-content was low and could not
be accurately quantified. Based on previous studies the Fe-
content is well below 5 atom %,23 which is significantly lower
than the bulk Fe-content (∼15 atom %) estimated from both
ICP-MS and SEM-EDX (Tables S1−S3 and Figures S19−
S21). The reason for this discrepancy is still unclear. Similar
changes were observed for carbon-supported Ni2(OH)2(L1)
and Fe/Ni2(OH)2(L4) cycled in a purified electrolyte (Figure
S18), further supporting that enhanced redox peaks and OER
activity is not originating from Fe accumulation/contamination
in the catalysts upon cycling. Moreover, the O 1s spectra of
pristine Ni2(OH)2(L1) and Fe/Ni2(OH)2(L1) in Figure 4c
and pristine Ni2(OH)2(L4) and Fe/Ni2(OH)2(L4) (Figure
4d) had three components at ∼534.4, 532.3, and 531.0 eV,
which we assign to C-O, O�C−O or H2O, and M−OH,
respectively. After CV cycling, an additional peak at 530 eV
was noted for all cycled MHOFs, which could be attributed to
metal-oxo (M-O) groups. Additional peaks appeared at ∼283
and 281.5 eV in the C 1s spectra after cycling in the pure Ni
MHOF catalysts, attributable to nickel carbide (Ni-C) species

Figure 5. X-ray absorption spectroscopy of pristine and cycled Ni2(OH)2(L4) and Fe/Ni2(OH)2(L4) MHOF nanosheets. X-ray absorption near-
edge spectroscopy (XANES) of the Ni K-edge for pristine and cycled (a) Ni2(OH)2(L4) and (b) Fe/Ni2(OH)2(L4) MHOF nanosheet
compositions. β-Ni(OH)2 reference spectra are shown in green. Insets in each plot show an enlarged view of the rising edge from 8340 to 8350 eV.
(c) k2-weighted FT-EXAFS of Ni2(OH)2(L4) (top) and Fe/Ni2(OH)2(L4) (bottom) in the pristine and after cycling of 710 cycles from 1.1 to
1.55 VRHE in 0.1 M KOH used without further purification (after 18 h). The lower upper vertex potential was used to decrease bubble formation
from the increased catalyst loading and extended cycling. A Ni(OH)2 standard is shown in green. Electrodes were composed of 6.25 mgMHOF
cmgeo.

−2 and 0.7 mgNafion cmgeo.
−2 on 8 cm2 porous carbon felt electrodes. Electrode cycling was terminated at 1.1 VRHE and removed from the

electrolyte within ∼2 h of completion.
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(Figure 4g).43 The lowest B.E. peak at 281.5 eV was
consistently absent in both Fe-doped MHOFs, suggesting
that Fe prevents the formation of this species. Furthermore, a
significant intensity reduction of the components at ∼402.4
and 399.6 eV in the N 1s spectra of cycled Ni2(OH)2(L4) and
Fe/Ni2(OH)2(L4) (Figure 4f) confirms leaching of C−N and
N�N groups of the L4 linker (azobenzene-4,4′-dicarbox-
ylate)44 (Table S2). Our XPS results suggest that trans-
formations toward NiOOH2−x-like phases are initiated at the
surface of the MHOFs along with structurally developed new
M−O moieties not present in the pristine MHOF structure.
Our XPS results align with previous analysis of nickel-based
MOF materials which undergo phase conversion to (oxy)-
hydroxide in base.45,46

X-ray absorption spectroscopy (XAS) at the Ni K-edge was
employed to probe changes in local atomic structure and
identify the transformed structure of Ni2(OH)2(L4) and Fe/
Ni2(OH)2(L4) upon cycling from 1.1 to 1.55 VRHE (Figure 5).
The Ni K-edge data confirmed the presence of Ni2+ for pristine
Ni2(OH)2(L4) in Figure 5a and Fe/Ni2(OH)2(L4) in Figure
6b (Table S4), in agreement with previous work (Figure S22
shows the calibration curve used to determine Ni oxidation
states from reference compounds).19 After cycling, a small shift

in the Ni K-edge energy toward lower energy by 0.1 and 0.6 eV
was found for cycled Ni2(OH)2(L4) and Fe/Ni2(OH)2(L4),
respectively. The extended X-absorption fine structure
(EXAFS) spectra were modeled using scattering paths
generated in FEFF (Figures S23 and S24), where the
magnitude of the Fourier transformed EXAFS (FT-EXAFS)
data are shown in Figure 5c. The intensity related to the
coordination of Ni-Ni or Ni-M paths at ∼3.10 Å was found to
considerably grow (Figure 5c) for Ni2(OH)2(L4) and Fe/
Ni2(OH)2(L4) after CV cycling, matching with the distance
expected for layered NiOOH2−x-like phases.37,47 These
findings are in agreement with reports of other MOF-derived
materials and are consistent with the formation of NiOOH2−x
phases after electrochemical cycling in base.18,46 In addition,
the average Ni-O bond distance in the first shell of the
materials was found to expand from ∼2.05 to ∼2.10 Å after
cycling (Table S5, S6). Using the unique Ni coordination
environments found in the MHOF phase (Figure S25), linear
combination fitting (LCF) of the k-space revealed that cycled
Ni2(OH)2(L4) was composed of 38 atom % Ni(OH)2 and 62
atom % Ni2(OH)2(L4), while cycled Fe/Ni2(OH)2(L4) was
composed of 27 atom % Ni(OH)2 and 73 atom % Fe/
Ni2(OH)2(L4), which is in agreement with the LCF modeling

Figure 6. In situ Raman spectroscopy of MHOFs: (a) Ni2(OH)2(L1), (b) Ni2(OH)2(L4), (c) Fe/Ni2(OH)2(L1), and (d) Fe/Ni2(OH)2(L4). (e)
Comparison of selected spectra at 1.6 VRHE before the extended cycling. (f) Relative Iδ and Iν peak intensities before and after 500 cycles at 1.6
VRHE and (g) enlargement of the superoxo (NiOO−) region at 1.6 VRHE before extended cycling. Spectra were recorded during steady-state
conditions. The laser excitation wavelength was 633 nm, and the catalysts were investigated on roughened SERS-active bulk Au electrodes in
purified 0.1 M KOH. The spectra in (e) were normalized to the minimum between the two Iδ and Iν bands to facilitate comparison of the relative
intensities.
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of the Ni K-edge for the materials (Figure S26). No
contributions from metallic Ni foil or NiO were noted
(more details are provided in Supporting Note 3 and Figure
S27). Previous atomic force microscopy measurements of L4-
based MHOF nanosheets synthesized identically to the ones
studied here showed a thickness of ∼4.2 nm or ∼12 unit
cells.19 Therefore, we estimate that ca. 0.5−0.8 nm, or ca. 2−3
unit cell layers, on each plane of the nanosheet are
transforming from the MHOF to NiOOH2−x-like structure
when cycled between 1.1 and 1.55 VRHE at 10 mV s−1. In other
words, about 0.5−0.6% of the layers are transforming from the
MHOF structure to one resembling that of NiOOH2−x per
cycle. These observations along with X-ray diffraction and
STEM imaging results point to linker leaching and gradual
structural transformations of Ni2(OH)2(L4) with and without
Fe substitution into NiOOH2−x initiating at the near the
surface regions.
In Situ Characterization of MHOFs as a Function of

Potential. To understand the mechanism through which the
MHOF phase evolves during electrochemical cycling, SERS
was employed to track the structural evolution of
Ni2(OH)2(L1), Fe/Ni2(OH)2(L1), Ni2(OH)2(L4), Fe/
Ni2(OH)2(L4) in Figure 6a−d, respectively, as a function of
potential. For all four MHOF catalysts, at potentials below 1.3
VRHE, no bands are visible between 400 and 600 cm−1. At
potentials above the threshold of Ni2+/Ni(3+δ)+ redox (1.4
VRHE), two peaks emerged near ∼480 and 555 cm−1, which are
characteristic of NiOOH1−x phases.24,29,48−51 These corre-
spond to the Eg bending (δ) and A1g stretching (v) vibrational
modes of layered NiOOH2−x-like phases (Ni-O modes parallel
to and perpendicular to the layers, respectively).49 This
suggests the formation of NiOOH2−x-like phases in the
MHOF catalysts, in accord with previous observations in
other MOF materials.45,52 The Raman intensity is sensitive to

structural disorders, such as defects and vacancies,53 while the
peak positions are particularly sensitive to the Ni oxidation
state.26,53,54 At 1.6 VRHE, the relative Iδ/Iν intensity ratio is
significantly larger for the two L1 MHOFs compared to the
two L4 MHOFs (Figure 6e). Further, Fe substitution lowered
the Iδ/Iv ratio for MHOFs with both L1 and L4 linkers, which
aligns with previous work suggesting that Fe incorporation in
Ni(OH)2 increases the structural disorder.27,54 The lower Iδ/Iν
intensity ratio for both the L4 MHOFs indicates a higher
structural disorder or a lower Ni oxidation state compared to
the MHOFs employing the L1 linker.54 After 500 CV cycles in
0.1 M KOH, the Iδ/Iν ratio of the Ni2(OH)2(L1) and Fe/
Ni2(OH)2(L1) showed negligible changes (Figures 6f and
S28a,b), while the Iδ/Iν ratio for both Ni2(OH)2(L4) and Fe/
Ni2(OH)2(L4) grew with cycling (Figures 6f and S28c,d). This
supports a gradual transformation toward NiOOH2−x-like
domains in all the MHOFs, although, this process seems to
be faster and more significant in the L1 MHOFs.

Furthermore, the two primary δ and ν peaks are positioned
at lower wavenumbers in the L1 MHOFs (575−580 cm−1)
compared to those in the L4-based MHOFs (590−592 cm−1),
which may be attributed to L1-based MHOFs preferentially
transforming to that of α-Ni(OH)2/γ-NiOOH2−x phases,
whereas L4-based MHOFs tend to favor β-Ni(OH)2/β-
NiOOH2−x phases.26 Previous studies of these phases of
NiOOH2−x have shown that α-Ni(OH)2/γ-NiOOH2−x phase
changes are associated with ∼1.7 e− transfers per Ni ion while
β-Ni(OH)2/β-NiOOH2−x phase changes are associated with
∼1 e− per Ni ion,30−32 motivating our choice of different
electron transfer numbers per Ni site in the TOFredox
calculations. In the region between 900 and 1150 cm−1, a
broad band become noticeable in both the Ni2(OH)2(L1) and
Fe/Ni2(OH)2(L1) MHOFs concomitant with the appearance
of oxidized δ/ν-(Ni(3+δ)+) bands (Figure 6a,b,g). This band has

Figure 7. In situ UV−vis of MHOF catalysts up to 500 cycles. The molar extinction coefficient for (a) Ni2(OH)2(L1), (b) Ni2(OH)2(L4), (c) Fe/
Ni2(OH)2(L1), and (d) Fe/Ni2(OH)2(L4). The insets show the fraction of Ni(3+δ)+ deduced from the UV−vis CT band at 550 nm. (e)
Correlations between the L4 linker absorption band at 330 nm, the Ni2+/Ni(3+δ)+ CT band at 550 nm, and the OER activity of the Ni2(OH)2(L4)
catalyst. (f) Derivative of the UV−vis absorbance at 550 nm of the Ni2(OH)2(L1) and the Ni2(OH)2(L4) catalysts monitored during a CV sweep
at 2 mV s−1 at relatively early stages of cycling (after ca. 1 h of “aged” state). The green shaded areas represent high-valence Ni(3+δ)+ states.
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been attributed to Ni species with superoxo character
(NiO2

−),24,48 which provides additional evidence for the
formation of NiOOH2−x-like phases in the L1-based
MHOFs. These broad superoxo bands are not observed in
the L4 analogues, suggesting that the concentration of the
species is either low or absent. Figure S29 shows the OER
activity and Ni oxidation charge of MHOFs before and after
cycling in the Raman cell; similar trends are observed as those
in Figures 1c−f and 2.

The Raman bands between ca. 600 and 1700 cm−1

corresponding to the carboxylate linkers were used to monitor
linker stability in the MHOF structure as a function applied
potential and after cycling. After just immersing in the 0.1 M
KOH electrolyte, the intensity of the L1 linker bands of
Ni2(OH)2(L1) and Fe/Ni2(OH)2(L1) was found to signifi-
cantly decrease even without an applied potential, whereas the
L4 linker bands of Ni2(OH)2(L4) and Fe/Ni2(OH)2(L4)
remained largely unaffected by the same treatment (Figures 6
and S30). Beyond 1.4 VRHE, the remaining L1 linker bands
irreversibly disappear, suggesting that the formation of Ni(3+δ)+

facilitates the leaching of linkers in Ni2(OH)2(L1) and Fe/

Ni2(OH)2(L1) MHOFs (Figure 6a,c), in agreement with
previous studies.37,55 On the other hand, the L4 linker bands
for Ni2(OH)2(L4) and Fe/Ni2(OH)2(L4) MHOFs (Figure
6b,d) remain mostly intact up to 1.7 VRHE for 500 cycles (∼14
h of cycling), save for a small decrease in the intensity. These
observations, coupled with the fact that the Iδ/Iν ratio of the L4
MHOFs is consistently smaller than their L1 analogues,
suggest that the transformation from MHOF to NiOOH2−x-
like phases occurs more rapidly in the L1-based MHOFs. This
difference in transformation rate can be explained by more
facile leaching of the L1 than the L4 linker when exposed to
the 0.1 M KOH electrolyte, compared to the L4 linker. These
results further corroborate the XRD, STEM, and XPS data,
positing a gradual transformation from MHOF to NiOOH2−x
phase progressing from the near-surface regions of our MHOF
materials.

Using the electrochromic nature of Ni(3+δ)+ species, previous
studies have shown that the broad absorption peak centered
around 550 nm, attributed directly to the charge transfer (CT)
between oxygen ligands and oxidized Ni(3+δ)+, can be used to
track changes in the oxidation state of NiOOH2−x.

22,27,56,57 By

Figure 8. Mechanism of MHOF phase conversion (a) Morphological transformations of MHOFs when exposed to alkaline environments showing
the difference between heterostructures. The transformation starts at the surface of the material irrespective of the linker toward NiOOH2−x-like
phases. MHOFs constructed using linkers with higher π−π stacking energies lead to a core−shell-like structure where only an outer layer
transforms with intact MHOF found within the core. MHOFs constructed using linkers with weaker π−π interactions instead undergo complete
transformation. (b) Proposed mechanistic scheme demonstrating the observed phase transformation of the MHOF to NiOOH2−x-like phases,
triggered by the loss of the organic linkers in the interlayer spacing, facilitated by the Ni redox as well as the high pH of the electrolyte, which results
in loss of the MHOF-specific mono-μ-oxo motifs and the edge-sharing NiO6 octahedra. The loss of linkers releases new sites potentially active for
OER; however, these sites are not stable under the prevalent conditions which instead convert into NiOOH2−x-like phases via angle rearrangement
and contractions of the metal−metal bond distances. Chemical steps are denoted by dashed arrows, while electrochemical steps are denoted by
blue arrows. The L4 linker is used as a representative example. Green atoms represent Ni, brown atoms represent Fe, red atoms represent O, black
atoms represent C, purple atoms represent N, and gray atoms represent H.
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observing that the derivative of the absorbance at 550 nm with
respect to potential coincides with the Ni redox peak currents
of the CV cycle, we can confirm this assignment (Figure S31).
The L1 linker was not detected in our MHOFs as it has UV−
vis absorption at ∼240 nm,19 which is below the cutoff window
of the FTO electrode. However, for the Ni2(OH)2(L4) and
Fe/Ni2(OH)2(L4) MHOFs, an additional absorption peak at
∼330 nm was observed, which was assigned to the L4 linkers
(Figure S32).19 UV−vis spectra recorded every 100th cycle for
500 cycles revealed only a small increase in the CT band
intensity for Ni2(OH)2(L1) (Figure 7a), but an initial increase
followed by a slight decrease in CT band intensity for Fe/
Ni2(OH)2(L1) (Figure 7c). The observed decrease in CT
band intensity for Fe/Ni2(OH)2(L1) could be attributed to
either loss of catalyst material from the electrode or possibly
from the incorporation of Fe ions from the electrolyte, which
could both lower the CT band.27,28 Unlike the spectra for their
L1 analogues, the Ni2(OH)2(L4) and Fe/Ni2(OH)2(L4)
MHOFs did initially not display any prominent CT band
during the first ∼200 cycles (Figure 7b,d). This can be
attributed to the absence of significant amounts of Ni(3+δ)+,
which may be due to a small percentage of transformed
MHOF phase to NiOOH2−x-like phases of the material (Figure
7f). Upon further cycling, the CT band at ∼550 nm for the L4-
based MHOFs became gradually visible and grew in intensity
with cycling, while the L4 absorption peak at ∼330 nm steadily
decreased (Figures S33 and S34). The percentage of
transformed MHOF phase after 500 cycles was estimated
from the amount of Ni(3+δ)+ from the CT band and was
between 10 and 20% depending on the MHOF and the linker
(see Table S7).

As the OER activity increased with the increase in the CT
band and the decrease of the L4 linker band (Figures S35 and
S36), these observations provide further support that linker
loss is essential for the transformation to NiOOH2−x-like
domains that are active for OER (as depicted in Figure 7e).
Our UV−vis data strongly suggests that the MHOF phase is
redox-inactive and is associated with OER-inactive or
significantly higher overpotential, as evidenced by the inverse
correlation between the L4 linker band and both the CT band
intensity and the OER activity. Figure S37 provides a
comparison of the OER activities and Ni oxidation charges
of the MHOF catalysts in the UV−vis, revealing similar trends
to those observed in Figures 1c−f and 2.

We summarize our findings in Figure 8. Our data shows that
the partial loss of organic linkers is associated with the
transformation to NiOOH2−x-like phases near the surface
regions of the MHOFs, where the degree of transformation is
increased by weakening the π−π stacking interaction of linkers
(Figure 8a). Atomically, the transformation indicates loss of
the NiO6 corner-sharing octahedra and mono-μ-oxo motifs
(Ni-(O)-M), leaving NiOOH2−x-like phases composed of
edge-sharing di-μ-oxo motifs (Ni-(O)2-M) (Figure 8b), which
is supported by STEM imaging, EXAFS, and in situ Raman
measurements. Based on our electrochemical data and detailed
ex situ and in situ characterization, we propose a possible
mechanism for the enhanced OER activity by the phase
transformation from MHOF to NiOOH2−x via loss of organic
linkers (illustrated in Figures S38 and S39). This phase
transformation process is spontaneous at open circuit
potential, however, is facilitated by the Ni redox process.
The linker loss may proceed via hydrolysis and is initiated by
nucleophilic attack on the linker by base.58,59 Since the pre-

OER redox process occurs via deprotonation of nickel hydroxy
to oxo ligands, the linkers must be lost instead of protons for
the Ni centers to formally increase their oxidation states
beyond Ni3+, which may explain why the catalytic process may
enhance loss of the linkers. This would further expose a greater
number of coordinatively undercoordinated oxygen sites (i.e.,
μ1-O or μ2-O) throughout the bulk of the MHOFs (Figure
S39). These presumed catalytic sites are typically only present
at the “surface” (edge and corner sites) in NiOOH2−x
phases.33−35 Therefore, loss of linker could potentially increase
the OER activity of the MHOFs, which is consistent with
previous studies that have shown a correlation between missing
linkers or defects and increased OER activity.60,61 However, we
observe that loss of linkers instead triggers the transformation
of the MHOF toward NiOOH2−x-like phases. Consequently,
this transformation ultimately results in the loss of these newly
formed coordinatively unsaturated and potentially catalytic
sites within the MHOF phase (as illustrated in Figure 8). This
involves loss of the MHOF-specific mono-μ-oxo domains,
which subsequently convert to di-μ-oxo motifs. Given that this
transformation, accompanied by the loss of MHOF-specific
domains, is associated with an increase in the OER activity, we
hypothesize that the resulting NiOOH2−x phases constitute the
catalytic phase, wherein a greater proportion of Ni(3+δ)+ sites
seems critical to efficiently catalyze OER.14 The MHOF phases
herein are hence only precatalysts.

Notably, assuming the most conventional proton-coupled
electron transfer (PCET) OER mechanism, our previous
density functional theory (DFT) calculations19 of pristine Ni-
based MHOF surfaces showed that their Ni2+/Ni(3+δ)+ redox
process corresponds to the deprotonation of surface *H2O to
*OH adsorbates (with * indicating the surface metal sites).
Moreover, the DFT-computed PCET OER energetics of such
MHOF surfaces suggest that their rate-determining step is the
further deprotonation of *OH to *O. Shifting the Ni redox of
MHOF surfaces positively thus destabilizes *OH and leads to a
lowered barrier for the rate-limiting *OH-to-*O transition. In
contrast to pristine MHOFs, for pristine NiOOH2−x prior DFT
investigations have suggested their Ni2+/Ni(3+δ)+ redox
corresponds to the transition from *OH-to *O-covered
surfaces,37 and this *OH to *O step limits the theoretical
overpotential.22 Facilitating Ni oxidation to Ni4+ in NiOOH2−x
would therefore promote its intrinsic OER activity.62 In
addition, the enhanced conductivity of Ni3+ and Ni4+ states
relative to the insulating Ni2+ state is also a critical factor. The
higher conductivity facilitates the transfer of electrons (charge
transfer) involved in the OER process and helps to ensure
optimal performance.23 Thus, by combining such prior insights
with this study, we can suggest the dual functionality of organic
linkers in modulating Ni oxidation and OER activity.
Specifically, linkers with strong π−π stacking energy are
more effective at suppressing the phase transformation
compared to linkers with weaker π−π stacking energy.
However, this stabilized MHOF phase is OER-inactive because
the Ni2+ species cannot transfer charges efficiently.23 The loss
of organic linkers during electrochemical cycling not only
transforms MHOF surfaces into NiOOH2−x-like phases but
also plays a critical role in enabling the oxidation of Ni2+ to
Ni(3+δ)+, which is essential for efficient OER catalysis on
MHOF-derived NiOOH2−x surfaces.
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■ CONCLUSIONS
Our work reveals important details and unravels underlying
processes causing loss of MHOF-specific motifs, and
subsequent phase transformations from MHOF to
NiOOH2−x-like phases during alkaline OER, shedding new
light onto the phase stability of these class of materials during
OER in base. The comprehensive information regarding the
phase transformation of MHOFs during highly oxidizing
potentials marks a significant contribution to the field of
electrocatalyst design utilizing inorganic-organic hybrid
materials. To summarize, during electrochemical OER cycling,
linkers leach from the MHOF structure, causing a trans-
formation to NiOOH2−x phases, thereby exposing more
electrochemically active Ni sites and increasing the OER
currents. The linker leaching was observed to be accelerated by
Ni2+ to Ni(3+δ)+ oxidation, leading to a phase transformation
from MHOF to NiOOH2−x structure. A mechanistic trans-
formation scheme is proposed where mono-μ-oxo bridge
motifs found only in the MHOF structure convert to di-μ-oxo
bridge motifs in the NiOOH2−x-like phase, while MHOFs with
the weaker π−π interaction (such as the L1 linker) underwent
complete and rapid transformation to NiOOH2−x-like phases.
On the other hand, the MHOFs with the stronger π−π
interaction L4 linker showed slower and smaller trans-
formations to NiOOH2−x phases only at near-surface regions,
where the MHOF can remain as a less active core. Further
investigations are required to fully elucidate the origin of
partial transformation in the L4-based MHOFs. One possibility
is that it arises from the higher order of the linkers in the core
of the MHOF particles, resulting in a strong adhesion force
between linkers to remain metastable in base. This hypothesis
is supported by observations that linker-related defects, such as
dislocations, rotations, and kinks could be observed on the
surface of the pristine MHOF particles.

Our detailed characterization thereby identifies MHOF as
precatalysts to the more OER active NiOOH2−x, but at the
same time highlights the potential of stabilizing these MHOF
materials under harsh and oxidizing conditions. Thus, targeted
engineering to increase the π−π stacking energy of the linkers,
through methods such as functionalization or optimization of
synthesis conditions to decrease defects, is promising for
engineering stable structures inspired from those found in
biological systems. Furthermore, since stable linkers prevent
metal ion redox, which is a prerequisite for efficient OER,
stabilizing the MHOF structure while promoting reversible
redox processes is key toward enabling MHOFs as electro-
catalysts for alkaline water oxidation. Therefore, future
research efforts of stabilizing MHOFs as OER electrocatalysts
should aim at not only achieving a stable structure but also
promoting reversible cationic redox. Given the wide pene-
tration of MOF materials within electrocatalysis and the poorly
understood stability of these materials, our study provides
extensive and direct insight paramount for the challenges and
future design of OER active, yet stable MOFs.
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