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ABSTRACT: Developing efficient and durable catalysts for the
alkaline oxygen evolution reaction (OER) is vital to achieving
practical anion-exchange membrane water electrolyzers
(AEMWESs) for green hydrogen production. Here, we break the
activity—stability trade-off of electrocatalysis by defect engineering
of Ni-based metal—organic electrocatalysts (Ni-benzenedicarbox-
ylate; Ni-BDC) through coordinating ferrocenecarboxylates (Fc)
to the metal sites. Experimental results collectively reveal that the
defect MOF (Ni-BDC:Fc_S5:1) exhibits a high OER turnover
frequency of 0.75 O, s™' at 300 mV overpotential. Operando
Raman spectroscopy and isotope-labeling electrochemical mass
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spectrometry measurements indicate the structure of Ni-BDC:Fc_5:1 is also more stable in service than that of pure Ni-BDC. The
high activity and stability could be attributed to the moderate defects (i.e., unsaturated Ni sites) in the structure that not only
increase the intrinsic activity and stability of the local active environment by inhibiting lattice oxygen exchange but also
electrochemically activate the bulk of the catalysts by creating a porous network that facilitates internal H,O/OH™ conduction with
enhanced electronic conduction. Accordingly, an AEMWE employing Ni-BDC:Fc_5:1 as the OER catalyst delivers an industrial-
level current density of 1 A cm™2 at 1.73 V,; and can be steadily operated for more than 120 h.

B INTRODUCTION

Electrocatalytic water splitting is an appealing technology to
store electrical energy in the chemical bonds of hydrogen and
oxygen."” Anion-exchange membrane water electrolyzers
(AEMWESs) possess the advantages of the low cost of alkaline
water electrolysis and the high efficiency of zero-gap proton-
exchange membrane water electrolyzers, making them a
promising avenue for water splitting.3‘4 However, many
catalysts suffer from a trade-off between activity and stability,
limiting the practical application of AEMWE.>”’ Thus,
developing low-cost oxygen evolution reaction (OER) electro-
catalysts with high, yet stable activity is crucial for green
hydrogen production.

The activity and stability trade-oft primarily arises from the
intrinsic characteristics of the catalysts. Catalysts with
structurally stable frameworks often exhibit inherently low
intrinsic activities, whereas those with high activity may
undergo rapid structural collapse during operation, leading to
the inability to sustain the necessary conditions for catalytic
reactions and, consequently, performance degradation.®”"’
Notably, structural changes during catalysis are not always
undesirable; rather, the key question is whether the trans-
formed structure can retain similar or even enhanced
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performance. Addressing this trade-off requires identifying
the essential requirements for catalysis, which we believe
include active sites, long-range percolating transport of
reactants and products, and electron conduction. While
maintaining the long-range ordered structure is ideal,
preserving the local environment for transport and reaction
is more crucial to ensuring performance stability, especially for
real-world applications. Also, if bulk sites within the catalyst
can participate in the reaction and the local active environment
can be preserved over time, then the fundamental conditions
for electrochemical reactions can be sustained even without
long-range structural order.

Most current studies focus primarily on enhancing
activity.">~'* Nevertheless, the estimated turnover frequencies
(TOFs), which serve as a measure of the intrinsic activity of
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Figure 1. Catalyst design for defect engineering. Conventional Ni-BDC was synthesized using NiCl, as the metal precursor and BDC as the linker.
The defect (unsaturated Ni sites) can be achieved by substituting some BDC linkers with Fc linkers, forming a random solid solution. During OER,

the defects in Ni-BDC:Fc allow long-range molecule/electron transfer.

catalysts, of state-of-the-art 3d transition metal catalysts,">~""

are much lower compared to those in biological systems."®
For example, the TOF of Co-BDC-Fc-NF, which includes
defects in the structure aimed at improving activity, is about
0.034 s7'; and this work focuses solely on activity without
exploring stability or conducting a more in-depth mechanistic
study.zo Furthermore, NiFe-LDH, which serves as a model
alkaline OER catalyst, exhibits high activity but phase
segregates due to the irreversible redeposition of dissolved
Fe and Ni cations during the OER, resulting in fast current
decay over time, especially at high current densities.”’ Metal—
organic electrocatalysts (MOEs), constructed from metal
nodes and organic linkers, offer the opportunity to tune
activity—stability by varying the metal centers and linkers,
thereby altering the local active environments.”””>> For
instance, Yuan et al. have synthesized tunable MOEs by
using different linkers from L1 (terephthalic acid) to L4
(azobenzene-4,4’-dicarboxylic acid), where Fe/
Ni,(OH),(L4)/C has a TOF of 0.30 s™' at 1.53 Vi ™®
Following work by Zheng et al. has revealed that although the
L4 linker shows better stability than the L1 linker, the TOF of
Fe/Ni,(OH),(L4) is lower than that of Fe/Ni,(OH),(L1),
further demonstrating the typical problem and trade-off
between activity and stability.”’~*’

Defect engineering is a potential way to break this trade-off,
as previous works’* > have shown that ligand vacancies in
MOEs can lower the energy barrier for *OH deprotonation,*
while defects can enhance the stability of metal—organic
materials.”* Therefore, optimal defects are likely to not only
enhance the intrinsic activity but also increase the utilization of
internal bulk sites via unsaturated metal sites. In addition, these
defects can help preserve the local active environments by
acting as a buffer for structure, thereby maintaining long-range
molecular and electron transport to improve the catalyst
activity and stability.

As such, we created defects in Ni-based MOEs through
mixing linkers of 1,4-benzenedicarboxylic acid (BDC) and
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ferrocenecarboxylic acid (Fc) within the structure. When the
nominal ratio of BDC and Fc is S:1 during synthesis, the Ni-
BDC:Fc_5:1 exhibited higher activity—stability compared to
other ratios and pure Ni-BDC. The TOF of Ni-BDC:Fc_5:1
was measured to be ~0.75 O, s™' at 1.53 Vyyg whereas an
overpotential of 380 mV is required to reach a current density
of 500 mA cmy,, ™. Furthermore, the cyclic voltammetry (CV)
curves of Ni-BDC:Fc_5:1 showed negligible changes over 500
cycles. To demonstrate the increased structural stability during
the OER, in situ surface-enhanced Raman spectroscopy
(SERS) revealed the existence of linkers within the structure
of Ni-BDC:Fc_S5:1 at 1.7 Vyyg, while the linkers in Ni-BDC
are lost after 1.30 Vyyg. Furthermore, surface-enhanced
infrared adsorption spectroscopy (SEIRAS) indicated more
isolated water/OH™ in Ni-BDC:Fc_S5:1, which can facilitate
easier mass transport of reactants and products to and from the
active sites, respectively. Isotope-labeled electrochemical mass
spectrometry (EC-MS) also showed that Ni-BDC:Fc_S:1 has
more stable local active environments. Theoretical calculations
indicated that unsaturated Ni sites have a lower thermody-
namic barrier for the rate-determining step (RDS) compared
to Ni-BDC. Benefiting from the properties of the material, an
AEMWE constructed using Ni-BDC:Fc_5:1 as the OER
catalyst can achieve a current density of 1 A cm™ with a cell
voltage of ~1.73 Vg for over 120 h, demonstrating the
promising potential of this material for practical hydrogen
production.

B RESULTS AND DISCUSSION

Defects Design and Characterization. The defects
within the Ni-based MOE structure were realized by mixing
different proportions of BDC and Fc linkers during the
synthesis, as shown in Figure 1. In the case of pure BDC as the
linker (Ni-BDC), in a perfect crystal, each Ni site is fully
saturated with six Ni—O bonds connected to either the
carboxylate group of the linkers or the terminal —OH groups.
However, since Fc has only one carboxyl functional group but
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Figure 2. Material characterization of Ni-BDC and Ni-BDC:Fc MOEs. (a) XRD patterns and ICP-OES elemental analysis (relative Ni and Fe
atomic percent). (b) Ni 2p XPS spectra of Ni-BDC:Fc_10:1, Ni-BDC:Fc_5:1, Ni-BDC:Fc_2:1, and Ni-BDC:Fc_1:1. Ni-BDC are used as a
reference. (c,d) iDPC-STEM image of (c) Ni-BDC and (d) Ni-BDC:Fc_S:1. (e) Fe K-edge of XANES spectra of Ni-BDC:Fc_S:1 and NiFe-BDC.
(f) Ni K edge Fourier transformed EXAFS spectrum and fitted curve of Ni-BDC:Fc_5:1. (g) Wavelet transform of Ni-BDC:Fc_S:1.

two five-membered rings sandwiching an Fe atom, when
coordinated with the Ni—OH layers, a single Fc linker
occupies the space of two BDC ligands, thus potentially
creating three unsaturated Ni sites. The ratios of BDC to Fc
during synthesis are selected as 10:1, S:1, 2:1, and 1:1, which
were hypothesized to allow for controlling the concentration of
defects within the structure. The resulting materials are named
Ni-BDC:Fc_10:1, Ni-BDC:Fc_5:1, Ni-BDC:Fc_2:1, and Ni-
BDC:Fc_1:1, respectively. In this design, any OH™ attack on
fully coordinated Ni sites in Ni-BDC would disrupt Ni—ligand
bonds, leading to structural collapse. In contrast, Ni-BDC:Fc
features unsaturated Ni sites with higher activity, where OH™
can adsorb on these sites without breaking Ni—ligand bonds,
simultaneously improving the activity and stability.

X-ray diffraction (XRD) was employed to ensure that the
use of additional linkers did not alter the crystal structures of
the materials. The XRD pattern of pure Ni-BDC agrees with
previously reported results.”*>” The MOEs with mixed linkers
showed nearly the same XRD patterns as Ni-BDC (Figure 2a),
except that the peak around 8° (001) exhibits a small peak to
the right of the main peak that gradually intensifies as the Fc
content increases (Figure S1). As the Fc linker is slightly
shorter than the BDC linker, inclusion of Fc within the
structure should decrease the (001) spacing of the MOE,
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making the XRD reflection shift to a higher 260. As such, the
emerging peak to the right of the main peak around 8° suggests
that Fc was successfully incorporated into the layered MOE
structure. Furthermore, as only Ni salts were used during the
synthesis, the detection of Fe serves as an indicator of the
presence of the Fc ligand within the structure. Inductively
coupled plasma-optical emission spectrometry (ICP-OES) was
used to determine the relative Ni and Fe contents of the
materials synthesized with different linker ratios. As expected,
the relative amounts of Fe exhibited a monotonically increasing
trend with the proportion of Fc precursors added during the
synthesis (Figure 2a), further supporting that varying degrees
of linker substitution were achieved.

The purpose of using mixed ligands is to introduce defects
(i.e, unsaturated Ni sites) within the MOE structure. High-
resolution XPS of Ni 2p was therefore used to probe the
different Ni identities within the structure, as displayed in
Figure 2b. While only one peak at 856.8 eV was fitted for the
Ni 2p,,; region in Ni-BDC, the Ni 2p,,; region of the mixed
linker MOEs can be deconvoluted to two peaks centered at
857.0 and 856.1 eV, which are ascribed to the saturated Ni
sites and unsaturated Ni sites, respectively. Also, the entire Ni
2p,/; peak shifted to lower binding energy by about 0.8 eV
(Figure S2) from Ni-BDC (856.7 eV) to Ni-BDC:Fc 1:1
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Figure 3. OER activity of Ni-BDC:Fc. (a) Sth CV cycle of Ni-BDC:Fc_10:1, Ni-BDC:Fc_5:1, Ni-BDC:Fc_2:1, and Ni-BDC:Fc_1:1 with scan rate
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different BDC/Fc ratio MOEs for OER. (c) Tafel plot of OER activity measured from chronopotentiometry (CP) measurements with the fitted
Tafel slopes. (d) Turnover frequency (TOF) of Ni:BDC:Fc_S:1 and NiFe-BDC as a function of potential. Insert highlights the TOF at 1.53 Vi
The catalyst loading is 125 pg cm™? on a 0.196 cm? glassy carbon disk. A Hg/HgO reference and carbon rod counter electrodes were used. 100% iR

correction was used.

(855.9 eV) as more Fc linker was included. NiFe-BDC was
synthesized with the same nominal ratio of Ni/Fe as in Ni-
BDC:Fc_S5:1 to compare the effects of Fe. The Fe (which is
found within the M—OH layers) peak in NiFe-BDC, showed
higher binding energy than the Fe in the mixed linker MOEs.
The Fe peaks were also shifted to lower energy as more Fc
linkers were incorporated into the MOEs (Figure S3).
Moreover, the Ni 2p regions of NiFe-BDC also fit best with
one peak, like Ni-BDC, suggesting that the peak changes in the
mixed linker Ni-BDC:Fc 5:1 are not attributed to Fe
incorporated into the M—OH layers but are due to the
difference in coordination environments (Figure S4). The
existence of defects in Ni-BDC:Fc_35:1 is further supported by
more obvious spikes in the peak electron-paramagnetic
resonance (EPR) spectra with g = 2 (Figure SS), which is
usually associated with unpaired electrons.

In order to directly observe the mixed linkers and defects,
integrated differential phase contrast (iDPC) via scanning
transmission electron microscopy (STEM) was used to obtain
atomic-resolution images of the MOEs. The observed lattice
spacings of Ni-BDC and Ni-BDC:Fc 5:1 match well with the
length of both the BDC and Fc linkers (~1.09 nm) (Figures
2¢,d, S6, and S7a). In the image, between two columns with
higher relative intensity (Ni—OH layers), the six-membered
ring of BDC can be clearly observed for Ni-BDC (Figure 2c,
circled). However, because of the many defects in Ni-
BDC:Fc_S5:1, the structure of the Fc linker cannot be observed
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as clearly as in Ni-BDC (Figures 2d and S7b). Nevertheless,
some features captured through iDPC still support the idea
that defects were included in the structure. For example, the
observation of bright atoms between Ni columns (Figure 2d,
circled in red) agrees with the location of Fe in the Fc linker.
In addition, a relatively blank area (Figure 2d, circled in
yellow) near the Ni suggests that defects exist in Ni-
BDC:Fc_5:1, which is consistent with unsaturated Ni sites.
We also examined other sheets to show that the defects were
included homogeneously within the material (Figure S8), all of
which support that defects were included in NiBDC:Fc_5:1.
To further reveal the difference between Ni-BDC and Ni-
BDC:Fc_5:1, Brunauer—Emmett—Teller (BET) and Barrett—
Joyner—Halenda (BJH) measurements were carried out. While
the Ni-BDC exhibited an adsorption—desorption curve
characteristic of a mesoporous structure, the rapid increase
observed in Ni-BDC:Fc_5:1 at low relative pressures indicates
the presence of more micropores in its structure (Figure S9).
Moreover, the pore distribution from BJH analysis showed that
Ni-BDC:Fc_S:1 contains significant pore volume below 2 nm,
suggesting the presence of abundant defects in Ni-
BDC:Fc_S:1 (Figure S10) as the interlayer spacing is ~1 nm.

To understand the local structure of Ni and Fe in the
synthesized samples, we performed Ni and Fe K-edge X-ray
absorption spectroscopy. The Fe K-edge X-ray absorption
near-edge structure (XANES) spectrum of Ni-BDC:Fc_S:1
exhibits a lower absorption edge compared to that of NiFe-

https://doi.org/10.1021/jacs.5c06156
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Figure 4. Stability and different in situ spectroscopy analysis of Ni-BDC:Fc_5:1. (a) 500 CV cycles and (b) current density at 1.53 Vpyy of Ni-

BDC:Fc_S5:1 at 1600 rpm with a scan rate of 10 mV s~

!in O,-saturated 0.1 M KOH. Catalyst loading: 125 g cmgeo_2 on 0.196 cm? GC disk. (c-d)

In situ Raman spectroscopy of (c) Ni-BDC and (d) Ni-BDC:Fc_5:1 from 1.1 Vyyg to 1.70 Vyyyg in 0.1 M KOH.

BDC (Figure 2e), indicating a lower oxidation state of Fe in
Ni-BDC:Fc_S:1, which is consistent with previous XPS results.
The lower white line intensity in the Fe K-edge XANES of Ni-
BDC:Fc_5:1 can be attributed to differences in the local
coordination environment (7z-conjugated cyclopentadienyl
ligands in Fc) and the electronic structure around the Fe
centers. The fitted coordinated number of Fe in NiFe-BDC
and Ni-BDC:Fc_S:1 is 6.4 and 10.7 (Figure S11 and Table
S1), respectively, further supporting that Fe in Ni-BDC:Fc_5:1
is not substituted in the M—OH sheets but rather originates
from the incorporated Fc linker (since Fc has two S membered
rings coordinated to an iron atom). The Ni K-edge XANES
spectra of Ni-BDC, Ni-BDC:Fc_5:1, and NiFe-BDC show no
significant differences, indicating similar overall crystal
structures (Figure S12a). However, fitting the Fourier-
transformed extended X-ray absorption fine structure
(EXAFS) data (Figures 2f and S12b) reveals that the average
coordination number of Ni decreases from 6.3 in Ni-BDC to
5.8 in Ni-BDC:Fc_S:1 (Table S2), suggesting the presence of
unsaturated Ni sites in the latter due to defect formation. The
WT analysis for Ni-BDC and Ni-BDC:Fc_S5:1 both shows the
strongest intensity at around S A™' and 1.5 A in R-space,
corresponding to the scattering from oxygen atoms surround-
ing the central Ni atom (Figures 2g and S12c).

Defects Effect on OER Activity—Stability. According to
our hypothesis, a moderate level of defects is expected to
achieve optimal activity, as too few defects fail to provide
sufficient unsaturated sites, while excessive defects may hinder
electron transfer. As the first few cycles of CV can be affected
by factors that obscure the measuring of intrinsic activity, such
as poor wetting, the polarization curve of the fifth cycle was
used to compare the activity (Figure 3a). A volcano-trend for
the activity as a function of Fc content was observed for the
mixed linker MOEs, with Ni-BDC:Fc_5:1 exhibiting the
highest activity among the four mixed linker catalysts and
pure Ni-BDC (Figure S13). As shown in Figure 3b, at 1.53
Viug (overpotential # = 300 mV), the current density of Ni-
BDC:Fc_5:1 was 6.28 mA cm™?, which is about 40 times
higher than that of Ni-BDC at the same potential (0.16 mA
cm™2). Meanwhile, the mass activity of Ni-BDC:Fc_5:1 at 1.53
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Vyue was measured to be 50.2 A ¢!, (Figure 3b, right axis),
which is about 6X higher than commercial IrO, nanoparticles
with the same mass loading (Figure S14). To further evaluate
the differences in intrinsic activity among the MOEs, the
electrochemically active surface areas (ECSAs) of the catalysts
were measured using CV in a non-Faradaic region (Figure
S15), and comparable values were found across all samples.
ECSA-normalized OER activities (Figure S16) still follow the
same trend as the geometric and mass activities, with Ni-
BDC:Fc_5:1 showing the highest activity, confirming that the
enhanced performance mainly arises from defect engineering
rather than ECSA differences.

Figure 3c shows the estimated Tafel slope measured by
using chronopotentiometry of the mixed linker catalysts
(Figure S17). The Ni-BDC:Fc_S:1 showed the lowest Tafel
slope of 44 mV dec™' compared to those of Ni-BDC:Fc_10:1
(55 mV dec™'), Ni-BDC:Fc 2:1 (67 mV dec™'), and Ni-
BDC:Fc_1:1 (70 mV dec™'). The Tafel slope of Ni-
BDC:Fc_5:1 suggests that the RDS is likely the *O to
*OOH transition.”” Although other catalysts with different
BDC/Fc ratios exhibit slightly higher Tafel slopes, this does
not necessarily imply a change in reaction mechanism, as their
active site environments remain similar, but the Tafel slope
could be a function of applied overpotentials.’® The observed
differences in Tafel slopes are likely influenced by multiple
factors. From 10:1 to 5:1, increased defect density facilitates
OH adsorption, resulting in a reduced Tafel slope. However,
further increasing defects (e.g., in the 1:1 sample) may alter the
intermediate coverage or affect the charge transfer coefficient,
leading to a modest increase. Moreover, the TOF of OER was
calculated at different potentials using the Ni**/Ni** redox
peak to quantify the number of electrochemically active Ni
sites, as shown in Figure 3d. NiFe-BDC is taken as a
benchmark because it exhibits a higher TOF than most other
OER catalysts and has nearly the same structure as Ni-
BDC:Fc_5:1 at 1.53 Vyyg. The TOF of Ni-BDC:Fc 5:1 was
calculated to be 0.75 O, s~ as a lower bound (1.28 O, s™* for
the upper bound), while the lower bound TOF of NiFe-BDC
was 0.61 O, s™" at the same potential, exceeding the TOF for a
majority of reported catalysts (Table S3).
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To more accurately reflect that the differences in OER
activity are caused by defects rather than stemming from
different Fe contents, NiFe-BDC with varying Ni/Fe ratios was
synthesized based on the elemental analysis results of the
mixed linker MOEs and used for comparison. For all catalysts
measured, Ni-BDC/Fc showed enhanced OER activity
compared to the corresponding NiFe-BDC with nominally
similar Ni/Fe ratios, suggesting that the purposeful inclusion of
defects is the main cause of the observed enhanced OER
activity (Figure S18). Furthermore, upon closer inspection of
the Ni*"/Ni*" redox peaks, Ni-BDC/Fc exhibits larger redox
peaks, indicating more electrochemically active sites compared
to NiFe-BDC. Considering the proposed structure of the
defect MOE, measuring more electrochemically active Ni sites
in Ni-BDC/Fc compared to the defect-free material is
expected, as the unsaturated sites in the MOE can directly
serve as active sites for OER. Additionally, the Ni**/Ni**
oxidation peak in Ni-BDC:Fc_5:1 could be fitted into two
distinct peaks, likely representing two different types of Ni
sites, which is consistent with the intended MOE design and
XPS characterization.

After investigating the effect of defects on activity, we shifted
our focus to evaluating the electrochemical stability of the
materials. It is well-known that many catalysts, particularly
MOEs,”” suffer from rapid performance degradation during the
OER due to structural transformations. We hypothesize that
too few defects may lead to structural collapse during the OER
due to the inaccessibility of redox-active metal centers, while
an excessive number of defects can render the initial structure
insufficiently rigid and inherently unstable. To verify this
hypothesis, the Ni-BDC/Fc catalysts were subjected to 500 CV
cycles between 1.1 and 1.75 Vyyy in O, saturated 0.1 M KOH
at 10 mV s™' (~18 h of continuous cycling) to monitor their
electrochemical evolution. The 500 CV curves of Ni-
BDC:Fc_5:1 largely overlapped, while the OER polarization
curves remained nearly unchanged, demonstrating exception-
ally high stability (Figure 4a). However, Ni-BDC:Fc_10:1
initially exhibited an increase in activity followed by a slight
decay (Figure S19) beyond 400 cycles, which can be ascribed
to too many saturated sites in the pristine Ni-BDC:Fc_10:1
causing structural disruption and gradually transforming into
NiOOH,_-like phases upon cycling.”” Furthermore, the OER
activities of Ni-BDC:Fc_2:1 and 1:1 peaked at the beginning
and then steadily declined (Figure S20) during the cycling.
The moderate level of defects in Ni-BDC:Fc_5:1 may have
acted as a buffer against structural changes. While structural
transformation might eventually occur, it did not lead to any
significant activity decay (Figure 4b).

To directly probe the structural changes during the OER
process, in situ SERS was performed on Ni-BDC:Fc_5:1 and
Ni-BDC under different applied potentials (from 1.1 to 1.7
Viue) in 2 0.1 M KOH electrolyte. At the initial potential (1.1
Viuge), both Ni-BDC/Fc and Ni-BDC exhibited similar
features (400—800 cm™, 1200—1400 cm™, and 1600—1800
cm™'), which are consistent with them having similar
structures. As the potential was gradually increased, in Ni-
BDC (Figure 4c), the peaks located at 1600—1800 cm™'
disappeared at 1.2 Vgyg, while other peaks remained,
indicating that Ni-BDC had already begun undergoing a
structural transformation, even before the onset of the OER
potentials. At applied potentials of 1.30 and 1.35 Vi, all
peaks of Ni-BDC irreversibly disappeared, suggesting that the
linkers leached out from the MOE structure. The loss of all

linkers at precisely 1.30 Vyyg is consistent with our previous
work that showed the oxidation process of Ni** to Ni**
facilitates the structural transition to NiOOH,_,-like phases,
highlighting the instability of the Ni-BDC structure.”” As the
potential was further increased beyond 1.40 Vyyg, two peaks
appeared and gradually intensified at 481.4 cm™ and $59.1
cm™!, corresponding to the Ni—O vibrational modes parallel
(Eg bending (6)) and perpendicular (Alg stretching (v)) to the
NiOOH,_,-like phases, respectively.’”® Although Ni-BDC is
highly unstable, the spectra of Ni-BDC:Fc_S:1 exhibited
unexpectedly little change as a function of the potential (Figure
4d) in comparison. From 1.1 to 1.70 Vg, all peaks present in
the pristine material remained with little decrease in intensity,
suggesting that the linkers remained largely in the MOE
structure and implying the increased stability of the MOE
structure. Moreover, unlike Ni-BDC, which showed Ni—O
vibrational bands found in NiOOH,_,-like phases at 1.40 Vg,
Ni-BDC:Fc_5:1 did not show these two peaks until the
potential increased to 1.60 Vyyg. In fact, only a relatively broad
band appeared around 559 cm™', which suggests that the
unsaturated Ni sites can directly act as the OER active sites. At
1.70 Vg, the § and v stretching modes, located at 483.9 cm™!
and 551.9 cm™, respectively, emerged while the other linker
peaks still remained, suggesting that although the Ni sites
underwent oxidation and some structural transformation, the
defects effectively buffered these changes and significantly
increased stability by deterring the loss of linkers.

In the evaluation of the structural stability of the catalyst, it
is important to consider not only the robustness of the organic
linker but also the chemical stability of the Ni centers
themselves. Ni-based materials tend to convert into Ni(OH),
or NiOOH under alkaline conditions from OH™ attack. In Ni-
BDC, the Ni—ligand bonds are more prone to be disrupted by
OH, leading to structure collapse and formation of Ni(OH),.
In contrast, Ni-BDC:Fc_5:1 exhibits enhanced structural
flexibility due to moderate defect levels, which helps maintain
the resilience of Ni—ligand coordination during the OER.
However, excessive defects, as in Ni-BDC:Fc_1:1, reduce
framework rigidity and increase the freedom of Ni centers,
resulting in Ni(OH), formation and performance decay.
Therefore, the Ni stability is a relevant factor in catalyst
durability and is affected by the BDC/Fc ratio.

To further explore how long Ni-BDC:Fc_S5:1 can remain
stable under harsh OER conditions, we held the potential at
1.6 Vyyg and monitored the evolution of the Raman spectra
over time (Figure S21). Although the peaks present in the
pristine materials were eventually replaced by peaks corre-
sponding to the Ni—O 6 and v modes, the measured
electrochemistry data appeared to remain stable during the
spectroscopy measurement, which suggests that even though
structural transformation is inevitable, defects or local active
environments could be preserved during the transition,
allowing the stability of the OER activity to remain largely
unaffected. The possible preservation of defects post-trans-
formation is supported in the Is/I, intensity ratio. After the
complete transformation, the relative I5/I, intensity ratio of Ni-
BDC:Fc_5:1 was lower than that of Ni-BDC, indicating that
Ni-BDC:Fc_S:1 retained more vacancies or had a lower Ni-
oxidation state post-transition (Figure $22).* This aligns with
previous expectations, as the unsaturated Ni sites inherently
possess greater disorder and a lower oxidation state, which is
beneficial for OER performance.”’
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Figure 5. Understanding the role of defects on the electrochemical activity—stability. (a—d) CV scans and time-dependent MS signal of different
species (3*0,, **0,, *0,, and *“CO,) with 0.1 M KOH in isotope labeled H,'*0 of (a) Ni-BDC and (c) Ni-BDC:Fc_5:1. After that, the electrolyte
was changed back to normal 0.1 M KOH in H,'®0 for (b) Ni-BDC and (d) Ni-BDC:Fc_5:1. The green line in (a—d) represents the potential
change and the orange line represents current change along time. (e) The deconvolution of the OH stretching peak of Ni-BDC and Ni-
BDC:Fc_S5:1 acquired in 1 M KOH electrolyte under open-circuit potential by SEIRAS. (f) Free energy diagram of OER with solvent effect
following the absorbate-mediated evolution pathway for Ni-BDC:Fc_5:1 and Ni-BDC at 0 Vyyg.

Mechanism of Defects Enhancing Activity—Stability.
To demonstrate that the purposeful inclusion of defects
increases the electrochemical stability of the MOEs, EC-MS in
isotope-labeled oxygen-18 ('*0) electrolyte was used to
understand the OER mechanism and materials degradation.
0.1 M KOH in H,"®O was used as the electrolyte, making the
potential products include O, at m/z = 32, 34, or 36, noted as
320,, **0,, and *°0,, respectively. CO, at m/z = 44 was also
measured due to the presence of —COOH functional groups
on the linkers or potential carbon oxidation. During CV scans,
the redox peak of Ni-BDC intensified rapidly after 10 cycles,
whereas that of Ni-BDC:Fc_S:1 remained relatively stable,
consistent with our previous electrochemical measurements.
For the reaction products, both Ni-BDC and Ni-BDC:Fc_S5:1
exhibited clear signals of *°0,. However, for Ni-BDC, 320, was
also observed (Figure Sa), which was nearly undetectable for
Ni-BDC:Fc_S:1 (Figure Sc). Additionally, Ni-BDC showed
relatively stronger signals for the carbon monoxide-based
molecules CO, and **O,. Taken together, these results suggest
that lattice oxygen is involved in the reaction or oxygen
exchange with the electrolyte during the OER of Ni-BDC. In
either case, oxygen evolution from the MOE lattice highlights
the structural instability of Ni-BDC during the reaction. When
the electrolyte was switched back to 0.1 M KOH in H,'%O with
the same electrode, the signal for 320, was observed, while the
signal for *°0, nearly disappeared for both catalysts. However,
similar to previous observations, Ni-BDC exhibited stronger

relative signals for **O, and CO, (Figure Sb), indicating that a
portion of the isotope-labeled oxygen had previously
exchanged into the Ni-BDC structure. In contrast, for Ni-
BDC:Fc_5:1, a minimal amount of **O, was detected (Figure
5d), reflecting its ability to effectively buffer structural changes
due to the presence of defects. Coupled with the in situ SERS
showing preservation of the MOE local structure even at
elevated potentials, the defects may help preserve the local
structure of the MOE by preventing significant lattice exchange
of oxygen in the MOE structure with the electrolyte during the
OER, even if there is long-range order degradation. As
previous studies have shown that oxygen lattice exchange can
lead to significant surface amorphization during OER,""** the
unsaturated sites within the MOE could help stabilize the
material, as they could act as easily accessible OER active sites,
which prevent the need for lattice oxygen exchange and
maintain local short-range order during the reaction for
molecular and electron transport.

As the BJH analysis showed a significant amount of porosity
<2 nm in diameter, we also hypothesized that the defects allow
for a significant number of internal sites to be electrochemi-
cally accessible and active for OER. Therefore, in situ SEIRAS
was employed to probe the interfacial water structure of Ni-
BDC and Ni-BDC:Fc_5:1. The MOE immersed in DI water
was first measured to observe the interfacial water structure
near the MOEs without an applied potential. In the range of
1000 em™'—1700 cm™}, the infrared signals were primarily
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attributed to C—O and C=C vibrations. The main signals of
interest were observed in the range of 3000 cm™'—3700 cm ™/,
characteristic of O—H vibrations. The O—H peak of Ni-
BDC:Fc_5:1 exhibited a slight shift to higher wavenumbers
(Figure S23), suggesting that Ni-BDC:Fc_S5:1 might contain
more isolated water molecules. Still under open-circuit
potential, using the same electrode but with a 1 M KOH
electrolyte exacerbated the relative blue shift of the O—H peak
for Ni-BDC:Fc_5:1 compared to that for Ni-BDC (Figure
S24). The large peak between 3000 and 3700 cm™' was
deconvoluted to three peaks corresponding to isolated water or
OH™ at 3570—3600 cm™', asymmetric H-bonded water at
3450—3480 cm™', and symmetric H-bonded water at 3270—
3300 cm™" (Figure Se) based on previous reports.*’ Ni-BDC,
with fewer defects, showed a higher proportion of asymmetric
and symmetric H-bonded water, which is more indicative of
bulk water near the external surface and consistent with the
lack of internal porosity observed in the BJH analysis.
However, we found that there was nearly double the relative
amount of isolated water/OH™ in the defect MOE (12.84%)
compared to the pure BDC (6.95%) MOE (Figures Se and
S25), which we ascribe to the higher number of defects and
microporous structures in Ni-BDC:Fc_5:1. Furthermore, in
situ potential-dependent IR results (Figure S26) showed that
the peak position of the O—H bond gradually shifts to lower
wavenumbers as the potential increases. For Ni-BDC, a distinct
shift occurs after 1.35 V, indicating a significant decrease in the
amount of isolated water/OH™ within the structure. However,
this shift for Ni-BDC:Fc_5:1 appears after 1.40 V, further
confirming the presence of more isolated water/OH™ in Ni-
BDC:Fc_5:1 as indicated by previous results. Contact angle
measurements were performed to exclude the effect of the Fc
linker for the water/OH™ interfacial structure. Compared to
Ni-BDC, which is already hydrophobic due to the aromatic
BDC ligand, Ni-BDC:Fc_S:1 showed a larger contact angle
(Figure S27), attributed to the more hydrophobic ferrocene
moiety and fewer —COO™ groups. Considering only hydro-
phobicity without confinement, a more hydrophobic interface
would typically result in more water clustering at the interface
due to relatively weaker interface—water interactions than
water—water interactions compared to a hydrophilic interface.
Thus, the higher water/OH™ retention in Ni-BDC:Fc_S:1
after soaking is not due to the Fc linker but rather to increased
internal porosity resulting from defects. We hypothesize that
these defects created internal porosity with exposed unsatu-
rated Ni sites that can effectively adsorb OH™ or water
molecules, isolating them from the bulk water structure.
Therefore, the internal porosity of Ni-BDC:Fc_5:1 should be
electrochemically accessible and active, where the defects could
have facilitated the long-range shuttling of OH™ to the internal
Ni sites for OER. This idea is supported by previous studies
that have shown that defects in Ni-based MOEs can increase
OH"™ conductivity compared to the pristine state due to
increased porosity and hydrophilicity of the Ni sites.** To
confirm the higher OH™ conductivity in our defect MOE, we
used electrochemical impedance spectroscopy (EIS). The
higher measured OH™ conductivity of Ni-BDC:Fc_5:1 (2.06 X
1076 S/cm) compared to that of Ni-BDC (7.69 X 1077 S/cm)
further supports that the defects introduced via the Fc linker
facilitated H,O/OH" transport (Figure S28).

To further understand the role of defects in the enhanced
OER activity—stability of Ni-BDC:Fc_5:1, density functional
theory (DFT) calculations were conducted. A structure as

close as possible to the real MOE was used for the calculations
rather than the simplified metal—organic ligand clusters
commonly employed in some studies. In addition, the Fc
linker was introduced such that the unsaturated Ni site is
found within the bulk structure, reflecting that the internal
pores of the MOE appeared to be active. The interatomic
distances from the relaxed MOE structure further support the
ability for internal OH™ conduction, as the distance between
an unsaturated Ni** site and the nearest H on the Fc linker was
measured to be 4.2 A, which is over 1 A larger than the kinetic
diameter of water (~3 A).* A smaller band gap was calculated
for the Fc-included structure compared with that of Ni-BDC as
some new electronic states were generated near the Fermi level
(Eg), suggesting that Ni-BDC:Fc_S5:1 is more electrically
conductive (Figure S29). The 3d-Ni projected density of state
(PDOS) of Ni active sites was further calculated. Unlike the
relatively symmetric PDOS of Ni atoms in Ni-BDC, the peak
above E;, disappears, and there are more electronic states below
Ep in the spin-up configuration, likely indicating a lower
oxidation state of Ni, which is consistent with our XPS and
Raman results (Figure S30). DFT was also used to calculate
the OER energetics on Ni-BDC and Ni-BDC:Fc MOEs
following the adsorbate evolution mechanism (based on the
lack of lattice exchange in the EC-MS experiments). As such, in
Ni-BDC:Fc_S:1, unsaturated Ni sites were chosen as the active
sites for comparison, while any atom can be selected as the
active site in Ni-BDC as each Ni atom is fully coordinated
(Figures S31 and S32). Without solvation effects, the RDS for
Ni-BDC:Fc_5:1 is the *O to *OOH step (Figure $33), which
is consistent with the experimentally measured Tafel slope of
~44 mV dec™" as typically a Tafel slope in the range of 40 mV
dec™ suggests that the RDS involves the formation of peroxide
(OOH) or peroxo (OO) intermediates.**™** In comparison,
the OER on Ni-BDC shows a high thermodynamic barrier for
both *OH and *OOH formation. The Tafel slope of ~65 mV
dec™ for Ni-BDC at low overpotential, likely suggesting mixed
RDSs, and increases to ~118 mV dec™" at high overpotential,
reflecting the influence of potential and surface coverage
(Figure S34). When solvation effects are included, the first step
(* + OH™ — *OH) becomes the RDS for the OER on Ni-
BDC due to the difficulty of OH™ adsorption on fully
coordinated Ni sites and steric hindrance (Figure Sf).
Moreover, DFT calculations are based on bulk Ni sites,
while real samples also contain edge sites, where the RDS may
differ. The experimentally observed Tafel slope thus reflects a
combination of bulk and edge contributions of Ni-BDC.
Nevertheless, regardless of solvation, the RDS energy gap for
Ni-BDC:Fc_S5:1 remains lower than that of Ni-BDC,
supporting its superior activity. This smaller thermodynamic
barrier implies that unsaturated Ni sites can significantly
increase the rate of OER, as was observed experimentally.
Therefore, taking the data from the EC-MS, in situ SEIRAS,
and DFT experiments all together, the defects within Ni-
BDC:Fc_5:1 are multifunctional and modify the short- and
long-range interactions of the MOE in ways that are all
beneficial to the stability of the OER activity—stability.
Specifically, the defects in the Ni-BDC:Fc_S:1created an
environment that not only enhanced the intrinsic activity of
the active sites for the OER but also preserved the local atomic
environment of the active sites by inhibiting lattice oxygen
exchange with the electrolyte to increase the longevity of these
highly active sites. In addition, the defects created a porous
network that activated sites within the material by facilitating
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Figure 6. AEMWE performance of Ni-BDC:Fc_S5:1. (a) CV curves at a scan rate of 10 mV s™* and (b) stability tests of Ni-BDC:Fc_5:1/NF and
IrO,/NF in three-electrode system with 1 M KOH. 70% iR compensation was used. (c) Current—voltage polarization curves of the AEMWE cell
with Ni-BDC:Fc_5:1 anode catalyst compared to commercial IrO, catalysts. (d) Galvanostatic measurement of the AEMWE device with 3 mg
cm™* Ni-BDC:Fc_5:1 as anode catalysts operated at 1 A cm™> for 120 h. Test conditions: 1 mg cm™ Pt/C (Tanaka Kikinzoku, 46 wt %) as
cathode catalyst, Sustainion® X37—50 as the anion-exchange membrane. 1 M KOH was circulated through the anodic chamber. The entire setup

was maintained at ~60 °C.

long-range H,0/OH~ conduction throughout the bulk
material. Fundamentally, electrochemical reactions require
the binding of reactants to active sites and the transfer of
electrons. Therefore, the stability of the local structure ensures
durability of the performance, which is highly valuable for
practical applications.

AEMWE Performance. Based on the above analysis, the
linker substitution strategy can greatly enhance the structure of
a material to improve both the OER activity and stability,
suggesting that Ni-BDC:Fc_S5:1 could be utilized in practical
water-splitting applications. In a three-electrode setup, instead
of previous measurements using a low loading on rotating disk
electrodes, nickel fiber (NF), commonly used as a gas diffusion
layer in water splitting devices, was employed as the substrate
to measure the OER activity. In an 1 M KOH electrolyte, the
Ni-BDC:Fc_S:1 catalyst requires only an overpotential of 0.38
V to achieve a current density of S00 mA cm™?, whereas
commercial IrO,, requires 0.67 V to reach the same current
density (both with only 70% iR compensation), directly
demonstrating the high OER activity of Ni-BDC:Fc_S:1
(Figure 6a). The estimated TOF of Ni-BDC:Fc_S:1/NF is
0.88 O, s~ (lower bound, 1.50 O, s™' for higher bound),
higher than other reported catalysts in similar conditions
(Table S3). Also, the stability of Ni-BDC:Fc_S:1 and IrO, was
assessed under a constant current density of 500 mA cmgeo_2
for 24 h (Figure 6b), which showed that the potential for Ni-
BDC:Fc_5:1 remains nearly constant after 24 h, while there
was around a change of 0.2 V for IrO,.

To demonstrate the feasibility of using defected MOEs as
the OER catalysts in a zero-gap AEMWE device, membrane
electrode assemblies with commercial Pt/C catalysts for the
HER and Ni-BDC:Fc S:1 catalyst for the OER were
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constructed to assess practical hydrogen production ability.
An AEMWE with commercial IrO, as OER catalyst was also
constructed for comparison. Figure 6¢ depicts the polarization
curves of AEMWE devices (area: 2 cm X 2 cm) with Ni-
BDC:Fc_5:1 and commercial IrO, anode catalysts at ~60 °C
in 1 M KOH electrolyte. The commercial IrO, required ~2.03
V. to reach a current density of 1 A cm™?, agreeing with
previously reported results.”” In contrast, the AEMWE with
Ni-BDC:Fc_5:1 as the OER catalyst only needed ~1.73 V; to
reach 1 A cm™2, in comparison, demonstrating that the higher
kinetics of the OERs measured in a three-electrode setup were
translated to the AEMWE device. Notably, such performance
(~173 Vo @ 1 A cm™) already exceeds most reported
AEMWE cell voltages (Table S4) and the 2026 target
proposed by the Office of Energy Efficiency and Renewable
Energy (EERE) in the US Department of Energy (1 A cm™ @
1.80 V).”* Furthermore, the AEMWE demonstrated excellent
performance even at higher current densities (Figure S35),
requiring only 2.0 and 2.2 V at current densities of 2 and 3 A
cm™?, respectively, further highlighting its promising potential
for practical applications. To probe changes to the structural
stability after AEMWE measurements, Raman spectra of the
anode electrode were collected after high current densities
(sweeps up to 3 A cm™?) and constant current tests (1 A cm™)
at three unique locations in the electrode. Two locations
(Figure S36, spots 1 and 2) showed characteristic linker peaks
and Ni—O vibrational peaks around 490—550 cm™". The Ni—
O vibrations were higher in intensity for spot 1, suggesting spot
1 may have started structural transformation (Figure S36).
However, the third spot only showed Ni—O peaks, indicating
either a structural transformation of the MOEs under high
current density or a possible detachment of the catalyst from
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the Ni fiber, exposing the underlying Ni substrate. Never-
theless, compared to the rapid structural transformation
observed for Ni-BDC, these results still indicate the superior
structural and performance stability of Ni-BDC:Fc_5:1.

AEMWE:s were also subjected to a constant current density
of 1 A cm™ to measure the stability of the device with different
OER catalysts (Figure 6d). Similar to the result in the three-
electrode setup, the AEMWE with IrO, showed a fast rate of
voltage increase, going from 2.03 to 2.15 V_ after only 18 h of
testing (Figure S37). To enable a fair comparison, NiFe-LDHs
(Ni/Fe 3:1), which are known as high-performance anode
catalysts for AEMWE, were also synthesized following methods
reported in literature®’ and tested under identical conditions.
The polarization curve shows that NiFe-LDHs require a cell
voltage of ~1.81 V to reach 1 A cm™ Moreover, under
constant current operation (1 A cm™2), they exhibit no further
activation and maintain a stable voltage of ~1.84 V over 24 h
(Figure S38). For Ni-BDC:Fc_5:1, the catalyst may have been
further activated during the testing, as it reached a voltage of
1.71 V for 1 A cm™ for a portion of the measurements. The
electrolyzer using Ni-BDC:Fc_S:1 as the OER catalyst was
stably operated for over 120 h with negligible performance
decay.

B CONCLUSION

In summary, we successfully created varying degrees of defects
in Ni-based MOEs by utilizing a linker substitution strategy.
Ni-BDC:Fc_S5:1, with moderate defects, exhibited exceptional
catalytic activity and stability, breaking the traditional trade-off
between activity and stability. Ni-BDC:Fc_5:1 demonstrated a
TOF of 0.75 O, s™' at 1.53 Vg and required only an
overpotential of 380 mV to achieve a current density of 500
mA cm ™2 Furthermore, both long-term CV cycles and in situ
SERS revealed outstanding activity and stability. Although Ni-
BDC:Fc_5:1 may eventually transform into a NiOOH,_,-like
phase, the stability of this material is remarkable and rare, given
that most MOEs undergo rapid structural changes during
OER. The SEIRAS showed more isolated water/OH™ in Ni-
BDC:Fc_5:1, combined with Ni-BDC experienced oxygen
exchange shown by isotope-labeled EC-MS, demonstrating
that the defects can enhance the reactant transport and binding
with internal active sites while largely preserving the local
active environments. DFT calculations show that the
unsaturated Ni sites effectively lower the energy gap of the
RDS. As such, when applied to a real AEMWE device, this
catalyst enables the realization of a cell voltage of only 1.73
V_q to reach 1 A cm™ and stable operation for over 120 h.
This work not only develops a catalyst with significant
potential for green hydrogen production but also, more
importantly, demonstrates the feasibility of this concept that
paves the way for designing catalytic materials that achieve a
balance between activity and stability, thus contributing to the
goal of zero emissions.

B METHODS

Synthesis of Ni-BDC:Fc. All chemicals and solvents were used as
received without further purification. 18.2 MQ-cm Milli-Q_deionized
(DI) water was used in all experiments. To synthesize pure Ni-BDC, 1
mmol of NiCl,-6H,0 (237.7 mg) was first dissolved in 16 mL of N,N-
dimethylformamide (DMF) as solution A, while 1 mmol of 1,4-
benzendicarboxylic acid (BDC, 166.1 mg) was dissolved in 16 mL of
DMEF, followed by adding 2 mL of DI water and 2 mL of ethanol as
solution B. Then, solutions A and B were mixed and transferred to a

100 mL Teflon-lined stainless-steel autoclave. The autoclave was then
heated for 12 h at 120 °C. For the mixed linker MOEs, different ratios
of BDC (BDC was always kept at 1 mmol) and Fc acid were instead
added for solution B, while the other steps were kept the same. Four
ratios of BDC/Fc were selected, i.e., 10:1, 5:1, 2:1, and 1:1 during
synthesis. Take Ni-BDC:Fc_5:1 as an example, 1 mmol of BDC
(166.1 mg) and 0.2 mmol of Fc (46.0 mg) were dissolved in 16 mL of
DMF and then 2 mL of DI water and 2 mL were added as solution B.
After the reaction, the products were collected by centrifugation,
washed with ethanol 3 times, and dried at 80 °C overnight. The
prepared samples were denoted as their linker ratios: Ni-BDC, Ni-
BDC:Fc_10:1, Ni-BDC:Fc_S5:1, Ni-BDC:Fc_2:1, and Ni-
BDC:Fc_1:1.

Characterization. Powder XRD (PXRD) measurements were
performed using a Bruker D8-Focus Bragg—Brentano diffractometer
equipped with a Cu-sealed tube (1 = 1.5418 A) source, operating at
40 kV and 40 mA. To collect the metal weight percentage and atomic
percentage in MOE, ICP-OES was employed to obtain Ni and Fe
content. One milligram of MOE was soaked in 2 mL of aqua regia
(3:1 ratio of HCI/HNO;) for 24 h. One milliliter of the resulting
solution was then diluted to 10 mL using DI water for elemental
characterization. High-angle annular dark field STEM (HAADF-
STEM) imaging was conducted using a probe-aberration corrected
Thermo Fisher Scientific Themis Z G3 60—300 kV S/TEM at 200
kV. For better observation of the linkers and defects in MOEs, iDPC
was used. The chemical states of elements in the synthesized products
were examined by XPS using a Thermo Scientific K-Alpha+
spectrometer with monochromatic Al Ka radiation (1486.6 eV),
and the binding energy of the C 1s peak at 284.6 eV was used for
calibration. EPR spectrum was acquired at low temperatures (~4.5
K). The surface area and pore size volume of the products were tested
by using N, under 1 bar at 77 K. XANES measurements for the Ni K
and Fe K edges were conducted at room temperature at the APS 12-
BM and NSLS-II 7BM beamline.

Electrochemical Measurements. Electrodes were prepared by
drop-casting an ink-containing catalyst powder with Nafion as the
binder on a GC disk electrode (Pine Research, S mm diameter).
Before each measurement, the GC disks were sonicated in ethanol,
briefly soaked in aqua regia, and polished to a mirror finish using 0.3
pum alumina lapping sheets (Thorlabs). Inks typically consisted of S
mg of catalyst dispersed in a 1.99 mL solution of water/ethanol (2:3
v/v) through sonication for 45 min. Ten microliter of Nafion 117
containing solution (S wt %) was added following by sonication for 15
min. Ten microliter of resulting catalyst ink was dropped on the GC
to give a nominal loading of 125 pg s cmgeo’z. A three-electrode
setup was used for electrochemical measurements in a glass
electrochemical cell containing O, saturated 100 mL 0.1 M KOH
(Sigma-Aldrich, 99.99% semiconductor grade) as the supporting
electrolyte. An Hg/HgO reference electrode and a carbon rod counter
electrode were used. The Hg/HgO reference electrode value
(EHg/HgO) was calibrated by averaging the potential intercepts of the
hydrogen evolution and oxidation reactions during CV using a
polycrystalline Pt disk working electrode at a scan rate of 10 mV s™" in
H, saturated 0.1 M KOH (Eygugo = +0.867 V in 0.1 M KOH). A
Biologic VSP-300 potentiostat was used to collect the electrochemical
data. CV was performed in the electrolyte at a rotation speed of 1600
rpm from ~1.1 V to ~1.75 V vs RHE at a scan rate of 10 mV s™".
Ohmic losses were compensated by subtracting the Ohmic drop from
the measured potential by using an electrolyte resistance (R)
determined by EIS. The potential after iR correction was calculated
by Epe = Emcasured + Eng/ngo — iR (100% iR compensation). ECSA
measurements for different BDC/Fc ratios were conducted by
recording cyclic voltammograms in the non-Faradaic region (1.1
Veur—1.2 Vige) at various scan rates (20, 40, 60, 80, and 100 mV
s™'). Chronopotentiometry (CP) measurements were conducted to
calculate the Tafel slope. Detailed information about TOF
calculations can be found in Supporting Information. For catalysts
loaded on NF substrate, around 2 mg Ni-BDC:Fc_5:1 or IrO, were
loaded on NF. The electrolyte was changed to 1 M KOH to mimic
the practical application. CV was carried out from ~1 V to ~2 V vs
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RHE at a scan rate of 10 mV s™". The stability measurements were
conducted using the same electrode at a current density of S00 mA
cm™ and monitored the potential change. When using NF as
substrate, 70% iR correction was used for CV and CP, giving Epyg =
Epeasured + EHg/HgO — 0.70 X iR.

In Situ Surface-Enhanced Raman Spectroscopy. SERS was
performed by using a HORIBA microscope. The Au electrode was
first polished and then electrochemically roughened to create a SERS-
active surface, following standard procedures (details in Supporting
Information). The Au disk electrode was mounted in rotating disk
electrode holders (Pine Research) and inserted into the electro-
chemical cell from below. A platinum wire served as the counter
electrode, and a leak-free Ag/AgCl electrode (eDAQ) was used as the
reference electrode. All measurements were conducted in approx-
imately 1.5 mL of a 0.1 M KOH solution. The potential was stepped
between 1.1 Vyyg and 1.7 Vg, with spectra collected once a steady-
state current was achieved. Time-dependent spectra were gathered by
holding the potential at a specific value for extended periods and
recording spectra every 2 min.

In Situ Surface-Enhanced Infrared Absorption Spectrosco-
py. SEIRAS was conducted using a Bruker Vertex 70 Fourier-
transform infrared spectrometer equipped with an MCT detector.
The Au-deposited (deposition process in Supporting Information)
hemispherical Si prism was mounted in a spectro-electrochemical
three-electrode system. A mercury oxide electrode (Hg/HgO) and
copper foil were used as the reference and counter electrodes. The
SEIRAS spectra were recorded with a resolution of 4 cm™ at a scan
velocity of 7.5 kHz, covering the 500—4000 cm™" spectral range, with
an average of 64 scans. The background was collected first, then the
ink of the catalyst was dropped on the Au-deposited hemispherical Si
prism and dried. Five milliliter of DI water was added as the
electrolyte to obtain the interfacial structure at beginning. Then, S mL
of 2 M KOH was added to create a 1 M KOH electrolyte for
collecting the interfacial structure of Ni-BDC and Ni-BDC:Fc_S:1.
The in situ infrared spectra were recorded from 1.1 to 1.6 Vyyg.

In Situ Electrochemical Mass Spectrometer with Isotope
Labeling Experiment. All electrochemical measurements with mass
spectra were carried out with a commercially available microchip-
based electrochemistry mass spectrometry (ECMS) setup (Spec-
trolnlets ApS, Denmark). A S mm diameter GC disk decorated with
the catalyst was used as the working electrode; the counter (Pt mesh)
and reference (Hg/HgO) electrodes were each inserted in separate
glass tubes with a ceramic frit on the tip. 0.1 M KOH in isotope-
labeled H,"®O was used as the electrolyte first. The mass spectra of
different species (H,, He, H,0, O,, and CO,) were recorded, while
the CV of the OER was measured from ~1.1 to 1.6 V. After that,
the cell was washed with DI water, and the electrolyte was changed to
0.1 M KOH in H,'"%0 for another measurements. The loading of
electrocatalyst of Ni-BDC was 12.5 pg iy cmgeo_2 and of Ni-
BDC:Fc_5:1 was 7.5 Ug palyst cmgeo_z.

Density Functional Theory Calculation. All spin-polarized
DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP)**** with the projector augmented-wave
approach® for the interaction between the ionic core and valence
electrons. Electron exchange and correlation were addressed using
generalized gradient approximation® (GGA) in the form of the
Perdew—Burke—Ernzerhof (PBE) functional. The ferromagnetic
initial state was used in geometry optimization for a consistent and
tractable set of magnetic structures. A plane-wave basis set with an
energy cutoff of 520 eV was employed. To improve the description of
localized electron states, the GGA + U approach®® was employed,
incorporating on-site Coulomb interactions with U — J values of 6.2
and 5.3 eV for Ni and Fe atoms, respectively, in accordance with the
parameters used in the Materials Project.

A (1 X 2 X 3) supercell containing 132 atoms was used to study
the mechanism of the OER in Ni-BDC. A Fc linker was introduced
into Ni-BDC to construct Ni-BDC:Fc_S:1 containing the missing
linkers. Brillouin-zone integrations were conducted using a I'-centered
2 X 1 X 2 k-point grid in structural relaxation. The energy and force
convergence criteria were set to be 10~° eV and 0.03 eV/A,
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respectively. The Gibbs free energy (G) of each elementary state at
298 K and 1 atm was calculated as

298
G =H — TAS = Epyp + Eypg + C,dT — TAS
0

where Epgr is the electronic total energy calculated in VASP and E;pg
is the zero-point vibrational energy. The spin is considered during the
calculation. The enthalpy ( f $8C,dT) and entropy (AS) contributions
at room temperature were calculated from the vibrational modes of
the system. The free energy of the O, gas molecule is extracted
according to the thermodynamic energy of 4.92 eV released by the
reaction of O, + 4(H" + e7) = 2H,0.

The influence of the solvation effect on the reaction thermody-
namics was taken into account by employing an implicit solvent
model and the VASPsol software designed based on it, wherein the
bulk dielectric constant of the solvent was set to EB_K = 80 to
simulate an aqueous solution environment.

Anion-Exchange Membrane Water Electrolyzer. To prepare
the ink for AEMWE measurements, around SO mg catalysts (Ni-
BDC:Fc_S:1 or IrO,) were dispersed in a mixture of 4.9 mL ethanol
and 0.1 mL Nafion 117 (5 wt %) and sonicated for 2 h to form a
uniform ink (~10 mg mL™"). The commercial Pt/C was used for the
HER catalyst with the same ink preparation procedure. The cathodic
(Pt/C) and anodic (Ni-BDC:Fc_5:1) catalysts ink were sprayed on
carbon paper (Toray-060) and NF with a working area of 4 cm® by
air-brush. The loading for Pt/C is around 1 mg cm™2 The loading for
Ni-BDC:Fc_5:1 or IrO, is 3 mg cm > Afterward, the MEAs were
fabricated by sandwiching the Sustainion® X37—50 anion-exchange
membrane between the anode and cathode; followed by hot pressing
at 60 °C under a pressure of 0.2 MPa for 3 min. 1 M KOH was
circulated through the anodic side with a flow rate of 30 mL min~" by
a peristaltic pump. The electrolyte and device were put in an oven
with a constant temperature of ~65 °C. The electrolyzer was activated
by using current sweeps from 0.1 A cm™ (0.4 V) to 3 A cm™ (12 V)
with sweep intervals of 0.1 A 20 times. The polarization curves were
collected by holding at different current densities and measuring the
corresponding potential. The stability of the AEMWE was conducted
by a CP test at 1.0 A cm™ for 120 h. All measurements in AEMWE
were recorded without iR-correction.
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